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Green Pulp Mill: Renewable Alternatives to Fossil Fuels
in Lime Kiln Operations

Katja Kuparinen* and Esa Vakkilainen

Pulp mills are making increasing efforts to reduce fossil fuel use and
carbon dioxide emissions. Lime kilns, which are typically fired with fuel oil
or natural gas, use the most fossil fuel in modern pulp mills. A modern
kraft pulp mill can be fossil fuel-free during normal operation if fossil-
based lime kiln fuels are substituted with renewable alternatives. This
study compared the production and use of various renewable fuels,
namely, hydrogen, producer gas, torrefied biomass, lignin, and
pulverized biomass, in lime kiln operations in a 1.5 Mt/a kraft pulp mill in
South America to define the techno-economic optimum for the fossil fuel-
free operation of the pulp mill. The attractiveness of each of the concepts
was dependent on local conditions and especially the prices of fossil
fuels and electricity. The results showed, however, that feasible options
exist for the replacement of fossil fuels in lime kiln operations.
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INTRODUCTION

Sustainability, emission control, environmental regulations, corporate image, self-
sufficiency of fuel supply, and the price of fossil fuels are among the many factors
driving companies to reduce usage of fossil fuels. In the pulp industry, a large share of
energy use is already biomass-based (IEA 2014), and in normal operations, modern kraft
pulp mills are usually self-sufficient in energy, with the exception of lime kiln operations.
Fossil fuels are primarily used to reduce lime mud to burnt lime, and they are also used
during upsets, start-up and shut-down, as well as sometimes for safety reasons to secure
non-condensable gas destruction (Vakkilainen and Kivistd 2008, 2014). Thus, the lime
kiln is typically the only unit operation utilizing fossil fuels during normal operations,
and, consequently, the only source of fossil fuel-based emissions. Substituting fossil fuels
used in the lime kiln with renewable fuels produced at the mill, especially if existing side
streams are used, would make normal kraft pulp mill operations nearly fossil fuel-free.
This study evaluated the techno-economic feasibility of integrating renewable lime kiln
fuel production into the kraft pulp production process.

The lime kiln in a kraft pulp mill converts lime mud, which is largely composed
of calcium carbonate (CaCOs), into burnt lime, i.e., calcium oxide (CaO), and carbon
dioxide (COz2). This thermal decomposition reaction requires a high temperature and
occurs spontaneously when the lime mud temperature exceeds approximately 800 °C in a
gas atmosphere containing 20% CO2. The gas temperature needs to be notably higher
because of the poor heat transfer in the kiln (Arpalahti et al. 2008). Lime kilns are
typically long, cylindrical rotary kilns. Lime mud is fed into the kiln at the feed end, from
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where the mud, because of kiln rotation and slight inclination, flows slowly through the
drying and heating zones to the burning zone. External heat is brought into the kiln by
combusting fuels in a flame at the hot end of the kiln. Lime kilns are usually fired with
oil and natural gas. Alternative fuels originating from the pulp production process side
streams are often co-combusted, but only in a few cases are they used as the main fuel
(Francey et al. 2011). For example, methanol, tall oil, strong odorous gases, tall oil pitch,
hydrogen, and turpentine have all been co-combusted with fossil fuels in lime kilns.

Renewable fuels can be produced at the mill from available biomass residues or
produced using renewable electricity from pulp mill operations. The processing of wood
typically creates biomass residues such as bark, sticks, and fines. The amount of residue
depends on the process, the wood type, and local conditions. For example, eucalyptus is
usually debarked in the forest, which decreases the amount of woody residue at the mill.
Modern kraft pulp mills produce excess renewable electricity and heat in the form of
steam and hot water during normal operations (Vakkilainen and Kivistd 2014). This
excess electricity can be either sold or used internally for the production of chemicals or
paper production. Part of the steam is used for pulp production, but in large modern mills,
the condensing tail is used in a turbine to convert excess steam into electricity.

The integration of fuel production for the lime kiln into the kraft mill process can
bring synergistic benefits that make the fuel production process more feasible compared
with stand-alone operations. The lime kiln fuel replacements considered in this study
were hydrogen, producer gas, torrefied biomass, lignin, and pulverized biomass. Some of
these—hydrogen and producer gas—have been successfully used in lime kilns before,
and some can be regarded as newly introduced promising alternatives. Apart from fossil
fuel-free operation, the integration of biofuel production processes offers interesting new
possibilities for increasing mill capacity and gaining additional revenue by the production
of advanced bioproducts.

Hydrogen production from water using alkaline electrolysis is a well-known
commercial process (Millet and Grigoriev 2013; Lehner et al. 2014). In a pulp mill,
excess electricity can be used on-site for hydrogen production in electrolyzers (Kuparinen
et al. 2016b). Gasification of biomass followed by producer gas firing in a lime kiln is a
known technology and has been used in a number of pulp mills in Scandinavia
(Wadsborn et al. 2007; Vakkilainen and Kivistd 2008; Metsd Group 2013). Torrefied
biomass is produced by the mild heating of biomass in the absence of oxygen, and its
properties resemble those of coal (Koppejan et al. 2012). Torrefied biomass has not yet
been used to fuel lime kilns in commercial operations, but the option has recently been
studied, as has the possibility of integrating torrefaction in pulp mill processes
(Hamaguchi et al. 2013; Kukkonen 2014). Lignin extraction from black liquor and its use
for a wide range of purposes has been studied widely; a possible and easily achievable
usage is as lime kiln fuel (Vakkilainen and Kivist 2008; Lundberg et al. 2013; Manning
and Tran 2015). Dried and pulverized biomass can be easily combusted in lime kilns
(Wadsborn et al. 2007; Stora Enso 2015).

The objective of this study was firstly, to analyze the technical possibilities and
constraints of integrating renewable lime kiln fuel production into the pulp production
process and secondly, to estimate the economic feasibility of the chosen concepts. The
techno-economic effects of the above-listed integration concepts on the pulp production
process were examined by analyzing the mass and energy balances of an example mill.
Figure 1 presents an overview of the studied kraft pulp mill operations and technologies.
The mill considered in this work was a large kraft pulp mill located in South America
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producing 1.5 million air-dry tons of bleached eucalyptus pulp annually. Several mills of
this type have started operation recently. Potential advantages and disadvantages of the
integration for existing pulp production process operations, along with requirements of a
framework for feasible concepts, were assessed.
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Fig. 1. Kraft pulp mill operations and alternative integration concepts studied

METHODS

The Reference Mill Process

The selected renewable fuel concepts to enable fossil fuel-free pulp mill
operations were studied by calculating mass and energy balances for a reference mill. The
main parameters and mass and energy flows of the reference mill operations are
presented in Fig. 2. A more detailed description of the reference mill can be found in
previous work (Hamaguchi et al. 2011; Kuparinen et al. 2016a,b). Calculations were
made using an updated Millflow spreadsheet that included detailed mass and energy
balances for a pulp mill. A more detailed description of Millflow can be found in earlier
work (Vakkilainen and Kivisté 2008; Hamaguchi et al. 2011).

Biomass residue was generated in the wood handling processes of the pulp mill,
and, in addition to bark, the biomass residues contained other particles such as fines and
wood lost during mill debarking. Steam was generated only in the recovery boiler.
Because of the small wood residue flow, there was no separate power boiler and therefore
no use for the biomass residue generated. Steam was used for power generation and in the
mill processes. There were abundantly available low temperature heat flows that were
used, for example, to dry biomass residue. Electricity generation exceeded the mill power
requirements, and thus the sale of excess electricity was possible.
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Fig. 2. The reference mill operations and the main process flows

Alternative Lime Kiln Fuels

Fuel properties affect the operation of the lime kiln. The properties of the studied
renewable fuels were compared with the fossil fuels typically used in lime kilns; the
results are shown in Table 1. Lime kiln operation requires stable combustion conditions
as well as easily controllable hot-end temperature. Therefore, fuel quality should be
stable and consistent. Variations in fuel heating value and moisture affected the flow and
temperature profile of the flue gas.

Table 1. Properties of the Studied Alternative Fuels Compared with the Most
Commonly Used Fossil Fuels

Fuel Lower Heating Value Adiabatic Flame Contaminants
(MJ/kgAF) Temperature (°C)
Hydrogen 120 2210 No
Producer gas 6-30 1870 Some
Torrefied biomass 20-30 1840 Substantial
Lignin 17-26 1980 No
Wood 12-19 1950 Substantial
Natural Gas 50 2050 No
o] 41 2210 Some

Alternative solid fuels fired in lime kilns can include non-process elements as
contaminants, which tend to accumulate in closed cycle processes such as the lime cycle
(Hamaguchi and Vakkilainen 2011). These impurities can cause corrosion, ring formation
in the kiln, and adverse environmental effects, in addition to having an unfavorable effect
on the quality of the lime. Increased amounts of contaminants can lead to increased use of
make-up lime. High fuel moisture content decreases the heating value of the fuel and the
system efficiency and also increases the amount of flue gas. The fuel heating value needs
to be high enough to enable the desired flame temperature at the lime kiln hot-end
(Vakkilainen and Kivisté 2008).
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Combustion of biomass-based fuels lowers the hot-end temperature in the kiln
due to the lower adiabatic flame temperature (Isaksson 2007). To maintain the Kiln
production capacity, higher firing rates were required, which caused an increase in the
back-end temperature and higher flue gas heat loss. Therefore, in the case of biomass
fuels, an additional increase of 3% in fuel consumption based on input lower heating
value (LHV) was assumed.

Biomass Pretreatment

Pretreatment of biomass residue is required whether the residue is gasified,
torrefied, or pulverized for fuel use. Pretreatment reduces problems in the fuel feeding
systems and improves the efficiency of the conversion or combustion processes.
Undesired elements such as sand and metals need to be removed to prevent problems in
the equipment during processing. Biomass pretreatment includes drying, chipping, and
grinding in order to achieve the desired moisture content and particle size, which vary
according to the chosen conversion process.

Flue gas or secondary heat in the form of hot or warm water as well as recovered
steam from the pulping process can be used for drying. There is considerable risk of fire
in the fuel feeding system when flue gas is used for drying wood (Wadsborn et al. 2007).
Therefore, from the viewpoint of fire safety, the use of steam or hot water is
recommended. In the calculations of this work, a moisture content of 45% was assumed
for the received biomass residue, and 65 °C water from the mill processes was used for
drying. Electricity consumption in grinding depended on the type of material and
required particle size. When a rotating grinder and a belt drier was chosen, the electricity
consumption for pretreatment was estimated at 192 kWh/t based on vendor data.

Hydrogen

Hydrogen can be produced from water by using water electrolysis. Alkaline
electrolyzers are commercial technology and used currently in up to 10 MWe units in
hydrogen production (Zeng and Zhang 2010; Lehner et al. 2014). In an electrolyzer,
water is split into hydrogen and oxygen following reaction 1:

2 H20 (1) — 2 H2 (g) + O2 (g) + heat Q)

Integration of water electrolysis in a pulp mill followed by hydrogen combustion
in the lime kiln has been previously studied (Kuparinen et al. 2016a,b). The integration
concept with main data for the reference mill is presented in Fig. 3. Renewable excess
electricity produced in the mill was used in the electrolyzer, replacing the 3.4 MW that
was needed for oxygen production in the base case. With the electrolyzer, separate
oxygen production was not needed.

The production of hydrogen was limited by the availability of electricity; in the
studied case the electrolyzer covered 72% of the heat demand of the lime kiln. The
oxygen requirement of the pulping process was 20 kg/ADt (Kuparinen et al. 2016b),
which was only a part of the oxygen produced by the electrolyzer. Cooling of the
electrolyzer produced heat in the form of +75 °C hot water, which could be utilized if
there were demand for heating. Hot water production from cooling of the electrolyzer
could be replaced by the production of low pressure steam by a reboiler. Water for the
electrolyzer can be purified using the existing water treatment facility, which would
increase the load at the mill’s water treatment plant in the example case by 12%.
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Fig. 3. The reference mill operations with an integrated alkaline electrolyzer to produce hydrogen
and oxygen for mill processes

Producer Gas

Biomass gasification for lime kiln use is a well-known process (Isaksson 2007;
Francey et al. 2011; Metsa Group 2013). The producer gas concept for the reference mill,
including the main mass and energy flows, is depicted in Fig. 4.
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Fig. 4. The biomass gasifier integrated in the reference mill process

Biomass drying before gasification is essential to improve the efficiency of the
process. Moisture in the fuel notably increases the amount of flue gas from the lime kiln
(Isaksson 2007). In these calculations, 15% moisture content and an average particle size
of 6 mm before gasification were used. These are recommended values for a circulating
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fluidized bed (CFB) gasifier (McKendry 2002; Basu 2010). The calculations are based on
CFB gasifiers that are the most used commercial gasifiers and able to gasify biomass of
varying quality. Particles like sand or metals are removed in the biomass pretreatment
process prior to gasification, and minor contaminants can be handled in the gasification
process (Worley and Yale 2012).

The integrated gasifier increased the amount of electricity used at the mill. The
increase was mainly from biomass pretreatment, but also from the gasifier air fans, whose
consumption was estimated at 1.1% of the thermal power of the gasifier. In the
gasification process, part of the contaminants of the biomass exited the gasifier with the
bottom ash, and therefore the amount of non-process elements that ended up in the lime
cycle was lower than with, for example, wood combustion. Make-up lime increase due to
contaminants was assumed at 2 kg/ADt (Isaksson 2007).

Torrefied Biomass

Upgraded biomass can be produced by torrefaction, which is a mild pyrolysis
process occurring at atmospheric pressure in the absence of oxygen. The operating
temperature is approximately 200 to 300 °C with a residence time in the range of 0.5 to
2 h. Torrefaction increases the energy density of biomass, reduces its moisture content,
and makes it hydrophobic and brittle. Typically, biomass loses 30% of its mass and 10%
of its energy content during torrefaction, depending on the process details (Schorr et al.
2012).

The behavior of biomass in the torrefaction process depends on the type and
composition of the biomass (Prins 2005). Because they are processed, raw material
quality requirements are not strict (Schorr et al. 2012). Therefore, residual biomass from
pulp production is a material well suited for torrefaction. Integration of torrefaction into a
pulp mill process has been studied previously (Hamaguchi et al. 2013; Kukkonen 2014).

The properties of torrefied biomass are close to those of coal, and, therefore,
torrefied biomass can replace coal in many applications without notable modifications to
the combustion equipment. Coal is commonly used in cement kilns, which resemble the
lime kilns found in pulp mills. Torrefied biomass can be combusted as a main fuel in lime
kilns using pulverized fuel burners. When used as additional fuel, torrefied biomass can
either be mixed with lime mud or blown to the kiln from the burner end.

In the example case, the energy content of the torrefied biomass was set at
18.7 MJ/kg (LHV) based on the experimental results of torrefaction of eucalyptus
(Eucalyptus grandis) wood and bark (Almeida et al. 2010), when operating temperature
was 250 °C and residence time 1 h. Size reduction is relatively easy for torrefied wood
due to its brittleness; size reduction of torrefied wood consumes 70% to 90% less energy
than pulverized wood (Bergman 2005).

The torrefied biomass concept for the reference mill is presented in Fig. 5. The
biomass was pre-dried before torrefaction, and pulverized torrefied biomass was fed into
the lime kiln. The process was scaled to meet the heat demand of the lime kiln. Torrefied
biomass ash included elements that could be harmful in the lime cycle, but problems can
be prevented by increasing the make-up lime addition. In this case, an addition of 3
kg/ADt was estimated.
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Fig. 5. The torrefaction of biomass residue to fuel the lime kiln in the reference mill process

Lignin

Lignin content in eucalyptus is typically 26% to 27% (E. grandis, E. saligna; dry
basis) (Almeida et al. 2010). In the kraft pulp production process, approximately half of
the wood entering the cooking process is converted to pulp, and the rest of the organics
are typically combusted in the recovery boiler for energy production. Lignin can be
separated from black liquor, before the recovery boiler, to be used as fuel or to be refined
further into other products (Bjork 2016). Possible lignin separation methods are
membrane filtration after the digester and acidic precipitation and dewatering at the
evaporation stage (Vakkilainen and Kivisté 2008).

Lignin separation using an acidic precipitation method called LignoBoost and
combustion in a lime kiln have been tested in Sweden (Tomani 2010). The method is
currently in use in Finland (Bjork 2016). Several studies have been made to examine the
effects of lignin separation on pulp mill operations and dimensioning (Axelsson et al.
2006; Vakkilainen and Kivistd 2008; Vakkilainen and Valimaki 2009; Hamaguchi et al.
2011).

Precipitation of lignin from black liquor is based on the decreased solubility of
lignin when the pH is lowered. In the LignoBoost process, CO2 with H2SO4 are used in a
two-step process to lower the pH (Tomani 2010; Gellerstedt et al. 2012). CO2 can be
either purchased or separated from the lime kiln or recovery boiler flue gases. Using lime
kiln flue gas as a source of CO2 decreases the chemical cost by 20% to 25%. Precipitated
lignin is a hydrophobic filtercake with 30% to 40% moisture content (Tomani et al.
2011), and it can be dried further and pulverized before utilization. Lignin includes free
sodium and sulfur, which may cause ringing in the lime kiln. Sulfur content after the
LignoBoost process is approximately 2% to 3%, and its sodium content can be decreased
by washing to a level acceptable for lime kiln use (Gellerstedt et al. 2012). Standard
burner and feeding equipment can be used for lignin combustion in lime kilns. No
notable adverse effects to lime kiln operation nor to emission levels were detected in
trials conducted in a Swedish kraft pulp mill (Tomani et al. 2011).
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Lignin removal affects the properties of black liquor and, consequently, the
operation of the recovery boiler. Lignin removal decreases the steam load and flue gas
production of the recovery boiler, which is often a bottleneck in the pulp production
process. Therefore, it has been introduced as a method to enable an increase in pulp
production capacity without an expensive upgrade of the recovery boiler (Axelsson et al.
2006; Vakkilainen and Kivistd 2008). If the mill production remains unchanged, steam
production at the recovery boiler decreases and, as a result, electricity generation
decreases as well. The addition of sulfuric acid affects the mill Na-S balances. The
washing of precipitated lignin increases the load of the evaporation plant because the
washing filtrates are returned to the evaporation (Hamaguchi et al. 2011). In the
calculations in this work, an increase of 2 kg per kg of extracted lignin was taken into
account, but it was assumed that the nominal capacity of the evaporation plant could be
kept unchanged.

In the studied concept, lignin removal was scaled to meet the lime kiln heat
demand, and pulp production was kept at the base case level. The main mass and energy
flows are depicted in Fig. 6. To fire the lime kiln, 280 t/d lignin at 10% moisture was
needed. This was equal to a 16% extraction rate from black liquor. Electricity
consumption in the lignin removal process was estimated at 80 kWh/t (Laaksometsé et al.
2009). Additional electricity consumption of 0.3 MW for drying and pulverizing was
included.
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Fig. 6. The main process flows of the lignin extraction process integrated in the reference mill

Pulverized Wood

Pulverized wood has been tested and used as lime kiln fuel (Wadsborn et al.
2007; Stora Enso 2015). The combustion of unsorted wet wood and bark in a lime kiln is
challenging due to high moisture content, varying particle size and heating value,
unpredictable flow characteristics, and the high content of non-process elements. Drying
and pulverizing the biomass is required for stable operation. Pulverized fuel burners can
be used, or when wood is used as additional fuel, pulverized biomass can be mixed with
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lime. The characteristics of wood make pulverizing wood more energy-intensive than, for
instance, the pulverization of coal or torrefied biomass.

A pulverized wood case for the reference mill was evaluated in previous work
(Kuparinen et al. 2016a). Figure 7 shows the main process flows of the concept. Make-up
lime use increased due to contaminants in the wood; an increase of 3 kg/ADt was
assumed for these calculations. The moisture content of the residue after drying was 15%.
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Fig. 7. The pulverized wood concept for the reference mill

For pulverized wood firing, the required average particle size is below 1 mm. The
electricity consumption of pulverization using hammer mills is roughly 50 kW/MWth. In
previous trials, the most common problems with pulverized wood firing were fires in the
fuel feeding system and clogging in the hammer mills (Wadsborn et al. 2007). Unplanned
shutdowns of the fuel feeding system require the use of fossil fuels unless a backup
renewable system exists, thus increasing costs.

Evaluation of Economic Feasibility

The costs of each renewable lime kiln fuel scenario depend on the process
equipment and required auxiliary equipment, as well as the storage facilities needed.
Figure 8 compares the process stages in each studied concept. For biomass fuels, the
pretreatment processes had considerable impact on the process costs. Hydrogen
production using alkaline electrolysis is a developing technology, and it can be expected
that the price will decrease in the near future as power-to-gas processes become more
common.

Investment and operational costs for selected processes were estimated based on
information from recent projects and vendor data. None of the studied wood residue
based processes are commonly used. Electrolyzers have not been previously used in pulp
mills on this scale, nor for this purpose. The economic evaluation of the concepts is
challenging due to uncertainties and a lack of references related to prices, local
conditions, and the size of required storage. Consequently, the results should be
considered as best estimates with no better than £30% accuracy.
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Fig. 8. The process stages for each of the studied renewable lime kiln fuel options

A lifetime of 20 years, an interest rate of 10%, an operation time of 8400 h/a, and
operation and management costs in the range of 5% of the investment were assumed for
all the cases. Other assumptions made for the economic analysis are given in Table 2.
Possible incentives for renewable fuel use or savings from costs of carbon dioxide
emissions can affect the cost-effectiveness of the fuel choice, but these were not taken
into account in the calculations. Although there are plans for emissions trading in South
America, they have not yet been put into action (ICAP 2016). It was assumed that
biomass has a market value; this value, however, can vary depending on the local
conditions, and it may even have a disposal cost instead. The value of replaced oxygen is
case-specific and dependent on sourcing, because oxygen can be produced on-site or
purchased. When comparing the investment costs, it should be noted that hydrogen
covered the heat demand of the lime kiln only partly (72% of total kiln energy), while the
other fuels were considered as the sole fuel to be fired.

Table 2. Basis for the Economic Evaluation

Unit Hydrogen Producer Torrefied Lignin Pulverized
Gas Biomass Wood
Investment MUS$ 69.4 40.3 41.0 73.0 43.2
Biomass price US$/BDt - 50 50 - 50
Water price US$/m3 0.5 - - - -
Oxygen price US$/t O2 50 - - - -
g"r‘i"::kee'“p lime US$/t 350 350 350 . 350
H2S0O4 price US$/t - - - 160 -
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RESULTS AND DISCUSSION

The technical implementation of all of the studied processes is possible and
feasible, and they can be integrated in a pulp mill without adverse effects on the actual
pulp production process. Full or partial fossil fuel replacement utilizing existing side
streams, namely residual biomass or excess electricity, is technically possible. The main
parameters from the integrated mill calculations are given in Table 3. In the reference
mill, all the concepts except for the electrolyzer concept offered the possibility of fully
substituting fossil fuels in lime kiln. Using the electrolyzer, 45 t/d of oil was still needed
to cover 28% of the kiln heat demand.

The power balance of the mill was affected by the renewable fuel production, and
the amount of sellable electricity decreased in all of the cases. In the hydrogen case, all
excess electricity was used for renewable lime kiln fuel production. Lignin extraction
decreased the amount of organics ending up in the recovery boiler, and therefore
markedly less steam and electricity was generated.

Table 3. The Main Results from the Integrated Mill Calculations

Unit Hydrogen Producer Torrefied Lignin Pulverized

Gas Biomass Wood
Lower heating value MJ/kg 120.0 6.7 18.7 23.0 14.3
Fuel production t/d 38 960 344 280 449
Share of kiln energy - 72% 100% 100% 100% 100%
Power consumption MWe 79 5.2 5.3 1.2 7.3
Biomass use BDt/d - 449 424 - 382
Low value heat MWn | 20.0 8.7 8.2 42 7.4
use/production
Pure watgr td 338 ) ) ) )
consumption
Increase in make-up | : 8.6 12.9 . 12.9
lime consumption
Difference in sellable MWe 75.8 52 53 215 73
power

In the studied case, the biomass residue generated in the wood handling process of
the mill was sufficient to cover the lime kiln heat demand. There was actually excess
biomass available in all of the cases. Combustion of biomass residue in a power boiler
would offer a possible increase in the amount of produced electricity. Especially in the
hydrogen case, a power boiler could be used to increase hydrogen production or to
produce electricity for sale.

In the lignin extraction case, lignin removal affected the recovery boiler balance
and caused a decrease in electricity production. On the other hand, lignin extraction
offered a possibility to increase the capacity of the recovery boiler, which is often a
bottleneck in pulp production. Consequently, additional revenue could be gained by
increasing the pulp production of the mill without the need for expensive modifications to
the recovery boiler.

The main concern of the biomass-based lime kiln fuel concepts was unforeseen
stoppages in the fuel feeding and pretreatment systems. Additionally, the fire risk needed
to be considered, especially if flue gas instead of water or steam were used for biomass
drying. Stoppages are quite common in biomass processes, and they reduce the
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availability of the system. Consequently, occasional fossil fuel use or biofuel storage is
required to maintain mill operations during unforeseen breaks. The costs of possible
biofuel storage or increase of occasional fossil fuel use were not included in the cost
calculations.

All the integrated processes either produce or use low temperature heat in the
form of hot water. Secondary heat is an abundant resource in modern kraft pulping
processes and, as a result, the need for heat does not substantially affect the cost of the
process. Biomass-based fuels include contaminants that mix with lime and may
accumulate in the lime cycle. This can be mitigated by increasing lime replacement by
adding make-up lime use.

The profitability of the studied concepts depends primarily on the difference
between the renewable fuel production cost and the cost of the replaced fossil fuel—in
this case, fuel oil. In Fig. 9, the breakeven lime kiln fuel price for each case is presented
as a function of electricity price. When the oil price exceeds the calculated breakeven
price, the case is considered economically feasible.

120

100

—&—Hydrogen
80
——-Producer gas

—A— Biocoal
60
—»—Lignin

%0 —#—Pulverized wood

| ettt AR RNl

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76
Electricity price, USD/MWh

Fuel price, USD/MWh

Fig. 9. The breakeven lime kiln fuel price for the studied concepts as a function of electricity price

In the lignin case, the breakeven price varies in the range of 23 to 25 US$/MWh
(40 to 43 US$/bbl). In the biomass conversion cases, the breakeven prices were in the
range of 12 to 20 US$/MWh (20 to 35 US$/bbl). The lowest renewable fuel price was
found in the producer gas case, but the results of the biomass conversion cases were close
to each other. The profitability of the hydrogen concept is highly dependent on the price
of electricity, which should be remarkably lower than current levels in, for example,
Brazil, thus making the concept profitable considering current oil prices. The OECD
(2016) estimates the crude oil price in 2017 and 2018 at 45 US$/bbl, which equals 26
US$/MWh. For a pulp mill, the refinery margin, cost of transport, and taxes need to be
added to the price calculations. The biomass cases seem to be profitable considering the
current oil price development.
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The hydrogen case seems to be feasible only with a low electricity price or high
oil price. Considering recent oil price developments at the time of writing, the case is
unlikely to be profitable when the alternative is to sell electricity. However, when selling
electricity is not possible due to local conditions, for instance, if the mill is located in a
remote area or the local electricity price is low, then the integration of an electrolyzer can
offer a reasonable alternative for savings in operational costs.
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Fig. 10. The payback period for producer gas, torrefied biomass, lignin, and pulverized fuel cases
as a function of ail price when the electricity price is 35 or 75 US$/MWh

The benefits of the electrolyzer concept in the example case include savings from
the replacement of separately produced oxygen. The more efficient utilization for oxygen
from the electrolysis process would increase the profitability of the concept. Only 28% of
the produced oxygen is used in the pulping process, and excess oxygen is vented to the
atmosphere in the example case. The purity of oxygen produced in an alkaline
electrolyzer is high, and additional revenue can be gained by selling it when there is
market demand. Another option is to utilize the oxygen in mill processes to, for example,
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increase the capacity of the recovery boiler by way of oxygen-enriched air combustion
(Verloop et al. 2001).

The profitability of the producer gas, torrefied biomass, lignin, and pulverized
wood cases depends primarily on the fossil fuel price, and secondly on the investment
cost, while the impact of the electricity price is less noticeable. The payback period for
these cases as a function of oil price was calculated in order to compare the profitability
of the cases. Two electricity prices, 35 US$/MWh and 75 US$/MWh, were used. The
results are presented in Fig. 10.

The results of the producer gas and torrefied biomass cases were close to each
other due to investment costs being of the same order. They were also the most profitable
concepts in the example mill case. The lignin concept was more sensitive to variation in
the price of oil, while the pulverized wood case was the most sensitive concept in relation
to the electricity price. The impact of changes in the electricity price reduces as the price
of oil increases.

Electrolyzers are an emerging technology, and the investment costs of alkaline
electrolyzers can be expected to decrease when implementation of the technology
becomes more common. Additionally, more advanced technologies such as solid oxide
electrolysis cells (SOEC) are under research, and these may permit more efficient
integration concepts in the future.

In addition to fossil fuel replacement, the studied technologies offer a possibility
to integrate downstream processes to convert biomass or hydrogen into biofuels or
biochemicals in order to find new revenue streams. Lignin is not only a fuel but also a
valuable resource for further use as a bio-based raw material.

CONCLUSIONS

1. Several technically possible ways to replace fossil fuels in modern kraft pulp mill
lime kilns were found by utilizing the existing side streams of the mill process, such
as biomass residues and excess electricity produced at the mill. These renewable fuel
production processes were integrated into pulp mill processes without noticeable
effect on pulp production.

2. The attractiveness of each integration concept was highly dependent on the price of
fossil fuels and the taxes levied. The most favorable alternative for each mill
depended on the local conditions and the operational specifics, and an individually
customized solution is therefore needed.

3. Processing biomass into biofuels and extracting lignin from black liquor for use as a
renewable lime kiln fuel were implemented in a technically and economically feasible
way. In a typical South American kraft pulp mill, all of the studied options could be
used to fully substitute fossil fuel in the lime kiln during normal operation.

4. The integration of an alkaline electrolyzer to produce hydrogen for fuel use could be a
feasible alternative when electricity prices are low, when electricity cannot be sold
due to local conditions, or when additional oxygen production capacity is needed in
the mill.
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