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Abstract

Nanotechnology has an increasingly large impact on a wide range of industries, but
its current use in the production of electricity and heat from biomass is limited. This
thesis examined the potential impact of nanotechnology on bioenergy production through
a literature review and interviews with industry members. Current technologies and
methods in use were reviewed, with a focus on fuel handling and combustion systems.
Areas in which problems existed were identified and nanotechnologies with properties
relevant to those problems examined. The major nanotechnology areas which were re-
viewed are nanostructured coatings (wear resistant, corrosion resistant, low friction and
anti-icing), nanomembranes for gas separation, nanostructured catalysts for emission re-
ductions, thermoelectrics and thermophotovoltaics. Basic economic analyses were also
performed to determine conditions for economic viability of the nanotechnology solutions.
The thesis concludes that while there are many areas which have promising technologies
in development, there are no clear nanotechnology solutions which can be implemented

cost effectively at the current time. Recommendations for future work are also made.
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Chapter 1

Introduction

Nanoscience and the technologies that result from it are to have huge impacts on a
wide range of industries. Dozens of academic publications can be found which discuss a
potential nanoscience backed scientific or industrial revolution. The impacts, both realized
and potential, of nanoscience and nanotechnology on the medical field, biotechnology,
food production, electronics and numerous other areas of concern have been studied and
reported. The potential impacts of nanotechnology on energy production from biomass
will be examined in this paper. A focus will be given on short to medium term timeframes

and to energy production in central Finland using primarily forest based biomass and peat.

1.1 Forest biomass for energy production

Combustion of biomass has been a primary source of energy for humans throughout
much of history. In the twentieth century biomass was largely replaced by fossil fuels in
the developed world but it continued to be an important fuel source. In the late twentieth
and early twenty-first centuries a growing concern with potential negative consequences
associated with the use of non-renewable fossil fuels has caused a resurgence of interest
in biomass in many countries.

Unlike in most developed countries, biomass has remained one of the primary fuel
sources for heat and electricity production in Finland. In 2009 wood based fuels and peat
accounted for approximately a quarter of the total energy consumption of the country,
at 20 and 5,4 percent respectively [I]. This corresponds to about 339 000 terajoules of
energy. For comparison the energy consumption per capita in the United States was
1,3 times greater than that of Finland, however the per capita energy consumption from

biomass fuels was 4,7 times greater in Finland than in the U.S. [2].

1.2 Nanoscience and nanotechnology

Nanoscience and nanotechnology involve the manipulation of matter on a nanoscale,

nanoscale refering to a size range of roughly one to 100 nanometers. This definition is



not uniformly applied however, and the use of the label 'nano’ has remained somewhat
subjective. More generally it can be used to describe any science or technology related to
the manipulation of matter on the atomic and molecular scale.

Research in nanoscience has increased rapidly over the last twenty years. In the eight
years between 1997 and 2005 governmental funding for nanoscience research increase 9-fold
to $4,1 billion [3]. The number of scientific publications and journals covering nanoscience
topics has increased as well during this time. By 1998 there had been fifteen journals on
nanotechnology launched, while by 2010 that number had increased to 165 [4]. One study
[5] identified more than 50 000 academic articles published on nanoscience topics in 2006

alone, and similar amounts being published in the following years.

1.3 Outline of the thesis

Chapter two consists of a literature review which covers the current technologies and
processes used in the bioenergy industry, problems associated with those technologies
and process, and potential solutions to those problems using nanotechnology. Much of
the initial information on the problems in the current bioenergy industry came from people
and companies involved in the industry but has been supported with published literature.
Chapter three provides an economic analysis of a sample of the nanotechnology solutions

discussed in Chapter two. Chapter four gives a discussion of the findings.



Chapter 2

Literature Review

The production of electricity and high temperature steam from biomass is a compli-
cated process. Some of the complications involved are due to the nature of the energy
production industry and similar problems can be found when using other fuels, such as
coal or natural gas. Biomass also has its own unique problems, and due to the local
nature of most biomass fuels, many of those problems vary from region to region as the
composition of the biomass fuels change. This literature review focuses on select problems
associated with the combustion of biomass in central Finland and nanotechnology solu-
tions to those problems. The biomass fuels of primary concern are forest residue, other

wood based fuels and peat.

2.1 Current technologies and methods

Current methods in use by the energy and forestry industries for the purposes of
transportation and handling of biomass fuel, fuel combustion and waste heat recovery are
discussed in sections 2.1.1 through 2.1.4. While these topics all depend strongly on the
details of the particular power plant an attempt has been made to present a generalized

view.

2.1.1 Transport

Transport by lorry is, in general, the most common method used to deliver biomass
fuel to power plants. A medium sized lorry can transport 120 m? of biomass. Small
biomass power plants may require as few as five deliveries of this size per day, while a
larger power plant may require 90 or more. The type of lorry used is largely determined
by the type of biomass being transported, as each type can require a different container.
Unloading the contents of the container upon reaching the power plant is most often done
through tipping the container either backwards or to the side, depending on the receiving

facilities of the plant.



Trains are used to transport biomass over long distances. Most biomass used in energy
production is transported between fifty and one hundred kilometers, making train trans-
port for biomass often impractical. Biomass power plants may also be able to co-fire using
coal. Power plants with this capability may have train receiving facilities for delivery of

coal.

2.1.2 Handling

Depending on the power plant the biomass fuel will have different particle size re-
quirements; chippers and hammermills are used to reduce the size of the biomass to the
appropriate dimensions. Chippers are generally used to create particles of size 5-50 mm,
while hammer mills can create particles of size less than 5 mm. Chippers use a sharp
knife, or knives, to cut away part of the wood. Hammermills use hammers rather than
knives to reduce the size of the biomass. The hammers are connected to a rotating shaft
which is enclosed in a container, often a steel drum. A screen on the container allows
material of the appropriate size to pass through. The rotor is spun at high speed and
material is fed into the container. The hammers impact the material and it is shredded
until the size is small enough to pass through the screen. Figure 2.1 shows an industrial

scale hammermill grinding wood waste and Figure 2.2 shows a schematic of the operating

principle of the hammermill.

Direction of feed

Elade or Knife

Eotating Drum
Screen

Ground Product

Figure 2.1: Dynamic 5240 horizontal grinder Figure 2.2: Schematic diagram of hammer-
and hammermill [6]. mill [7].

For a power plant to produce a constant level of power output the fuel feed rate to
the boiler must be relatively constant. The rate fuel is delivered to the power plant is
not constant however, as it varies with the arrival of vehicles used for the transport of
the fuel. This means that intermediate storage facilities are needed at the power plant
to hold the fuel when delivered until it is needed by the boiler. The number and size
of these intermediate storage facilities will vary based on the details of the power plant,

such as the method of transportation of the fuel, the rate of fuel delivery to the plant,
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the rate of fuel consumption of the boiler, and the type of fuel used. The storage method
itself can also vary depending on the fuel properties, environmental conditions and fuel
consumption rate of the plant. Silos, bin storage and open yards are all used for the
storage of biomass. The longest term storage facility is most often the largest and a small
storage silo is sometimes used just before the fuel is fed into the boiler. For a small scale

3 in volume, and is constantly being refilled

power plant this boiler silo can be five to ten m
as it contains only enough fuel for a few minutes of power production. The purpose of
this silo is less for storage than for providing a constant and uninterrupted flow of fuel
to the boiler [§] [9]. Figure 2.3 shows a schematic drawing of a simplified fuel handling
system for a biomass plant.

Movement of material between storage facilities can be done using a wide variety of
equipment. Conveyors are a common method used for this purpose. There are a variety of
conveyor systems which can be used for different situations. Drag chain conveyors operate
by a continuous chain which runs the length of the conveyor and is connected to a drive
unit. The material to be transported can then be pulled or pushed using the chain. In a
form that is commonly used with biomass metal bars are connected to two chains which
run parallel to each other at either side of the conveyor trough. The metal bars then push
the material along the conveyor path. Drag chain conveyors are well suited for use with
abrasive materials, tall materials, and when transport up an incline is needed. Drag chain
conveyors are commonly used for bulk biomass for these reasons and due to the potentially
non-uniform size of the fuel [10]. Hardened steel is often used in the high wear locations
of the handling system, such as the bottom of the conveyors or the gliding rails. Raex
AR 500 is a hardened wear-resistant steel used for this purpose in some Metso-Wirtsila
designed biomass power plants. It is designed for use in wear pads and has a hardness of
over three times that of S355 structural steel.

Belt conveyors are also used when possible. Belt conveyors can generally be run at a
faster speed, moving material more quickly, and use less power than drag chain conveyors
but can be used with a more limited selection of fuel [8]. Peat can be transported on belt
conveyors and is done so at the Rauhalahti power plant [12].

Cranes are also used in some situations to move fuel between storage facilities. The
most common use for them is to move material out of a long term storage container [§]. A
grab crane system is used in Metso-Wartsild BioPower plants when extra storage capacity
for longer intervals between fuel deliveries is required [13], and is shown in Figure 2.4. In
this case the storage volume is usually between 2500 and 3000 m3, which for a medium

sized power plant can last two or three days.

2.1.3 Energy conversion/fuel combustion

Power plants using exclusively biomass are generally on the size of a few hundred

megawatts or less. This is most often due to the lower net caloric values of biomass
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Figure 2.3: Schematic diagram of biomass fuel handling system [11].

compared with fossil fuels. This typically results in larger volumes of biomass fuel being
needed to produce an equivalent power output when compared with fossil fuel power
plants, and so the size of a biomass power plant can be limited by how much fuel can
be practically delivered to the plant and at what rate. The larger the boiler size the less
likely local biomass will be able to meet the plant’s fuel needs as well, reducing some of
the environmental benefits to using biomass [14]. While there have been design challenges
in scaling up the size of biomass boilers, the average size has tended to increase over the
last two decades [I5]. Currently, large sized biomass power plants are of the size range
200 MW electrical (MW,) [16] or 500 MW combined heat and electricity [17].

2.1.3.1 Boiler types

There is a wide variety of technology used for the combustion of biomass. In Finland
grate furnaces and fluidized bed furnaces are the most commonly used type of furnace.
For small power plants grate furnaces are more common, but as the size of the power
plant increases fluidized bed furnaces become more attractive. Schematic drawings of
grate, bubbling bed and circulating fluidized bed boilers are shown in Figure 2.5.

Grate furnaces are those in which the combustion of the fuel takes place on a grate
surface, located towards the bottom of the furnace. The primary air for the combustion of
the fuel is usually added from below the grate. Secondary air is added at a higher level for
burning of the combustible gases. An important principle in the operation of grate boilers

is that the fuel must be spread evenly over the grate for best performance. There are



Figure 2.4: Grab crane system used in Mesto-Wiértsild BioPower plants [13].

various types of grate fired boilers, each with advantages and disadvantages. In a sloping
grate boiler the grate itself does not move, it is simply sloped downward and the fuel
burns as it slides down the grate. Travelling-grate and vibrating-grate boilers both involve
moving grates which distribute the fuel evenly [18]. Figure 2.6 shows the Biograte boiler
produced by Metso-Wartsild and used in their small scale BioPower biomass combustion
plants. Biograte boilers use a rotating grate and can produce up to 5,6 MW, if maximum
electrical output is desired or a combination of 3,8 MW, and 13,5 MWy, if maximum
combined electrical and thermal output is desired.

In a fluidized bed furnace the fuel does not rest on a grate during combustion. The
fuel is suspended by the combustion air which is added below the fuel and rises with
enough force to lift the fuel. The bed is composed of sand or other solid material which is
suspended with the fuel. The two most common categories of fluidized bed furnaces are
bubbling and circulating fluidized beds. The primary difference between these groups is
the velocity of the combustion air which is added from below the fuel and particle size of
the bed material. In a circulating fluidized bed furnace the velocity is great enough to lift
the bed material with the flue gases. In a bubbling bed furnace the bed material remains
with the fuel and is not lifted with the flue gases.
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Figure 2.5: Schematic drawings of the three most common types of biomass furnaces in Finland:
grate, bubbling fluidized bed, and circulating fluidized bed [8].

2.1.3.2 Ash deposits, corrosion and erosion

Ash deposits, corrosion and erosion inside the boiler are all problems which exist with
almost any fuel, and biomass is no exception. The primary cause of all three of these are
inorganic materials in the biomass, namely alkali and alkaline earth metals and chlorine.
For biomass the alkali of primary concern is potassium. Baxter et al. [19] reported that for
a variety of biomass fuels, focusing largely on straws and shells, potassium concentrations
ranged from less than 0,1% to over 3% while chlorine ranged from 0,05% to 0,55%. Of the
fuels examined Swedish wood was shown to have comparatively a much lower potassium
and chlorine concentration. Chlorine concentration was 0,01% and as of the dry weight,
while potassium oxide (K;O) was 9,46% of the ash content, making it 0,0001% of the
total fuel by weight [20]. Hiltunen et al. [21] reported that the average K;O percentage
by weight of ash from forest residue was 9,2%, while for peat it was 1.4%. In general
wood fuels are considered to have relatively good characteristics with regard to these
problematic substances.

The inorganic materials may be vaporized during combustion of the biomass fuel. The
amount and type of inorganic materials vaporized during combustion is based on many
factors, including the temperature at which the combustion occurs, the concentrations of
the inorganics in the fuels, and the amount of the combustion gases available. Chlorine
in biomass fuels has been shown to promote the vaporization of alkali in the fuel during

combustion. The concentration of chlorine was shown to often be more important than



Figure 2.6: Biograte boiler used in Mesto-Wirtsild BioPower plants [13].

the alkali concentration in the amount of alkali vaporization [19]. Figure 2.7 shows a
schematic drawing of possible deposit forming locations and generalized pathways which
potassium, sulfur and chlorine might take in a biomass boiler.

Deposit formation is often grouped into two categories: slag and fouling. Slag deposits
refer to those which form on surfaces which receive direct radiation from the flame, while
fouling deposits are on convective surfaces such as the heat exchangers. Deposits can occur
at both high and low temperatures and their formation in the boiler is generally attributed
to four mechanisms: inertial impaction, thermophoretic deposition, condensation, and
chemical reaction [19] [22]. Deposit formation anywhere in the boiler is undesired and
can lead to a wide range of negative effects. Deposits on water walls, superheaters and heat
exchangers can reduce heat absorption through these surfaces. Ash deposits can increase
corrosion rates on many types of surfaces. Shedding of large ash deposits on high surfaces
can damage lower surfaces upon impact. There can be many other negative consequences
of deposit formation based on the boiler, deposit composition and the location of the
deposit [§].

The atmosphere of a boiler can lead to corrosion of metal surfaces. This corrosion can
be accelerated by ash deposits. Corrosion can, and does, occur on all metal surfaces inside
the boiler to some extent and for biomass boilers the principal concern is high temperature
corrosion inside the superheater [8]. In general the corrosion of greatest concern in biomass
combustion can be described as either due to oxidation or due to chlorine. The high
temperature corrosion process has been described in numerous publications, including by
Latreche [24], Worch [25] and others.

In oxidizing environments some materials develop oxide films on their surface due to

corrosion. In some cases these films, called scales, act as a barrier between the material



Radiant superheater

KCi{g) KZEG. {a) KCl(cr) +
KCl(er) HCl(g KzS0,(cr)
ok
‘ Primary, tertiary
KCl(g) , KOH(g) superheater, reheater,
Eurnace: economizer, air
wall HCl{g) preheater etc.
deposits
HCl{g). S0O,(g).
aerosoels (rich
in KCI + K,80,)
K,0.5i0,(cr}

Figure 2.7: Generalized pathways for potassium, sulfur and chlorine in a boiler [23].

and the environment. The metal, or the environment, must diffuse through the scale for
the corrosion to continue. The formation and retention of these scales is important to
the functioning of most anti-corrosion materials in an oxidizing environment [26]. It is
common for boiler applications for these scales to consist of Al,O3 or CryO3 [27]. The
reaction of a metal and oxygen gas to form these scales can we written simply as shown

in equation 2.1 [24],

aM(s) + 20s(g) = M,Oi(s). (2.1)

The main stages of this process are shown in Figure 2.8.

However, due to the presence of chlorine in biomass fuels these oxide scales are not
entirely protective in biomass boilers. Chlorine is able to penetrate the scales and react
with the metal at the scale-metal border [23] [28]. Similar to equation 2.1, the reaction
of metal and chlorine gas to form a metal chloride can be written as shown in equation
2.2 [24],

2 M(s) + %C’b(g) = M,Cl,(s) = M,Cl,(g). (2.2)

Bender et al. [29] describes the circular process in which gaseous chlorine attacks metals in
high temperature oxygen containing environments. This is shown in Figure 2.9. Despite
this, Nielsen reports that some coatings are still effective for corrosion protection for short
periods of time in chlorine containing atmospheres [28] and under chlorine containing salt
deposits [30].

As high temperatures increase corrosion rates, one of the primary means to prevent
corrosion has been to lower temperatures inside superheater tubes. These temperatures
can range from below 450 °C [23] to 490 °C, while coal boilers often have superheater steam

temperatures above 540°C [3I]. This solution is undesirable in many cases however, as
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Figure 2.8: Schematic diagram of the main stages in the formation of an oxide scale [25].

the electrical generation efficiency can be increased by increasing the steam temperature.
Fuel additives can also be used to reduce the concentration of certain substances in the
ash, and this is seen as a primary way to reduce corrosion. Kaolin, a clay mineral, has
been shown to be an effective additive for reducing chlorine deposition in fluidized bed
boilers at temperatures typical of superheaters [32]. ChlorOut, produced by Vattenfall, is
another fuel additive has also been shown to reduce chlorine concentrations and corrosion.

Biomass in general, and especially wood fuels, have low ash contents and are therefore
seen as less prone to causing erosion damage in the boiler. However, erosion can still occur
in biomass boilers and cause problems during operation. While erosion and corrosion
can be unrelated, Wang [33] reported that corrosion accelerated erosion was the major
erosion mechanism of concern in biomass boilers. Erosion can also be of increased concern
in fluidized bed boilers using biomass, due to high solid velocities inside the boiler [34].
Wang has also reported that the material wastage of thermally sprayed coatings in biomass
boilers is more heavily dependent on the coating microstructure and composition than on
the hardness. This again reflects the fact that the most common erosion is accelerated by

corrosion rather than caused entirely by impact of particles on the metal surfaces.
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Figure 2.9: Schematic of possible methods of chlorine attack in high temperature oxygen
containing environments [29].

Thermal spray coatings are used to protect boiler components from corrosion. Ther-
mal sprays refer to a coating in which a material is melted and then sprayed onto a
surface. There are numerous different variations of the thermal spray technique and the
coatings can be up to a few millimeters thick. Nickle-chormium and iron-chromium alloys
are examples of materials which can be used for this purpose [35|[36]. Tuurna et al. [37]
showed that using such materials with coating thickness of between 150 and 350 microm-
eters provides "excellent" corrosion resistance to atmospheres with chlorine, such as those

produced by the combustion of biofuel.

2.1.3.3 Emissions

Emissions from biomass combustion could also be improved. While harmful emissions
are generally lower than fossil fuel burning power plants, biomass combustion does still
produce nitrogen oxides, sulphur oxides and, of course, carbon dioxide. Nitrogen oxides
are present mainly in the form of NO, while sulphur oxides are mainly SO,. In biomass
burning power plants, the emission of these chemicals are reduced primarily by preventing
the formation of the chemicals inside the boiler, through the use of so called primary
emission reduction measures. These measures can include changing properties of the fuel,
such as fuel composition and particle size, and improving the design of the combustion
chamber. Catalytic converters are also used to reduce emissions from biomass combustion,
though the use of the converters is generally limited to small scale combustion such as
wood burning stoves. They are also primarily used for the removal of carbon monoxide
from the flue gas [38§]. Selective catalytic reduction (SCR) is another catalytic process
which can be used in biomass combustion to improve emissions, this time by reducing

NO, from the flue gas. SCR is used primarily on coal fired power plants but can also
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be used with biomass fueled and co-fired plants, though significant problems occur which
are discussed in section 2.3.3. Secondary emission reduction measures are those which
remove emissions from the flue gas after it has left the boiler. These measures can include

equipment such as electrostatic filters and wet scrubbers. [§]

2.1.4 Waste heat recovery

Biomass can also be particularly well suited for a combined heat and power (CHP)
plant. The forest industry in Finland makes extensive use of this and CHP plants are
often located near large pulp and paper mills, using the by products of the plant to provide
the energy needed by the plant. The forest industry provided itself with 42% of the 25,5
TWh it consumed in 2001 [39].

Combined heat and power production is also used for district heating. Over 25 percent
of the district heating CHP in Finland uses biomass fuel. CHP plants can have particularly
high overall energy efficiencies, as high as 94% in some cases [40]. For small, decentralized
CHP plants an overall energy efficiency of 80% is more reasonable [§].

There are other methods available to improve the efficiency of biomass power plants.
Flue gas condensation can provide energy recovery of up to 20% of the net calorific value
of the input fuel [8]. Feedwater preheating and steam reheating can also increase energy
efficiencies. These methods are evaluated based on the details of each individual plant to

determine its effectiveness.

2.2 Current nanotechnology uses in bioenergy produc-
tion

While nanotechnology products are currently being produced and utilised in a number
of fields nanotechnology has yet to see widespread use in the bioenergy industry. This
is due to a number of limiting factors including technical and economic issues, which
are present in the nanotechnologies and in the bioenergy sector. While no examples of
nanotechnology could be found currently in use in the Finnish bioenergy industry, there
are many examples of new materials being used to improve performance. One example
of this is shipping containers developed by the company Fibrocom. These containers
are made from a patented ’Channel composite’® material which provides high strength
and damage resistance. These containers are lighters than convention counterparts and
allow the trucks to transport more material than would otherwise be possible. They are

currently being used by Vapo Oy for the transportation of peat. [41][42]
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2.3 Needs for improvement

Like any energy production system, the process of energy production from biomass
could be improved in numerous ways. Sections 2.3.1 through 2.3.4 discuss a few specific
examples of such areas. These areas for improvement were proposed largely by people
working in bioenergy industry and have therefore come from experience working with the

modern equipment and methods described in section 2.1.

2.3.1 Transport

Biomass, and particularly peat, used in electricity and heat generation can have high
moisture content when compared with fossil fuels such as coal. Moisture content between
forty and fifty-five percent is common for peat in Finland. This high moisture content
can lead to a number of complications, including freezing of the fuel to the truck surfaces
during transportation. This most often occurs during the transport of peat in very low
temperatures when the fuel is in direct contact with metal surfaces such as steel. Heating
systems and de-icing spray can be used to unfreeze the peat from the truck, but in some
situations the peat must be removed manually.

As with the transportation of any fuel or other product the weight of the transportation
vehicle and shipping container can also be a problem. If the weight of the vehicle and
container could be decreased, the amount of biomass which could be transported per truck
could increase. This is of particular interest to biomass as the fuel density is lower than
competing fuels such as coal, causing increased transportation costs. Also, as mentioned
in section 2.1.3, the rate of biomass delivery to a power plant can be a limiting factor
in the size of a plant. Increased truck carrying capacity could potentially allow for larger

fuel delivery rates and increased power plant size.

2.3.2 Handling

The primary problem of concern during the handling of the biomass at the power plant
is the behavior of the biomass in the boiler silo. This is the final storage container before
the fuel enters into the boiler. In the BioPower power plant designs by Metso-Wirtsila
the boiler silo is adjacent to the boiler itself. During the winter the temperature difference
between the storage silo and boiler silo can be 40 °C, as the storage silos are at the outside
ambient temperature and the boiler silos are often around 20 or 30 °C.

When milled peat enters the boiler silo it has a tendency to stick to the walls of the silo.
More peat particles adhere to the original layer and this can continue until a significant
portion of the boiler silo is obstructed. This can lead to interruptions in the fuel supply
to the boiler as fuel cannot be added to the boiler silo fast enough.

A related problem can occur when the biomass adheres to the wall of the boiler silo

at a lower level. This can cause biomass to accumulate above the stuck layer, but there
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will be no fuel below it. If the sensors are placed above the stuck biomass they will read
that fuel is present, when in fact this is not true. This can again lead to interruptions in
fuel supply to the boiler.

Mechanical wear is a constant problem in bioenergy production, as it is in many other
industries. Wear occurs in all moving components of the fuel handling systems to some
degree but occurs most severely in certain areas. The two areas which were examined are
hammermills and conveyor systems.

Hammermills see extreme wear on the hammers used to crush biomass fuel. Under
normal operating conditions these hammers can require replacement monthly. When tree
stumps are fed into the machine they contain a larger amount of dirt, sand and stones
and can reduce the operation life of the hammers even further. Many hammers are made
from, or have a coating of, tungsten carbide (WC) to reduce wear and increase their life.
Even with such a coating replacement time is still more often measured in weeks rather
than months. Figure 2.10 shows a hammer used in a hammermill on which a tungsten
carbide weld coating has been applied. The hammer is swung from the hole on the left
side and the right side of the hammer has a tungsten carbide spray on the leading edges.
Both the top and bottom edge are coated with WC so that the hammer can be rotated
in order to extend its operational life. When the bottom right side is used as the leading
edge the WC coating over that area will be worn down. After the coating has been worn

completely the hammer will be rotated so that the top right will be the leading edge.

Figure 2.10: Tungsten carbide coated hammer for a hammermill [43]. The coating can be seen
on the edge of the hammer on the right side of the image.

Conveyor systems experience wear in components such as the chains, gliding rails and
wear pads. Screw conveyors can also be a site of both mechanical wear and fuel adhesion
problems. This can be of particular importance due to the role screw conveyors play in
some biomass power plants. Screw conveyors are often used to inject the biomass fuel
into the boiler, and so any stoppage of the screw conveyor could potentially result in
power production to stop. This makes uninterrupted operation of the fuel feeding screw

conveyors of higher importance when compared with other sections of the fuel handling
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systems at power plants, and economic losses associated with downtime of these screw

conveyors can be larger.

2.3.3 Energy conversion/fuel combustion

The primary needs for improvement in the fuel combustion stage are the prevention
of the formation of ash deposits and corrosion inside the boiler. No solution is currently
available to completely remove either problem. Ash deposits require periodic cleaning,
often using concentrated steam jets. Corrosion of surfaces leads to periodic replacement
of boiler components. [15]

As mentioned in section 2.1.3.3 the NO, and SO, emissions from biomass burning
power plants are generally lower than those of fossil fuel burning power plants. There
are also primary and secondary emission reduction methods which can be used to fur-
ther lower the release of these chemicals. Reduction in cost of these emission reduction
methods would improve the economic competitiveness of biomass fueled power plants.
Biomass combustion is considered to be COs-neutral with respect to COy concentra-
tions in the atmosphere due to the COy which is released during combustion having been
adsorbed during the life of the biomass. However, cost effective CO4y capture methods
could allow biomass combustion to have negative net atmospheric carbon emissions [44].
This would further improve biomass combustion’s position as an environmentally friendly
energy source.

Biomass combustion can lead to rapid deactivation in the catalysts used in SCR to
remove NO,. This problem can be seen in pure biomass fired plants as well as coal /biomass
co-fired plants. The causes of the deactivation are numerous and vary depending on the
fuels being used. In a biomass only fired boiler potassium salts present in the biomass
were the primary cause of catalyst poisoning and the biomass ash was more likely than
coal ash to deposit onto the surfaces of the SCR system causing a drop in performance
[45]. Zinc salts were also shown to cause deactivation in the SCR catalyst [46]. Strege
et al. [47] reported that in a co-fired plant using a combination of tree bark and saw
dust deactivation of the SCR catalyst occurred rapidly. The cause was determined to be
that "alkali and alkaline-earth metals from the biomass formed layers of sulfate where ash
deposited near catalyst pores" [47].

Two problems that have been observed to occur on grate boilers are: wear on the grate
and ash deposits on the grate. All grate boilers involve movement of the fuel from the
place of fuel injection to the point of ash removal. This can occur through many different
mechanisms as mentioned in section 2.1.3.1. Wear can occur on the grate in any of these
situations as the fuel moves relative to the grate. Ash deposits can also form on the grate
surface which can hinder the movement of the fuel and cause uneven combustion across

the grate.
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2.3.4 Waste heat recovery

Condensing turbines are the most common type of steam turbine used in electricity
production. For power plants using condensing turbines the condensate formed from
the steam in the condenser is a large source of waste heat when it is exhausted to the
environment. If a power plant uses a cooling tower the temperature of the inlet water of
a cooling tower is generally the same as condensate in the steam condenser. To give an
idea of the temperature ranges being dealt with for this type of waste heat, the cooling
water at the inlet of the cooling tower can be assumed to be between 35-50 °C.

Flue gas exhaust can also be a source of lost energy during power production. If flue
gas condensation is used by the power plant then the temperature of the condensate is
below the dew point of the flue gas. This can be assumed to be around 50°C. If flue gas
condensation is not being used then implementing it would most likely be the best first
step to improving overall efficiency.

In both the case of condensed steam and condensed flue gases the temperature of the
condensate is higher than the ambient air temperature to which it will be exhausted. This
temperature difference could potentially be used to capture some of the wasted energy of

the power production. [15]

2.4 Nanotechnology solutions

Nanoscience has offered solutions to problems in numerous different industries and
power generation is no different. Nanoscience is, however, a relatively new field of study.
Many nanoscience advancements are still confined to laboratory tests or too expensive
to see wide spread use, but this will change over the next few year as the technologies
mature. Sections 2.4.1 through 2.4.4 review some nanoscience solutions to the problems
discussed in section 2.3.

The technologies presented in sections 2.4.1 through 2.4.4 can be considered nan-
otechnology for a variety of reasons. In general these technologies fall into one of three cat-
egories: nanolayers or thin films, nanocomposites and nanostructured materials. Nanolay-
ers and thin films refer to coatings which have a depth of less than 100 nm. Thin film can
also refer to layers which have a thickness of up to several micrometers, though its usage
here is restricted to layers of nanometer scale. Nanocomposites are solid materials with
two or more phases where at least one phase has structures on the nanoscale, or there are
dimensional repeat distances of the nanoscale between the phases. Nanostructured mate-
rials is a general term for any material with features on a nanometer scale. These features
can be one, two or three dimensional which would refer to nanostructured surfaces, tubes

and particles respectively. [48]
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2.4.1 Coatings

The coatings discussed in this section will be limited to nanolayer coatings and thin
films, those which have a size of less than 100 nm up to a few micrometers, and nanos-
tructured coatings, those which may be of any thickness but gain their properties from
nanosctructures in the coating material. Some coatings can be applied using certain
thermal spraying techniques, such as plasma spraying and high-velocity oxy-fuel coating
spraying. Other coatings, often thin films, must use techniques such as sputtering, pulsed
laser deposition or molecular beam epitaxy. In general, thermal spraying techniques are
significantly more convenient for large scale application as they can be applied to com-
paratively large areas. A summary of the coatings discussed in this section is given in

Tables 2.1, 2.2 and 2.3.

Table 2.1: Nanocoatings which have a primary purpose of wear resistance or low friction.

Material Nano feature | Deposition Function Reference
method
Aly03-13TiO4 Nanopowder plasma spray Wear resistance | [49], [50]
feed
Cr203-55102- Nanopowder Plasma spray Wear resistance | [49]
3Ti09 feed
TiO2 Nanopowder Plasma spray Wear resistance | [49]
feed
Aly03-13TiO2 + | Nanopowder Plasma spray Wear resistance | [50]
CeOg feed
AlyO3-13TiO2 + | Nanopowder Plasma spray Wear resistance | [50]
CeO3 + ZrOgq feed
Yttria-stabilized | Nanopowder Plasma spray Wear resistance | [51]
zirconia (YSZ) feed
SHS7170 Crystallites wire-arc  coat- | Wear resistance | [52]
with sizes rang- | ing
ing from 60 to
140 nm
WC / WC-Co Nanopowder plasma, HVOF | Wear resistance | [53], [54]
feed spray
Nanocrystalline Average grain | CVD Wear resistance | [55]
diamond size < 100 nm
Diamond-SiC Nanoscale SiC | High P-T sin- | Wear resistance | [56]
composite matrix tering
Boron-aluminum- | Nanostructured | Pulsed laser de- | Wear resistance, | [57]
magnesium composite alloy | position, mag- | low friction
(BAM) netron sputter-
ing
Ni—ZrO, ZrO9 particles | Electrodeposition Wear resistance, | [58]
10-30nm T low friction
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Table 2.2: Nanocoatings which have a primary purpose of corrosion and oxidation resistance.

Material Nano feature | Deposition Function Reference
method
Ni-AlyO3 Al,O3 particles | Sediment co- | High  temperature | [59]
mean diameter | deposition oxidation and corro-
100 nm sion protection
SiCN composite Nanoscale SiCN | Magentron Wear resistance, oxi- | [60]
matrix sputtering dation resistance
TiB, Nanoscale ma- | Magentron Wear, abrashion, | [60]
trix sputtering high temperature
corrosion and oxida-
tion resistance
TiAlCrSiYn Nano- Plasma vapor | High  temperature | [6I]
crystalline deposition oxidation protection
Cr3Ca- Average carbide | HVOF High  temperature | [62], [63]
25(Ni20Cr) particle size 20- corrosion and oxida-
70 nm tion protection
CeOq Ceria particles | Dip coating High  temperature | [64]
3-5 nm oxidation protection
Fe-Cr-Ni-Al Grain size 60 | Magnetron High  temperature | [65]
nm sputtering oxidation protection
SHS 7570 Nanoscale grain | TWAS High  temperature | [66]
size corrosion protection
Ti3Al(O)-Al203 | Nano composite | Thermal High  temperature | [67]
spraying oxidation protection
for Ti alloys

2.4.1.1 Mechanical wear resistant coatings

One of the primary concepts in wear resistant nanostructured coatings is the inverse
relationship between grain size of metals and yield strength, or hardness. This relationship
is expressed by the Hall-Petch relation given by equation 2.3,

oy = 0; + kydg_l/2, (2.3)

where o, is the yield strenght, d, is the grain diameter, and o; is generally interpreted
as the lattice friction. The final term, k, is a constant referred to as the strengthening
coefficient, though its physical interpretation is less well defined [70]. As o; and k, are
both constant for a material under the same conditions, the yield strength will increase as
the grain size decreases. There is a size limit to application of the Hall-Petch relationship
however, as Zhao et al. [71] reported that below grain sizes of the 15-30 nm range the
relationship no longer holds.

Carbodeon, a Finnish company based in Vantaa, supplies coatings for increased tough-
ness. uDiamond is a coating material composed of nano-diamond particles. These par-

ticles are of the size range 4-6 nm. One version of the product is suitable for use in
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Table 2.3: Nanocoatings which have a primary purpose of anti-icing.

Material Nano feature | Deposition Function Reference
method

SiO2-polyerm SiO2 nanoparti- | Spray gun Superhydrophobic/ | [6§]
composite cles anti-icing

ZrO2-polyerm ZrO2 nanopar- | Spin coating Superhydrophobic/ | [69]
composite ticles anti-icing

Ag-polyerm com- | Ag nanoparti- | Spin coating Superhydrophobic/ | [69]

posite cles anti-icing

electrolytic coatings. Coatings made from nanodiamond powders have been shown to
improve hardness and wear resistance [72].

Oerlikon Balzers also offers a series of coatings under the brand name BALINIT de-
signed to increase hardness. The coatings are generally marketed towards small scale
applications, such as cutting and machining tools. These coatings use titanium nitride,
aluminium chromium nitride, chromium nitride and other materials. They have a wide
range of maximum working temperatures from 600 °C to 1200 °C. In mass production the
coatings can be between 0.5 and 4 micrometers thick. One of these coatings, BALINIT
FUTURA NANO, is specifically marketed as being a nanostructured coating with good
abrasion and wear resistance.

Multiple studies have been done on wear resistance of plasma sprayed nanocoatings
[50][73]. Chawla et al. [49] describes the findings of a number of these studies in which
Al,03-13Ti0,, Cry03-55105-3Ti0,, TiO, and other nanostructured powders were used
to produce coatings. It was concluded from these that plasma sprayed coatings using
nanostructured powder feed could provide improved wear resistance over other forms of
thermal spray coatings. Other studies on plasma sprayed nanostructured zirconia [51|nd
WC-Co [53] coatings report that the nanostructured coatings exhibit better wear resis-
tance properties than the conventional counterparts. In both studies both nanopowders
and conventional powders were used as feedstock for the spraying process. In the case of
the zirconia nanopowder the average particle size ranged from 70-110 nm and these par-
ticles were then reconstituted into micrometer sized spherical particles before the plasma
spraying. The convential zirconia powder particle size was 1-5 ym. It was reported that
the nanostructured coating had a wear rate of less than half of that of the conventional
coating under loads of 20 N to 80 N. The WC-Co coating was also applied using plasma
spraying, and the nanopowder particle size was approximately 35 nm while the conven-
tional particle size was 10 pgm. The nanostructured WC-Co coating had a wear rate of
less than one-sixth of the conventional coating under loads of 40 N to 60 N.

Some applications require coatings physical properties beyond normal wear resistance
and coatings with extremely high hardness and toughness are needed for these situations.

For example, the leading edge of the hammers used in hammermills to grind tree stumps

20



as described in sections 2.1.2 and 2.3.2 use tungsten carbide coatings. These WC coatings
can be made to be one mm or more in thickness which allows for increased life in high wear
environments. According to Zhang et al. [74] ’superhard’ materials are with a hardness
of greater than 40 GPa. These superhard coatings could replace currently used coatings
in demanding applications such as hammermills. Creating superhard nanomaterials is an
area of significant research, though Zhang reports that the toughness of the materials has
in general not kept pace with the increasing hardness which has limited the applications
to which these materials are currently suitable. Finding ways to avoid the decrease in
toughness which typically accompanies an increase in hardness is one of the goals of
nanoscience research into superhard materials.

Some WC coatings formed from nanopowders have already been discussed as showing
improved characteristics when compared with conventional WC coatings [53], and this
may be used to improve hardness and toughness of WC coatings further. Wear properties
of nanostructured WC coatings have also been studied with varying results. Stewart et
al. [54] found that nanocomposite HVOF-sprayed WC—-Co coatings had diminished wear
resistant properties compared with the conventional coating. The study concludes that the
"increase in wear rate is attributed to the greater degree of decomposition suffered by the
nanocomposite powder particles during spraying which leads to a reduction in the volume
fraction of the wear-resistant primary WC phase and the formation of brittle amorphous
binder phases within the coating." In a study of plasma sprayed WC coatings Zhu et
al. [53] found that the nanostructured coating had improved wear resistant properties
compared with their conventional counterpart. The use of diamond coatings on tungsten
carbide has also been investigated by Meng et al [55]. In this study the average grain
size of the diamond film was less than 100 nm and it gave increased hardness and wear
resistance to a WC-Co drill.

The NanoSteel Company offers near nanoscale coatings which have hardness and
toughness measurements exceeding those of WC. The coatings are reported to have a sur-
face structure on the scale of 400 nm, but shows the trend towards nanoscale structures
and improved physical properties. Many of these materials can be applied in coatings up
to 2.5 cm thick. Many of the coatings have been developed to provide erosion resistance
at high temperatures, some were designed specifically for use on boiler tubes. Branagan
et al. [52] described one such coating from The NanoSteel Company using an iron base.
The coating was applied using a thermal spray technique, the wire-arc process. During
the spraying processes the coating material forms nanoscale micro structures which give
the coating its improved properties.

A summary of the hardness and toughness values reported in the literature for a variety
of nanostructured materials is presented in Table 2.4. The values for conventional WC-
Co is given first in the table for comparison purposes. It can be seen from the table that

the conclusions of Zhang et al. appear largely accurate; there are many nanostructured

21



Table 2.4: Common hardness and toughness measurements for various materials.

Material Vickers Palmqvist fracture
Hardness in | toughness
GPa
Conventional WC-Co 11-20 [75] 12-15,3 MNm /2 [76]
Nanostructured WC-Co | 17-24 [77] 8-8,5 MNm /2 [77]
Nanostructured 27 [78] Not reported
WC/DLC
TiN/a-SizNy 50 [79] Not reported
Nanostructured 60-80 [50] 12,5 MNm—%/2 [56]
diamond-SiC composite
SHS 7214 6-7 [60] 55 MNm—2/2 [60]
SHS 9290 11-14 [66] Not reported

superhard materials which have hardness much greater than conventional materials, but
the as of yet inability to break the inverse relationship of hardness and toughness have
limited the applications of these nanostructured materials. Nanostructured diamond-SiC
composite as described by Zhao et al. [50] is one of the few examples of a coating which
has achieved both superhardness and high fracture toughness and shows that the tradeoff
between these two properties is avoidable. It should be noted that the reported hardness
values for different materials are not always directly comparable due to differences in test
setups and measurement techniques. However the values still give an accurate idea as to

the trends of the hardness and toughness values for nanostructured coatings.

2.4.1.2 Anti-friction coatings

Anti-friction coatings are often related to mechanical wear resistance, as it is often
desired to have a coating which is both high in wear resistance and possessing a low
coefficient of friction. The BALINIT coatings produced by Oerlikon Balzers mentioned
in section 2.4.1.1 also have improved coefficient of friction values, between 0,1 and 0,5
against dry steel. Steel has a coefficient of 0,78 and polytetrafluoroethylene (Teflon) 0,04
in similar conditions.

Nano-layer coatings can also offered lower coefficient of friction values. Yamamoto et
al. [80] reported that a multilayer coating of chromium nitride (CrN) and boron carbo-
nitride (BCN) had a coefficient of friction of 0,2. In that case the CrN layer was 20-100
nm thick and the BCN layer 1-5 nm. Tungsten carbide reinforced nickel-phosphorus (NI-
P-WC) nanocomposite coatings have also been shown to exhibit impressive tribological
and hardness properties [81], as have polymer nanosheets [82].

Aluminium magnesium boride is a ceramic alloy that is of great interest in low friction,
wear resistant coatings. It has been reported to have a coefficient of friction ranging

between 0,02 and 0,1 while its hardness value is between 29 and 32 GPa. This gives a
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hardness potentially greater than tungsten carbide and a coefficient of friction potentially
lower than Teflon. [57]

2.4.1.3 Anti-icing coatings

Anti-icing materials have a wide range of applications and have consquently been under
research for many years. De-icing and anti-icing fluids have been used heavily in the airline
industry since the 1980s [83]. While research into anti-icing materials takes place in a
variety of fields, recently superhydrophobic materials have become a topic of major focus.
These materials repel water to such an extent that the water will form a ball and roll off the
surface which can prevent the water from freezing to the surface. Superhydrophobia has
shown to be effective at preventing ice formation, or at least reducing the adhesion force
of ice to the material surface, in a number of studies [69] [68]. However, Kulinich et al.
[84] showed that superhydrophobic materials are not necessarily ice repellent and testing
of hydrophic coatings in 1997 [85] also showed that hydrophobicity does not necessarily
correlate to icephobicity. Figure 2.11 shows an aluminum plate which has one side coated
with a superhydrophobic composite and a satellite dish which also has one side coated
with the same composite. The other side of both objects was left uncoated and the two
objects were left outside for one week, during which time there was naturally occurring
freezing rain. It is clear that the sides which have been coated in the superhydrophobic
composite have little, if any, ice while the uncoated sides are largely covered.

Recently Varanasi et al. [86] showed that while some superhydrophobic materials can
prevent liquid water from freezing onto the surface they cannot prevent water vapor from
depositing as ice onto the surface. Ice deposited in this way is typically called frost. It
was shown that frost was able to form over all areas of superhydrophobic materials, and
once frost had formed on the surface the material lost its superhydrophobic properties.
Figure 2.12 shows a water droplet impacting on a dry and a frosted superhydrophobic
surface. The dry surface was maintained at room temperature, 18 °C, and the frosted
surface was at -5 °C. On the dry surface the water droplet is repelled and recoils whereas
on the frosted surface the water wets the surface and then freezes. This potentially
causes a major setback for superhydrophobic anti-icing coatings to be used in real world
applications in the near future. Studies on important properties such as wear resistance

are also not yet available on these superhydrophobic coatings.

2.4.1.4 Anti-corrosion coatings

A 2007 review of nanostructured coatings for boiler tube corrosion prevention was
conducted by Grandy [27] at the Electric Power Research Institute (EPRI). The results
of the study are, however, of limited application to biomass boilers due to the focus on
coal-fired power plants. The corrosion in these coal-fired power plants was caused pri-

marily by sulfur which is not the corrosive agent common to biomass, as discussed in
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Figure 2.11: Anti-icing coatings: images a and b show the uncoated and coated sides respec-
tively of a aluminum plate, images ¢ and d show a satellite dish with half of the surface coated
in the same anti-icing coating [68].

Figure 2.12: (a) Water droplet impacting on dry superhydrophobic surface. (b) Water droplet
impacting on frosted superhydrophobic surface [86].

section 2.1.3.2. Chlorine corrosion, the corrosion of greatest concern to biomass boil-
ers, was discussed in the EPRI study but was not given as strong of consideration as
sulfur corrosion. The conclusion of the study was that certain nanostructured coatings
which contain aluminum or chromium have better corrosion resistant properties than the
conventional counterparts. This improved corrosion resistance comes from the formation
of oxide scales of Al;O3 or CryOs which have better adherence and spalling resistance
than oxide scales on conventional coatings. The nanostructured coatings also require less
chromium and aluminum to achieve the same corrosion resistance.

There are a variety of nanostructured materials which have been shown to provide
oxidation resistance. Nano-crystalline TiAICrSiYn coatings were shown to develope con-
tinuous protective oxide scales, giving improved oxidation resistance at 900°C [61]. The
coatings also showed improved wear resistance and also exhibited self healing proper-
ties. However, as mentioned in section 2.1.3.2, these scales have in some cases proven
less effective in protection from corrosion in high chlorine environments. Sundararajan

et al. [64] studied 9Cr-1Mo ferritic steel coated with nanoceria under high temperature
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oxidizing conditions. The ceria nanoparticles were 3-5 nm and steel was coated using a
dip process. The coating thickness was 150-200 nm. Tests at 650 °C showed the coating
improved oxidation resistance while showing less mass gain and a four to fivefold reduc-
tion in the thickness of the oxide layer. Fe-Cr-Ni-Al nanocrystalline coatings [65] have
also been shown to form Al;O3 scales under oxidizing conditions and provide improved
protection at 800 °C and 900 °C. The coating was deposited using magnetron sputtering
onto AISI 310S stainless steel. Other studies have continued to show the benefits of using
nanocoatings rather than conventional coatings for corrosion protection, however there
has been little work done in the corrosion conditions of biomass boilers. In all of these
cases tests in high temperature chlorine containing conditions must be done before the
coatings could be considered for use in real world bioenergy applications.

Current research into coatings for anti-corrosion in high temperature, chlorine rich
environments is limited. However, VI'T and Aalto University were recently awarded the
Best Result in DEMAPP in 2010 at the Annual Seminar of the DEMAPP Program for
their work in this area. The results are currently unavailable to the public. [87]

A nano-coating developed at Brookhaven National Laboratory has been reported to
potentially provide an alternative to chromium for use in anti-corrosion of metals. The
coating is a thin film of less than 10 nm and can be applied to steel, along with a variety of
other metals [88]. Published performance results of the coatings in a chlorine environment
were not yet available.

The NanoSteel Company offers a variety of nanostructured thermal spray coatings
for use on steel. These coatings are iron based steel alloys with up to 25% chromium.
They can be applied using a variety of thermal spray processes and have a microstructure
grain size of 10-100 nm. The coatings are advertised to protect against chlorine corrosion
and for use in woody biomass CFB boilers, however no independent assessment of the

effectiveness of the coatings in these situations was available. [66]

2.4.2 Nanostructured steel

Improving the properties of the bulk steel itself is a wide and ongoing field of research
and could potentially eliminate the need for coatings in some situations. One of the
primary methods of improving the strength and corrosion resistance of steel is grain
size refinement. In commercial steels a grain size of 5-10 um is common, while recently
it is become possible to produce ultra-fine grain steel with grain size of 1 um or less
[89]. Continuation of this grain size reduction into the nanometer scale is also under
investigation and has already been met with some success [90]. The primary limiting factor
in preventing steels of ultra-fine and nanoscale grain size from becoming commercially
available is the decrease in ductility which accompanies decrease in grain size. It has been
proposed that metallurgical approaches and changes to the microstructure of the steel

may be able to reduce this [91].
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2.4.3 Flue gas cleaning and emission reductions

Nanotechnology methods for cleaning of flue gases and reduction of emissions can
be put into two general categories. The first is filters and membranes. These do not
involve chemical reactions but simply physically separate the constituents of the gas or
liquid which passes through the filter or membrane. Catalysts, on the other hand, remove

chemicals by affecting the rate of chemical reactions.

2.4.3.1 Filters and membranes

Development of methods to remove COy from power plant emission is a large field of
research. While fossil fuel based power plants may have the most pressing need for CO,
capture, most technologies can also be used for biomass based power plants. Membranes
have been available for separating CO, for many years, but they require high pressures
to function efficiently and are therefore ineffective with flue gases from a biomass plant.
Nanomembranes, nanostructured membranes which separate substances at a molecular
level, could provide a way to overcome this limitation. Nanomembranes against Global
Warming (NanoGLOWA) is a research group funded by the European Commission and is
currently doing tests on a number of different membrane types. The project is expected
to finish in 2011. One of the member groups of NanoGLOWA, the MEMFO group at
the Norwegian University of Science and Technology, was issued a patent in 2007 for a
nanostructured membrane for use in CO, capture. A group at University College Dublin
has also developed a nanoporous membrane which can separate CO4 from nitrogen with
a selection rate of 75:1 at 873 K [92]. This membrane was 5-25 nm in thickness and
composed of silica. The membrane was deposited on a Vycor® microporous glass tubing

substrate using chemical vapour deposition.

2.4.3.2 Catalysts

Nanotechnology has already been incorporated into commercial catalyst products.
One example is a catalytic converter used by Mazda, in which the use of nanoparticles to
increase the effective surface area of the precious metals used and thereby reduce the total
amount of precious metals needed by 70% [93]. Reduction of precious metal usage is an
application of nanotechnology that can be used anywhere catalytic converters are needed,
though this is not the limit of the potential uses of nanotechnology. The ability to design
the catalyst on atomic level will allow for increases in selectivity, efficiency, operational
temperature ranges, and other important properties. Nanocatalyists have already been
shown to have potential in removal of sulphur and NO, from power plant emissions [94]
[95].

Regarding the poisoning of SCR catalysts by the potassium and zinc salts, more work

must be done to find solutions to these problems. New nanostructured catalysts are being
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developed which have shown to have good properties for NO and N,O reduction, though

no information is available on potassium poisoning for these [96][97].

2.4.4 Waste heat recovery

Compared with a power plant which produces only electricity a CHP plant has rela-
tively little wasted energy. The energy that is lost is done so when the flue gas, condensed
steam or cooling water is exhausted to the environment. As stated in section 2.1.4, flue
gas condensation is one of the most cost effective ways to improve energy recovery in a
biomass power plant. Neither of the potential nanotechnology solutions to waste heat
recovery will replace flue gas condensation as the first choice in energy recovery for many
years to come, if ever. If flue gas condensation has already been implemented, the flue
gases will exit below the dew point temperature. The same is true for condensed steam.
This means that most of the lost energy from a CHP plant will be from low temperature
exhausts, making waste heat recovery difficult. Two nanotechnologies which may be of

use for waste heat recovery are thermoelectrics and thermophotovoltaics.

2.4.4.1 Thermoelectrics

Thermoelectrics offer the ability to directly convert a temperature differential into
electricity. The thermoelectric effect which is used to produce the electricity from the
temperature difference has been known for decades and research in the field has continued
since at least the 1950s. However, the efficiency of the conversion process remains too low
for thermoelectrics to see widespread use. Nanoscience offers a variety of new possibilities
to increase the efficiency of thermoelectrics high enough so that they may begin to see
use outside of the few specialty applications to which they are currently limited. [98]

The primary method used to determine the efficiency of a thermoelectric material is
the ’figure of merit’ value. The figure of merit is defined as
05?

R

7 = (2.4)

where o is electrical conductivity, S the Seebeck coefficient and « is the thermal conduc-
tivity. Multiplying Z by the average temperature at which the device operates gives a
dimensionless figure of merit, ZT. A ZT value of 1 corresponds to operating at 10% of the
Carnot efficiency at the same temperature, while a ZT of 4 is approximately 30% of the
Carnot efficiency. For bulk thermoelectric materials ZT has increased from approximately
0,6 to one over the past 50 years [08]. It is widely thought that a ZT value of greater than
4 would allow thermoelectrics to see widespread use. Figure 2.13 shows typical figures
of merit for a variety of thermoelectric materials over a range of temperatures which may

be experienced in waste heat recovery situations.
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Figure 2.13: Figures of merit for a variety of thermoelectric materials [99].

Much of the nanoscience research done so far on thermoelectrics has been done on
superlattices, which are simply periodic structures made up of layers of different materi-
als. Each layer of a superlattice is usually less than 10 nm in size. Harman et al. [100]
reported that superlattice thermoelectrics made from PbSeTe/PbTe had a figure of merit
ranging from ZT = 1,6 at 300 K to ZT = 3 at 550K. These tests were done on small
scales however, and the problems with developing a large scale energy conversion system
based on these materials could still be significant. Hochbaum et al.[T01] reported that
silicon nanowires exhibited a ZT = 0,6 at room temperature. Silicon nanowires have
the advantage over some other nanostructured thermoelectric materials in that they can
potentially be cheaper and easier to produce in large quantities. However, even taking
into account lower production costs silicon nanowires must still have higher conversion
efficiencies to be viable for widespread use. Nanocomposites offer a third area of thermo-
electric research [102]. Like silicon nanowires, the main attraction to nanocomposites is
their ease of production on a large scale when compared with superlattice materials.

Currently there are few commercial systems using thermoelectrics to generate elec-
tricity from biomass combustion. Most systems that are available are very small in scale,
using thermoelectrics to power fans which allow for more complete combustion of the
biomass [103] or better heat flow through the room in the case of a furnace. Champier
et al. [104] reported on the possibilities for thermoelectric power generation on biomass
cooking stoves, focusing on cooking stoves for use in developing countries. The thermo-
electric modules were bismuth telluride and an output of 6 watts was determined to be
experimentally achievable. Nuwayhid et al. [105] studied the performance of commercially

available small scale thermoelectric systems used with a woodfired stove. The units were
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cooled with a heat sink but no fan was used to move air through the sink. A maximum
steady state output of 4,2 W was achieved with a single thermoelectric module. A higher
output could be achieved using multiple modules though the individual module efficiency
dropped in these cases.

Ota et al. [I06] reported that in an industrial furnace thermoelectrics were able to
achieve a electricity generation efficiency of 7,5% with a temperature differential of 564
K. Larger scale demonstration projects have been setup, but these are rare. Kajikawa
[107] describes a 1 kW thermoelectric system attached to the gas exhaust system of a 500
kW diesel co-generation system as well as a thermoelectric system connected to a waste
incinerator. The thermoelectric system on the diesel generator was reported to have a
thermoelectric conversion efficiency of 5,4% and a total system efficiency of 3,4% [10§].
A larger 3 kW system was reported to have an overall system efficiency of 4,30% and
thermoelectric modules generated a maximum power output of 3,4 kW [109].

The maximum power output of a thermoelectric system is determined by the thermo-
electric material, the number of thermoelectric modules and the temperature difference.
The total power produced can be increased by adding more thermoelectric modules to
the system. A way to measure the maximum theoretical power generation potential of
a thermoelectric system is by examining the total area available to the thermoelectric
system and the power density of the thermoelectric materials. The power density is often
reported as the maximum power output divided by the area of the hot surface of the
thermoelectric. The thermoelectric generators offered by Custom Thermoelectric [110]
have a average power density of 0,41 W/cm? while Nextreme [I11] offers thermoelectrics

2

with an advertised maximum power density of 0,87 W/cm®. Laboratories studies have

shown densities of over 3 W /cm? [112][113].

2.4.4.2 Thermophotovoltaics

Thermophotovoltaics, like all photovoltaics, converts photons directly into electricity.
The difference between thermophotovoltaics and the more common solar cell photovoltaics
is that the photons which the thermophotovoltaics are using to produce electricity are
emitted from objects at a much lower temperature than the sun, and so they are of longer
wavelength. A thermophotovoltaic system consists of a radiator, heated by some heat
source, and the thermophovoltaic cells. Ideally the radiator and thermophotovoltaic cells
would be chosen so that the peak emission of the radiator would match the peak absorp-
tion of the thermophotovoltaic cells. Even if the emission spectrum of the radiator is well
matched with the absorption spectrum of the photovoltaic cell there will still be some
emitted photon of too low energy to be absorbed. A filter can remove these sub-bandgap
photons and return them to the radiator. Figure 2.14 shows an example of a thermopho-
tovoltaic system which includes a heat source, radiator, filter and thermophotovoltaic

cell.
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The radiator temperature for these systems can range from less than 1000 °C up to
2000 °C. The necessity of using a radiator in this temperature range means that the cur-
rent range of uses for thermophotovoltaics is more limited than those of thermoelectrics.
Co-generation of heat and electricity and recovery of high temperature waste heat are both
still feasible applications [114] [I15]. Thermophotovoltaic systems are already commer-
cially avaible for small-scale home use. The Midnight Sun system is a propane burning
furnace which generates electricity through thermophotovoltaic panels and is shown in

figure 2.15. The system can produce 7500 W of thermal energy and 100 W of electricity

[116] [117].
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Figure 2.14: Schematic diagram of a thermophotovoltaic system [118].

Exhaust

1— g—r:{ Room Heat

Heat
Rods

|

F— Gilass Windows

Flow Through
IR Emitter

Cell Array with
= Conling Fins
ﬁ_r T Propane
Fan for Cooling
And Combustion
Air

Pedestal with
Controls

= =

Figure 2.15: A commercially available propane stove and thermophotovoltaic system with a
schematic of the interior [116].

Nanoscience plays a similar role in thermophotovoltaics as it does in solar cell research
by allowing for new materials with better absorption and emission properties. The ma-
terials used in the thermophotovoltaic cells are designed to have a very specific band gap

absorption and emission spectrum and to operate at specific temperatures. Lowering the
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operating temperature of the systems would also improve the compatibility with biomass
combustion, as temperatures inside both home fireplaces and large biomass boilers tend
to stay well below 1000°C. There has been some progress in this area, as Nagpal et
al. [119] reported that metallic photonic crystals had been used as a thermophotovoltaic
emitter operating near 650°C. Superlattice materials are another common way of ob-
taining highly specialized band gap at lower temperatures. A GaAsN /InAsN superlattice
matched to InP has been shown to have the potential of a band gap in the range 0.7-0.35
eV [120], which corresponds to the peak emission wavelengths of a backbody between the
temperatures 525°C and 1475°C. Designing the radiator of the system to emit a more
narrow spectrum than would occur from a typical blackbody has also been a topic of
much research. Quantum wells, superlattices and nanocrystals all offer some potential in
this role [I121]. Nano-ethching of an p-GaSb emitter has also been shown to offer efficiency
improvements [122].

The primary focus thermophotovoltaic system design has been small scale cogenera-
tion, namely home furnaces. Many of these designs make use of the semiconductor gallium
antimonide (GaSb) for the thermophotovaltic cell. Most designs use gas or oil fired fur-
naces [123][124][125], though one design implemented a wood powder furnace [126]. The
size of the furnaces which have been designed range from 1,35 kW thermal to 12,2 kW
thermal, and they have thermal to electric conversion efficiencies which range from 1,1%
to over 30%. There is little reason why similar thermophotovoltaics could not be used
on any furnance system, including solid biomass fueled, which reaches appropriately high

temperatures.

2.5 Nanofabrication methods

Many materials with nanoscale features require special fabrication methods. This
section gives a very brief overview of some of the methods which are required in the

fabrication of the materials discussed in section 2.4.

2.5.1 Electrodeposition

Electrodeposition is a coating method which has been in use for over two centuries. The
basic principle of electrodeposition involves placing electrodes into a solution containing
metal ions. When a current is run through the solution the metal ions are moved to
coat the cathode. Electrodeposition can be used to fabricate a variety of nanostructured
materials, such as nanowires, nanofilms, multilayered nanocoatings and nanostructured
composite coatings. The process also offeres many advantages over other methods such
as chemical vapor deposition, such as rapid deposit formation and low cost. Figure 2.16

shows a schematic diagram of the electrodeposition process. [127]
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2.5.2 Chemical vapor deposition

Chemical vapor deposition (CVD) is a procedure which can be used in the fabrication
of thin films, high-purity bulk materials, powders, composites and other materials. The
process, in a simplified form, involves flowing a precursor gas, or gases, through a chamber
containing the substrate on which the coating will be deposited. The substrate is heated,
and a chemical reaction occurs at the surface of the material which results in the deposition
of a thin film. There are numerous variations on this process based on the substrate
and precursor gases being used, as well as the desired coating properties. Most CVD
techniques require low pressure and high vacuums, however some versions of the process
can be performed at atmospheric pressure. Temperatures tend to range from 200°C to
1600°C. [128§]

The thin films produced by CVD are used for corrosion protection, wear resistance,
increased hardness, and other applications. Deposition of diamond coatings is an area of
particular research interest. The properties of diamond which make coatings of interest
are high hardness, high thermal conductivity, low coefficient friction and its chemical and
electronic properties. CVD thin films are widely used to create dielectrics and conducting
films in in the semiconductor industry and electronics industries [129], as well as for
potential use in solar cells [I30]. CVD is also a common process used in the creation of

various types of nanowires [I31][132][133].

2.5.3 Physical vapor deposition

Physical vapor deposition (PVD) is a general name which refers to a large number of
vacuum processes in which the coating material is passed into a vapor transport phase
by a physical driving mechanism. Examples of the driving mechanisms are evaporation,
sublimation, and sputtering. During the deposition process, the coated sample can often
be maintained from ambient to 100°C while the pressure is usually below 1072 Pa. As
the techiques are used for the deposition of a coating onto a substrate, the primary fields
of interest are thin films and nanostructured coatings.

The method of vapor formation can have a large effect on the properties of the coating
and each vapor formation method can have advantages in certain applications. Deposition
by evaporation involves heating the coating material in a vacuum. The coating material
will form a vapor and condense onto the substrate. This is shown in Figure 2.17. Sput-
tering deposition does not heat the coating material to form a vapor, but instead uses
high energy particles to transfer kinetic energy to the coating material, or target, in order
to remove material for deposition. The atoms which have been removed by the sputtering
process then condense onto the substrate, forming the desired coating.

Pulsed laser deposition (PLD) involves the use of a high powered laser, which is focused

onto the coating material. This vaporizes material from the target of the laser which then
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deposits onto the surface of the substrate material. This process has many advantages
over similar techniques such as the large number of materials which can be deposited and
the fact that the substrate material can remain at room temperature during the deposition
process. PLD has not seen widespread use in large scale industrial and commercial coating
applications, however, and it remains largely confined to laboratory applications. PLD
could see increased use in large scale coating applications in the future as laser prices drop.
Multiple lasers are required to be used simultaneously to achieve high speed coating. [134].

Molecular beam epitaxy (MBE) is a subgroup of evaporative physical vapor deposition.
The primary distinguishing characteristic of MBE is the slow growth rates of the thin films,
which require a high vacuum. MBE growth chambers usually incorporated a number of
analytical instruments, allowing growth of the film to be monitored. The slow growth rate
of the film allows the deposition process to be well controlled and the low temperatures

which MBE can be operated at are conducive to the fabrication of many nanostructures.

Vacuum

chamber
Anode Cathode

E
—_—
cations (ions +)
e

anions (ions -}

Controlled current
generator

: + n
‘ @ ‘ Figure 2.17: Schematic diagram of evapo-
—@-—- rative physical vapor deposition. The coating
material is vaporized using heating unit, and
Figure 2.16: Schematic diagram of electrode- is contained with the substrate inside a vac-
position [127]. uum chamber [135].

Physical vapor deposition techniques have been used in commercial and industrial pro-
duction for many years. PVD has been used in the semiconductor industry for decades,
while coated tools and instruments for corrosion and wear protection are relatively com-
mon [I36]. PVD systems are also used in other electronics production, such as flat screen
TV panels [I37]. MBE also sees wide use in the semiconductor and electronics industries
[138].

2.5.4 Atomic layer epitaxy

Atomic layer epitaxy (ALE), or atomic layer deposition, is a fabrication method similar
to chemical vapor deposition. The underlying operational principle is the same as that of

CVD with the exception that the precursor gases are pulsed into the deposition chamber
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one at a time. In between each pulse of the precursor gases is a purging or evacuation
period. This causes at each step a monolayer of that precursor gas to form. ALE has
multiple advantages over other nanofabrication methods such as CVD. Thin film growth
using ALE has been shown to be effective in relatively large batch sizes as well as having
highly accurate thickness control. The primary limitation of the method is the relatively

slow growth speed, which is on average 100-300 nm/hour. [139)

2.5.5 Chemical solution deposition

Chemical solution deposition, or sol-gel, is another method which can be used for the
fabrication of various nanoscale and nanostructured materials. In the sol-gel process a
colloidal suspension, the ’sol’; evolves into a gel phase. A drying process is then used to
extract the desired product, which could be coatings, powders, fibers, membranes or any
number of other materials. [T140][14T][142]

2.6 Possibilities for relevant nanoscience research at the
University of Jyvaskyla

The University of Jyvéskyd (JyU) has the facilities and capabilities to do research
relating to the nanotechnology solutions presented in section 2.4. Much of the research
which is possible to do at JyU relates to characterization and analysis of surfaces. This
can be done using scanning electron microscopes and atomic force microscopes which are
located in the Nanoscience Center. These microscopes can be used for characterization
of a variety of materials including nanotubes and nanostrutured coatings. Other simple
testing of certain coatings can also be done in the University chemistry laboratories, such
as the testing of superhydrophobic coatings for anti-icing properties. X-ray diffraction
equipment provides another characterization technique that could be used to study the
structure of certain types of coatings.

Nanofabrication methods are also available at the Nanoscience Center of JyU. The
university has chemical vapor deposition facilities which, as discussed in section 2.5.2,
can be used for deposition of a wide variety of nanostructured coatings as well as the
fabrication of nanowires and nanotubes. Nanotubes have a huge range of possible appli-
cations are involved in a number of potential solutions discussed in section 2.4. Among
other uses, nanotubes synthesized at the Nanoscience Center could be used for testing of
thermoelectric properties.

The Nanoscience Center also has facilities for performing ion beam etching (IBE). IBE
involves using a beam of heavy, energetic ions to transfer energy to the target material
causing ablation of atoms. IBE can be used for surface cleaning and smoothing as well

as impregnation of nitrogen in steel. Nitrogen impregnated steel has been shown to have

34



increased wear and corrosion resistance [143] [144] [I45]. The clean and smooth surfaces

which IBE can provide may also allow for better adhesion of coatings to the substrate.
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Chapter 3

Economic analysis of nanotechnology
solutions

The nanotechnology solutions discussed in section 2.4 are in direct response to the
areas for improvement in the bioenergy production industry discussed in section 2.3.
In nearly every area discussed in section 2.3 there is some nanotechnology that offers
significant improvement over the current methods used in the industry. However, in
most cases significant obstructions to the widespread adoption of these nanotechnology
solutions remain. Cost of implementation is one of those obstructions.

These implementation costs are difficult to know or estimate for a general case. For
products that are already in commercial production the prices are often not publicly
available and quotes are usually given only in response to specific product inquires from
the potential customers. Even in these cases prices are often confidential. Many of the
potential nanotechnology solutions are not in commercial production yet, which compli-
cates cost estimation further. Not only can there be unforeseen technical problems when
attempting to scale up production of a nanomaterial from the laboratory to commercial
scale, but the final cost of the manufacturing process is simply difficult to predict without
a detailed study.

As an example of the price differences between conventional and nanostructured mate-
rials tungsten carbide powders will be used. A U.S. based company Inframat® Advanced
Materials' LLC is one of the few companies with publicly available prices for nanosized
powders. A WC nano powder is sold with an advertised grain size of 40-70 nm and a
particle size of 150-200 nm. The price is € 175 for 1 kg, which is about 1.8 times the price
of WC powder with particle size of 1-2 ym. While this price comparison is not meant to
be taken as a general case it does show how the prices can increase quickly for a seemingly

small decrease in size.
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3.1 Cost estimation framework

Xu et al. [146] have developed a framework for estimating the cost for products
incorporating nanotechnology. The framework is very general and the authors do not
attempt to quantify the costs for any products, rather a guide for doing the estimation is
provided. The authors recommend that industry experts be consulted in order to obtain
values for the various costs involved in the estimation. Carbon nanotubes were used as
an example and the cost structure for their production was examined in more detail as

shown in figure 3.1.
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Figure 3.1: Schematic for the cost structure of production of carbon nanotubes [146].

Using the framework provided by Xu as a basis, a breakdown of cost structure of uti-
lizing a nanostructured coating has been developed. Producing a nanostructured coating
often involves nanostructured input materials. In many cases, such as nanostructured
plasma sprayed WC coatings, at least one of the input materials are nanopowders. In
these cases the costs may be largely incurred in the production of the input materials
to the coating, rather than the fabrication process itself. In other situations, such as a
coating applied with pulsed laser deposition or a method requiring a high vacuum, the

fabrication costs can be the primary cost incurring stage.

3.1.1 TiC/a-C coatings

The cost structure for the fabrication of a nanostructured titanium carbide /amorphous
carbon coating as described by Pei et al. [147] was examined in more detail. This
coating has been applied to steel substrates, making it of particular interest for industrial
applications using steel components. The TiC/a-C coating has shown high hardness up to
35 GPa, low wear rates, and a coefficient of friction of 0,04 under dry sliding conditions.
A more detailed cost structure is shown in Figure 3.3. The coating process used is

magnetron sputtering, a type of physical vapor deposition.
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Figure 3.2: Schematic for the cost structure of production for the general case of a nanotech-
nology [146].

The cost per square meter of surface coated due to the targets was also estimated.
While the targets are not generally seen to be the largest contributor to the overall cost
of the coating, it is one of the few areas in which an estimate was possible to make.
Table 3.1 shows the material makeup and thickness of the coating. The TiC particles are
embedded in the amorphous carbon matrix which is estimated to be 5 ym thick based on
literature [148] and composed of 30% TiC by volume. The Cr layer is used to improve
coating adhesion and is estimated to be 1 pum thick. Other approximations used in these

calculations are:

e Target densities are ideal
e Coating densities are: TiC - 4,9 g/cm?, C - 2 g/cm?, Cr - 7,2 g/cm?
e The entire target is deposited onto the substrate.

The costs of the targets and the price per square meter of coating is shown in Table
3.2. The final estimated cost due to the targets is €32 per square meter of surface
coated. It should be stressed again that the actual cost to coat a material with TiC/a-C
would be much greater as this estimation is a minimum cost for only a single part of
the coating process. From Figure 3.3 it can be seen that no costs from the coating
fabrication/application or quality control areas have been included in this calculation, as

well as the costs of the Argon and acetylene material inputs.
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Figure 3.3: Cost structure of production of TiC/a-C coating.

Table 3.1: Estimated coating properties for TiC/a-C coating

Coating material Coating thickness
TiC 5 um (30% TiC by volume)
C 5 pm (70% C by volume)
Cr 1 pm

3.1.2 Thermal sprayed WC-Co coating

Thermal sprayed coatings have a significantly different cost structure and develop-
ment process compared with coatings made with a physical vapor deposition method
such as TiC/a-C discussed previously. Thermal spraying has been used for industrial
coatings for decades and is a reasonably matured field. The use of thermal sprayed coat-
ings for wear resistance was discussed in section 2.4.1.1, and some of the anti-corrosion
coatings in section 2.4.1.4 are also applied through thermal spray processes. Thermal
sprayed nanostructured WC-Co coatings have been discussed in multiple publications
[53][54] [150] [151][152]. While there are many thermal spray methods which can be used
to apply WC-Co coating, high velocity oxygen fuel (HVOF) is perhaps the most com-
monly used. In this method a fuel is mixed with oxygen and ignited in a combustion
chamber. The combustion gases are then ejected at high speed towards the surface which
will be coated and the coating material, in the form of a powder, is injected into the
hot gas stream. The high temperature causes the powder to partially melt and is then
deposited onto the surface of the substrate. In the case of the coating described by Kear
et al. [151] the fuel used in the HVOF process was propane. The basic cost structure and
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Table 3.2: Target costs for TiC/a-C coating

Target material Target size Target cost | Price per m? of coating

[149]

Ti 12,56 in® x 0,125 in €52 €26

C 12,56 in% x 0,125 in €193 €28

Cr 12,56 in%? x 0,125 in €93 €0,36
Total cost per m? of coating €32

production process is outlined in Figure 3.4.
Nanostructured WC/Co

thermal sprayed coating

Material inputs

Coating process

Quality control

WC/Co Choice of proper
] — | Equipment costs i
hanopowder g coating
Control of
Operation | | consumables,
e equipment and
coating process
—  HVOF . t 9p
components AROLCosts Coating
evaluation

Fuel (propane)

Figure 3.4: Cost structure of production of WC-Co thermal sprayed coating. Quality control
measures are taken from Streiff et al. [153].

The nano powder feedstock is likely the most costly component of the thermal sprayed
coating. Inframat® Advanced Materials' = LLC advertises WC-Co powder of grain size
40-80 nm at a cost of $ 385,00 for 1 kg. Inframat claims that the coatings formed from nano
powders have a comparable density to conventional thermal sprayed coatings. Lovelock
reviewed published literature on thermal sprayed WC-Co coatings and reported an average

coating density of 13,3 g/cm?

. Assuming a coating thickness of 250 pum the price per
square meter of coating due to powder costs is shown in Table 3.3. Another company,

CiperTech, advertises conventional WC-Co thermal spray powders of grain size 15-45 um
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[154]. This is included in the table for comparison. From this table it can be seen the

nanopowder coatings are between five and ten times the cost of the conventional coating.

Table 3.3: Estimated WC-Co powder costs

Material Powder Coating Coating Total cost per m?
cost per kg | thickness density
Nano WC-Co €266 250 pm 13.3 g/cm? €883
powder
Convential € 28-55 250 pum 13.3 g/cm? €92-184
WC-Co
powder

3.1.3 Thermal sprayed anti-corrosion coating

The Nanosteel Company offers nanostructured corrosion resistant coatings which can
be applied with thermal spray processes as discussed in section 2.4.1.4. The company
would not disclose prices for the various products it offers and the only indication of a
potential price range is a interview given in 2002 by the founder of the company stating a
target price of approximately € 44-55 /kg of the coating feedstock. The coating of interest
for corrosion resistant applicants is SHS 7570 which has a density of 7.59 g/cm?®. The cost
per square meter for feedstock of this coating is shown in Table 3.4 assuming a coating
thickness of 200 pm and a price of €70/kg.

Table 3.4: Estimated WC-Co powder costs

Material | Powder cost Coating Coating Total cost per m?
per kg thickness density
SHS 7570 €70 200 pm 7,59 g/cm? €104

3.1.4 Thermoelectrics

While there are no nanostructured thermoelectric units currently in commercial pro-
duction there are conventional semiconductor based thermoelectrics which are widely
available. Nuwayhid et al. [105] reported prices in 2004 of € 0.7-14 per watt of theoretical
electrical output for their study in the use of thermoelectrics with small scale wood burn-
ing stoves. Table 3.5 shows the prices of commercially available thermoelectric generator
modules from Custom Thermoelectric [110]. Rowe et al. [I55] estimated that 80% of the
costs of thermoelectrical generating systems come from unit costs, hence unit costs can
serve as an acceptable basis for the cost estimation of the system.

Bismuth antimony telluride (BiSbTe) has been studied as a nanocomposite thermo-

electric material [I56][I57]. As mentioned in section 2.4.4.1 nanocomposites are generally
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Table 3.5: Commercially available thermoelectric module prices

Module number | Maximum theoretical | Price | Price per watt (€ /W)
output (W) (€)

1261G-7TL31-04CQ 2,1 36 7,1

1261G-7TL31-05CQ 7,15 36 9,1

1261G-7L31-10CX1 14,7 75 9,1

seen as having better scale up production potential than superlattices, and are of inter-

est for potentially offering commercially viable thermoelectrics. The general method for

production of the nanocomposites is by fabricating nanoparticles of the desired material

which are then hot pressed to form the composite. BiSbTe nanocomposites have been

produced which have maximum ZT values of 1,5 at room temperature [157] and 1,4 at

100°C [156].

BiSbTe nanocomposite
thermoelectric

Material inputs

Nanocomposite

Tellurium

— Thermoelectric
module

Electrical
connections

Fabrication

|| Nanocomposite
fabrication

EBishTe alloy
fabrication

BiShTe
nanopowder
fabrication

|| Thermoelectric
module
fabrication

Quality control

L Power output test

Figure 3.5: Cost structure of production of BiSbTe nanocomposite thermoelectrics.

3.2 Operational economic analysis

While section 3.1 discussed a framework for estimating the costs of nanotechnologies,

it remains that determining an accurate estimate of the final product cost can be difficult.

Companies also are often reluctant to discuss purchase costs and typical service costs for

conventional equipment used in the bioenergy industry. Together, this can cause a direct

economic comparison of conventional and nanotechnology solutions to be complicated.

In this section the operational economics of selected nanotechnology solutions will be

examined and estimates will be made where possible.
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3.2.1 Wear resistant coatings

One of the primary areas of interest for wear resistant coatings are conveyor systems.
For conveyor and handling systems the operational costs tend to be divided into three
categories: energy; repairs and maintenance; and labor. Wear resistant coatings could
offer potential cost reductions in the repairs and maintenance. There is little published
information on the factors that influence the repair and maintenance costs of a conveyor
systems and these costs tend to be given as a percentage of the initial capital investment
which is expected to be spent per year. For some systems these costs can reach 20% per
year. [15§]

While there is no available information on the performance of nanocoatings in conveyor
systems, some estimates can be made based on the wear performance in the published
literature. Zirconia (ZrOs) and WC-Co nanoparticles have both been used for improving
wear resistance of coatings and tested under forces of 20-80 N. Wear rates were between
1/6 and 1/2 compared with the conventional powders. It was seen in section 3.1.2 that
WC-Co nanopowder can cost between five and ten times the price of micron sized WC-Co
powders. ZrO, nanopowders of size 30-60 nm can be purchased for approximately 3 times
the cost of ZrO, of average size 0,3-0,7 mm in quantities of 1 kg [159].

If the initial investment and the maintenance and repair costs are the only two cost
factors which change when replacing a component with a nanocoated part, the operational

time required to payback the increased capital cost can be give by equation 3.1,

Co+ O.T = Cy + OyT, (3.1)

where C, is the capital cost of the convential component, O, the operational cost of
the convential component, C, the capital cost of the nanocoated component, O, the
operational cost of the nanocoated component and T is years. As the operational costs
are in this case entirely repair and maintenance costs which are given as a percentage
of the capital costs, O, can be written as M,C,, where M, would be the repair and
maintenance cost factor. Similarly O, would be M,C,. It can be useful to write equation
3.1 in terms of C,/C, and M;/M,, and solving for T gives,

C
C_Z—_lM —T. (3.2)
Ma( - ﬁ:)

If discounting is wished to be used to discount the future maintenance expenses to the

present value then T can be replaced with the uniform series present worth factor,
I+ —1
i(14d)n

where i is the discount rate and n is the years. Solving for n gives,

, (3.3)
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ln(Ma %71)+(C7271)Z)

"= In(1+ 1) ’ (3.4)

Equation 3.4 allows for the calculation of the discounted payback time given the ratio of

capital costs of the two components, the maintenance cost of the original component as
a percentage of the initial capital cost, and the ratio of the maintenance costs of the two
components.

While these values are not available for currently used equipment such as conveyor
systems or steel wear plates, some estimates can be used to show the process. Using
the information for WC-Co nanoparticles compared with conventional WC-Co coatings
discussed in section 3.1.2 the ratio C,/C, could be between five and ten. As discussed in
section 2.4.1.1 the nanostructured coatings were shown to have a wear resistance of 1/6
to 1/2 of the conventional coating, and so M, /M, could be estimated to be between 1/6
and 1/2. If the maintenance cost for the original component was 20% of the initial capital
cost per year then the time required to payback increased capital cost is shown in Figure
3.6. It is clear from this figure that if the replacement nanostructured components cost
more than twice the conventional component, use of the nanostructured component would
be hard to justify as the payback time grows to over ten years in most cases. In the case
of maintenance costs being reduced to 1/6 of the original costs the payback time remains
approximately eight years. If the price can be lowered to 1,5 times the conventional
component the payback time becomes less than seven years and closer to four in the case
of the largest reduction in maintenance costs. However, no nanotechnologies examined in
this study offer solutions at this low of a price increase.

Heath and Skora [160] discussed the potential saving associated with wear resistant
hardcoatings for hammermill grinding hammers. In their comparison noncoated, hardened
steel hammers were compared with hammers coated with conventional hardfacing coatings
but the same method can be used for analyzing the benefit of nanocoatings. Heath and
Skora gave equation 3.5 in order to calculate the annual cost saving of surface coating a

component rather than replacing it with a new part,

PCy . PCh

Annual cost savings = Yearly prod. rate x —,
I yp OPy * OPp

(3.5)

where PC'y is the cost of the new part, OPy is the cost of the hardfacing repair, O Py
is the work output during the life of the new part and OPy is the work output during
the life of the repaired part. In the example given by Heath and Skora it is claimed an
uncoated cast hammer could cost €95 and last for one month while a coated hammer
could cost €200 and last for five months. In this case not only would €275 be saved
in purchase costs per hammer over 5 months by using the coated hammers but labor

costs would also be decreased as the hammers need to be replaced less often. While the
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Economic payback time for component with increased capital cost
and lower maintenance cost
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Figure 3.6: Economic payback time of a component with a higher initial capital cost and lower
maintenance costs. Discount rate is 7,5% and the maintenance cost of the origional component
is 20% of inital cost.

companies involved in processing of woody biomass in Finland were not able to provide
specific figures on the life expectancy of the hammers currently in use, the values of one
to five months nonetheless appear to be roughly accurate depending on the exact type of
fuel being processed.

Nanostructured WC coatings and conventional WC coatings can be compared in a
similar way. It was shown in section 3.1.2 that WC-Co nanopowders cost as much
as ten times that of conventional WC-Co powders. If nanostructured WC-Co coated
hammers have a similar order of magnitude cost increase as the powders then the hammers
would need to last years to recover the cost. While WC-Co has been shown to have
reduced wear rates under loads of 20-80 N and also increased hardness, Jia et al. [77]
reported nanostructured WC-Co coatings do not necessarily have higher toughness than
conventional WC-Co. This makes it difficult to estimate a performance life for nanocoated
hammers without actual testing. It is clear though that nanostructured wear coatings are

unlikely at this stage to last ten times longer than conventional coatings.

3.2.2 Corrosion resistance

The costs due to corrosion in biomass power plants have not been widely published.
For fossil fuel power plants in the United States the cost due to corrosion was studied
in a series of reports funded by the U.S. government. A report published in 2001 [161]

found the total cost to the electricity generation industry due to corrosion in fossil fuel
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power plants was € 1.3 billion. There was a generation capacity of 488 GW and a total
2,227 million GWh of electricity generated during the same time. This gives an average of
€2 700/GW of generation capacity per year or € 580/GWh of generated electricity spent
on corrosion related problems. While there are no studies available that would give a
comparable cost for biomass power plants in Finland, these published values can be used
as a starting point. If a corrosion protection coating such as the SHS 7570 produced by
the NanoSteel Company reduces corrosion rates by 1/2 over the current method, it can
be estimated that this would save approximately € 300/GWh of electricity produced at
the plant.

3.2.3 Thermoelectrics

An analysis of the economics of the operation of a thermoelectric generation system
was performed by examining the discounted payback period in a variety of scenarios. As
mentioned in section 3.1.4 the unit cost of a thermoelectric generation system has been
estimated to be 80% of the total cost. As no published information was available about
the remaining costs (maintenance, installation, etc.) they have been ignored for the time
being. Figure 3.7 shows the economic payback time of thermoelectric units as a function
of the unit price per watt and with five different discount rates. This calculation was
done using the average 2010 electricity market price in Finland of €0,057/kWh [162]. As
this scenario was intended to examine the feasibility of utilizing waste heat from a power
plant, and an operational time of 8000 hours/year was used. The units listed in section
3.1.4 produced by Custom Thermoelectric had costs of approximately €5 and €7 per
watt, corresponding to a payback time of 11 and 15 years respectively in the undiscounted
calculation. In the 5% discount rate scenario the payback time increases to 16 and 30
years for the €5 and €7 per watt modules respectively. These calculations were repeated
using an electricity price of double the 2010 market price, €0,11/kWh with the results
shown in Figure 3.8. Figure 3.9 shows a similar scenario but in this case the discount
rate remains constant at 7,5% for all the cases while the electricity prices range from
€0,05/kWh to €0,175/kWh.

The economic payback time of a household thermoelectric system was also considered.
In this scenario the electricity price was taken to be the 2010 average electricity price paid
by consumers, €0,1235/kWh and the operational time was reduced to 3000 hours/year
to represent a wood burning fireplace in a single family house. The results of these
calculations are shown in Figure 3.10, where it can be seen that the payback times are
longer in this case than the previous scenarios. For the undiscounted calculation the
payback time was approximately 5,5 years when the module cost is €2/W, and at the
current prices of € 7/W the payback time is nearly 19 years.

Rowe [99] examined the electricity production cost over the lifetime of a 100 W ther-

moelectric generation system assuming varying construction costs. The thermoelectric
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Figure 3.7: Economic payback time of thermoelectric units based on 2010 average market price
of electricity in Finland.

system studied was developed under the Waste-heat Alternative Thermoelectric Technol-
ogy (WATT) program. The results of this are shown in Figure 3.11 where it can be
seen at the then current electricity costs of £0,08 per kWh the economic paypack time
varied from approximately two years to more than twenty. The actual unit costs for the
thermoelectric systems were not given in the study. This analysis was repeated for unit
costs of €1,4-7,0/W and the 2010 average electricity price in Finland with the results
shown in Figure 3.12. Using these input values the economic payback period ranges from
approximately 4 to 14 years.

While research into thermoelectric materials has been ongoing for decades, widespread
use of thermoelectric systems for electricity generation remains uncommon. This has
resulted in relatively little information available on the operational life expectancy of the
systems. However, thermoelectric generation systems have been used extensively in space
applications over the past 50 years. From 1961 until 1990 there were a reported 22 U.S.
spacecrafts launched which used thermoelectric generators to produce anywhere from 2,7
W to over 500 W [163]. The general operational parameter required for these space based
applications was a service life of 15-20 years [164]. The Voyager 1 spacecraft was launched
in 1977 with a thermoelectric generation system which produced about 470 W. In 2011
that system produces 270 W. Much of the drop in output power can be attributed to the
decrease in power from the plutonium heat source. Taking into account the decay rate of

the plutonium the thermoelectric materials can be estimated to have lost approximately
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Figure 3.8: Economic payback time of thermoelectric units based on electricity price at double
2010 average market rate in Finland.

20% of their efficiency over 34 years. [165]

3.2.4 Screw conveyor low friction coating

Screw conveyors which feed fuel into the combustion chamber must be running at
all times while the power plant is operational. This leads to an opportunity for cost
saving by improving the performance of these conveyors. Owen and Cleary [166][167]
have reported that particle-boundary friction in screw conveyors is a major factor in the
power consumption of the conveyors. An "almost linear relationship between particle-
boundary friction and the resulting power draw" of a screw conveyor is observed in one
study [167]. This relationship was observed over the range of particle-boundary friction
coefficients from 0,4 to 0,6. Nanosctructured low friction coatings such as those discussed
in section 2.4.1.2, may have much lower frictional coefficient values and there is no
available literature to show how far the linear relationship between frictional coefficient
and power consumption may extend. A screw conveyor powered by a 1 kW electric
motor could have an annual electricity cost of approximately €500 if run continuously.
If the 20% decrease in power consumption observed by Owen and Cleary by reducing the
particle-boundary coefficient of friction could be obtained this would represent an annual

savings of approximately € 100.
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Figure 3.9: Economic payback time of thermoelectric units using discount rate of 7,5%.

Economic payback period for consumer scenario
(electricity price 0.12 €/W and 3000 hours/year
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Figure 3.10: Economic payback time of thermoelectric units for a single house fireplace scenario
at 2010 average consumer electricity prices.
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Figure 3.11: Electicity production costs of thermoelectric generation modules of varying unit

costs [99].
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Figure 3.12: Electricity production costs of thermoelectric generation modules of varying pro-
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Chapter 4

Conclusions and recommendations for
future work

This work has reviewed potential applications of nanotechnology in the production of

electricity from biomass fuels and nanotechnology solutions to a set of problems of interest

to the bioenergy industry in central Finland were examined. The current methods and

technologies used in the bioenergy industry were discussed in Section 2.1, problems

existing with those methods in Section 2.3, and nanotechnology solutions in Section 2.4.

Chapter 3 discussed the economic viability of some of those nanotechnologies.

4.1 Conclusions

From these analyses a number of conclusions can be drawn:

e In general, nanotechnology offers a lot of potential in the bioenergy industry but

the technologies tend to be either not yet developed enough for industrial use or

not yet cost effective. The high costs of the nanotechnologies most often come from

complicated production methods which have slow production rates.

e Wear resistant nanocoatings is an extremely large field with dozens of different

materials currently being researched. Many coatings have significantly superior

properties to conventional materials currently used in the bioenergy industry but

the cost of the coatings limit their use to applications such as cutting tools.

e Low friction coatings need expensive deposition methods and their life expectancy

under the conditions of a biomass fuel handling system is unknown. Use of these

coatings in the short term will not be economically justifiable. However, use of

low friction coatings on critical components such as screw conveyors is likely when

production costs decrease.
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e There are multiple potential coatings for corrosion protection in boilers but they
are all either untested in high chlorine conditions of a biomass boiler or the perfor-
mance results are unpublished. If tests show the already developed coatings work

in biomass boiler conditions usage could begin quickly.

e Despite significant progress in recent years, set backs in the last year seem to have
delayed the possibility of commercial anti-icing coatings. Even once anti-icing coat-
ings with good performance are found it will take years to for them be a cost effective

solution for the bioenergy industry.

e Nanomembranes have the possibility of allowing CO2 separation in flue gases, but
the current state of this technology will become clearer when the NanoGLOWA

project results are reported later in 2011.

e Thermoelectric materials have already been shown to be able to produce electricity
from waste heat of power plants. At current costs of around €8/W the payback
period would be over 15 years. Target costs for economically feasible thermoelectric
systems for waste energy recovery in biomass power plants could be €1,5-2,5/W,
which would give payback periods of 3-6 years. High efficiency nanostructured
materials provide a good possibility for significantly reducing the cost per watt over

the next decade.

e Thermophotovoltaics offer a potential method for CHP generation. Currently ap-
plication is limited to small, household sized furnaces but costs must come down
significantly for these to be economically viable. There are no industrial or com-
mercial sized thermophotovoltaic systems in operation and development of any such

system is most likely many years away.

4.2 Recommendations for future work

The following recommendations are made for continuing research into nanotechnology

applications in bioenergy production:

e Nanotechnology is a rapidly changing field as new technologies emerge and current
technologies are able to be produced at lower costs. This means that new publica-
tions should be reviewed for relevant technologies and economic analysis should be
reevaluated to account for cost reductions if a significant amount of time has passed

since the last review.

e Investigation into causes of peat adhesion to silo walls is needed, as the exact mech-
anisms for causing the adhesion are not currently well understood. Once the mech-
anisms causing the peat adhesion are better understood, determining if there are

nanotechnology solutions will become easier.
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e Further investigation into the results of the Nanomembranes against Global Warm-
ing (NanoGLOWA) project is recommended. The results of the project are sched-

uled to be released sometime in 2011, but are unavailable as of the time of writing.

e Testing of coatings which have been shown to provide corrosion protection for coal
fire power plants in the chlorine environments of biomass boilers should be done.
Coatings such as CrzCy-25(Ni20Cr) [63], SHS 7570 [66], SHS 7170 [66], and the
coating developed by VI'T and Aalto University [87] appear to be the most promis-

ing.

e A more thorough analysis of the wear in the handling system is required for a better
understanding of the costs associated with the use of wear resistant nanocoatings.
Obtaining actual cost figures for current costs of these systems is essential in decid-
ing if nanocoatings could be cost effective. Taking into account potential savings
through use of lower cost steel when using a wear resistant coating rather than
more expensive wear resistant steel which is currently used could provide more clear

picture of the economic viability of the coatings.
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Appendix A

Vicker’s Hardness values

Vicker’s hardness test is a commonly used technique to evaluate the hardness of a
material. It is preformed by using an indenter on the test material and measuring the
force applied to the indenter and the surface area of the impression left. The Vicker’s
hardness, H,, is given by equation A.l,

H = 1854;; * P7 (A1)
where P is the load and d is the diagonal of the square-based diamond pyramid indenter
[168]. This value is usually reported with the units of kgf/mm?, however they are often
omitted when writing the value. In scientific works it has become common to report
the value using SI units, either as kg/mm? or GPa. All values have been converted to
GPa for Table 2.4. An example of the conversion is given for the NanoSteel Company
coating SHS 7214. The value was originally reported as a value of 57 HR, using the
Rockwell C Hardness scale, which was converted to a Vicker’s hardness of 640 kgf/mm?
using conversion tables [169]. Once in units of kgf/mm? the value was converted to GPa
as shown in equation A.2

kgf kgf N kN kN
640—— = 640 9,8 1/1000— = 6,3—— = 6, 3G Pa. A2
mm? mmz kgf *1/ N " mm? ’ “ (4.2)
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Appendix B

Titanium carbide/amorphous carbon
coating cost estimation

In section 3.1.1 a cost estimation was made for the targets required to deposit a
TiC/a-C coating using pulsed laser deposition. The assumptions used in the calculations
were given in section 3.1.1, but the calculations will be shown in more detail. Assuming
a density of 4,9 g/cm? for titanium carbide, a 5 pum thick layer of Ti would have a mass

of 24,5 g/m?, as shown by equation B.1,

2
Mass per m? of coating = 4, 9-9_ 40.0001 22 & Sum * 100002 — 24,59/m*. (B.1)
cm? uwm m?

However, the TiC makes up only 30% of the matrix by volume, with the rest being
composed of amorphous carbon. As a result the TiC in the 5 um thick layer would have a
mass of 7,35 g/m?. From the molar mass of TiC 7,35 g/m? is equivalent to 0,12 moles/m?.
The size of the Ti target was 12,56 in? by 0,125 in which gives a volume of 2.57%107°
m3. Using the density of Ti, 4,5 g/cm?, it can be calculated that the target contains

approximately 2,4 moles of Ti atoms.

e

52 1
Cost of Ti target per m? of coating = —r9% 4 0.12&268 =2, 6%. (B.2)

moles
? “target m

This is the result which can be seen in Table 3.2 for the cost of the Ti target per m? of

coating. The same process was repeated for carbon and chromium.
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Appendix C

Discounted payback period

The payback period is defined as the time required for returns to equal the original
expenditure. In the case of the thermoelectric generation systems described in section
3.2.3 the returns were assumed to be yearly cash flows equal to the total revenue generated
by selling electricity at the 2010 average electricity rate of € 0,057 per kWh for 8760 hours
(365 days). The undiscounted payback period was calculated using Equation C.1,

Unit cost per kilowatt

8670 hours x 0,057 5 '

The discounted payback period was calculated by calculating the net present value of

Payback period = (C.1)

the cash flows for each year, assuming the discount rate shown in Figure 3.7. Calculating
the discounted net present value (DNPV) series of cash flows can be done using Equation
C.2,

N R,
F= ; (1+3)t (©2)

where P is the discounted net present value, t is the year, R; is the revenue of year t
valued in year t, i is the discount rate and N is the final year of revenue. If R; is constant

then this summation can be written in terms of the uniform series present worth factor,

(1+4)"—1
i(1+4)"

where R is the constant R; from equation C.2. Solving this for the year, n, gives

P =R]| I, (C.3)

In — (=2~
S =11 (.4
In(i+1)
As an example, using a discount rate of 7.5%, a module cost of €2/W, a module size
of 1 kW, an electricity price of €0,057/kWh and 8000 hours per year of operation the

payback period would be:
ln( 456 )

0,075%2000—456
’ =3,9. C.5
In(0,075+ 1) ’ (€.5)

99



This shows that given these conditions it would take 3,9 years to earn back the initial

imvestment.
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