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We have investigated and modeled the injection of biomass into blast furnaces (BF), in place of pulverized
coal (PC) from fossil sources. This is the easiest way to reduce CO2 emissions, beyond efficiency-
improvements. The considered biomass is either pelletized, torrefied or pyrolyzed. It gives us three cases
where we have calculated the maximum replacement ratio for each. It was found that charcoal from
pyrolysis can fully replace PC, while torrefied material and pelletized wood can replace 22.8% and
20.0% respectively, by weight.

Our energy and mass balance model (MASMOD), with metallurgical sub-models for each zone, further
indicates that (1) more Blast Furnace Gas (BFG) will be generated resulting in reduced fuel consumption
in an integrated plant, (2) lower need of limestone can be expected, (3) lower amount of generated slag as
well, and (4) reduced fuel consumption for heating the hot blast is anticipated. Overall, substantial energy
savings are possible, which is one of the main findings in this paper.

Due to the high usage of PC in Sweden, large amounts of biomass is required if full substitution by char-
coal is pursued (6.19 TWh/y). But according to our study, it is likely available in the long term for the blast
furnace designated M3 (located in Luleå).

Finally, over a year with almost fully used production capacity (2008 used as reference), a 28.1% reduc-
tion in on-site emissions is possible by using charcoal. Torrefied material and wood pellets can reduce the
emissions by 6.4% and 5.7% respectively. The complete replacement of PC in BF M3 can reduce 17.3% of
the total emissions from the Swedish steel industry.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The scrap-based steelmaking is often highlighted as the future
resource-efficient way of producing steel. The emissions-intensive
ore-based route still dominates because of a simple fact, the
recycled steel cannot yet supply the volume needed worldwide
(only about 30% as of now [1]). Therefore, more virgin materials
are needed in the loop of recycling and thus it is projected, con-
sidering the world population growth; that Blast Furnace (BF)
and Direct Reduced Iron (DRI) production will continue to domi-
nate until at least 2050 [1].

Climate change, however, calls for a quicker response. Targets in
the European Union (EU) call for a 20% cut in CO2 emissions, a 20%
improvement in energy efficiency and a 20% increase of renewable
energy, by 2020. According to EU ambition, an 80% cut should be
achieved until 2050, while the Swedish ambition is to cut 100%
in net CO2 emissions. This paper addresses the seemingly
irreconcilable need for steel and cuts in emissions, by presenting
research on how to reduce the footprint of blast furnaces. The idea
is to replace pulverized coal (an auxiliary fuel), which is injected in
large amounts in Swedish blast furnaces. The needed biomass is
found in ample amounts in Sweden and available knowledge sug-
gests that operating conditions will not be fundamentally affected
[2–6].
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Nomenclature

Expressions
Top gas temperature Outlet temperature at the top of a BF
Hot stove Heat exchanger for preheating the blast or hot air
Shaft efficiency ð%CO2=ð%CO2 þ%COÞÞTRZ=ð%CO2=ð%CO2 þ%COÞÞequilibrium

Abbreviations
BF Blast Furnace
BFG Blast Furnace Gas or Top gas
CFD Computational Fluid Dynamics
COG Coke Oven Gas
DRI Direct Reduced Iron
EU European Union
RAFT Raceway Adiabatic Flame Temperature (�C)
HM Hot Metal or crude iron
tHM ton of Hot Metal (t)
HTC Hydrothermal Carbonization
LCA Life Cycle Assessment
LHV Lower Heating Value (MJ/kg)
M2 Masugn 2, blast furnace in Oxelösund

M3 Masugn 3, blast furnace in Luleå
M4 Masugn 4, blast furnace in Oxelösund
PCI Pulverized Coal Injection
SE Steam Explosion
Eta CO Gas utilization efficiency %CO2=ð%CO2 þ%COÞtheoretical
TRZ Thermal Reserve Zone

Roman letters
C Carbon content (%wt)
H Hydrogen content (%wt)
h hour
N Nitrogen content (%wt)
O Oxygen content (%wt)
S Sulfur content (%wt)
T Temperature (K)
t ton (1000 kg)
y year
W Watt (J/s)
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As such, this study aims to investigate the simplest application
of biomass, to give a realistic replacement potential in the near
future. Availability of biomass is another concern, which could pro-
hibit the, more challenging, substitution of all fossil fuel in the steel
industry. The considered pretreatments (carbonization, torrefac-
tion and pelletization) are used from the outset as scenarios. For
each pretreatment, the maximum replacement ratio is calculated,
in addition to the effect on operating conditions (see Sections 3.1
and 4.1 for methodology and results respectively), then the needed
biomass versus the available biomass is estimated (see Sections 3.2
and 4.2) and finally the corresponding maximum reduction in CO2

emissions are estimated (see Sections 3.3 and 4.3).
This introduction is followed by a background, which covers

motive and the previous work in this field. A methodology section
describes how this study is carried out and Section 4 describes the
results, followed by Section 5—the conclusions.

2. Background

Efforts to reduce CO2 emissions in Sweden have been re-
focused, from generating renewable power and district heating,
to supplying renewable fuels for industry and transportation. The
steelmaking sector in Sweden is a large contributor to emissions,
which calls for a concentrated effort, but it is by far not the sim-
plest case where renewables may be introduced. The reason is a
lock-in effect, which stems from long investments in fossil-based
technology, but also energy saving measures. Integrating the steel
production (e.g. using Coke Oven Gas (COG) as fuel-supply in other
parts of the plant) results in better energy efficiency, but at the
same time moves the industry further away from renewable alter-
natives. The main contributor is the blast furnace, which uses coal
and generally dominates in terms of emissions and energy con-
sumption [7].

Using biomass is one method to combat the emissions. In fact,
biomass from the boreal forest has historically been used for steel-
making and contributed in the 18th century to propel Sweden to
the top steelmaking nations worldwide. The later use of coal was
almost universally adopted during the industrial revolution. Coke
(coal treated in a coking process) overtook biomass as a reduction
agent in iron making from: 1760 in Britain [8], 1835 in Belgium [8],
Please cite this article in press as: Wang C et al. Biomass as blast furnace injecta
steel industry. Energy Convers Manage (2015), http://dx.doi.org/10.1016/j.enco
1853 in France [8] and at the beginning of the 20th century in
Sweden [9]. The superior properties of Coke as bed material,
enabled the large and efficient types of blast furnaces used today.
The Swedish blast furnaces are listed in Table 1, which are many
times larger than the older type. The general understanding is that
large blast furnaces cannot function properly with raw or pre-
treated biomass as bed material. The main constraint is the low
compression-strength of biomass at high temperatures, which
impairs the passage of gases through the shaft.

Over the years, injection of pulverized coal (PC) has been intro-
duced worldwide in the majority of all blast furnaces [2]—foremost
as a cost saving measure. A previous study by some of the authors;
Orre et al. [12], investigates the economic impact of introducing a
range of injectants, where injections clearly lower the production
cost versus an all-coke operating mode. Though, this practice
might now pave the way of using significant portions of biofuel.
Of the different streams of fossil fuel to the blast furnace, replacing
the injection is understood as the easiest way to introduce biomass
[2–6]. Thus, in Sweden, the carbon footprint of blast furnaces is
possible to reduce significantly and since Sweden has abundant
forest resources, favorable conditions exist for companies to pio-
neer this method.

With recent developments, the blast furnaces in Sweden can
now operate with a comparably low total reductant rate, mainly
due to large furnace volume and a large portion of high-quality
pellets. The low coke rate of 320 kg/tHM (for BF M3 in Table 1) is
usually not achieved unless a very high PC rate is used (200–
230 kg/tHM according to Babich et al. [13]). As seen in Table 1,
the PC rate for BF M3 is 135 kg/tHM, which is at the lower end of
the European average (130–150 kg/tHM according to Lacroix
et al. [14]). Thus, the CO2 emissions are by comparison already
low and the possibility of adding varying amounts of biofuels
and changing the ratio of coke and coal, gives significant flexibility
to balance economics and emissions. Norgate and Langberg [3]
investigate the optimal balance, which is directly affected by emis-
sion caps and carbon tax. As the caps decreases and taxes increase,
flexibility is key to competitive steelmaking. Note that the 2008
numbers for coal and coke rate, which are slightly different, is used
in the simulation (155 and 305 kg/tHM respectively), total reduc-
tant rate is nearly unchanged however.
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Table 1
Blast furnaces in Sweden (2014) [10], with estimated numbers for coal and coke consumption (2008) [11].

BF Location Coal/coke rate, kg/tHM (2014) Working volume, m3 Capacity, MtHM/year Production, MtHM (2008) Consumption,
Mton (2008)

Coal Coke

M3 Luleå 135/320 2540 2.55 2.24 0.31 0.73
M2 Oxelösund 110/370 1100 0.80 1.33a 0.15a 0.50a

M4 Oxelösund 95/365 1339 1.10

a M2 + M4.

Table 2
Ultimate analysis of PCI and investigated biomass products [11].

Parameter Unit PCI Biomass products [11]

Charcoal Torrefied material Wood pellets

C wt%a 85.0 84.7 58.0 50.5
H wt%a 3.9 3.35 5.30 6.2
N wt%a 2.1 0.13 0.48 0.1
O wt%a 2.1 10.6 34.0 42.6
S wt%a 0.4 0.02 0.03 0.01
Ash wt%a 7.8 1.9 3.2 0.5
Moisture wt% 1.0 4.5 7.7 9.4
LHV MJ/kg 33.5 31.6 21.6 19.2

a Dry basis.
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Other routes of introducing biomass to the blast furnace have
been identified, research on mixing coal and biomass in the coking
plant have been done by MacPhee et al. [15]. Biomass may also be
used to replace coke partially, as bed material, though permeability
quickly becomes a problem as the ratio is increased. Hanrot et al.
[16] estimates that 20 kg/tHM coke can be replaced by charcoal,
as this amount is gasified before reaching the thermal reserve zone
where permeability is more critical. This is actually positive as the
TRZ temperature decreases—by charcoal having higher gasification
reactivity [17]—resulting in lower coke consumption. Additionally,
the sinter pellets production may be considered a step in steelmak-
ing, Butkovská et al. [18] and Mašlejová [19] investigates biomass
use in production of sinter. Norgate and co-workers [3,4] as well as
Suopajärvi and co-workers [5,6] consider all these options, where
in each case at least partial substitution seems possible.
However, of the direct input streams to the blast furnace, the PC
is the only one easy to replace by 0–100 wt% pretreated biomass
[16], while at the same time avoiding excessive investments and
not jeopardizing the fundamental mechanisms of the blast furnace.

Availability of biomass is naturally another concern. Full sub-
stitution, in the Swedish steel industry, requires an amount on
the level of national significance. For further reference Johansson
[20] evaluates the feasibility of fuel substitution (also in down-
stream production steps) on a broader level, including organiza-
tional, behavioral and regulatory considerations.

In this work the future competing uses of biomass is considered
and compared to the predicted availability, which is an important
consideration. For instance, production of transportation fuels is a
competing high added-value use of biomass; by 2030, the Swedish
fleet of vehicles should be fossil-independent, which is a target set
by the Swedish government. The existing forestry and agricultural
industry cannot meet the demand from existing biomass users, in
addition to new demand from transportation and industry.
However, unconventional sources (such as stubs, needles, branches
and tops) could be used in the future with developments in har-
vesting methods. Also, as demand for biomass increases, unprof-
itable regions might be further developed and market as a whole
might grow—which is the reason most studies forecast an increase
in biomass availability in the coming decades.

If a biofuel would be used in a blast furnace, the infrastructure
and pretreatment process must be constructed. The uncertainty
and hence the lack of predictions, makes it difficult to evaluate
the biomass potential beyond 2030. Still, this time frame is not
very far-reaching since the introduction of biomass in the blast fur-
naces will take time. This is one aspect further investigated in this
paper. Finally, the CO2 reductions that may be achieved based on
the maximum injection rate of each biofuel is estimated, with con-
siderations for needed biomass. Modeling the injection of biofuels
is naturally the first step, before pilot scale experiments and indus-
trial trials.

Other modeling and experimental efforts of investigating
Pulverized Coal Injections have been done to see the behavior on
a particle level, with aid of, for example Computational Fluid
Dynamics (CFD) [21,22] or drop-tube furnaces [23,24]. These types
Please cite this article in press as: Wang C et al. Biomass as blast furnace injecta
steel industry. Energy Convers Manage (2015), http://dx.doi.org/10.1016/j.enco
of investigations are useful to study a specific effect in a small zone
of the furnace. However, constructing a detailed model of the
whole blast furnace is very challenging, considering the numerous
physical and chemical phenomena. Another type of model is sug-
gested in works such as Suopajärvi and Fabritius [25], Grip et al.
[26], or Sakamoto et al. [7] with the purpose to simulate an inte-
grated steel plant. It is important to evaluate the effects of biofuels
on the whole plant, though the most critical considerations for
steel company is to ensure that the blast furnace can continue run-
ning uninterrupted and maintaining the same performance.

The type of model used in this paper, is appropriate for studying
the steady state of a whole blast furnace on a simplified level. The
different zones are then, connected by mass and heat exchange and
specific metallurgical considerations govern each zone, for exam-
ple the reactions of hot metal, slag, iron ore pellets, coke, injectants
and additives.
3. Methodology

The maximum replacement rate for each pretreatment method
is first estimated, with subsequent changes in operating condi-
tions, and then translated to a required amount of biomass and a
possible net reduction in CO2 emissions. The issues left out in this
work are economic aspects and the sustainability of harvesting
such large amounts of biomass. This methodology section
describes how each step is carried out. Table 2 shows the assumed
properties of the PCI and the biomass products. The considered
ones are charcoal, torrefied biomass and pellets (raw but dry and
densified biomass)—all from woody biomass, mainly pine and
spruce. Note that the moisture content is estimated after storage
in a dry environment, which would be realistic in a real plant.
But, as with most of these parameters, it would be possible to con-
trol them by altering the process conditions and adding more
steps; such as reducing ash content by acid washing. The biomass
considered in this paper would likely not need any such treatment
as the contaminants are low in concentration. However, if a high
ash content feedstock would be considered, a screening or leaching
step could be introduced.
nt – Considering availability, pretreatment and deployment in the Swedish
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Fig. 1. Blast furnace model used in this paper, showing the different sub-models, zone-specific reactions as well as inlet and outlet streams.

Table 3
Key parameters of blast furnace 3 operation for the reference period.

Parameter Unit Base case
(100% Coal)

Cases of biomass use
(0–100%)

Feed rate
Coke kg/tHM 305 Kept constant
PCI kg/tHM 155 Varies
Biofuel kg/tHM 0 Controlling variable
Limestone kg/tHM 41 Varies

Controlled parameters
O2 in the blast % 23.9 <25.4
RAFT �C 2151 Kept constant
Blast temp. �C 1106 Kept constant
Top gas temp. �C 133 >100

Operating conditions
Eta CO % 55.5 Varies
Shaft efficiency % 98.5 Kept constant
Slag formation kg/tHM 149.6 Varies
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3.1. Simulation and maximum replacement potential

A schematic diagram of the model is shown in Fig. 1. This type
of model has not previously been used to study the injection of bio-
fuels, which will affect not only the carbon footprint, but also slag
generation rate, limestone consumption, chemistry and a number
of other factors.

With the outset from pretreatment, the simulation is carried
out on a case-by-case basis. A 1-D static, heat and mass balance
model (MASMOD) is used, introduced previously by Hooey et al.
[27]. Fig. 1 shows the layout of the model, together with the blast
furnace and the various input and output streams. The overall
scheme links together three sub-models, the blast furnace model,
the hot stove model and the burden model. An overall solution is
obtained iteratively. The model has previously undergone some
platform changes, as of now it is used in a Microsoft Excel
environment.

The burden model, balances the required basicity and reduction
degree in the blast furnace model, by charging enough materials,
including coke, pellets, sinter and additives (limestone and quartz).
The blast furnace model (including the lower, upper and thermal
reserve zone) calculates a number of reactions given in Fig. 1.
The blast furnace model is linked to the hot stove model through
the hot blast required. The hot stove is a heat exchanger that pre-
heats the air, i.e. the hot blast to the blast furnace. The energy bal-
ance equation in the hot stove model calculates the fuel required to
ensure a sufficient heat supply. Commonly, the air combustion
technique is applied in the hot stove with Blast Furnace Gas
(BFG), which is often mixed with Coke Oven Gas (COG) in order
to get a sufficient heating value. For the blast furnace, the amount
of injectants required (for both coal and biofuel) is calculated to
achieve a constant Raceway Adiabatic Flame Temperature (RAFT).
In principle two main parameters limit the application, a maxi-
mum oxygen enrichment of the hot blast and a minimum allowed
top gas temperature. As the nature of the volatile matter in bio-
mass is different from coal, the extra energy that may be required
is considered by introducing a so called ‘‘cracking energy’’ in the
calculation of each injectant. More complex and numerous inter-
molecular bonds are present and the total amount of volatiles is
higher; consequently more energy appears to be needed to achieve
the combustion (analogous to how high volatile matter coal
behaves when injected).
Please cite this article in press as: Wang C et al. Biomass as blast furnace injecta
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The reference blast furnace used in the simulation is BF M3 in
Table 1, designated Masugn 3 by the owner SSAB. The maximum
replacement potential is based on (1) the top gas temperature
and (2) the oxygen content of the biofuel, which is offset by an oxy-
gen enrichment of the blast—to keep the Raceway Adiabatic Flame
Temperature (RAFT) constant. The oxygen enrichment is restricted
to a maximum of 25.4% for practical reasons and the top gas tem-
perature must be above 100 �C to avoid condensation; these two
factors are the main limiting factors for biofuel use. The conditions
in Table 3 are furthermore used as a Basecase with 100% coal. The
coke rate is kept constant to ensure a stable operation; other
parameters that either varies or is held constant, is given in
Table 3. Note that the coal and coke rate are slightly different in
Table 3 (2008), compared to Table 1 (2014), the total reductant rate
is nearly unchanged however. The 2008 numbers for coal and coke
rate is used, as this represents an uneventful year with high pro-
ductivity; the reference period is April 28–June 4 with a production
rate of 275.7 tHM/h.

The simulation is carried out by increasing gradually the feed
rate of biofuels and observing changes in operating conditions. A
maximum replacement potential is determined when either of
above given conditions are met. At the same time, other factors
developed during the simulation, which are reported in the results
nt – Considering availability, pretreatment and deployment in the Swedish
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section. Any possible energy saving in the blast furnace is esti-
mated according to the inputs and outputs of the system given in
Fig. 2. The inputs and outputs given in Fig. 2 are the ones that will
change in comparison with base case of 100% coal.

3.2. Required vs available biomass in Sweden

The required amount of raw biomass for each pretreatment,
requires the conversion efficiency on both energy and weight basis,
which is reported in Table 4. The conversion technologies consid-
ered in this paper are (1) pelletization (produces a dry and densi-
fied product which is clearly defined and widely available), (2)
torrefaction and (3) pyrolysis, which all can use various kinds of
forest residue. The other conversion technologies in Table 4 yield,
for Hydrothermal Carbonization (HTC) and Steam Explosion (SE),
a product similar to torrefied biomass. HTC is normally used for
biomass with already high moisture content, such as sewage
sludge. SE is similar to torrefaction, however, by use of high-
pressure steam, the biomass structure is altered to be more
susceptible to pelletization. LignoBoost produces, from the lignin
fraction generated in the pulping process, a pelletized product
similar to coal. Note that shaping of biomass into pellets has no
effect within the context of the model. Instead pelletization is
specified as the product meets clearly defined standards (low
moisture content, ash content, etc.) and is widely available.

The raw biomass availability is an actively investigated issue in
Sweden, as the industrial interest for biomass is considerable. To
evaluate the biomass availability for use in blast furnaces, a long
term view is appropriate. Table 5 shows a summary of supply-
potential studies in Sweden that also predicts the development
until 2050. The minimum prediction and maximum prediction
are given for each decennium with the number of studies indicated
in brackets. In the case, most notably 2050, where a value is given
by just one prediction, the specific study is indicated. As seen, most
studies are limited to 2030 due to the uncertainty; this is reflected
by a drop of the average value of supply potential. It seems the
longer predictions are conservative in terms of estimates and the
expansion of potential predicted by many, levels-off after 2030.
Blast Blast 
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Svebio [28] estimated the potential for all types of biomass, includ-
ing peat and waste. The long term potential of biomass can be as
high as 394 TWh per year, of which agricultural biomass can play
a significant role.

The blast furnace will primarily use forest biomass, though we
base our calculations on total biomass availability. This is relevant
since elasticity should be expected—meaning that companies with
low-value products will switch to other fuels (or raw materials)
with lower value. For example, boilers are expected to use more
waste in the future, leaving more forest biomass for the blast fur-
naces. Transportation fuels can be produced—via gasification or
catalytic fast pyrolysis for example—from other biomass sources
as well and do not require forest biomass specifically.

In Table 6 a base scenario from Energimyndigheten (Andersson
et al. [31]) is given, which assumes that the iron and steel industry
continue using fossil fuels—thus we avoid double counting—and
the rest of the industry remains the same and only develops
according to existing regulations.

Table 6 also includes two scenarios from Hansson and Grahn
[32] concerning the increased use of biomass for transportation,
which is an ambition set by the Swedish government. The compet-
ing uses of biomass are an important factor for the economic via-
bility. Scenario 1 assumes a completion of all initiated projects.
Scenario 2 assumes an expansion beyond the current plans with
more actors entering the market.

3.3. Reduction in CO2 emissions

The specific tonnage reduced, is based on the physical amount
of CO2, otherwise emitted by the coal. According to the European
Commission, substitution of coal by biomass in the industry should
be regarded as a 100% reduction in CO2 emissions. This means that
biomass is completely carbon neutral. Although disputed, this is
the leading assumption in this paper. For further reference,
Suopajärvi et al. [6] and Burchart-Korol [33], investigates it in
detail by LCA and stresses that all aspects (transports, land-use,
etc.) should be considered given the option to use biomass or con-
tinue using fossil fuels. However, the carbon footprint indicator in
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Table 4
Details of available solid conversion technologies shown in for biomass in Sweden [11].

Parameter, unit Solid conversion process

Pelletization Pyrolysis Torrefaction Steam Explosion HTC LignoBoost

Temp, �C 70 400–500 200–300 160–260 180–220 70
Pressure, MPa High – – 0.7–5 2.3–2.5 High
Product Wood pellets Charcoal Torrefied material SE biomass HTC biomass Pellets
Yield, wt% �100 35 70 70 70 �100
Yield, energy% �100 56 90 79 80 �100
Source Several Skogens kol Torkapparater SEKAB KTH Several
Production 2.3 Mton/y 6000 ton/y 1 ton/h – – 2.3 Mton/y
Status Industrial use Small scale Pilot Pilot Lab Commercial
Price, €/MWh 33 55 39.5–67.7 – 29.2 33

Table 5
Reported availability studies of forest biomass (collected from Wetterlund et al. [29], with Ref. [30] being corrected) and total biomass including peat and waste, from Svebio [28].

Ref. Biomass Interval (number of studies), TWh/year

2000 2010 2020 2030 2040 2050

[29] Primary forest 16–113.5 (23) 25.8–111.0 (14) 16.0–126.0 (16) 16.0–71.2 (7) (0) 18–52 (3)
Secondary residue 12–44 (13) 20–59.6 (6) 16.8–63.7 (9) 40.0–68.1 (2) (0) 60 (1) [30]
Stump 0.3–8.0 (5) 10.0–57.5 (4) 10.0 (1) (0) (0) (0)
Total forest biomass 80–159.6 (3) 111.0–173.8 (3) 107.0–181.7 (7) 143–195.2 (2) (0) 157 (1) [30]

[28] Total biomass (0) (0) 248 (1) (0) (0) 394* (1)

* Long term.

Table 6
Estimated use of biomass, excluding Peat and Waste.

Ref. Sector (Scenario) Estimated use based on
regulation, TWh/year

2007 2020 2030

[31] Industry 55.1 64.3 69
Transportation 3.5 6.2 6.4
Residential and service 13.9 13.9 16.4
Electricity 12 19.5 20.5
Heating 36.5 44 43.7
Total 121 150.4 155

[32] Transportationa (Scenario 1) 3.5 26 30
Transportationa (Scenario 2) 3.5 28 50

a Assuming a conversion efficiency of 50% on energy basis.
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Burchart-Korol [33] shows that for wood chips, this factor is
unmistakably in favor of using biomass. Other factors like land
occupation are in favor of using coal and regarding toxicity to
humans, both choices are about the same. Another factor is of
course the sustainability of harvesting a high level of residue with
a fast rotation rate, which is investigated in other works—see for
example Egnell and Börjeson [34].
4. Results

4.1. Maximum replacement potential

The low energy density of biofuels is caused by a higher oxygen
content, which in turn forces an additional oxygen enrichment of
the blast. In this way, the RAFT is kept constant in order to ensure
stable operating conditions. Likewise, a number of other parame-
ters are kept constant, which is shown in Table 3 (note that this list
of parameters is not exhaustive).

By increasing the feed rate in the simulations, several changes
in the operating conditions can be observed. A replacement limit
is reached for wood pellets and torrefied material, since the O2

enrichment cannot exceed 25.4%; see Fig. 3(a). Charcoal can
Please cite this article in press as: Wang C et al. Biomass as blast furnace injecta
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replace coal fully, although an O2 content of 24.6% is needed, com-
pared to 23.9 in case of 100% coal. On the other hand, low sulfur
and gangue content as well as a high volatile content, results in a
potentially lower limestone consumption; see Fig. 3(c). This in turn
reduces the slag generation rate, which is an important impact of
biofuel use. As seen in that graph, it is most pronounced in the case
of Charcoal.

At the maximum level of replacement, the total amount of
required energy and mass input increases, for all biofuels—see
Fig. 3(b). This is mainly, but not exclusively due to the lower
energy density. In principal, a larger amount of combustion prod-
ucts should reach a fixed temperature, hence more energy is
needed. But as mentioned in the methodology section a ‘‘cracking
energy’’ is also needed, requiring additional input energy.

Despite the high energy-need for injections. Substantial energy
savings are likely possible, considering the system of an integrated
plant (Fig. 2). For each biofuel, a calculated energy saving is shown
in Fig. 3(d), which is one of the main findings in this paper. The rea-
son is explained by the following paragraphs.

With the oxygen enrichment into the hot blast, the required hot
blast volume becomes lower, consequently the energy consump-
tion in the hot stove will decrease, especially for COG. In addition,
more BFG will be generated, which will lead to a potential energy
saving in the integrated plant where BFG is used as a fuel. A
corresponding decrease in the top gas temperature is shown in
Fig. 3(c). The sensible heat in the top gas cannot be recovered as
the temperature is too low. But as the latent heat increases when
biofuels are used, more can be exported outside the boundaries
of Fig. 2. Thus an energy saving—by top gas replacing other fuels
in the steel plant—is predicted, see Fig. 3(d). Due to the above rea-
sons, for a high hot metal production rate, the estimated energy
saving can be as large as 168.9 GWh per year when using wood
pellets. The main reason is that wood pellets have higher oxygen
content (see Table 2).

Fig. 4 shows how the energy saving is added up which corre-
sponds to the inputs and outputs of the energy system defined in
Fig. 2. More blast furnace gas is generated and less coke oven gas
is needed, considering the boundaries of Fig. 2. At the same time
extra injectants and electricity for oxygen enrichment is needed,
nt – Considering availability, pretreatment and deployment in the Swedish
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see Fig. 4. For wood pellets, a number of factors favorably combine,
resulting in the highest energy saving.

4.2. Required vs available biomass in Sweden

The blast furnace will primarily use forest biomass, though we
base our calculations on total biomass availability. This is relevant
since elasticity should be expected—meaning that companies with
low-value products will switch to other fuels or raw materials with
lower value. For example, boilers are expected to use more waste
in the future, leaving more forest biomass for the blast furnaces.

The uncertainty and hence the lack of predictions, makes it
difficult—beyond 2030—to evaluate the available biomass for
injection into blast furnaces. Still, this timeframe is not very
far-reaching since the introduction of biomass will take time.
Please cite this article in press as: Wang C et al. Biomass as blast furnace injecta
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Though, most studies forecast a growing total availability of
biomass, as increased use is expected to drive the development
of remote locations and harvesting methods. On the other hand,
if the use reaches too high levels, the economic viability will suffer.
Considering the significant competition expected in the south of
Sweden, as well as the required development of costly infrastruc-
ture, BF M3 is primarily suitable for a switch to biomass.

Fig. 5 shows the location of the blast furnaces and the used
amount of coal; other primary biomass users are also shown as
to give the regional circumstances. In the north of Sweden (where
BF M3 in Table 1 is located), a larger unused potential is expected,
and it is hence the logical place to start-out with biomass injection.
As indicated in Fig. 5, an unused potential of forest biomass exists
today, about 0.7 TWh/y for both Västerbotten (377 GWh/y) and
Norrbotten (359 GWh/y).

On the right hand side of Fig. 5, the long-term predictions of
potential secondary forest residue, total forest biomass and total bio-
mass; are shown (reported in Table 5). In the midterm, until 2030,
potentially available biomass is expected to grow; error bars indi-
cate the maximum and minimum prediction if several studies are
considered.

The biomass availability of Svebio [28] is shown in Fig. 6 divided
into peat (tan), waste (yellow), agricultural residue (orange), black
liquor (blue) and wood fuels (light green). Forecasts of the bio-
mass-use, for a number of scenarios, are also shown in Fig. 6
(reported in Table 6). The scenarios (indicated as deep red, red
and pink respectively) include a base scenario from
Energimyndigheten (Andersson et al. [31], see Table 6) and an
increase in biomass use for transportation (1 and 2 from Hansson
and Grahn [32], see Table 6). The expanded use of biomass for
transportation would demand large amounts of biofuel. In the
nt – Considering availability, pretreatment and deployment in the Swedish
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scenario with the highest use for transportation, by 2030 the
required biomass will exceed the available forest biomass (shown
in Fig. 5 and as light green in Fig. 6; note that the highest prediction
is not exceeded—only the average). While imports might cover the
difference, the competition for forest biomass in particular will be
severe by 2030—if transportation will become a major biomass-
consumer.

Also shown in Fig. 6, is the required pulverized coal for BF M3
(considering 8760 h/y with 98% operating availability and a
Please cite this article in press as: Wang C et al. Biomass as blast furnace injecta
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production rate of 275.7 tHM/h) which amounts to 368 kton/y.
Replacement by charcoal requires 7.2% more weight according to
the simulations for BF M3, see Fig. 3 b); as such 394 kton is
required, or 3.43 TWh. By using the energy and mass output yield
of 56% and 35% respectively from Table 4; 6.19 TWh or 1.13 Mton
of dry raw biomass will be needed for conversion to charcoal and
full replacement of coal. The green area, in Fig. 6, shows this
amount in relation to the expected total biomass use and availabil-
ity, in the future. This is a significant portion of the used biomass
nt – Considering availability, pretreatment and deployment in the Swedish
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today, such amounts are not readily available in the market (com-
pare, for example 6.19 TWh/y for the case of charcoal, with the
available 0.7 TWh/y in the north of Sweden, see Fig. 5). But, as
the biomass potential is expected to grow in the long term, enough
is likely to be available—especially as Blast Furnace M3 is located in
a less densely populated area.
4.3. Reduction in CO2 emissions

Finally, for BF M3, the possible CO2 reductions are given in
Fig. 6. This is at the maximum replacement limit of each biofuel.
By using charcoal, the largest reduction is possible, since 100%
replacement is possible. At the same time the highest relative need
of raw biomass is required.

For reference the plant in Luleå emitted an estimated 3.7 Mton
CO2 in 2008. The same year, Swedish steel industry emitted an esti-
mated 6.6 Mton CO2 [11]. By replacing the injection completely
with charcoal, the on-site emissions can be reduced by 28.1%; tor-
refied material and wood pellets can reduce a maximum of 6.4%
and 5.7% respectively. The reduction is also substantial on an
industry-level; replacing the coal used in this furnace alone, would
cut the emissions of the whole industry by 17.3%.
5. Conclusions

The result of the simulation indicates a full replacement poten-
tial for charcoal, a replacement potential of 22.8% for torrefied
material and 20% for raw wood pellets. No alkali-related problems
are predicted by the model. Instead a number operational benefits
were found when using biomass; (1) more Blast Furnace Gas (BFG)
will be generated resulting in reduced fuel consumption in an inte-
grated plant, (2) lower need of limestone can be expected, (3)
lower slag generation rate as well and (4) less energy is required
for heating the hot blast since oxygen enrichment reduces the total
volume of gas. An energy saving potential of 50.2, 115.7 and
168.9 GWh/year has been estimated for charcoal, torrefied mate-
rial and wood pellets respectively. Though, further work is
required to understand all impacts. Technical and economic con-
straints might still arise, linked to for example, logistic issues or
quality aspects of the produced iron. During further work, experi-
mental tests and industrial trials, in addition to models should be
used.

There is a potential for increased use of biomass, though predic-
tions indicate that strong competition can be expected, especially
in the south of Sweden. However, as much as would be needed
to replace PCI in BF M3 should be available in the short term (by
2020, 128 TWh/y) and long term (189 TWh/y), considering the
developments of remote regions and harvesting methods. Other
industries are all interested in using more biomass; the develop-
ment in each industry will affect the economic feasibility of using
biomass in the steel industry. Most notably, biomass for trans-
portation fuels would affect the economic viability of using bio-
mass in the steel industry. As presented in Fig. 6, the total
biomass use, according to the base scenario is for the short term
150 TWh/y (by 2020) and long term 155 TWh/y (by 2030). Large
scale conversion to transportation fuels results in a total biomass
use of 172 TWh/y (2020) and 199 TWh/y (2030) respectively.
Note that this is not limited to forest biomass.

Finally, favorable conditions exist for companies to pioneer this
method in Sweden; in this paper considering the availability of
biomass, technical limitations of the blast furnace operation and
the payoff of greatly reducing emissions. Completely replacing
the injected coal by charcoal in this furnace, will reduce the on-site
emissions by 28.1% (torrefied material and wood pellets can reduce
Please cite this article in press as: Wang C et al. Biomass as blast furnace injecta
steel industry. Energy Convers Manage (2015), http://dx.doi.org/10.1016/j.enco
a maximum of 6.4% and 5.7% respectively) or 17.3% of the emis-
sions from the whole industry.
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