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Abstract. Using the example of the steelmaking production of JSC EVRAZ United West Siberian Metallurgical Plant, the paper considers the task
of synchronous calendar planning in the interval of several planned periods of operation of basic oxygen furnace (BOF), BOF shops, produc-
tion as a whole, as well as ongoing repairs of BOF for steelmaking production (two BOF shops with two and three BOFs). Scheduled stops
of the BOF for repair depend on the actual achieved duration of the lining campaign and production schedules of the units and are performed
when the current duration of the BOF campaign reaches a given standard value. Thus, the current duration of the BOF campaign is described
by a discrete, nonlinear quasi-periodic function that does not have a fixed period, but has some regularity. Technological limitations were forma-
lized, determining the minimum and maximum values of the number of melts per day that each of the workshops can produce with one or two
BOFs operating simultaneously. The authors formulated the conditions to avoid performing two “cold” repairs in one shop in one planned period
and ensuring daily processing by BOF shops of all cast iron coming from the blast furnace shop. In the proposed mathematical formulation
of the problem, it is required to find such schedules of BOF repairs and such calendar plans of their work that satisfy the formulated constraints and
optimize the non-linear criterion. The proposed criterion is aimed at ensuring the constant readiness of the shops for implementation of the produc-
tion program and design productivity. The task is formulated for the conditions of trouble-free operation and stable provision of the shops with
liquid cast iron as the main component of the metal charge of BOF smelting.
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AnHomayus. Ha npumepe craneraBuibHoro npousBonctsa AO «EBPA3 O6wvenuuenusiii 3anaaHo-CHOMpCKUil METaTypru4eckiuii KoMOuHaT»
paccmarpuBaeTcs 3ajjada CHHXPOHHOI'O KaJICHJAPHOTO IIIAHUPOBAaHMS B MHTEPBAJIC HECKOJBKUX IUIAHOBBIX IMEPHOIOB pabOTHI KOHBEPTEPOB,
KOHBEPTEPHBIX I[EXOB, IPOM3BOJICTBA B 1IEJIOM, a TAKXKE TEKYIINX PEMOHTOB KOHBEPTEPOB CTAJICIUIABHIBHOTO MPOU3BO/CTBA (J1Ba KOHBEPTEPHBIX
nexa c JByMsl U TpeMsi KoHBepTepamu). [I;1aHOBbIe OCTaHOBKM KOHBEpTEpa Ha PEMOHT 3aBUCAT OT PEeajibHOM JIOCTUTHYTOH MPOIOKUTEIEHOCTH
KaMITaHUK 110 (DYyTEPOBKE U MPOMU3BOICTBEHHBIX KAJICHIAPHBIX IJIAHOB PabOThI arperaToB. PEMOHTBHI BBIMOIHSIOTCS MPU JOCTHKCHUH TEKYIIEH
JUINTEIIbHOCTH KaMIIAHWM KOHBEpPTEpa 3a/IaHHOTO HOPMATHBHOTO 3HaueHMs. TakuM o0pa3oM, TeKylas JUIUTEIBHOCTh KaMIIaHHHM KOHBEpTepa
OIUCBIBACTCS AUCKPETHOW, HETMHEWHOH KBa3UIepuoanueckoil GpyHKiuel, He nmeronel puKCHpoBaHHOTO MepUosa, HO 00Jaalomei HeKOTOPOoi
perynsipHocThio. DOpMaNIN30BaHbl TEXHOJOIMYECKUE OTPAaHWYEHHS, ONPEACISIONINE MHUHUMAJIbHBIE U MaKCHMaJbHBIC 3HAYCHUS KOJIMYECTBA
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IUIABOK B CYTKH, KOTOPOE MOXET ITPOBECTH KaXK/IbIi M3 1IEXOB MPH OTHOM MJIM JBYX OJHOBPEMEHHO padoTalomux kouseprepax. ChopMynupoBaHsl
YCIIOBHS, TIO3BOJIAIOMINE M30€KATh BHIIOTHEHHS B OJHOM II€Xe IBYX «XOJIOHBIX» PEMOHTOB B OJHOM ITAHOBOM IIEPHOAEC U 00ECIICUHBAIOIIIE
©KECYTOUHYIO TepepaboTKy KOHBEPTEPHBIMU LI€XaMM BCEro IMOCTYIAIOLIEro M3 JOMEHHOIo Iexa 4yryHa. B mpemnaraemoii maremarnueckon
IIOCTAHOBKE 3a1a4X TpeOyeTcsl HalTH Takue TpadUKyu peMOHTOB KOHBEPTEPOB U TaKHe KaJeHIapHbIE INIAHBI HX PaOOTHI, KOTOPHIE YAOBICTBOPSIOT
copMyIUPOBAHHBIM OTPAHUYCHUSIM U ONTHMH3UPYIOT HEJIMHEHHBIH KpuTepuil. [IpennoxeHHblil KpUTEpHid HarpaBieH Ha 0OecreyeHue mocTo-
SHHOH HOATOTOBICHHOCTH II€XOB JUIS BHIIOIHECHHS NIPOU3BOACTBEHHON IMPOTpaMMbl M IPOCKTHOH IPOU3BOAUTENBHOCTH. 3agada copMynupo-
BaHa JUIS yCIIOBUIT Oe3aBapuitHON paboThl M CTAOMIBHOTO 00EeCIIeUEeHMS! LIEX0B KUAKUM YyTYHOM KaK OCHOBHOW COCTaBIISIOIICH MeTa/l103aBaIK1

KOHBEPTEPHOH ILIaBKH.
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[ INTRODUCTION

The basic oxygen furnace (BOF) process is widely
regarded as the most effective method for improving eco-
nomic efficiency and enhancing the quality of metallurgi-
cal products [1 — 3].

In Russia, BOF production mirrors the key challenges
faced globally, including optimizing the composition
of processed charges and reducing losses and resource
consumption in the process [4 —6]. Modern economic
conditions demand improvements in production plan-
ning, technological advancements, the development
of new refractory materials, and innovative BOF lining
repair methods. These efforts aim to significantly extend
unit campaign durations and reduce refractory consump-
tion [6 —9]. As a result, planning production metrics,
along with the maintenance and repair of equipment and
auxiliary systems, remains a critical focus for achieving
the highest possible technical and economic performance
in BOF shops [10 — 12].

Planning BOF repairs in steelmaking production pre-
sents unique challenges, as it requires multifactorial solu-
tions when developing a calendar plan for BOF opera-
tions. In the case of other metallurgical units, the BOF
repair schedule is a key input for their overall calendar
planning [13 — 15]. This distinction stems from the fact
that BOFs are taken offline for repairs once the number
of melts conducted on a given lining reaches the defined
standard campaign duration [16; 17]. The timing of this
milestone depends on the unit’s operational calendar and
often results in repairs being carried out at irregular inter-
vals under production conditions [18 — 20].

[ KEY CONCEPTS AND NOTATIONS

Let O={0,, O} represent the structure of the steel-
making production, which includes two BOF shops:
0,={0,,0,,0,} and O, = {0, o, }. The first shop opera-
tes three BOFs of the same type, while the second shop
operates two. The planning interval for BOF repairs
depends on the standard campaign durations of the BOFs,

their charge capacities, and the monthly volumes of cast
iron supplied for processing. Let (7|, 7,, ..., Tj, e Tp)
denote the sequence of months in the BOF repair plan-

ning interval; T, :<Atsj\sj :L_S_/); and Sj represent

the number of days in the j-th month. The volumes of cast
iron processed per melt cycle by the BOFs in the first
and second shops are denoted as g(O,) and g(0O,,) respec-
tively. The cast iron consumption coefficients for pro-
ducing one ton of steel in the corresponding shops are
p,» p,; and the standard campaign durations of the BOFs

are K, and K. Let {(s;’?, s:ffj|c:1,2,,..}, i:l,_5 re-

present the planned intervals for BOF repairs, where

e
r.
i

s and s;’f are the days when the c-th repair of the i-th

BOF begins and ends, respectively. If j =, the repair
starts and finishes within the same planning period j.
Ifj #j', the repair begins in period j and ends in period ',

with the repair lasting (S ; —s:fC) days in period j and

r.
I : ; o
s # days in period j".

It is important to note that the reduction in scrap metal
supply under current market conditions has made scrap
metal prices comparable to the cost of cast iron produc-
tion. As a result, the cast iron consumption coefficients
p, and p,, are no longer considered constants and are now
given as interval-based estimates:

min max )
b

Pr e(p, > Py
(D

min max )

Pu E(pl > Py

Advancements in BOF production technology — such
as the introduction of secondary steelmaking, real-time
monitoring of BOF lining conditions, and periodic “hot”
repairs between scheduled overhauls involving lining
replacement — have significantly extended BOF cam-
paign durations, which now often exceed 6000 melts.
At the same time, the total number of “cold” BOF repairs
has decreased. Additionally, different suppliers of specia-
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lized materials for “hot” repairs offer varying guarantees
on BOF campaign durations, leading to the widespread
use of the term “guaranteed BOF durability.” In modern
practice, campaign duration is typically determined
by the refractory supplier under a specific contractual
agreement:

K] — (Klmm’ Klmax);
()
K (Kll’?ln’ Kmax).
The understanding of “cold” repairs has also evolved.
Previously, this term referred exclusively to the time
required to replace the BOF lining. Today, such repairs
are generally combined with maintenance of auxiliary
equipment and other metallurgical units. As a result, BOF
stop for repairs may exceed the duration of the current
planned production period.

Unless otherwise specified, the evaluations of the
parameters introduced will be treated as point estimates
rather than interval estimates.

Let us denote the number of melts produced daily by
BOF i in shops O, and O, as mi/(AtSj), m ”(Atsj), m,,j(Atsj).
It is evident that:

im,j(m )= m, (a0, ):

i=

5
z my (Atxj) =my; (Atsj).

i—4

3)

The calendar plan for the operation of the i-th BOF
in the j-th month is defined as the sequence

my (8, ) s =15, 4

The joint operation of BOFs in the shops is governed
by technological constraints that define the range of daily
melts in each shop, depending on whether one or two
BOFs are operating simultaneously:

my <my(Ad)) <mj, i =13, = LP; (5)
m_}l = mij (Atsj) < m_}l.ﬁ i= 47’ J = T’ (6)

(7

J
2myy < (my (A1) +my,(AL)) < 2myy, j=1P,  (8)
o1 1 T 1 1 1 1
where m,;, m;, m;, my, 2m,, 2m;, 2m;, 2m, are the
minimum and maximum numbers of melts produced in

the first and second shops, respectively, when operating
a single BOF, as well as the minimum and maximum

740

numbers of melts produced when two BOFs are in opera-
tion.

Operating three BOFs in the first shop is technologi-
cally challenging to implement.

We define the function kij(sj), which represents
the number of melts produced by the i-th BOF by the end
of day s in the j-th period. The number of melts is limited
by the campaign durations of the BOFs

ky(st{K” s ©)

The set of possible start times s/rfc for BOF repairs is
determined by the following relationships

{sj Ik, (s;) > K,}, i=13;
[Futefen ) i-is

e

r.
The completion time s for repairs is determined

(10)

by their specified duration .= 1,2,...

In steelmaking production, the design and repair
management system ensures that no two “cold” repairs
are carried out in the same shop during a single planned
period. Additionally, the first shop is designed to maintain
the continuous operation of two BOFs, while the third is
either under repair or held in reserve. As a result, during
each planned period T one of the following four opera-
ting modes is 1mplemented in each shop:

1. No repairs are performed on either of the two opera-

tional BOFs
[Sr"‘ s J(ZT

2. One of the operational BOFs is undergoing repairs

er re
i i
s;58 |

3. Repairs on one of the operational BOFs, started
in a previous period, are completed

an

(12)

TJ I(S] 1> ]ﬂT _lsxc' (13)

4. Repairs on one of the operational BOFs are initiated
and will be completed in a subsequent period

TH_][S’L SlilJﬂT 1+1,S (14)
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Let k; represent the number of melts produced
by the i- th BOF at the beginning of the j-th planmng
period. Based on expression (4), the number of melts &,
produced by the i-th BOF by the end of the j-th planning
period, for each operating mode, is described by the fol-
lowing functions

Sj
ki =l + > (A, );

(15)

=1

nZ 5,
ke - k"+lZ]:m(At )+ Z m(an): (16)
I=s}¢ +1

Sj
ko=kre S mi(Atsj); (17)
ke = k"+§:mi(Atg) (18)

The function k;(s), which represents the number
of melts produced by the i-th BOF by the end of day s,
exhibits quasi-periodic behavior (irregular periodicity).

It has a “sawtooth” shape, with a maximum value of K,

for BOFs in the first shop and K, for BOFs in the second
shop. The length of the “sawtooth base” depends
on the number of melts produced daily by the BOF
until the function reaches its maximum value, at which
point it resets to zero. The spacing between the “teeth”
of the saw corresponds to the BOF repair duration, during
which the function also equals zero.

The oscillations of kij(sj) follow a regular pattern but
lack a fixed period.

Using the sequences

(g}}}(Ats/_)Bj = I,Sj)

we can describe the daily inflow of liquid iron from
blast furnace production to the steelmaking facilities as
a whole, as well as to the first and second shops during

the j-th period. It is evident that g};‘ (Azs )+ g (At )
=g"(Ar, ), 5, =18 Let

ng(At ) GiT';,

so=1

where G‘n is the monthly volume of cast iron requiring

processmg Similarly, we define the values G‘n and G}}‘T )

Gh + G =G To calculate the number of melts
J J J

required to process the incoming cast iron on day 5

described by the sequence (g'l;‘(AtSj)|sj =1,Sj), we use

the following recursive procedure:

in g]/ (Atl)
7y (84) = { 2(0,) }
_ _ : (19)
gy (Aty) +g)' (At)  my (A)g(O;)p,
m], (Atz) -
g(0;) g(0y)

continuing until s5; =S,
This results in a sequence(m, (At )|s/. =1,S]-),

that describes the daily number of melts the first shop
must produce. A similar sequence can be calculated

(m}?j (Azﬂ,) |s; = I,_S) for the second shop. Let us represent

the monthly Volumes of cast iron requlrlng processing
in the M, Zm}“(At ) and M, Zm}?(At ) first

and second shops, respectively, expressed as the number
of melts. It is evident that M g(O;) + M7, 8(Oy) = G‘T‘j‘

The current campaign durations of the BOFs are sig-
nificantly higher than the monthly production volume
of their respective shops:

M, < K;; MHT <K,. (20)

Now, let us define a condition to prevent two “cold”
repairs from being carried out in the same shop during
a single planning period. We will start with the second
shop, which operates two BOFs. Due to the quasi-perio-
dic nature of the functions £, (s ) and k; (s ), and because
the campaign durations K, of the BOFs are identical,
the maximum possible dlfference between the values
k4j(sj) and ksj(sj) of these functions is K ,/2:

[k (5,) = ks (s, )| < K 2 1)

Therefore, the best way to stagger the repairs of the
fourth and fifth BOFs is to maintain the approximate
equality

[k () = (5))] = K /2. (22)

Equation (20) also indicates that if one BOF is taken

offline for repair, the remaining BOF has enough capacity

to handle the entire production plan for the current plan-
ning period.

For the first shop, which operates three BOFs,
the design provides for the continuous operation of two
BOFs, while the third is either under repair or held in
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reserve. The reserved BOF is brought online whenever
one of the operating BOFs is taken offline for repair.
Under this scheme, with two BOFs operating con-
tinuously, the condition for staggering their repairs, simi-
lar to that of the second shop, can be written as

|ky(s) =~k s) [~ K, /25 . e 1,2,3), (23)
where 7, i € {1, 2, 3} are the BOFs operating in the first
shop on day 5;-

-TASK FORMULATION FOR PLANNING BOF REPAIRS
AND OPERATIONS ACROSS PLANNED PERIODS
(T].I TZI seey Tji eeey TP)

The objective is to determine sequences

(m,.j(Asz) 5, =18} i=15,j=1P (@4
and BOF repair schedules
Ee r —
(s]ff,sj"‘chTj,i:I,S, c=12,.., (25)
J=1

that satisfy equations (5) — (8), the constraint
3 5 A
g(O,);mij(Atsl_) + g(OH);mij (a,) = g7 (a1, ). 26)

and conditions (11) — (14) for performing repairs under
specific operational modes, while minimizing criterion

0-3{
o

where i, i' € {1, 2, 3} denote the indices of the BOFs
operating in the first shop on day S, and the values k;; are
determined in accordance with rules (15) — (18).

e e

—O,5K1)+

e e
4j_k5j

- 0,5K,,)} 5 min, 27)

The criterion is designed to ensure conditions that
enable the shops to achieve their design production
capacities during each planning period.

[ ConcLusions

Using the steelmaking production at JSC EVRAZ
United West Siberian Metallurgical Plant as an example,
the problem of synchronous calendar planning is exam-
ined. This planning covers multiple periods, including
the operation of BOFs, BOF shops, and the production
process as a whole, as well as ongoing BOF repairs.
Scheduled BOF stops for repairs depend on the actual
duration of the lining campaign achieved and the produc-
tion schedules of the units. Repairs are carried out when
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the current campaign duration of a BOF reaches the spe-
cified standard value.
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