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As we continue our mission on reducing global emission in the energy sector, the world
faces a struggle with transition from fossil energy. Still today the climate-change causing
greenhouse gas emissions are mostly produced from the combustion of fossil fuels and the
carbon dioxide emissions from these sources only seem to increase. As part of the transition
from fossil fuels, renewable fuels in combustion play an important role.

Boiler deliveries and conversion of old units to use biomass fuels are never simple project
deliveries as there are multiple variables in every stage of the project, from design works to
project take over. Many different aspects have effect on boiler guarantees regarding
performance and systems. Therefore, it is important to understand how the performance of
boilers and upgraded boiler units actually compare to the guaranteed values.

A total of 18 boiler and upgrade projects were assessed. Contractual guarantee values of
these projects were compared to analysis results of boiler performance test reports recorded
from each project delivery. The results are partly inconclusive, mainly because of the quality
of documentation and limitation in regards of records. However, it was found that there are
several possible key points on improving guaranteed performance that may have impact on
project acquisition. Some boiler performance bottle-necks were also identified.
Recommendations and high-level solutions were proposed.
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Energiasektorin aiheuttamia globaaljea kasvihuonekaasupddstdjd pyritddn jatkuvasti
vahentdmaén siirtymdlla fossiilista polttoaineista uusiutuvien polttoaineiden kayttoon. Talla
hetkelld valtaosa kasvihuonekaasupééstdistd on perdisin fossiilisista polttoaineista, joita
kiyteddn 1dmmon ja sdhkontuotannossa. Naistd 1dhteistdi muodostuvien péadstojen méiéra
ndyttdd vuosi vuodelta kuitenkin vain kasvavan. Uusiutuvien polttoaineiden rooli néin ollen
korostuu kun arvioidaan vaihtoehtoja fossiilisten polttoaineiden sijaan.

Hoyrykattiloiden toimitukset ja vanhojen polttolaitosten teknologiamodernisoinnit eivit
koskaan ole suoraviivaisia ja yksinkertaisia projekteja. Muuttujia on paljon ja monet eri
tekijét vaikuttavat kattiloiden suorituskykyyn ja apujérjestelmiin liittyviin takuuarvoihin. 18
kattila-  ja  modernisointiprojektien  sopimuksellisia ~ takuuarvoja  verrattiin
takuukoemittausten tuloksiin, jotta projektien saamiseen vaikuttavia tekijoitd tunnistettaisiin
mahdollisista arvojen merkittdvistd eroavaisuuksista. Tulokset ovat epdjohdonmukaisia
puuttellisten takuukoemittausraporttien vuoksi. Joka tapauksessa, useita tirkeitd kohteita
tunnistettiin, jotka vaikuttavat kattiloiden suorityskysyyn. Niilld havainnoilla voi olla
merkittdvd vaikutus projektien saamisen kannalta. Kattilan suoritusarvoihin vaikuttavia
pullonkauloja tunnistettiin. Havainnoille esitettiin jatkotoimia ja ratkaisuvaihtoehtoja.
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1 Introduction

As we continue our mission on reducing global emission in the energy sector, the world
faces a struggle with transition from fossil energy. Still today the climate-change causing
greenhouse gas emissions are mostly produced from the combustion of fossil fuels and the
carbon dioxide emissions from these sources only seem to increase. According to the
Internation Energy Agency (IEA 2025) the change from year 2000 to 2023 in carbon dioxide
emissions from combustion only has gone up by 49% in the energy sector of heat and power
generation. Sadly, overwhelming share of this is from fossil fuels — vast majority from
combustion of coal, but also from combustion of oil and natural gas. As the heat and power
producers remain the largest emitter of carbon dioxide in the world, it is crucial that the
industry actively increases the share of renewable fuels which. The development is slow, but
the trends are on incline. There remains a massive opportunity to increase biomass
combustion and replace fossil fuels in the heat and power sector. This is where boiler

manufactures like Sumitomo SHI FW have a major role.

Sumitomo SHI FW commissioned this thesis to evaluate technical margins in boiler
deliveries and especially in older boiler focused technology upgrades. When converting
older units from fossil fuels to the combustion of biomass, the scope of modernization
usually is extensive. Guarantees for boiler performance are given and the boiler owner,
client, will use these values when evaluating the best possible option in terms of boiler
supplier. Therefore, it is important for the boiler manufacturer to understand the whether the
given guarantees are competitive or uncompetitive. The guaranteed performance is crucial
not only from technical point of view but also from economical reasons and the guaranteed

values will, in most cases, have effect on project acquisition.

The approach for thesis is practical with a practically implemented result as the goal of
outcome. The structure of this thesis is divided between a literature part and execution part.
In the first part the fundamentals of fluidization, fluidized bed combustion and emission
formation are discussed and reviewed. Brief introduction for boiler performance testing and
efficiency determination is given. The goal of the first section of the thesis is to lay a
theoretical ground for understanding different phenomena that is tightly related to the

discussion in the second part of the thesis. The second section of the thesis goes over the



commissioned works. In it, boiler and technology upgrade project guaranteed performance
values and other economical guarantees are studied and boiler performance test reports from
these deliveries are analysed. Finally, comparison of guarantee values and performance test
measurements is made, and the findings are deeply analysed. Possible bottle-necks and
excess margins for certain areas are identified and general recommendations on a high level

are given.

The primary goal of this thesis is to evaluate these issues from a technical point of view. A
total of 18 boiler and technology upgrade deliveries were assessed by analysing boiler
performance test reports and comparing the measured test results to the contractual guarantee
values. Clear points of improvement were identified all though the results are inconclusive

on some aspects of the evaluation due to limitations on initial documentation.



2 Fluidized bed combustion

Fluidized bed combustion has become a very common choice for combustion technology in
boilers. Since the 1980 several hundreds of large combustion plant units utilizing fluidized
bed combustion have been put into operation. Fluidized bed boilers have many advantages
over different combustion technologies as they are known to have for example good
emission performance and very high combustion efficiency. The fluidized bed technology is
suited for a variety of fuels and fuel qualities combusted in a same boiler without
compromising combustion efficiency or emission performance. (Teir 2002, 44; Hupa 87 —

88, 2007.)

In this chapter basic principles of fluidization are presented, and distinct characteristics of

fluidized bed boilers are discussed.

2.1 Theory of fluidization

Theory of fluidization deals with a phenomenon in which a granular bed of solid material is
suspended in a liquid-like state. This is achieved when gas is blown through a granular bed
at certain volumetric flowrates. The state of fluidization in the bed is achieved when enough
gas is blown through the bed at velocity where gravitational pull on the particles is less than

upward drag force of the fluidizing gas flow. (Basu 2006, 25.)

As minimum fluidization velocity is reached the bed particles are no longer continuously in
contact with the adjacent particles and the bed is suspended in a fixed fluidlike state. In this
minimum fluidization state the bed behaves like a pseudo-liquid and any material denser
than the suspension, will submerge and sink in the bed. Less dense material will stay afloat
on the bed surface. If fluidizing gas velocity is increased, gaseous bubbles begin to form in
the bed. These bubbles will traverse the bed from the bottom to the surface where they
collapse, ejecting small amount of bed material from the surface of the bed momentarily. In
this state the bed is called a bubbling fluidized bed. (Raiko, Saastamoinen, Hupa & Kurki-
Suonio 2002, 490 — 491.)



The state of fluidization shifts from bubbling bed to turbulent when fluidizing gas flow is
further increased and terminal velocity of the particles is approached. In this state the
formation of bubbles ceases and the clearly visible bed surface, that is present in a bubbling
fluidized bed, is obscured as particles start to get entrained with the traversing gas flow. As
gas flow continues to increase and terminal velocity of the particles is exceeded, the bed
shifts into a state of fast fluidization and even more particles are entrained with the gas,
eventually draining the whole bed empty of solid material. For these kinds of applications,
where fast bed is utilized, a solids separator is required to return the entrained solids back to
the bed and establish a solids circulation loop, as illustrated in figure 1 with other states of
fluidization. At this stage the state of fluidization is commonly known as circulating
fluidized bed. Further increasing the gas velocity, transition to pneumatic transportation

occurs. (Raiko et al. 2002. 492.)

7

FIXED BED BUBBLING TURBULENT CIRCULATING

Figure 1. States of fluidization (Raiko et al. 2002).

Fluidizing velocity for each state of fluidization is a function of size and shape of the
particles, density of the particles and particle size distribution in the bed. Particle properties
together with fluidizing gas properties determine required volumetric flow rate. Commonly
air or a mixture of air and recirculated flue gases are used in fluidization in combustion
applications. In the theory and applications of fluidization specific particle sizes for bed
material are considered. In 1972 Derek Geldart classified particle materials into four
groups A, B, C & D, by the difference between particle size and fluidization gas densities
to evaluate their suitability for fluidization applications. (Raiko et al. 2002, 492 — 495.)
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Particle density for group A particles are in the range of particle size between 30... 100
um. Group A particles are often used in some circulating fluidized bed applications due to
the ease of fluidization and considerable expansion after minimum fluidization velocity is
achieved in the bed. Group A particles are described as aeratable whilst group B particles
are described as sand-like particles. Group B particles are a bit coarser in comparison to
group A particles. The particle size for is in the range of 100... 500 um. Fluidization
characteristics are good for group B particles as bubbles are formed as soon as fluidization
velocity is increased past minimum fluidization. This is the most common Geldart particle
group for fluidized bed boilers. On the ends of the spectrum groups C and B are described
as cohesive particles and spoutable particles accordingly. Group C particles are very fine,
size 1s < 30 um, and fluidization characteristics are problematic. The coarsest particle
group is group D. Group D particles need high amounts of fluidizing gas flow to achieve a
bubbling state of fluidization. Formed bubbles are quite large and the controlling of the
fluidization process is difficult. Size of these the group D particles exceed 500 um and
these particles are not typically used in bubbling or circulating fluidized bed applications.

(Geldart 1972; Basu 2005, 443.)

To understand this particulate classification, a diagram is often used to illustrate the
characteristics of each particle group. Figure 2 illustrates the particle classification

developed by D. Geldart.
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Figure 2. Geldart particle classification diagram (Basu 2005).
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Particle size is plotted on x-axis while density difference is plotted on y-axis. This diagram
is a common tool for evaluating fluidization characteristics of particles and to evaluate
theoretical fluidization model suitability into a practical fluidization application. As
particle size is one of the key factors in determining fluidization velocities, the Geldart

diagram is useful.

When determining fluidization velocities, the minimum fluidization velocity of a particle

can be estimated with the following equation (Vakkilainen 2016, 214):

Uy =2+ [\/33.72 +0.0408 » LerelPa=ps)g (1)

pPp Hg

where L is the dynamic viscosity of gas (Pas), d, is particle diameter (m), pgis density of

gas (kg/m?), pp is particle density (kg/m?) and g is the gravitational acceleration.

To approximate the particle terminal velocity in which the particles start to separate from

the bed, the following equation is used (Vakkilainen 2016, 216):

_ [39p(Pp—pg)
Uy = /4 pyCa g (2

where, Cq is the drag coefficient.

The behaviour classification of fluidized beds can be done by using a classification
diagram proposed originally by Grace (1986) and generalized by Kunii & Levenspiel
(1996). The diagram displays different states of fluidization with minimum fluidization and
terminal velocities with the Geldart particle classifications discussed above. The
generalized diagram for fluidized bed behaviour classification is shown in figure 3 in
which the dimensionless fluidizing velocity is plotted against dimensionless particle

diameter.

The dimensionless values for fluidizing velocity and particle diameter d, are calculated

with equations 3 and 4 (Kunii & Levenspiel 1997):

* Pg

2 1/3
w=u [“(Pp_Pg)g]

3)
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Figure 3. General diagram for bed behaviour classification (Kunii & Levenspiel 1997).

The figure does a good job illustrating how bubbling fluidized beds and circulating
fluidized beds are operating with Geldart particles A and B. The bubbling bed operates
between minimum fluidization and terminal velocity while fast (circulating) bed operates

well above terminal velocity.

2.2 Combustion in fluidized bed

Combustion in fluidized bed boilers is characterised best by the bed dynamics. For a
bubbling fluidized bed boiler the bed height is a common design parameter and has practical
limits in terms of the process itself. Bed height has a positive influence on combustion

efficiency due to longer residence for fuel particles in the dense bed. The bed height in BFB
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boilers usually does not exceed maximum height of 0.8 m and is often somewhat lower.
Sufficient bed height is, at around 0.5 — 0.6 m depending on the boiler size and fuels. (Basu
2006, 121 — 122.)

The furnace freeboard design has also major impact to the combustion of fuels in a BFB
boiler. Fines contained in fuel stream are entrained in the flue gas and combust in the
freeboard rather than in the bed. Additionally, bed is operated in a sub-stoichiometric
condition to limit the bed temperature. Final combustion takes place in the freeboard and
therefore the furnace cross section and height must be sufficient for low gas velocities
enabling sufficient residence time for combustion reactions provided that design allows

suitable temperatures in the freeboard. (Basu 2006, 122 — 123.)

In a CFB boiler combustion process in the furnace is initiated by devolatilization in the dense
bed area at the lower furnace. Density of bed and fuel in this area of the furnace is the highest
and sub-stoichiometric conditions exist as only part of air needed for combustion is injected
through the primary air system. As bed dynamics take hold of the devolatilizing particles,
they are transported to the upper areas of the furnace which available oxygen for combustion
reactions to continue. The upper part of a CFB boiler is often oxygen-rich and majority of
fuel combustion takes place there. Larger char particles fall back down to the dense area of
the bed as they make contact with the sidewalls. Finer char leaves the furnace and enters the
solid separator in which afterburning may take place. Char that is not fully burned is returned

to the furnace through solid separators and loop seal. (Basu 2006, 122 — 125.)

Combustion temperatures in fluidized bed boilers are relatively low. Proper fluidized bed
combustion is achieved when bed temperature is kept between 700 — 1000°C. These values
can be thought as maximum values that may limit the boiler operation. Bed temperature set
point when boiler is operated is influenced by fuel mixture in use and kept below ash
softening temperature to avoid bed sintering. Typical operating temperature is between
800°C and 900°C (Oka 2004, 169 — 170). These relatively low combustion temperatures
enable several advantages for emission performance. Firstly, in fluidized bed combustion no
thermal NOx emissions are formed and optimal sulfur capture temperature is 850°C
significantly reducing SOx emission formation. On the downside, N>O emission is increased
in fluidized bed combustion temperatures. CO emission is also higher on lower combustion
temperatures but in the case of BFB and CFB boilers, the mixing in the bed and residence

time often mitigates excessive CO emission. (Basu 2006, 126; Raiko et al. 323 — 325.)
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2.3 Bubbling fluidized bed boiler

Bubbling fluidized bed (BFB) boilers are operated in a fluidized state achieved above
minimum fluidization limiting the velocity so that turbulent bed is state is not reached and
maintaining steady and controllable bubbling in the bed without particle entrainment into
the flue gas. Geldart particle size B is the typical particle size used in BFBs due to its
fluidization characteristics (Raiko et al. 2002, 500 — 502). Depending on fuels and other
design choices, the fluidization velocity of BFB boilers typically is between 0.7 - 2 m/s. The
distinguished bed height measured from the furnace floor to the top of the bed is anywhere
between 0.4 m to 0.8 m. (Huhtinen, Kettunen, Nurminen & Pakkanen 2000, 157 — 159)

BFB boiler furnace is a water-cooled membrane tube wall enclosure that is characterised by
the clearly distinguished bubbling bed and a relatively large freeboard above it. Fuel is fed
from the boiler side walls to the lower part of the furnace between the bed and secondary air
injection level, where the fuel begins to dry quickly and volatilize. Depending on the
characteristics of the fuel, larger particles of the fuel fall to the bubbling bed below the fuel
feeding openings in the walls, and fine particles combust in the freeboard as they are
entrained in the upward gas flow. Combustion in the bed is only partial as BFB boilers utilize
staged combustion and primary air (fluidizing air) share of total combustion air is 40 — 50%
depending on fuel. Final combustion and burnout volatilized gases takes place in the
freeboard where secondary air injected through nozzles placed on the furnace walls. The
secondary air system may consist of multiple levels, for example lower and upper secondary
air levels. In some design tertiary air is used as well, all though air supply for this is
commonly from secondary air system. Tertiary air is often placed high up in the furnace free

board. (Vakkilainen 2016, 217 —220.)

There are multiple design choices for BFB boilers that are influenced by boiler size and
mainly by design fuels. A common design choice for BFB boilers is to place a superheater
into the top of the furnace. This radiative superheater is usually extended from the furnace
roof the to the furnace nose area, at the furnace freeboard exit. Multiple stages of
superheating is needed so that temperature control of steam is possible. In BFB boilers rest
of the superheaters are typically convective superheaters and not in direct contact with
furnace radiation. These superheaters may be placed on the nose (as shown in figure 4) or to

the boiler backpass. Economizers and air preheaters are located in the backpass of the boiler.
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Figure 4. Side section view of a classic BFB boiler (courtesy of Sumitomo SHI FW).

In the dense bed of a BFB, at intermediate zone above the bed and below first level of
secondary air and in the freeboard, good vertical mixing properties exist. Especially in the
bubbling bed the mixing properties are exceptionally good and are one of the key
advantages of BFB boilers. Temperature is very uniform in a vertical profile, but lateral
mixing is not self-evident as fuel is fed from the sides of the furnace and not necessarily
distributed evenly to the cross-sectional area of the bed. This can create significant
temperature differences in the bed. This can be partly mitigated with careful design of the
fuel feeding system to ensure uniform fuel distribution. Grid design is one of the main
considerations of BFB boiler design as the operation of grid has the most influence on the
combustion process and emission performance of the boiler. Uniform fluidization is

achieved with a successful grid design. (Oka 2004, 165 — 168.)
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2.4 Circulating fluidized bed boiler

Circulating fluidized bed (CFB) boilers operate with significantly higher fluidizing
velocities than BFB boilers, with velocities between 3 — 10 m/s depending on the application
and design. The particle size distribution for a CFB is somewhat finer as well. The overall
principle remains the same as bed is fluidized with gas blown through a fluidizing grid on
which the granular bed of solids is on top of. As the terminal velocity of the bed material
particles is exceeded the particles are entrained in the upward gas flow and the bed inventory
starts to diminish. The entrained solids hit the furnace walls of the furnace and fall back to
the bottom. Finer particles exit the furnace completely and enter a solids separator in which
gas and solids are separated. Solid particles impact the separator walls and fall down the to
the bottom of it. A return leg is connecting the separator bottom cone to the bottom part of
the furnace with a loop seal from where the solids are returned into the circulation. In many
cases the return leg is equipped with heat transfer surfaces, for example superheaters, so that
the hot solids transfer heat to steam as they pass through the return leg. As the circulation
rate of solids in CFB boilers is quite high, the mixing of solids in the circulation is intense,
thus generating a fairly uniform temperature profile on throughout the whole hot loop of the

reactor. (Raiko et al. 2002, 505 — 508.)

The bed in a CFB boiler is characterised by density profile. The zone with the highest density
is located at the bottom of the furnace where dense bed area is formed. Entrained solids form
clusters that continuously hit the furnace walls and falling back down as explained earlier.
This creates a continuous contact between solids and walls and a splash zone on top of the
dense bed area. The density profile gets leaner in the vertical direction of the furnace as
oxygen content of the flue gas increase and particle size distribution along the furnace gets
smaller. Main part of combustion takes place in the denser area of the bed but as the bed is
constantly in motion, eventually some fuel particles will get entrained and travel up the
furnace. Suitable sized char and fuel particles end up in the separator area where afterburning
occurs before solids separation. With the rest of the solids, the unburned char is transported
back to the furnace via the return leg and loop seal. (Basu 2006, 122 — 138). The density
profile of the CFB hot loop creates a pressure balance in the reactor via implementation of
the loop seal. Figure 5 illustrate the profile by displaying a plot of local pressure along the
height of the hot loop components in a typical CFB boiler.
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Cyclone

Loop seal

Pressure

Figure 5. Pressure balance of the CFB hot loop (Basu 2015).

As the CFB hot loop temperature profile is fairly uniform, the combustion takes place in a
relatively low temperature. Typically, temperature range is from 750°C to 950°C
depending on the design. For low volatile and unreactive fuels higher temperatures are
common and for high volatile fuels like biomass the combustion temperatures are more
modest. Similar to a BFB boiler, there essentially no formation of thermal NOx and the
emission performance of fluidized bed combustion is generally very good. Due to the
nature of CFB bed dynamics, long residence time and mixing of gases and fuel is
thorough, the combustion of efficiency in this choice of technology is often excellent,

resulting in very low unburned carbon content in the ash. (Basu 2015, 106 — 115.)

Unlike for BFB boilers the primary heat transfer mechanism in CFB boiler furnace is not
radiation, but the convection between gas and solid resulting from bed dynamics along
furnace wall height. radiation from gas-solids suspension has only major effect on the
overall heat transfer. As the vertical suspension density profile varies and particle size
distribution changes in the furnace, it is very difficult to accurately model heat transfer in

CFB boiler furnaces. No universal methods yet exist. (Vakkilainen 2016, 231 — 232.)
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Overall heat transfer estimations used are typically for furnace bare tube walls and furnace
heat exchangers in the magnitude of 50 — 250 W/m?K and for heat exchangers placed in
the loop seal 300 — 500 W/m?K. The heat transfer rate is significantly higher in the loop
seal heat exchangers as the heat surfaces are completely submerged in the circulating fine

solids. (Raiko et al. 509 —512.)

A variety of CFB boiler designs exist and they vary by boiler manufacturer. All of the
applications however follow the same design principles. Due to the nature of CFB a solids
separator is a mandatory CFB specific component, and it is implemented as a cyclone
separator in all modern designs. Heat transfer configuration varies between designs. In
some cases, heat exchangers are placed in the furnace in the form of wing walls, which are
extended from the furnace side walls. As described earlier, the loop seal may include a
fluid bed heat exchanger. Gas leaving the separator flows through a cross over duct, which
directs the flue gas stream into the backpass of the boiler. Convective superheaters are
placed in the backpass as well as economizers and air preheaters. A boiler manufacturer

specific CFB boiler design is presented in figure 6.

Cross over duct

ETETET Vortex finder
Fiiasdad Compact separator cyclone
Steam drum [ | LI
1 I ' Superheaters
] |

Economizer
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Air preheater

Furnace tapering

Secondary air

Fuel feeding ~ I

Primary air windbox —— |

Bottom ash extraction - 3 e |
| - ] o .

Loop seal and fluid
bed superheater

Figure 6. Side section view of a CFB boiler with a wing wall, compact separator and a

superheater placed in loop seal (courtesy of Sumitomo SHI FW).
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Typically, CFB boiler has most of the same auxiliary equipment as a BFB and is equipped
with start-up and load burners, primary and secondary air fans, recirculation gas fan,
bottom ash extractors and so forth. In a CFB the lower part of the furnace is often tapered
and covered with refractory to reduce profound of effect of bed sand-initiated erosion. For
BFB boilers, the lower part is not tapered but is refractory covered for the same reason.
Usually, the CFB loop seals if fluidized with a slightly higher pressure air than what the
secondary and primary air fans can produce. For this reason, separate air blowers

specifically for loop seal fluidization are often required.

3 Formation of flue gas emissions

Major flue gas emissions formed in combustion are carbon emissions, nitrogen emissions,
sulfur emissions. In this chapter of the thesis the formation of carbon emissions, nitrogen

oxides and sulfur oxides are presented. Other emissions are discussed briefly.

3.1 Formation of carbon emissions

Carbon emissions are formed when any kind of material containing carbon is burned. When
burning a solid particle, the fuel first undergoes drying stage as temperature is increased.
Drying is partly overlapped and followed by volatilisation and ignition of hydrocarbons. At
this stage of the combustion process visible flames are present. The reaction product of
combustion of hydrocarbon is carbon dioxide (CO») and the reaction occurs when sufficient

amount of oxygen and high enough temperature for combustion is present:
CyHy + 0, - CO, + H,0 (5)

As volatilisation ends, the combustion of char continues until only inorganic material (ash)
is left, or the environment for combustion is insufficient in terms of oxidant and
temperature. Assuming that char combustion is complete, the reaction mechanism for

combustion of char is seemingly simple:
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C+0,- CO, (6)

In practice, not all char is completely combusted, and some carbon monoxide is always
formed from all sources of combustion with carbon content. Several factors in the
combustion process affect the formation of CO, mainly oxygen content and degree of
mixing of gases. Usually higher oxygen content (excess air) decreases CO emission,
provided that temperature and mixing of gases is sufficient. However, in combustor
applications such as furnaces, too high excess air increases gas velocity in the furnace
leading to decrease in residence time, while decreasing furnace temperatures and possibly

the degree of mixing. (Vakkilainen 2016, 50; Huhtinen et al. 2000, 91, 159.)

Figure 7 illustrates the indicative effect of excess air on combustion and displays how too
low oxygen content rapidly increases CO emission and how too high oxygen content

increases flue gas losses and fuel losses through unburned fuel.

CO-content

Unburned fuel

Flue gas losses

Best combustion efficiency

Excess air (O, content)

Figure 7. Effect of excess air to CO (Huhtinen et al. 2000).

CO emission is usually lower with higher combustion temperatures. In a sufficient sized
furnace, gas residence time is often long enough for combustion reactions to take place

decreasing CO emissions in conjunction with furnace temperatures. Usually, CO emission
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correlates with the formation nitrogen oxide emissions (NOx) in a manner where there is a
trade-off between the two as NOx emission increases, CO emission typically is decreased.

(Vakkilainen 2016, 50.)

3.2 Formation of nitrogen oxides

Nitrogen oxides emission (NOx) is a refers to the combination of nitric oxide (NO) and
nitrogen dioxide (NO3) as these two species both are formed during combustion. However,
from combustion NOx emission, up to 95% is typically NO and less than 5% is NOz. Once
in the atmosphere the NO emission oxidizes to NO> resulting in similar environmental
effects, hence the collective use of the term NOx. NOx emission from combustion is formed
via four main formation mechanisms: Thermal formation, prompt formation, N>O-
intermediate formation reaction and through fuel bound reactions. (Zevenhoven & Kilpinen

2004, 4.1-4.5.)

3.2.1 Thermal formation of NO

In the thermal reaction mechanism, high temperature initiates a set of reactions which starts
with a reaction between molecular nitrogen (N2) and oxygen radicals (O), followed by

reaction between nitrogen and hydroxyl radicals (Vainio 2014, 6):

O0+N,—>NO+N (7)
N+0,>NO+0 (8)
N+OH - NO+H 9)

This formation mechanism was first discovered by Zeldovich in the 1940’s. To initiate the
reactions very high activation energy is needed. Oxygen radicals self-oxidize fast in low
temperatures but their count increases in higher temperature. Thermal NO formation is
insignificant in temperatures lower than 1400°C and becomes relevant only when
temperature is increased. Past 1500°C the thermal NO formation increases exponentially.

(Raiko et al. 2002, 304 — 306.)
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3.2.2 Prompt formation of NO

Prompt NO formation was demonstrated by Fenimore in the 1970’s to explain NO
formation in sub-stoichiometric conditions in which combustion air bound nitrogen reacts
in the presence of hydrocarbon radicals instead of OH resulting in the formation of cyanide
and atomic nitrogen. These reaction products rapidly undergo several reaction mechanism

phases in the presence of oxygen (Fenimore 1971, 373 — 380):
N, +CH - HCN + N (10)
HCN*% » NCO*H - NH*H - N*tO2+0H _ NQ (11)

The reactions are very fast and take place in incomplete combustion zones, where free
hydrocarbon radicals are present, for example in the vicinity of fuel feeding chute openings
in a furnace. Unlike thermal NO, prompt NO is not as sensitive to temperature and has

only slight dependence on surrounding temperature. (Zevenhoven & Kilpinen 2004, 4.14.)

3.2.3 N»O-intermediate formation of NO

In the third NO formation mechanism N in the presence of oxygen radical reacts to nitrous
oxide, from which the reaction product either reacts back to Nz or to NO. The NO

formation is through reactions:
O+N,+M - N,0+M (12)
N,0 + 0 — 2NO (13)

This formation mechanism is known as the N2O intermediate formation mechanism of
NO. The reactions will produce NO if conditions are suitable in terms of temperature and
excess air. The conditions must be above stoichiometric, and temperature must be high
enough so that free oxygen radicals are present as the dominant reaction product from is

otherwise N». (Raiko et al. 2002, 307.)
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3.2.4 NO formation from fuel bound nitrogen

The reaction of elemental nitrogen contained in the fuel during combustion causes nitrogen
monoxide emissions. The amount of nitrogen oxidized from the fuel depends on the
chemical composition of the fuel and the released emission is greater the more nitrogen the
fuel contains. In comparison to the nitrogen content of combustion air, the fuel nitrogen
content is less, but it is nevertheless more reactive as elemental nitrogen than the molecular
nitrogen contained in the combustion air. Because of higher reactivity, is oxidized much

more easily and requires a lower temperature for the reactions to take place (Raiko et al.

2002, 307 — 308).

During pyrolysis phase of combustion, some of the nitrogen contained in the fuel is released
and reacts with volatile hydrocarbon compounds, forming, for example, HCN and ammonia
(NH3), which will react to NO in the presence of oxygen as illustrated in figure 8.

(Zevenhoven & Kilpinen 2004, 4.16-17.)

NO
+0, +OH

HCN— p NCO

f +0,, +OH,+0
oxidising

fuel - N — volatiles-N

+NO, +NH,
reducing
+H, +0H, +0

Figure 8. Simplified diagram of fuel NO formation. (Zevenhoven & Kilpinen 2004)

char - N

NO formation from fuel bound nitrogen is not sensitive to local temperatures and is more
dependent on the stoichiometry between combustion air and fuel. HCN and NH3
compounds react rather to N2 instead of NO in reducing environment. (Zevenhoven &

Kilpinen 2004, 4.18.)
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3.3 Formation sulfur oxides

Sulfur oxides formed in combustion originate from fuel bound sulfur content. Sulfur content
in different fuels vary greatly and is typically up to 5% of fuels composition on mass basis
fraction. For woody biomass the sulfur content, however, is much lower, typically mass
fraction is less than 0,05%. (Alakangas, Hurskainen, Laatikainen-Luntama & Korhonen

2016, 52 — 57.)

The resulting sulfur oxide emissions from combustion depends on the fuel properties, ash
compostion on the sulfur content of the fuel used in combustion. Sulfur is released from fuel
when burned mainly as hydrogen sulfide (H2S) and as carbonyl sulfide (COS) which both
quickly oxidize resulting in formation of sulfur dioxide (SOz). Depending on the fuel ash
alkali content, some of the SO> is recaptured into the ash via sulfation, while the non-

recaptured part forms the actual emission (Raiko et al. 2002, 344 — 346).

Small amount of the flue gas SO can react to SO; if temperatures above 1100°C are present
for homogenous gas phase reactions with oxygen radicals or OH radicals. In the latter SO>
reacts with OH radicals to HOSO, which further reacts with O forming SO3 and HO; as
shown in the following reactions (Hindiyarti, Garborg & Marshall 2007, 3987 — 3988):

S0, + 0 - SO, (14)
S0, + OH » HOSO, (15)
HOSO0, + 0, » SO5 + HO, (16)

Heterogenous reaction mechanisms can take place in significantly lower temperatures. These
reaction mechanisms take place in temperatures between 500 - 800°C in the presence of
catalysts such as ash deposits containing iron oxides on boiler tubes (Vainio 2014, 7 — 8).
While majority of SO3 emission is formed through gas phase reactions, the catalytic
reactions can be problematic as gaseous sulfuric acid (H2SOs) is easily formed in lower
temperatures in the presence of H>O. H2SO4 will condensate on surfaces that are at the dew
point temperature enabling severe corrosion on the surface. This is especially problematic
on the cold end of boiler flue gas ducts where often economizers and air preheaters are
placed. The dew point temperature is a function of partial pressures of SOz and H>O in the

gas. This dependence is illustrated in figure 9 where dew point temperature is plotted against
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SOs concentration with different H>O concentrations in the gas. (Raiko et al. 2002, 346 —
348.)

10000

111l

Figure 9. Condensation temperature of sulfuric acid is a function of SO3 (as ppm on
vertical axis) and H,O concentration in the flue gas. Gas temperature °C on horizontal axis.

(Zevenhoven & Kilpinen 2004.)

Acid dew point corrosion is a serious problem in boilers where fuel has high sulfur content
and for example purely biomass fired boilers SO3 concentrations in the flue gas are relatively
low resulting in lower dew point temperatures, thus the corrosion rates are significantly

lower as corrosion speed is directly proportional to the flue gas SO3 concentration.

3.4 Other emissions

In addition to what is discussed in the previous paragraphs of this chapter, other emissions
are formed in combustion processes as well. These include volatile organic compounds and
other organic emissions, halogens and most importantly dust. Dust is one of the major flue
gas emissions as the fine particles entrained in flue gas is one of the most problematic flue
gas emissions that must be controlled. The dust particle formation in combustion is more
complex than one might assume as inorganic compounds in the fuel vaporize and condense

forming very small particle sized matter. Organic and inorganic compounds may go through
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sulfation or carbonation which can later react with other species. The formation of dust
emission and trace element content of dusts correlates with combustion temperatures and for
example in fluidized bed combustion, the dust emissions are generally lower than dust
emission formed in pulverized combustion or grate firing. The main concern of dust
emission is the fine particle size and heavy metals contained in the dust. Obviously type of

fuel has major influence on the heavy metal and trace element content of dusts. (Vakkilainen

2016, 50 — 54.)

4 Methods for reducing and controlling flue gas emissions

In this chapter of the thesis methods for reducing and controlling flue gas emissions in
fluidized bed combustors are discussed. The main topic of discussions is focused on the

means of NOx and SOx reduction.

4.1 NOx reduction

In the combustion process of fluidized bed boilers, the range of temperature remains well
below the threshold of thermal NO formation temperature. Therefore, NOx emission
formation is lower by default in comparison to some other combustion technologies. Despite
there are essentially no means for significant thermal NO formation in fluidized bed boilers,
methods for NOx emission reduction and control are still needed. The main methods of NOx
emission reduction can be divided into primary and secondary means of reduction. Primary
means of reduction consists of pre-combustion considerations and to the staging of
combustion via the boiler’s air systems. The secondary means of reduction are post-

combustion methods.

4.1.1 Staged combustion and staged fuel feeding

Staged combustion is the most important NOx emission reduction method in fluidized bed

boiler combustion. This is achieved by splitting the air supply to primary and secondary
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(sometimes to tertiary) air supplies. In fluidized bed boilers primary air is fed to the bottom
of the fluidizing grid which enables fluidization. Depending on the fuel, primary air is
typically 40 — 50% of the total combustion air. Rest of the combustion air supplied from
secondary (and tertiary) air systems to the furnace. Applying this principle enables lower
combustion temperatures and the heat released from fuel is controlled as the oxygen supply
to combustion is limited and therefore also limiting the presence of oxygen and OH radicals.
In a well-designed air staging system up to 50% reduction to the base NOx value can be

achieved in biomass firing. (Vainio 2016, 6 -7, 10— 11.)

Another less common primary method for NOx emission formation in solid fuel firing is
fuel staging. Fuel staging is a seldom used application since the system is very complex as
two separate fuel feeding elevations to the furnace are needed and it may be impractical to
implement such design. Fuel fed from the first stage is fired with excess air and the reducing
conditions are enabled again via using the secondary fuel feeding level. This condition,
where excess fuel is fed to enable reducing conditions to the firing zone reduction of NO to
N2 occurs through complex reactions enabled by methyl and hydrogen radicals. Burnout of
the combustible gases is finally done to complete combustion. Staged combustion may
enable over 70% NOx reduction in biomass combustion. (Nussbaumer 2001; Zabetta, Hupa

& Saviharju 2005.)

4.1.2 Recuding excess oxygen and using recirculation of flue gases

Formation of NOx emission correlates with air stochiometric ratio in the furnace. Higher air
coefficient (excess air) tends to increase formation of NOx as more available oxygen and

OH radicals are present. By limiting the amount, base NOx emission level can be reduced.

Recirculation of flue gases is commonly used in both BFB and CFB boilers. The recirculated
flue gas is usually taken after flue gas filtering with the purpose of mainly bed temperature
control. However, as part of the primary air is replaced with recirculated flue gas and limiting
the oxygen supply to the bed, the formation of NOXx is therefore reduced. The use of flue gas
recirculation increases the total volume of gas in the furnace which leads to higher velocities.
As a downside on these methods, combustion efficiency may be decreased. Higher velocities

reduce residence time of the gases which may increase the amount of unburned fuel
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compounds in the flue gas. Similarly, as bed temperature is decreased, unburned carbon in

bottom ash may be increased. (Raiko et al. 2002, 317; Kitto & Stultz 2005, 17.6)

4.1.3 Selective catalytic reduction

Selective catalytic reduction (SCR) of NOx emission is one of the most efficient methods
for post combustion NOx reduction. In SCR method a set of catalysts are installed into the
flue gas path of the boiler. Ammonia (NH3) is spray injected in aqueous form into the flue
gas stream before the catalyst. As NH;3 and flue gases are mixed and gas flows through the
catalyst including honeycomb shaped modules of V20s or WOs3 on titanium supports.
(Zevenhoven & Kilpinen 2004, 4.30 — 31; Kitto & Stultz 2005, 34.3-4). Typical construction
of SCR system is shown in figure 10.

Figure 10. Example of a downstream flow SCR system (Zevenhoven & Kilpinen 2004).
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Depending on the type of system and the application NOx reduction rates up to 95% are
achievable when molar ratio of NH3 to NO is approximately 0.8 when injecting the reagent
into the flue gas. With proper mixing relatively low (< 5 ppm) ammonia slip is released
from the catalyst, which is in within BAT-associated emission (BAT-AEL 2021, L469/19)
for ammonia emission from the use of SCR. The NH3-slip is increased rapidly with higher

feed rates. (Kohl & Nielsen 1997, 905; Zevenhoven & Kilpinen 2004, 4.30.)

Several options for SCR system placement in the flue gas stream exist. They are

characterized by the flue gas temperature and dust loading:
1. Hot side, high dust
2. Hot side, low dust
3. Cold side, low dust

In hot side, high dust applications the SCR is placed into the flue gas stream prior to any
dust filtration and before air preheater or between hot and cold economizer banks. In hot
side, low dust instalments the SCR system is placed in the flue gas after hot dust filtration
and before air preheaters. In the third application, cold side, low dust, the system differs
from the previous ones significantly as the SCR system is placed into the flue gas stream
after all boiler heat transfer surfaces and dust filtration. In these conditions flue gas
temperature may have to be increased before the catalyst so that NOx reduction efficiency
meets requirements. Often this is referred as a tail end catalyst. (Zevenhoven & Kilpinen

2004, 4.31.)

The NOx reduction chemistry is common for all of the described applications of SCR. NO
and NO2 reduction to N> follows the following overall reactions (Kohl & Nielsen 1997,
911):

ANO + 4NH; + 0, — 4N, + 6H,0 (17)
2NO, + 4NH; + 0, — 3N, + 6H,0 (18)

The reduction chemical reaction efficiency is tied to the process temperature, which for
SCR is typically in the range of 350 - 400°C in high dust applications. For the tail end

catalyst lower temperatures (approximately 200°C) are possible as the gas is free of dust
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and possible other species that may poison the catalyst (Guo, Luo, Zheng, Wang & Zhu
2021).

4.1.4 Selective non-catalytic reduction

In selective non-catalytic reduction (SNCR) NH3 or NH2CONH?2 (urea) is directly injected
to the flue gas. As the name implies, this method of NOx reduction does not utilize the use
of catalysts and the chemical reactions are non-catalytic. Commonly SNCR is applied
directly into the furnace at a certain feeding elevation. The chemical reactions are sensitive
to a temperature window and the reduction efficiency is mainly dependent on the local
temperature of the zone of injection. For this reason, multiple injection levels at the vertical
elevation of furnace are applied to cover for example fuel quality and load variance which
have impact on the furnace temperatures. (Sorrels, Randall, Richardson & Schaffner 2019;
Kitto & Stultz 2004, 32.13.) Figure 11 shows the temperature dependency of urea and

ammonia reagents.

Urea

——— Ammonia

Reduction efficiency [Ye)

620 730 280 980 1100
Temperature [°C]

Figure 11. Reduction efficiency of SNCR depends on temperature (Sorrels et al. 2019).

There is a slight difference between reagents at specific temperatures at the zone of
injection. For the use of urea reagent, higher reduction efficiency is achieved in slightly

higher temperatures because urea has to thermally decompose and release NH3 before
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reactions between ammonia and NOx can initiate. The decomposition of urea follows

simplified reaction mechanism and form NH3, CO, and water (Kohl & Nielsen 1997, 893):
2N0+C0(NH2)2+%02 - 2NH; + CO, + 2H,0 (19)

The above reaction mechanism is simplified and in the intermediate reactions HNCO is
formed which when reacting with OH radicals, results in the formation of HCN. In the
presence of NO, HCN undergoes chemical reactions resulting in N2O and CO emission.
This process follows the following simplified reaction mechanisms (Mendoza,

Covarrubias, Romero, Rosales & Agarwal 2011):
OH + HNCO - NCO + 2H,0 (20)
NCO + NO - N,0 + CO (21)

In the case of fluidized bed combustion N>O emission levels are elevated in most cases as
temperatures in normal operating conditions do not exceed 1000°C after SNCR injection in

the process.

Excess feed rates of SNCR reagent, too low local temperatures or insufficient residence at
the injection zone result in ammonia slip as NH3 concentrates into the flue gas. Therefore,
the importance of sufficient conditions at the injection zone are emphasized. Not only there
is a strong temperature dependency, but the residence time also plays an important role in
the final rate of NOx reduction (Sorrels et al. 2019). Figure 12 illustrates the effect of

residence time at certain temperatures and the influence on reduction efficiency.
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Figure 12. Reduction efficiency is influenced by residence time.

As NH3-slip and formation of N>O is proportional with the increase of reagent injection
rate, the local conditions and process parameters at the injection zone are further
emphasized. With the proper design of injection zone and injection nozzles covering the
whole injection zone in the furnace, optimal NOx reduction rates up to 80% are achievable
with SNCR method (Sorrels et al. 2019; Kitto & Stultz 2004, 31.14; Raiko et al. 2002,
317).

4.2 SOx reduction

Several methods of SOx reduction from the flue gas exist. Combustion technology only
partly influences the SOx reduction rates but the formation of SOx can be reduced via
multiple routes. High sulfur content of fuel can be reduced via different processes but for
example in the case of solid biomass fuels in which the sulfur is organically bound to in low
contents, no feasible means of sulfur separation exist. Sulfur can be removed from the
furnace as in-situ type methods, or it can be removed in varying post combustion methods
from the flue gases. Most important methods of flue gas desulfurization for fluidized bed

applications are briefly discussed in the following paragraphs.
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4.2.1 In-situ furnace reduction

In-situ furnace reduction of sulfur is one of the advantages of fluidized bed combustion. In
BFB or CFB boilers the bed material can be partly or even in some cases totally composed
of limestone (CaCO3) and the sorbent can be directly injected to the furnace, in which the
bed temperature is optimal for absorption. When limestone enters the bed at suitable
temperature of 800 — 900°C, it decomposes releasing CO2 and CaO which reacts with SO»
(Huhtinen et al. 257 — 258; Basu 2006, 12.):

CaCO5; + heat — CaO + CO, (22)
Ca0 + S0, +0, > CaSo, (23)

The above process is superior in a CFB boiler than in BFB as the required Ca/S ratio in
latter is almost double to CFB applications. This due to unreacted calcium stays in the hot
loop for extended periods of time due to the circulating bed material. High rates of sulfur
capture are achieved with sorbent injection to the furnace. Figure 13 illustrates the sulfur

capture efficiency in BFB and CFB boilers as function of temperature.
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Figure 13. SO2 reduction in fluidized bed furnaces (Zevenhoven & Kilpinen 2004).

Additives for sulfur capture in the furnace are not typically needed in biomass fired
fluidized bed boilers as the sulfur content in the fuel is usually very low to begin with and
biomass ash often contains plenty of alkali to recapture majority of sulfur released. This is
discussed in further detail in 4.2.3. In such cases where flue gas SOx emission exceeds
emission limits despite in-situ sulfur reduction, SOx emission can be reduced for example

in the flue gas treatment systems via dry sorbent injection to a fabric filter.

4.2.2 Fuel inherent recapture of sulfur

In biomass fired fluidized bed boilers sulfur is recaptures in the furnace to the fuel ash as

biomass typically contains large amounts of potassium and calcium. The initially formed
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SO, and SO3 emissions are recaptured to the ash. High alkali content in biomass combustion
is problematic as it reduces the ash softening temperature turning the fly ash sticky. The soft
ash sticks to heat surfaces causing fouling and slagging which enable potentially severe
corrosion mechanisms, especially in high temperature surfaces such as superheaters. The
corrosion is a mechanism induced by alkali chlorides which forms if chloride is present in

the fuel — this is the case for majority of biomass fuels. (Vainio 2014, 12.)

In biomass firing the fuel inherent recapture of sulfur plays an important role because fuel
bound sulfur initially sulfates the present alkali chlorides (Theis, Skrifvars, Zevenhoven,

Hupa & Tran 2006):
2MCl + S0, +%02+H20—>M2504+2HCZ (24)
where M =K or Na.

Since biomass contains relatively small amounts of sulfur, fouling and corrosion potential in
biomass firing is therefore always elevated. Due to this it is sometimes feasible to introduce
elemental sulfur in granulate to the furnace to artificially increase the sulfur content in

combustion. (Vainio 2014, 13; Aho & Silvennoinen 2004.)

5 Boiler efficiency, performance and acceptance tests

When a boiler delivery is complete, boiler performance must be tested before acceptance
and take-over of the delivery. Part of the boiler guarantee performance testing, boiler
efficiency is often determined. Acceptance test includes in most cases the performance test
and determination of efficiency. The protocol of acceptance test is standardized. In Europe
standard EN 12952-15 is the main standard that is used in determining efficiency of water
tube boilers. It has been in use since 2002. Other standards also exist, for example ASME
PTC 4.1 in which boiler efficiency is determined by accounting losses due to fuel moisture
and hydrogen content. The main difference between the two mentioned standards is that in
EN 12952-15 fuel moisture content is not accounted for as lower heating value of fuel is

used in efficiency determination. (Huhtinen et al. 2000, 101.)
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In basic test conditions there are two methods for determining the thermal efficiency of the
boiler unit: Direct method and indirect method. In direct method boiler efficiency calculated
as “in and out”-basis in which heat absorbed is compared to actual heat input to the boiler.
The balance calculation boundary for indirect method efficiency calculation shall be
specified carefully. Standard (EN 12952-12) present options for boundaries which vary case

by case. Figure 14 shows a usual a common example of a calculation boundary.
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-
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Figure 14. Example of calculation boundary for indirect method (EN 12952-12:2003).

When all flows to and from the boundary limits are known equation 25 can be written

accordingly. The determination of boiler efficiency is simply reduced to:

Q
Ndirect = Q'o_ut (25)
m

Indirect method for efficiency determination takes into account all accountable heat losses,
heat credits and heat in fuel. The indirect method is more detailed and efficiency
determination is more laborious in this manner. However, the advantage of indirect method
is that the biggest efficiency losses can be pinpointed and therefore taking actions to

increase boiler efficiency is easier. The boiler efficiency losses are focused on unburned
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fuel losses, heat of ash, flue gas losses, radiation and convection losses. Flue gas losses

usually have the highest impact on boiler efficiency. (Huhtinen et al. 2000, 110.)

When all losses have been determined (for example according to EN 12952-12) and
calculation boundaries are established the boiler efficiency is calculated with equation 26:

Nairect = 1 — M (26)
Qin

Performance test duration is fixed in standard, but it has variation between types of boiler
and firing systems. For direct tests the duration for solid fuel firing equipment is usually
minimum six hours long. For indirect test this can be reduced to four hours of testing. Fuel
and other samples are taken in fixed intervals to determine suitable conditions. Naturally
fuel quality has variance, but it is recommended that heating value of fuel does not deviate
from design fuel more than 1 MJ/kg and dry content deviation is no more than 4% of fuel

mass. Measurements are done in frequent intervals. (EN 12952-12.)

In the performance tests of the boiler is tested to verify guarantee values. Boiler must be
able to maintain steady operation without excessive fluctuation in steam mass flow or
steam pressure. Standards specify limits to these process parameters for example according

to figures 15 and 16.
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Figure 15. Maximum permissible deviation in steam mass flow rate (EN 12952-12)
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The steam mass flow rate maximum allowed fluctuation shall not exceed 3% to 10% of the
measured test result. The limit is shown in figure as a function of steam mass flow.
Allowed fluctuation is shown on vertical axis. Maximum allowed fluctuation in steam

pressure is determined in a similar manner but as a function of pressure as in figure 16.
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Figure 16. Maximum permissible deviation of steam pressure (EN 12952-12).

Boiler manufacturer given guarantees are always valid only in certain technical conditions
specifically agreed in the contract between manufacturer and owner. In the course of
performance testing not all of these conditions are necessarily met. Therefore correction

curves and equations for different process conditions and variables may have to be used.

6 Performance test measurements of absolute guarantees

In this section of the thesis boiler performance guarantee values of 18 boiler units are
evaluated against performance test reports of the chosen units. All of the evaluated cases
have similarities between each other — all units are large combustion plant utilizing either

CFB or BFB technology, and are up to 385 MW thermal power, firing varying types of
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biomasses as their main share of heat input. Some of these boilers are firing other non-fossil
solid fuels, peat or small share of coal as part of their design fuel mixtures in smaller shares.
As per definition only two of the evaluated cases include a boiler sized smaller than a large
combustion plants (thermal duty <50 MW). These two boilers were chosen to be included
in the evaluation due to their relevance in terms of technical concepts and fuel mixtures. The

thermal duty of each of the two smaller units are however larger than 40 MW.

Boiler performance guarantees are commonly absolute guarantees revolved around the

following parameters which vary case by case:
- Boiler load: Main steam flow, thermal power or fuel power
- Steam parameters: Main steam temperature and pressure
- Combustion performance and flue gas emissions
- Boiler efficiency

During examination of the available documentation, it was noted that not all performance
test reports were totally complete and some differences between documentation of test
measurements was observed. For example, in some cases guarantee values were not totally
measured or waived by the plant owner. This may cause some discrepancy in the analysis or

the results.

6.1 Boiler load

Guaranteed boiler load was examined for boilers 2 —4, 6 —9 and 11 — 18. Analysis data for
boilers 5 and 10 did not include performance test reports of guaranteed boiler load
conditions, therefore they have been let out of the analysis. Of the analysed performance test
reports there seems to be no issues on any of the units to reach guaranteed maximum design
load while firing design fuels while operating at conditions where battery limits were as
specified. Comparison diagram is plotted on figure 17 to illustrate differences between

guaranteed load values and performance tested boiler loads.
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Figure 17. Guarantee loads and performance test loads as % of BMCR.

From above figure it is observed that some load variation is present between guarantee
conditions and performance tested loads. For boiler 2 the 6% overload situation was
intentional as fuel quality was significantly better than of design fuel mixture. For boilers
4,6,8,11,12, 14, 16 and 18 boiler maximum continuous rating (BMCR) was exceeded by
0.1 — 1.5%. In case for boiler 13, BMCR was exceeded by 3%. For boiler 9 steam flow rate
was not met during the test as feedwater temperature at the battery limit was significantly
lower than in design conditions. Fuel power however was met during the performance test.
In case for boiler 17 the plotting differs from the other boilers as guarantee values have
been given as fuel power instead of thermal duty (i.e. maximum fuel consumption). In this
case the fuel power guaranteed for nominal steam flow was 4% less than guarantee value.
On any of these cases when boiler was tested at the nominal load, steam flow fluctuation
was measured to be within allowances determined in valid standards. Therefore, it is
concluded that guaranteed steam flow rates are sufficiently met and associated operational

stability at the rated loads are fulfilled according to allowed margins.



41

6.2 Steam temperature and pressure

Other main guarantee parameters for boiler performance are the main steam temperature and
pressure. Depending on the scope of delivery, which varies case by case, the guaranteed
parameters may be given at the main steam pipe inlet or at the turbine inlet. In practice this
makes only little difference. Nonetheless, these main parameters are best as describing a

boiler together with main steam flow rate.

Surprisingly not all examined boiler performance reports of the selected units covered the
steam temperature and pressure parameters specifically. It is assumed that in such cases these
guaranteed values have been fulfilled without any prejudice since they are also main design
parameters for boilers. Performance test reports that included main steam temperature test
results were boilers 2, 6 — 9, 11 & 12 and boilers 14 — 18. All of these boilers fulfilled
guaranteed main steam temperature figures. The results are shown with fluctuation

allowance and measured values in table 1.

Table 1. Performance test main steam temperatures.

Boiler Guarantee T [°C] Perfromance test T [°C] Allowed fluctuation [+°C] |Measured fluctuation [+°C]

Boiler2 490 490 5 2

Boilkr6 550 550 5 2.8

Boiler7 500 500.3 5 2.6

Boiler 8 540 538 5 within allowance
Boiler9 510 511 5 within allowance
Boiler 11 540 540.3 5 within allowance
Boiler 12 520 5232 3 within allowance
Boiler 14 541 540 5 within allowance
Boiler 15 543 543 5 within allowance
Boiler 16 460 461 5 within allowance
Boiler 18 470 470 5 within allowance

In some cases, temperature test reports were quite specific with the recording of test results.
For example, for boilers 7, 11 and 12 the measured main steam temperature was recorded
with one decimal accuracy. It is up for interpretation whether such accuracy of recording is
necessary due to measuring inaccuracy. On the two right hand side of the table, guaranteed
allowance for main steam temperature fluctuation and measured range for actual fluctuation

are given. Allowed fluctuation value is a non-standardized value and the value is used as a
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guarantee to provide stabile boiler operation. Measured fluctuation during performance test
is not reported in all cases, but in such cases the guarantee is interpreted to be within allowed
margins. From the most right-hand side column it can be observed that for boilers 2, 6 and
7 the measured fluctuation is well within the allowance. For boiler 12 it would be beneficial
if measured fluctuation was recorded as the measured main steam temperature has exceeded
guaranteed value by 3.2 °C and by the way of exception to the other boiler units, the allowed
fluctuation is 3 °C instead of 5 °C. However, in this case records state that measured value
is within allowance, meaning that measuring inaccuracy has been interpreted to the benefit

of boiler supplier.

Main steam pressure is also a basic guarantee value. Unlike for main steam temperature,
maximum allowed fluctuation for main steam pressure is defined in EN 12952-12 but in
some cases, it is possible that maximum allowed fluctuation is mutually agreed in the
delivery contract signed by boiler supplier and owner. It is surprising that main steam
pressure test results are not reported in the examined performance test results. For unknown
reason only 50 % of the evaluated cases specifically had records of guaranteed main steam
pressure figures in the actual reports. However, by reviewing plant measured data (that are
not part of performance test reports) of these boilers, it is observed that the boilers are
operated at guarantee pressure in continuous operation. While these values are not recorded
in the boiler performance test reports it is concluded that the guarantee values are met in
these cases. For the other boiler units, which have records of main steam pressures in the

boiler performance test reports, the results are shown in table 2.

Table 2. Guaranteed main steam pressure is met in all evaluated cases.

Boiler Guarantee p [barg] Perfromance test p [barg] Allowed fluctuation Measured flnctuation
[+ barg] [+ barg]
Boiler2 40 40.5 2 0.6
Boiler3 89 88 2.5 0.7
Boiler 6 114 114 1.4 within allowance
Boiler 7 89 87.8 2.5 1.6
Boiler9 115 113 14 within allowance
Boiler 11 120 117 1.5 within allowance
Boiler 12 91 91 2.5 within allowance
Boiler 16 60,2 60,7 1 within allowance
Boiler 18 80 80 3 within allowance
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For all of the recorded cases the boiler main steam pressure guarantee values are met and
maximum allowed pressure fluctuations are within allowance in all cases. However, it
must be noted that for boiler 11 the performance test pressure deviates by 3 bar from
guarantee pressure. For this specific case the boiler performance test report states that
guaranteed main steam pressure was verified in a test run operation prior to the actual
performance test of the boiler. In that test run, the measured fluctuation at operating

pressure of 120 barg was within the allowance of 1.4 bar.

While obvious issues with either steam temperature or pressure is observed from the
evaluated boiler performance test reports it must be highlighted that not all necessary
information for proper evaluation was recorded in the boiler performance test report and it
remains unclear whether the values were tested during the performance tests or not. While
these parameters are main parameters describing boiler performance and with the
assumption that the values were demonstrated, it should be stressed that all tested

parameters are beneficial to be included in the actual reports for future reference.

6.3 Flue gas emissions

While the guaranteed figures vary between cases, naturally the scope of guarantees vary as
well. In terms of flue gas emissions, the requirements for measurements are often plant
specific in most cases due to local laws and environmental permitting. In this chapter NOx,
NH3, SOx and CO emissions are evaluated. Dust and plant specific other flue gas emissions

are examined separately at the end of this chapter.

6.3.1 NOx emission and NH3-slip

NOx-emission limits typically vary by boiler size and by type of fuel used. As described in
the previous sections of this thesis, the boiler NOx emission can be reduced in solid fuel
firing with proper design of combustion system and combustion air system (air split) as a
primary means for reduction. Secondary means for NOx emission reduction revolve around
post-combustion reduction methods such as SCR and SNCR. For all of the evaluated boiler
units, the fuel mixes share similarities as main shares are composed of biomass fuels. In

some of the boilers other non-fossil fuels are part of the design fuel mixture.
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Boiler performance test reports for boiler 2 — 4 and 6 —18 show records of measured NOx
emission levels during performance tests. For other boilers not listed, performance
guarantees did not include NOx emission. This is due to multiple reasons — time of delivery

of the boiler, type of project and location of the boiler island.

For the evaluated boiler units, the NOx-emission guarantee figures are met according to the
boiler performance test reports. However, for the reports show variation in the measured
NOx-emission levels between different boilers. In most of the evaluated cases it is observed
that guaranteed emission performance in regards of NOx emission is met. In some cases, the
margin between measured and guarantee values are thin and is some cases the guaranteed
values are not met as measured NOx-emission exceeds the limit value. Boiler performance
test results for the evaluated units are shown as fraction of guaranteed emission values in
figure 18. This illustration demonstrates the variation between the boiler emission

performance between the different units and highlights measured values.
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Figure 18. Variance in performance test NO emission measurements.

For boilers 2 — 4 the NOx emission guarantee values are met without the use of secondary
reduction means. However, for boilers 2 and 3 the margins are quite thin as the measured
values are 99% and 91.4% of the guarantee figures. In the diagram boilers 9, 11, 16 and 17

are all exceeding the guaranteed emission values. For boiler 17 the reason for such a high
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figure is that during performance test SNCR-system supplied as part of the boiler delivery
was not in use due to unavailability of reagent. The emission limit was however met in a test
run prior to the actual boiler performance tests and therefore deemed to be accepted. For
boiler 17 the guarantee value was exceeded due to fuel parameters being off-specification in
regards of particulate size distribution. Fuel fired in the boiler performance test had finer
average particulate size distribution resulting in high flue gas CO concentrations at the

SNCR injection levels thus inhibiting the effective selective catalytic reduction of NO.

In the case of boilers 9 and 11 the exceeding of guarantee figures seems to be revolving
around minimum guarantee operational load situations as in the nominal load the guarantees
were met. In these low loads operational points NOx emission reduction is often challenging
due to the fact primary means for reduction are very limited as boiler is operated at high
excess oxygen and without efficient staged combustion. For fluidized bed boilers load is
often limited due to fluidization velocity as proper fluidization of bed must be ensured in all
situations. Minimum fluidizing air flow to the primary air windbox is part of the boiler
interlockings and as fuel flow into the furnace is proportionally very low in comparison to
nominal load, the grid heat load decreases to such figures that bed oxygen content is over
stochiometric as fluidizing air/gas flow is fixed after a certain point when boiler load is
ramped down. This means that bed temperature control is quite difficult and often
recirculated flue gas is required in larger proportions than in nominal loads effectively
dropping bed temperature suboptimal levels and increasing CO emission. Even in these
situations the bed stochiometric ratios are often above 1 on very low loads and no means for
effective air split are present. On minimum load secondary air flows from furnace walls often
cover the need only for nozzle cooling purposes and make negligible difference in
combustion performance and have little to no effect on flue gas emissions as the air flow
close to the furnace walls and not penetrating into the centre of the furnace. During these
low load situations there are also limitations to effectiveness of selective means of NO
reduction as flue gas temperatures are low and for example suitable zone for injection (in
case of SNCR) may not exist in the furnace. The effectiveness of SNCR is also further

reduced in case of higher CO concentration as mentioned earlier.

When SNCR or SCR is in use NH3 emissions are often in close relation to the reagent
injection and NOx emission reduction. This is due to the fact that in most cases, or rather

ever, theoretical conditions in the flue gas for optimal chemical reactions do not exist and
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some ammonia slips into the flue gas without undergoing any chemical reactions with NO
gas species. This phenomenon is referred commonly as ammonia slip. For the case of NH3,
not all evaluated boilers have emission limits or performance guarantees regarding it. From
the evaluated units only boilers 4, 6, 8 — 11 and 13 — 18 had guarantee values and records of
NH3 emission performance. The performance test results for NH3 emission for these boilers
are shown in figure 19 in which the measurement NH3 emission is illustrated as a share of

guaranteed values.
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Figure 19. NHs-emission is largely formed due to ammonia slip from SNCR.

In most cases the measured NH3 emission is well below guaranteed values by large margin.
However, it must be noted that for example in for boiler 16 the measured value of
proportional NH; emission is 0 % of guarantee value while at the same time the NOx
emission limit exceeds guarantee value while SNCR was in use. This indicates suboptimal
injection level with either too high local temperatures and/or high CO concentration in the
flue gas. If combustion reactions occur in the injection level, conditions for proper SNCR
are non-existent. If these conditions are combined with sufficient temperature, the injected
reagent NH3 combusts, further increasing NOx emission levels. Based on the performance

test results this may likely be the case for this boiler.
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For boiler 9 the measured NH3z-emission is proportionally the highest and close to the
guaranteed figure. As discussed previously, for this boiler the NOx emission guarantee
values were exceeded at minimum load. The high NH3 emission is in this case caused by
insufficient SNCR effectiveness therefore increasing NHs-slip into the flue gas. From the
boiler data it can be concluded that diminished returns in terms of reduction reactions were
present after certain threshold of reagent injection. Therefore, increasing slip in this case did
not enable achieving guarantee NOx emissions while not breaching NH3z emissions.
Furthermore, excessive NH3-slip will consequently accumulate in the heat exchanger
surfaces in due to formation of ammonia sulphates compromising heat exchanger

performance and possibly enabling suitable environment for corrosion mechanisms.

While measured values for NOx emissions are partly over the guaranteed values, the
performance test reports conclude that emission guarantees from these emissions are met
when measurement inaccuracy and margin for measurement error is interpreted to the benefit
of boiler supplier. However, there seem to be indication of uncertainty when determining
injection levels, especially for smaller side of the spectrum of BFB furnaces and especially
when said boilers are operated at low loads at or in vicinity of minimum control load. As
NH3 emissions are met in call observed cases there should be means for decreasing margins
for guarantee values, provided that determination of injection level (i.e. furnace calculation
models) are developed based on measured data and in case of environmental permitting
creating a demand for it. Based on the performance test results no issues with meeting NH3

emissions are recognized.

6.3.2 SOx emission

Guaranteed flue gas emission limits for SOx emission were given to boilers 4 & 6 and for
boilers 9 — 11 & 13 — 15 and for boilers 17 and 18. For all of these boilers the performance
test measurements show very low SOx concentrations in the flue gas and all units meet
guarantee values by large margins. This is expected when firing biomass as the main fuel in
the design fuel mixtures. This is because woody biomass typically has relatively low sulphur
content and is organically bound to the fuel. Formed SO, and SO3 in combustion is partly
recaptured to the fuel ashes due to high levels calcium and potassium in the woody biomass

fuels via sulfation reactions to KoSO4 and CaSO4 as described in chapter 4.2 of the thesis.
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The rate of recapture is dependant of the fuel mixture that is fired in the furnace, therefore
in some cases the remaining SOx emission from combustion can be almost negligibly small.
From figure 20 it is observed that in boilers 4 & 13 — 15 the measured SOx emission is
extremely low while in boilers 6, 9 - 11 and 17 & 18 the measured value is relatively larger

when compared to guarantee values.
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Figure 20. SOx emissions are observed to be much lower than guarantee values.

Despite the relative emission compared to guarantee value sticks out in the diagram the
guarantee value has been lower in some of the boilers. For example, the relative emission
for boiler 6 seems smaller than for boiler 11. If absolute values were displayed it would show
that boiler 6 has much higher emission guarantee value and measured emission due to the
fact that this unit is cofiring peat with biomass while boiler 11 fires purely woody biomass.
It is also worth mentioning that boilers 13 and 14, being similar sized in terms of thermal
power, the fuels for both are firing pure biomass and producing almost negligibly small SOx
emission in the performance test. The boiler heat exchangers may be subjected to an elevated
fouling tendency due to alkali metals present in the fuels and essentially no sulfur content in
the fuel for sulfation. Alkali chlorides are observed to induce severe corrosion in the heat
exchanger surfaces as these elements reduce the softening and melting temperature of the

ashes. Softened ash containing alkali chlorides is sticky and deposits on the tube surfaces



49

easily. In some cases, it is feasible to introduce elemental sulfur as an additive to the fuel to

combat fouling and corrosion in biomass fired boilers.

Whether there are any risks in exceeding SOx emission limits, the probability seems

marginally small.
6.3.3 CO emission

Performance tested CO emissions are recorded for all boilers except for boilers 1 and 5.
Examined performance test reports show that guarantee values are met in all cases except
for boiler 11 in which performance test measured CO emission exceeded the guarantee value
by 2%. For boilers 9 and 10 the emission guarantee figures were met but with a smaller
margin. For the rest of the units the boiler performance tested results were lower than
guarantee values by a large margin. Performance test measurement results are shown in

figure 21 in relation to the guarantee values.
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Figure 21. Guaranteed CO emission limits are met in almost all examined cases.

Considering all of the other cases not to be as interesting in terms of combustion

performance as boilers 9 — 11 as those clearly have higher than normal CO-emissions in



50

the performance tests. During performance test the boiler should already been tuned so it is
worth to examine further on the causes of such elevated emission levels. Consequently,
these boilers also had higher relative NOx emissions and it was discussed that it was the
case of very low boiler load. High CO and NOx emission for boilers 9 and 11 are
connected as the higher CO levels were also measured during these low load situations

where means of controlling the combustion process is limited which is not the case for

boiler 10.

Boiler 10 was operated at nominal load during the performance tests and in based on the
performance test reports the initial condition was much worse than what the final tests
show. High amounts of CO in the combustor were determined despite test run results
completed prior to boiler performance. In the test run boiler was tuned based on plant
measurements and during performance tests separate measurement instrumentation was
used. The calibrated test instrumentation revealed that the plant measurements were
defective in terms of calibration. Despite tuning efforts, the remaining CO emission level
still was close to guarantee values. It was revealed that in the final performance test the
fuel particle size distribution was partly unsuitable for a BFB furnace due to high fine
fraction of solids. Fine particles tend to get entrained with the flue gas and travel up the
furnace freeboard. Effect is highlighted when too much fine fraction is present causing air
split in the furnace to work in a suboptimal fashion, leaving secondary air levels inefficient
for achieving complete combustion of char. Partly combusted particles traverse the sub-
stochiometric air levels and unburned fuel to carry over into the backpass of the boiler and
cause high concentration of CO in the flue gas. This seems to be the underlaying root cause
for such a high CO emission. While the furnace and air system design were deemed to be
sufficient for the design fuels, off-design parameters may cause uncertainty in regards of

boiler performance.

It is clear that not meeting CO emission guarantee limits is rare and any exceptions to the
trend seems to be related to off-design parameters (fuel specification) and often in relation
with very low load situations. From the examined boilers all guarantee values were met in
the performance tests if measuring inaccuracy and margin for error is interpreted to the
benefit of boiler supplier. It may be however feasible to consider whether guaranteed
minimum load should be limited due to emission performance rather than for example

fluidizing grid minimum performance parameters.
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6.3.4 Dust emissions

Performance test dust emissions were measured and recorded for boiler 2,4, 6,9 — 11 & 13,
14 and for 16 — 18. Emission guarantee value was exceeded on boiler two while other units
meet the required values. For boiler 13 the guaranteed dust emission level was notably lower
in terms of absolute value in comparison to the rest of the cases, therefore the relative
emission compared to guaranteed value is higher in this special case. Table 22 shows the
results of the performance test measured dust emissions and it can be seen that in the rest of
the cases guarantee values are met with large margins. As these values are measured from
the boiler island stack and in some cases wet scrubbers have been part of the scope of
delivery, it can be seen that for example case 16 has negligibly small dust emissions. This
boiler in particular also has a state of the art fabric filter in front of the wet scrubber, therefore
CEMS measurement accuracy does not pick up such a small dust emission resulting from

the combination of effective dust filtration in the fabric filter and wet scrubbing of flue gases.
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Figure 22. Measured dust emission is met in most cases by a large margin.

Point of interest from the examined cases is the obviously boiler 2. The boiler 2 performance
test reports show that measured dust emission exceeds guaranteed emission figures only
when the boiler is operated with overload (see chapter 6.1) and fired with 100% biomass. In

rest of the guarantee points the dust emission guarantees are met without any issues. The
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measured excess in dust emission is quite small and guarantee values are met even in this
case as the measurement error and measuring inaccuracy are interpreted to boiler supplier’s
benefit and the fact that the boiler was operated in an overload point where performance
values are only indicative and not guarantee values. However, in the case of boiler 2, which
is a CFB boiler, the small excess in dust emission may indicate a design limitation for the
size of solids separators and vortex finders of this specific size and design. Further
examination of performance and design margins for CFB specific components may be

recommended.

6.3.5 Other emissions

Other emission guarantees are quite specific for each plant and measured concentrations in
of some of the species in flue gases are less than what can confidently be measured. Most of
the examined boilers are firing mainly biomass and in some cases biomass and peat, for
example the heavy metal emissions are not even requested as guarantee figures and in the
cases where they are listed as guaranteed values, the measured emission levels of heavy
metals are extremely low and guarantee values are met by a very large margin. The same

applies for dioxins and furans for the evaluated boilers.

It is worth mentioning that few of these boilers are also cofiring types of demolition woods
and waste derived fuels such as RDF (refuse-derived fuel) and SRF (solid recovered fuel).
In these cases, some of the other emission values become important, mainly heavy metals,
dioxins and furans. The boilers firing these fuels are equipped with fabric filters with dry
sorbent and activated carbon injection systems. The boiler performance test reports do not
cover pre-flue gas treatment measurements and based on the reports impossible to make
conclusions whether dimensional margins in regard to these specific boilers are adequate or
not. The assumption, however, must be that the margins are sufficient as records of emission
measurements show very low concentrations of these emissions in the flue gas when

measured after flue gas treatment.
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6.4 Boiler efficiency

Another common absolute guarantee value is the boiler efficiency. Methods for efficiency
determination in the boiler acceptance tests are standardized for example in EN 12952-12.
It is agreed between boiler supplier and boiler owner whether direct or indirect method for
boiler efficiency determination is used in the boiler performance tests. Technical resources,

fuels and other practical parameters may affect to the choice of method as well.

For most of the examined cases boiler efficiency has been determined in the boiler
performance tests. Efficiency has been given as a guarantee value all of the units except for
boilers 1, 4, 16 and 17. Figure 23 illustrates the difference between guarantee efficiencies

and determined efficiencies in the boiler performance tests.
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Figure 23. Guaranteed boiler efficiency is met in all evaluated cases.

For boiler 6 the guaranteed efficiency was higher than what was determined in the boiler
performance tests. According to the test results it is evident that fuel moisture content was
almost 20% higher than design fuel mixture. Boiler efficiency guarantee in this case was
met as correction curves for fuel moisture were applied. As can be seen from the above

figure, the guarantees are met without an exception for the rest of the units.
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Even in the cases in which the efficiency guarantees were not given, the calculated
efficiency is less than performance test results. In some of the cases margin to the
guarantee efficiency is lower while in the majority of units the margin is quite large.
Extreme examples are boilers 2, 5, 11 and 13 in which the gap between guaranteed values
and performance tested values are multiple percentages. Higher efficiency guaranteed
values are more attractive from a boiler owners’ perspective and in some cases may even

be of the key factors in project acquisition.

7 Guarantees subjected to penalties

In addition to the absolute guarantees other guarantees are often requested by boiler owner
and given by the boiler supplier. The nature of the guarantees and guarantee parameters can
vary greatly and there are no additional standard guarantees to the boiler performance
guarantees that were discussed in the previous chapters. In this chapter of the thesis,
economical guarantees subjected to penalties are evaluated. For the evaluated boiler units
few common additional guarantees were observed: own power consumption and consumable
guarantees. Own power consumption guarantees were given for all of the evaluated boilers.
Consumable guarantees were given only for some of the cases were for example SNCR is in
use or flue gas treatment systems incorporate additives. In addition to these some other plant

specific guarantees are discussed at the end of this chapter.

7.1 Own power consumption

Own power consumption guarantees were met or waived in all examined cases. In cases
where guarantee measurements for own power consumption were measured it is evident that
the variation discrepancy between deliveries is clearly present. Measured margin to the
guarantee value for each case is illustrated in figure 24. The plot displays on how much
margin is left to the actual guaranteed value. For example in case 1, the measured own power
consumption 9,7% less than what the actual guarantee value is. As can be seen from the plot,
the variation between cases is substantial and margin fluctuates between units from 1.2% to

almost 48%.
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Figure 24. Own power consumption figures.

Own power consumption guarantees are revolving around delivered auxiliary equipment
and not so much on the boiler itself. Therefore, the guaranteed values are very much
project specific and depend on the scope of delivery. For projects where only some
auxiliaries are part of the boiler delivery (i.e. limited to fan supply) the values for own
power consumption guarantees are easier to determine accurately. For larger projects
where the scope of delivery may consist of many systems with many dozens of electrical
equipment each, the absolute value determination may be less straight forward. The scope
of these delivery projects is not fully known by the author of the thesis and evaluation
based on that has not been done. However, it is safe to say that any margin left after
performance test reports exceeding 10% can be thought as an excessive margin since there
margins are already applied in the proposal phase of projects when bids for delivery is
placed. For example in cases 3, 4 and 11 the excessive margin seems extremely high. Too
high guarantee values for own power consumption may have an inverse effect on project
acquisition as own power consumption most likely is one of the factors considered in

investment payback times.
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7.2 Consumables

Consumable guarantees in this thesis mean additives used in the process. For the evaluated
boiler units reagent consumption for SNCR, dry sorbents and activated carbon consumption
guarantees are examined. Additionally other guarantees subjected to penalties are evaluated

at the end of the chapter.

Reagent consumption guarantees were given for 50% of the examined units while dry
sorbent consumable guarantees were given for six boilers. Activated carbon consumption

guarantees were given for only three of the 18 boilers.

7.2.1 Reagents in SNCR

While majority of the evaluated cases had incorporated SNCR as a secondary mean for NOx
emission control, only 50% of the cases included guaranteed reagent consumption values. It
1s case specific whether SNCR system incorporates urea water solution of aqueous ammonia
solution. According to the boiler performance test reports reagent consumption guarantees
were fulfilled by large margins in most of the cases as shown in figure 25. For boilers 6 and
16 the guaranteed consumption values were not met as reagent consumption was excessive.
In boiler 6 the reagent consumption was almost 113% of the guaranteed value and in boiler
16 the consumption was even more excessive resulting in approximately 166% reagent

consumption.
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Figure 25. Reagent consumption guarantees were breached in two cases.

In case of boiler 6 the consumption is almost 13 % higher than what guaranteed
consumption figure was. According to the boiler performance test reports the measured
NOx emission was 23 % less than guarantee value at the specific load point where reagent
consumption was tested. In addition, the NH3-slip was only 20% of guaranteed value at the
same performance test point. It remains unclear whether the consumption guarantee value
was actually exceeded or not. For boiler 16 the case is clearer and causes are discussed in

chapter 6.3.1.

For the rest of the cases the margin to guarantee value varies roughly between 50% and
10%. From optimization point of view, the closer the performance tested consumption is to
the guarantee value, the better as the consumption guarantee values may also be a factor on
deciding on the supplier of the project. From this point of view the best result is shown in
boiler 9, 10 and 18. Unless design conditions are not unclear, anything above 20% margin

may be considered excessive.
7.2.2 Dry sorbents

Dry sorbents for sulfur retention were designed to be used in only six of the evaluated cases.

Two of these six cases did not need to use any dry sorbent injection in the performance tests
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to meet guaranteed emission values and therefore the value for consumption had been
recorded as zero. Dry sorbent injection during performance tests was used only in four of

the six boilers. There is large variation for the consumption values as shown in figure 26.

For boilers 14 & 18 and especially for boiler 2 the guaranteed dry sorbent consumption
values were quite excessive. In case of boiler 2 the consumption was only 2% of the
guaranteed figure, which means that the installed injection equipment are largely oversized
for the application. Same observation applies to boiler 14 and 18 as well as the consumption
values for those are only 25% and 19% of the guaranteed values. In boiler 4 the margin is

more than 20% but it is more acceptable than the other cases.
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80% 5%
70%
60%

50% B Measured dry sorbent

consumption
40% [% of guarantee value]
30% 25%

19%
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Figure 26. Dry sorbent consumption.

Several reasons for such high differences between guaranteed values and measured
consumption may exist. While there may be over-estimation in the predicted emissions
there also may be calculation errors in the equipment dimensioning. However, due to the
fact that these boilers are mainly firing biomass-based fuels (boiler 4 may fire small share
of coal as back-up fuel) the fuel specifications may not cover all properties of the fuel and
fuel ash. For example in case of boiler 8, 14 and 18 fuel specifications do not completely

specify fuel calcium and potassium content. It is likely so that the amount of alkali in the
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fuel is much higher than anticipated, therefore reducing the need of dry sorbent injection
significantly to meet SOx emission guarantee values. This only highlights the importance

of fuel specifications in the system level design of the boiler and its auxiliary systems.

7.2.3 Activated carbon

For evaluating activated carbon consumption guarantees, only three boilers utilize activated
carbon in flue gas treatment systems. Performance test reports of the three boilers reveal that
in only one the three cases the consumption value was measured. In the other two cases
consumption guarantee values were waived by the owner and therefore not determined in
the boiler performance tests. Boiler 4 was fulfilled the consumption guarantee and according
to the performance test reports the consumption was 80% of the guarantee value leaving a

sufficient and arguably reasonable 20% margin between the figures.

7.3 Other guarantees

Other guarantees that were given for some of the boilers in evaluation vary greatly between
the units. Some of the guarantees are revolving around flue gas pressure losses, feedwater
and/or steam pressure losses and for example bed sand consumption. More commonly noise
guarantees, and insulation surface temperature guarantees are requested and given.
Guarantees for process pressure losses are easily met without question in all cases where
they were given and measured in the boiler performance tests. Surprisingly out of the seven
boilers in which bed sand consumption guarantees were given, the guarantee values were
not exceeded only in two units. On one of the remaining five, the consumption was not
determined and in the remaining four the consumption was 17% to 25% higher than
guaranteed. The performance test reports do not address this issue in any way, and it is not
possible to make a reasonable assumption on the reason why the consumption figures were
deviating so much from guaranteed values. One potential cause is that the consumption in
performance test is over estimated as the duration of the test is limited. Values therefore may

be more or less indicative. Further analysis should be initiated.

For noise guarantees the method for measuring noise from emitting source is often

standardized (for example ISO 3744). The noise emissions are largely met but when
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guarantee values are exceeded the reason seems to be in many cases fan noise around
primary air fans and sometimes around secondary air fans due to insufficient sound

insulation.

Insulation surface temperature guarantees are also very often met easily. In cases where
insulation surface temperature is exceeded, touch protection and warnings are used to fulfil
guarantees. In some cases additional insulation is also implemented. There seem to be no
clear trend on how often insulation surface temperatures are exceeding guarantee values. In

any of the examined cases there is no issues with these parameters.

8 Conclusions

In this thesis a total of 18 fluidized bed boiler units were assessed by analysing project
specific boiler performance test reports and comparing the acquired results to the delivery
guarantee values. The goal of the analysis was to conclude whether contractual guarantee
values determined in the technical risk assessments at proposal phase are adequate, and if
any clear signs of excessive margins or bottle necks are identified, in comparison to

measured values.

In the case of this thesis, the 18 analysed boiler performance test results had large variation
on the scope of actual reporting. Some of the performance test reports only included partial
information while only few of the reports were covering all guarantee measurements and
standard acceptance test measurements, even though not necessarily being part of the
guarantees. Despite the sparsity of the boiler performance test results, a comprehensive
analysis of the margins in the guarantee values based on boiler performance could be made.
All though the results are partly inconclusive, some points of development and possible
technical risks, in terms of project acquisition and fulfilling guaranteed values, were
identified. From boiler performance guarantees the main culprit may be excessive margin in
boiler efficiency guarantees — in many cases guarantee value is multiple percentage lower
than performance tested boiler efficiency. There also seems to be some uncertainty in boiler
emission prediction in some specific cases, which in turn may compromise emission

guarantee values or cause issues in the additive consumption guarantees. In the case of
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guarantees subjected to penalties, there are some clear indicators of excessive margins in the
guarantees. The most obvious example is the own power consumption guarantees. In the
boiler performance tests, the measured own power consumption in many of the evaluated
cases had over 20 % margin to the guaranteed value. For the case of additive consumption
excessive margin from boiler performance test report measurements to the guarantee values
was identified in some cases for SNCR consumption and for dry sorbent injection. Especially
for dry sorbent injection there seems to be a lot of uncertainty in terms of guaranteed
consumption values, which may be due to incomplete fuel specifications rather than
excessive margins. Therefore, it must emphasized the importance of complete fuel

specification to increase competitiveness in project acquisition.

Contractual guarantee values are, in most cases, given with certain project and system
specific margins included. From a project acquisition point of view, it is important to
understand how technical guarantees, like boiler performance and consumables, may
influence the client’s decision on choosing a boiler supplier. For example, guaranteed boiler
efficiency, own power consumption and additive consumptions may have very high
influence on the project payback time, which in turn is one of the key economic factors
influencing the decision on a capital investment. Therefore, the boiler performance test
reports that are created from the boiler acceptance test results, should always include all
necessary information for enabling possibility for careful analysis. It is recommended to
develop in-house performance test reporting to a degree that corresponds to standard
measurements in a uniform fashion — this way analysis of the reports can be more
comprehensive and usable in for in-house technical analysis. Furthermore, the findings and
conclusion drawn in this thesis should be firstly used as an initiative for reviewing pre-
project phase documentation and proposal procedures. Comparison of the results to proposal
phase technical risk assessments should be initiated and separately analyse whether
competitiveness in project acquisition can be increased by eliminating a “margins on

margin”- type of situation.
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