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Abstract: The metallurgy industry consumes a considerable amount of coal and fossil fuels, and its carbon dioxide emissions are increasing
every year. Replacing coal with renewable, carbon-neutral biomass for metallurgical production is of great significance in reducing global car-
bon consumption. This study describes the current state of research in biomass metallurgy in recent years and analyzes the concept and sci-
entific principles of biomass metallurgy. The fundamentals of biomass pretreatment technology and biomass metallurgy technology were dis-
cussed, and the industrial application framework of biomass metallurgy was proposed. Furthermore, the economic and social advantages of
biomass metallurgy were analyzed to serve as a reference for the advancement of fundamental theory and industrial application of biomass
metallurgy.

Keywords: biomass; pretreatment technology; blast furnace ironmaking; direct reduction; new process design; benefit assessment

  

1. Introduction

Excessive  use  of  fossil  fuels  and  the  increase  of  green-
house  gases  cause  climate  change,  which  has  become  a
worldwide concern confronting humanity and presents a ma-
jor danger to living systems [1–2]. The international conven-
tion on environmental issues explicitly proposes to limit the
emission  of  carbon  dioxide  and  other  greenhouse  gases.
China, as the world’s largest energy consumer and CO2 emit-
ter, has likewise pledged to peak carbon emissions by 2030
and have carbon neutral by 2060 [3–4]. The only approach to
optimize China’s industrial energy structure and achieve sus-
tainable growth is via the “double carbon” strategy [5–6].

The iron and steel industries are the foundation of China’s
social  development  and provide an important  basic  guaran-
tee  for  China’s  economic  growth  and  national  security.
However, second only to the power industry in carbon emis-
sions, China’s steel industry’s overall carbon emissions were
1.8 billion tons in 2020, accounting for >60% of the global
carbon emissions from steel production and ~15% of China’s
total carbon emissions. The average carbon emission of each
ton of  crude  steel  is  ~1.7–1.8  t.  Therefore,  under  the  back-
ground of the “double carbon” strategy, it is urgent to reduce
the  energy  consumption  and  carbon  emissions  of  China’s
iron and steel industry [7−9].

Accelerating the iron and steel industry’s energy structure
adjustment, promoting renewable clean energy to replace tra-

ditional  fossil  fuels,  and  realizing  environmentally  friendly
steel production processes and sustainable energy utilization
are  the  only  ways  to  achieve  low-carbon,  green,  and  high-
quality development of  the iron and steel  industry [10−11].
Biomass energy is a type of carbon neutral and ecologically
benign  renewable  energy,  and  it  is  a  large  resource  wealth
that has been developed and used in China [12]. The use of
biomass in the iron and steel industry can not only reduce the
consumption of fossil fuels and the emission of greenhouse
gases such as CO2 but can also promote a clean and low-car-
bon energy structure, thereby accelerating the iron and steel
industry’s  transition to a  green and low-carbon future.  Bio-
mass (wood charcoal) is the oldest fuel utilized by mankind;
however, massive deforestation led to the first energy crisis
in European nations from the 16th to the 18th century,  and
biomass was eventually supplanted by coal [13]. In the early
1800s, a single blast furnace required a circle of forest with a
radius of ~4 km once a year, and the charcoal/metal ratio was
~8:1 [14].  Coal (in the form of coke) has been the primary
fuel in the iron and steel industry. In recent years, the import-
ance of biomass has been re-evaluated, considering that the
quantity of CO2 synthesized by the plants is greater than that
produced, thus resulting in a substantial decrease in the car-
bon  foot  print.  As  a  result,  its  application  has  rapidly  de-
veloped. Because of several restrictions such as low calorific
value,  high  moisture  content,  and  low volume density,  raw
biomass requires to be processed before being used in a wide 
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range  of  applications  in  both  ironmaking  and  other  metal-
lurgy processes [15]. To provide a reference for the develop-
ment  of  basic  theory  and  industrial  application  of  biomass
metallurgy,  this  study  summarizes  the  recent  research
achievements in biomass metallurgy. 

2. Conception of biomass metallurgy 

2.1. Definition of biomass metallurgy

Biomass is  a renewable organic fuel  that  is  produced by
living organisms such as plants and animals. After coal, oil,
and natural gas, it is the fourth largest energy source and the
sole renewable energy source. Biomass metallurgy refers to
the  metallurgical  technologies  that  use  renewable  biomass
rich in carbon and hydrogen as the fundamental energy and
reducing agent  to  extract  metals.  In  comparison to  conven-
tional coal metallurgy, biomass metallurgy offers the benefit
of being carbon neutral, with a significant reduction in CO2

emissions  [16–17].  Biomass  metallurgy  has  many  benefits
over  hydrogen  metallurgy:  The  source  of  biomass  is  more
stable than hydrogen, the price is lower [18–19], the physico-
chemical  features  of  biomass  after  transformation  can  be
equivalent  to  coal,  and  the  equipment  investment  is  lower.
For  the  typical  biomass  metallurgical  roadmap,  biomass  is
treated  by  physical,  chemical,  and  thermochemical  pro-
cessing and then is used as a reducing agent, fuel, and auxili-
ary agent  in the metallurgical  processes,  particularly in sin-
tering, coking, blast furnace injection, iron ore reduction, and
other metallurgical applications [20–21]. 

2.2. Scientific principles of biomass metallurgy

Biomass can be employed in both hydro- and pyro-metal-
lurgical  processes,  replacing coal  and coke.  Pyrometallurgy
refers to the technique of extracting metal elements and non-
metal elements from their ores using reducing agents at high
temperatures. It typically depends on fuel combustion to gen-
erate heat. In the modern blast furnace process, for example,
in the current blast furnace process, coke and pulverized coal
are often utilized as reducing and heating agents. The primary
reaction mechanism is carbo-thermal reduction, a primary re-
action process in which carbon from coke,  pulverized coal,
and the intermediate product carbon monoxide are used to re-
duce iron oxides in iron ores. The scientific concept of bio-
mass metallurgy is similar, i.e., the C and H element in bio-
mass are converted into CO, H2, and C required for reducing
iron oxides, producing hot metal as shown in chemical reac-
tions (1)–(3).
3C + 2Fe2O3 = 4Fe + 3CO2 (1)

3CO+Fe2O3 = 2Fe + 3CO2 (2)

3H2+Fe2O3 = 2Fe + 3H2O (3)
Biomass  can  be  used  as  a  fuel,  and  its  chemical  heat  is

generated during the combustion reaction to provide the heat
required by ironmaking. However, the low energy density of
biomass  requires  upgrading  and  improvement.  The  whole
chemical reaction is shown in reaction (4):

(
C−HxOy

)
m
+

m(4+ x−2y)
4

O2 = mCO2 +
xm
2
H2O (4)

In conclusion, the utilisation principles of renewable bio-
mass  and  non-renewable  fossil  fuels  (coal,  oil,  and  natural
gas) in pyro-metallurgy are essentially identical. However, in
the actual process of industrial  production, raw biomass re-
quires to be upgraded based on various scenarios to meet the
requirements of a safe, stable, and efficient pyro-metallurgic-
al process [22].

Hydro-metallurgy  is  the  chemical  reaction  between  a
solution and an ore at low temperatures that transfers metal
elements from the ore into the solution, which then separates
and enriches the different metal elements in the solution and
ultimately extracts the metal or metal compound [23]. Metal
element leaching, liquid and solid phase separation, solution
purification,  metal  extraction  in  solution,  and  wastewater
treatment are the primary operating processes of hydro-me-
tallurgy. Using manganese ore reduction leaching as an ex-
ample,  the  most  important  procedure  is  to  directly  reduce
Mn4+ in manganese oxide ore to soluble Mn2+ in an adequate
solution under acidic conditions before entering the leaching
solution. The scientific premise of leaching is that the cellu-
lose in biomass dissociates in acidic conditions to create hy-
drogen ions, which mix with water to form hydronium ions,
thus endowing direct biomass reduction with a clear advant-
age in this regard. The polysaccharides and monosaccharides
formed by the hydrolysis of cellulose macromolecules by hy-
dronium ions have high reducing ability and can quickly re-
duce  tetravalent  manganese  to  divalent  manganese.  The
primary chemical equation is shown in Eq. (5).(

C−HxOy

)
m
+ 2mMnO2 + m(2y+4− x)H+ =

2mMn2++mCO2+m(y+2)H2O (5)
The biomass direct reduction leaching process does not re-

quire  a  high  roasting  temperature  and  has  low energy  con-
sumption,  less  environmental  pollution,  and low equipment
investment. It has become one of the main processes of wet
reduction leaching. 

3. Biomass pretreatment technology for metal-
lurgy 

3.1. Biomass characteristics

There are several types of biomass, the most common of
which are lignin, cellulose, and hemicellulose [24]. Fig. 1(a)
shows  the  lignin,  cellulose,  and  hemicellulose  content  ana-
lysis  results  of  common biomass,  which  shows the  propor-
tions of lignin, cellulose, and hemicellulose contained in dif-
ferent  types  of  biomass  are  quite  different,  thus  leading  to
significant differences in the characteristics of different types
of  biomass  [25].  Generalized  biomass  includes  animal  ma-
nure, residential sewage, industrial organic waste, and muni-
cipal solid organic waste, which is an abundant energy sup-
ply  and  a  valuable  asset.  However,  most  biomass  has  the
characteristics of poor grindability, low volume density, low
energy density, and high moisture content [26]. The cost of
storing, transporting, and processing biomass is high [27], re-
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stricting  a  widespread  application  in  iron  and  steelmaking.
Therefore, the biomass resource conversion must be required
before  large-scale  application.  The  pretreatment  and  trans-
formation technologies of biomass resources include physic-
al  transformation,  thermochemical  transformation,  and
chemical transformation, and the products produced by vari-
ous transformation technologies are significantly different, as
shown in Fig.  1(b).  It  is  important to choose suitable trans-
formation and treatment methods based on the qualities and
application  situations  of  different  types  of  biomass.  When
biomass  is  improperly  disposed  of,  such  as  via  landfill
buildup,  it  produces  a  huge  quantity  of  CH4,  which  has  a
global  warming  potential  of  21  times  that  of  CO2 [28].
Moreover, open burning of biomass releases CO2, NOX, and
sulfides, all of which have significant detrimental impacts on
ecosystem productivity,  climate  change,  and  environmental
pollution. 

3.2. Pyrolysis technology

Pyrolysis is a process in which biomass is heated to a spe-
cific temperature under the condition of air isolation or hyp-
oxia such that biomass particles can be rapidly cracked into
pyrolysis char, tar, and non-condensable volatiles of biomass
to  obtain  the  necessary  solid,  liquid,  and  gaseous  products
[29].  The  characteristics  and  yield  of  biomass  pyrolysis
products  are  influenced  by  the  properties  of  biomass  and
pyrolysis operation parameters, such as the biomass compon-
ents, pyrolysis temperature, heating rate, pyrolysis duration,
and equipment type [27]. According to the different heating
rates and pyrolysis times, pyrolysis processes can be divided
into  very  fast  pyrolysis,  flash  pyrolysis,  fast  pyrolysis,  and
slow  pyrolysis,  as  shown  in Fig.  2(a).  Different  pyrolysis
rates have a substantial impact on the yield of solid, liquid,
and gas phases, which can be chosen based on the products
required in various application scenarios. Slow pyrolysis is a
traditional  method for obtaining the solid products with the
highest  carbon  content,  which  can  be  used  in  metallurgical
industry, such as iron ore sinter, coking, and blast furnace in-
jection.

Taking  the  biomass  pyrolysis  process  of  agricultural
wastes common to palm shell [30] as an sample, the primary
pyrolysis interval of biomass is 200–600°C, and the pyrolys-
is treatment conditions (temperature and time) determine the

basic properties of biochar [31–33]. The impact of residence
time  on  the  fundamental  characteristics  of  biochar  steadily
reduces  as  carbonization  temperature  rises,  and  pyrolysis
temperature is an essential component in the treatment pro-
cess [34]. As shown in Fig. 3(b)–(g) [35–36], the microstruc-
ture of biochar varies as the treatment temperature and time
vary, influencing the macro properties. With the increase in
pyrolysis temperature,  a large amount of volatile matter es-
capes from biomass, and many pore structures are generated
in the interior and surface of biomass particles. The aromati-
city  of  biochar  increased  as  the  pyrolysis  temperature  in-
creased. Furthermore, the microcrystalline stacking height Lc

and  the  number  of  microcrystalline  stacking  layers n pro-
gressively rise, the microcrystalline lamellar spacing d002 de-
creases  gradually,  the  microcrystalline  structure  tends  to  be
ordered, and the graphitization degree gradually increases.

In comparison to the large amounts of CO2, CH4, and oth-
er toxic and harmful flue gases produced by landfill and bio-
mass  incineration,  a  small  amount  of  NOX,  sulfides,  alde-
hydes,  phenols,  and  other  oxygen-containing  harmful  sub-
stances  are  produced  during  biomass  pyrolysis,  which  still
has a certain impact on the environment [37]. The lack of un-
derstanding  of  the  formation  mechanism,  distribution  law,
and control strategy of toxic air limits the safe and efficient
development of biomass pyrolysis. Reducing the emission of
pollutants is a key step for the large-scale industrial applica-
tion of pyrolysis char.

Pyrolysis  technology  can  upgrade  biomass  into  high-en-
ergy density fuel with higher ordering degree [38]. However,
the  best  pyrolysis  parameters  should  be  designed  based  on
the target product’s requirements. Particularly, it is necessary
to  select  the  appropriate  biomass  raw  materials,  pyrolysis
temperature, holding time, and other parameters for the dir-
ectional preparation of biochar as per the specific application
scenarios in the metallurgical industry. For example, our pre-
vious experimental studies reported that biochar prepared by
pyrolysis at a temperature of 600°C and a residence time of
60 min was more suitable for blast furnace injection [39]. 

3.3. Steam explosion technology

In addition to addressing the economic issue of mass bio-
mass  collection  and  processing,  the  low  fixed  carbon,  low
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calorific value, and low energy density of biomass restrict its
industrial application. Hydrothermal carbonization (HTC) is
a new method of biomass carbonization [40–42]. When com-
pared  to  conventional  pyrolysis  technology,  HTC  offers
milder  reaction  conditions  and  lower  energy  consumption
[43–44]. HTC technology operates in closed reaction kettles
at temperatures ranging from 150 to 400°C for a certain time.
During this time, the subcritical water reacts with biomass to
form a high carbon content of green products [45]. Approx-
imately  75%–80%  of  the  carbon  enters  the  solid  phase
products, another 15%–20% dissolves in liquid-phase water,
and the remaining 5% is transformed into gases such as CO2

and CH4. Liquid phase products contain more organic com-
ponents,  such  as  furfural  compounds,  organic  acids,  alde-

hydes, and other components [46], whereas current subcritic-
al water hydrolysis technology is plagued by problems such
as the difficult treatment of liquid products and high process
costs, which is the bottleneck of large-scale industrial applic-
ations.  Further  research  into  resource  usage  and  the  safe
handling of liquid and gas-phase products is required.

Steam explosion is a new technology, which is used in the
preparation of hydrogen-rich biochar micropowder. Biomass
with a water content of roughly 25% is crushed into 1–2 cm
particles  and transported  by  bucket  elevator  to  a  high-pres-
sure  reactor.  At  the  moment,  a  bio-manufacturing  vehicle
system  may  be  created  to  tackle  the  collecting  issue.  As
demonstrated in Fig.  3,  the H+ and OH− provided by steam
will catalyze the transition of the structure and composition
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of  hemicellulose  in  lignocellulose.  During the reaction pro-
cess, lignin, cellulose, and hemicellulose are self-dismantled,
degraded,  and  converted,  and  subsequently  hydrothermal
slurry/semi-coking  reaction  takes  place  [47].  Recently,  we
are  experimenting  with  deoxygenation  and  carbon  enrich-
ment, as well as improving the energy density of biochar. Us-
ing biomass as raw material, hydrogen-rich biochar powder
has  zero  carbon  emission,  high  energy  density,  a  calorific
value of 21.77–26.38 MJ/kg, the good characteristics of in-
jection,  and  can  substitute  coal  injection  for  low fossil  fuel
ironmaking. 

3.4. Gasification technology

Biomass  gasification  refers  to  the  process  in  which  bio-
mass polymer is pyrolyzed, oxidized, reduced, and reformed
at a certain temperature in the gasifier after simple drying and
crushing, and finally, H2 and CO are produced [48]. Higher
gas yield and better syngas quality can be obtained by optim-
izing the gasification agent and parameters. For the biomass
gasification,  the  high  efficient  and  low pollution  gasifier  is
the key. The traditional biomass gasification technologies in-
clude fixed bed gasifier, fluidized bed gasifier, airstream bed
gasifier,  plasma,  and other  processes  based on the different
gasifier equipment [49–50]. However, there are several sig-
nificant  issues  with  traditional  gasification  equipment  and
processes:  (a)  the  alkali  metal  element  in  some  biomass  is
high, and the alkali metal vapor generated at a high temperat-
ure can easily cause equipment corrosion [51]; (b) gasifica-
tion  equipment  has  high  requirements  on  particle  size  and
moisture content of raw materials, resulting in high pretreat-
ment costs; (c) high tar content in biomass gas leads to low
syngas quality and calorific value, as well as low gasification
efficiency. Consequently, the key research areas of biomass
gasification  technology  include  lowering  the  tar  content  of

syngas and boosting gasification technology.
The iron and steel industries are in desperate requirement

of clean reduced gas to replace coal,  coke,  natural  gas,  and
other fossil fuels. We combined the demands of the iron and
steel industries with the biomass gasification technology and
developed  two  new  biomass  gasification  processes  with
higher treatment efficiency and more prominent emission re-
duction effects:  the  iron bath  smelting method [52–53]  and
the blast furnace method [54]. Iron bath smelting is the pro-
cess of rapidly pyrolyzing biomass in high-temperature mol-
ten iron and slag to produce gas. Fig. 4(a) refers to the tech-
nological  process  of  biomass  treatment  in  an  iron  bath  fur-
nace. The biomass particles are immediately thrown into the
molten  iron  bath  and  break  down  into  hydrocarbons  in  the
molten iron at 1500°C. Hydrogen atoms combine with each
other  to  form  hydrogen,  and  CO  is  produced  when  carbon
atoms  dissolved  in  the  molten  iron  interact  with  oxygen
atoms dissolved in the molten iron. Harmful components in
biomass react with molten iron or slag to generate FeS and
CaCl2,  which are then dissolved in the slag and discharged.
Finally,  high-quality  bio-syngas  is  produced  with  minimal
levels of hazardous components and contaminants.

As  illustrated  in Fig.  4,  the  blast  furnace  gas  generation
technique  entails  converting  small-  and medium-sized  blast
furnaces  into  biomass  gasifiers,  as  shown  in Fig.  4(b).  A
plasma torch is used as a heat source in the lower part of the
furnace  to  convert  electric  energy  into  heat  energy.  The
plasma core reaction zone may reach a high temperature of
3000°C, providing a high-temperature environment for bio-
mass gasification in the lower part of the blast furnace. The
organic components of the biomass are oxidized in the high-
temperature  environment  during  the  descending  phase  and
then transformed into reducing syngas (CO and H2). By in-
stalling a row of tuyeres in the upper part of the furnace, ad-
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justing the charging amount and the way of oxygen blown in
the  upper  part,  the  composition  and  temperature  of  syngas
can be controlled, which is beneficial to the decomposition of
tar in syngas, so as to improve the quality of syngas and re-
duce energy consumption to the greatest extent. The inorgan-
ic components in the biomass are melted at the bottom of the
gasifier, and the glass slag is used as roadbed material. This
biomass  gasifier  offers  the  following  benefits  over  typical
biomass  gasification  equipment:  huge  processing  capacity,
large gas production,  and compatibility with different  types
of biomass wastes.

In  the  practical  application  of  syngas,  after  injecting  hy-
drogen-rich syngas into the blast furnace, H2 has better penet-
ration because of its lower viscosity and density, and the re-
duction capacity  of  H2 is  greater  than that  of  CO when the
temperature is higher than 810°C, which can improve the in-
direct reduction and reduce coke consumption. However, in
the process of biomass gasification, tar, dust, and other pol-
lutants  (ammonia,  H2S,  and  other  gas  pollutants)  would  be
produced,  causing  secondary  pollution  to  the  environment
and limiting the development and use of bio-syngas [55]. The
use of water washing and other methods to reduce the con-
tent of tar and dust have caused water resource and soil pollu-
tion problems. If  the cyclone dust  collector is  installed out-
side the gasification equipment, dust particles from bio-syn-
gas can be effectively removed; however, the removal of tar and
a small number of gas pollutants is a purification problem. 

4. Fundamental study of biomass metallurgy 

4.1. Biochar injection into the blast furnace

Blast furnace ironmaking is a process with high emissions
and high energy consumption. Currently, the injection fuel of
the  blast  furnace  is  mostly  fossils  such  as  bituminous  coal
and  anthracite,  posing  significant  issues  for  iron  and  steel
firms  in  the  contemporary “dual  carbon” background.  If  a

low-carbon emission fuel  can be discovered to replace pul-
verized coal injection (PCI), it will have a better chance in the
future if a carbon tax is imposed [56–59].

Much researches  have been conducted to  investigate  the
viability  of  using  biomass  fuel  in  blast  furnace  injection
[60–65]. Wang et al. [60] developed a static heat and mass
balance model and investigated the replacement rate of char-
coal, pyrolysis materials, and wood pellets for blast furnace
coal injection and reported that 166.7 kg/t of charcoal could
replace 155 kg/t pulverized coal. Pyrolysis material and wood
pellets could respectively replace 22.8% and 20% of pulver-
ized coal. By increasing the charcoal injection rate between
200 and 220 kg/t, the net CO2 emissions may be decreased by
40%. Mathieson et  al. [64] estimated that  using biomass in
blast  furnace  injection  would  reduce  CO2 emissions  by
0.4–0.6 t per ton steel.

We discovered that  compared with  coal,  biochar  offered
higher benefits in injection. As shown in Fig. 5(a)–(b) [35], in
comparison  to  the  dense  structure  of  coal,  a  considerable
number of pores were produced on the surface of the palm
shell during pyrolysis treatment, which was conducive to the
adsorption of gas during combustion and promoted the com-
bustion reaction. In Fig. 5(c) and (d) [35], the results by Ra-
man spectroscopy indicated that the full  width at  half  max-
ima of G peak (FWHM-G) and ID3+D4/IG (intensity ratio of D3
+  D4  peak  to  G  peak)  of  palm  shell  char  were  more  than
those of pulverized coal, whereas the IG/Iall (intensity ratio of
G peak to all peak) of pulverized coal was greater than that of
biochar. The order degree of graphitization of pulverized coal
was higher than that of palm shell char, thus resulting in palm
shell char a higher combustion reactivity. In Fig. 5(e) and (f),
in terms of particle size distribution, the distribution of small-
size  particles  in  palm  shell  char  was  more  concentrated,
which indicated that the energy consumption of biomass dur-
ing pulverizing was lower than that of coal [36]. Fig. 5(g) and
(h) are the macroscopic morphology of biomass and char. As

 

Small

biomassLarge

biomass

Biomass Syngas
Biomass gas

CO + H2
 + CO2

Tar→CO + H2

High temperature

Iron
Plasm

a

Biomass iron bath furnace

Slag

Slag

O2

(a) (b)

Upper

tuyeres

gasification layer

Fig. 4.    Biomass gasification equipment: (a) biomass gasification in iron bath furnace; (b) biomass gasification in blast furnace.

1138 Int. J. Miner. Metall. Mater. , Vol. 29 , No. 6 , Jun. 2022



shown in Fig. 5(i) [35], the palm shell char was smaller than
that  of  pulverized  coal,  and  the  microcrystalline  layer  spa-
cing d002 was  as  large  as  that  of  pulverized  coal,  indicating
that the degree of carbon ordering and graphitization of palm
shell char was smaller than that of pulverized coal, resulting
in a better combustion reactivity for palm shell char.

We investigated the properties of biochar combustion and
its influence on blast furnace operation. As illustrated in Fig.
6(a),  the  separate  combustion  of  biochar  mostly  comprises
three  stages:  water  extraction  (50–128°C),  volatilization
combustion  (219–386°C),  and  fixed  carbon  combustion
(403–517°C)  [66].  The  theoretical  combustion  temperature
reaches its maximum and then stays constant when the injec-
tion  quantity  of  palm shell  char  is  15  kg/t,  as  illustrated  in
Fig. 6(b). The combustibility of the coal will be substantially
increased  if  the  biochar  and  pulverized  coal  are  mixed.  As
shown in Fig. 6(c) and (d), the curve shifts to the low-tem-
perature area as the palm shell char ratio increases, indicating
an improvement in the mixed combustion performance. Fur-
thermore, if biomass and coal are mixed and injected, there
will be a synergistic effect at the tuyere, indicating that injec-
tion  of  biomass  helps  the  combustion of  pulverized coal  in
the tuyere raceway zone. If a large amount of biochar is in-

jected into the tuyere but is not completely burned, the effect
of unburned carbon residue on slag viscosity is the same as
that for coal. As shown in Fig. 6(e) and (f) [36], slag viscos-
ity  increases  linearly,  so  it  is  necessary  to  ensure  that  the
biochar is completely consumed in the tuyere raceway [67].
As a result, the impact of biochar on a blast furnace is similar
to  that  of  pulverized  coal,  but  it  has  better  combustibility,
which has the strong potential to be applied to blast furnace
injection. 

4.2. Bio-syngas injection into the blast furnace

Biomass gasification is a fairly common type of pretreat-
ment. The collected biomass is put in a biomass gasifier and
subjected to high-temperature dry distillation to fracture the
macromolecules  contained  in  it,  resulting  in  high  value-ad-
ded bio-syngas of hydrogen with potential for blast furnace
applications  in  the  future.  The  percentage  of  hydrogen  and
carbon monoxide in bio-syngas is greater than in natural gas.
It can achieve low emissions when used in blast furnace in-
jection, which has broad market prospects.

Some scholars conducted research on the use of syngas for
blast  furnace  injection.  Nogami et  al. [68]  investigated  the
material and energy balance of the ironmaking system. They
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revealed  that  natural  gas  injection  activities  minimize  CO2

emissions  from  the  ironmaking  system  while  reducing  en-
ergy  input  to  a  minimum.  Top  gas  recycle  decrease  CO2

emissions because of the scrubbing of CO2 from the recircu-
lated top gas. The simulation research shows that smooth op-
eration of  syngas with up to  25 m3 per  ton pig iron can be
simultaneously  achieved  by  increasing  the  productivity  by
58% and reducing the charged pellet charcoal by 40 kg/t [69].

Because  present  bio-syngas  production  cannot  fulfill
large-scale  industrial  applications,  the  mixed  injection  of
syngas and pulverized coal may be used in the future. Fluent
software  was  used  to  investigate  the  impact  of  syngas  and
pulverized coal on the blast furnace operation. As shown in
Fig. 7(a) [70], due to its low temperature, the injected syngas
generates  a  small  low-temperature  area  in  the  furnace  after
leaving the injection lance and then interacts with air in tuy-
ere  near  the  wall  and  burns  quickly  because  of  the  hot  air
mixing. The temperature in the center of the pulverized coal
flow increases as the temperature increases up to 2583 K, as
shown in Fig. 7(b). After that, the temperature in the raceway
drops slightly because of both insufficient oxygen and the oc-
currence  of  the  gasification  reaction  [71]. Fig.  7(c)  and  (d)
shows the distribution of the gas phase velocity and particle
velocity in the model’s middle area. The velocity of the gas is
the highest at the outlet of the tuyere’s exit, which is mostly
attributed to the reduction of the diameter of the tuyere and
the combustion of the gas. After entering the raceway zone,
the  space  suddenly  increases,  and  the  velocity  of  the  gas
gradually decreases. It can also be seen from the Fig. 7(c) and
(d)  that  the  gas  velocity  at  the  outlet  of  the  tuyere  is  the

highest, which is caused by the decrease in tuyere diameter
and gas combustion. The maximum atmospheric velocity can
reach about 273 m/s, and then the space suddenly increases,
resulting in the gas velocity gradually decreases after enter-
ing  the  raceway  [70].  In Fig.  7(e),  it  can  be  observed  that
when syngas and pulverized coal are burned, the quantity of
CO2 and  H2O  rapidly  increases  at  first  and  subsequently
drops owing to the gasification process, while the mole frac-
tion of  CO and H2 keeps increasing.  Therefore,  it  is  neces-
sary to study the change rules of these substances under dif-
ferent cases because they are the main reductants in blast fur-
naces. 

4.3. Biochar for iron ore sintering

The blast furnace process and the sintering process utilize
the most energy in the ironmaking process. The energy con-
sumed for sintering accounts for ~9%–12% of the overall en-
ergy  required  to  generate  hot  metal,  with  solid  combustion
accounting  for  ~75%–80%.  Using  biomass  instead  of  coke
powder in the sintering process will help enterprises reduce
pollution and carbon.

Some studies  on biomass  sintering have been conducted
by researchers. Because of its high moisture content, low car-
bon content, and poor calorie value, raw biomass is not suit-
able for direct use in sintering. According to previous study
[72–75], in order to make biochar or charcoal with high fixed
carbon  and  moderate  volatility,  feedstock  biomass  must  be
pyrolyzed.  According  to  Mathieson et  al. [76],  the  use  of
charcoal in sintering does not result in a reduction in green-
house  gas  emissions,  but  a  5%–15%  reduction  in  net  CO2
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emissions  from  steel  mills  is  expected  because  of  biomass
carbon  neutralization.  Gan et  al. [77]  has  reported  that  the
properties of biochar and traditional coke powder are signi-
ficantly different. Both scanning electron microscopy (SEM)
and specific surface analysis (BET) results show that biochar
has a large number of micropores and is evenly distributed.
The specific surface area for three biochars decreases in the
following  order:  straw  char  >  wood  char  >  fruit  pit  char
[78–79].

The impact of biomass addition on iron ore sintering has
been  studied  [80–81].  The  investigation  revealed  that  with
the  increase  in  biochar  substitution  ratio,  the  combustion
front  speed  increased  and  the  combustible  ratio  increased,
which indicated that the ratio of complete reaction would in-
crease with the biochar addition during the sintering process
[82]. Moreover, with the increase in the biochar replacement
ratio, the peak concentrations of CO and CO2 generated in the
combustion zone increase, so the reduction atmosphere is en-
hanced, resulting in the inhibition of the formation of calci-
um ferrite. When biochar replaces coke powder, the temper-
ature of the upper material layer will gradually decrease to a
relatively  low  level,  and  this  change  in  the  upper  layer  is
greater than that in the lower layer [83]. In this situation, the
temperature of the layer will  decrease to the extent that  the
mineralization reaction of the sintered material is difficult to
occur  [84].  Therefore,  the  addition  amount  of  biochar  into
sinter raw materials should be carefully studied so as to avoid
the bad effect on sinter quality. 

4.4. Biomass-assisted coking

The coking process produces a lot of pollutants and con-
sumes a large amount of energy. When biomass is employed,

it  will  decrease  pollution  emissions,  lower  the  cost  of  coke
production  [85].  Coke,  as  we  all  know,  serves  four  major
purposes in a blast furnace: column skeleton, heat source, re-
ducing agent, and carburization agent. The most crucial func-
tion is the skeleton, which is also the reason why coke plays a
vital role in blast ironmaking. Therefore, the most important
point  for  biomass-assisted  coking  is  the  coke  strength  after
adding biomass. In fact, the addition of biomass will lead to a
significant decrease in the strength of coke. According to the
research performed by Montiano et al. [86], the addition of
sawdust  to  the  mixed  coal  has  a  negative  influence  on  the
quality of the finished coke product. At lower temperatures,
the mass loss of the coal/sawdust mixture is higher than that
of  pure  coal  [87–89].  Compared  with  traditional  coke,  the
strength  of  coke  with  5%  and  10%  biomass  is  greatly  re-
duced by 6.2% and 3.3%, respectively. The volatile chemic-
als emitted from biomass hinder the connection between coal
particles during carbonization, which is resulting in a reduc-
tion in strength [90]. The pretreated biomass is more suitable
for coking, and the coke strength has a close relationship with
the pretreatment temperature [91]. When compared to tradi-
tional  coke,  the biomass addition resulted in a  considerable
increase in the area percentage of particles smaller than 0.5
mm2.  There are many single coal particles in the coke after
the addition of 5% and 10% biomass. When the addition ra-
tio  is  0.2%,  the  structure  of  coke  is  essentially  unchanged.
When biochar is added to the caking coal, the coal particles
are connected. This phenomenon is attributed to the fact that
biochar has fewer volatile substances,  which will  not affect
the connectivity between coal particles during the carboniza-
tion process. 
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4.5. Biomass-containing pellets

If iron ore powder can be directly reduced to iron powder,
it is bound to be able to use a part of the fine ore or concen-
trate powder more reasonably and save a lot of energy. Con-
sequently, we conducted extensive research on the direct re-
duction process of iron ore mixed with biomass. As shown in
Fig. 8(a) and (b), with the increase of C/O, the maximum re-
action rate increases, the total weight loss increases, and the
final reaction fraction increases, but the starting temperature
and ending temperature of each stage of the reaction do not
significantly change [92]. This shows that a higher carboniz-
ation degree does not mean a better reduction effect, and the
optimal reduction effect can be achieved when C/O = 1.15. In
Fig. 8(c) and (d), the temperature at which biochar begins to
rapidly  reduce iron ore  is  106°C lower  than that  of  pulver-

ized coal and 208°C lower than that of pulverized coke; the
maximum reaction rate is 1.57 times that of the reduction of
pulverized coal; the final reaction fraction is 17%–20% high-
er than that  of pulverized coal and coke.  This suggests that
utilizing biochar lowers the reaction temperature of iron ore
fines while increasing the reaction rate and ultimate reaction
ratio [93]. Moreover, the reducibility of biochar with varied
particle  sizes  to  iron  ore  powder  is  worth  investigating.  In
Fig.  8(e)  and  (f)  [94],  when  the  particle  size  of  biochar  is
>0.150 mm, it is necessary to reduce the particle size to pro-
mote the reduction of iron ore.  However,  when the particle
size is <0.150 mm, the particle size reduction has no signific-
ant impact. Therefore, in powder reduction, the particle size
of biochar powder should be controlled below 0.150 mm to
achieve a faster reduction.
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As shown in Fig. 9(a)–(c) [94], the microscopic morpho-
logy  of  biomass  particles  is  more  sharp,  while  that  of  iron
powder is smoother. In Fig. 9(d)–(j) [94], the reduction rate
of  composite  pellets  can  be  divided  into  five  phases.  Mag-
netite was totally reduced after a 5-min reduction at 850°C.
At ~880°C, iron ore started to be converted to metallic Fe and
aggregated as iron whiskers. At 900°C, iron whiskers started
to  expand  more.  With  the  increase  in  temperature,  FeO
gradually reduced, and the amount of metallic iron gradually
grew,  causing  the  iron  whiskers  to  become  longer  and  the
bottom diameter to increase [95–99]. At 1050°C, FeO com-
pletely disappeared and was completely reduced to metallic
iron. The iron whiskers were connected into flakes because
of reflow, and a slag phase started to form; at 1200°C, the re-
duced  metal  iron  aggregated,  flowed,  and  connected  into
large  pieces,  and  the  slag  and  iron  were  clearly  separated
[100–103].

As illustrated in Fig. 10 [94], the self-reduction process of
biochar–iron ore composite briquette can be described at the
micro  and  macro  levels,  respectively.  At  the  microscopic
level: (1) in the reaction process of solid carbon-based redu-
cing agent and iron oxides, it is mainly carried out by inter-
mediate gas products CO and CO2; (2) the indirect reduction
of  iron oxides  by CO reduction is  the  key of  the  mixture’s
self-reduction  process;  (3)  the  gasification  reaction  of  solid
carbon has a significant impact on the whole reduction pro-
cess  [104–105].  The  macroscopic  mechanism  divides  the
self-reduction  of  biomass-containing  iron  ore  into  two
gas–solid reactions: (1) gasification reaction of flaky biochar
particles and (2) indirect reduction reaction of spherical iron
oxide particles. The reaction of the gaseous intermediates CO
and CO2 results in the reaction of the two solid reactants. In
the future, it is necessary to further calculate the kinetics and
thermodynamics of the chemical process to identify the lim-
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iting factors of these reactions. 

5. Innovative  industrial  design  of  biomass  me-
tallurgy process 

5.1. Coupling  process  of  hydrogen-rich  biomass  powder
preparation and blast furnace direct injection

Steam  explosion,  as  a  biomass  pretreatment  technology,
can be characterized by high efficiency and low energy con-
sumption. It can handle a huge amont of biomass in a short
period of time and convert biomass into a particle size appro-

priate  for  blast  furnace  direct  injection.  This  technique
matches  quite  well  with  today’s “double  carbon” back-
ground  and  is  also  a  new  technology  that  large  steel  firms
really require.

The authors preliminarily constructed the process route for
hydrogen-rich micropowder production and blast furnace in-
jection  based  on  the  properties  of  hydrogen-rich  micro-
powder, as shown in Fig. 11(a). First, biomass was collected,
dried, and ground to the desired particle size before being fed
into  a  transformer  flash  synthesizer  to  complete  the  trans-
formation  process  from  biomass  to  hydrogen-rich  micro-
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powder.  There  are  two  methods  for  transporting  hydrogen-
rich micropowder to the blast furnace: The first is to carry it
in batches and set up an injection tank near the blast furnace.
The injection tank space size should be designed according to
the actual situation, and then the hydrogen-rich micropowder
is injected into the blast furnace. The second is to build a pro-
duction  workshop  of  biomass  hydrogen-rich  micropowder
inside the ironmaking plant and directly transport the product
to the injection tank and then into the blast furnace. The dir-
ect injection of hydrogen-rich micropowder will provide sig-
nificant  benefits  to  the  enterprise:  for  the  production  enter-
prise, the existing injection system can be converted to carry
out  biomass  injection  with  low  investment;  for  new  enter-
prises, it avoids investing a lot of money in pulverizing and
conveying  equipment.  With  the  efficient  utilization  of  bio-
mass  resources,  biomass  may  be  utilized  for  hydrogen-rich
micropowder  preparation  and  blast  furnace  injection  with
great efficiency [104]. 

5.2. Coupling  process  of  high-temperature  bio-syngas
preparation and blast furnace direct injection

Gases having a high hydrogen concentration, such as coke
oven gas and natural gas, are now employed to substitute a
portion of pulverized coal for blast furnace injection and par-
ticipate  in  the  reduction  process  in  the  furnace.  During  hy-
drogen reduction in the blast furnace, the product of the re-
duction of iron ore is H2O. With the increase in reducing gas
in blast furnaces, the total quantity of CO2 gas generated by
blast furnaces decreases, which can effectively boost the iron
and  steel  industries’ energy  saving  and  carbon  reduction.
However, natural gas and coke oven gas, on the other hand,
are still  considered fossil  fuels,  while  bio-syngas is  a  green

blast  furnace  injection  fuel  with  zero  carbon emissions  and
clean environmental protection advantages.

The industrial application route of blast furnace syngas in-
jection is shown in Fig. 11(c). Biomass is treated using hy-
drogen-rich micropowder technology. Then a high-temperat-
ure pressurized airflow bed gasification process is employed
to create syngas,  and then the temperature in the gasifier  is
raised  to  more  than  1200°C  to  produce  bio-syngas  mainly
composed  of  CO and  H2.  The  high-quality  bio-syngas  thus
obtained  can  be  injected  into  the  blast  furnace  by  two pro-
cess routes. The first step is to liquefy the syngas and transfer
it to the blast furnace tuyere platform through a tanker, and
then use a gas heating furnace to heat it to a certain temperat-
ure  for  blast  furnace  injection.  It  offers  the  benefits  of  low
cost  and  low  energy  consumption,  but  it  still  requires  gas
heating  prior  to  blast  furnace  injection.  For  another  better
choose, iron and steel companies may construct the gasifier
equipment within their plants, and the high-temperature syn-
gas  generated  by  the  gasifier  can  be  directly  co-produced
with the blast furnace. From the point of view of energy util-
ization, gasifier and metallurgical equipment can co-produce
reduction  gas  for  the  blast  furnace  to  reduce  heat  loss  and
synthetic  temperature  drop  to  the  greatest  extent.  From the
point of equipment investment, hot gas does not need to be
heated, which is an economical and safe way to use it [105]. 

5.3. Coupling  process  of  high-temperature  bio-syngas
preparation and shaft furnace reduction

In China’s iron and steel industry, direct reduction of iron
is an important alternative for reducing energy consumption,
lowering emissions, and improving steel quality.  The signi-
ficant advantages of the gas-based shaft furnace direct reduc-
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tion method over other new ironmaking processes are large
output per set of equipment, environmental friendliness, low
energy consumption, and low pollution emissions. It is an ad-
vanced  process  for  the  low-carbon,  green,  and  high-quality
development  of  direct  reduction  ironmaking  technology  in
China. Because China lacks oil and gas resources, the source
of reducing gases is critical to the construction of large-scale
shaft furnaces. As rich in H2 and CO, bio-syngas has the po-
tential to be used in gas-based direct reduction processes and
can be combined with existing direct reduction technologies
such as MIDREX, HYL-III, and PERED vertical furnace to
form a large-scale combined process for direct reduction iron
production [106].

As seen in Fig. 11(d), bio-syngas can be utilized directly
in various gas-based direct reduction processes in industrial
applications. Shaft furnace gas can also be blended with bio-
syngas after the decarbonization process to control the injec-
tion temperature so as to achieve the lowest energy consump-
tion and highest energy utilization of shaft furnace. Simultan-
eously, the iron and steel industries can construct a hydrogen-
rich micropowder and gasifier equipment group near the dir-
ect  reduction  furnace  to  reduce  the  energy  loss  and  equip-
ment  transformation  cost  of  syngas.  This  design  method  is
the  most  cost-effective  and  secure  industrial  application
route. The use of bio-syngas as reductants instead of natural
gas  and  other  fossil  fuels  as  reductants  in  direct  reduction
ironmaking is of great significance to the promotion of gas-
based  shaft  furnace  direct  reduction  technology  in  the  iron
and steel industry in China and the realization of low-carbon
and green development of the iron and steel industry. 

5.4. Coupling  process  of  high-temperature  bio-syngas
preparation and melting reduction

Typical melting reduction processes such as COREX and
HIsmelt  still  depend on fossil  energy sources like coke and
pulverized coal, failing to address the issue of fossil energy
consumption and carbon emissions at the source. The hydro-
gen-based  melting  reduction  technique  combines  hydrogen
reduction with the classic  melting reduction process,  which
can realize reducing carbon emission and green development
of  new  frontier  technology  more  effectively.  Chinese  iron

and steel enterprises must not only accelerate research on hy-
drogen smelting  reduction,  but  also  need  to  build  metallur-
gical  equipment  and  develop  hydrogen  energy  utilization
projects  in  order  to  open  up  the  hydrogen  energy  industry
chain in the iron and steel industry’s production, storage, and
utilization.

Because  the  structure  of  hydrogen-rich  micropowder  is
rich in methyl and other light hydrocarbon small molecules
as a result of its particular preparation technique, the hydro-
gen-rich reduction gas dominated by H2 will be generated in
the subsequent gasification process. The H2 ratio in bio-syn-
gas can be enhanced, and the path for biomass hydrogen gen-
eration can be controlled the preparation conditions and kinds
of gasification agents. The purified bio-syngas is used as the
hydrogen source in smelting reduction and is injected into the
molten iron bath, and then the reducing gas rapidly reduces
iron oxide, as illustrated in Fig. 11(e). The bio-syngas can be
mixed into  the  high-temperature  reduction gas  (CO + H2 >
90%) generated by the shaft furnace to be used as reduction
gas.  After  being  heated  to  800–850°C and  dedusted  by  the
hot  cyclone  dust  collector,  the  syngas  was  fed  into  the  gas
containment  pipe  of  the  upper  pre-reduction  shaft  furnace
and then reduced through the descending ore layer from bot-
tom  to  top.  The  industrial  application  design  not  only  ad-
dresses  the  hydrogen  source  issue  of  melting  reduction  but
also pushes multi-field and multi-industry “carbon neutraliz-
ation” across several fields and industries. 

6. Benefit assessment of biomass metallurgy 

6.1. Environmental benefits

Fig. 12(a) [94] shows the changes in carbon balance dur-
ing biomass-assisted ironmaking. The calculation formula for
biomass-assisted  ironmaking  energy  savings  and  emission
reduction was worked out to quantitatively examine the po-
tential of biomass-assisted ironmaking technology to minim-
ize  CO2 emissions.  According  to Fig.  12(b)  [94],  the  blast
furnace should use ~500 kg of fuel  per  ton of  iron smelted
and emit ~1.49 t of carbon emissions. For every 1 kg of car-
bon consumption reduction, ~3.67 kg of CO2 can be reduced.
According to the calculation results, if the blast furnace oper-
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ates smoothly and the biomass is completely used in the pre-
iron processes such as sintering, pelletizing, coking, and in-
jection, the CO2 emissions of the existing blast furnace iron-
making process can be reduced by >40%.

Furthermore, according to the life cycle evaluation results
based on the utilization of biomass into steel mills, the substi-
tution rate of charcoal relative to heavy oil is more than 1.15
times,  indicating  that  the  production  of  1  t  of  pig  iron  re-
quires 90 kg/t of heavy oil, so at least 103.5 kg of charcoal is
required [107]. When biomass substitutes for heavy oil,  the
air consumption will decrease, resulting in a decrease in blast
furnace gas. The carbon intake of the blast furnace is lowered
by substituting some of the heavy oil and coke. According to
Suopajarvi’s findings [107], overall CO2 emissions would be
reduced from 4.63 million tons to 3.92 million tons if all-car-
bon injection were implemented for a steel plant with an an-
nual output of 2.6 million tons of hot-rolled steel. The find-
ings  indicate  that  using  biomass  into  steel  production  sys-
tems can greatly minimize the environmental burden of steel
production systems. 

6.2. Economic benefits

Biomass metallurgy will have some economic advantages.
The cost of biomass straw for blast furnace injection is listed
in this research, using Hebei Province, China as an example.
At the moment, in Hebei Province’s “2018 Crop Straw Com-

prehensive Utilization Project,” it  is  pointed out  that  a  sub-
sidy  of  100  Yuan  per  ton  is  available  for  straw  recycling,
storage,  and  transportation,  as  well  as  a  50%  subsidy  for
equipment acquisition funds. Based on this, the essential eco-
nomic  characteristics  of  straw  collection  and  transportation
can refer to the application of power plants, and the other de-
tailed  costs  are  shown  in Table  1.  Among  them,  the  straw
carbonization equipment is designed to process 1 ton of straw
each  time,  and  the  other  supporting  equipment  is  primarily
drying equipment, water filtration equipment, and carboniza-
tion waste collection equipment [108].

According to Table 1, it can be calculated that the cost of
generating 1 ton of straw char using the pyrolysis process in
Hebei Province is around 670 Yuan. Other Chinese localities
have  similarly  enacted  rules  governing  the  broad  use  of
straw. Due to the “Double Carbon” policy, the market price
of  anthracite  is  over  1800  Yuan/t,  the  price  of  bituminous
coal  is  about  1200  Yuan/t,  and  the  price  of  mixed  coal  is
around  1500  Yuan/t  for  blast  furnace  injection  in  the  year
2021. At the moment, Europe has begun to levy a carbon tax.
With the gradual improvement of the Chinese carbon trading
market, steel companies are subject to carbon emission regu-
lations and will choose to acquire carbon emission indicators.
Using carbon-neutral biomass as the primary raw material for
metallurgy will allow enterprises to break through under the
carbon dioxide emission limit.

 
Table 1.    Detailed cost of straw char for blast furnace injection
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7. Conclusions and outlook

In comparison to typical fossil fuels (coal, oil, and natural
gas), biomass with carbon neutral qualities offers significant
benefits  as  a  renewable resource.  Based on the authors’ re-
cent  research  achievements,  this  study  puts  forward  the
concept  of  biomass  metallurgy,  introduces  some  advanced
biomass pretreatment methods (steam explosion and gasific-
ation), and demonstrates the technical feasibility of biomass
applying in the coking, sinter, pellets and blast furnace injec-
tion,  analyzes  the  environmental  and  economic  benefits  of
biomass steelmaking. After appropriate large-scale metallur-
gical  equipment  and  production  processes  are  mature,  bio-
mass may be extensively exploited as a new energy source in
steel production in the future.

However, biomass still has several issues that must be ad-
dressed:  low  volume  density,  high  moisture  content,  high
transportation and storage cost and poor grindability. The de-
velopment  of  biomass-directed  conversion  technology  and
key  equipment  based  on  the  requirements  of  thermal  and
chemical properties of biomass in the metallurgical process is
the primary problem to be solved in the large-scale promo-

tion of biomass metallurgy in the future. Moreover, metallur-
gical process operators must improve the traditional smelting
mode,  update  current  metallurgical  equipment,  and  master
the  operation  concept  of  biomass  metallurgy  based  on  the
biomass features. Scientific research institutes and the metal-
lurgical industries must work together to address key issues,
increase scientific research investment, and constantly deep-
en  the  basic  theoretical  research  on  biomass  metallurgy  to
truly achieve a green and efficient metallurgy industry. 
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