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Abstract: This paper establishes a model for the production
cost of iron and steel enterprise. The variation rule of the
production cost versus the iron/steel ratio for two cases,
namely, fixed steel production and a fixed amount of molten
iron, is analyzed, and the concept of a steel scrap threshold
price is proposed. According to the analysis results, when the
steel scrap unit price exceeds the steel scrap threshold price,
an increase in the iron/steel ratio can reduce the production
cost, and vice versa. When the gap between the steel scrap
unit price and the steel scrap threshold price is relatively large,
the impact of the iron/steel ratio on the production cost is
more prominent. According to the calculation example, when
steel production is fixed (284 358 t/month) and the steel scrap
unit price is 263.2 yuan/t more than the steel scrap threshold
price, an increase of 0. Ol in the iron/steel ratio causes a
monthly production cost reduction of approximately 750 000
yuan (2.63 yuan/t). When the amount of molten iron is fixed
(270 425 t/month) and the steel scrap unit price is 140. 7
yuan/t more than the threshold price, an increase of 0. 01 in
the iron/steel ratio causes a monthly production cost reduction
of approximately 430 000 yuan (1.5 yuan/t). The results
indicate that iron and steel enterprise should adjust the
production strategy in time when the scrap price fluctuates,
and then the production cost will be reduced.
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he steel production process is a dynamic process.

The physical nature of its operation involves dynam-
ic and orderly material flow in a “process network” under
the driving force of energy flow, which proceeds accord-
ing to a predefined “program” to achieve multi-objective
optimization'"" . Therefore, material flow and energy flow
are two major factors that affect the operations of a steel
manufacturer. Currently, studies of material flow and en-
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ergy flow focus on two aspects. The first one is from the
perspective of a time and space relationship between ma-
terial flow and energy flow. For example, Yin et al. '™
elaborated the steel manufacturer’s operational nature and
proposed that Chinese steel manufacturers should enter a
new phase that is characterized by the setup of an energy
flow network and energy control center. The second one
is from the perspective of the material flow structure. For
example, Lu et al. " examined the impact of the material
flow structure on the total energy consumption and pro-
posed some important concepts, such as a reference mate-
rial flow diagram and a steel ratio coefficient. The iron/
steel ratio is the most critical material flow structure pa-
rameter for descriptions of before ironmaking (BIM) and
after steelmaking (SM). Recently, many researchers have
conducted related studies. Huang et al. """ carried out re-
search in depth on scrap steel from a view of environmen-
tal and economic sustainable development.

This paper outlines the production cost and establishes
a mathematical model on the basis of a standard material
flow diagram'. The impact of the iron/steel ratio on the
production cost is obtained by model analysis when the
BIM total cost and the steel scrap unit price change. The
concept of a steel scrap threshold price is proposed and
verified by examples.

1 Model of Manufacturer’s Production Cost

A manufacturer’s production cost primarily includes the
direct material cost, the direct labor cost and the manu-
facturing cost. The direct material cost includes the cost
of raw material, auxiliary material and the cost of fuel
and power; the direct labor cost includes the wages and
benefits of workers; and the manufacturing cost includes
the wages and benefits of management personnel. The di-
rect material cost accounts for more than 75% of a
manufacturer’s production cost''"
ed into two categories: the material flow cost and the en-
ergy flow cost. The direct labor cost and the manufactur-
ing cost remain constant within a statistical cycle. When
the output capacity increases, the unit cost decreases,
which is consistent with the marginal effect in economics.
In this paper, the change in unit cost is defined as the

. This cost can be divid-

marginal cost. Since the unit price of steel scrap can va-
ry, a reasonable iron/steel ratio should be established to
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achieve the lowest cost.
1.1 Scope of study

The cost of a BIM system is considered as a whole in
the raw material cost, which is referred to as the BIM to-
tal cost, including the material flow cost, energy flow
cost, and marginal cost of the BIM system. The scope of
this study is represented by the area enclosed by dotted
line in Fig. 1. Here, CC, HR, CR, and SS represent
continuous casting, hot rolling, cold rolling, and scrap
steel, respectively.
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Fig.1 Scope of system study

In Fig. 1, P, is the addition of molten iron, t; P, is the
steel scrap addition, t; E,is the total energy consumption
of the i-th process, tce (ton coal equivalent); A, is the
auxiliary material total consumption of the i-th process,
t; P, is the production of the i-th process, t; P is the
gross output of steel, t.

Fig. 1 indicates that the material flow consists of the
molten iron, steel scrap and auxiliary material that enter
each process and that the energy flow consists of the ener-
gy that enters each process. Therefore, the material flow
cost is the sum of the BIM total cost, the steel scrap cost
and the process auxiliary material cost. The energy flow
cost is the sum of the energy cost for each process. To
construct the model of the production cost in this paper,
the following assumptions are made:

1) In the CC, HR and CR processes, the auxiliary ma-
terial cost is not counted, i.e., A, =A, =A, =0, and the
auxiliary material in the SM process is determined by the
amount of molten iron.

2) The recycled material consumed in each process
serves as an internal accounting index and is not included
in the cost.

3) The relationship between the raw material flow and
the product flow in each process can be represented by the
product resource utilization, the material yield and the
product yield.

4) A steel manufacturer’s material flow and energy
flow have a very strong coupling relationship'"*'; a signif-
icant change in energy flow occurs after the change in
material flow. Their relationship can be obtained by a re-
gression method.

1.2 Establishment of model

This paper establishes a model of material flow cost, in
which the energy flow cost is obtained based on a cou-
pling relationship between the material flow and the ener-
gy flow. This cost is combined with the marginal cost to

obtain the production cost.
1.2.1

As previously described, the output of each process in
Fig. 1 has the following relationships:

Model of material flow cost

P, =P +Pa,=(P,+P)a, (1)
P, =P, (2)
P, =P,n, (3)
P,=P;n, (4)

where 7, is the total production efficiency of the i-th
process; a, is the steel scrap yield, %. When i =1, 75, =
Q.
Based on the definition of the iron/steel ratio'®, the
amount of steel scrap can be obtained after processing:
P, - P k,a,
P =—"" (3)

aS

The steel scrap cost is calculated as
_CP, (1-ka)C,
TP o'

C

(6)

s

where C, is the steel scrap unit price, yuan/t; c_ is the
steel scrap production cost yuan/t; k, is the iron/steel ra-

tio.
The amount of molten iron is calculated as
P,=Pk, (7)
The molten iron cost is
COZ%:kirCO (8)
P

1

where C, is the material unit price, yuan/t; c, is the ma-
terial production cost, yuan/t.

During the production process, the purpose of the aux-
iliary material is to remove impurities and provide cool-
ing. Its amount is determined by the upstream process
output. The amount of auxiliary material is obtained as

A, _aiPi—]

L= 9)

a, =
Pl 1

where A, is the auxiliary material total consumption of the
i-th process, t; «; is the auxiliary material consumption
rate of the i-th process, % ; q, is the ratio of the auxiliary
material consumption of the i-th process to steel produc-
tion.

The auxiliary material cost only exists in the steelmak-
ing process, and its major function is to remove phos-
phorus, sulfur and silicon from molten iron. Therefore,
Eq. (9) can be expressed as

A b g (10)
al Pl - Pl oKy
The auxiliary material cost is
C.a,P
Ca:$zcaalkir (11)

where C, is the auxiliary material unit price, yuan/t; c, is
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the auxiliary material production cost, yuan/t.
The material flow production cost is
(1 -k,a,)C,
=—+k,C, + C,a/k,

ir
o

(12)

m
s

where ¢ is the material flow production cost, yuan/t.
1.2.2 Model of energy flow cost

From the concepts of energy consumption in a process
and the steel ratio coefficient'™™, the product of the two
concepts is the energy consumption multiplied by the en-
ergy unit price, that is, the energy cost. The sum of the
energy cost for each process is the total energy cost, i.e.,

c. = Y (ep)C. = Y (f(P)p)C,

i i

(13)

where C, is the energy unit price, yuan/t; c, is the ener-
gy production cost, yuan/t.

There is a strong correlation between energy intensity
of a process and its output through practical investigation.
In this paper, a unary linear regression method is used to
obtain the coupling relationship, i.e., e, =f,(P,) =m,P,
+ n,. Combining with Eqgs. (1) to (4), we obtain p, =1,
Py =My Py = MMy Py = Mamsm,- Eq. (13) can be ex-
panded and simplified as

¢, =((m P +n) +(mPm, +n,)m, + (mPm,m, +

n3)772773 + (m4P1772773774 +n4)772773774)ce (14)

1.2.3 Model of marginal cost

The marginal cost is the ratio of the sum of the assets
depreciation and the personnel benefits to steel produc-
tion, i.e.,

(15)

where c, is the marginal production cost, yuan/t; K is the
fixed cost, billion yuan.
1.2.4 Model of manufacturer’s production cost

A manufacturer’s production cost consists of the materi-
al flow cost, the energy flow cost and the marginal cost,
i.e.,

(1 -k,a,)C,

cg=—""—"+k,C, + C,a/k,

. o .+ ((mP, +n) +

s

(m2P17]z +n,) n, * (m3P1772773 + ny) 71 +

K
(m,P\m,msm, + 1) mymsm,) C, +F (16)

1

2 Model Analysis

Eq. (16) has two independent variables. First, when
the iron/steel ratio and the steel production are independ-
ent variables, the variation in the iron/steel ratio is deter-
mined by the amount of molten iron and the steel produc-
tion is fixed. Secondly, when the iron/steel ratio and the
amount of molten iron are independent variables, the var-
iation in the iron/steel ratio is determined by the steel
production and the amount of molten iron is fixed.

2.1 The varying pattern in fixed steel production

When the steel production is fixed, we obtain the par-
tial derivative of Eq. (16) with respect to the iron/steel
ratio, i.e.,

act _ _771C>
akir -

When C, < a,(C, +C,a,)/7n,, dc/dk, >0. This finding
indicates that the production cost has a positive correlation
with the iron/steel ratio. Meanwhile, the steel scrap unit
price diminishes and reducing the iron/steel ratio causes a
decrease in the production cost, which increases the

+C, +C,q (17)

s

amount of steel scrap and reduces the amount of molten
iron. When C, > a (C, + C,a;)/m,, dc/dk, <0. This
finding indicates that the production cost has a negative
correlation with the iron/steel ratio. Meanwhile, the steel
scrap unit price increases and increasing the iron/steel ra-
tio causes a reduction in the production cost, which re-
duces the amount of steel scrap and increases the amount
of molten iron. When C = o (C, + Cyat;)/m,, dc/dk,
=0. Meanwhile, the production cost does not vary with
the iron/steel ratio.

2.2 The varying pattern in fixed molten iron

When the amount of molten iron is fixed, we substitute
P, = P,/k, into Eq. (16) to obtain the model of a
manufacturer’s production cost, i.e.,

1 -k C P
Clzi( « ) *+k,Cy +C,ok, + ((m' 0+n1)+
@ kir
P P
(MJrnz)nz + (wﬂh)mm +
kir kir ’
m, P
(P e e | €. (18)

We obtain the partial derivative of Eq. (18) with re-
spect to the iron/steel ratio, i.e.,

ac[ _771Cs
GT:T-FC“ +C,a, +
(_mlpo_mzponi_msponi ni-mfoni 77§ ni)ce K
2 +5
ki, P,
(19)

Eq. (19) indicates that the varying pattern of the pro-
duction cost and the iron/steel ratio is determined by vari-
ous factors, such as the iron/steel ratio, the amount of
molten iron, the material and energy flow cost, and the
resource utilization. Let X = o (C; + C,a; + ( —m, P -
m, Py, — myPomyms = mPomomam,) C/ky + K/Py) /..
According to further analysis, when C, < X, the produc-
tion cost has a positive correlation with the iron/steel rati-
o; when C, > X, the production cost has a negative corre-
lation with the iron/steel ratio; and when C, =X, the pro-
duction cost does not vary with the iron/steel ratio.
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In the two previously described situations, a steel scrap
unit price renders a manufacturer’s production cost insen-
sitive to the iron/steel ratio. When the steel scrap unit
price exceeds this price, increasing the iron/steel ratio
can result in a lower production cost. To achieve a higher
steel scrap unit price, more molten iron and less steel
scrap should be used. When the steel scrap unit price falls
below this price, reducing the iron/steel ratio can result in
a lower production cost. To achieve a lower steel scrap
unit price, less molten iron and more steel scrap should be
utilized under the premise that the requirement of the con-
verter steelmaking production process is satisfied. This
steel scrap unit price under the BIM total cost is defined as
the steel scrap threshold price.

3 Case Studies

The data source for this case study consists of the
monthly average data of one manufacturer in 2013. The
discussion focused on the BIM total cost and the steel
scrap unit price, which have a significant impact on the
production cost; other parameters are set to be market and
manufacturer’s average values. The details are shown in
Tab. 1.

Tab.1 Relevant parameters of the model
Parameters Value Parameters Value
/% 90 my, -0.43
10,/ % 95 n 3.14
13/ % 97 n, 21.33
14/ % 98 ny 78.49
a,/ % 90 ny 89.5
/% 0.03 K/10% yuan 12
C,/(yuan +t™") 460 P,/(t+month™") 284 358
C./(yuan - t7') 800 P,/ (t - month ™) 270 425
m -0.25 C./(yuan - t71) &
m, -0.37 Cy/(yuan « t~') &
my -2.17 ki &

Note: & represents the parameter required for the discussion of the rule.

3.1 The varying pattern in fixed steel production

The BIM total cost of 2 860 yuan/t is used as an exam-
ple to discuss the variation rule of the production cost vs.
the iron/steel ratio. Fig. 2 indicates the variation rule of
the production cost vs. the iron/steel ratio for different
steel scrap unit prices in the case of fixed steel produc-
tion. When the steel scrap unit price is 2 874 yuan/t, the
production cost does not vary with the iron/steel ratio,
i.e. , this price is the steel scrap threshold price for the
BIM total cost of 2 860 yuan/t in the case of fixed steel
production. When the steel scrap unit price exceeds 2 8§74
yuan/t, the production cost decreases with the increase in
the iron/steel ratio. The more the steel scrap unit price
exceeds 2 874 yuan/t, the higher the degree of negative
correlation between the production cost and the iron/steel
ratio. This finding indicates that the steel scrap utilization
should be decreased and the molten iron utilization should
be increased. When the steel scrap unit price falls below

2 874 yuan/t, the production cost increases with the in-
crease in the iron/steel ratio. The more the steel scrap
unit price falls below 2 874 yuan/t, the higher the degree
of positive correlation between the production cost and the
iron/steel ratio. This finding reveals that the steel scrap
utilization should be increased and the molten iron utiliza-
tion should be decreased under the premise that the re-
quirement of the converter steelmaking production process
is satisfied ( The minimum iron/steel ratio is 0.8 ). With
different BIM total cost values, the same conclusion can
be obtained, with the exception that the steel scrap
threshold price is slightly different.
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Fig.2 The varying pattern in fixed steel production

3.2 The varying pattern in fixed molten iron

The BIM total cost of 2 860 yuan/t is used as an exam-
ple to facilitate a discussion on the variation rule of the
production cost vs. the iron/steel ratio. Fig. 3 indicates
the variation rule of the production cost vs. the iron/steel
ratio for different steel scrap unit prices in the case of a
fixed amount of molten iron. When the steel scrap unit
price is 2 996 yuan/t, the production cost exhibits a non-
linear relationship with the iron/steel ratio. In the case of
the converter steelmaking process, the fluctuation in pro-
duction cost is less than 0.03% . Thus, the results indicate
that the production cost does not vary with the iron/steel
ratio at this steel scrap unit price, that is, this price is the
steel scrap threshold price for the molten iron total cost of
2 860 yuan/t in the case of a fixed amount of molten
When the steel scrap wunit price exceeds
2 996 yuan/t, the production cost has a negative correla-
tion with the iron/steel ratio. The larger the discrepancy,
the smaller the amount of steel scrap and the larger the
amount of molten iron that are to be used. When the steel
scrap unit price is less than 2 996 yuan/t, the production
cost has a positive correlation with the iron/steel ratio. A

iron.
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Fig.3 The varying pattern in fixed molten iron
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larger discrepancy requires that more steel scrap and less
molten iron should be used. The same conclusion can be
obtained with different BIM total cost values, with the
exception of slightly different steel scrap threshold prices.

The steel scrap unit price (3 137 yuan/t) is used as an
example for the calculations in the case of fixed steel pro-
duction (284 358 t/month). An increase of 0.0l in the
iron/steel ratio causes a monthly reduction of approximate-
ly 750 000 yuan in the production cost (2.63 yuan/t). In
the case of a fixed amount of molten iron (270 425
t/month) , an increase of 0. 01 in the iron/steel ratio pro-
duces a monthly reduction of approximately 430 000 yuan
in the production cost (1.5 yuan/t).

4 Conclusion

This paper establishes a model of the production cost.
The concept of a steel scrap threshold price is proposed.
When the steel scrap unit price in the market exceeds the
steel scrap threshold price, an increase in the iron/steel
ratio causes a reduced production cost, and vice versa.

Based on actual data for the case of fixed steel produc-
tion (284 358 t/month) , an increase of 0. 01 in the iron/
steel ratio produces a monthly reduction of approximately
750 000 yuan in production cost (2. 63 yuan/t) when the
steel scrap unit price exceeds the steel scrap threshold
price by 263.2 yuan/t ( The current steel scrap threshold
price is 2 874 yuan/t). In the case of a fixed amount of
molten iron (270 425 t/month) , an increase of 0.01 in
the iron/steel ratio produces a monthly reduction of ap-
proximately 430 000 yuan in production cost (1.5 yuan/t)
when the steel scrap unit price exceeds the threshold price
by 140.7 yuan/t ( The current steel scrap threshold price
is 2 996 yuan/t).

References

[1] Yin R Y. Comment on behavior of energy flow and con-

struction of energy network for steel manufacturing
process[ J]. Iron & Steel, 2010, 45(4) :1 —5. (in Chi-
nese)

[2]LiHF, Cang D Q, Wen Y M. Analysis of present and
future prospects for Chinese iron and steel industry energy
conservation [ J ]. Energy for Metallurgical Industry,
2011, 30(4) :3 7. (in Chinese)

[3] Matsuda K, Tanaka S, Endou M, et al. Energy saving
study on a large steel plant by total site based pinch tech-
nology[ J]. Applied Thermal Engineering, 2012, 43(5) .
14 - 19.

[4] LuS M, LuC, Tseng K T, et al. Energy-saving poten-
tial of the industrial sector of Taiwan[ J]. Renewable and
Sustainable Energy Reviews, 2013, 21(5) :674 —683.

[5] YinZJ, Zhu R, Liu G, et al. Research on energy saving
of Chinese steel industry based on energy structure scale
[J]. Mining and Metallurgy, 2009, 18(1) :49 —52. (in
Chinese )

[6] LuZ W, CaiJJ. The foundations of systems energy con-
servation [ M ]. Shengyang: Northeastern University
Press, 2010:32 —42. (in Chinese)

[7] Huang B F, Tian N Y, Xu A J, et al. Paths to reduction
of iron to steel of 100 t converter [ J]. Steelmaking,
2008, 24(6) :44 —46. (in Chinese)

[8] Lu Z W. A study on the steel scrap resources for steel in-
dustry[ J]. Acta Metallurgica Sinica, 2000, 36(7) :728
—734. (in Chinese)

[9] Lu Z W. On steel scrap resources for steel industry [ J].
Iron & Steel, 2002, 37(4) :66 —70. (in Chinese)

[10] Oda J, Akimoto K, Tomoda T. Long-term global availa-
bility of steel scrap[J]. Resources Conservation and Re-
cycling, 2013, 81(6) :81 —91.

[11] Wiibbeke J, Heroth T. Challenges and political solutions
for steel recycling in China[ J]. Resources Conservation
and Recycling, 2014, 87(6) :1 —17.

[12] Chen G, Gu M Y. Predicting process energy consump-
tion by using neural networks[J]. Journal of Xi’an Jiao-
tong University, 2001, 35(12):1319 — 1320. (in Chi-
nese)

E T ¥R ee i T BB W b X3 & 7= B 2K B9 22 Mg

=

o KR

T B

EHt T

(" RERFRRBREIBERE, &R 210096)

CEBIERFEAIESE, DL 243032)
C 23 L AR A PR 3], B 3.0 243000)

WE: A5 T M A FRARAE, SRR TRZZREREKEREN 2 AEILT, £ 7 AR
Yooy TACHLAE , FF4% B B ARG M AR A AT R, S B AR & T ARG SN A& B, 38 sk 4R bb T A T
&A= R A, T N AR B BAR S5 ARG N A5 A8 2B KA, AR 3T A F R R0 v B2 3. 26
A, BT FRE (284 358 UV R ), AR F T AN AN 44 263.2 7T/t BE 4R L3 A 0. 01,4 A T
KA RATS T A (2.63 7T/t) 3 BEKZRE (270 425U ), BN EH & T I 744 140.7 T/t 8,
SRARLIE A 0.01 , 4 F THARAE = R A 43 T A4 (1.5 T/t). 85 R F R, 4045k 4 A 5 AR 35 Ji 4R 3240 44 %
B SUBET I R A R R AR AR A R

SRR SRR L s R AR A T R AL AL ; B AR I s

FESES:TKI



