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Abstract: In order to promote the intelligent transformation and upgrading of the steel industry, intelligent technology features based on the
current situation and challenges of the steel industry are discussed in this paper. Based on both domestic and global research, functional analys-
is, reasonable positioning, and process optimization of each aspect of steel making are expounded. The current state of molten steel quality and
implementation under narrow window control is analyzed. A method for maintaining stability in the narrow window control technology of steel
quality is proposed, controlled by factors including composition, temperature,  time, cleanliness,  and consumption (raw material).  Important
guidance is provided for the future development of a green and intelligent steel manufacturing process.
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1. Introduction

Several  technical  propositions  regarding  sustainable  de-
velopment currently exist in the steel industry. In addition to
improving  steel  processing  efficiency,  such  proposals  have
covered reducing energy consumption and emissions and ef-
fectively  establishing  a  product  brand  to  pay  enough atten-
tion. To achieve this, intelligent technologies must be imple-
mented in the steel manufacturing process. Furthermore, the
stability  of  the  production  process  and  the  accuracy  of
product performance standards must be improved. In the near
future, the goals of improving energy efficiency, energy con-
sumption  reduction,  and  pollutant  emissions  reduction  in
steel processing can be achieved by improving the industry’s
green manufacturing processes. By developing more intelli-
gent  steel  manufacturing  processes,  a  narrow  control  win-
dow for the stable control of operational process parameters
can be achieved, product quality (stability, reliability, and ap-
plicability) can be improved, and brand value can be added.
By the combination of greener and more intelligent produc-
tion, coordinated control and multi-objective optimization of
the steel manufacturing process can be realized, thereby sig-
nificantly  improving  the  social  responsibility  and  competit-
iveness of iron and steel enterprises.

The  iron  and  steel  industry  plays  an  important  role  in
maintaining  the  developmental  momentum  of  China’s  na-

tional economy. Accordingly, it is necessary to solve the stra-
tegic proposition of green development, intelligent advance-
ment, and significant improvement in industrial competitive-
ness in the iron and steel industry. The focus must be redirec-
ted from traditional development modes, such as using spe-
cific devices or local process optimization, to benchmarking
to tap potential, and reducing the cost of the whole process.
Also,  new  developmental  ideas  such  as  the  cooperation  of
green and intelligent production are needed, which could rep-
resent  a  breakthrough  in  process,  interface  technology,  and
narrow window stability control of the whole process. In this
way, the bottleneck that restricts the development of China’s
iron and steel industry can be addressed [1−5].

Improvements in steel quality and brand value largely de-
pend on a narrow window in production processes, offering a
means for ensuring the stability and control  of molten steel
quality. Improvements can be achieved through the coordin-
ation  and  coupling  of  material  flow,  energy  flow,  and  in-
formation flow. This can be achieved using advanced meth-
ods of intelligent control. In this way, fragmented knowledge
and  experience  can  be  transformed  into  a  linkage  control
model,  quantitative  operation  rules,  a  database,  and  stand-
ards that define the entire process. Accordingly, the steel pro-
cess can be imbued with distinct technical characteristics of
depth  perception,  intelligent  decision-making,  and  accurate
execution. Diverging and changeable input parameters can be 
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gradually optimized and adjusted to the upstream and down-
stream  aspects  of  the  manufacturing  process.  Output  para-
meters can adopt a stable focus and acquire significant bene-
fits to improve the level of accurate control of the entire steel
production process. Thus, the personalized needs of different
users can be achieved and the adaptability of large-scale pro-
duction ensured [4−8].

In this paper, based on the operational situation and exist-
ing  problems  in  the  steel  manufacturing  process,  technical
characteristics  of  an  intelligent  steel  manufacturing  process
are considered alongside a functional analysis to ascertain the
reasonable  positioning  and  optimization  of  each  process
function in steelmaking. This study aims to provide theoret-
ical references for the innovative development of steel manu-
facturing in China. 

2. Analysis of the operational status of iron and
steel manufacturing processes

Over nearly 20 years of development, the equipment and
technical level of China’s steel manufacturing processes have
made  significant  progress  [9−10].  Research  on  steel  pro-
cessing  technologies  and  equipment  has  been  divided
primarily into two areas,  the first  of  which focuses on effi-
ciency  improvement,  cost  reduction,  energy  conservation,
environmental  protection,  and  other  aspects  of  single  pro-
cesses. In doing so, individual challenges and aspects related
to  comprehensive  problems  within  a  single  process  have
been  resolved.  For  example,  during  the  converter  smelting
process,  the  carbon and oxygen percentage content  product
([%C]·[%O]) at the end of the full furnace service of a large
converter  in  domestically  dominant  enterprises  can  be  re-
duced  to  less  than  0.0018  (reduced  within  0.0015  by  some
top  companies).  Additionally,  molten  iron  (slag)  consump-
tion is at a relatively low level for selected companies and the
smelting  cycle  of  the  converter  is  shorter  than  before
[11−13].  However,  due  to  the  lack  of  attention  in  the  co-
ordination and correlation of each process within steel manu-
facturing,  local  operations  and  the  effect  of  individual  pro-
cesses, though improved, may be overshadowed by deterior-
ation or changes in the operational quality of other processes,
thus undermining overall improvements in the operational ef-
fectiveness  of  the  entire  process.  For  example,  when  high
phosphate ore is used in a blast furnace, the cost of blast fur-
nace ironmaking can be reduced.  However,  if  the  technical
aspects of high-phosphorus molten iron smelting in the con-
verter are insufficient, or if the relationship between the steel-
making  process  and  the  ironmaking  process  of  high-phos-
phorus hot metal is not matched, the dephosphorization load
of  the  converter  may  increase;  this  will  render  the  process
control more difficult (and give rise to a high probability of
slag spillage). Furthermore, problems related to steel perox-
idation  and  instability  in  the  production  rhythm  will  arise.

Accordingly, the gains will outweigh the losses incurred.
Secondly,  in  the process  of  product  research and quality

improvement, the hit ratio of individual targets related to steel
products  (material  composition,  cleanliness,  grain size,  per-
formance, and other indicators) is typically targeted. For ex-
ample, impure elements (carbon, sulfur, phosphorous, nitro-
gen, hydrogen, total oxygen ([TO])) have been controlled at
extremely  low levels  (Table  1)  [12−14].  However,  because
process stability and production rhythm of the steel manufac-
turing process as a whole have been neglected, the stability of
the entire process has not been improved by a specific qual-
ity index (including those mentioned above). For example, if
control of the converter smelting endpoint is not precise, ex-
cessive  dependence  on  the  completion  of  the  refining  pro-
cesses can arise, which will lengthen the refining time over-
all.  Furthermore,  refining  costs  will  be  increased  and  the
quality of molten steel may frequently fluctuate, giving rise
to  uneven  continuous  casting;  therefore,  rather  than  advan-
cing the entire manufacturing process, a negative impact will
result.  Observational  perspectives  must  be  changed  to
achieve collaborative control of individual process node in-
dexes and, accordingly, implement comprehensive optimiza-
tion of the entire steel manufacturing process.
 
Table  1.    Development  of  the  monomer  control  level  of  im-
pure elements in steel 10−6

Year C Si Mn P S [TO]
1960s 200 200 200 40 3 40
1970s 80 40 100 30 2 30
1980s 30 10 40 20 1 10
1990s 10 4 10 10 0.8 7
1996 5 2.5 10 10 <1.0 5

After 2000 4 0.6 3 6 0.5 2
 

The iron and steel industry is a typical process-based man-
ufacturing  industry  with  complicated  operation  laws,  in
which  the  technical  difficulty  of  intelligent  improvement  is
significantly  higher  than  that  in  the  discrete  manufacturing
industry. To date, no successful case of intelligent steel pro-
cessing has been developed [15−23]. Different from the char-
acteristics of existing single-process technology research, in-
cluding individual and diverse development and quality im-
provement, intelligent improvement in the steel industry fo-
cuses on the overall operation of the steel manufacturing pro-
cess.  However,  several  contradictions  and  constraints  exist
regarding the  intelligent  development  of  the  steel  manufac-
turing process in China.

(1) For historical reasons, the unreasonable positioning of
process functions is common within the production lines of
existing steel processing facilities in several iron and steel en-
terprises. This can cause uneven removal efficiency, removal
difficulties,  and a  hampering of  the  control  precision of  re-
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lated impure elements, thereby rendering the steel manufac-
turing process as a whole complex and changeable. There re-
mains  significant  room  for  improvement  in  the  anticipated
goal of smooth operations within the overall production pro-
cess; this represents the “birth defects” of the steel manufac-
turing  process  physical  system  and  the  difficult  aspects  of
realizing process intelligence.

(2) How to change the mechanism or operation, or both, of
selected processes, devices, and process interfaces in the steel
manufacturing process remains unclear.  Meanwhile,  a large
number of multivariate heterogeneous input/output paramet-
ers  between  upstream  and  downstream  processes  have  not
yet fully realized mutual inductance and connection. Further-
more, data mining of cross-process or sectional collaborative
correlation is inefficient, and there remain “isolated islands”
of information that pose technical obstacles in realizing intel-
ligent operation of the steel manufacturing process.

(3) The control parameters of key nodes during the steel
manufacturing  process  still  cannot  be  accurately  measured,
and an inability to promptly obtain process characterization
data online remains. It is still necessary to conduct extensive
personalized  regulation  based  on  human  experience;
however, blind spots remain in terms of the monitoring and
correction of flow rules, causing a lack of normative and me-
ticulous adjustment means. This frequently causes the output
to fluctuate, thus affecting the convergence of an intelligent
control model. 

3. Technical  characteristics  of  an  intelligent
steel manufacturing process

The  input  terminal  of  the  steel  manufacturing  process
comprises parameter groups related to material flow, energy
flow,  and  information  flow  of  the  original  fuel  properties.
After entering the time and space boundary of the steel man-
ufacturing  process,  the  process  will  affect  different  process
nodes according to the flow of the network and based on spe-
cific  rules  of  dynamic  sequential  execution.  The  material

flow,  energy  flow,  and  information  flow  parameter  groups
constitute  the  output  product  attributes  at  the  end  of  steel
manufacturing process. Its goal is the multi-objective collab-
orative  optimization  of  the  entire  process,  which  includes
controllable  operation  rules,  high  efficiency,  environmental
protection, and batch-product quality stability.

Presently, a range of problems must be addressed to im-
plement  intelligent  improvement  processes  in  the  steel  in-
dustry.  The input terminal of steel  manufacturing processes
may include a group of relatively divergent parameters that
vary across a broad range and are not dependent on human
will, e.g., the quality and price of raw fuel, supply factors re-
lated to raw fuel, market demand for a product, the skills and
experience of different operators, and attention to the produc-
tion  line  and  process.  For  the  output  terminal  of  the  steel
manufacturing process, relatively narrow characteristic para-
meter  groups are  expected to  be  obtained continuously  and
stably (e.g.,  high production efficiency,  energy savings,  en-
vironmental protection, high product quality, and continuous
stability). Objectively, regardless of the parameter groups in-
cluded in the input terminal of the steel manufacturing pro-
cess, people tend to subjectively prefer parameter groups (in-
cluding  those  mentioned  above)  that  change  in  a  relatively
narrow channel during actual process operations, because this
renders procedures controllable within a narrow window as
shown in Fig. 1. The intelligent steel manufacturing process
has the functions of sensitive perception, intelligent decision-
making,  precise  execution,  and  deep  service,  which  covers
specific technical characteristics such as self-perception, self-
learning,  self-decision-making,  self-implementation,  and
self-adaptation.

In steel manufacturing engineering systems, the expected
operational goal is to realize a multi-objective collaborative
achievement  that  includes  green  and  high  efficiency  pro-
cesses  and  stable  product  quality,  among  others.  Here  the
technical implications concern the intelligent operation of the
steel manufacturing processes to create conditions for value-
added brand products. The output quality is related to the op-
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Fig. 1.    Group control rules for input and output parameters in the steel manufacturing process.
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erational status of each process within the overall process as a
whole, considering the different working conditions and op-
erational  results.  Therefore,  the  weight  factors  of  each  pro-
cess and how they affect output quality are different. For ex-
ample,  by  implementing  relatively  complete  monitoring,
situations  in  which  the  product  quality  may  fluctuate,  or
where pollutants may be discharged, can be controlled. This
is known as the self-perception stage of the steel manufactur-
ing process. According to metallurgical mechanism analysis
and big data analysis, these fluctuations (or abrupt changes)
may be the result of an unstable drawing speed in continuous
casting machines and inappropriate flue gas treatment of the
sintering machine. This refers to the self-decision-making be-

havior stage within the steel manufacturing process. The sta-
bility of the molten steel superheating, the range within mold-
level fluctuation, and the control parameters of the sintering
machine  represent  the  self-adaptive  behavior  stages  of  the
steel manufacturing process. The regression of product qual-
ity and emissions, achieving a normal-value level index, rep-
resents improvements in the output quality process. The en-
gineering system of the manufacturing steel process can real-
ize  closed-loop  control  as  a  result  of  identifying  problems,
analyze the causes of problems, and automatically push and
control  methods  to  realize  closed-loop  control.  A  causality
diagram of input and output quality within the steel manufac-
turing process is shown in Fig. 2.
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Fig. 2.    Causality diagram of input and output quality within the steel manufacturing process.
 

Based  on  steel  manufacturing  process  configuration  and
general operational rules,  when one process receives differ-
ent input conditions, automatic design and an optimized pro-
cess path should be achieved, leading to a window parameter
group for the dynamic and orderly operation of different pro-
cedures, thereby correctly guiding efficient, stable, and envir-
onment friendly and sustainable operation of the production
process. Based on the differences between the output results
of the steel manufacturing process, and considering the anti-
cipated  goals,  the  causes  of  these  differences  can  be  estab-
lished  through intelligent  judgment  and  by  effecting  timely
responses to accurately control the subsequent rounds in the
input–output  cycle.  This  will  render  the  subsequent  output
run  closer  to  the  expected  target,  thereby achieving the  ex-
pected goal of stable operation within a narrow window.

In the future, the steel manufacturing process should have
a closed-loop control ability that includes both positive and

reverse optimization. Intelligent prediction and an automatic
iterative feedback loop are thus necessary aspects for the reg-
ulatory capacity of intelligent steel industrial processes. 

4. Function  analysis  and  optimization  of  each
process in the steelmaking section

The  steelmaking  section  is  an  important  aspect  of  the
high-temperature  operation  of  the  steel  manufacturing  pro-
cess.  The  procedure  has  a  connective  function  in  the  steel
manufacturing process and is crucial for ensuring steel qual-
ity. The section affects the stable operation of blast furnace
ironmaking  (the  procedure  preceding  steelmaking)  and  the
stability and efficiency of product quality (the process after
steelmaking). In the extensive process of advanced steel pro-
duction, the steelmaking section includes four processes: hot
metal  pretreatment,  converter  steelmaking,  molten  steel  re-
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fining, and continuous casting (see Fig. 3).
The  steelmaking  section  has  a  major  impact  on  the  dy-

namic and orderly operation of  the entire  steel  manufactur-
ing process. The reasonable positioning of each process func-
tion in this section can realize multi-factor collaboration (in-
cluding  composition,  temperature,  production  scheduling,
multi-furnace continuous casting, product quality, cost-energy
conservation, and emission reductions) in the steel manufac-

turing process  and provide important  support  for  integrated
and intensive control [24−27]. Therefore, the reasonable pos-
itioning,  optimization,  and  matching  of  each  process  func-
tion in the steelmaking section play an important role in im-
proving the operational efficiency of steel manufacturing as a
whole, thereby reducing costs and improving product quality.
It is also the advance condition for realizing stability control
technology for a narrow window of molten steel quality.

 
 

Fig. 3.    Schematic of the steelmaking section in the typical long process of steel manufacturing process.
 
 

4.1. Analysis  of  the  functional  matching  of  each  process
in the steelmaking section

Through decades of development, China’s iron and steel
industry has made significant improvements in terms of tech-
nology and equipment. However, the development of several
enterprises is completed in stages that form part of the pro-
cess  of  expanding  the  scale  of  initial  outdated  production
lines. The limitations of these production line conditions and
the displacement caused by goals pursued in different trans-
formation stages have led to several problems. These include
unreasonable  layout,  weak  system integration,  uneven  con-
trol of individual processes, and the unstable output of indi-
vidual processes. In functional positioning and collaborative
matching,  all  processes  are  extremely  important,  and  the
feedback among material flow, energy flow, and information
flow cannot be adjusted in a timely, accurate, and collaborat-
ive manner.

In  particular,  the “four-in-one” technological  framework
(which includes hot metal pretreatment, converter steelmak-
ing,  molten  steel  refining,  and  continuous  casting  at  a  con-
stant drawing speed and high efficiency) has not been estab-
lished  or  improved in  the  steelmaking  section.  This  repres-
ents an aspect of the advanced technological conceptualiza-
tion and implementation required in the steel manufacturing
industry.  Although  the  steelmaking  section  of  some  enter-
prises already employs the above-noted equipment configur-
ation, these enterprises have failed to achieve the functional
positioning of individual  devices and the division of metal-
lurgical tasks. As a result, support for obtaining an efficient,
stable, and accurate output of the entire process is consider-
ably low as highlighted by the following aspects.

(1) In the steelmaking section, the hot metal pretreatment
process can’t take corresponding measures according to the
change of input hot metal conditions. Such measures can be

used to guide the hot metal pretreatment process to obtain ac-
curate  output  parameters.  The  pretreatment  function  is  lim-
ited  to  the  desulfurization  of  hot  metal;  in  this  regard,  the
ideal degree of total disengagement for three aspects (desul-
furization, desilication, and dephosphorization) has not been
achieved. The current level of desulfurization and dephosph-
orization  pretreatment  is  not  sufficient,  and  some  smelting
tasks  are  not  suitable  for  converter  steelmaking  processes,
e.g., desulfurization (and controlling its reversion) and deep
dephosphorization.  Accordingly,  these  tasks  will  signific-
antly increase the operational difficulty of subsequent steel-
making processes.

(2) In some instances,  the converter steelmaking process
has to accept hot metal following hot metal pretreatment with
unsatisfactory  conditions  (related  to  chemical  composition,
temperature,  supply  timing,  etc.).  This  substantially  in-
creases the task of  removing impure elements  in  which the
amount  of  smelting  slag  is  significant,  the  phenomenon  of
primary molten steel peroxide is serious, precision control is
difficult, and the output result is unstable. This increases the
difficulty in promptly providing qualified molten steel for the
subsequent refining process.

(3)  When  the  parameters  of  molten  steel  after  converter
furnace processing are not ideal, the material flow input para-
meters in the refining process will deviate from the expected
parameters (chemical composition, temperature, supply tim-
ing, etc.). Consequently, the refining process will be forced to
passively accept converter molten steel with abnormal para-
meters,  and  the  liquid  steel  refining  process  will  become
more  complex,  requiring  more  refining  disposing  time.
Meanwhile, the difficulty in providing qualified molten steel
in  timely  and  continuous  casting  processes  will  increase,
which, in turn, may increase the difficulty of the stable realiz-
ation  of  multi-furnace  continuous  casting  control  in  sub-
sequent continuous casting processes.
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(4) A continuous buildup of deviation from expected out-
put  parameters  owing to  the  abnormal  working state  of  the
above-noted processes will lead to the inherent law of each
process  being  irregular.  This  will  further  enlarge  the  gap
between the passive input conditions and expected input con-
ditions, thereby increasing the risk of the continuous casting
process that causes unexpected fluctuations in output timing
and the output quality of the slab. This will lead to disorder in
the control parameter group connection among various pro-
cesses, making the realization of a stable operation within a
narrow window difficult. 

4.2. Functional  analysis,  optimization  and  the  reason-
able  positioning  of  each  process  in  the  steelmaking  sec-
tion

The optimization of iron and steel processes involves the
analytical  optimization  of  each  individual  process  function,
the  coordination  and  optimization  of  each  process  with  a
matching relationship, as well as the reconstruction and op-
timization of each process set within the process. Presently,
the links between different processes in the steel manufactur-
ing process reflect simple but extensive linking phenomena.
The goals pursued by independent processes are still not fully
integrated within the processing system as a whole.  An ad-
vanced  steel  manufacturing  process  should  integrate  the
functional  advantages  of  each  process  and  avoid  the  short-
falls  when  meeting  the  function  matching  of  each  process.
On  the  basis  of  the  reasonable  matching  of  each  process
function, the stability control target of each process paramet-
er  group  can  be  achieved  within  a  narrow  window,  thus
achieving  multiple  goals  such  as  high  efficiency,  low  con-
sumption, and stable product quality in the steel manufactur-
ing  process,  while  also  providing  technical  support  for
product branding.

In recent decades, the equipment level of Kanbara reactor/
pulverized  desulfurization,  converters,  ladle/vacuum/Ruhrs-
tahl Heraeus refining furnaces, as well as continuous casting
has rapidly improved in China. However, the quality of mol-
ten steel and billet is generally poor or inconsistent, creating a
bottleneck  in  steel  brand  value.  In  addition  to  influencing
factors such as management philosophy, raw material qual-
ity differences, and the excessive pursuit of low cost in iron
and steel enterprises, it is key that the overall ability of the in-
dustry  to  deeply  excavate,  integrate,  and  coordinate  equip-
ment  functions  among  all  processes  within  the  entire  steel
production process be improved.  This is  mainly manifested
with the following aspects.

The  functional  positioning  of  two  processes,  hot  metal
pretreatment  and  converter  steelmaking,  remains  unclear.
The crossover and dislocation of metallurgical task division
directly affect the quality and stability of molten steel in the
primary  smelting  furnace.  Due  to  the  fluctuation  of  molten
steel  quality  in  the  converter,  subsequent  refining  and  con-

tinuous  casting  processes  will  be  forced  to  accept  the  un-
stable molten steel. As a result, process problems that should
have  been  effectively  solved  in  the  preceding  process  will
make it difficult to control the output product quality in this
section within a relatively narrow range.

Learning  from  the  successful  experience  of  foreign  ad-
vanced iron and steel processes [28‒30], the functional ana-
lysis and optimization of each process in the steelmaking sec-
tion reflect the following three aspects: First, the desulfuriza-
tion,  desilication,  and  dephosphorization  of  hot  metal  are
tasks that should be moved to the hot metal pretreatment pro-
cess. This can provide support for achieving favorable condi-
tions  pertaining  to  thermodynamics  and  related  aspects  for
improving treatment efficiency,  thus reducing the workload
of subsequent  converter  steelmaking.  Second,  the converter
steelmaking process requires low sulfur and low phosphorus
molten iron, which greatly reduces the slag quantity. The me-
tallurgical function of the converter steelmaking process can
be simplified into decarbonization and heating, which is con-
ducive to a reduction in the degree of over-oxidation and en-
dogenous  inclusions  and  provides  technical  support  for  the
subsequent  rapid  refining  of  steel  at  a  steady  rhythm  and
multi  furnace continuous casting in continuous casting pro-
cess. Finally, the smelting function of each process is suppor-
ted, processing tasks are balanced and clear, treatment depth
is  explicit,  process  rules  are  easy  to  extract,  and  rhythm
matching  is  controllable.  Achieving  these  aspects  will
provide the conditions for stable operations within a narrow
window in the steelmaking process. 

4.3. Functional  optimization  and  its  realization  in  the
steelmaking section

Dephosphorization in the steelmaking section is too reli-
ant on a combination of parameters, such as the high basicity
of the converter endpoint, large slag quantity, high-oxidizing
slag, and over-oxidation. Although a high dephosphorization
rate can be obtained, the high oxygen potential in the molten
steel, high deoxidation costs, and a large number of endogen-
ous  inclusions  make  the  subsequent  refining  task  more  in-
tensive, controlling the purity of molten steel more difficult,
and the division of metallurgical functions in the process be-
fore and after unfeasible.

In  advanced  iron  and  steel  manufacturing  processes,  the
potential  for  removing  impure  elements  such  as  sulfur  and
phosphorus through molten iron pretreatment processes has
been explored in depth. By transforming the function of effi-
cient desulfurization and dephosphorization into the hot met-
al pretreatment process as much as possible, the focus of the
subsequent converter steelmaking process will only be on the
matching  relationships  between  the  carbon  content  and  the
temperature in the molten pool. Concurrently, the simultan-
eous  hit  ratios  for  composition,  temperature,  and  treatment
time in the molten pool will be significantly increased, con-
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trol  difficulty  will  be  reduced,  and  operation  time  will  be
controllable. In this way, the difficulties associated with con-
trolling the molten iron pretreatment and converter steelmak-
ing  processes  can  be  balanced,  and  the  stability  of  process
output parameters can be significantly enhanced. In this con-
text,  the  refining  function  will  focus  on  adjusting  the  com-

position of the steel and removal of inclusions; this will ef-
fectively reduce the time required for removing impure ele-
ments and deoxidation. Process stability will be significantly
increased  and  better  adaptation  to  multi-furnace  continuous
casting.  The  different  functions  of  the  steelmaking  section
before and after improvement are shown in Fig. 4.
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5. Stability  control  technology  for  a  narrow
window  and  its  influence  on  the  molten  steel
quality 

5.1. Current  status  of  narrow  window  stability  control
technology on steel quality

Presently, the quality of the molten steel is not only lim-
ited to obtaining it with qualified composition; technically, it
must  also  reflect  low cost,  high  efficiency,  and  the  prompt
and stable supply of molten steel within a narrow fluctuation
range as  it  relates  to  composition and temperature  [31‒32],
with  a  dynamic  input–output  flow  to  ensure  that  the  sub-
sequent continuous casting process achieves a stable, smooth,
high,  and  constant  drawing  speed.  To  achieve  these  goals,
functional analysis optimization and the reasonable position-
ing of each process in the steelmaking section are extremely

important and present the technical basis for success in this
context.

From a perspective that includes the entire steel manufac-
turing process, the various processes in the steelmaking sec-
tion  require  changes  and  interactions  involving  a  series  of
parameter groups during normal operation. The molten iron
pretreatment  process  may involve,  among others,  slag  tem-
peratures, composition, and production rhythm, whereas the
converter  steelmaking  process  includes  oxygen  lance  posi-
tion,  oxygen  supply  intensity,  converter  bottom  blowing
strength, and smelting cycle.  The molten steel refining pro-
cess involves molten steel composition and temperature, re-
fining time, soft-blowing and calming time, and molten steel
purity, alongside numerous other factors. In the steelmaking
section,  the  control  parameter  groups  of  the  upstream  and
downstream processes are not only the relatively discretized
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parameter  groups employed for  adjusting related processes,
each  parameter  group  also  has  a  degree  of  heritability  and
mutual  correlation.  Various  possible  fluctuations  in  process
parameters (the above mentioned parameters) may exert dif-
ferent degrees of influence on the output quality of the steel-
making section.

The number of combinations in the above-noted range of
parameter  groups  is  significant,  and  their  inherent  laws  are
complex and flexible. It is extremely inefficient and costly to
perform optimization of the entire process by trial and error.
It is thus necessary to address the relationship between self-
organization and the interrelationships among other organiz-
ations of functions of each process in the steelmaking section.

Establishing  a  reasonable  cyber–physical  system  in-
volving the  steelmaking section  with  the  help  of  the  whole
process  monitoring  system  must  be  based  on  massive  data
and  operating  rules,  use  of  mechanism models,  and  related
optimization models and big data statistical models to input
different parameters for different scenarios. Barring this, the
change  results,  possibly  caused  by  sudden  interference
events, are iterated in cycles. These include self-learning and
predicting possible output results, performing dynamic com-

parisons with expected output results, and gradually narrow-
ing the output results to automatically push out a reasonable
execution  path  and  a  narrow  window  control  parameter
group of each node in the path. In this way, the development
and execution of the intelligent optimization of the smelting
process in the steelmaking sector can be achieved, alongside
the goal of stable operation within a narrow window.

The quality of molten steel output in the steelmaking sec-
tion  is  reflected  in  the  stability  of  various  indicators  of  the
production  process  and  the  controllability  of  production
costs,  benefits,  and environmental  loads.  It  is  expected  that
(regardless  of  the  changes  and  conflicts  that  may  be  en-
countered at the input end of the steelmaking section or dur-
ing its operation) by utilizing an intelligent control mechan-
ism in the steelmaking section, the various parameter groups
involved can be reasonably narrowed. Convergence changes
should be affected in the data channel to ensure that the final
output can achieve the multi-objective collaborative optimiz-
ation  (stable  molten  steel  quality,  matching  production
rhythm,  as  little  environmental  load  as  possible,  etc.)  as
shown in Fig. 5.
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Fig. 5.    Schematic of the parameter groups and output quality of each process in the steelmaking section.
 
 

5.2. Implementation  path  for  the  influence  of  narrow
window stability control technology on steel quality

Based on the analysis of the influence of the control effect
of each section within the entire steel manufacturing process,
fluctuation  in  the  control  window  parameters  during  the
steelmaking section has a major impact on the final quality of

the steel produced. It is also directly related to the rhythm of
the  entire  process  of  production and operation and whether
the connection is smooth.

Concerning the narrow window for stably controlling the
molten steel quality in the steelmaking section, there are cur-
rently no successful cases to learn from in China. This nar-
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row window aims to  achieve  intelligent  optimization  based
on a vision that incorporates the steel manufacturing process
as a whole. It is necessary to change the familiar traditional
mode  of  over-focusing  or  pursuing  the  optimal  operational
effect of a single process, which neglects system-wide optim-
ization. Optimization cannot be achieved by relying solely on
the skills, experience, energy, and sense of responsibility of
the operators responsible for different processes. The narrow
window for stably controlling molten steel quality is based on
having  a  reasonable  layout  of  the  physical  framework  re-
quired  for  the  steelmaking  section.  Additionally,  digital  in-
formation  systems  must  include  comprehensive  functional
abilities and multi-objective collaborative optimization on the
basis of the analysis and optimization of upstream and down-
stream process functions and the use of big data and mechan-
ism analysis to ensure orderly interaction. The narrow win-
dow stability control of molten steel quality requires break-
throughs  in  key  points,  e.g.,  real-time  online  monitoring  of
process variables, closed-loop control of the process, collab-
orative optimization of processes/interfaces,  and the control
of process rules and parameter fluctuation ranges to establish
an organic relationship between internal causal changes and
externally controllable parameters. This will clarify the influ-
ence weights and control sequences to improve the effective-
ness  and  accuracy  of  control  in  the  steelmaking  section,
thereby achieving stable control of molten steel  quality.  By
establishing  an  efficient,  collaborative,  and  reliable  imple-
mentation  path  between  the  divergent  and  multi-changing
process inputs and by continuously focusing on and narrow-
ing  process  outputs,  multi-objective  collaborative  optimiza-
tion of the entire process can be achieved alongside control-
lable  operational  rules,  high  efficiency,  environmental  pro-
tection, and batch-product quality stability.

Based on the rational positioning and optimization of the
functions of each process in the steelmaking section and ac-
cording to the individual requirements of different customers
as it concerns the quality of molten steel, from multiple per-
spectives  including  molten  steel  composition,  cleanliness,
temperature, production rhythm matching, consumption and
emissions, cost, etc., the limiting links and key control para-
meters that affect the molten steel quality in the steel manu-
facturing process will need analysis. An optimized matching
database  must  be  established,  and  an  objective  evaluation
method of molten steel quality must be put forward. Corres-
ponding molten steel quality control rules will require extrac-
tion and matching, and a process control model covering the
linkage and convergence of each section of the entire process
will need to be established. In addition, the functions of rel-
evant  process  monomer  technology  (such  as  the  develop-
ment of high efficiency dephosphorization and the control of
molten  steel  peroxidation  of  combined  blowing  converter
bottom  blowing  oxygen  and  lime  powder)  must  be  de-
veloped and strengthened to solve the difficulties  related to

operational control before and after the process of the steel-
making  section.  This  would  circumvent  bottleneck  con-
straints.  Furthermore,  collaborative  matching,  control  rules,
and  external  control  parameter  groups  within  different  pro-
cesses must  be transformed into databases and models.  For
example, construction of a narrow window model for stable
control of molten steel quality in the steelmaking section.

Accordingly, through the reasonable positioning, analysis,
and optimization of each process in the steelmaking section, a
corresponding matching technology can be  developed,  pro-
cess  rules  and  monitoring  methods  among  different  pro-
cesses  can  be  improved,  and  a  process  rules  database  and
model can be established. This can help realize the function-
al coupling matching and the dynamic and orderly operation
of the steelmaking section process, as well as the stable con-
trol of molten steel quality (including molten steel composi-
tion,  molten  steel  temperature,  production  rhythm,  molten
steel  cleanliness,  and  process  consumption  and  emissions).
This will provide technical support for improving a product
product’s “three properties (product quality stability, reliabil-
ity, and adaptability),” brand value-added aspects, and the in-
telligent  upgrading  of  the  steel  manufacturing  process  as  a
whole. 

6. Conclusion and prospect

Considering the development trends in both the domestic
and abroad steel production technologies, the development of
green and intelligent steel processes is a focus of concern for
the  next  20  years  at  least.  Greening  of  steel  manufacturing
processes  will  help  addressing  the  problems  hampering  the
harmonious  relationship  of  the  steel  industry  and  society,
thereby  supporting  its  persistence  and  sustainable  develop-
ment.  Creating an intelligent  steel  manufacturing process is
thus imperative. Green and intelligent steel processes must be
system optimized according to  a  perspective that  takes into
consideration the entire system as a whole. Specific physical
system  support  conditions  will  be  required,  and  as  such,  a
green and intelligent  steel  manufacturing process cannot  be
immediately achieved.

Based  on  improving  the  key  technologies  of  existing
green and intelligent steel manufacturing processes, we aim
to further develop a stable technology-based narrow control
window  to  ensure  molten  steel  quality.  This  development
will integrate multiple factors such as molten steel composi-
tion,  molten  steel  temperature,  production  rhythm,  molten
steel cleanliness, process consumption, and emissions, and it
will realize multi-objective collaborative optimization of the
entire steel manufacturing process, including controllable op-
eration rules, high efficiency, environmental protection, and
molten steel quality stability. This will be one of the key de-
velopment  directions  of  a  green and intelligent  steel  manu-
facturing process in the future and will play an important role
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in  promoting  the  transformation  and  upgrading  of  China’s
steel industry toward green and intelligent manufacturing. 
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