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Remote monitoring of a power boiler allows the supplying company to make sure that
equipment is used as supposed to and gives a good chance for process optimization.
This improves co-operation between the supplier and the customer and creates an aura
of trust that helps securing future contracts. Remote monitoring is already in use with

recovery boilers but the goal is to expand especially to biomass-fired BFB-boilers.

To make remote monitoring possible, data has to be measured reliably on site and the
link between the power plant and supplying company’s server has to work reliably.
Data can be gathered either with the supplier’s sensors or with measurements originally
installed in the power plant if the plant in question is not originally built by the

supplying company.

Main goal in remote monitoring is process optimization and avoiding unnecessary
accidents. This can be achieved for instance by following the efficiency curves and
fouling in different parts of the process and comparing them to past values. The final
amount of calculations depends on the amount of data gathered. Sudden changes in
efficiency or fouling require further notice and in such a case it’s important that

dialogue toward the power plant in question also works.
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1 INTRODUCTION

This master’s thesis concentrates on remote monitoring of power boilers and providing
necessary services that meet the customers’ needs. The services are provided using the
Advanced Condition Diagnostics Tool, which is a remote monitoring tool developed by
ANDRITZ Oy at Varkaus, Finland. It is already in use for monitoring recovery boilers,
but because recovery boilers vary from power boilers especially when it comes to the

furnace, further development of the program is required.

The program development is founded on the data sent from the selected reference plant
where a major overhaul of the boiler was conducted by ANDRITZ a couple of years
earlier. The reference plant is an old coal fired power plant that has been retrofitted by
replacing the furnace with a biomass fired BFB-boiler and making also some other
changes in the process. Chapters two and three handle the possible challenges in a
power plant environment and how they might be solved with using remote monitoring.
Practical implementation was done with ACD using data from the reference plant. The

results are presented in chapter five.

There is also the challenge of selling these kinds of services which is why an inquiry on
customer needs had to be made. The results are discussed in chapter four. Based on the
customer feedback a service package was designed with the idea of selling it to another
reference plant. The selling plans are not public knowledge and they are thus added

separately as an appendix.

The goal of using remote monitoring tools is to follow the operation of a power plant
remotely during normal operation and analyse the incoming data over a long period of
time. This gives the analyser a broader aspect of the whole situation and makes it
possible to notice something that the operator at the power plant wouldn’t notice
otherwise. This could include for example wear and tear of certain parts over a longer
period of time, the impact of a change in water chemistry on the plant’s operation or the

behaviour of a new fuel compared to the old one. Analysing the data allows for



avoiding accidents and also gives a chance to optimize devices so that the plant works
with higher efficiency. Data analysis could also be used in training personnel to use new

equipment properly.

Service business has not always been very popular and in the past it was common
practice for companies to simply concentrate on selling products. This kind of
behaviour however is not profitable anymore and companies have to offer additional
services alongside ordinary products in order to get by in competition. The chart below
shows three different methods for a company to relate to service business:

Convincing

Services are an

Unsure

The possibilities of

Sceptical

Service business is

essential part of a | services have yet to | not believed to bring
company’s business | be identified and no | advantage to the
decisions have been | company
made
Strategy of service Services will have an | Strategy has not been | Products are the

business

important role in the
future of the

defined

centre of attention
now and in the future

company

Needs of customers | Needs of customers | The administration is | Services can  be

and interest groups | direct the | unsure of the | provided, but the
development of | customers’ needs main focus is in the
service business products

Method Proactive Reactive Evasive

Chart 1 Three different ways to relate to service business (Ackerman, et al., 2013, 17)

The idea is to ensure the customer that remote monitoring is an essential part of RCM
(reliability centred maintenance). Although remote monitoring doesn’t come for free,
proactive measures to accidents are always cheaper than reactive ones in the long term.
In the end it always comes down to money and the customer has to be ensured that the
monitoring system pays itself back sooner or later. The prevention of accidents and
breakdowns also strengthens the relationship between the supplier and the customer,
which is essential for establishing a good business image. A good reputation on the
supplier’s part also helps to secure further contracts with the old customer and makes

finding new customers easier.



Although remote monitoring can be used to prevent system failures, it can also be used
for process optimization. The operator may not notice the slight differences that follow
small changes in the process, such as a new way of fuel processing or fine tuning of
NOx-reduction zones for instance. The analyser can study the same data over a long
period of time and give the operator some guidelines on how to improve the system
efficiency. The optimization can be used to fine tune for example the amount of steam
drum blow-down, soot blowing, operation of superheaters, air supply into the furnace
and the power of pumps and fans (Huhtinen, et al., 2008).

In case something does go wrong, the operator can contact a helpdesk set up by the
supplier for example by e-mail or telephone. The person at the helpdesk might be an
analyser who knows the plant well enough to direct the operator. He/she could also just
hear out the problem and direct the operator to a specialist with the required experience.
The working order at the helpdesk depends on the level of problems and the number of
customers. If the problems are simple and there are not many customers, the helpdesk
operator can help with the problem. More difficult problems require contacting a
specialist. Even if it isn’t possible to offer help remotely right away, the data could be
analysed to find out what led to the incident in the first place and what could be done to

avoid similar events in the future.

In order to serve customers as well as possible it is necessary to understand their values
and needs. This is accomplished by an inquiry, which is meant to first figure out the
values that the client appreciates and second which products they feel necessary and
could use assistance with via remote monitoring. The inquiry should give us some
understanding on the hardware needed on site and which parts of the process to
concentrate on. Although the needs differ from customer to customer, the basic
hardware should always be present. In other words, even if the customer is interested
only in the life-cycle analysis of a superheater, the hardware to monitor sodium leaks in
the ion exchange resins would also be present in case the customer wants to upgrade the

deal at some point.



2 HAZARDOUS SITUATIONS TO BE AVOIDED

In case an unplanned shutdown occurs, the operator is usually the first one to notice it.
Such a situation does not necessarily require external help, but it’s possible to
completely avoid it if the fault is noticed while it is still developing. Some faults
however might take years to develop and noticing them might require analysing data

over a timespan of many years.

Ordinarily the accidents to be avoided have something to do with occupational hazards.
A mechanical malfunction is always a danger to the user of the piece of equipment and
everyone else nearby and it’d be extremely helpful to notice if something is wrong
before it’s too late. Other kinds of accidents have mostly an economic impact. If a
superheater’s tube for example breaks due to corrosion, it doesn’t necessarily cause
danger to the workers but it does lead to the shutdown of the entire power plant until
repairs have been made. Last but not least are the accidents that have mostly an
environmental impact. A large oil spill in the wrong place could create a massive
catastrophe for the local wildlife. Of course, the causes and effects of accidents are

never that straightforward. Instead, they are often a mixture of these three accident

types.

There are multiple ways for faults to develop in the system. Usually they have
something to do with ordinary wear and tear of devices but they can also develop
quickly if the system is under a higher than ordinary stress. Previously the standard
method to deal with problems was to use equipment until the end of their lifespan. This
method of damage-based maintenance, which was still widely in use in the 60’s, ensures
that money is not wasted unnecessarily on new parts if the old devices still work. The
downside of this method is that when some parts of the system do break down, they
might cause some serious consequences elsewhere in the power plant. It’s also more
difficult to predict shutdowns that happen irregularly instead of having a previously

planned maintenance shutdown.
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A good way to avoid unnecessary accidents and breakdowns is to replace certain parts,
which are prone to wearing, at regular intervals. Usually the replacement is done during
annual revisions so that most of the maintenance procedures that require shutdown can
be concentrated in a small timeframe. This will save time as unexpected shutdowns
become less common. This so-called time-based maintenance, which began gaining
popularity in the 70’s, is in a way more expensive since it is possible that some replaced
parts are not yet at the end of their lifespan. However, it reduces the risk of
consequential breakdowns and this way money could be also spared. If money is not a
problem, this method is much better than the first one. Regularly replaced parts include
for instance pumps and valves which have a fairly well known lifespan. This kind of
predictability though cannot be taken for granted if the devices are under a constantly
varying stress.

Remote monitoring allows combining these two service types into a so called condition-
based maintenance. In other words, the condition of different devices is monitored
either constantly or during revisions. Depending on their wear and tear, it is decided
whether they need to be replaced right away or could it wait until the next revision.

Although regular replacement of certain parts is an effective way to avoid breakdowns,
accidents can always happen. A pump could break down because of for example
cavitation in the rotor or a malfunctioning electric motor. This could be avoided by
monitoring the power and heat levels in the engine and fluid flow and pressure at the
outlet. All devices have some usual ways to break down and these can be avoided by

careful monitoring and taking steps early on to prevent accidents from happening.

2.1 Occupational hazards

Occupational hazards are accidents that pose a danger to the workforce. They are
usually a result of failing devices or human errors although in some occupations there is
a constant level of hazard despite any precautions. There are dangers present in every

place of employment, not just factories or power plants. Remote monitoring can help to
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reduce these dangers, although influencing peoples’ behaviour is possible only through

training.

Accidents involving workforce in a power plant environment have the highest risk of
happening when the power plant has just been built or major renewals have been done.
This is mostly because of workers’ inexperience with new equipment and thus a
heightened risk for accidents is possible also when hiring new employees. It’s also
possible that the employees continue operating the power plant in a similar manner as
before even after a retrofit that completely changes the operation characteristics of the

power plant.

A good example of occupation-related accident which could be avoided with remote
monitoring is the chance of fire spreading out of the furnace. An unexperienced operator
might operate the combustion air and flue gas —fans in a way that causes the pressure
inside the furnace to grow higher than the ambient pressure. This could cause flue gas

leaks and in the worst case scenario, fire in the boiler room.

2.2 Economic losses

Even if mechanical malfunctions and human errors don’t cause injuries, they can still
cause major economic losses. An unplanned shutdown of a power plant can easily cause
hundreds of thousands of euros worth losses. If it were possible to avoid these kinds of

shutdowns, the monitoring system would pay itself off very quickly.

A major economic loss could occur for example if catalytic NO-reduction is used at the
power plant. If the operator sprays too much ammonia into the furnace and the flue
gases contain enough sulphur trioxide, SOs, the surplus ammonia will react with SO3
into ammonium bisulphate, NH;HSO, which will form a coating on the catalyst
surfaces. The direct result is that the NOy-reduction capability will fall. In this case the
natural reaction for the operator is to increase ammonia spraying which will simply

make the situation worse. In the end the concentration of NOy-emissions will be too
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high and the flue gases will also contain ammonia which is not a usual pollutant.
(Raiko, et al., 2002)

Even though sudden rise in emissions wouldn’t be enough to cause a shutdown, it could
cause problems with the environmental officials. Also, the cleaning of the catalyst
surfaces would require shutting down the plant for a time during which the plant makes

no profit at all.

2.3 Dangers on the environment

A power plant or factory may run smoothly doing excellent financial results with no
danger to the workforce and still some parts of the process could be malfunctioning.
Caring for the environment has become a serious part of plant operation as late as in the
80’s. Although there has been lots of development in this area over the course of the
years, harmful accidents that only concern nature can still go unnoticed somewhat

easily.

Nowadays some areas in power plants receive special attention in case of harm to the
environment. The interesting areas are especially the quality of flue gas and wastewater.
Because of constant follow-up study, the risks of acid rain and pollution of the water

system are extremely low compared to the situation in the past.

A good example of an environmental accident in a power plant environment is an oil
spill. Even if the power plant uses biomass as its primary fuel, the start-up burners often
use oil although they have already been changed to gas burners in many plants. A leak
in the oil tank could begin for a number of reasons and it can take a while to notice the
leak, especially if the tank is large and the oil surface level drops very slowly. This is
usually countered passively by building a basin where the oil will flow in a controlled
way in case of a leak and where it can be easily noticed.
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3 PROCESS OPTIMIZATION

Remote monitoring tools have also an important role in process optimization. A power
plant is usually run with simple goals in mind, be it maximizing income or minimizing
pollution. All in all, the operator at the plant might not be able to see the big picture.
Remote monitoring can be used to collect data, analyse it over a long period of time

and, if necessary, make suggestions of improvements to the process.

There are plenty of different ways to improve the process. Some aim to higher
efficiency, some to higher output, and some to better durability. Sometimes the
legislation might oblige the power plant to adapt to new discharge limits, which would

ruin the plant efficiency and output if not done correctly.

While processing the data, it should be remembered that the calibration in some sensors
might be off. This requires taking into account the faulty sensor data depending how
long it is since the last calibration. Problems may arise if the sensors’ calibration is off
or the calibration hasn’t been done properly, because in such case the results are usually
close enough to the real values. It’s also possible that the sensor is malfunctioning but

still sending a signal that is nowhere near normal operating values. (Koski, et al., 2002)

3.1 Slagging and fouling

Slagging and fouling are caused when impurities cumulate on surfaces where they don’t
belong. Fouling means solely the accumulation of solid particles through impact or
mass diffusion while slagging forms a layer that contains both solid and molten mass.
Although both are formed from similar impurities, they must be handled separately.

Slagging in a power boiler happens in the area where heat radiation is intense enough to
partly melt the ash i.e. the furnace and possibly the superheaters close to the furnace
where temperature can reach over 900 °C. Temperature in a BFB-boiler isn’t usually
very high compared to other boiler types so radiation is not a major factor. However,
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impurities that have a relatively low melting temperature might form depending on the

fuel composition and bed material.

Fouling happens everywhere where there are impurities present and it doesn’t have to
mean just the areas that are in contact with the flue gas. The areas most vulnerable to
fouling are the ones where flue gas flow is restricted and particles gather through impact

fouling.

In a BFB-boiler the area of the furnace in contact with the fluidized bed suffers little
from fouling. This is due to the walls being under constant sandblasting and thus
impurities have no chance to accumulate there. In a CFB-boiler the same conditions
would apply to the entire furnace. In theory bed agglomeration could start causing
slagging even on the bottom of the furnace but this is usually avoided by choosing a
correct sand type, renewing bed material often enough and using correct operating

parameters.

Accumulation of impurities restricts gas flow and weakens heat transfer ratio. In the
worst case scenario, they could create perfect conditions for corrosion. These processes
also offer the usual tools for observing the rate of fouling i.e. temperature- and pressure

measurements.

3.1.1 Effect on power plant operation

The main effects of slagging and fouling are restriction of flue gas passage and thermal
insulation. No matter the composition of the layer of impurities, the heat conduction in
it is always far less than in the metal wall underneath. This leads directly to a smaller
heat transfer coefficient a. As the heat transfer ratio weakens, so does the heat flux over
the tube walls. In other words, if there is lots of slagging and fouling present, higher fuel
power is needed in order for the thermal power to remain unchanged. Of course, this
would only apply in case fouling occurs throughout the flue gas channel. If slagging and

fouling is concentrated in the furnace and superheaters, the flue gas would be hotter
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further on and thus the heat transfer in the economizer and the air preheater would be

stronger.

In case the layer of impurities grows thick enough, it can begin constricting flue gas
passage so much that the pressure losses grow unbearably high and production capacity
has to be dropped. This is mainly a problem with the superheaters and economizer since
the flue gas flow in these parts is already constricted. Boiler tube banks could also
become clogged if tube bank arrangement for boiler tubes is used in the plant. In
addition, the air preheater could also suffer from fouling depending on its type. The
fouling rate depends mostly on the fuel but also on the tube arrangement. The following

picture shows the difference in flue gas flow between aligned and staggered tube

arrangement:
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Picture 1 Flow across (a) aligned and (b) staggered tubes (Incropera, et al., 2007)

As the picture shows, the flow across staggered tubes is much more turbulent. This
means that it’s possible to achieve much higher heat transfer coefficient with this
arrangement and the tubes can be packed more tightly together. Tightly packed tubes
are however much more likely to accumulate impurities compared to the aligned
arrangement because the windward side of the tubes is not protected by the tubes in the

front and the pressure difference over the tube bank on the flue gas side is also bigger.

Regardless of the tube arrangement, the impurities gather in a similar manner on the

first row of tubes. As picture 2 shows, the ash accumulates on the first superheater-tubes
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mostly on the windward side. The thick ash layer naturally works as an efficient thermal
insulation. This means that after the boiler has been in use for some time and the layer
has grown thick enough, most of the heat transfer happens on the sides and leeward side
of the tubes.

Flue gas stream

!

“\a—— Friable fly ash

Hard red slag

White deposit

Hard black scale
(Fe;0,)

Picture 2 Slagging and fouling on a superheater-tube (Srivastava, et al., 1997)

Of course fouling happens also on the sides and the leeward side of the tubes but in
these parts it mostly consists of mass diffusion of small particles and the overall effect
of this particle accumulation is rather small. In aligned tube banks the tubes further on
stay cleaner than in staggered alignment since the first tubes protect them from impacts.
In staggered tube banks the fouling is more thorough, especially if the tubes are tightly

packed.
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Fouling on the flue gas side is normally dealt with soot blowing, which effectively
removes most of the particles from heat transfer surfaces. Slagging is a bigger problem
because careless control of furnace temperature might cause a thick layer of semi-
molten impurities to accumulate on the furnace walls. Ash and other impurities don’t
have a specific melting point and this is why the temperature area, where the melting
happens, can be hundreds of degrees wide. Soot blowing can’t remove the semi-molten
layer and in theory this layer could grow indefinitely if the conditions are favourable.
(Raiko, et al., 2002)

If the air preheating is done with a rotary heat exchanger, the pores in the wheel could
clog rather easily if the fuel has a high ash content. This is noticed quite easily with
pressure measurements, since the main advantage using a rotary heat exchanger is small

pressure loss.

Fouling can also happen in water circulation and this is why water pre-treatment is
extremely important. SiO, is especially problematic since it vaporises in fairly low
temperatures. If this happens, it contaminates the turbine inlet steam and as the
temperature and pressure both drop in the turbine, the conditions are not suitable
anymore for SiO; to stay in a gaseous form. In this case a layer of SiO, will begin to
deposit on the turbine blades. This leads to a drop in turbine efficiency and in the worst

case scenario, turbine failure as the impeller becomes unbalanced.

3.1.2 Means to reduce effects

Fouling is a phenomenon that takes place constantly. There are many ways to reduce the
insulating effect of impurities in a power plant: affecting fuel quality, controlling
temperature, decreasing carryover and improving cleanability. (Vakkilainen, 2000)

Affecting fuel quality is an effective method in a recovery boiler, but in a power boiler
it is not usually an option. If the fuel quality is very low and it contains many impurities,

there are not many options to choose from. Usually the reason to use bad quality fuel is
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cheap price or the fuel is coming from a side process. In this case the downsides are

considered to be bearable.

The usual method to deal with fouling is soot blowing. It is an extremely useful method
to keep the superheaters in good working condition as they are the first heat exchangers
in the boiler that are especially vulnerable to impact fouling. They are also used for later

parts of the flue gas channel i.e. the economizer, boiler bank and air preheater.

Soot blowing is not effective in removing the slag-layer so careful temperature control
is the only way to avoid the layer from growing too thick. This means avoiding the

temperature area between T15 and To. These temperatures are:

T15 = Temperature, where 15 % of the layer is in a molten state

T-o = Temperature, where 70 % of the layer is in a molten state

If the temperature is between these values, the ash particles form a semi-molten sludge
that attaches to different surfaces. Below Ti5 the particles are solid enough to bounce
away from the wall and above T, they are molten enough to flow away. The problem
though is to find out these critical temperatures. The only surefire method is testing
which is not accurate if the fuel quality varies a lot. It is possible though to develop
growth factors for slagging and fouling if the exact composition of the layer of
impurities is known. In the worst case scenario the temperature range between T5 and
T7o is so large that below Tis the boiler power would be too low for proper operation
and above T the temperature would be high enough for thermal NOy-emissions. This
kind of situation should be handled by changing to a different fuel or affecting the

impurities with chemicals. (Raiko, et al., 2002)

If the problem lies only in fouling and slagging is insignificant, it might be easier to fix.
Because fouling originates basically from decrease in flue gas passage, a simple way to
fix the problem is to increase flue gas fan power. Increasing the primary air fan output
would be a bad idea because there is a chance that the fluid velocity in the sand bed

would get closer to terminal velocity. In this case there is a risk that larger ash particles
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and even some of the bed material will begin moving with the flue gases and the overall

carryover will become larger.

It’s also possible to observe the wall thickness externally with ultrasound sensors.
Sound waves bounce back differently depending on the surface material and the
boundary between the solid layer and the flue gas can be detected from a clear drop in
sonic conductivity. This is the way the wall thicknesses are usually measured during
shutdowns but developing a similar method for constant observation might prove to be
difficult.

Soot blowing is also possible for a rotary heat exchanger although it should be
considered whether it is necessary. Luckily the temperature is so low that slagging is not
possible. Fouling is also usually negligible since while the flue gases cause fouling in
the pores, the clean intake air should keep them relatively clean. If the pressure
difference does grow in spite of all efforts, it’s always possible to use a heat exchanger

with larger pores. This however leads to a larger construction and higher expenses.

Impurities in water cycle are mainly controlled with blow-down from the steam drum
and feed water tank. If the blow-down has to be kept very large in order to keep the
water quality high enough, there might be something wrong with the water
demineralization or ion exchange resins. The easiest way to estimate the amount of

minerals in the water cycle is monitoring electrical conductivity in water.

3.2 Corrosion

Corrosion in a power plant generally means unwanted oxidation of metal surfaces. In a
power plant setting the main interest is in the corrosion of water and steam tubes, both
internal and external. Internal corrosion depends mostly on pH and impurities in water

while external corrosion depends on the flue gas composition and temperature.

Internal corrosion of tubes is rather obvious since the steel tube is in constant contact

with water and steam. Oxidation is bound to happen and most important is how the iron
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in the steel tube reacts with water. Ideally the circumstances are such that iron reacts

with oxygen into magnetite:

3Fe + 4H,0 — Fe3z04+ 4H>

Magnetite forms a black protective coating inside the tube that effectively prevents

corrosion from getting deeper. If the layer is damaged somehow, either mechanically or

chemically, the corrosion has a change to advance deeper. The damage to the magnetite

layer doesn’t have to be extensive for corrosion to get deeper, since corrosion can move
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Picture 3 Oxidation of steel in water (HOmig, 1991)



21

Mechanical damage to the magnetite layer is not very dangerous, since the exposed steel
oxidises into new magnetite and thus the corrosion won’t progress very deep. Chemical
corrosion is more risky, since the problem lies in the chemical properties of the
surrounding water and this could lead to a point where the magnetite layer dissolves or
transforms into reddish brown hematite that due to its porous composition cannot

protect the metal beneath.

The type of the corrosion depends mostly on the pH of process water although
impurities also have an important role. If the pH is very high (>10), there is a risk of
alkaline corrosion. This happens when too many OH -ions are in touch with the

magnetite-layer. This leads to the dissolving of the magnetite layer.

If the pH is very low, there is a risk of hydrogen embrittlement. In this case there are too
many H" -ions in the flow and these react with carbon atoms in steel. The result is a
methane molecule which is much larger than a carbon atom. If the new methane
molecule isn’t on the surface of the steel tube, it cannot get free and stays inside the

steel structure, thus weakening it.

Corrosion in the furnace originates from the layer of impurities gathered by slagging
and fouling. The speed of corrosion depends on the chemical structure of the layer,
which depends on the type of fuel used and whether chemicals to avoid SO4-, NOy- and
KCI emissions are used. If the fuel contains sulphur, the major components of
impurities are different kinds of sulphates which are a major cause for corrosion. If
there is chlorine present, the situation is even worse. Chemicals used to control SOy-
and NOy-emissions are usually limestone and ammonia. Calcium reacts with sulphuric
oxide to form calcium sulphate which should leave the furnace with the rest of the ash,
but some of it cumulates on the walls. If too much ammonia is used in order to control
NOy-emissions, it will react with sulphuric oxide to NH4HSO,4 which is also a highly
corrosive sulphate. Reduction zones might also create hospitable circumstances for

corrosion, especially if sulphur or chlorine is present. (Raiko, et al., 2002)
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Superheaters are one of the most important parts to concentrate on when corrosion
estimation is concerned. With fossil fuels corrosion can be relatively easily countered
by choosing the correct materials but biofuels are much more problematic because of
the probable presence of chlorine. Chlorine is much more difficult substance than i.e.
sulphuric oxides because it can cause corrosion even on austenitic steel. (Srivastava, et
al., 1997)

As can be seen from picture 2, most of the corrosion happens on the boundary between
the relatively clean portion of the tube and the deposits of impurities. The corroded part
of the tube is usually magnetite (FesO4), which usually works as a protective layer,
especially on the water/steam-side. The flue gas side however contains a large variety of
random impurities that can have a surprising effect. If the flue gases contain sulphates,
they may cause slagging and sulphur may react with iron into sulphates. Luckily
biomass contains very little sulphur so this is not a big problem. Silicates might cause
slagging through sintering but they are not that likely to cause corrosion by binding with
iron into ferrosilicon. The biggest problem while burning biomass is chlorine, which is
able to react with chromium and thus significantly weakens the corrosion resistance of

austenitic steel.

An efficient way to prevent superheater corrosion is by separating it from the flue gas
flow. In a CFB-boiler it’s possible to place a superheater in the furnace backdrop under
the cyclone where the bed material is returned to the main area of the furnace. If the
superheater is completely submerged in bed material, it won’t be in touch with the flue

gases and thus corrosion is minimal.

3.2.1 Ways to predict the progression of corrosion

The best way to observe the effects of corrosion is to have a closer look at the
susceptible surfaces. This though is not possible when the power plant is in operation
and so pictures and measurements of wall thickness have to be taken during annual

revisions. This data can be used to predict the progression of corrosion in the future. It
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could also be possible to use CFD-modelling to predict which areas are under such

conditions that could provoke corrosion.

Live measurement of corrosion is more difficult, but ultrasound sensors could be used
in this too. Sound waves react differently in separate materials, so even if there is a slag
layer on top of the tube, it’s possible to measure the thickness of the steel tube itself. In
this case though ultrasound is not very precise, since the thickness of the corroded layer
is marginal compared to the layer caused by slagging and fouling.

There is also a way to calculate the amount of corrosion in the water cycle by measuring
the amount of molecular hydrogen in steam. When 1 g of iron oxidises in water, the
reaction frees roughly 48 mg of molecular hydrogen, depending on the type of reaction
between iron and water. By comparing different samples, it’s possible to form a rough
idea on the progress of corrosion. Samples are best taken from the steam line and the
most natural choice would be blow-down steam from the steam drum and deaeriator.

This way the corrosion in the entire boiler could be calculated. (Homig, 1991)

3.2.2  Ways to avoid corrosion

It’s important to remember that corrosion progresses non-stop and it can never be
prevented completely. It can however be slowed down to an almost halt. This requires
creating circumstances that promote the slowest type of corrosion, which in the case of

a steel structure is magnetite corrosion.

Because corrosion in the flue gas side depends mostly on the composition of ash, some
measures can be taken to reduce the effect of harmful substances. Substances such as
phosphorus and potassium originate usually from fertilizers although soil composition
has an effect too. Chlorine may also be a result of using fertilizers if KCI has been used
to boost biomass production. The amount of nutrients in biomass depends also on the
season. In spring the amount of nutrients reach their peak while in autumn and winter

their amount is usually fairly low. (Raiko, et al., 2002)
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Naturally there is also large variety between different sources of biomass. Potassium for
instance is usually concentrated in leaves and especially needles. This can be noted for
instance by analysing the ash composition between spruce and willow. If willow is
burned, the ash could contain as little as 0,2 % potassium while the ash from burning
spruce could contain as much as 29,6 %. These values vary a lot though and if the
leaves and needles are removed before burning, the amount of potassium in ash could
drop close to 0 %. A suggestive variation in ash composition between different fuel

types can be seen in the following picture:
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Picture 4 Variation in ash composition between different fuels (Raiko, et al., 2002)

As the picture shows, wood-based biomass contains usually mainly more reactive
substances while annual biomass has also a large percentage of silicates. There is plenty
of variance in the composition of coal and peat too especially because of large variance
in peat quality. It’s possible to reduce negative effects by using co-firing of different
types of fuel. For example, if biomass contains large amounts of potassium and
chlorine, it can be co-fired with peat that contains sulphur. This allows a cheap method

for transforming KCI into less harmful potassium sulphate and hydrochloric acid.

Corrosion in the water cycle is best minimized by careful pre-treatment of intake water
and making sure the pH stays within certain limits. Some impurities gather into the

boiler despite any pre-treatment efforts and their effect can be minimized with proper
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blow-down from the steam drum. The amount of blow-down depends on the feed water

quality and if the water quality is very low, the blow-down could be as high as 3 %.

3.3 Wear and tear

It’s extremely important to notice the wear and tear of devices especially if it happens
faster than their ordinary lifecycle is. Traditionally wear and tear concerns small devices
that normally have some sort of predictable lifespan for example pumps, valves, ion
exchange resins and so on. The usual method to deal with them is regular renewal

which, although safe, is not very cost-efficient.

Wear and tear is generally understood as the result of mechanical stress that results for
example in buckling. In a power plant environment however, many structures are also
under heavy heat load and this requires taking into account the effect of creeping.
Normally creep requires external mechanical stress to cause deformation of a material,
but in large structures gravity is enough if the temperature is high enough. In case
significant creep over the years is noticed, it could be a good idea to use more heat-

resistant materials.

A usual result of wearing in a power plant is the development of leaks in the process.
They are usually very minor in size in the beginning but if they are not found and fixed
early on, they can grow exponentially and cause more trouble. The problem is finding
the leaks when they are small, since their effect on the total amount of water is

extremely small.

3.4 Energy and material efficiency

Optimizing production of electricity, heat and process steam to consume as little
materials as possible without causing losses in production is a simple way to produce
more money in the long term. In the end it depends on the efficiency of different parts in
the process so this is what should be monitored carefully.
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The efficiencies that matter the most are generator-, turbine-, boiler efficiency and the
efficiency of pumps, fans, compressors and the overall efficiency of other smaller
devices that are needed for successful plant operation. Also, the handling of fuel and ash
and production of water has to be monitored in order avoid unnecessary costs. Together

these form the total efficiency of the power plant.

3.4.1 Generator and turbine efficiency

Most important values for generator and turbine efficiency are the mass flow,
temperature and pressure of the superheated steam that enters the turbine and the quality
and amount of electricity that the generator creates. In order to fill the energy balance,
losses have to be taken into account.

Some of the energy leaves the turbine as extraction steam and the waste steam that goes
to the condenser. Even though the extraction steam is necessary for proper plant
operation, it has to be optimized well so that steam is not spent unnecessarily. The
remaining losses are mainly thermal and mechanical by nature although there are some

losses also in the transformer.

Mechanical and generator efficiencies are usually very high, over 95%, and it wouldn’t
be cost efficient to heighten these anymore. Fluctuations in these are usually noticed
fast. A problem with the turbine’s bearings for example could cause a breakdown if not

reacted to immediately. (Huhtinen, et al., 2008)

Isentropic efficiency of the turbine is also usually quite high, about 90%. This could
drop however, if the turbine blades can’t exploit the expanding steam properly. The
reason for this could be silicates or salts that accumulate on the blades if the steam is not
pure enough. Other reason could be blade erosion if there are too many water droplets in
the steam. Cleaning the turbine blades can only be done during revision and the process
should be modified so impurities and/or erosion won’t be a problem anymore. Basically
this means increasing blow-down and condenser pressure, but these reactions lead also

to worse overall efficiency. (Koski, et al., 2002)



27

3.4.2 Heat transfer efficiency in the boiler and other parts of the water/steam

cycle

The most important efficiency at a power plant is the efficiency of the boiler itself. In a
nutshell, the boiler efficiency is the thermal power, i.e. the power required to vaporize

and superheat the boiler feed water, divided by fuel power, like so:

— Pen
Mo =%, (1)
1, = boiler efficiency
P = thermal power

P; = fuel power

At a modern power plant this efficiency is normally about 90 %, and thus improving it
might prove to be difficult or simply too expensive. It can however be used as a rough
indicator of the overall condition of the power plant. As the fuel power needed to
produce the same amount of steam grows, it’s a sign that there is something wrong with

the total heat transfer rate of the boiler.

There are two methods to heighten the boiler efficiency: Better insulation and lowering
the flue gas temperature. Insulation is quite simple to put into practice and it is thus an
easy way to heighten the efficiency of an old boiler, where insulation is not up to
modern standards. Lowering the temperature of the flue gas leaving the stack is more
problematic. The temperature of the flue gas leaving the stack is normally around 150
°C and this temperature is already too low to produce for example district heat. In
theory it would be possible but the required heat transfer area would be too large to be
economical. One use for low temperature gases could be the heating of the power plant
structure itself or some nearby offices for example. The required power would be
minimal compared to ordinary district heating so the heat transfer area wouldn’t be too
large. This could bring savings if it helps to reduce electrical heating. (Huhtinen, et al.,
2008)
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Other reason for maintaining this relatively high outlet temperature is material
durability. When the flue gas temperature gets low enough, the remaining impurities in
flue gases begin forming new compounds. The most significant of these compounds

regarding boiler durability is sulphuric acid, which forms like this:
H,0 + S0; - H,S0,

Sulphuric acid is in a gaseous form at first, but could condense on surfaces, if

temperature is low enough. This depends also on the partial amounts of SO3 and H,O in

the flue gases as shown in the following picture:
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Picture 5 Condensing of sulphuric acid depending on temperature and concentration of SO; and
H,0O (Raiko, et al., 2002)

Even though modern processes are able to filter sulphur rather efficiently, there is still a
risk of sulphuric acid forming at the outlet. As the picture shows, even if SOs-
concentration is only about 200 ppm, the condensing temperature is still around 170 °C.

In the long term the forming sulphuric acid would corrode the outlet tube if it’s made of
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ordinary materials. To avoid corrosion, the outlet temperature has to be kept high or the
outlet tube should be made from corrosion resistant materials, such as stainless steel.
(Raiko, et al., 2002)

3.4.3 Auxiliary systems’ efficiency

Auxiliary systems include pumps, fans and automation systems like generator cooling
required for successful plant operation. In theory these systems could have a very good
efficiency at a certain point, but varying load means that they aren’t ordinarily used in

their optimal operation area.

Pumps used in a power plant are normally dynamic pumps that are operated with an
electrical motor. Radial pumps are more common, since pumps are often used for
raising pressure, but axial pumps are also used, mainly for pumping condenser cooling
water, which requires large mass flows but little pressure difference. (Huhtinen, et al.,
2008)

In an ideal situation a pump has a fixed mass flow and pressure difference and the
qualities of the pumped fluid do not change. In this case the pump can be designed
perfectly and the efficiency could be extremely high, even 70%. In most cases though,
the situation changes constantly. Water temperature varies and pumping height or
pressure difference changes as does the mass flow. Because of the varying load, there is
need for pump regulation.

There are basically two ways for adjusting the pump’s output. One is constricting the
flow at the outlet and the other is adjusting the rotation speed of the impeller.
Constricting the flow is a cheap option, but it’s not very efficient. The mass flow
becomes smaller when the flow is constricted, but the pump’s output is wasted on a
larger pressure difference, which results in significantly worse efficiency. Better option
is adjusting the rotation speed of the impeller either by fixing a gearbox between the
electric motor and the pump or by using a frequency changer. Some flexibility is also
gained if pumps are installed parallel to each other and/or in a series.
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Fans in a power plant are mainly used for blowing air into the furnace and flue gases
into the stack. Controlling the fans is necessary since the stoichiometric need for air
depends on the fuel power. In a bfb- and cfb-boilers fans are also needed for keeping the
bed fluidised. Control can be done the same way as with pumps, by adjusting the
rotation speed or constricting the mass flow. It’s also often possible to change the pitch

angle of the fan blades.

3.4.4  Efficiency of fuel and ash processing

Fuel consumption has to be monitored carefully in case the amount of fuel needed to
produce power grows over the years. The reasons are various and they usually have
something to do with the quality of the fuel itself. If the fuel type hasn’t been changed
or the fuel hasn’t been mixed with something else, the reason for lower fuel power
might be extremely rainy weather which raises the moisture content of the fuel in
general if it is stored outside. Check-ups for fuel composition, moisture content and heat
value are made regularly and if something is wrong, it should show up in this data.
(Koski, et al., 2002)

If there haven’t been any major changes in the fuel itself, the problem must be
somewhere else in the process. It’s possible that the fuel doesn’t burn as effectively as
possible and some of it is carried along with the ash. This could be noticed for example
by monitoring the ash silo temperature. Naturally, the ash must also be analysed the
same way as the original fuel in case of unburned material. Other method is monitoring
the composition of the flue gases, especially the amount of CO and any organic

material, which could hint at imperfect burning.

3.4.5 Efficiency of water processing

Consumption of water and chemicals is a natural part of a power plants’ operation and
they should be monitored too in case the consumption begins to grow for no specific
reason. Changes in consumption might be the result of the use of a new type of water
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treatment or possibly a leak that has gone unnoticed. Blow-down from feed water tank
or steam drum might also be adjusted too high. This might either be a mistake or a
reaction to a higher than normal accumulation of impurities in water circulation. A
mistake is easy to repair but a high concentration of impurities tells of a bigger problem

with water treatment.

The location of the power plant should also be noted. In Finland even untreated water is
very clean and pre-treatment processes are very efficient. This results in feed water that
doesn’t necessarily require much blow-down. However, if the power plant is located in
a 3" world country, where water pre-treatment isn’t necessarily very thorough and fresh
water contains much impurities, the blow-down could be as high as 3 % of the feed

water.

3.5 Optimization of sand bed

The sand bed in a BFB-furnace also has to be optimized so it works as well as planned.
The critical factors for bed control are the air-fuel ratios, amount of input air, bed
material, bed temperature, terminal velocity and sand consumption, which also partially

includes ash removal.

Careful control of air-fuel ratios is extremely important for the proper operation of the
reduction zone in the furnace. Failure to control air-fuel ratios is normally noticed
because of elevated levels of NOx-emissions, as the nitrogen in the fuel oxidises and is
not reduced properly.

As important is the amount of input air, especially the primary air, that’s blown into the
furnace through the bed. If the primary air flow is not powerful enough, the bed isn’t
fluidized properly. On the other hand, if too much air is blown through the bed, fluid
velocity might exceed the terminal velocity and bed material begins to escape with the
flue gas. This could be one reason for a high sand consumption, but sand in the flue gas

Is rather easy to notice because of higher particle emissions.
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Terminal velocity is the velocity of fluid when the sum of all forces interacting with a

particle is zero. In other words:
ma:G_FN_FD (2)

m = mass

a = acceleration

G = gravity

Fn = force of buoyancy

Fp = force of resistance

When terminal velocity is reached, a goes to zero and G and Fy can be opened to a

form:
D3
F=p=g (3)
This means that the force of resistance is:
D3
Fp = %g(ppart - pfluid) (4)
According to Stokes’ law:
Fp = 3nuDV (5)

M = dynamic viscosity
D = particle diameter

V = terminal velocity

Combining the equations, we get the terminal velocity: (de Nevers, 2010)

V= ng(Ppart_pfluid) (6)
18u
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Stokes’ law is not very accurate with larger particles that have a varying shape as the

drag and Reynolds number grow too large. This can be seen in the following picture.
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Picture 6 Terminal velocity as a function of particle diameter (de Nevers, 2010)

The particles in a sand bed have normally an average diameter of about 500 pum. As is
seen in the picture, this diameter is in the right corner where the reality differs quite a lot
from Stokes’ law. The curve which includes drag coefficient and Reynolds number,
gives a terminal speed of about 4 m/s to a particle with a 500 um diameter. The Stokes’

law curve goes just over the top of the picture, but it can be estimated to be about 15
m/s, so the difference is quite large.

Ash is removed much in the same way as in other boiler types. The finer particles fly

away with flue gases and they can be separated with an electrical filter or in some cases
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with a bag filter. The rough particles stay in the bed and are slowly removed as the bed
material is renewed. If the ash has a tendency to slag, it might cause agglomeration of
the bed material and this requires faster renewal of the bed. This is one the reasons that
might cause higher than normal sand consumption. Coarse material, such as rocks et
cetera, is removed from the bed through the same nozzle grid through which the

primary air is fed into the furnace.

The quality of bed material is also important. It’s usually limestone or quartz sand and it
should be chosen depending on the fuel. Limestone is often used to control SOy-
emissions and if it’s used as a bed material, the emission control is rather effective.
Some fuels contain only a little sulphur so it’s better to add limestone separately to the
furnace and use quartz sand as base material. Quartz though has a tendency to form
different kinds of silicates when in contact with fuels that contain alkali- and alkali earth
metals. Biofuels for example usually have high concentrations of these elements. This
could lead to faster than normal agglomeration if the bed material is not renewed at a
higher rate. If this is the case, it might be a good idea to switch the bed material into
limestone or granite, as this could reduce sand consumption significantly. (Raiko, et al.,
2002)

BBW (bottom bed waste), the mixture of ash and sand that is removed from the bottom
of the furnace contains only about 5 to 17 % of all the ash generated in a BFB-boiler,
depending on the fuel. The amount of waste is not small and thus actions should be
taken to reduce the amount of this flow. Although the idea is to get rid of the bottom
ash, the problem is that a lot of sand goes to waste as well. The quality of BBW depends
mostly on the type of fuel, as can be seen from the following picture: (Modolo, et al.,
2014)
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¢) BBW after burning eucalyptus bark (Modolo, et al., 2014)

As the picture shows, the type of fuel has a major impact on the composition of bed
material. Judging by the color differences, it can be presumed that forest residue
contains more volatiles than eucalyptus bark and thus the bed sand wears out more
slowly. If significant amount of ash stays in the bed material, it is most easily noticed
from the rise in bed height. This also means that bed material has to be renewed at a
faster rate, which causes more expenses. Because the BBW contains normally around

60 % original sand, means to recycle it would result in clear savings.

A simple method for recycling the bed material is mechanical sieving. Fresh bed sand
ordinarily contains particles around 1 mm in diameter and although part of the sand
disintegrates into smaller particles during use, most of the sand in BBW is still

comparable to fresh sand. Recycling process can be presented by the following picture:
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Picture 8 Bottom bed waste recycling (Modolo, et al., 2014)

Recycling is not possible if the main reason for BBW removal is chemical sintering.
The recycled material would still suffer from the problem of low melting temperature
and the fluidization properties wouldn’t meet the requirements of the BFB-boiler.
Thermal sintering wouldn’t cause problems because too large particles would also be
screened away in the sieving process. The particles that are too large or small to be
recycled are not necessarily waste material. They can be sold to be used for example as
landfill or construction materials which make additional income possible.

3.6 Environmental aspects

Environmental issues should always be taken into consideration in a power plant
environment. Most important is controlling the impurities in flue gases but wastewater
management shouldn’t be forgotten either. There are limits especially to SOy, NOy,
particle and heavy metal —emissions in the flue gases as these components have major

roles in environmental effects.
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These values are monitored at the power plant, and the gathered data would also be part
of remote monitoring. The values vary all the time but that is of no concern as long as
they stay well under limits. There might be some emission spikes for example when the

boiler is started after revision, but these should be strictly temporary occasions.

Chemicals can’t be used for controlling particle emissions and the only way to reduce
their amount in flue gases are various filtration systems. Usually when new filtering
mechanisms are installed, they are designed to be much more efficient than what is
demanded by legislation. One reason for this behaviour is the need to have some
redundancy in the system for example two electrical filters that are used at half power
so a shutdown of the entire plant isn’t necessary in case of a breakdown in one of the
filters. The other reason is the knowledge that the legislation concerning emissions will
surely become stricter in the future. Knowing this, it is best to invest in a filtering
system that doesn’t need to be replaced any time soon. It also gives a chance to switch

to a lower quality fuel if a need should arise.

An efficient, but relatively expensive way to improve the cleaning of flue gases is the
use of catalysts. This means mainly the removal of NOy-emissions using ammonia and
enhancing the process with a catalyst, usually platinum. This system however requires
strict observation because if the process is not properly controlled, it could lead to

heightened ammonia emissions. (de Nevers, 2010)

Large scale use of biomass in power boilers has also caused new problems regarding
emissions in flue gases. Although sulphur is not a big problem while burning biomass
compared to fossil fuels, biomass contains a much larger variety of harmful substances.
Most notable of these are potassium and chlorine which react into potassium chloride
(KCI) in the furnace. KCI is a salt that is in liquid form in furnace temperature so the
droplets are able to spread across furnace walls and superheater stacks with flue gases.
This is a major reason for corrosion in biomass fired boilers and special methods have

to be used in order to transform KCI into a less harmful form. This is usually achieved
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by spraying ammonium sulphate into the flue gases. The following chemical reaction

occurs:

1

As the equation shows, the method also binds some NOy-emissions. Potassium sulphate
IS much less corrosive than KCI and can be handled like other sulphates that form
during the combustion process. Hydrogen chloride produces highly corrosive
hydrochloric acid when combined with water, but it doesn’t reach its dew point in the
flue gases before the gases leave the stack so it’s not dangerous to the power plant
structures. It does however cause acid rain in the atmosphere but HCIl-emissions are
usually small enough to be disregarded for the time being.
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4 INQUIRY ABOUT THE CUSTOMERS’ VALUES AND NEEDS

An essential part of remote services is to understand the values and needs of each
customer. Gaining sufficient data for a thorough analysis required contacting several
different customers and inquiring them about their special needs. The inquiry is divided
into two parts; the first part concentrates on finding out what kind of values the
companies hold in high regard and the second part concentrates on the actual service

types they are in need of.

The results can then be used to deduce how the services should generally be
constructed. Main point of interest is to find out what data needs to be gathered and how
to use it. Although the service package will differ from customer to customer, it would
be a good idea to create a sort of basic package that can be improved however the

customer wishes to.

The inquiry was made with companies that had already previous contact with
ANDRITZ because it was believed that getting answers was more probable this way.
Special attention was paid to the regular customers of the service-branch. The air of

mutual trust increased the chance for getting reliable answers.

15 companies were contacted concerning the inquiry and their responses were generally
positive. Although some companies sent no response whatsoever, most of them did and

thus it was possible to make a summary of general opinions.

As was expected, the results varied a lot since the needs of each customer differed from
the others. Because each power plant is a special case and they all have individual
needs, the service types required could be completely different between two plants.
Values however show less variation because everyone holds values such as

occupational safety for instance in high regard.



4.1 Value chart

A rough idea of the values that the customer holds in high regard and what they care
less about may be achieved with a quiz where the customer is asked to arrange 14
values in an order of importance, 1 being the most important value and 14 the least

important. The values were presented to the customers in the form of the following

chart:

Value

Importance

Price

Quality

Usability

Reliability

Reputation

Knowhow of the supplier

Perseverance

Occupational safety

Co-operation relationship

Environmental safety

Administration of property

Comprehensive solutions

R&D

Ease of work

Chart 2 Inquiry of the importance of different values

Once the answers from different companies had been collected, it was possible to grade
each value according to their ranking. The grades were given in a way that the most

important value got a grade of 5 and the least important got 0. The grading was done

with the equation:

5+(1—x)-15—3=grade

x = Position of the value in question on the chart
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An average for each point allows creating a trend where the most important values are
on the left and least important ones are on the right. As was mentioned before, the
answers showed some correlation concerning certain values that appeared to be
important to everyone but there were also major differences between different
customers. In some answers occupational and environmental safety was appreciated
above all else while in other answers the reliability and quality of the product gained
more appreciation. Also, some respondents didn’t fill in a number for every value on the

chart, which brings inaccuracy to the results. A chart of the final results is presented

here:
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Chart 3 Results of the inquiry concerning values

Because the feedback varied greatly between different answers, there is no single value
that is esteemed highly by everyone. However, as the chart shows, the three most
important values appear to be reliability, quality and occupational safety. This is
understandable because naturally most companies would like to get a well-polished,
reliable system that also helps to avoid occupational hazards. The fact that occupational
safety is more highly esteemed than environmental safety is not a big surprise because
considering environmental issues is still quite a new idea compared to employee safety.
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Price is a value that most customers are quite interested in. This is not surprising since
most companies usually want to avoid unnecessary spending. Because of this pricing
needs to be done carefully and it’s also extremely important to prove that the system

pays itself back soon after purchase.

Knowhow of the supplier and reputation are linked together, because an old company
with good knowhow of business is probably also quite reputable. Reputation in itself
however doesn’t mean anything if the final product is not good enough. Products of
poor quality though could effectively ruin reputation so a company that has been able to

keep its reputation high probably also knows its business.

R&D gained surprisingly little popularity. This doesn’t necessarily mean that the
customers are not interested in process development. It’s more likely that they take for
granted that the services in question are already finished and ready to use. Naturally this
doesn’t mean that R&D should be completely disregarded. The product might be
completed and free of bugs but this doesn’t necessarily mean the end for program
development. This is where perseverance stands out. The idea is not to abandon the
customer with the product, rather to endeavour to develop it constantly toward
perfection. Feedback from the customers should be taken into account while planning
further development but this has more to do with co-operation relationship, which is

also quite highly esteemed.

The lack of respect for ease of work is also rather surprising especially because usability
on the other hand is esteemed quite highly. It appears as if the working atmosphere is
still often such that the employees are left to their own devices when presented with a
new system. This could prove to be a problem when there are several different systems
in use in the workplace and a lot of time is being wasted because of this. In order to
avoid unnecessarily burdening the employees at the customer’s end, it might be a good
idea to build a system that doesn’t necessarily require the customer to do anything. Of
course, if the customer buys a product with process optimization in mind, it can be

supposed that they also want co-operation to work.
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4.2 Service chart

After the customers’ values have been defined, it is necessary to find out what kind of
services they are interested in. This can be achieved with a list of different service types.
The customer chooses which services could be bought from outside and which of these
could be carried out with the help of remote monitoring. After the results from different
customers have been gathered, we can note on the chart how many times each service

was selected and how important they find the possibility for remote service:

Service Required Remote
service

Clarification of fault situations
Planning of upkeep
Administration of upkeep
Planning of shutdowns
Realization of shutdowns
Planning of boiler upgrades
Comprehensive realization of boiler upgrades
Process optimization
Training
Operation support /long-term analysis
Long-term storage of operation data
Reports of operation data
Optimization of boiler economy
Chart 4 Inquiry regarding the needed service types

The results of the second chart aren’t entirely trustworthy, since some clients marked
some service types as needed, but didn’t mark single one of them under remote services.
The same occurred vice versa; some customers marked service types under remote
services, but it seemed as if they didn’t find them otherwise necessary. It was also
pointed out, that the inquiry isn’t completely trustworthy, as the needs differ from

project to project. A graphic presentation of the results looks like this:
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Chart 5 Results of the service type inquiry

The blue bars indicate what services are required and the red bars which of these
services could especially benefit from remote monitoring. As was expected, the most
popular services were clarification of fault situations, process optimization and boiler
economy optimization. These are also the service types where program development

was concentrated on in the first place.

Training and long-term analysis also gained popularity, although they can be
understood as part of process optimization. Training requires further planning in order
to find out how to best realize it. It’s probably best to concentrate on training at sites
where major renewals have been made or where a completely new boiler has been
installed. This would make it easier to avoid human errors and help run the power plant

optimally already from the beginning.

Long-term data storage appeared to be not as popular as was expected. It appears as if
the customers don’t appreciate storing data very highly. Despite uninterested feedback,
data storage is essential to properly analyse the data over long span of time and this way
make suggestions for process optimization. It’s also possible that the customer would
like to get information on some past situation in which case it would be handy to be able
to give the required data. Even though the gathered data requires enormous amounts of
space on the long-term, server capacity grows all the time and handling large data

packages becomes easier and easier.
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Planning and realization of boiler upgrades could also benefit from remote monitoring.
Long-term operation data could help finding areas of the power plant that are probably
in need of upgrading and also avoiding unnecessary replacement of parts that are still in
good working condition. A good example would be following the efficiency curves of
pumps and fans. If the efficiency of some certain instrument begins to drop significantly
during normal run, it’s indicating that the instrument in question is nearing the end of its

lifespan and requires fixing or changing.

It’s also strange that absolutely no interest at all was given for reports on operating data.
The customer is possibly not interested in general operation data but this doesn’t mean
that it is not valuable. If the plant is very new, operation data could be studied to find
out whether the plant is operated outside safety limits. In this case it would be extremely

important to warn the customer about dangerous operation values.
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5 PRACTICAL IMPLEMENTATION

With customer needs known, it was possible to begin implementing the ideas from
chapter 3 in reality. This was done with the Advanced Condition Diagnostics Tool aka.
ACD-tool. The program is used to draw trendlines based on the data collected from tags
in customer locations. At the time of this thesis the program is still under development

and there are plenty of ideas how it could be used that are not yet possible.

The reference plant had shown no interest yet in remote services so it was possible to
choose what to monitor. It was decided to follow efficiencies of different parts of the
process, slagging, fouling and corrosion. Enough data had been gathered to monitor
these parts and they serve as a good example of what remote monitoring could look like

in the future. This also allowed the creation of marketing material for further projects.

Analysing the data showed clearly that theory seldom meets practice. There were only
about 222 tags sending data in the selected case and they were restricted to the areas of
the power plant where ANDRITZ had made renewals. This meant that it was not
possible to completely realize the ideas presented in chapter 3. Luckily, this wasn’t such
a problem, since there was only need to monitor certain parts of the plant instead of the
whole process. On the other hand, some of the sensors weren’t working or the
information they were sending was clearly faulty. If the whole process were to be
monitored, it would require at least 500 tags and they should also be in a good working
condition. The amount of tags could also be significantly higher, depending on the

complexity of the process and what is requested.

Other point worth noticing is that there might be multiple tags around the same area
measuring the same data. A good example is the temperature measurements around the
superheaters. In this case the main reason is probably to be able to notice the possible
distortion in the temperature gradient along the steam tubes, but there is also the need
for redundancy. Sometimes the sensors aren’t sending any data or the data they send is

off. If the situation is like this, it is good to have at least one sensor as a backup.
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Analysing how changes in the value of some tag affect the data coming from other
sources is an extremely useful tool. There might be for example a sensor that has just
been installed and the analyser would like to know what kind of data it would’ve sent
before its installation. If it is possible to predict the behaviour of the new tag using only
data from other sources, it’s also possible to guess what kind of data the new tag
would’ve sent previously, assuming there is enough correlation between separate data
streams. Creating this kind of predictions using several different tags is also a
possibility for greater redundancy, although physical sensors remain the only absolutely

trustworthy method for data gathering, assuming that they have been calibrated

properly.

Tags that are based purely on calculations using data from other sources are called
softsensors. As their amount grows, it is possible that the program slows down
somewhat. This can be countered by modifying the code in order to avoid calculation
when there is no need for it. For instance, there is no need to calculate boiler efficiency
during shutdown. In the case of the reference plant, the softsensors such as this were
coded to avoid calculations when the bed temperature got below 400 °C or the windbox
pressure dropped below 10 kPa. Of course, this doesn’t apply to all of the softsensors.
Fan efficiencies, for example, should be calculated more often because fans might be

operated also when the bed is cold.

5.1 Analysing efficiencies

In order to find out the efficiencies in different parts of a power plant process, it is vital
to know the enthalpy variations in process fluids. This requires understanding the exact
composition of the fluid in the process as well as fluctuations in pressure and
temperature. Enthalpy-based calculations are rather accurate, when the fluid is
water/steam, since the properties of water are already fairly well understood and
catalogued. If the fluid is on the flue gas side the calculations aren’t that simple because
flue gas composition depends on various different variables, such as intake air-fuel

ratio, fuel composition, reduction zones, chemicals used in controlling emissions and so
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on. Instead of using enthalpy, the calculations on the flue gas side should be based on

fuel properties, assuming they are known.

As was mentioned already in chapter 3, the most commonly used method for calculating
boiler efficiency is the so called direct method, where thermal power is divided with
fuel power. Fuel power is naturally always higher than the thermal power. Most of the
heat produced in the furnace is absorbed in the water/steam-cycle as thermal power.
Most of the excess heat exits the furnace with the flue gases although some of it is
conducted through the boiler tubes to heat the surroundings. Boiler efficiency in a
modern power boiler is normally around 90 %. Naturally the calculated value varies

constantly, but the normal operating area should remain near this value.

5.1.1  Thermal power

Thermal power is calculated with the enthalpy difference between feed water and live
steam. This difference is multiplied with the live steam mass flow although it could be
discussed whether the result would be better if the average mass flow between feed
water and live steam is used. The difference isn’t much, but some of the feed water is
wasted in blow-down from the steam drum and at that point the blow-down steam has
absorbed already some of the thermal power. Although blow-down steam isn’t used for
any processes, it’s still an important part of boiler operation. By this logic, the
efficiency is too low using live steam mass flow and too high using feed water mass
flow. In case the live steam mass flow is unknown, it could be guessed that blow-down
is about one percent of the feed water mass flow, depending on the feed water quality.

The equation usually used for thermal power is:

Py, = qm,ls(hls - hfw) =0,99- Qm,fw(hls - hfw) (8)

Om.fw = feed water mass flow
Om,is = live steam mass flow
hsw = feed water enthalpy

his = live steam enthalpy
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Enthalpies should be defined by pressure and temperature at any given point, but there
Is very little variation in the pressures of feed water and live steam during normal power
plant operation. It is possible to calculate the enthalpy with an equation that takes
pressure and temperature variation in account, but it’s much simpler to make a

polynomial fit for enthalpy in constant pressure. The result was the following graphs:
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Chart 6 Polynomial fit for feed water enthalpy

Feed water enthalpy is fixed to a pressure of 160 bars. The temperature varies between
150 and 170 °C during normal run and the enthalpy change is linear enough that a

polynomial fit of first degree works well enough.
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Live steam pressure is fixed to 129 bars. Only drum pressure is known, but it could be
presumed that pressure loss is about 1 bar per superheater. Temperature varies between
520 and 540 °C and enthalpy change is as linear as in feed water and so a fit of first

degree is enough in this case too.

In reality the enthalpies do not follow any simple mathematical principles and encoding
the actual enthalpy equations in ACD would probably crash the program. Ideally the
enthalpy at any given point would be taken from a steam library, such as some excel
add-ins. This is however not possible as the tool for building softsensors in ACD is not

able to bring in data from external programs.

5.1.2 Fuel power and efficiency calculation

Fuel power depends on the fuel type and can vary depending on the changes in overall
fuel quality and moisture content. Upper or calorimetric heat values for different fuels
are catalogued but moisture content has to be taken into account by regularly testing the
fuel moisture. Lower heat value is the heat value, where moisture has already been
taken into account and it can be used for calculations. In an ideal situation fuel power is

calculated like so:
Pr = Qmy - Qf 9)

Om ¢ = fuel mass flow

Qs = lower heat value of the fuel

The problem with the reference plant is that the primary fuel is solid biomass ranging
from wood chips to sunflower pellets. This leads to a radical change in heat value every
time the fuel is changed or a new mixture is used. Because of this and varying moisture
content, it was impossible to set a fixed heat value. It was also impossible to directly
find out the mass flow, because it can’t be calculated as easily as with liquid fuels. If the

equation for fuel power is to be used, it would require an accurate measurement for
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mass flow as well as regular sampling of fuel to find out the changes in heat value often

enough.

The way this problem was circumvented in the reference plant is rather simple. The
method was similar to the one usually used with recovery boilers. Measurements were
taken from the amount of live steam produced and they were compared to the amount of
fuel that had been used. With recovery boilers this is a working solution since fuel mass
flow and composition are fairly well known, but with a power boiler there are
understandably problems. The fuel consumption was known only roughly and the heat
values were known only from the times when samples were taken. In the worst case
scenario, the moisture content of the sample is completely different than the rest of the
fuel. If the sample bag is held in a warm cockpit during transport while it’s raining
outside, the moisture content of the fuel on the back of the truck is naturally different
from the sample. Despite a rather unscientific approach to the problem, the amount of
data allowed the creation of the following trendline that shows the interdependence

between live steam production and fuel power.
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Chart 8 Relation between fuel power and live steam flow
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Now the thermal and fuel power can be calculated at any given point of time provided
that necessary data is available. Because the fuel power is tied to the amount of live
steam produced, it is not completely accurate. The resulting graph from May 2014 looks
like this:

— Boiler efficiency [%]
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Picture 9 Boiler efficiency calculated using recovery boiler -method
As is seen from the graph, the efficiency is very good and doesn’t fluctuate very much.
If a longer time period is chosen, it seems that the efficiency stays normally between 85
and 95 %, which sounds possible for a modern power boiler. There are some points of
interest where the efficiency has dropped for a while but returned to ordinary values.
Zooming into these areas in the graph reveals that although normally the fuel power
follows closely the changes in thermal power, in these areas the thermal power has
suddenly dropped but the fuel power has still remained high. The reason for this is that
while fuel power is tied to the amount of the live steam, the steam quality has weakened
for an unknown reason. Despite the amount of steam hasn’t changed, the quality is
worse and thus the thermal power is also less than normally. Because of this, it’s not a

good idea to make use of the trendline. A better way would be to use a trendline that
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shows the solid fuel power with both live steam mass flow and temperature as variables.

This way the steam quality would also be taken into account.

A more scientific way was to calculate the air-fuel ratio with the data on excess air and
the data from fuel analysis. This results in the boiler efficiency being calculated with a
sort of a mixture between direct and indirect method of calculation. This is quite an
unordinary method but because of the quality of the data at hand there is no better way
to do it. Air-fuel ratio is calculated like so:

Ao, =1+ (o2— 2L9) (10)

2 20,948—0; Vsq

Aoz = air-fuel ratio calculated from O,
Ysig = ratio between the amount of stoichiometric dry flue gas and fuel

Ysa = ratio between the amount of stoichiometric air and fuel

Fuel composition based approach to the problem required cataloguing the results from
fuel analysis, which was done for a mix-fuel with 80 % wood chips and 20 % pellets. It
should be noted that this method only works if the fuel type hasn’t been changed after
the analysis. If the primary fuel has been changed, the fuel analysis will have to be made
again. After the results had been listed, it was possible to calculate the average values
for relative amounts of moisture and different elements in the fuel. Averages are useful
for calculations since they even out the variation between different samples. For
example, some samples contain large amounts of chlorine and potassium, but on the
whole their amounts are quite marginal. It would have been useful to link the moisture
content of the fuel to seasonal changes, but sadly the analysis in question was limited to
too small a timeframe. Because the average values for each element was calculated
separately, the sum for dry fuel content is slightly over 100 %. The average values for

dry fuel composition made flue gas calculations possible:
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My My Nx No2 Ncoz Nsoz NNo2 NH20 NN2 Nci
% (g/mol) () (mol)  (mol) {(mol) (mol) (mol) (mol) (mol) (mol)
C 146,975| 12,011 469,749 39,1099 39,1099 | 39,11
H, |5,6952| 2,016 56,9515 28,2498 14,1249 28,25
N, |0,5464 | 28,013 5,46364 0,19504 0,39008 0,39
O, (38,598 | 31,999 385,976 12,0621 -12,062
Cl |0,0729| 35,45 0,72909 0,02057 - 0,021
S 10,0797 | 32,066 0,79697 0,02485 0,02485 0,025
Na |0,0529| 22,99 0,52939 0,02303
K 10,3346 | 39,098 3,34636 0,08559
Ash 8,1061 81,0606
H,0 | 38,267 | 18,015 382,667 21,2416 - 21,24
) 1004,6 41,5876
N, from air: 3,77*needed O, 156,785 156,79
Stoichiometric air: | 5722,78 198,373
Stoichiometric flue gas components: 39,11 0,025 0,39 49,49 156,79 0,021
Stoichiometric flue
gases:
Nx My my
(mol)  (g/mol) (9)
CO; 39,11 44,01 1721,22
SO, 0,0249 64,065 1,59227
NO, | 0,3901 46,0055 17,9458
H,O | 49,491 18,015 891,586
N, 156,79 28,013 4392,02
Cl 0,0206 35,45 0,72909
) 245,82 7025,1
Dry 6133,51
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The flue gas calculation goes in such a way that the net amount of dry fuel in the
beginning is one kilogram and the average amount of moisture is added separately. This
way it is possible to calculate the theoretical amount of air needed to burn the fuel
completely and also the amount and composition of the stoichiometric flue gases.
Because the amount of flue gases and the O,-measurement are known, it is possible to
calculate the amount of fuel that has been burned in the furnace. The equation for air-

fuel ratio can thus be portrayed as:

0, 6133,51)

Ao, =1+ (20,948—02 5722,78 (11)

Now it was possible to calculate the fuel power as the air-fuel ratio and amount of air
were known. There was still a problem with the variation in fuel quality. The data from

fuel analysis gave the following results for the variation in lower heat value for dry fuel:
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Chart 9 Variation in lower heat value

The average for lower heat value was 17582,7 kJ/kg and as can be seen from the
picture, most of the samples are rather close to that value. By fixing the heat value to the
average and calculating the fuel power with it, the boiler efficiency was normally
around 80 %. This created a problem when the fuel quality became significantly worse.

More fuel had to be fed into the furnace in order to keep the thermal power from
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weakening too much. Because of the fixed heat value, the fuel power appeared to grow
much larger than the thermal power and this led to the boiler efficiency dropping to
around 60 %. Bad fuel quality shouldn’t have an effect on boiler efficiency because the
thermal and fuel power remain the same. The most significant effect bad quality fuel

could have is increase in slagging and fouling, which is discussed later.

Instead of simply using the average for lower heat value, a correction factor had to be
used in order to create some variation. This required finding correlation between fuel
power and some other variable. In theory a good variable for correlation could be found
from recirculation gas, because a fuel with a high heat value requires more flue gas
recirculation in order to keep the bed temperature in control. In order find out whether
there is any correlation in reality; ACD-tool has a plugin called ppTool, which allows
searching correlations between different variables with regression analysis and a
specific visualization tool. By choosing fuel power(F_108), O,-amount in flue
gases(F_97), air-fuel ratio(F_98), amount of recirculation gas(F_110), recirculation gas
fan control(F_111) and recirculation gas flow control(F_112) for correlation, the

following visualization can be made:
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Picture 10 Tool for finding correlation between data streams
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Unsurprisingly fuel power correlates very strongly with O,-amount and air-fuel ratio, as
they were used for calculating fuel power in the first place. The only data point
regarding recirculation gas that shows somewhat satisfying correlation with fuel power
is the recirculation gas fan control value. This could be used in creating a correction

factor for heat value.

The difference between the largest and smallest heat value, or Q; and Qs3, among fuel
analyses is 2529 KJ/kg. If the heat value is tied to the gas fan control in a linear fashion,

it could be expressed in the following equation:

Q; = Q33 + 2529 - ——  [kJ/kg] (12)

100%

¢ = gas fan control value [%]

Now it is possible to draw a new graph for boiler efficiency. Even though the
correlation is only about 65 % and linear interdependence between lower heat value and
fan control value is unrealistic, it can be used to force the fuel power curve to act in
somewhat similar manner as the thermal power, as can be seen from the following
graph. Because the fuel power is not tied in any way to live steam anymore, the power
curves have no interdependency and thus the new graph is much more unstable. In order
to have a better understanding of the overall changes and to make the graph easier to
read, there is a chance to add mathematical functions over the curves. In the following
graph a moving average has been added over the boiler efficiency curve to make it

easier to read.
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Picture 11 Boiler efficiency calculated from air-fuel ratio
It is much harder to analyse the efficiency curve in this new graph than in the previous
version. The obvious result is that the efficiency seems to be generally much worse than
previously. It should also be noted that in the previous calculation the boiler efficiency
appeared to drop towards the end of May but now the efficiency seems to be much
higher after the small shutdown in the 23". In order to find out the reason for this, it is
necessary to draw a new graph that shows the estimates for fuel and ash flows as well as
air-fuel ratio and lower heat value. Although using the data for average fuel composition
gives only a rough estimate, it is still much more accurate than the existing

measurements:
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— Ajr-fuel ratio [-] — Average ash formation [kg/s] — et primary fuel mass flow [ka/s] — Dry fuel lower heat value [MJkg]
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Picture 12 Fuel graph

The picture shows that in the end of May, when the boiler was started again, the fuel
mass flow and lower heat value were lower than before the short shutdown. This is
supported by the fact that both thermal and fuel power were also lower than before. The
reason for the spike in air-fuel ratio is because the fans were started before fuel feeding
and for a little while the flue gas was similar to intake air. The same effect can be seen
when the boiler is run down; although the fuel feeding stops, the fans are still operated
for a moment in order to run the boiler down in a controlled way. Air-fuel ratio varies
only marginally and linking it to losses in efficiency is thus difficult. Fuel moisture also
has an effect on the overall heat value but there is no chance to make a correction factor
for it. One chance would be to link the fuel moisture to the absolute air humidity if such

a measurement was used at the reference plant.

Calculating fuel power from the O,-amount might seem a bit far-fetched and the results
are far from accurate. Despite obvious inaccuracy, the calculation proves that the idea

works and it can be developed further. This will require more data on fuel composition
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and fuel shipments which need to be compared to the amount and quality of produced

steam.

5.1.3  Pump efficiency

Pump efficiency is easy to calculate if all the necessary data is available. The most
important pump in a power plant is the feed water pump and that is why there should be
a constant efficiency calculation for it. Pumps are usually quite durable and experience
little wearing even over decades of use, provided that they are operated within normal
operational parameters. Occasional cavitation and impurities in water might cause
damage to the impeller over time and the bearings and electric motor could experience
some wearing over time so the changes in efficiency probably happen over long-term

instead of happening suddenly.

Naturally a pump can’t be operated constantly at the nominal operating point. Changes
in the inlet pressure and mass flow bring variation to the efficiency and if the outlet
pressure is regulated by constricting the flow, the negative effect on efficiency is even
stronger. A good way to increase the efficiency would be to regulate the pump with a
frequency changer. In the reference plant the regulation was mainly done by fixing a
five-speed gearbox between a single-speed electric motor and the feed water pump
itself.

In order to monitor the efficiency of a pump, it is necessary to know the pressure
difference between the inlet and the outlet, volume flow and the power it takes from the
electric motor. This way it is possible to calculate the theoretical power need and the
overall pump efficiency:
P A

= = (13)
np = pump efficiency
Pt = theoretical power need

Pt = actual power need
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Ap = pressure difference

gv = volume flow

It would also be possible to calculate the water enthalpy and temperature difference

over the pump because the energy balance can be explained as:

Pre = qmAh = G, AT = Apq, = Ap - (14)
p = density
Cp = specific heat capacity

Now the temperature difference can be calculated:

Ap
AT = — 15
" (15)
If the average pressure difference for the reference plant feed water pump is used, the
temperature difference over the pump would be about:
158 bar

K
kgK

AT =
4,19

~ 3,77 K 16
1000% ( )
The result shows that even a powerful feed water pump has only small effect on the
water temperature. Smaller pumps have such a small effect that it can just barely be
measured. The effect is so small concerning power plant operation that it can be

completely disregarded and there is no need to build a corresponding tool in ACD.

Concerning the pump efficiency, the problem in the reference plant is that feed water
tank pressure and pump power consumption are unknown. It is possible to get an
estimate for the feed water pump efficiency, but it requires doing some assumptions
which lower the accuracy of the final result. The feed water tank pressure is normally
around 4,4 bars in the factory screens. Because there is a sensor for feed water pressure
after the pump, 4p can be calculated with minimal error. The problem was to find out
the actual power need during varying load.
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According to the documentation, there was an electric motor of 1000 kW nominal
power working the pump. Of course the power need is not constant so it was necessary
to find out whether it correlates with some other data. This correlation was found in a
test where the pump power change was measured with different mass flows. Although
the power need depends also on the pressure difference, this was the best source
available. Now it is possible to calculate the powers and the efficiency. The result is the
following graph, with the feed water pump power needs below and the efficiency above:

— Feed water pump efficiency [%6] — Feed water pump motor power need [KW] — Theoretical feed water pump power need (K]
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Picture 13 Feed water pump efficiency

It is apparent that the code needs some refining, because the efficiency is over 70 % at
some points. According to the original pump curve 70 % is the efficiency at the nominal
operating point. Using normal operating values and inserting them to the original pump

curve looks like this:
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Picture 14 Feed water pump curve

The pump curve shows that during normal operation the operation point, which is
indicated with the red dot to the left of the nominal operating point, is nowhere near
nominal values. Also, instead of being 70 %, the efficiency is around 55 %. This
information can be used to implement a correction factor in the code of the feed water
pump efficiency calculation, although it would always be better to rely on actual sensor
data. A rough correction could be made by multiplying the base code by 55 and
dividing it by 70. The resulting curve is not completely accurate but at least it is closer

to the actual efficiency than the original.

5.1.4 Fan efficiency

Efficiencies for the primary air booster fan and recirculation gas fan may be calculated
the same way as the efficiency for feed water pump. There was more data concerning

the fans than the feed water pump, so the calculations were actually easier. The voltage
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was known and the current used by the motors was known at every point. This allowed

the motor power to be calculated:
P=U-1-V3 (17)
| = current

Otherwise the calculations were similar to the feed water pump. Pressure differences
and volume flows were also known and so the efficiencies for both fans could be

calculated. The result is the following graph:

— Primaty air booster fan efficiency [%] — Recirculation gas fan efficiency [%]
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Picture 15 Fan efficiency curves

The brown curve, which shows the recirculation gas fan efficiency, is not very steady
even though both curves are moving averages of the real values in order to clarify the
long-term results. This was to be expected, because unlike the primary air booster fan,
the recirculation gas fan is not critical for plant operation. Its operation depends on the
need to control bed temperature and if all goes well, there is less need for recycling the

flue gas.
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It should also be noted that the curves look a little like mirror images of each other. This
can be explained by fuel quality. When the fuel is very high quality, more recirculation
gas is used in order to prevent the bed temperature from rising too high. At the same
time the amount of combustion air should remain the same so the air flow coming from

the primary air booster fan has to be smaller.

5.2 Predicting formation of the slag layer

The insulating layer caused by slagging, fouling and corrosion cannot be observed very
well visually during normal plant operation. There is a bed camera located in the
furnace and theoretically it is possible to see the layer of impurities on the furnace walls.
The picture however is too inaccurate to have a good understanding of the level of
fouling. Even if the picture was clear enough, there would be no way to visually find
out the thermal resistance of the layer. The rest of the areas in contact with flue gases,
water or steam cannot be observed at all visually so other means of measuring fouling

and corrosion have to be used.

Pressure based calculations that were discussed in chapter 3 would be a possibility, but
in this case there are not enough pressure measurements on the flue gas side to predict
fouling like this. There are some pressure calculations and if the fouling is extreme
enough, it is noticed in these too. However, it takes time for the impurities to cumulate
enough to cause pressure loss that’s significant enough to be noticed in the existing
measurements and this is why it is better to concentrate on the changes in temperature

gradients.

Because mass flows and temperature differences are known quite accurately, it is
possible to get an estimate of corrosion, slagging and fouling by calculating the overall
heat transfer coefficient in different parts of the process. Corroded steel and other
impurities have a significantly higher thermal resistance than uncorroded steel so the
more there are impurities, the smaller the overall heat transfer coefficient gets. The

calculation looks like this: (Incropera, et al., 2007)
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U=—2 (18)

T AATy,

U = overall heat transfer coefficient
@ = heat flux
A = area

ATim = log mean temperature difference

Logarithmic temperature difference can be calculated like so:

_ AT,—ATy _ AT, AT,
ATy, = ln(%) ln(%) (19)
It makes no difference which side of the equation is used. If the first half of the equation
is used and AT, < 4T3, the natural logarithm will also be negative and the same applies
for the other part of the equation. As can be seen from the equation, the most critical
factor is that the part of the equation inside the brackets of the natural logarithm has to

be positive or the equation cannot be solved.

AT, and AT, depend on whether the system is a parallel- or counter-flow heat-

exchanger. For parallel flow they can be calculated:
ATy =Ty —Teq = Tny — Teyi (20)
AT, = Th,2 - Tc,2 = Th,o - Tc,o (21)

Th,i = hot fluid inlet temperature
The = hot fluid outlet temperature
Tci = cold fluid inlet temperature

Tco = cold fluid outlet temperature



67

For counterflow heat exchanger the calculation is:
ATy =Ty —Teq =Thi —Tepo (22)
AT, =Thy —Tez = Tho — T¢yi (23)

There is also an equation for flow across bank of tubes which sounds ideal to be used in
calculations concerning superheaters. The equation is:
(Ts_Ti)_(Ts_To)

ATlm = TTL (24)

ln( )

Ts-To

Ts = surface temperature

This equation however assumes that surface temperature is constant, which is naturally
far from reality. If looked more closely, it is only a simplified version of the original
equation. Because both fluids have clear temperature differences between the inlet and
the outlet, it has to be decided whether the temperature differences for parallel- or

counterflow can be used.

5.2.1 Furnace and the superheaters

AT for parallel flow can be used while calculating U in the furnace. This is especially
true for a natural circulation boiler such as the one in the reference plant because the
circulation depends on the density difference between the water tubes leading straight
down from the steam drum and the evaporation tubes that form the furnace walls. It
would be pointless to heat the water in the downcomer tubes, because the water coming
from the drum is already saturated. Heating it would only cause the density difference to
begin decreasing as there is a risk that the water would start to boil in the downcomer
tubes if the heat flux is too strong. Of course the water pressure in the lower part of the
boiler is high enough to keep the water in liquid form but there is no point in taking

unnecessary risks.
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Deciding the correct equations for superheaters and economizer is more complicated,
since they can be installed in both parallel- and counterflow configuration. Even though
cross flow is actually a mixture of them, it resembles counterflow more closely if the
steam or water inlet is located on the side where flue gases are colder and vice versa.
Luckily, they are all installed in counterflow in the reference plant, which makes

calculations more straightforward.

It’s important to remember that the results for U-values are not necessarily accurate.
The data gathered from the reference plant was vague at best and there is no guarantee
that the areas used in the calculations for example are correct. However, accuracy in the
size of the heat transfer coefficients is not needed if the main point of interest lies in
changing conditions. Even if the areas are not correct, the temperature differences and
heat fluxes would still be correct and comparing to past values is thus possible. The
following picture was done by comparing the U-values of the furnace and superheaters
to the first values that were recorded on the server and cleaning up the graph by also

taking a moving average of each curve:
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Picture 16 Variation in U-value for the furnace and superheaters 1a, 1b, 2 and 3
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Each value is compared to the value in the beginning of the year, which is 100 %. The
ideal case would be to make the comparison to the U-values of a completely new power
plant, but the values in this case begin from 1% of January because of server change.
There is also a moving average over each trendline to give a better idea of the changes
in heat transfer over a long period of time. As the picture shows, there is large variation
in the results, especially in the third superheater. The main reason for this is regular
soot-blowing which is more apparent if individual days are analysed. There are spikes
in the trendlines usually around midnight, 8 a.m. and 4 p.m. which would suggest that

soot-blowing is done during shift changes.

5.2.2 Combustion air preheater

A same kind of trendline can also be made for the combustion air preheater. At this
point the thermal gradient is significantly gentler than in the superheaters case since the
flue gases have already cooled down and the fluid on the other side is air. It also has to
be noted that air and flue gases both have quite a poor specific heat capacity compared
to water and steam, which means that the overall power in the heat exchanger is small
compared to for example the superheaters. This however doesn’t mean that fouling is
non-existent. The electrostatic precipitator is located after the air preheater so the flue
gases still contain plenty of impurities but there is no soot-blower to clean the heat
exchanger surfaces. There is also a chance of free radicals forming because of low flue
gas temperatures. The variation in overall heat transfer coefficient is shown in the

following picture:
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Picture 17 Variation in the U-value for the air flue gas preheater

There is no active ash removal system under the combustion air preheater, so the ash
has to be removed during shutdowns if there is need for it by opening a flange in a
funnel under the heat exchanger. As the picture shows, the flange has clearly been
opened during the long shutdown from March till April and the surfaces have been

cleaned of impurities.

It should also be noted that the combustion air preheater isn’t a cross-flow heat-
exchanger like the superheaters, rather a rotary heat exchanger. This causes the
combustion air and flue gases to mix somewhat and the result is more inaccuracy to the
calculations. If the amount of mixing is to be calculated, the O,-content in combustion
air after preheating has to be known. This configuration also acts as a sort of filter
before the ESP, because rough particles from the gas stream get stuck in the porous
wheel material and are returned to the furnace with the combustion air. An enlarged

picture of the pore-material looks like this:
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Picture 18 Structure of the pores in a rotary heat exchanger (Dinglreiter, 2011)

The pores are usually made of aluminium in order to avoid corrosion. This however
does not prevent fouling but since the direction of the gas flow inside the pores changes
direction each time a pore crosses the boundary between hot and cold side, the pores
should stay relatively clear of dust. There is a theoretical chance of aluminium reacting
with chlorine that stays in the flue gases as HCI after ChlorOut®, but the flue gas

temperature is too low for that reaction in the air preheater.

The efficiency calculation for this type of heat-exchanger should not be taken for
granted because it varies so radically from other heat-exchanger types. When this type
of preheater begins to malfunction, the most noticeable change is a rise in the mixing-
ratio. This leads to higher outlet-temperature on the air side and lower outlet-
temperature on the flue gas side, which under normal circumstances would appear as a
rise in efficiency. This kind of preheater is where pressure based fouling measurements
would be a natural choice. In order to follow the mixing ratio, the change in O,-
percentage on both air and flue gas side should be known. Because of the nature of the
preheater, there is always some mixing present but if the mixing ratio begins to grow, it
means that the sealing is failing around the preheater.

5.3 Life-cycle analysis

One of the most important and difficult subjects for remote monitoring is the life-cycle
analysis of devices under heavy stress. Corrosion cannot be estimated directly from the

U-value so different methods have to be used in order to find out the correct time to
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renew parts. Although the corroded layer has a higher thermal resistance than pure steel
and it contributes to the size of the U-value, it can’t be examined separately from

slagging and fouling this way.

One way to predict corrosion is to take measurements from different parts of the process
and this way make an estimate of the speed of the corrosion. Usually the measurements
are made using ultrasound. Although this method is not very accurate due to the chance
of the insides of the tubes being bumpy, depending on the type of corrosion, it gives
valuable insight on the parts which might require replacing. This way the repair crew
has an idea about the places that might be in need of repairs already before heading to

the site.

5.3.1 Problems relating to measurements

Because of the inaccurate nature of this method, the measurements have to be made
with care. The measurements have to be taken every time from the same points and the
method should also remain the same. In addition, the person taking the measurements

should also remain the same if possible.

Corrosion doesn’t advance homogenously and depending on the corrosion type, it could
be a local phenomenon like alkaline corrosion or it could have an effect on a large area.
This is why measurements have to be taken from several different places and special
care must be given to make the measurements in exactly the same way each time. It
would be ideal to gather as much data as possible but naturally there must be a limit to
the amount of data and only certain areas of the boiler can be studied. Despite
precautions however, there is always a chance for measurement error present. It’s also
impossible to manufacture perfectly standard sized tubes. This also brings variation to
the tube sizes already when they are installed. Because of this is the measurements

should never be compared to factory values, rather to a previous measurement.

In order to have good understanding on the progress of corrosion, measurements have to

be taken more often than once. Corrosion however progresses so slowly that the interval
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between measurements has to be long enough. This would mean years or even decades,
which naturally causes problems for conducting the measurements in a similar manner.
Measurement methods have also probably become more accurate over the years and
there would be no point in using old methods. Also, the person who took the original

measurements years earlier might not be available anymore.

5.3.2 Computational methods in life-cycle analysis

In an ideal situation the wall thicknesses would be measured in a similar manner as
other values in ACD. A trendline would show clearly the progress of corrosion and how
near to minimal allowed values the wall thickness in different parts is. This however is
not possible in ACD since there is no continuous measurement regarding wall
thicknesses. A solution would be to use the built in screen maker in ACD to make a
separate screen in the program that shows wall thicknesses in the measured points and
how much of the original thickness has been lost due to corrosion based on
measurements. This means that the “sensor” data shown on the screen wouldn’t be
based on live measurements as in ordinary factory screens. Instead, they would be based

purely on calculations.

At the time of this thesis, measurements in the reference plant after the retrofit have
been made only once, so the resulting tool is only suggestive. In an ideal case,
measurements would be taken as often as possible to get an idea of the change in the
speed of corrosion. This would allow finding correlation between corrosion and some
values that are measured constantly on site. A measurement with possible correlation to
tube corrosion could be for example the electrical conductivity of water or cumulative
heat amount in the area. If correlation is found, it would help adding correction factors

into the calculation and thus make it more accurate.

Most of the corrosion in the reference plant so far has occurred before the retrofit when
the power plant still used pulverized coal as its primary fuel. The switch to biomass

could have a significant influence on the progress of corrosion that is yet to be noticed.
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Although the amount of sulphur in the flue gases has decreased significantly after the
switch to biomass the new problem is chlorine which is extremely corrosive especially
against stainless steel. Chlorine is almost non-existent in coal so its effect is yet to be
noticed. If the new fuel type has a significant effect on the speed of corrosion, it won’t

be noticed before the next measurements are made. (Srivastava, et al., 1997)

Because some of the tubes have been in use for only three years during the writing of
the thesis, they haven’t corroded noticeably yet. Some of the tubes have even been
measured to be thicker than factory values, which is a sign of variation in the
manufacturing process and errors in measurement. The tube thickness does grow
slightly when the oxidized layer first forms on the surface, but this shouldn’t have a
significant effect on the overall thickness. Because there is no point yet to make
estimates on the corrosion in new tubes, the tool has to be developed based on the data

measured from the original tubes that have been in place since the late 70’s.

The measurements were made in the spring of 2012 and they were taken from the
furnace walls, superheaters 1A, 1B, 2 and 3 and the economizer. The furnace walls and
superheaters 1A and 1B had just been renewed so the tube walls hadn’t deteriorated
enough to make any estimation on the speed of corrosion. This meant that the

estimation had to be limited to superheaters 2 and 3 and the economizer.

Estimating the speed of corrosion for the superheaters was rather straightforward. The
data had been gathered thoroughly from critical areas and the results were believable.
The economizer was problematic because of poor documentation on the original tube
sizes and acceptable minimum values, and this is why a process screen was not yet
made for it. The tube wall thicknesses in superheater 2 were measured most thoroughly
and with 64 points of measurement it is a perfect example of how corrosion can be

estimated:
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Picture 19 Process screen portraying the progress of corrosion in superheater 2

The picture shows the remaining thicknesses in tube walls as if the superheater was
examined from underneath. When a measurement reaches 0 %, it means that the tube
wall at that point has probably reached its minimum allowable thickness. There are two
such points in the upper left corner but in this case it is just a bug in the program itself.
As the picture shows, measurements were made mostly from the bottom of the
superheater. Only one set of measurements was taken from the parts of tubes facing the
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front and rear walls of the furnace. The values inside the red rectangle have been
measured from the area pointed out with red in the small picture. The tubes in this area
were made from thicker material because of stronger superheating. Most of the
corrosion occurs on the inside of the tubes and the hotter the steam, the stronger the

corrosion.

Some of the measurements show values over 100 %. This is partly because of earlier
mentioned variation in tube manufacturing and measurement errors. It’s also possible
that there is a layer of impurities in these points that has cumulated on the inside of the
tube walls. The layer could be a result of for example SiO, or some other compound

that is able to pass through the steam drum.

It appears that corrosion progresses fastest in the area on the bottom of the superheater
towards the rear of the furnace. This is logical since these tubes are located directly
above the fluidized bed. Because of this they must endure extreme heat load and
particles in the flue gas will also hit these tubes first. It’s also possible that the
conditions inside these tubes are similar to the thicker tubes and the superheating is thus
stronger than in the surrounding tubes. Because of their ordinary thickness, the tubes
appear to deteriorate faster. Strangely enough, the tubes near the walls are in much

better condition which implies that the flue gas flow is concentrated in the middle.

A similar process screen can be made for superheater 3 too. There are much less
measurements than in the previous example because superheater 3 seems to be
considered less important than superheater 2. They were also taken only from the tubes
facing the furnace. It was obviously believed that this area of the superheater was most

susceptible to corrosion. Adding the data to ACD allowed creating the following screen:
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Picture 20 Process screen portraying the progress of corrosion in superheater 3

The screen clearly shows the poor condition of the superheater. This data is backed by
the pictures in the documentation that clearly show how deteriorated the tubes are. The
wearing appears to be stronger than in the ordinary sections of superheater 2 even
though the tubes are made of thicker material. However, it should be noted that the
minimum allowable thickness is much larger than in the tubes of superheater 2. This is
probably because the tubes in superheater 3 contain the hottest steam in the process and
they are thus under much more extreme stress than the tubes in other superheaters. The
question remains though why the minimum allowed tube wall thickness is so much
larger than in superheater 2. The reason for this is probably the need to make sure that
all leaks are definitely avoided, but it’s strange that the other superheaters are allowed to

corrode more severely before repairs.

5.4  Analysing emissions

The main systems for emission control at the reference plant are an electrostatic
precipitator (ESP), reduction zones and ammonium sulphate and urea feeding system.
There was no need for a separate sulphur removal system because biomass contains
very little sulphur and if need should arise, limestone can be added to the bed itself. A
simpler solution would actually be to use limestone or dolomite as bed material. This
would also be an efficient way to avoid agglomeration but it would be noticeably more

expensive than using ordinary quartz sand.

The only data gathered from the ESP was the voltage and current from each field. As

the following picture shows, the operator sees also the temperature of the ash gathered
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by the fields. This could be useful data for the trend tool, since a rise in fly ash

temperature could be a sign of incomplete burning.
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Picture 21 Factory screen of the electrostatic precipitator

As seen in the picture, not all fields are operational at the same time. ESP:s are
relatively simple in construct and thus they can be used in cold redundancy without
great risk of breaking down from lack of use. The amount of dust in the flue gases is
known after the ESP. If it was known also before, it would be possible to calculate the

separation rate of the system.

Other information regarding emissions is the amounts of CO, O,, NO; and SO; in the
flue gases after the ESP. This data can be used to analyse the efficiency of ESP and
other emission-reduction methods, such as ChlorOut®, urea spraying and reduction

zones in the furnace.

ChlorOut® is a system developed by Vattenfall that controls potassium-, chlorine- and
NOy-emissions by spraying ammonium sulphate into the flue gases. In case the
ammonium sulphate tank runs empty, there is also the chance to spray urea to control
the NOx-emissions in case the reduction zones are not enough. It’s possible to get a

rough estimate on how much KCI is bound into less harmful form by calculating how
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much ammonium sulphate is sprayed into the flue gases although this way to calculate

presumes that all of the ammonium sulphate reacts perfectly with potassium chloride.

Because chlorine leaves the stack mostly in the form of HCI it doesn’t accumulate in the
fly ash. What remains of the original potassium chloride is solid potassium sulphate
which is an effective fertilizer. This means that there is a chance to get some additional
income by handling the fly ash. If there is a way to separate the resulting potassium
sulphate from the rest of the ash, it could be sold further ahead as a fertilizer.

There was also an idea of calculating fuel mass flow from the amount of ash that has to
be removed from the furnace, but this turned out to be a very bad idea. In a BFB-boiler
5 to 15 % of the ash stays in the furnace and mixes with the bed material, depending on
the type of fuel, average bed particle size and fluidization velocity. In order to avoid
agglomeration, the bed material has to be renewed and it’s impossible to accurately tell
how much ash is removed at the same time. One way to get a rough approximate of the
amount of ash is to monitor how much dust the ESP is able to filter. However, there is
no data on this in the reference plant and it would also be rather difficult to directly
measure the mass flow of solid materials. The best way would be to take measurements
on the amount of dust in the flue gas both before and after the ESP and with this

information make an estimate on ash formation.
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6 CONCLUSION

Remote monitoring offers a perfect chance to offer a wide variety of services to power
plants. If necessary data is available, the services could range from process optimization
and avoiding hazards to training personnel. Depending on customer needs, the services
may vary largely between different power plants. In order to find out the individual
needs of each customer, co-operation between the customer and supplier has to work

perfectly.

One of the bigger problems related to marketing the system. Some customers might take
for granted that this kind of system comes for free when they purchase a power plant
and are unwilling to pay more. This is why special care must be given while marketing
the system in the beginning. Positive feedback will spread word among possible future

customers and will help secure contracts later on.

The program development done alongside this master’s thesis was a preliminary test of
how is it possible to analyse the data coming from a power plant. A final product would
require much more tuning in order to work properly but the basic idea should remain

unchanged.

Despite large amount of different ideas for process optimization etc., it appeared that
implementing them in practice was not that simple. The reference plant suffered from a
large variety of problems ranging from poor documentation to malfunctioning sensors.
Nonetheless, it was possible to get calculations working and because it wasn’t possible
to use the easy methods that came up in chapter 3, some unordinary methods had to be
used to solve the problems. Even though some of them weren’t exactly scientific, they
appeared to work well enough and now it is possible to avoid the worst complications in

future projects.
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