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Abstract: Replacement of fossil carbon by renewable biomass-based carbon is an effective
measure to mitigate CO, emission intensity in the blast furnace ironmaking process.
Depending on the substitution rate of fossil fuels, the required amount of biomass can be
substantial. This raises questions about the availability of biomass for multiple uses. At the
same time, the economic competitiveness of biomass-based fuels in ironmaking
applications should also be a key consideration. In this assessment, availability of energy
wood, i.e., logging residues, small-diameter wood and stumps, in Finland is discussed.
Since biomass must be submitted to a thermochemical process before use in a blast
furnace, the paper describes the production chain, from biomass to charcoal, and
economics related to each processing step. The economics of biomass-based reducing
agents is compared to fossil-based ones by taking into account the effect of European
Union Emissions Trading System (EU ETS). The assessment reveals that there would be
sufficient amounts of energy wood available for current users as well as for ironmaking. At
present, the economics of biomass-based reducing agents in ironmaking applications is
unfavorable. High CO, emission allowance prices would be required to make such a
scheme competitive against fossil-based reducing agents at current fuel prices.

Keywords: blast furnace; ironmaking; forest chips; reducing agent; charcoal; economics;
CO; emission allowance price
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1. Introduction

Renewable energy plays an important role in the European Union’s energy policy towards attaining
a carbon-lean economy. The objective of the EU is to increase the amount of renewable energy to 20%
on average of final energy use and to decrease the amount of greenhouse gases by 20% compared to
the base year (1990) by 2020 [1]. In Finland, the target share of renewable energy is 38% of final
energy use by 2020. According to the Finnish plan of action, the majority of the increase in renewable
energy should come from the use of wood-based biomass in heat and power production [2].

One newly introduced concept that could contribute to the European Union’s bioenergy objectives
could be the use of biomass as a CO,-neutral fuel and reducing agent in the metallurgical industry [3].
Previous research has been concentrated on the evaluation of the technological suitability of
biomass-based reducing agents in metallurgical processes. Detailed analysis of charcoal characteristics
and behavior in simulated process conditions can be found from the literature [4,5]. Babich et al. [6]
and Mathieson et al. [7] have evaluated the possibility of using charcoal injection to replace pulverized
coal injection in blast furnace by using mathematical modeling. Suopajirvi and Fabritius [8] have
evaluated the plant site energy and environmental effects of biomass-derived charcoal use as a
reducing agent in integrated steelworks. Norgate and Langberg [9] and more recently Norgate et al. [10]
have investigated the life cycle effects of charcoal use in iron and steelmaking.

In addition to the technological suitability of biomass-based reducing agents, there are other factors
that must be considered as well. Biomass availability is one possible factor curtailing the introduction
of renewable energy in ironmaking. Also the cost of biomass and the cost of derived charcoal are
factors that influence the adoption of new raw materials. Studies concentrating on the availability of
biomass and possible production chain structures for ironmaking applications are scarce in the
scientific literature. The supply potential of biomass for the steel industry has been evaluated by
Piketty et al. [11] in a Brazilian context. In their analysis they evaluated the land availability
requirements for producing charcoal for the Brazilian steelmaking industry. In Western countries no
studies of available biomass sources for use in iron and steelmaking applications have been made.

In this paper the pathway to a bio-based reducing agent utilization scheme in Finnish ironmaking is
described, from wood-based raw materials to application in the blast furnace. The paper provides an
availability assessment of domestic logging residues, stumps and small-diameter wood (defined here as
energy wood), with analysis of competing uses of raw materials based on the recent literature.
An economic assessment of charcoal production is presented with comparison of fossil reducing agent
costs at different CO, allowance prices.

2. Background of Biomass Use in Blast Furnace Ironmaking
2.1. Reducing Agent Use in Ironmaking

The production of steel in integrated steel plants that utilize the blast furnace (BF)-basic oxygen
furnace (BOF) route is based on the use of virgin raw materials, e.g., iron oxides and coal. The blast
furnace is a counter-current shaft furnace where solid materials descend and gases ascend.
The reduction of iron oxides into hot metal is based on direct reduction with carbon and indirect
reduction with carbon monoxide and hydrogen. In modern blast furnaces the consumption of coke is
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around 300-350 kg per tonne hot metal (kg/tHM) and the consumption of pulverized coal in the range
of 150-200 kg/tHM [12]. The produced hot metal is refined into steel in BOF and forwarded on to
further refining processes, casting and rolling.

Research on the substitution of fossil reducing agents in ironmaking has strongly focused on the
blast furnace, where biomass and more precisely, charcoal could replace: (1) a portion of the fossil
coal in metallurgical coke production [13], (2) a small portion of the top-charged coke [14], or (3)
pulverized coal in tuyere injection [6,7]. Current research findings suggest that the share of charcoal in
coal blend could be around 5% without degrading the quality of the metallurgical coke [13]. According
to Hanrot et al. [14] 20 kg/tHM of top-charged coke could be substituted with lump charcoal. By using
charcoal for the substituting auxiliary injectant, the share of renewable reducing agent could be even
200 kg/tHM [6,10,15]. Table 1 presents possible fossil-based reducing agent substitution rates with
charcoal addition in blast furnace ironmaking. Additionally charcoal could replace recarburizer carbon
in basic oxygen furnace [15].

Table 1. Possible fossil-based reducing agent substitution rates in blast furnace with
charcoal (based mainly on references [10] and [15]).

Application and Charcoal substitution = Charcoal amount

Typical addition rate '

replaced carbon source rate (%) 12 (kg/tHM)
Cokemaki
0 f:ma e 480-560 kg/tHM * 2-10 9.6-56 kg/tHM
(coking coal)
BF tu injecti
yere mhyection 150-200 kg/tHM 0-100 0-200 ke/tHM
(pulverized coal)
BF nut coke replacement 45 kg/tHM 50-100 22.5-45 kg/tHM
BF briquette *
o oriduette 10-12 kg/tHM 0-100 0-12 keg/tHM
(coking plant residues)
Sintering solid fuel ° 76.5-102 kg/tHM 50-100 38.3-102 kg/tHM
Pre-reduced i
re-requeed om ofe Not currently practiced 18-36 kg/tHM

composite pellets °
! Norgate et al. [10]; > Mathieson ef al. [15]; ® 300-350 kg/tHM coke rate is assumed, coal to BF coke ratio of
1.6 is assumed; * Coke dust from the coking plant is used as carbon source in cold-bonded briquettes;

> Sinter is not used in Finnish blast furnaces, but iron ore pellets. It is assumed that 1.7 t sinter is used to
produce t hot metal (tHM) [15]; © According to Norgate et al. [10] not currently practiced, however 5-10% of

iron in blast furnace feed could be replaced with pre-reduced iron ore composite pellets [15].
2.2. Thermochemical Conversion of Biomass into Reducing Agent

Biomass as such is not a suitable option for substituting large amounts of fossil fuels in reducing
agent use in industrial applications because of its high moisture and oxygen content and low calorific
value [16]. Low calorific value results in low fossil fuel replacement ratios in the blast furnace process.
At minimum, raw biomass must be torrefied before injecting into the blast furnace [17]. Greater fossil
fuel replacement ratios, however, can be achieved by using charcoal as a substituting fuel [6,7,15].

Thermochemical conversion processes are used to enhance the properties of biomass for use.
According to Goyal ef al. [18] thermochemical conversion processes include combustion, gasification,
liquefaction, hydrogenation and pyrolysis. In slow pyrolysis, biomass is pyrolyzed at slow heating



Sustainability 2013, 5 1191

rates, which results in increased char formation. The properties of charcoal are well comparable to the
pulverized fossil coal used as an injected reducing agent in the blast furnace [6,7,15], some being even
better. High carbon contents can be attained, although at the expense of the charcoal yield. Typically
the yield of charcoal from wood with slow pyrolysis is around 28-35% when pyrolysis temperature
is between 400-500 °C [19,20]. The higher heating value (HHV) of charcoal can be as high as
35 MJ/kg [20].

Several pyrolysis technologies have been developed, ranging from ancient earth pits to modern
continuous-type screw reactors. Continuous retorts and screw-type reactors usually achieve 25-35%
yield [21]. Charcoal yields are typically determined by the applied feedstock, pyrolysis temperature and
reactor type, but with novel processes, such as flash carbonization, 40-50% yields can be achieved [22].
Even though charcoal has been produced for centuries, charcoal production technology is still nascent
and large-scale charcoal production plants are scarce.

2.3. Biomass-Based Reducing Agent Requirements in the Finnish Carbon Steel Industry

In Finland, there is one production site based on the integrated Coking plant-BF-BOF route, Ruukki
Metals in Raahe, located on the northern shore of the Gulf of Bothnia. Hot metal production is done
with two medium size (1,200 m®) blast furnaces [23]. At Ruukki, in addition to top-charged coke, extra
heavy bottom oil is used in the blast furnaces as an auxiliary-injected reducing agent. The coke
consumption in Finnish blast furnaces is around 385 kg/t hot metal on average, with oil consumption
around 80 kg/t hot metal [23]. Biomass-derived charcoal could substitute for a small fraction of the
top-charged coke or coal in metallurgical coke production, and small amounts could be used in the
injected oil in Finnish blast furnace ironmaking. The alternative for oil injection system is pulverized
coal injection system, which would allow larger charcoal amount introduction to the blast furnace. To
present an indicative potential demand for wood-based biomass in Finnish blast furnace ironmaking,
Equation 1 is proposed:

Y- m-M

a-p-n

(1

where Y is annual green biomass requirement (Mm®/year), m is the charcoal consumption (kg/tHM), M
is the amount of annual hot metal production (Mt/year), a is the share of dry matter in wet wood, p is
the density of wet wood (t/m’) and # is the charcoal yield from oven dry wood.

In a theoretical high-use scenario (i.e., replacing of pulverized coal with charcoal based on the
following assumptions: moisture of green wood 50%, density of green wood 0.85 t/m’, yield of the
charcoal from oven dry wood 30%, annual hot metal production 2 Mt and injected charcoal amount
150 kg/tHM), the annual charcoal need would be 300,000 tonnes. This would result in a yearly green
wood requirement of 2.35 Mm®, which represents more than 4.7 TWh in energy. This amount of wood,
be it forest chips, pulp wood or demolition wood, while quite considerable, is an indication of the
potential for using large amounts of biomass in the steel industry. In the transition towards a more
sustainable steelmaking in Finland, smaller fossil reducing agent substitution rates are likely to be
realized in the future. Availability of suitable raw materials, competition, price, and technology
development have been identified as the major factors that will determine the implementation of
bio-based reducing agents in the Finnish steel industry.
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3. Biomass Availability for Ironmaking in Finland
3.1. Sources of Wood-Based Biomass

Wood resources in Finland are abundant and widely used in the pulp and paper industry and the
energy industry. Solid biofuels include different solid fractions such as forest chips, bark, sawdust,
industrial wood residues as well as liquid fractions such as black liquor. Today the majority of
wood-based energy is recovered from liquid and solid industrial residues. Figure 1 presents the
possible sources of wood-based raw materials for charcoal production and reducing agent production.
The base raw materials consist of wood residues and theoretically would not be the target of
competition by the pulp industry and the wood-processing industry.

Figure 1. Sources of feedstock applicable for reducing agent production purposes.

Pulp wood
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Solid residues from the wood-processing industry, i.e., from the mechanical wood processing
industry and pulp and paper industry, are utilized quite efficiently in Finland. By-products from
sawmilling are used as raw materials in pulp production, particleboard and fiberboard production,
pellet production and in the production of energy. Solid by-products from pulp production are mainly
used in energy production. The existing wood processing chains are well-developed and integrated,
which means that by-products of one plant are efficiently utilized by another plant.

As a result of the ambitious targets set by Finland to increase the use of wood fuels in energy
production, several estimates of forest chip potential have been made in recent years, e.g., [24-26].
The availability estimates are usually divided into theoretical, techno-ecological and techno-economic
potentials. In the theoretical estimates, it is assumed that the yield of logging residues and stumps is
100%. The theoretical potential also ignores the ecological aspects related to nutrient loss and
economic restrictions. In the techno-ecological potential calculations, the yield of logging residues,
stumps and thinnings is below 100%. Also, the willingness of forest owners to offer energy wood to
markets is taken into account. Techno-economic potential estimates also take into account subsidies
and energy producers’ willingness to pay [26].

In this paper forest chip availability for steel industry in Finland is examined via a summary of
recent energy wood availability assessments. Besides the traditional use of forest chips in energy
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production, there are other, developing industries that would also utilize forest chips as raw materials.
There are several bio-oil production plant projects under consideration in Finland, and there is also
interest in constructing Fischer-Tropsch plants [2].

3.2. Forest Chip Potential in Finland

Logging residue refers to tree tops and also stem wood residues that are left in the forest after a
timber harvesting. Logging residues are produced only from final fellings. Logging residue potential in
a study conducted by Maidell et al. [25] is based on the commercial cuttings done in 2006. Energy
wood accumulation from logs is based on the coefficients provided by [27,28]. These coefficients are
used to calculate the accumulation of residues from stem wood. The theoretical logging residue
potential in Finland was determined to be 8.2 Mm’ (16.2 TWh). Maidell e al. did not evaluate
techno-ecological potential in their research, but techno-economic potential was estimated at 3.3 Mm®
(6.5 TWh).

Kérhi ef al. [26] used similar methodology to evaluate theoretical logging residue potential, but the
coefficients used in the calculation of theoretical logging residue potential differ slightly from the ones
used in the study of Maidell et al. [25]. Kdrhd et al. [26] estimated future energy wood potential, for
the year 2020, basing their estimates on the anticipated development of the Finnish forest industry and
wood imports with three different future scenarios. According to their study, the theoretical potential
of logging residues in Finland will be 23.7-31.5 TWh, i.e., around 11.9-15.7 Mm”’. A recovery rate of
70% was used in the calculation of techno-ecological potential of logging residues from final fellings.
Ecological constraints differed between 57-89%, depending on the regional forestry center. The
Finnish Forest Centre is a governmental forestry organization that is divided into 13 regional forestry
centers covering the whole country. Willingness to offer logging residues to market was assumed to be
90% for private forest owners and 100% for other forest owners. Techno-ecological potential in
three different scenarios ranged from 11.4 to 15.0 TWh. In the three different future scenarios,
techno-economic potential with defined restrictions (10.5-12.5 TWh) differs only slightly from
techno-ecological potential.

A study by Hakkila [29] calculated that the theoretical potential of logging residues would be
14 Mm3, i.e., around 28 TWh, and that technically harvestable residue potential, taking into
considering ecological constraints, would be 7.5 Mm’, i.e., 15 TWh. Péyry Energy [30] has estimated
the theoretical potential of logging residues in 2020 to be 16.8 TWh. Unlike many other theoretical
potential calculations, in the Poyry Energy study the recovery rate of logging residues from final
fellings was 65%. The techno-economic potential in their study was found to be 7.8 TWh.

The use of stumps and roots in energy production has not been standard practice in Finland until the
beginning of the 21st century [31]. In 2011 the share of forest chips produced from stumps was 14% in
heat and power production. The collection of stumps for use in energy production has been premised
on spruce stumps, which are easier to harvest and cause only a shallow hole in the ground, but in
energy wood potential estimations also pine and birch stumps may be considered. Because of the heavy
equipment required for uprooting, only final fellings and saw timber-sized trees are considered [29].
In a study by Maidell et al. [25] stump potential was defined based on the data about timber-sized
cuttings from 2006. They used an average coefficient of 0.25 to calculate the amount of stumps from
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the total saw log amount. The theoretical volume of stumps was calculated to be 5.9 Mm”® (13.3 TWh);
techno-economic potential was 2.2 Mm’® (4.6 TWh).

Kérha et al. [26] used coefficients ranging from 0.28 to 0.40 to calculate the amount of stumps from
three final felling scenarios forecast in 2020. The theoretical stump potential in three different future
scenarios was 22.9-30.3 TWh, which is comparable to logging residue potential. In the calculation of
techno-ecological potential, the recovery rate was 85% for pine stumps and 90% for spruce and birch
stumps. The ecological constraints for stump removal were set at 82—88% and considered separately
for each forestry center. The willingness to offer stumps to market was assumed to be 70% for all the
forestry centers. The resulting techno-ecological stump potential varied from 13.3 to 17.6 TWh.
Techno-economic potential was estimated to be about 10 TWh for all three scenarios.

Hakkila [29] estimated that theoretical stump potential would be 15.0 Mn?’, i.e., around 30 TWh,
and that technically harvestable stump potential, with ecological constraints, would be only 2.0 Mm”,
i.e., 4.0 TWh. Poyry Energy [30] estimated theoretical potential of stumps in 2020 to be 18.6 TWh
with a techno-economic potential of 5.3 TWh.

Small-diameter thinning wood is harvested in young stands for energy production. Small-diameter
energy wood production has silvicultural benefits and represents a source for increasing the share of
bioenergy in Finland. Several factors affect the selection of small-diameter wood stands for energy
production from young stands. The diameter of the wood, accumulation of commercial wood per
hectare and accumulation of energy per hectare are factors that are taken into account in energy wood
potential calculations [30]. In small-diameter wood potential calculations, different assumptions were
used depending on the source [25,26,28]. Energy wood potential calculations are based on the data
from National Forest Inventories (NFI).

Theoretical small-diameter wood potential in Maidell et al. [25] was based on the amount of usable
energy wood in seeding stands, young stands, improvement fellings, and in first thinning stages. The
total theoretical potential was estimated at 13.4 Mm® (25.5 TWh). In Kérhi ez al. [26] small-diameter
energy wood potential calculation was based on data from the 10th National Forest Inventory provided
by Finnish Forest Research Institute. Theoretical potential was estimated to be 53 TWh in all
three scenarios. In the techno-ecological potential calculations, a recovery rate 95% was used for
small-diameter wood. The ecological constraints were set at 57-89% and willingness to offer
small-diameter wood to market was 80% for private owners and 100% for other owner groups. The
techno-ecological potential was determined to be 15.7-25.0 TWh for three scenarios. The great
difference between scenarios is the result of using different restrictions in the calculations for the
suitable stands. Techno-economic potential varied between 6.5—8.5 TWh across the scenarios.

In the study of Hakkila [29] the theoretical potential for small-diameter wood was 16.0 Mm’, i.e.,
around 32 TWh, and the technically harvestable potential was estimated as 5.5 Mm3, ie., 11.0 TWh.
Poyry Energy [30] estimated theoretical potential (in 2020) to be 17.2 TWh with techno-economic
potential 7.0 TWh.

3.3. Competing Use of Forest Chips

In Finland the predicted share of renewable energy is set for 38% of final energy use in 2020 [1].
The majority of the increase in renewable energy is presumed to come from biomass sources by
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increasing the amount of forest chip use in heat and power applications and also in transportation fuel
production. Target forest chip use in Finland is set at 25 TWh for 2020. The goal for production of
transportation fuels is 7 TWh, which implies approximately 12 TWh of logging residues [2]. Current
and future demand for forest chips in other industries is one of the main factors that will determine the
possibility of utilizing wood-based biomass for reducing agent purposes.

The energy industry is today, and will be also in the future, the largest user of forest chips. The use
of forest chips in energy production has increased steadily in Finland. In 2000, the use of forest chips
in heat and power plants was 0.8 Mm’; the corresponding volume in 2011 was over 6.8 Mm® [32].
Kaérhi et al. [26] have estimated that the capacity to utilize forest chips in energy production in 2020
would be 27.8 TWh, which implies that techno-economic forest chip potential and anticipated installed
capacity in heat and power plants in 2020 would be at the same level. However, there are regions in
Finland where supply and demand are not met. In some regions there is low demand for forest chips in
energy production and possibly a surplus of raw material suitable for forest chips production. It has
been estimated that the proposed increase in boiler capacity required for forest chip exploitation may
not be easily adopted [26], which speaks for alternative uses.

Beside use in heat and power plants, there are various other users of forest chips in Finland now and
likely will be in the future as well. Metso, VIT, Fortum and UPM have developed an integrated
concept where fast pyrolysis is integrated with a fluidized-bed boiler to produce bio-oil [33]. At the
moment, Metso is building the first industrial-scale integrated pyrolysis plant in Finland. The annual
production capacity will be 50,000 tonnes of bio-oil, the forest chip need being 225,000 m’ [34].
Additionally, a Finnish company called Green Fuel Nordic is going to construct at least one, but
possibly three, bio-oil production plants in Finland during the next few years [35]. The annual capacity
of each bio-oil plant will be 90,000 tonnes with an estimated raw material need of 350,000 m’ of
forest chips [36].

There is also growing interest in production of transportation fuels from forest chips in Finland.
Three biodiesel projects were initially under consideration in Finland by two joint projects, Vapo and
MetsdGroup, and Stora Enso and Neste Oil, with one project backed solely by UPM [2]. The plan was
to produce second-generation biofuels from lignocellulosic biomass based on the gasification and
Fischer-Tropsch synthesis. Only one of the advanced biofuel projects received renewable energy
technology funding (NER300) in Finland [37]. The planned Biomass-to-Liquid plant in northern
Finland would produce 115,000 tonnes of biodiesel and bionaphta annually. The raw material would
be stem wood from first thinnings, chipped at the plant site. The required wood would be around
1.5 million cubic meters a year [38].

There are also other innovative projects in progress that would not increase the need of forest chips
significantly, but are based on the more efficient use of pulp production by-products. UPM has started
to construct the world’s first wood-based biorefinery in Lappeenranta, Finland. The biorefinery will
produce approximately 100,000 tonnes of second generation biodiesel from crude tall oil [39].
Additionally, Metsd Fibre, Gasum and Helsingin Energia are exploring the possibility of producing
wood-based Bio-SNG (95% methane) from forest chips and bark. The estimated raw material need
would be 1.3 Mm® with a plant production capacity of 200 MW Bio-SNG [40]. In addition, wood
pellet production in Finland was 308 000 tonnes in 2011 [41]. The raw material for wood pellet
production is mainly sawdust, a by-product from the saw mill industry.
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Beside the above-mentioned competing uses, an industry to produce biomass-based reducing agents
for ironmaking will also be required. As mentioned, forest chips should be at least torrefied, preferably
pyrolyzed before injection into the blast furnace. At present no large-scale charcoal industry exists in
Finland because there are no large-scale users in the market. The prospect of using renewable biomass
in coal-fired power plants has resulted in growing interest in torrefied pellets [42], which might
engender the development of an industry based on thermochemical conversion of biomass into more
energy dense products alongside bio-oil production.

3.4. Summary of Forest Chip Production Potential

Forest chip potentials from four literature sources with differing background assumptions were
evaluated. The data presented in this paper concerning different availability potentials in Finland is
summarized as total availabilities in Figure 2. Figure 2 also summarizes the current use of forest chips
in heat and power production and anticipated use in 2020 onwards. The minimum values from three
different scenarios presented by Kérha et al. have been selected. Theoretical forest chip potential is
between 52.6-100 TWh in the reviewed studies. The biggest discrepancy in theoretical forest chip
potentials revolves around the issue of small-diameter wood. Kérhd ef al. [26] estimated that the
theoretical potential is over 53 TWh, whereas the potential was only 17.2 TWh in the report by Poyry
Energy [30]. Differences in techno-economic potential, however, are smaller, 20.2-27 TWh, compared
to theoretical potential. Anticipated use of forest chips in 2020 (Scenarios 1 and 2 in Figure 2) are
based on the forecast of forest chip use in heat and power production [26] and other alternative
uses [2,34,36,38,40].

Figure 2. Theoretical, techno-ecological and techno-economic forest chip potentials in
Finland; use of forest chips in 2011 in heat and power plants and anticipated use of forest

chips in 2020 onwards.
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* Assumptions in Scenario 1: Forest chip use in heat and power plants is 27.8 TWh [26]. There is one
Fischer-Tropsch plant in Finland (forest chip use 3.0 TWh), four bio-oil plants (forest chip use 2.6 TWh) and
large Bio-SNG plant (forest chip use 1.3 TWh, i.e., half of the raw material need described in [40]);
** Assumptions in Scenario 2: As in Scenario 1, but there are three to four Fischer-Tropsch plants in Finland
(forest chip use 12 TWh) as described in reference [2].
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Forest chip potential is not evenly distributed in Finland. There are 13 forestry centers in Finland,
which are considered as analysis units in many forest chip potential evaluations. In Figure 3 the
anticipated (2020) techno-ecological potential of logging residues, stumps and small-diameter wood
for forest chip production is presented for 13 forestry centers. The round wood harvest level is taken
from Kirhi et al. [26] being 67.9 Mm’. Logging residues and stumps are collected from final fellings,
which consist of 70% of the round wood harvests. The coefficients used to calculate the theoretical
accumulation of logging residues and stumps are from [27,28] and the share of tree species is assumed
to be distributed as in 2007. In the calculation of techno-ecological potential of logging residues and
stumps the coefficients provided by Kérhé et al. [26] have been used. Small-diameter wood potential is
taken directly from the data provided by Kirhi ef al. [26]. In Figure 3 the anticipated use in heat and
power production in 2020 is also presented [26].

Figure 3. Estimated techno-ecological forest chip potential and use in energy production in
2020 (based on the data by [26]).

W [ogging residue B Stumps B Small-diameter wood =—=Use in energy production
3000

2500

2000

1500

—_—

[ (=

S S

S S
| |

S
|

Forest chip availability and use (1000 m?)

It can be seen that in some forestry centers the availability of forest chips is negative, whereas in
others the availability is positive, especially in those forestry centers closest to the Finnish steel
producers (Lapland, North Ostrobothnia, Kainuu, North Savo). Additionally, the planned use of
forest chips in bio-oil and transportation fuel production should be included in the analysis. The
techno-economic potential of forest chips is lower than techno-ecological potential, and according to
Kérha et al. [26] techno-economic potential and installed capacity in heat and power plants in 2020
will be at similar level. Availability of logging residues and stumps is heavily affected by forest
industry production capacity, which has been at low levels in recent years. According to
Kallio et al. [43], a sufficient amount of residues and stumps would be available for the energy
industry if forest industry production rates return to the rates before the present economic crisis.
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4. Economic Issues in Charcoal Production and Use in Ironmaking
4.1. Supply Chain Costs of Charcoal Production

In Section 2.2 it was addressed that forest chips should be treated with thermochemical conversion
before injection into the blast furnace. In this section the costs related to charcoal production
throughout the value chain from forest to final product are evaluated. As pointed out in the paper, there
are basically four types of wood fractions available for forest chip production: logging residues,
stumps, small-diameter wood and stem wood, which has quality flaws. A simplified flowsheet of
charcoal production, from wood-based raw material to charcoal for blast furnace injection, is presented
in Figure 4. Additionally, there might be need for an additional cleaning stage of the forest chips, if the
raw material is contaminated by soil. Depending on the particular forest chip production chain, wood
chipping can be conducted at the road side or at the charcoal production plant. Although there are no
large-scale charcoal production plants in Finland, research has been conducted worldwide aimed at
developing suitable pyrolysis reactors for charcoal production. One example of large-scale charcoal
production technology is the Lurgi process. There is at least one such charcoal production plant, with
27,000 tonnes capacity, running in Australia [44].

Figure 4. Flowsheet of the charcoal production from raw material to final product.
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The cost structure of forest chip production is different for logging residues, stumps and
small-diameter wood. Several factors have an impact on the accumulation of costs, e.g., quality of the
stand, forest haulage distance and productivity of the harvesting and haulage machinery [45]. The costs
of charcoal production from forest chips cost can be presented as:

CTotal = Cs‘rump + CFCprod + C + C

CCprod 2)

FC trans

where Croa 1s the total production cost of charcoal, Csump 1s stumpage price, Crc prod 1S production cost
of forest chips (cutting, forwarding, chipping and overheads), Cgc rans 1S forest chip road transportation
costs and Ccc prod 15 charcoal production stage costs. Extra cost might occur if forest chips require
intensive cleaning stage. Because there is no available data in the literature concerning the costs of
charcoal production throughout the whole value chain, the following sections are dedicated to
examining the costs of charcoal produced from Finnish logging residues, which is the cheapest of the
raw material types. Additionally, the cost of charcoal is compared to the cost of fossil-based reducing
agents, taking into account the effect of a CO, emission trading scheme as well.
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Forest chip cost at the roadside summarizes stumpage price and forest chip production costs in a
case of roadside chipping supply chain. The majority of the chips from logging residues are produced
by roadside chipping [46]. In many of the studies no stumpage price is allocated to logging residues [45].
In this study the stumpage price paid to the forest owner is assumed to be 1 €/m’ [43].

Cutting and forest haulage costs depend on several factors. In the case of logging residue, cutting is
not needed, but residues must be forwarded to roadside. The forest haulage cost for logging residues is
around 6 €/m>. Chipping costs are 6 €/m’ and organizational costs are 3.5-4 €/m’ [43,45,47].

Transportation costs of forest chips can become substantial when the transportation distance
becomes long. Petty and Kérhé [47] have derived Equation (3) to calculate road transportation costs
for chips produced from small-diameter wood for a load size of 42.5 m®, which can be used also for
logging residues. Loading and uploading of the truck is incorporated into the equation:

Cre o = 2.858+0.066x 3)

where Crgc yan 18 TOad transportation cost, €/m’ and x is road transportation distance in km. A theoretical
transportation distance of 70 km is used in this study, resulting in transportation costs of 7.5 €/m".

Charcoal production stage costs are not widely discussed in the literature. Estimates of total
charcoal production costs have been provided by e.g., Norgate and Langberg [9] and Noldin Jr [48].
Charcoal production costs in Australia based on the Lambiotte continuous retort technology were 386
US$/t charcoal [9], in Brazil 255 US$/t charcoal was reported [48]. Charcoal production stage costs are
influenced by the applied technology, cost of utilities such as electricity, fuels, water and heat, labor
costs and maintenance costs [49]. These costs vary depending on the country and also on the capacity
of the plant. Norgate and Langberg cited a charcoal production stage (carbonization) cost of 113 US$/t
charcoal in their paper [9] and around 60 US$/t charcoal was offered in a paper by Noldin Jr. [48].
In the work of Shackley et al. [49] production stage costs for three different size biochar production
plants were given. Biochar can be seen as synonym for charcoal because both are produced with slow
pyrolysis at temperatures above 400 °C. Production stage costs comprising capital, storage, utility,
labor and other plant costs ranged from 65 to 235 GB£/t (98 to 353 US$/t) charcoal. The authors state
that there is high uncertainty in the costs because of the absence of commercial slow pyrolysis plants
in Europe.

4.2. Total Cost of Charcoal Production

Production of one tonne of charcoal from wood-based biomass requires almost 6.7 tonnes of raw
material (wet basis, 50% moisture) when the yield of charcoal is assumed to be 30% in dry basis. This
equals around 7.8 solid cubic meters of wood. The total forest chip costs calculated from the presented
assumptions is 24 €/m’. Multiplying this by the required volumes of green wood, the total cost of raw
materials delivered to the charcoal plant would be 188 €/t charcoal. Charcoal production stage costs in
developed countries reviewed in the paper, converted into euros, range roughly from 80 to 290 €/t
charcoal [9,49]. In Figure 5 the costs related to charcoal production through the supply chain are
presented for two of the above-presented charcoal production stage cost estimates. Columns represent
the charcoal production costs of each stage of the production and a solid line represents the accumulated
costs per produced tonne of charcoal.



Sustainability 2013, 5 1200

Figure S. Cost of charcoal production in Finland.
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The analysis of the supply chain yields total charcoal production costs of 268 to 478 €/t charcoal
from logging residues. The realistic charcoal production stage cost is likely to be somewhere between
the presented values, thus resulting in a charcoal production cost estimate of below 400 euros per
tonne. In this assessment no attention has been paid to utilization of by-products derived from slow
pyrolysis. Syngas and various tars that could be sold for other purposes are formed in slow pyrolysis
and could contribute significantly to revenues [49,50]. On the other hand, it must also be remembered
that logging residues are the cheapest raw material for forest chip production and that their availability
is limited. The techno-ecological availability of logging residues is around 7.4 Mm® in Finland and
competition over the most economically feasible raw material fraction could be severe.

4.3. Charcoal Economics Compared to Fossil-Based Reducing Agents with CO, Cost

The steel industry’s willingness to pay from biomass-based reducing agents has not been evaluated
thoroughly in the literature before. As stated earlier, in blast furnace ironmaking top-charged coke and
injected pulverized coal, oil, natural gas or waste plastics can be used as conventional reducing agents.
The prices of these reducing agents differ and the willingness to pay for bio-based reducing agents
depends on the substituted reducing agent. Use of charcoal in the blast furnace could also lead to other
benefits than reduced fossil CO, emissions. Because of the basic ash chemistry of the charcoal, the
amount of fluxes such as limestone and BOF slag could be decreased. This would result in lower slag
amounts thus possibly leading to an increase in hot metal productivity in the furnace [6].

The economic comparison conducted in this paper does not take into account the possible
productivity increase in the blast furnace, but reducing agents are compared, as such, to those fuels
used in Finnish ironmaking today. The impact of carbon dioxide allowance prices is the only policy
instrument that is discussed. Reducing agent consumption calculations in the blast furnace are kept
simple and present the average values in the industry [12,23,51]. At present, coke and bottom oil are
used as reducing agents in Finnish blast furnaces (Base case 1). Pulverized coal is used as an injected
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reducing agent in a majority of the blast furnaces in the world, and this scenario is therefore duly
evaluated (Base case 2). The economics of three different fossil-based reducing agent replacement
scenarios are evaluated. In the first scenario, top-charged charcoal is assumed to replace 20 kg of coke
with a coke replacement ratio of 1.0 [14]. In the second scenario, charcoal is assumed to replace a
portion of the injected oil by adopting liquid-solid injection [52]. In the third scenario it is assumed
that charcoal injection replaces pulverized coal injection entirely, which should be technologically
possible [6,7,15]. Charcoal is assumed to replace higher share of coke in blast furnace than pulverized
coal according to calculations presented by Mathieson ef al. [15]. For the calculation of CO; costs, it is
assumed that all the carbon entering the blast furnace is transformed into carbon dioxide. In reality, hot
metal contains around 4.5% carbon, which is, however, removed in basic oxygen furnace to produce
steel. The carbon content in coke and charcoal is 88%, for pulverized coal and oil it is 87%. In Table 2,
the scenarios under economic evaluation are presented. All the values are presented per produced
tonne of hot metal (tHM). CO, emission changes resulting from coke production rate as well as
possible decrease in limestone consumption are ignored. The calculation procedure used here for
CO; emissions is not fully comparable to calculation procedure defined for emission allowance
calculations [53,54], but gives an overview of the possible effect of political incentives on the
economics of ironmaking.

Table 2. Reducing agent consumptions and fossil CO, emissions.

Base Base Charcoal Charcoal Charcoal

case 1 case 2 scenario 1 scenario 2 scenario 3
Coke (kg/tHM) * 385 340 365 385 310
Bottom oil (kg/tHM) 80 - 80 66.5 -
Pulverized coal (kg/tHM) - 150 - - -
Charcoal (kg/tHM) - - 20 13.5 150
Total reducing agent use (kg/tHM) 465 490 465 465 460
Emitted fossil CO, (kg/tHM) 1,496 1,574 1,432 1,453 1,000

* tHM stands for ton hot metal.

The price of pulverized coal presented in the literature is 130-200 €/t [55,56]. In this assessment
150 €/t is used. In the work of Helle et al. [57] a price of 150 €/t has been used for oil. In this work a
higher price for oil is assumed (300 €/t) because of the increased price of heavy fuel oil compared to
price level of 2009 [58]. The price of coke is assumed to be 350 €/t, taking shipping and other related
costs into account [59]. Charcoal competitiveness against fossil reducing agents with variable CO,
allowance prices is presented in Figure 6. A conservative estimate of the charcoal price in large-scale
production plant could be around 400 €/t in Finland, assuming that revenues from the slow pyrolysis
by-products would be fairly equivalent to profit demand of the charcoal producer. In Charcoal scenario
1, in which charcoal would replace a small portion of the top-charged coke, the break-even carbon
dioxide allowance price would be 16 €/t CO,. In Charcoal scenario 2, in which charcoal replaces a
small portion of the injected oil, the break-even price for the CO, allowance would be around 31 €/t
CO:.. In the last replacement scenario (Charcoal scenario 3), in which charcoal would replace injected
pulverized coal, the break-even CO, allowance price is the highest, about 47 €/t CO,.
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Figure 6. Effect of CO, allowance price on the competitiveness of charcoal as reducing agent.
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A significant rise in CO, allowance price is therefore needed before logging residue-based charcoal
becomes competitive from the steel plant owner’s perspective. If broader system boundaries and
possible credits from pyrolysis by-products would be taken into account, more optimistic break-even
CO, allowance prices would be achieved [9,10]. The fossil fuel replacement alternative closest to
realization from the economic point of view would be partial coke replacement. However, this alternative
represents only minor potential to decrease the amount of fossil CO, emissions. In the case of Ruukki,
with 2 Mt hot metal production, the annual CO; reduction potential would be 0.13 Mt compared to
Base case 1, which presents the current practice. In Charcoal scenario 2, the fossil CO, emissions
would drop by 0.09 Mt compared to Base case 1. Base case 2, where solid pulverized coal is injected
instead of oil, offers larger CO; reduction potential. In Base case 2 the total CO, emissions in the blast
furnace would increase compared to Base case 1 because of the lower coke replacement ratio of
pulverized coal than bottom oil. The annual CO, potential in Charcoal scenario 3 compared to Base
case 1 is 0.99 Mt, and 1.15 Mt compared to Base case 2. The green forest chip demands in the three
replacement scenarios are 0.21, 0.31 and 2.35 Mm’® respectively. In Charcoal scenario 3 the potential
to replace pulverized coal with charcoal ranges from 0 to 100%, so the figure presented here shows the
maximum forest chip demand.

5. Discussion and Conclusions

It is clear that the high amount of biomass available from forestry could constitute a significant
resource for bioenergy and other applications in Finland. In this study an alternative approach to
contributing to renewable energy and CO, emission reduction targets has been discussed. Wood-based
biomass application as a CO,-neutral reducing agent could possibly contribute a significant share in
the planned increase in solid wood fuel utilization in energy production.

In the study, recent estimations of forest chip potentials were reviewed [25,26,29,30] to determine
whether there is true potential to use biomass also in the steel industry. The availability estimations
differed quite significantly, predominantly due to the assumptions made in the potential calculations. It
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seems that there would be an installed capacity in Finnish heat and power plants that could make use
of 27 TWh of forest chips as fuel in 2020. Additionally, possible bio-oil and biodiesel plants could use
significant amounts of forest chips. However, techno-ecological potential estimations show that there
would be excess forest chips available near the steel plants.

Supply chain cost calculations revealed that biomass-derived charcoal is not far from being feasible
if used as a substitute for metallurgical coke or heavy bottom oil in reducing agent application. CO,
emission reduction potential is modest in the case of Ruukki, from 0.09 to 0.13 Mt annually, but the
required CO, emission allowance price is modest: 16 and 31 €/t CO, respectively when charcoal price
is 400 €/t. The present CO, emission allowance prices do not support charcoal to substitute pulverized
coal injection in the blast furnace. With a charcoal price of 400 €/t and pulverized coal price of 150 €/,
the CO, allowance price should be almost 50 €/t CO, to reach the break-even point. Comparing
biomass use to other CO, emission mitigation strategies used in the steel industry, such as Carbon
Capture and Storage (CCS), one can see that high emission allowance prices are needed in that option
too, break-even prices reaching a level of 72 €/t CO; in the most favorable option with current solvent
technology [60]. The costs for avoided emissions with CCS are sensitive to several factors, e.g.,
electricity price, used solvents, captured CO, amount and selected system boundaries [60].

Biomass use in the blast furnace ironmaking process could provide a sustainable option for
decreasing the amount of fossil CO, emissions. The share of wood-based charcoal could be gradually
increased in the BF process, which makes it a flexible alternative. The needed investments in the steel
plant infrastructure would be modest compared e.g., to the CCS option. The preliminary results
encourage conducting more detailed analysis of the availability of forest chips under competition as
well as for a wider-range of raw materials.

Acknowledgments

The authors acknowledge the financial support provided by the Finnish Funding Agency for
Technology and Innovation (Tekes), Finnish companies and associations in the Bioreducer project, as
well as the Graduate School in Chemical Engineering (GSCE). The valuable comments of Docent Eva
Pongracz are also greatly acknowledged.

Conflict of Interest
The authors declare no conflict of interest.
References

1. Directive 2009/28/EC of the European Parliament and of the Council of 23 April 2009 on the
promotion of the use of energy from renewable sources and amending and subsequently repealing
Directives 2001/77/EC and 2003/30/EC. Available online: http://eur-lex.europa.eu/LexUriServ/
LexUriServ.do?uri=0J:L:2009:140:0016:0062:EN:PDF (accessed on 15 October 2012).

2. Lattila, J.; Leinonen, A.; Flyktman, M.; Virkkunen, M.; Asikainen, A. Metsdihakkeen Hankinta-ja
Toimituslogistitkan Haasteet ja Kehittdmistarpeet (in Finnish); Julkaisija-Utgivare-Publisher:
Helsinki, Finland, 2010.



Sustainability 2013, 5 1204

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Griessacher, T.; Antrekowitsch, J.; Steinlechner, S. Charcoal from agricultural residues as
alternative reducing agent in metal recycling. Biomass Bioenergy 2012, 39, 139—-146.

Matsumura, T.; Ichida, M.; Nagasaka, T.; Kato, K. Carbonization behaviour of woody biomass
and resulting metallurgical coke properties. ISLJ Int. 2008, 48, 572-577.

Machado, J.G.M.S.; Osoério, E.; Vilela, C.F. Reactivity of brazilian coal, charcoal, imported coal
and blends aiming to their injection into blast furnaces. Mater. Res. 2010, 13, 287-292.

Babich, A.; Senk, D.; Fernandez, M. Charcoal behaviour by its injection into the modern blast
furnace. IS1J Int. 2010, 50, 81-88.

Mathieson, J.G.; Rogers, H.; Somerville, M.A.; Jahanshahi, S. Reducing net CO, emissions using
charcoal as a blast furnace tuyere injectant. IS1J Int. 2012, 52, 1489-1496.

Suopajdrvi, H.; Fabritius, T. Effects of biomass use in integrated steel plant—Gate-to-gate life
cycle inventory method. IS1J Int. 2012, 52, 779-787.

Norgate, T.; Langberg, D. Environmental and economic aspects of charcoal use in steelmaking.
IS1J Int. 2009, 49, 587-595.

Norgate, T.; Haque, N.; Somerville, M.; Jahanshahi, S. Biomass as a source of renewable carbon
for iron and steelmaking. IS1J Int. 2012, 52, 1472-1481.

Piketty, M.G.; Wichert, M.; Fallot, A.; Aimola, L. Assessing land availability to produce biomass
for energy: The case of Brazilian charcoal for steel making. Biomass Bioenergy 2009, 33, 180—190.
Luengen, H.B.; Peters, M.; Schmdle, P. Iron Making in Western Europe. In Metec InSteelCon
2011. In Proceedings of 6th European Coke and Ironmaking Congress, Diisseldorf, Germany,
27 June—1 July 2011.

MacPhee, J.A.; Gransden, J.F.; Giroux, L.; Price, J.T. Possible CO, mitigation via addition of
charcoal to coking blends. Fuel Process. Technol. 2009, 90, 16-20.

Hanrot, F.; Sert, D.; Delinchant, J.; Pietruck, R.; Birgler, T.; Babich, A.; Fernandez, M.;
Alvarez, R.; Diez, M.A. CO, Mitigation for Steelmaking using Charcoal and Plastics Wastes as
Reducing Agents and Secondary Raw Materials. In Proceedings of the 1st Spanish National
Conference on Advances in Materials Recycling and Eco-Energy, Madric, Spain, 12-13
November 2009.

Mathieson, J.G.; Rogers, H.; Somerville, M.; Ridgeway, P.; Jahanshahi, S. Use of Biomass in the
Iron and Steel Industry—An Australian Perspective. MetecInSteelCon 2011. In Proceedings of 1st
International Conference on Energy Efficiency and CO, Reduction in the Steel Industry,
Diisseldorf, Germany, 27 June—1 July 2011.

Strezov, V. Iron ore reduction using saw dust: Experimental analysis and kinetic modeling.
Renew. Energy 2006, 36, 1892—1905.

Chen, W.H.; Du, S.W.; Tsai, C.H.; Wang, Z.Y. Torrefied biomass in a drop tube furnace to
evaluate their utility in blast furnaces. Bioresour. Technol. 2012, 111, 433—438.

Goyal, H.B.; Seal, D.; Saxena, R.C. Bio-fuels from thermochemical conversion of renewable
resources: A review. Renew. Sustain. Energy Rev. 2008, 12, 504-517.

Antal, M.J., Jr.; Gronli, M. The art, science, and technology of charcoal production. Ind. Eng.
Chem. Res. 2003, 42, 1619-1640.

Lovel, R.R.; Vining, K.R.; Dell’amico, M. The influence of fuel reactivity on iron ore sintering.
IS1J Int. 2009, 49, 195-202



Sustainability 2013, 5 1205

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Duku, M.H.; Gu, S.; Hagan, E.B. Biochar production potential in Ghana—A review. Renew.
Sustain. Energy Rev. 2011, 15, 3539-3551.

Antal, M.J., Jr.; Croiset, E.; Dai, X.; DeAlmeida, C.; Mok, W.S.L.; Norberg, N.; Richard, J.R.;
Majthoub, M.A. High-yield biomass charcoal. Energy Fuels 1996, 10, 652—658.

Kinnunen, K.; Paananen, T.; Lilja, J. Modelling and simulation of Blast Furnace Process for
switch from Sinter to Pellet Operation. Metec InSteelCon 2011, STEELSIM. In Proceedings of
4th International Conference on Modelling and Simulation of Metallurgical Processes in
Steelmaking, Diisseldorf, Germany, 27 June—1 July 2011.

Ranta, T.; Lahtinen, P.; Elo, J.; Laitila, J. The effect of CO, emission trade on the wood fuel
market in Finland. Biomass Bioenergy 2007, 31, 535-542.

Maidell, M.; Pyykkonen, P.; Toivonen, R. Metsdenergiapotentiaalit Suomen maakunnissa
(in Finnish). Working Papers No. 106 for Pellervo Economic Research Institute: Helsinki,
Finland, 2008.

Kéarha, K.; Elo, J.; Lahtinen, P.; Résénen, T.; Keskinen, S.; Saijonmaa, P.; Heiskanen, H.;
Strandstrom, M.; Pajuoja, H. Kiinteiden puupolttoaineiden saatavuus ja kdyttd6 Suomessa vuonna
2020 (in Finnish). Publications of the Ministry of the Employment and the Economy of Finland,
Energy and the Climate 66/2010: Helsinki, Finland, 2010.

Ranta, T. Logging Residues from Regeneration Fellings for Biofuel Production—A GIS-based
Availability and Supply Cost Analysis. Ph.D. Dissertation, Lappeenranta University of
Technology, Acta Universitatis Lappeenrantaensis 128: Lappeenranta, Finland, 2002.

Helynen, S.; Flyktman, M.; Asikainen, A.; Laitila, J. Metsdtalouteen ja Metsdteollisuuteen
Perustuvan Energialiiketoiminnan Mahdollisuudet (in Finnish); Julkaisija-Utgivare-Publisher:
Helsinki, Finland, 2007.

Hakkila, P. Developing technology for large-scale production of forest chips. Wood Energy
Technology Programme 1999-2003. Final Report, Technology Programme Report 6/2004; The
Finnish Funding Agency for Technology and Innovation (Tekes): Helsinki, Finland, 2004.

Poyry Energy. Puupolttoaineiden kysyntd ja tarjonta Suomessa vuonna 2020—Piivitetty
tilannekatsaus (in Finnish). Poyry Energy Oy: Espoo, Finland, 2007.

Hakkila, P. Factors driving the development of forest energy in Finland. Biomass Bioenergy 2006,
30, 281-288.

Ylitalo, E. Puun energiakéytto 2011. Metsétilastotiedote 16/2012 (in Finnish). Available online:
http://www.metla.fi/metinfo/tilasto/julkaisut/mtt/2012/puupolttoaine2011.pdf (accessed on 15
October 2012).

Solantausta, Y.; Oasmaa, A.; Sipild, K.; Lindfors, C.; Lehto, J.; Autio, J.; Jokela P.; Alin, J;
Heiskanen, J. Bio-oil production from biomass: Steps toward demonstration. Energy Fuels 2012,
26, 233-240.

Metso to supply a bio oil production plant to Fortum power plant in Joensuu, Finland. Available
online: http://www.metso.com/news/newsdocuments.nsf/web3newsdoc/0BBB64095E823F2AC2
2579BA0048E651?0penDocument&ch=ChMetsoWebEng/ (accessed on 7 January 2013).

Green fuel Nordic Oy invests 150 MEUR in new biorefinery plants in Finland. Press Release: 13
October 2011. Available online: http://www.greenfuelnordic.fi/en/page/23newsitem=4/ (accessed
on 10 January 2013).



Sustainability 2013, 5 1206

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Centre for Economic Development, Transport and the Environment 2012, Environmental Impact
Assessment Report, Green Fuel Nordic PLC Biorefinery project (in Finnish). Available online:
http://www.ely-keskus.fi/fi/EL Ykeskukset/pohjoissavonely/Y mparistonsuojelu/Y VA/paattyneet/
kemianteollisuus/gfnbiojalostamo/Sivut/default.aspx/ (accessed on 7 January 2013).

European Commission memo 2012, Questions and Answers on the Outcome of the First Call for
Proposals under the NER300 Programme, Brussels, 18 December 2012. Available online:
http://europa.eu/rapid/press-release. MEMO-12-999 en.htm/ (accessed on 7 January 2013).
Vapo’s Biodiesel Plant Project Moving Ahead, Press Release Forest BTL 22 August 2012.
Available online: http://www.forestbtl.com/wp-content/uploads/2011/02/Forest-BtL-press-release-
22.8.2012-EN.pdf (accessed on 7 January 2013).

UPM to Build the Worlds First Biorefinery Producing Wood-Based Biodiesel. Press Release: 1
February 2012. Available online: http://www.upm.com/EN/MEDIA/All-news/Pages/UPM-to-
build-the-world%E2%80%99s-first-biorefinery-producing-wood-based-biodiesel-001-Wed-01-Feb-
2012—-10-05.aspx/ (accessed on 7 January 2013).

Joutsenon biojalostamo merkittivd EU-tason kehityshanke. Press Release: 28 June 2012 (in
Finnish). Available online: https://newsclient.omxgroup.com/cdsPublic/viewDisclosure.action?
disclosureld=512398&lang=fi/ (accessed on 9 January 2013).

Metla (2102) Metsitilastotiedote, Puupelletit 2011, Metséntutkimuslaitos, Metsitilastollinen
tietopalvelu (in Finnish). Available online: http://www.metla.fi/metinfo/tilasto/julkaisut/mtt/2012/
puupelletitl 1.pdf (accessed on 9 January 2013).

Agar, D.; Wihersaari, M. Torrefaction technology for solid fuel production. Glob. Change Biol.
Bioenergy 2012, 4, 475-478.

Kallio, A.M.L.; Anttila, P.; McCormick, M.; Asikainen, A. Are the Finnish targets for the energy
use of forest chips realistic—Assessment with a spatial market model. J. For. Econ. 2011, 17,
110-126.

Vamvuka, D. Bio-oil, solid and gaseous biofuels from biomass pyrolysis processes—An
overview. Int. J. Energy Res. 2011, 35, 835-862.

Ihalainen, T.; Niskanen, A. Kustannustekijoiden vaikutukset bioenergian tuotannon arvoketjuissa
(in Finnish). Working Papers of the Finnish Forest Research Institute 166: Vantaa, Finland, 2010.
Kérhi, K. Industrial supply chains and production machinery of forest chips in Finland. Biomass
Bioenergy 2011, 35, 3404-3413.

Petty, A.; Kérhi, K. Effects of subsidies on the profitability of energy wood production of wood
chips from early thinnings in Finland. For. Policy Econ. 2011, 13, 575-581.

Noldin, J.H., Jr. Energy Efficiency and CO, Reduction in the Brazil Steel Industry.
MetecInSteelCon 2011. In Proceedings of 1st International Conference on Energy Efficiency and
CO; Reduction in the Steel Industry, Diisseldorf, Germany, 27 June—1 July 2011.

Shackley, S.; Hammond, J.; Gaunt, J.; Ibarrola, R. The feasibility and costs of biochar deployment
in the UK. Carbon Manag. 2011, 2, 335-356.

Brown, T.R.; Wright, M.M.; Brown, R.C. Estimating profitability of two biochar production
scenarios: Slow pyrolysis vs. fast pyrolysis. Biofuels Bioprod. Biorefin. 2011, 5, 54—68.



Sustainability 2013, 5 1207

51.

52.

53.

54.

55.

56.

57.

38.

59.

60.

Larsson, M. Process Integration in the Steel Industry. Ph.D. Dissertation, Division of Energy
Engineering, Department of Applied Physics and Mechanical Engineering, Luled University of
Technology, Luled, Sweden, 2004.

Salo, A. Masuuni-injektanttien viskositeettimittaukset (in Finnish). MSc Thesis, University of
Oulu, Oulu, Finland, 2012.

European Commission 2011/278/EU. Commission Decision of 27 April 2011 determining
transitional Union-wide rules for harmonised free allocation of emission allowances pursuant to
Article 10a of Directive 2003/87/EC of the European Parliament and of the Council. Off. J. Eur.
Union 2011. Available online: http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:
2011:130:0001:0045:EN:PDF (accessed on 1 March 2013).

European Commission No 601/2012. Commission regulation of 21 June 2012 on the monitoring
and reporting of greenhouse gas emissions pursuant to Directive 2003/87/EC of the European
Parliament and of the Council. Off. J. Eur. Union 2012. Available online: http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L.:2012:181:0030:0104:EN:PDF (accessed on 1
March 2013).

Riesbeck, J.; Larsson, M. A System Analysis of Alternative Energy Carriers and Its Potential for
Greenhouse Gas Emission Mitigation. In Proceedings of 4th International Conference on Process
Development in Iron and Steelmaking (SCANMET 1V), Lulea, Sweden, 10—13 June 2012.

Wang, C.; Nilsson, L.; Larsson, M.; Bodén, A.; Sundqvist, L.; Wikstrom, J.O. Alternative Fuels
Injection to BF and Their Impacts to the Integrated Steel Works. In Proceedings of 4th
International Conference on Process Development in Iron and Steelmaking (SCANMET 1V),
Lulea, Sweden, 10-13 June 2012.

Helle, H.; Helle, M.; Saxén, H.; Pettersson, F. Mathematical optimization of ironmaking with
biomass as auxiliary reductant in the blast furnace. ISIJ Int. 2009, 49, 1316—1324.

BP Statistical Review of World Energy June 2012. Available online: http://www.bp.com/assets/
bp_internet/globalbp/globalbp uk english/reports and publications/statistical energy review 20
11/STAGING/local assets/pdf/statistical review of world energy full report 2012.pdf (accessed
on 28 January 2013).

Steelonthenet, Metallurgical coke prices—Europe 20082012, Steelmaking input costs: Blast
furnace raw materials. Available online: http://www.steelonthenet.com/files/blast-furnace-
coke.html/ (accessed on 17 September 2012).

Tsupari, E.; Kérki, J.; Arasto, A.; Pisild, E. Post-combustion capture of CO, at an integrated steel
mill—Part II: Economic feasibility. Int. J. Greenhouse Gas Control 2012, in press. Available
online: http://dx.doi.org/10.1016/j.ijggc.2012.08.017/ (accessed on 15 January 2013).

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



