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Abstract

In autumn 2017, an experiment was conducted for the reduction of carbon
monoxide (CO) emissions commissioned by Holmen Paper Braviken, one
of the world’s most production-efficient paper mills. Digitalization has in-
creased in recent years, which has resulted in a decreased demand for graphic
paper. The goal of finding cost-reducing solutions in the manufacturing pro-
cess has been increased in Holmen Paper Braviken to meet the rising price
pressure and strengthen competitiveness. Braviken consumes large quanti-
ties of steam in the paper machines and some of this steam is produced in
the solid fuel boiler. The solid fuel boiler combusts bark, wood chips, and
water treatment sludge. When adding sulfur-rich water treatment sludge to
the fuel mix, it has been observed that CO levels decrease without increasing
NOx levels. To control the amount of sulfur addition, it has been proposed
that pure sulfur can be microdosed into the fuel mix. A previous short-term
experiment was conducted in Braviken during autumn 2016 with a successful
result.

The present study was conducted with the aim of mapping the effects of
sulfur addition to the solid fuel boiler in Braviken concerning CO emissions.
The possibility to operate the plant and interaction with the water treat-
ment sludge have also been investigated. The study was performed through
the construction of a microdosing system and a long-term attempt of sulfur
addition.

The result shows that the optimal sulfur concentration of Braviken’s solid
fuel boiler for reducing CO emissions is 6 kg/h S (1.03 kg S/ton C). The
interaction between elemental sulfur with the sulfur-rich water treatment
sludge is complex, but with sulfur dosage a reduction of 42% CO can be
achieved. NOx levels have not shown any change on the addition of sulfur.
The study shows that CO emissions are at a more stable level with sulfur dos-
ing. The result becomes difficult to analyze because the parameters varied.
The effects of parameters should be investigated with the recommendation
to perform a more prolonged experiment on sulfur addition.
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Sammanfattning

Under hösten 2017 genomfördes ett experiment med dosering av svavel för
reduktion av kolmonoxidutsläpp(CO) i uppdrag av Holmen Paper Braviken.
Digitaliseringen har under de senaste åren ökat vilket har medföljt att efter-
frågan på grafiskt papper har sjunkit. För att möta den ökande prispressen
och stärka konkurrenskraften har målet att hitta kostnadssänkningar i till-
verkningsprocessen ökats i Holmen Paper Braviken. Braviken förbrukar stora
mängder ånga i pappersmaskinerna och en del av denna ånga produceras i
brukets fastbränslepanna. I fastbränslepannan förbränns bark, träflis samt
vattenreningsslam. Vid tillsatser av svavelrikt vattenreningsslam till bräns-
lemixen har det observerats att CO nivåerna sjunker utan att NOx nivåerna
ökar. För att kunna reglera mängden svaveltillsatser har det förslagits att
rent svavel kan mikrodoseras till bränslemixen. Ett tidigare försök har gjorts
i Braviken under hösten 2016 med ett lyckat resultat.

Denna studie har genomförts med målet att kartlägga effekterna av svavel-
tillsats till Bravikens fastbränslepanna med avseende på CO utsläpp. Kör-
barheten och samspelet med det svavelrika vattenreningsslammet har även
det undersökts. Studien har genomförts genom konstruktion av tillsatsan-
ordning samt långtidsförsök av svaveltillsats.

Resultatet visar att den optimala svavelkoncentrationen för Bravikens fast-
bränslepanna för reduktion av CO utsläpp är 6 kg/h S (1.03 kg S/ton C).
Samspelet mellan rent svavel med det svavelrika vattenreningsslammet är
komplext, men med svaveldosering kan en reduktion av 42% CO uppnås.
NOx nivåerna har inte påvisat någon förändring vid tillsats av svavel. Studi-
en visar att CO utsläppen håller sig till en stabilare nivå vid svaveldosering.
På grund av att ett flertal parametrar varieras är resultatet svår att analyse-
ra. Parametrarnas effekter bör undersökas med rekommendation att utföra
ett längre experiment av svaveltillsats.

Nyckelord: Svaveldosering, kolmonoxid, utsläpp
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Chapter 1

Introduction

Holmen Paper Braviken is an integrated pulp and paper mill with a pro-
duction of approximately 500 000 tonnes of book, newspaper and magazine
paper during in 2016 [14]. The demand for graphic paper has had an annual
decrease since society has been more digitalized throughout the last years
[22]. Because of digitalization, the company has to face the challenge of
finding cost-reducing solutions to meet the increasing pressure on price and
strengthen competitiveness. As in other industries in Sweden, there are lim-
its of CO, SO2, NOx emissions , and a charge on NOx emissions. As a result
of the NOx emissions charge, the CO has increased. The reason is, a high
amount of oxygen concentration and high temperature favors the formation
of NOx while low oxygen concentration and temperature favor CO. Thus,
NOx decreases as the oxygen decreases while the CO increases [28].

Braviken is using a huge amount of steam in the paper machines and some of
the steam is produced in the solid-fired boiler, which is a grate-fired boiler.
Bark, wood chips , and water treatment sludge are combusted in the grate
boiler. It has been observed that CO emissions decreases without increasing
NOx by adding the sulfur-rich sludge from the water treatment. However,
Braviken has no problems with its emissions currently and remains below
the limit values.

CO is formed during incomplete combustion of hydrocarbons and occurs
naturally in a combustion process. A simple technique to decrease the CO
emissions is to increase the air supply in the upper part of the boiler to
combust CO completely to CO2. An increase of air supply contributes to
the formation of NOx. NOx emissions can be reduced with the help of am-
monia in a selective noncatalytic reduction (SNCR) at high temperatures.
However, the amount of NOx reduced is limited with an SNCR due to the
limit in the flue gas temperature, residence time and mixing [39].
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CHAPTER 1. INTRODUCTION 2

Previous studies have shown a positive effect of adding sulfur in the com-
bustion process. Significant effects on CO reduction have been obtained for
fuel with low sulfur content. It has also been shown that CO emissions de-
creases within a certain concentration range of added sulfur in the fuel [6, 25].

In 2016, Braviken performed a short-term study by adding 3 kg elemental
sulfur to the solid-fired boiler and the result showed a significant reduction
of CO emissions. The next stage is to perform a long-term study with mi-
crodosing sulfur to investigate the ability to add elemental sulfur as well as
the interaction between the elemental sulfur and the sludge.

1.1 Aim and Objectives

The aim of this master’s thesis project was to investigate the effects of sul-
fur addition to Braviken’s solid-fired boiler concerning CO emissions. The
possibility to operate the plant and the interaction with the combustion of
sulfur-rich sludge and sulfur addition was also investigated. The aim was
reached through the following objectives:

• Determine the optimal concentration of elemental sulfur to Braviken’s
solid-fired boiler

• Analysis of the CO and SO2 emissions when elemental sulfur and sludge
are added to the boiler

• Comparison of the CO emissions with and without elemental sulfur

• Evaluate the relationship between NOx and CO when adding elemental
sulfur by adjusting the amount of O2
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1.2 Delimitations

The delimitations of this thesis are as follows:

• This study is only focused on emissions, which means no other effects,
such as corrosion from the elemental sulfur, was investigated.

• The mass balance of the elemental sulfur was not estimated in detail
because ash analysis was not performed. However, the amount of sul-
fur, released as SO2, and amount of sulfur present in the total ash
(bottom ash and fly ash) was assessed.

• Chemicals that are formed in the ash from sulfur addition were not
identified and analyzed because no ash analysis was performed.



Chapter 2

Background

This chapter gives a background of the topic, such as the fundamentals of
combustion, combustion technologies, emissions from combustion, and the
sulfur chemistry. Furthermore, parameters that influence the combustion
process, related work, and an overview of the grate boiler in Braviken are
also described.

2.1 Fundamentals of Combustion

Complete combustion of a fuel can be divided into general processes, such
as drying, pyrolysis, gasification, and combustion. The combustion process
begins with drying where the moisture in the fuel evaporates at low tempera-
tures below 100 °C. Energy in the form of heat released from the combustion
process is used during vaporization. Consequently, the temperature in the
combustion chamber is lowered and slows down the combustion process. The
combustion process in a wood-fired boiler cannot be maintained if the wood
moisture exceeds 60% on a wet basis (w.b.). Thus, the wet wood requires
much heat to evaporate the contained moisture and to heat the water vapor,
which causes a reduction in the temperature to a value below the minimum
temperature needed to maintain combustion [23].

The second step is pyrolysis, which occurs when an externally supplied
oxidizing agent is absent. Pyrolysis involves both chemical and physical
changes, and it can be defined as thermal degradation (devolatilization)
[36, 23]. Physical changes include, for example, particle shrinkage. More-
over, the transport and thermodynamic properties change during the pyrol-
ysis process, which makes the material more insulating [36]. The products of
the pyrolysis process are mainly low molecular gases, tar, and carbonaceous
charcoal. Considerable quantities of CO and CO2 can also be formed in
the pyrolysis process, especially when O2-rich fuel is used, such as biomass
[23]. In other words, pyrolysis is when any fuel particle, droplet, and gaseous

4
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molecule is thermally decomposed in the absence of O2. The process can be
represented by the following reaction sequence [36]:

CaHbOc
heat−−→ H2O+CO2+H2+CO+CH4+C2H6+CH2O+ ..+ tar+char

(2.1)
Pyrolysis starts as soon as a portion of the solid fuel particle reaches reaction
temperatures. The fuel is converted into char and volatiles. The initiation
temperature of pyrolysis is typically 450–500°C for coal. In addition, the
temperature of pyrolysis initiation in biofuels is significantly lower than for
coal, which is usually about 350 °C [36].

Gasification occurs when there is a presence of an externally supplied oxidiz-
ing agent, such as steam, O2, and CO2, also defined as thermal degradation
(devolatilization). Furthermore, the term ”gasification” is used for char ox-
idation reactions with CO2 and H2O [23]. The pyrolysis process is usually
optimized concerning the maximum char or tar yield, while gasification is
optimized concerning the maximum gas yield [23]. The product of the solid
gasification process includes H2, CO and also small amounts of CO2, CH4,
N2, and steam [41]. During gasification, O2 or H2O reacts with carbons in
the fuel by the following chemical reactions [41]:

C+
1

2
O2 
 CO (2.2)

C+O2 
 CO2 (2.3)

C+ 2H2O 
 CO2 + 2H2 (2.4)

C+H2O 
 CO+H2 (2.5)

CO+H2O 
 CO2 +H2 (2.6)

C+ CO2 
 2CO (2.7)

The chemical reactions (2.2)-(2.7) are accompanied at the same time by ther-
mal decomposition [41]; the reaction can be simplified as equation (2.1).

The final step of the combustion is when complete oxidation of the fuel
occurs [23].

2.2 Applications of the Hot Gases from Combus-
tion

The hot gases from the combustion can be further used for district heating
in smaller units and heating water in a boiler for electricity generation in
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larger units [23].

2.3 Parameters Influencing the Combustion Pro-
cess

The following section will describe the essential parameters to obtain good
and complete combustion. The essential parameters include the three T’s
(time, temperature, and turbulence), moisture content, fuel load, and fuel
types.

2.3.1 Moisture content and fuel load

One of the essential parameters during combustion is the moisture content of
the fuel. The moisture content varies for different biomass fuel and depends
on the storage of biomass and the type of biomass. The moisture content
influences the combustion because more energy is required to evaporate the
fuel when the moisture content is high. Consequently, high moisture content
will reduce the maximum possible combustion temperature and increases
the necessary residence time in the combustion chamber, which leads to less
space for preventing emissions as a result of incomplete combustion [23].

The fuel load is also an important parameter, as the consumption rate can
influence the emissions and result in incomplete combustion [23]. In addi-
tion, it is important to have an even layer on the grate. Too thick a layer
can result in more unburnt fuel, while too thin a layer or unbalanced layer
makes the air flow through with no effect and form stains in the combustion
chamber [2].

2.3.2 The three T’s : Time, Temperature, and Turbulence

Time, temperature, and turbulence are important for obtaining a good com-
bustion performance. Correct mixing turbulence, sufficient time for the reac-
tants to come into contact, and enough activation temperature are necessary
to achieve complete combustion [37]. For instance, the drying and pyrolysis
processes are slow, and the combustion of the fuel gases also requires a few
seconds to complete [29].

Turbulence is a critical parameter to ensure the oxygen completely mixes
with the flue gases. An increase in temperature will increase the rate of
all reactions. Thus, too high a temperature can lead to an increase in NOx
emissions, whilst it is difficult to achieve complete combustion when the tem-
perature is too low [29]. The combustion process in which CO2 is formed
by the oxygen in the air and the carbon in fuel is a complicated process;
undesirable products form if the combustion is not appropriately controlled
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[37]. If the three T′s are at their maximum, it will be difficult to use the
heat from biomass combustion. However, to achieve the highest efficiency
in combustion systems, there is a separation combustion zone from the heat
transfer surfaces in the system [29].

2.3.3 Fuel types

The properties of fuel types influence the combustion process. They mainly
impact combustion through fuel composition, thermal behavior, density, ac-
tive surface area, char content, heating value, and volatile content [40, 23].
For instance, volatile content influences thermal behavior. The volatile con-
tent is higher in biomass compared with coal, which makes biomass a highly
reactive fuel. Furthermore, the density of the various biomass fuels vary sig-
nificantly, such as the density difference between softwoods and hardwoods
is considerable. Hardwood has a higher density, influencing the combustion
properties of the fuel and the ratio of combustion volume to energy input.
The porosity of the fuel affects its reactivity; hence, its devolatilization be-
havior.

Table 2.1 shows the fuel composition and heating value of some fuels. Dif-
ferent fuel properties lead to different energy requirements and emissions
formed during combustion. For instance, wood fuel has a higher moisture
content compared to coal, which means that more energy and a higher tem-
perature are required to combust the wood [2]. In addition, fuel properties
might vary for wood chips because they are usually made from different kinds
of tree species [40].
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Table 2.1: Fuel properties

Wood chips Bark Straw(wheat straw) Coal

Heating value(LHV)(MJ/kg) 9-12 5.5-11 17.7 23.5-26

Moisture content % of total weight 35-45 40-65 7.6 5-10

Carbon(C)(wt% ds) 47.1-51.6 51.4 45.6 71.6

Hydrogen(H)(wt% ds) 6.1-6.3 5.7 5.8 4.9

Oxygen(O)(wt% ds) 38-45.2 38.7 42.4 7.0

Nitrogen(N)(wt% ds) 0.3 0.48 0.48 1.9

Sulfur(S)(wt% ds) 0 0.09 0.08 0.6

Ash content of dry matter % 0.5-1.5 1.6-2.8 7.02 14

Sources:[23, 1, 35, 24, 15].

2.4 Combustion Technologies

There are several combustion technologies, such as fluidized bed combustion,
fixed bed combustion, and pulverized combustion, which are illustrated in
Figure 2.1.

• In a fluidized bed boiler, the combustion air enters from below the
bed where the biomass is combusted in a self-mixing suspension of gas
and solid-bed material [23]. There are two types of fluidized bed: cir-
culating fluidized bed (CFB) and bubbling fluidized bed (BFB). BFB
consists of sand and ash particles that float in the boiler with the help
of air fed from below. The bed material is preheated at startup with
gas or oil burner to the ignition temperature of the fuel. The oxygen
required in the combustion is supplied through the sand bed by pow-
erful fans. An increase of the airflow rate leads to a certain limit that
it ceases to bubble and the air flows continuously through the sand
bed, such bed is called CFB. The sand and ash flow along with the
flue gases, separate with the help of a cyclone separator, and return to
the fuel bed for continued use [2].

• Fixed bed combustion includes underfeed stokers and grate fur-
naces. The primary air is divided into different sections and flows
through the fixed bed. Furthermore, the primary air is distributed to
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fulfill the specific air requirements of the zones where drying, gasifica-
tion, and char oxidation occurs. The gases produced from combustion
are further burned by supplied secondary air, which usually occurs in
a combustion zone above the fuel bed. In fixed bed combustion, it is
important that the fuel is transported homogeneous and smooth to the
grate to avoid the release of unburned particles and fly ash, as well as
to prevent the formation of a ”hole” in the fuel bed. In addition, screw
conveyors are used to transport the fuel from below into the combus-
tion chamber in underfeed stokers. Afterwards, the fuel is transported
upward on an outer or inner grate [23].

• Pulverized fuel combustion is suitable for small fuel particles, such as
coal powder, fine wood, or peat [2]. The fuel particles and combustion
air are injected into the combustion chamber. However, the combus-
tion occurs after the secondary air supply in a pulverized combustion
where gas burnout is achieved, and the fuel is suspended [23].

Figure 2.1: Different combustion technologies. Adapted from Koppejan and
Van Loo [23].

Fluidized bed and grate-firing is the most common technologies used for
biomass combustion. Both have excellent fuel flexibility and can be entirely
fueled by biomass or co-fired with coal [43]. As written, this master’s thesis
project focuses on the grate-fired boiler in Holmen Paper Braviken. There-
fore, the principle of grate-fired combustion will be further described. More
information about fluidized bed can be found in [23] and [42].

Grate-fired boilers can be used for a wide range of fuels, but they are most
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suitable for fuels with varying moisture content that require less handling
and preparation [7]. There are different types of grate technologies, such as
traveling grate, stationary sloping grate, reciprocating grate, and vibrating
grate [43]. Grate technology mainly consists of the following key compo-
nents: grate, fuel feeding system, heat exchanger section, air supply system,
and ash discharge systems [12]. The two main functions of the grate include
the distribution of the primary air and the lengthwise transportation of the
fuel. The grate may be water-cooled or air-cooled. Water-cooled grates are
usually flexible with the use of a secondary air system and require only a
small amount of air for cooling [43].

The combustion process in a grate starts with drying and heating the fuel in
the first part of the grate, using the burning fuel in the combustion cham-
ber. Primary air for the combustion process is supplied through the holes
between the grate bars. Furthermore, the fuel is gasified by the primary air,
while secondary air and tertiary air is used to combust the gases. The heat
from the combustion is recovered in the convection area in the boiler, and
ash remains at the end of the grate [7].

Figure 2.2 illustrates a stationary sloping grate that follows the crosscur-
rent pattern. As shown in the figure, the fuel is first heated and dried at
100–200°C, followed by devolatilization and partial combustion of the volatile
matter and the char. These processes occur concurrently for more massive
particles and sequentially for single particles from the bottom to the upper
part of the bed while ignition propagates. The solid fuel particles are ther-
mochemically converted to heat through mass and heat transfer processes
alongside various chemical reactions during combustion. Heat transfer, such
as convection, conduction, and radiation, might occur within the fuel bed,
for instance, on the walls, in the solid and gas phase, and in the flame above
the bed. The fuel is usually heated by radiation from the hot walls and the
upper part of the bed or by an external heat source [12].
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Residual ash

Flue gases
Secondary airSecondary air

Primary air

Volatilization of	organic matter
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Figure 2.2: Stationary slope grate. Adapted from Díaz-Ramírez [12]

The flow direction of supplied air is a criterion to be considered. Three
different flow direction arrangements can be defined to a grate system: co-
current, cross-current, and counter-current combustion. Co-current refers to
when the supplied air has the same flow direction, and the counter-current
is the opposite, where the flow is the reverse. Cross-current combustion is
the most commercially used technique. The air is introduced underneath the
grate in cross-current combustion, and the fuel feeding system pushes fuel
forward on the grate [12]. In grate combustion, the handling and feeding
of the fuel are also necessary. It is important to distribute the fuel evenly
on the grate; too thick a layer can lead to more unburnt fuel on the grate,
whereas the air just flows through in the combustion chamber when too thin
a layer and an uneven layer of fuel is on the grate [2].
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2.5 Emissions from the Combustion Process

The following section describes the formation of NOx and CO emissions.
The formation of SO2 is described in Section 2.6.

The most important toxic gaseous emissions from the combustion process
are shown in Figure 2.3. The undesirable gaseous products from the com-
bustion process includes CO, SO2 and NOx [37].

Figure 2.3: Combustion diagram adapted from TSI [37].

The emissions from combustion are dependent on various factors, for ex-
ample, lack of oxygen, insufficient mixing of fuel and air in the combustion
chamber, too short residence time, and too low combustion temperatures.
All these variables are related to each other, for example, when sufficient
quantities of oxygen are available, the temperature is the most crucial vari-
able because of its exponential influence on the emissions levels of incomplete
combustion. Thus, to minimize the emissions, the combustion process can be
optimized by adjusting the mixing of the fuel and the oxidant, the temper-
ature and residence time [23]. It is a challenge to optimize the operational
parameters for simultaneous low emissions of both NOx and CO because
measures to reduce CO emissions, for example, using higher primary air ra-
tio and higher combustion temperature, usually promote NOx formation [32].

NOx consists of compounds such as N2O, NO2, NO, and other minor species
[36]. The most significant NOx species is NO. NOx can be formed through
three reaction pathways: thermal NOx reactions, prompt NOx, and fuel–
NOx reactions [41].

Thermal NOx is formed at high temperatures above 1500 °C and condi-
tions with excess oxygen [13]. Furthermore, the thermal NOx reactions are
formed from oxidation of N2 through the Zeldovich mechanism [36]:

N2 +O 
 NO+N (2.8)
N+O2 
 NO+O (2.9)

Moreover, minor compounds also contribute to the thermal NOx through
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the following reaction [36]:

N+OH 
 NO+H (2.10)

Prompt NOx exists in all combustion to some extent and is formed by the
fuel in fuel-rich regions combined with molecular nitrogen in the air [26].
The prompt NOx formation is initiated by an attack of fuel-derived radicals
on N2, such as CH radicals, followed by forming cyanide species [13, 20].
The most important step in the formation of prompt NOx is the Fenimore
mechanism [36]:

CH+N2 
 CHN+N (2.11)

The Fenimore mechanism occurs in the flame zone where CH may be formed
in significant quantities from hydrocarbon fuels. NO is formed according to
equation (2.11) followed by reaction (2.9). Furthermore, the CHN can be
oxidized to form NO; once NO is formed it might be consumed by the reverse
reactions of (2.8) and (2.9) [36].

The formation of fuel NOx is a complex pathway that is still under investi-
gation. The formation is not temperature sensitive and is mostly a function
of the percentage of nitrogen in the fuel, concentration of oxygen in primary
pyrolysis, initial combustion sections of the furnace, and reactivity of the
fuel [13, 36]. Nevertheless, for solid fuels, the fuel-nitrogen (fuel-N) is either
remaining in the char product in a reactive site or is volatilized. The dis-
tribution of the fuel-N is determined by thermal exposure[13]. The char-N
may directly oxidize to NO by either hydroxyl radicals, oxygen atoms or
other reactive species. After that, the char may react with reactive carbon
sites in the char to form CO and N2; it is also possible that char reacts with
CO to form N2 or that NO is generated directly as a gaseous product of
combustion[36].

Volatilized N is released as compounds covered with tar at high tempera-
tures where it is further converted to N2 or oxidized to NO, which depends
on the oxygen concentrations. In addition, tarry compounds decay rapidly
to amines or hydrogen cyanides at high temperatures[13].

N2 and NO are formed by volatilized N through the following reactions [36]:

NH2
−H−−→ NH

−H−−→ N −−→ N2 (2.12)

NH2
−H−−→ NH

−H−−→ N −−→ NO (2.13)

Fuel-NOx is the main source of NOx in the combustion of solid fuels and the
prompt NOx usually contributes a minor amount of the total NOx forma-
tion. In addition, when combusting 100% biomass, the flame temperature is
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relatively low and thus both thermal and prompt NOx may be very small.
For this reason, the fuel-NOx, which is produced by oxidation of the nitrogen
in the fuel often becomes the main contributor to the overall NOx formation
[36, 41].

CO emissions are formed during the combustion of carbon-containing fuels;
hence, insufficient oxygen in the combustion process results in incomplete
combustion and the formation of CO. CO is also formed in conditions where
the combustion temperature is too low. At low temperatures, the reactions
during combustion are very slow, resulting in incomplete combustion. In ad-
dition, inadequate mixing due to insufficient turbulence in the combustion
chamber can lead to presence of fuel-rich zones within the chamber. Thus,
both low temperatures and deficient combustion may result in the produc-
tion of CO. Under these circumstances, CO, polycyclic aromatic hydrocar-
bon(PAH), and hydrocarbons are formed followed by incomplete oxidation
of the fuel [36].

Furthermore, the amount of CO2 formed during the combustion process can
be further reduced with the participation of carbon to a less oxidized form
at temperatures 400–950 °C. The CO2 is reduced to flammable CO through
the Boudouard reaction [41]:

CO2 +C 
 2CO (2.14)

The Boudouard reaction occurs mainly in reducing conditions [3].

2.6 Sulfur Chemistry in Combustion

The sulfur chemistry in the combustion process will be described in this
section and the interaction chemistry between CO and S. The interaction
between the added S and CO during combustion is still not determined,
hence, various studies and assumptions have been made in different research
studies, described in the following chapter.

2.6.1 Formation of SO2 emissions

Sulfur oxides are in general formed through oxidation of sulfur to SO and
SO2 is thereafter formed through the following reactions [36]:

SO +O2 
 SO2 +O (2.15)
SO +OH 
 SO2 +H (2.16)
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The total sulfur oxides contain mainly SO2 and around 8–10% of the total
sulfur oxides is SO3 [36]. SO3 can be formed by recombination of SO2 with
O at high temperature [13, 36]:

SO2 +O( +M) −−→ SO3( +M) (2.17)

where M is any inert molecule, usually O2 and N2 in the atmosphere.

The following reaction sequences are believed to contribute to the SO3 for-
mation during cooling of the flue gas from combustion [13]:

SO2 +OH( +M) 
 HOSO2 ( +M) (2.18)
HOSO2 +O2 
 SO3 +HO2 (2.19)

where HOSO2 is thermally unstable above 727°C [13].

The SO3 can be further converted back to SO2 by any of the following
reactions[36]:

SO3 +O −−→ SO2 +O2 (2.20)

SO3 +H −−→ SO2 +OH (2.21)

SO3 +CO −−→ SO2 +CO2 (2.22)

More details about sulfur chemistry during devolatilization, combustion and
the gas-phase reactions will be described in the next section.

2.6.2 Sulfur chemistry during devolatilization, combustion,
and gas-phase reactions

According to Table 2.1, the sulfur content in bark and wood chips is low com-
pared to coal. Bark has a higher sulfur content than wood chips due to a
greater exposure to the surrounding atmosphere and condition. For instance,
it can be affected by acidic rain [31]. In the first phase when combusting
wood, organic sulfur is decomposed and released during the pyrolysis step
at 500 °C; SO2 is formed and released as well. Sulfur is primarily released
as COS, CS2, S2, HS, and other complex organic compounds. The reduced
sulfur S2 and H2S are only stable under conditions with insufficient oxygen
[19, 13].

Following the release, the gaseous compounds are oxidized to SO2. Sul-
fur oxides are thermodynamically favored and even stable during reducing
conditions. The sulfur in fuel is mainly oxidized to SO2 and slightly to SO3;
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therefore, most of the sulfur oxides are presented as SO2 [13]. Furthermore,
Van et al.[38] conducted an experiment indicating that no sulfur is released
between 500 °C and 850 °C due to the presence of S as sulfates. The re-
maining sulfur is released at gasification and char combustion. Sulfur is
captured by functional groups of organic char. Consequently, char-bound
sulfur (char-S) is formed during the second reaction in pyrolysis. Char-S
reacts with metals at low-temperature char combustion and metal sulfates
are formed. The oxidized SO2 and metal sulfates are evaporated and sulfates
are released in the higher temperature zone in the char combustion [38, 31].

Furthermore, inorganic sulfur remains stable during pyrolysis and in the
low-temperature zone in char combustion. The inorganic sulfur is released
at temperatures above 1100 °C. Metals are incorporated to aluminosilicates
and/or titanates to form and release SO2. Another possible reaction pathway
for inorganic sulfur is when metal sulfates are evaporated at temperatures
above 1000 °C, thereafter gaseous metal sulfides are formed and released [38].

The reaction equations for sulfur in fuel during pyrolysis, char-S oxidation,
and gas-phase reactions of sulfur are stated below [31]:

Fuel devolatilization/pyrolysis:

Fuel−S(s) + heat 
 H2S + COS + ....+Char−S(s) (2.23)

The Char-S oxidation:

Char−S(s) + H2O 
 H2S (2.24)
Char−S(s) + O2 
 SO2 (2.25)

Char−S(s) + CO2 
 COS (2.26)

Gas-phase reactions:

CO2 +H2S 
 COS + H2O (2.27)
CO+H2S 
 H2 +COS (2.28)

H2S +
1

2
O2 
 SO2 +H2O (2.29)

CS2 +C(s) 
 2/ xSx (s) (2.30)

Following reaction is an overall reaction of sulfur in the flame zone [18]:

Fuel−S −−→ RS −−→ SO −−→ SO2 (2.31)

where R is either CS, CH3S, HS or S (sulfur-containing radical).

At high temperature, SO2 is interacting with O, H and OH radicals through
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the following reaction where sulfur catalyzes the recombination of the main
carriers [18]:

X+ SO2 ( +M) 
 XSO2 ( +M) (2.32)
Y +XSO2 
 XY + SO2 (2.33)

X and Y can be O, H and OH and M is any inert molecule (N2 and O2 in
the atmosphere).

2.6.3 Interaction between CO and S

As already mentioned, sulfur oxidizes quickly to SO2 in combustion and is
known to interact as an inhibitor of fuel oxidation. SO2 reacts with CO espe-
cially during moist conditions [8]. However, a previous study has shown that
SO2 may promote the oxidation of CO in a narrow range of temperatures,
close to stoichiometric condition [6]. In other words, sulfur oxides have the
ability to both inhibit and promote reactions [13].

Alzueta et al.[6] performed a lab scale flow reactor experiment on a SO2/H2O/CO/O2
system, diluted in N2, which was used to analyze the effect of SO2 on moist
CO in fuel-rich to lean conditions. The pressure for all the experiments was
set to 1.05 bar and the temperature ranged from 527 to 1227 °C. The amount
of CO was varied between 100 and 1000 ppm, and inlet O2 between 100 and
100 000 ppm with water levels from 0.4 to 3.5%. In addition, the SO2 con-
centration varied from 0 to 4200 ppm. As a result of the experiment, both
fuel-rich and very lean conditions inhibited CO oxidation. Hence, the radical
recombining effect of SO2 and the oxidation to SO3 (at lean condition) might
dominate at these conditions.

According to Alzueta et al.[6], SO2 is considered to catalyze recombination
of radicals in a wide range of temperatures, but it is most significant below
1127 °C through the following homogeneous gas-phase reactions:

SO2 +H 
 SO +OH (2.34)
SO +O2 
 SO2 +O (2.35)

The chain branching sequence promotes the formation of O and OH radicals
and these reactions contribute to the reduction of CO concentration. The
excess air ratios for a promoting effect depend on the SO2 concentration and
were limited to a range of 0.7–5. A higher excess air ratio is usually chosen in
a practical system [6]. Therefore, the SO2 sensitization would be negligible
in the present study.

Sulfur addition is also known to enhance the formation of fine particles.
Formed particles consist of alkali sulfate and act as a catalyst to oxidize
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CO [32, 34]. It has been indicated by an increase of K and S in the ash.
Furthermore, sulfur inhibits the oxidation of hydrocarbons and enhance the
oxidation of CO to CO2. This process produces simple unsaturated hydro-
carbons, which after that form soot particles [34].

In contrast, an opposite theory is that sulfur prevents soot formation, which
has been further investigated by Ahrenfeldt et al.[4] through an experimental
study that investigated the combustion process of natural gas with addition
of SO2. The experiment was investigated by using a swirl burner to combust
the natural gas. The research resulted in different theories on the ability
of sulfur to decrease the CO emissions. The most significant result of the
experiment was nevertheless that the ability of sulfur, to reduce the CO
emissions was related to the presence of sulfur in the flame zone and this
effect increased with increasing temperature. Sulfur prevents soot formation
when an addition of an oxidant SO2 in the flame zone affects a balance that
leads to less formation of soot particles or PAH; hence, the oxidation of CO
increases after the flame zone. In other words, fewer hydrocarbons from the
flame zone are competing with CO for reaction with oxidizing radicals. The
result can be achieved possibly through preventing the formation of soot
precursor, saturating the aromatic structures for example by forming thio-
phenols or to have an effect on the radical pool. The following reactions are
assumed to occur [4]:

The early stage of combustion:

soot −−→ CO (2.36)

At the flame zone area in combustion:

CO+
1

2
O2 −−→ CO2 (2.37)

However, even if there are many theories about the interaction of the sulfur
additive in combustion, there are two reasons why the answer is not known:
experimental difficulties and the complexity of the chemistry during combus-
tion. The interaction does not only depend on the chemistry; it also depends
on the boiler conditions. Therefore, the chemistry observed during labora-
tory experiments cannot be compared with a boiler in full-scale operation
[9].
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2.7 Related Work

Several industries in Sweden are today using the sulfur-dosing technique to
decrease CO emissions from combustion and to improve corrosion protection
purposes in a boiler [34, 33, 10]. The effect of sulfur addition on combustion
systems appears to be different for various types of boiler and depends on
the fuel types [34, 10, 33]. In addition, sulfur can be either added as ele-
mentary granules or sulfur-rich fuels such as peat and aqueous solutions of
sulfur compounds [34, 10, 33]. The position where the sulfur is added is also
an important factor. The addition of sulfur in different locations has shown
different effects on the emissions [10, 21, 9].

Furthermore, a stronger reduction in the corrosion rate on the superheater
has been obtained when sulfate is added just before the superheater com-
pared with the addition of sulfur in the fuel [10].

The effect of CO and particulates emissions when adding sulfur admixtures
to the fuel has been investigated by Strand [32]. The experiment was per-
formed on a 7 MW moving grate boiler and different sulfur admixtures were
added, between 0 and 0.35%. Sawmill residues and bark were used as fuel
with a calorimetric heating value of 20.5 MJ/kg (ds) and a moisture con-
tent of 50–55%. The O2 concentration in the flue gas was normalized to 6%
(ds) for all the measurements and the supplied air was distributed by 70%
primary air and 30% secondary and tertiary air. The results of the experi-
ment showed a slow response of CO when the sulfur admixture concentration
increased, in contrast, the CO emissions increased rapidly when the sulfur
concentration decreased. The explanation for the protraction might lie in
the fact that it takes several hours for all the fuel on the grate to be replaced
when the sulfur concentration changes. Furthermore, the fly ash and bottom
ash deposit on the boiler wall initially absorb SO2 to form sulfates such as
CaSO4 and thereby have affected the reduction of CO. However, the CO
concentration decreased for 22 h when 0.25% sulfur admixture was added
and it remained stable at 100 ppm when 0.35% sulfur admixture was added.
The NOx concentrations were constant at 90 ppm during the experiments
and were not affected by the sulfur.

According to Lindau and Skog [25], CO emissions could be reduced by 50%
with a dosage of 0.6 g S/s for a 30 MW fluidized bed boiler. Concentrations
more than 0.6 g S/s (2.16 kg S/h) showed no effect on the CO emissions.
Higher sulfur concentrations are usually needed for grate fire boilers and
pulverized boilers to reach the same reduction [34]. As a result of the re-
search, the NOx concentrations increased when no SNCR system was used
but decreased approximately 40% when an SNCR was used when sulfur was
added. In other words, the SNCR system has a higher efficiency when sulfur
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is added to the system.

The amount of granular elementary sulfur added in the fuel depends on
the size and type of boiler used. Bjurström et al.[10] added 10 kg/h S to
three different boilers, one fluidized bed boiler and two different kinds of
grate boilers. The results showed a significant decrease in CO emissions in
both of the grate boilers. However, the addition of sulfur to the fluidized bed
boiler showed no effect. One reason for this may be that sludge with high
sulfur content was included in the fuel. The assumption of this phenomenon
by the authors was; sludge contains sulfur and an additional dosing of sulfur
did not make any change. Nevertheless, the interaction between the sulfur-
containing fuel and the added sulfur was not optimized and the amount of
added sulfur was not varied in that research [10]. The same effect has been
achieved in several grate boilers which were using a sulfur-rich fuel and where
the CO did not show any significant reduction. The reason might be the high
sulfur content in fuel because grate boilers operating at fuels with low sulfur
content show a significant reduction in CO [21].

2.8 Overview of the Grate Boiler in Holmen Paper
Braviken

The main purpose of the grate boiler in Braviken is to produce steam, which
is thereafter used in the papermaking process. The fuel used in the grate
boiler includes internal bark, water treatment sludge, and externally deliv-
ered wood chips.

Figure 2.4 shows a simplified schematic of the grate boiler at Holmen Paper
Braviken. The grate boiler consists of three parts; stationary drying grate,
moving grate and, ash dumping grate. The stationary drying grate dries
the fuel and initiates the gasification and the final combustion occurs at the
moving grate. The ashes formed in the combustion aggregate at the bottom
of the grate, in the dumping grate.
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Figure 2.4: Simplified scheme of the Grate Boiler in Holmen Paper Braviken

Primary air with a flow rate of 25000 m3/h and a temperature of 20 °C is
preheated to 115 °C and fed to the boiler system with a excess pressure of
approximately 3 kPa. Thereafter, the primary air is divided into two dif-
ferent flows, one stream is fed to the drying grate and the other stream is
fed to the moving grate. The temperature of the moving grate air is 125 °C
and the air to the drying grate is further heated to approximately 300 °C.
Secondary and tertiary air with a temperature of 100 °C enters the combus-
tion chamber for final combustion. The temperature of the secondary and
tertiary air varies and depends on the moisture content of the fuel [30].

Flue gases flow from the combustion zone through a superheater to the con-
vection, hot air and economizer areas followed by passing through an electric
filter and fabric filter [16]. The electric filter is used for dust precipitation,
whereas the fabric filter removes acid contaminants, fly ash and heavy met-
als as well as as dioxins and hydrochloric acid. The flue gas is transported
from the electric filter and fabric filter to a flue gas fan through a negative
pressure in the filters formed by the fan. The flue gas is released from the
chimney after the flue gas fan and part of the flue gases are supplied with
a flue gas recirculation fan back to the boiler. In addition, feed water flows
toward the flue gas. Feed water is pumped to the economizer where the flue
gas is cooled [17, 16] Also, an SNCR system is installed close to the super-
heater and the system is used to reduce the NOx emissions [17, 30]. For a
more detailed description of the process, see Appendix A.



Chapter 3

Methodology

The following chapter describes the experimental set-up and the experimental
design chosen to fulfill the aim and objectives of this study.

The approach for this study in order to achieve the aim and objectives is
illustrated below:

Figure 3.1: Project approach

The study started with a literature review to achieve more in-depth knowl-
edge about the topic and get inspired by previous studies for the experi-
mental design. Following the literature study, an experimental design was
determined. Appropriate equipments and the construction to integrate the
sulfur micro-dosing system with the pulp and paper mill were needed before
the experimental tests were established. A monitoring system OPSIS was
used to measure the emissions from the tests. All the data from OPSIS was
thereafter collected in Excel where the analysis and plot of the results were
performed.

22
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The experimental trial was divided into three different tests to cover the
objectives. The first experiment aimed to determine the optimal sulfur con-
centration by adding elemental sulfur to the fuel and without the sludge
to the system. Secondly, the interaction between sludge and elemental sul-
fur was investigated. Thirdly, the interaction between NOx and CO was
examined by decreasing the O2 concentration.

3.1 Integration of Micro Sulfur-dosing System

The sulfur-dosing system was equipped with a 700 liter storage tank, an
auger feeder, and a control system with a timer. The storage tank was filled
with a bag of elemental sulfur granules, which can be seen in Figure 3.2. The
figure shows the sulfur dosing system integrated into the fuel mix tank before
the fuel enters the boiler. There is no stirring in the fuel mix tank; therefore,
an experimental error could be an uneven mix between the elemental sulfur
and fuel.

Figure 3.2: Sulfur-dosing system integrated with the mill in Holmen Paper
Braviken

Furthermore, the timer has three different alternatives: manual, off, and
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auto. The input feed is continuous at the manual option, and at the auto
option, the auger feeder runs at the time set up. The timer at the auto
option is used to change the flow rate of the sulfur addition because it is
possible to set when the feeder should start and stop. However, during the
test period, the system was set to auto mode because different flow rates
were calculated based on a flow rate of 20 kg/h when the control system
ran continuously. Thereby, the timer at auto mode was set to the setting
required to achieve the desired flow rate. The sulfur dosing system was not
connected to the control system of the grate boiler. Therefore, it was turned
on and shut down manually.

3.2 Experimental Tests

The emissions data of NOx, CO, O2 and SO2 measured by OPSIS were
collected for use as reference data before the experiment started. Further-
more, the total fuel into the system was not a given parameter; hence, it was
determined by calculations through an energy balance over the boiler (See
Appendix B). The boiler efficiency was assumed to be 80%, while the LHV
of bark was 7.37 MJ/kg and 13.75–14.97 MJ/kg for wood chips.

The system and all the parameters, such as airflow rates, pressures, and
temperatures, were operated their normal condition during the experimen-
tal test, as described in Section 2.8. NH3 and O2 were held as constant as
possible during the whole experimental trial period.

The optimal sulfur concentration was determined during the first experi-
ment. Thereby, the sludge was not included because it is a challenge to
optimize the sulfur concentration when sludge is added as the sulfur con-
centration in the sludge varies. Furthermore, it was decided on the basis of
the literature to study how the elemental sulfur would be added [32]. The
elemental sulfur was added to the grate boiler in a stepwise increasing con-
centration sequence, starting from 4 kg/h S, 6 kg/h S, and 8 kg/h S to 10
kg/h S. The effect on CO and SO2 emissions were studied: the sulfur addi-
tion depended on any noticeable changes in these two parameters, as well to
observe whether CO and SO2 were below its limit. The sulfur concentration
was controlled by the sulfur addition system in the first experiment, thereby,
it was possible to determine how much of the sulfur remained in the total ash
(fly ash and bottom ash) and how much was released as SO2 in the flue gas
by a mass balance over the sulfur. Figure 3.3 below illustrates the process
scheme for Experiment 1.
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Figure 3.3: An overview of the system in Experiment 1 with elemental sulfur

The second experiment, shown in Figure 3.4, was performed by adding ele-
mental sulfur and sludge to the fuel mix for a longer period, approximately
7 days. Two different sulfur concentrations were tested during the period
because the sludge also contained sulfur, thereby, a lower amount of elemen-
tal sulfur from the first experiment was used to achieve the optimal sulfur
concentration. The load was changed from low to high during the second
experiment. This could have given an effect on the results.

Figure 3.4: An overview of the system in Experiment 2 with elemental sulfur
and sludge

The last experiment was conducted to investigate the relationship between
CO and NOx from an economic perspective. As already mentioned, the
effect of CO and NOx was investigated by lowering the percentage of O2 in
the flue gas. If the results show a reduction of CO and also a lower level
of NOx emissions due to O2, it motivates further why it is feasible to use
an integrated sulfur dosing system. The amount of elemental sulfur used in
the last experiment was determined by the second experiment. O2 is usually
at approximately 5%–6%. In Experiment 3, the tests were conducted by
lowering the %O2 to 4.5%, 4 % and finally 3.5%. The remaining parameters,
such as pressure and feed-rate of elemental sulfur temperature, were operated



CHAPTER 3. METHODOLOGY 26

at their normal conditions.



Chapter 4

Results and Discussion

The findings from the three experiments will be presented and discussed in
this chapter.

4.1 Experiment 1: The optimal sulfur concentra-
tion

The first experiment in the present study aimed to determine the optimal
sulfur concentration to achieve a reduction of CO emissions. Figure 4.1
presents the mean values of CO, SO2, and steam production (30 minutes
interval). The CO emissions decreased at the transition between 6 kg/h S
and 8 kg/h S and increased between 8 kg/h S and 10 kg/h S. As can be
seen from Figure 4.1, the variations of CO emissions became larger when 8
kg/h to 10 kg/h of elemental sulfur was added to the system. However, no
significant difference in the CO emissions during 8 kg/h S to 10 kg/h S can
be observed in Figure 4.1.

27
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Figure 4.1: Mean values of CO, SO2, and steam production with 30 minutes
interval

One reason the CO emissions resulted in larger variations might be the steam
production. The correlation between the steam production and CO is high-
lighted with black circle lines. The relationship between CO and steam pro-
duction is interesting because when the steam production increased, the CO
emissions also increased. The steam production varied because the steam de-
mand in the mill varied. The higher the steam requirement, the more steam
is produced and thus increasing the boiler’s power requirement. As shown in
Figure 4.2, the steam production is proportional to the power requirement
of the boiler.
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Figure 4.2: Steam production and the power requirement of the boiler

Figure 4.3 shows the relationship between the fuel in to the boiler and the
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power requirement of the boiler. The fuel demand of the boiler is determined
by the power requirement of the boiler. For example, more fuel was added
to the grate boiler to achieve the power needed when a higher steam demand
was required. In addition, that led to a change in the sulfur and fuel ratio.
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Figure 4.3: Power requirement of the boiler and feed rate of fuel into the
boiler

Figure 4.4 shows the ratio between sulfur and carbon (kg S/ ton C) during
the experiment (see Appendix B for the calculations). As previously men-
tioned, the sulfur and fuel ratio changed during the experiment due to the
variation in steam production. The ratio ranged from 0.7 to 1.85 and in-
creased proportionally to the amount of added elemental sulfur (4–10 kg/h).

The ratio above 0.7 resulted in a decrease of CO emissions and increased
at a ratio of 1.4. The reason may be due to a reduction in the fuel supply
during the time interval 100–120 min, which also can be indicated in Figure
4.3. The CO emissions could also depend on the fuel composition because the
amount of bark and wood chips varied during the experiment. The fuel com-
position is measured by the percentage of wood chips in the total amount of
bark and wood chips in the fuel. However, bark contains more moisture than
wood chips; for this reason, it results in more unburnt fuel and CO emissions
when a higher proportion of bark is used compared to wood chips because
the temperature is constant and does not change due to the fuel composition.

The maximum proportion of wood chips during the test was 50% and the
minimum was 34%. A greater amount of steam production was required dur-
ing the last experiment (10 kg/h S) due to the start of operating at high load.
Therefore, more wood chips were used at the end of the test. The amount
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of wood chips was constant during the test at 6 kg/h S and contained about
34% of the total amount of fuel, which means the fuel composition included
more bark. Even if more bark was in the system, the amount of CO emissions
was not high. Thus, it could have been reduced with the added elemental
sulfur. See Figure C.1 in Appendix C for the fuel composition during Ex-
periment 1.
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Figure 4.4: kg of S per ton C and CO emissions during Experiment 1

The experiment would be easier if the steam production were held constant.
However, in this case, this is not possible because the steam production is
dependent on the demand at Braviken.

Another possible explanation for the correlation between CO and steam pro-
duction is that more oxygen is required for the combustion when more fuel
is supplied to the system. Once the steam production increases, the con-
trol system for the air has not yet compensated for an increased air supply,
therefore resulting in more unburnt fuel and CO emissions.
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The mean values of the results from Experiment 1 are stated in following
Table 4.1.

Table 4.1: Mean values of CO, NOx, SO2, and O2 during the different feed-
rate of elemental sulfur (kg/h)

4 kg/h S 6 kg/h S 8 kg/h S 10 kg/h S

kg S/ ton C 0.70 1.03 1.31 1.75
Standard deviation ±0.03 ±0.04 ±0.05 ±0.09

CO(mg/Nm3 6%O2) 156 136 128 120
Standard deviation ±37.3 ±35.5 ±67.4 ±49.0

NOx(mg/Nm3 6%O2) 184 204 201 193
Standard deviation ±30.3 ±11.2 ±16.2 ±25.7

SO2(mg/Nm3 6%O2) 14.3 19.5 50.6 104
Standard deviation ±8.85 ±6.52 ±23.4 ±28.1

O2(mg/Nm3 6%O2) 5.11 5.40 5.02 5.07
Standard deviation ±0.14 ±0.26 ±0.16 ±0.20

There is a significant difference in the SO2 emissions for the different sulfur
concentrations. It can be seen from Table 4.1 and Figure 4.1 that there
is a clear trend of increasing SO2 emissions when more sulfur is added to
the boiler, especially for sulfur concentrations at 6 kg/h to 10 kg/h. The
CO emissions do not reduce significantly after 6 kg/h S (1.03 kg S/ton C),
only the SO2 emissions increased; for that reason, 6 kg/h S may result in
the optimal sulfur concentration in the actual case. In addition, there is no
significant difference in the CO emissions between 8 kg/h and 10 kg/h. An
excess amount of sulfur was added to the system for concentrations above
6 kg/h because no strong decreases of CO emissions were detected. There-
fore, it is better to add less sulfur because it is preferable to be a bit below
the limit value for SO2, the daily limit mean value for SO2 is 173 mg/Nm3

[11]. Another reason to add less sulfur is that the next experiments contain
sulfur-rich sludge. These results agree with those of previous studies, where
the effect on reduction of CO emissions is significant within a certain range
of sulfur concentration [6, 25]

Figure 4.5 highlights the CO and SO2 emissions during different elemental
sulfur concentrations. The SO2 emissions are shown to increase significantly
from 6 kg/h S to 10 kg/h S while there are no significant differences on CO
emissions between 6 kg/h S to 10 kg/h S.
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Figure 4.5: Mean values of CO and SO2 during different sulfur concentrations
in Experiment 1

The amount of SO2 and the total ash are shown in Table 4.2. In this ex-
periment, the amount of sulfur in the system was known and controlled.
The results from calculations showed that most of the sulfur granules will
be found in the ash, either as fly ash or bottom ash. It can be concluded
from the Table 4.2 below that there is no significant variation of the total
ash when adding 6 to 10 kg/h S. Nevertheless, SO2 emissions increase sig-
nificantly for different sulfur concentrations.

Table 4.2: Mean values of the total SO2 released and the total ash

Feed-rate of elemental sulfur(kg/h) SO2 (kg/h) Total ash(kg/h)

4 0.83 3.17

6 1.21 4.79

8 3.03 4.97

10 5.77 4.24

4.2 Experiment 2: The interaction between elemen-
tal sulfur and sludge

The optimal sulfur concentration was determined to be 6 kg/h S in Experi-
ment 1. As the sludge already contained an amount of sulfur, it was decided
to continue the study with an addition of 4 kg/h S and 2 kg/h S to observe
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the interaction between elemental sulfur and the sludge in the fuel.
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Figure 4.6: Mean values (30 minutes interval) of CO, SO2, and O2

Figure 4.6 presents the mean values (30 minutes interval) of CO, SO2 and O2
during Experiment 2. As can be seen from Figure 4.6, the CO concentration
varied a lot when 2 kg/h S was added when compared with the CO emissions
at 4 kg/h S. The O2 concentration in the flue gas decreased at the end of
the test when 4 kg/h S was added. This could be one possible explanation
as to why the CO emissions increased, i.e., lower O2 means more incomplete
combustion. O2 was adjusted to a higher concentration during the second
experiment test with 2 kg/h S. Usually, more CO should be produced when
there is less O2 in the system, but in this case, the CO emissions for 4 kg/h
S was still at a lower level compared with 2 kg/h S.

Furthermore, CO emissions have larger variations in the second test com-
pared with the first test with 4 kg/h S. Figure 4.7 shows the steam production
and CO emissions during the test. The highlighted part with black circle
lines illustrates a scenario when the steam production increased significantly,
and the CO was still at a low emission level. This may be an indication that
sulfur reduced the CO, and therefore the CO emissions do not increase sig-
nificantly with steam production. The steam demand was higher during the
second experiment test and this could be one reason why the CO emissions
were at higher concentrations several times when adding 2 kg/h S to the fuel.
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Figure 4.7: Mean values (30 minutes interval) of CO and steam production

CO emissions may have varied because of the variation of sulfur concentra-
tion in the sludge. The sludge consists of both water treatment sludge and
fiber sludge. The fiber sludge does not contain sulfur whereas the sulfur
content in the water treatment sludge varies. The interaction between the
elemental sulfur granules and the sludge is complex, as illustrated in Figure
4.8. The results show that, only water treatment sludge was added to the
system in some cases during the test at 2 kg/h S. The CO emissions were still
at a higher value compared with 4 kg/h S even if the sulfur-rich sludge was
used. Further, the fiber sludge was constant during the transition between 4
kg/h S and 2 kg/h S and the CO emissions increased during the transition.
The uneven input of sulfur resulted in significant variations of the SO2 in
the flue gas.



CHAPTER 4. RESULTS AND DISCUSSION 35

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250

Fi
be
r	s
ld
ug
e(
l/s
),	
Sl
ud
ge
(B
DT

/h
)

CO
,	S
O
2	
(m

g/
Nm

3
6%

O
2)

Time (min)

CO SO2 Fiber	 sludge Sludge

4kg/h S 2kg/h S

Figure 4.8: Mean values (30 minutes interval) of CO, SO2, and sludge during
Experiment 2

The mean values of Experiment 2 are summarized in Table 4.3 and Figure
4.9. As seen, there is a major difference between the CO and SO2 emissions
for combustion with and without sulfur addition. Nevertheless, Table 4.3
shows no significant difference in CO emissions between the mean values of
addition with 4 kg/h S and 2 kg/h S. The values are more dispersed when
less sulfur is in the system (see also Figure C.2 in Appendix C). Therefore,
the levels of emissions are more stabilized throughout the measurement pe-
riod for 4 kg/h S than with 2 kg/h S and the reference data.

If comparing the CO emissions with the reference data, a reduction of 42%
CO emissions was achieved for 4 kg/h S. It can also be seen from the data in
Table 4.3 that the mean value of O2 is higher when using elemental sulfur,
which led to a higher NOx emissions compared with the scenario without
sulfur addition to the fuel. However, there was no significant difference in
the NOx during the test.
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Table 4.3: Mean values of CO, NOx, SO2, and O2 during Experiment 2

4 kg S/h 2 kg S/h Reference

CO(mg/Nm3 6%O2) 184 189 319
Standard deviation ±38.9 ±48.8 ±129

NOx(mg/Nm3 6%O2) 146 157 175
Standard deviation ±8.87 ±14.2 ±21.6

SO2(mg/Nm3 6%O2) 60.5 50.7 46.9
Standard deviation ±17.8 ±20.8 ±15.9

O2(mg/Nm3 6%O2) 4.68 4.94 5.40
Standard deviation ±0.26 ±0.20 ±0.32

The impact of sulfur in previous studies did not show any major changes
when adding sulfur into a boiler that already contained sulfur-rich sludge
[9, 21]. In this experiment, a reduction of CO emissions was achieved during
this experiment even if sludge was in the fuel. The reason why previous
studies showed no significant reduction of CO emissions could be due to an
excess of sulfur in the system. Thus, high sulfur concentrations were already
determined to be excluded after Experiment 1.
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4.3 Experiment 3: Adjusting the excess air(%O2 in
the flue gas)

Sulfur addition for Experiment 3 was decided at 4 kg/h S during Experi-
ment 2 because it showed more reduction of CO emissions and the levels of
emissions were more stabilized than with 2 kg/h S.

The emissions throughout the experiment are shown in Figure 4.10. Excess
air was set in the system to a limit of 4.5%, 4% and 3.5% during the exper-
imental test. The amount of oxygen in the flue gas was adjusted through a
change in secondary and tertiary airflow. From Figure 4.10, it can be seen
that O2 varied during the experiment. Although the limit was set to, for
example, 3.5%, it still varied and it was therefore difficult to perform the
experimental test. The flue gas fans were controlled by the operators and in
some cases the flue gas fan was adjusted to keep the CO emissions at a lower
level. Therefore, it was complicated to set the excess air to a lower amount.
The flue gas fan might not be able to operate at lower levels. For example,
the highlighted part with black circle lines in the figure shows a scenario
when the O2 decreased significantly and the CO emissions were increased.
As a result, the O2 increased a lot to stabilize the CO emission level.
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Figure 4.10: Mean values (30 minutes interval) of CO, NOx, SO2, and O2
during Experiment 3

During the experiment, the %O2 was set to a lower level, and as can be
seen from Figure 4.11, the steam production varied a lot. Therefore, it was
not possible to keep O2 at a lower level and O2 was significantly increased
to 6%. The so-called CO emission spikes are an indication of the change
in the steam production. The boiler is sensitive to unfavorable changes in
the boiler and dramatic change in the fuel cause incomplete combustion and
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the CO emissions peaks. The fuel changed rapidly, resulting in a too short
residence time and the O2 has not yet been adjusted.

35

37

39

41

43

45

47

49

51

53

55

0

100

200

300

400

500

600

700

800

900

1000

0 50 100 150 200 250 300

St
ea
m
pr
od
uc
tio
n
(t/
h)

CO
	(m

g/
Nm

3
6%

O
2)

Time (min)

CO Steam	production(t/h)

Figure 4.11: Mean values (30 minutes interval) of CO and steam production

There was a considerable variation in steam production and the variations
became smaller at the end of the experiment. The steam production affected
O2 and thereby also the NOx and CO emissions. The correlation between
O2 and CO is very clear compared with O2 and NOx, see Figure 4.12. The
correlation between O2 and NOx is complex. NOx did not show any sig-
nificant change and did not follow any particular trend, hence, sometimes
NOx emissions will still be at high level when O2 concentration was lowered.
Theoretically, NOx are supposed to decrease when the O2 concentration de-
creased. The reason could be that NOx emissions are complex to adjust
because O2 is dependent on the CO emissions level.
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As can be seen from Figure 4.13, during the period when steam production
varied a lot, the NH3 emissions in the flue gas also varied. This could be one
reason why NOx emissions did not show any significant difference. However,
there is a small difference in NOx emissions when comparing the emissions
before and after O2 was adjusted to 6%. This observation is in line with
the theory. The NH3 concentration in the flue gas decreased when O2 was
adjusted to 6% and could be due to different causes. For example, the reason
why NH3 varied could be that the right amount of injected NH3 could not
be reached. The dosage of different amounts of NH3 was probably because
of a variation of O2, which led to a variation in NOx emissions. Thus, the
SNCR system reduced the NOx and held it at a stable level.
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Figure 4.13: Relationship between NOx and NH3

Another possible theory is an excess amount of ammonia was injected into
the boiler or too low turbulence, which led to an uneven mixing between
injected ammonia and the flue gases. Figure 4.13 also illustrates that there
were no large variations of NOx between 0–200 minutes until O2 was in-
creased to 6%. The decrease of NH3 in the flue gas occurred when the
operation condition was more stabilized, and it could be an indication that
the right amount of injected NH3 was reached.

However, it is complex to control the NOx emissions and a lot of param-
eters affecting the emissions. The grate boiler in Braviken is a small boiler,
and for that reason, it is possible that the combustion zone extends to the
superheater. In other words, the temperature at the upper part of the fur-
nace could be at 1200 °C as in the lower part. As a result, it can cause
thermal NOx.

Thermal NOx is formed when the temperature is too high in the boiler
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and as mentioned in Section 2.5, through reactions (2.8–2.10). There is only
one measurement point for the temperature available in the boiler and the
temperature is usually around 900 °C. Because it is not possible to measure
the temperatures in the boiler properly, it is assumed that some temperature
differences might occur in the boiler and streak is formed, which cannot be
ensured. Streak formation means there is a difference in emissions concen-
trations and temperatures as a result of low turbulence.
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Figure 4.14: Relationship between CO, NOx, and steam production during
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As shown in Figure 4.14, the CO emissions are at a higher level when there is
a greater excess of air in the system. Based on the theory, the CO emissions
should decrease when there is a higher amount of oxygen in the system. This
scenario can be a reason behind streaking.

The steam production was lower during conditions with higher amounts of
excess air compared to the lower levels of excess air. The turbulence at lower
steam production is low and results in a short residence time, which leads
to high emissions. High CO emissions and high concentration of O2 are a
result of streaking.In addition, this scenario could have been affected by the
sulfur concentration in the fuel (Figure C.4 in the Appendix). When the
CO emissions peaked to the highest level, the fiber sludge was decreasing,
which means there was more water treatment sludge into the fuel and more
sulfur was in the system together with the elemental sulfur granules. Even if
there was a high amount of sulfur in the system, the CO emissions peaked,
therefore, in this case, the change in CO might not have been caused by
the sulfur addition and the sludge. What can also be seen from Figure 4.13
is NOx emissions are not changing significantly and were between 200–150
mg/Nm3 throughout the experiment.



Chapter 5

Conclusions

This chapter presents a summary of the findings from this study

The aim of this project was to investigate the effects of sulfur addition to
the solid fired boiler in Braviken. A part of the aim was also to investi-
gate the interaction between the sludge and elemental sulfur. The following
conclusions from the study can be drawn:

• The optimal sulfur concentration to reduce the CO emissions is 6 kg/h
S in Braviken’s grate boiler. Sulfur concentrations above this value
do not show any significant effect on CO emissions, instead, the SO2
increased significantly.

• The elemental sulfur together with the sludge in the combustion system
resulted in a reduction of 42% CO. This value was achieved when 4
kg/h elemental sulfur were added together with the sludge into the
boiler.

• The interaction between sludge and elemental sulfur is challenging to
control. It is difficult to keep the sulfur concentration at the same level
because the sulfur in water treatment sludge varies and this results in
variation in the CO emissions.

• No significant changes could be detected in NOx emission during the
study.

• It is complex to optimize the NOx and CO emissions by keeping a
lower oxygen level in the flue gas. Each airflow needs to be changed
when optimizing O2. NOx is a complex parameter to control in this
case because it is dependent on many factors.

• Many factors affect the CO emissions. The result showed a very clear
correlation between steam production and CO emissions. The major

41
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parameters such as CO, O2 and NOx are dependent on the steam de-
mand; for that reason, constant steam production is desired to analyze
the effects of sulfur addition.

• Sulfur addition holds the CO emissions at a stable level, which is an
advantage because it increases the degree of freedom, which means that
it makes it possible to try to change different parameters such as the
airflow rate.

• Because the parameters were varied during this study, it was difficult
to analyze the results. However, because of the variation of the pa-
rameters in the pulp and paper industry, a longer study needs to be
conducted to analyze the effects of sulfur addition properly.



Chapter 6

Future Work

During the present study, some interesting suggestions on further investiga-
tion and improvements have been identified. This study has mainly focused
on the effect of adding elemental sulfur to the grate boiler in Braviken and
the CO emissions. As mentioned in the introduction, different forms of sulfur
are available and an interesting topic from an economic perspective would
be to investigate and compare the different forms of sulfur in the boiler. In
addition, it was not possible to perform the experiment for a long period of
time due to the time limit.

Another suggestion is to perform a further decrease in O2. A further de-
crease in O2 may result in a more significant effect on NOx, as it seems that
NOx is stable between 3–6% O2. A shorter time resolution for the measure-
ment data should be used because the parameters vary.

The present difficulty has been to optimize the sulfur and sludge; it could be
enhanced to control the SO2. For example, if it was possible to set the de-
sired value on SO2 emissions and the sulfur and sludge are added according
to the desired emission level on SO2.
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Appendix A

Process Description of the
Grate Boiler in Braviken

Figure A.1 shows a simplified process scheme of the grate boiler at Holmen
Paper Braviken. The main purpose of the grate boiler is to produce steam,
which is thereafter used in the papermaking process. The fuel used in the
grate boiler consists of internal bark, water treatment sludge, and externally
delivered woodchips. The construction of the boiler, such as the scope, is
designed to combust the fuel efficiently, which will slide down from the inlet
to the grate. The grate-fired boiler in Braviken is divided into three different
parts, drying grate, Kablitz grate (moving grate), and ash dumping grate.
The drying grate dries the fuel and initiates the gasification. The Kablitz
grate consists of fixed grate bars alternately with moving grate bars sup-
ported by water-cold beams and slide plates. The final combustion occurs
at the Kablitz grate and the combustion rate depends on the amount of air
added to the fuel [16].
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Fabric filter
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Secondary air

Drying air
Kablitz	air

Ash
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1000	- 1200℃

Electrostatic filter

Steam domeSuperheater

Figure A.1: Simplified Scheme of the Grate Boiler in Holmen Paper Braviken

The combustible gases that are formed during combustion in the drying and
Kablitz grates are mixed with the secondary and tertiary air because the
lower part of the furnace is connected to the upper part of the furnace.
The combustion chamber is designed to form a narrow section to achieve
turbulence (higher gas rate) [16]. Furthermore, the ash from the combustion
falls through pockets under the Kablitz grate into water-filled trays and is
further transported in the water to a scraper conveyor. There are three
pockets under each section, one pocket for each air zone. In the bottom of
each pocket, there is a nozzle for rinsing off floating ash residues. The ash
from the dumping grate falls directly into the scraper conveyor. From the
scraper conveyor, the drained bottom ash falls to a further scraper conveyor
for forwarding to the ash container [17].

A.1 Air and flue gas system

Primary air with a flow rate of 25000m3/h and a temperature of 20 °C is
preheated up to 115 °C and fed to the boiler system with a excess pressure of
3 kPa. After preheating, the air is divided into two different air streams. The
air that becomes drying air is heated in a flue gas heater to approximately
300 °C while the Kablitz air is at 125 °C and not heated further [30]. The
distribution of drying air to the upper and lower parts of the furnace is set
to a fixed value. Most of the drying takes place on the lower drying grid,
and the normal distribution ratio is fixed to a value less than 50%, which
means more air to the lower drying zone [16]. Secondary air and tertiary air
are added for the final combustion of the gases above the fuel mix bed. The
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temperature of the secondary and tertiary air is approximately 100 °C and it
depends on the moisture content of the fuel. For example, the temperature
of the air is 30 °C when the fuel mix is dry. In addition, secondary and
tertiary air have five small and five large air curtains. The principle is, every
large air curtain should have a small brake-curtain on the opposite wall. The
curtains are placed in a zigzag pattern to give the best mixing. The volume
of the resistance air is 1/10 of the total volume of secondary and tertiary
airflow [30]. Figure A.2 illustrates the air flows, the blue arrows represent
the resistance air and orange the secondary and tertiary air.

Figure A.2: Resistance, secondary, and tertiary air

Two superheaters are located between the combustion and convection areas.
The superheater consists of tube pipes and is connected in a way where the
vapor is flowing countercurrent toward the flue gases in superheater 1 and
concurrent with the flue gas in superheater 2. In the connection between
superheater 1 and superheater 2, there is a nozzle for controlling the steam
temperature by the injection of condensate, which is obtained from an ex-
ternally placed condenser for the dispenser with feed water as the refrigerant.

The flue gas from combustion is flowing from the combustion chamber through
the superheater and the convection, hot air, and economizer areas, further
through an electric filter and two fabric filters to the flue gas fan. The flue
gas fan transports the flue gas through the electric filters and fabric filters
by creating negative pressure in the filters. In the lower part of the furnace,
except the primary air, there is also flue gas recirculation. Flue gases are
removed directly after the flue gas fan to the chimney and a part of the flue
gases is supplied with the flue gas recirculation fan back to the boiler [17, 16].

In the electrostatic filter, the flue gas flows through an emission electrode
and two precipitation plates. The precipitation plates are positively charged,
whereas the emission electrode is negatively charged and located in the mid-
dle of the chamber. The incoming flue gas to the chamber becomes ionized,
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and once the gas is ionized, a mixture of ions which are negatively and
positively charged is formed. The negative ions want to reach the nearest
precipitation electrode, and when the ions reach the precipitation electrode,
the ions collide with the neutrally charged molecules from the flue gas, which
causes an excess of negatively charged ions. Now, the negatively charged ions
will carry the dust particles of the flue gas to the precipitation electrodes,
and the dust particles are caught in the precipitation electrode. Further-
more, the positive ions, in turn, are drawn directly to the negative emission
electrodes before it becomes sorted out [5].

The fabric filter filtration takes place by the flue gas passing the filter.
Quenched lime and active carbon are added to the fabric filter before the
flue gas enters the filter. Active carbon is used as the adsorbent while lime
is used as an absorbent. The activated carbon is used to catch the mercury,
dioxins, and other heavy metals. In addition, the quenched lime reacts with
acid contaminants such as hydrochloric acid and sulfur dioxide; it neutralizes
these chemicals [17].

A.2 Selective noncatalytic reduction (SNCR) sys-
tem

The SNCR system is located close to the superheater in the grate boiler
system, in the upper part of the furnace. The system includes ammonia
injection. Furthermore, the NO will react with NH2 radicals and form N2
and H2O through the following reaction [16]:

NO+NH2− > N2 +H2O (A.1)

The temperature is an important parameter in this system because the injec-
tion needs to occur at the right temperature to get the correct effect. NOx is
formed when the temperature is too high, and when the temperature is too
low, the ammonia will not react and it leads to NH3 slip. In addition, the
ammonia concentration is also important, a too high amount of ammonia
leads to more unreacted ammonia being found in the flue gas and too low
amount leads to no reduction of NOx [16].



Appendix B

Calculations

B.1 Experiment 1: kg S/ ton C

Assumptions:

• The fuel composition consists of 30% bark and 70% wood chips(80%
recycled waste wood and 20% dry wood chips)

• The sulfur content in bark and wood chips is negligible since it is a
small amount

The following C(%) data are from elemental analysis of the fuel in Braviken

Bark Dry wood chips Recycled waste wood

C(%) 22.20 42.40 39.1

hbark = 7.37(MJ
kg )

hdrywoodchips = 13.75(MJ
kg )

hrecycledwood = 14.97(MJ
kg )

hsulfur = 296.6( kJmol )[27]

The amount of carbon in the fuel (wood chips and bark) into the grate boiler was calculated by following steps:

Ptot = Psulfur + Pfuel

Psulfur(
MJ
s ) = msulfur(

g
s ) ∗ hsulfur(

kJ
g ) ∗ 10−3
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where msulfur(
g
s ) =

msulfur(
kg
h
)∗103

3600 and hsulfur(kJg ) = 296.6( kJmol )∗Msulfur(
g
mol )

Ptot(
MJ
s ) =

msteamprod(
t
h
)∗(hsat,steam−hfeedwater)

ηboiler
, ηboileris assumed to be 0.8

Pfuel = Ptot − Psulfur

mfuel(
t
h) =

Pfuel

hfuel

hfuel = (1−Xwoodchips)∗hbark+0.2∗Xwoodchips∗hdrywoodchips+0.8∗Xwoodchips∗
hrecycledwood

mbark = (1−Xwoodchips) ∗mfuel(
t
h)

mdrywoodchips = (0.2 ∗Xwoodchips) ∗mfuel(
t
h)

mrecycledwood = (0.8 ∗Xwoodchips) ∗mfuel(
t
h)

Cbark(
t
h) =

mbark∗22.20
100

Cdrywoodchips(
t
h) =

mdrywoodchips∗42.40
100

Crecycledwood(
t
h) =

mrecycledwood∗39.1
100

Ctot(
t
h) = Cbark + Cdrywoodchips + Crecycledwood

(B.1)

B.2 Experiment 1: The total ash and SO2

The total ash and SO2 was calculated by following mass balance:

elemental sulfur(
kg

h
) = SO2(

mg

Nm3wb
) ·Flue gas(Nm

3

h
)+Ashtotal(

kg

h
) (B.2)
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Experimental tests

C.1 Figures from Experiment 1
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Figure C.1: The percentage of wood chips in the total amount of bark and
wood chips
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Figure C.2: Relationship between elemental sulfur and steam production
during Experiment 1
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Figure C.3: CO, SO2, % wood chips and steam production

C.2 Figures from Experiment 2
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Figure C.4: Comparison between CO and SO2 emissions at conditions with
and without elemental sulfur
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C.3 Figures from Experiment 3

Figure C.5: Sludge during the Experiment 3
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Figure C.6: CO, SO2, and NOx during Experiment 3
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