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The iron and steel industry is a major consumer of energy. Many companies are turning to energy efficiency technologies.
Management innovation is also important in increasing efficiency. In this study, we focus on the rational cost accounting of
energy medium products in an iron and steel plant. While most of these products are used internally, some of them can be sold to
outside users. Therefore, fair and rational cost allocation for these products is crucial for recovering costs and maximizing profits.
Unfortunately, there is currently a lack of a fair and rational cost accounting method. To address this issue, we propose a
thermoeconomic-based cost accounting method. We calculate the cost of six energy medium products for a model system. The
cost of producing steel is found to be 2489.50 ¥/ton, while the costs for producing coke oven gas, converter gas, high-pressure steam
(HPS), middle-pressure steam (MPS), low-pressure steam (LPS), and electricity are 2.40 ¥/m?>, 1.79 ¥/m>, 428 ¥/ton, 371 ¥/ton, 305
¥/ton, and 1.36 ¥/kWh, respectively. Our analysis indicates that other models may underestimate the cost of energy medium
products, which can hinder subplant energy efficiency analysis. Therefore, plant management should reconsider its cost accounting
methods and develop a better pricing model.
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1. Introduction savings through heat under 300°C. Furthermore, through the

integrated implementation of low-carbon, zero-carbon, and
negative-emission technologies, the iron and steel industry
can progressively realize a sustainable, green, and low-carbon
transformation. A comprehensive review of energy efficiency

China’s iron and steel manufacturing process (ISMP) indus-
try, responsible for ~15% of the nation’s total CO, emissions
in 2022 [1], plays a pivotal role in the country’s decarboniza-

tion efforts. Enhancing the recycling and utilization of waste
and by-products will be essential for optimizing resource effi-
ciency and CO, reduction, as demonstrated in the battery
industry [2—4]. Several methods and models have been pro-
posed in the literature to optimize the utilization of energy
medium products. For instance, in [5], a repowering scheme is
proposed for better utilization of chemical energy from met-
allurgical fuel gases. In [6], total site profile pinch analysis is
conducted to identify and quantify the potential for energy

enhancement methodologies in the steel manufacturing sector
is presented in [7]. Much research has focused on technical
energy efficiency, but the potential for energy efficiency
through proper energy management is significant and still
largely untapped. Effective structural optimization and mana-
gerial innovations are critical for conventional steel mills to
achieve significant reductions in energy consumption and
CO, emissions while improving economic performance indi-
cators [8]. A study of the Swedish iron and steel industry by
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Jean-Christian Brunke [9] identified internal economic and
behavioral barriers as the biggest obstacles to energy efficiency
in the sector, while energy management was found to be the
most significant driver of energy efficiency. Proper energy
management resulted in a cost-effective energy efficiency
potential of 9.7%, which was 2.4% higher than the technical
cost-effective energy efficiency potential. Similarly, there is
significant potential for management energy efficiency in the
Chinese ISMP, as noted by Kavvadias [10]. Nevertheless,
insufficient organizational awareness and weak managerial
commitment remain substantial barriers to implementing
energy efficiency measures in the steel industry [11]. The
transition to a circular economy with low-carbon transforma-
tion in the iron and steel industry faces significant implemen-
tation challenges, primarily stemming from competing
objectives among energy efficiency, environmental compli-
ance, and economic performance [12]. Energy costs constitute
a primary determinant of the future sustainability perfor-
mance of ISMP, with high capital expenditures representing
a particularly significant barrier to decarbonization [13]. Con-
sequently, the development and implementation of rational
energy cost accounting methodologies are critical for facilitat-
ing the green transition in this sector.

The iron and steel industry is a complex multifeed mul-
tiproduct system that consumes a significant amount of
energy. Proper design of this system can result in improved
energy efficiency and economic benefits, as shown by a dozen
previous works [14-19]. The energy medium, consisting of
coal gas, coke, steam, high-temperature water, air, electricity,
and other sources, contains considerable thermal and chem-
ical energy that contributes to the stable operation of the
plant. In [20, 21], the authors introduce the application of
by-product gas and propose a forecast model for gas supply,
demand, and surplus. In [22, 23], a MILP model is presented
for optimizing the management of by-product gas utilization
in an iron and steel plant. In the context of energy medium
cost accounting, there is limited published research on the
cost allocation of energy medium products in the iron and
steel industry. Coal gas and steam, which are produced as by-
products in iron and steel plants, are usually priced based on
their heating value and the price of natural gas, according to
previous studies. Other methods, such as coal-based and
opportunity cost-based methods, have also been reported
[24]. It should be noted that the pricing of coal, gas, and
steam varies in different industries. Since coke oven gas
(COQG) has a higher exergy and can be utilized in multiple
ways, various data on COG can be found in the literature.
For instance, in [25], the authors presented the status of
COG utilization and introduced several ways to use the sur-
plus COG. In [26], a thermoeconomic analysis was con-
ducted for a proposed combined system using COG and
blast furnace gas (BFG), and the cost of COG used was
reported as 0.164 $/m’. This price was determined based
on the heating value ratio of COG to natural gas, which is
similar to the data presented in [24].

The cost of electricity in iron and steel plants using coal
gas is often determined using the heating value ratio of coal
gas to natural gas and the market price of natural gas [27]. For
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example, two plant arrangements were analyzed using exer-
goeconomic methods, resulting in electricity costs of ~40 and
36 $/MWh [27]. While previous studies assessing combined
cycles with COG and BFG derived fuel costs from coal gas
heating values and COG-natural gas price ratios [28, 29], their
assumption of very low BFG prices may have overstated the
profitability of BFG-based power generation. In other investi-
gations, COG was utilized in polygeneration systems with
methanol and power production, and its price was found to
be 0.05 $/m> [30] or 0.8 ¥/m> [31, 32], while the price of COG
in some iron and steel plants in China was determined based
on the heating value and price of natural gas or coal [24].
However, the input fuel cost and actual production process
are often not taken into consideration when determining coal
gas prices, resulting in generally low prices. However, current
methodologies in the literature predominantly rely on heat-
ing-value-based approaches, which fail to account for produc-
tion process characteristics and multi-product synergies.
Based on the literature review and analysis above, scientific
gaps can be noticed: (1) The existing cost allocation method in
ISMP did not consider the production process. (2) The cost of
waste flows is not considered. (3) The cost formation is not
revealed using previous methods. This study aims to address
these critical limitations by developing a comprehensive
framework that incorporates both process-specific parameters
and by-product interactions.

In an iron and steel plant, coal gas is comprised of COG,
BFG, and converter gas, while there are high-pressure steam
(HPS), middle-pressure steam (MPS), and low-pressure steam
(LPS) systems present as well. Therefore, ensuring a fair and
equitable cost allocation method is the focal point of this
investigation. There are numerous studies on the subject of
cost allocation for energy products, with the most prominent
aspects being cost allocation in power-heat combined systems
(CHP) and cost distribution in power-water combined sys-
tems. Table 1 presents a comparative review of selected rep-
resentative methodologies. The analysis reveals that
thermoeconomic-based approaches offer distinct advantages
by simultaneously incorporating production process charac-
teristics, multiproduct interactions, and waste cost accounting.

While both exergy analysis [45] and thermoeconomic
methods [46] have been applied to ISMP, these works remain
deficient in their treatment of energy medium products cost
allocation. This study bridges the existing research gap by
developing an integrated thermoeconomic model that com-
prehensively accounts for (1) input costs and production pro-
cess, (2) waste stream cost allocation, and (3) cost formation.

In this study, we developed a flow model for an iron and
steel plant and used a thermoeconomic model to calculate the
unit exergy cost and unit economic cost. Our analysis revealed
that the cost of energy medium products may have been
underestimated using traditional methods. We propose that
the thermoeconomic model used in this study offers a fair and
rational approach for cost allocation. This work demonstrates
how thermoeconomic modeling enables more comprehensive
cost estimation in ISMP by simultaneously accounting for
input costs, production process, waste stream cost allocation,
and cost formation function.
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TaBLE 1: Selected multiproduct cost accounting method.
Method type Detail production process Products Waste . Source
consideration
Entropy change ratio approach Only a Ctsrrllz;gzrgéocess s Power and heat No [33]
Btu equivalence method No Power and heat No [33]
Enthalpy drop method No Power and heat No [33]
Heat discount method No Power and heat No [33]
Exergy method No Power and heat No [33]
Reduced exergy method Only a turb{ne Process 1s Power and heat No [34]
considered
Cogeneration efficiency method No Power and heat No [35]
Exergetic cost theory Yes Power and heat No [36]
Thermoeconomic functional Yes Power and heat No (37]
approach
Specific-cost exergy-costing Yes Power and heat No (38]
approach
Exergy content of final products Yes Power and cooling No [39]
Unit exergoeconomic cost ratio Yes Power and heat Yes [40]
Wonergy method Yes Power and heat No [41]
WEA method Yes Power and water No [42]
Exergy pro-rating cost allocation Yes Power and water No [43]
Benefit distribution method No Power and water No [44]
Thermoeconomic method in this Coal gas, steam, electricity, steel, This
work Yes chemical product Yes work

2. Thermoeconomic Analysis of Model System

Table 1 presents a comparative evaluation of cost accounting
methodologies, demonstrating that the proposed framework
provides comprehensive coverage of (1) production process
parameters, (2) waste stream, (3) energy flow analysis, and
(4) nonenergy material flows, which is a significant advance-
ment over existing works that typically address only subsets
of these critical dimensions.

2.1. Fundamental of Exergy. Before the introduction of
exergy cost, the concept of exergy will be introduced first.
Exergy is the maximum theoretical useful work that can be
obtained from a flow or system while interacting with the
environment. It is composed of physical exergy and chemical
exergy, expressed as follows:

Ey = Eg + ECH. (1)
where Eg is the system exergy, Eg; is the system physical
exergy, E!' is the chemical exergy. For a flow, the physical

exergy can be calculated by the following:

Egd =H - Hy = To(S = So)- ()

Here, H is the enthalpy, H, is the enthalpy for the refer-
ence state, S is the entropy and S, is the reference state
entropy, and T is the reference temperature. The chemical
exergy in Equation 1 is defined to express the exergy related

to the chemical composition difference between a system and
the reference environment.

2.2. Symbolic Thermoeconomic Analysis and Cost Formation.
With the exergy data for each flow, thermoeconomic analysis
can be conducted. The general theory of symbolic exergy
analysis [47, 48] and cost formation based on external fuel
is described below.

2.2.1. Productive Structure. To perform thermoeconomic
analysis, the first step is to define the productive structure,
which represents the productive relations among compo-
nents. A system can be divided into productive and dissipa-
tive devices. Productive devices produce useful products
while dissipative devices produce waste. Each device has
input and output flows. The flows that represent the purpose
of the device are called product (P), while the flows required
to produce this product are called fuel (F). In this study, all
flows are expressed in exergy units and described in Table 2.
However, due to irreversibility (I), the exergy value is par-
tially destroyed, which can be represented by the following
equation for component i:

Fi:Pi+Ii‘ (3)

In addition, the flow between component i and j is repre-

sented as Ej;. Thus, the fuel and product for the component

can be summarized as follows:
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4
TasLE 2: Flow meaning and its exergy value.

Exer
fli?l:bel‘ Meaning (MI/t%)Zl

coke)
1 Coal + air + electricity + low-pressure 40,539

steam
2 Chemical product 1985
3 Coke dry quenching gas produced low 173
temperature steam
4 Coke 30,108
5 Coke oven gas to blast furnace 247
6 Blast furnace gas to coke oven 2964
7 Coke oven gas produced in coke oven 7636
8 Coke oven gas used in coke oven 144
9 Coke oven gas to converter 194
10 Blast furnace gas to converter 66
11 Molten iron 23,517
Coal powder + air blast + oxygen + air
12 r}:itrogen-:- low—pre;:urg %tea; " 13,974
13 Electricity form blast furnace 189
14 Low-pressure steam for blast furnace 295
15 Molten steel 21,144
16 Low-pressure steam for converter 204
17 Converter gas to pipe 256
18 Converter gas to environment 256
Converter slag + smoke and dust +
19 converter gas emission + slag iron + 1576
slopping iron + flue gas + waste water
20 Blast furnace gas to boiler 6752
21 COG 5610
22 COG to environment 1440
23 COG to boiler 1440
24 Flue gas from boiler 1 288
25 Water 0
26 High-pressure steam extracted 72
27 High-pressure steam for turbine 648
28 Work form turbine 346
29 Electricity 329
30 Low-pressure steam extracted 65
31 Middle-pressure steam extracted 194
32 Total high-pressure steam 410
33 Electricity form boiler 2 1541
34 Work from turbine 2 1622
35 Water 0
36 Flue gas from boiler 2 1350
37 High-pressure steam 338
38 High-pressure steam for turbine 2 3038
39 Middle-pressure steam extracted 911
40 Low-pressure steam extracted 304
41 Total middle-pressure steam 498
42 Total low-pressure steam 1040
43 Total electricity 2059
44 Blast furnace gas produced 15,253
45 Blast furnace gas used in blast furnace 4871
Steel scrap + alloy + mill scale + calcium

46 oxide + dolomite + fluorite + oxygen + 3354

argon + nitrogen + electricity
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TasLe 2: Continued.

Exergy
Flow Meaning (MJ/ton
number
coke)
47 Flue gas from pellet 29
48 Concentrate 0re+b.er‘1t0n1te+steam 801
+electricity
49 Ore + solvent + air + coke pov@er + low- 5767
pressure steam + electricity
50 Waste from sinter (return mine + flue 538
gas)
51 COG to pellet 697
52 Blast furnace gas to pellet 68
53 Pellet 158
54 Sinter 1209
55 Blast furnace gas in sinter 28
56 COG to sinter 188
57 COG to refining 57
58 COG to continuous casting 273
59 COG to rolling 2955
60 Blast furnace gas to rolling 504
Alloy + lime + fluorite 4 top slag +
61 oxygen + argon + nitrogen + steam + 590
electricity
62 Waste flow for refining 157
63 Molten steel 21,186
Oxygen + argon + nitrogen + covering
64 . 262
slag 4 steam + electricity
65 Waste flow for continuous casting (Mill 430
scale + Steel scrap + other waste)
66 Continuous casting billet 19,241
67 Converter gas in rolling 1018
68 Steam + nitrogen + oxygen + hydrogen 1486
+ electricity
69 Rolling steel product 18,094
Waste flow for rolling (steel scrap + mill
70 1092
scale + flue gas 4+ waste water)
71 Flue gas from coking 220
Waste from blast furnace (furnace dust +
72 1377
scrap + water + flue gas)
73 Recycled steam to LT steam sinter 77
74 Recycled steam to LT steam rolling 35
75 Flue gas from boiler 1 288
76 Flue gas from boiler 2 1350
77 Waste flow for refining 157
Converter slag + smoke and dust +
78 converter gas emission + slag iron + 1576
slopping iron + flue gas + waste water
Waste flow for continuous casting (mill
79 430
scale + Steel scrap + other waste)
80 Flue gas from coking 220
81 Flue gas from pellet 29
Waste from blast furnace (furnace dust +
82 1377
scrap + water + flue gas)
83 Waste from sinter (return mine + flue 538
gas)
84 Waste flow from rolling (steel scrap + 1092

mill scale + flue gas 4 waste water)
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F= 2 Ej. (4)
j=0
=0

The whole elements of Ej; are called the fuel-product
table. The sum of the row values is the total product for a
component. The summation of column elements is the total
fuel for this component. In the above equation, component 0
means the environment. Besides, distribution coefficients y;;
are defined to describe the proportion of P; used as the input

resource for component i, expressed as follows:

Yij = ?Jj- (6)

Substituting Equation (6) into Equation (4), we get the
following:

F; = Ey; + Zl)’ijpj- (7)
=

Equation (7) represented in matrix notation is as follows:

F = Fe + (FP)P. (8)

The (FP) matrix contains elements y;. Fe is a vector
containing an external resource into the system. F is a vector
for all component fuel, and P is a vector for all component
product.

2.2.2. Exergy Cost and Cost Formation. To get flow Ej;, a
given amount of exergy resources is needed. This amount
is its cost and is represented as E;. In a similar way, the cost
of fuel is F* and the cost of product is P*. For component i,
all the cost of F; is either from the environment or from other
components represented as follows:

n
Ff = E; + LEj. (9)
j=1

The quotient between the cost of a flow and its exergy is the
unit exergy cost of that flow and is represented by k*. Assum-
ing that the same productive process has the same unit cost,
thus the cost of flows has the same relation as described in
Equation (6).

E;
Yij :P—;- (10)

Besides, cost flow from environment is the same as the
exergy value itself.

5
Eji = Eq;. (11)
Equation (9) is represented as follows:
n
B =Eo+ 2P (12)
=
In matrix form, Equation (12) is as follows:
F* =TFe + (FP)P*. (13)

If there is no dissipative device, then the fuel cost is equal
to the product cost, expressed as follows:

P* =F*. (14)

Combining Equation (13) and Equation (14), we get the
following:

P* = (Up — (FP))~!Fe. (15)

In Equation (15), Up, is the identity matrix. This equation
relates the external resource to the component product cost.
Sometimes, there are components such as condensers or
stacks whose function is to dissipate exergy. These compo-
nents are called “dissipative devices.” When these are pres-
ent, a third type of flow appears, namely waste flow R. If a
device produces waste, its cost should be allocated to the
device producing it. The ratio to allocate waste is an open
topic. Here, it is applied by using a coefficient y that repre-
sents the ratio as follows:

£3
_ Ry
R

(16)

l//jr

In Equation (16), R, is the cost of dissipative component
r,and R; is the waste cost charged to component j. In matrix
notation,

R* = (RP)P*. (17)
The R* contains elements, meaning the waste cost allo-
cated to each component. (RP) matrix is the matrix contain-

ing elements . With waste in the system, the cost balance is
as follows:

P* = F* + R*. (18)

Combining Equation (13) and Equation (17), the full cost
formation can be obtained as follows:

P* = (Up — (FP) — (RP))Fe, (19)

B=(Up - (FP) — (RP))~1. (20)
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6

TasLE 3: Device number and name.
Number Device name
1 Coking process
2 Blast furnace process
3 Converter process
4 Blast furnace gas pipeline
5 Coke oven gas pipeline 1
6 Coke oven gas pipeline 2
7 Generator 1
8 Converter gas pipeline
9 Boiler 1
10 Steam turbine 1
11 Generator 2
12 Boiler 2
13 Steam turbine 2
14 High-pressure steam pipeline
15 Middle-pressure steam pipeline
16 Low-pressure steam pipeline
17 Internal grid
18 Pelletizing process
19 Sintering process
20 Refining process
21 Continuous casting
22 Rolling process
23 Flue gas boiler 1
24 Flue gas boiler 2
25 Converter waste discharge
26 Pellet flue gas discharge
27 Sinter waste discharge
28 Refining waste discharge
29 Casting waste discharge
30 Coking flue gas discharge
31 Blast flue gas discharge
32 Rolling waste discharge

Here, the coefficient matrix B is the cost formation coef-
ficient, which directly relates external fuel to component
product cost. Using matrix B, the product cost of a certain
component can be decomposed into several parts corre-
sponding to different external fuel inputs. Detailed introduc-
tion of the methodology can be found in [49].

3. Flow Model for Iron and Steel Plant

The model plant is a general steel mill (BOF route) structure.
The whole plant is mainly composed of the coking process (1),
pellet process (18), sinter process (19), blast furnace process
(2), converter process (3), steel-refining process (20), contin-
uous casting process (21), and steel rolling process (22). All the
associated processes/devices are summarized in Table 3.
Thirty-two devices are defined here. The flows between these
devices are shown in Figure 1. The flow diagram of the entire
plant structure is presented in Figure 1, which illustrates the
complex relationships between different sub-processes. In
addition to the main steel production process (device 1, 2, 3,
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18, 19, 20, 21, 22), the system owns electricity production part
(device 7,9, 10, 11, 12, 13, 17), gas pipeline part (device 5, 6, 8,
14, 15, 16), and waste discharge part (device 25-32). The
diagram consists of 84 flows that are connected between 32
devices. The complex flow interactions pose a significant chal-
lenge in conducting cost allocation for certain product flows.
To address this issue, a cost formation analysis is needed to
determine how different processes contribute to the target
process. For a better understanding of the plant structure,
Figure 2 is further divided into four parts: Figure 2A-D.
Figure 2A depicts the pellet and sinter process. Figure 2B
illustrates the coking process, blast furnace process, and con-
verter process, which are the coal gas production site and
molten iron production site. Figure 2C shows the process of
steam and electricity production, which typically involves
boiler, turbine, and generator processes. Finally, Figure 2D
describes how molten iron is transformed into rolling steel
through refining, continuous casting, and rolling processes.
The meaning of each flow is presented in Table 2.

The present study is focused on the energy medium pro-
ducts in an iron and steel plant. The COG is generated during
the coking process and serves as an input in various other
processes such as blast furnace, converter, pelleting, sintering,
refining, continuous casting, and rolling. The residual COG
can either be utilized for steam generation or can be sold to
external users. The BFG is produced during the blast furnace
process and is employed as an input in the coking process,
blast furnace process, converter process, pelleting process, sin-
ter process, and rolling process. The remaining gas is utilized
for steam production in the boiler. The converter gas, gener-
ated during the converter process, is utilized in the rolling
process, and any unused gas is sent to external users. In the
flow model presented in Figure 1, the remaining BFG is
directed toward the boiler for steam production. On the other
hand, the remaining COG and converter gas are sent to exter-
nal users through flow 18 and flow 22, respectively. The pri-
mary product of the plant is steel, which is produced after the
rolling process, represented by flow 69. It should be noted that
there are multiple steel products in reality, but this study uses a
single flow to represent all of them, and thus, the associated
data with the steel product pertain to the average data
obtained from the rolling process.

The HPS is generated from a boiler, while the MPS is
extracted from a steam turbine. The LPS is derived from vari-
ous sources, including waste heat from the coking process,
blast furnace process, and converter process, as well as steam
after the steam turbine. Although information on the produ-
cers and consumers of coal gas was obtained from the litera-
ture, detailed data on steam consumers are unavailable. This is
due to a lack of detailed records released regarding how dif-
ferent types of steam are consumed. In iron and steel plants,
the steam network is extensive and extends to almost every
production site. Some sub-plants use more than one type of
steam, but it is unclear how each type of steam is consumed,
and they only have total steam consumption data. Therefore,
in the flow model, the steam production site is evident, but the
steam consumer is not connected to the steam network. A
more detailed flow model should be developed in the future
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FiGure 1: Flow model for a whole iron and steel plant. Thirty-two devices represented as box are connected with each other by different flows
(84 arrow lines). WD stands for waste discharge device. Nine flows in different colors stand for 8 different energy medium product flows and
1 waste flow. Other flows in blue represent all other flows except the 9 flows mentioned before.

to further illustrate how steam is distributed throughout the
system.

In this model system, electricity is generated by two gen-
erators as well as the blast furnace. A detailed explanation of
the 84 flows in the system can be found in Table 2. It is
important to note that a single flow in the table can represent
multiple substances, thus reducing the overall number of
flows required. Due to the multiple sources of steam and
electricity, the calculated cost for these media represents an
average cost.

4. Flow Exergy Data and Exergy Analysis

Accessing and publishing the latest productive data can be
challenging, as such data are often considered to be a corpo-
rate secret. In the present study, the exergy data for the iron
and steel plant were obtained from a master thesis by Lang

[50]. However, this thesis only provides data for individual
sub-processes, and thus, assumptions are required to connect
these sub-processes together.

e Assuming that the demand for coke in the blast fur-
nace process is exactly met by the coke produced in the
coking process, and the molten iron demand in the
converter process is perfectly satisfied by the molten
iron produced in the blast furnace process. Addition-
ally, the pellet and sinter can satisfy the demand in the
blast furnace process; the molten steel from the con-
verter can meet the demand in the refining process,
and the steel after refining can provide the exact need
in the continuous casting process. Moreover, the con-
tinuous casting billet produced in the continuous cast-
ing process meets the demand in the rolling process.
Based on these assumptions, it is inferred that 1 ton of
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FIGURE 2: Reorganized flow model plotted into four parts: (A) pellet and sinter process; (B) coking, blast furnace, and converter process; (C)
steam and electricity production; (D) refining, continuous casting and rolling process.

coke can produce 2.668 tons of molten iron and 2.726
tons of molten steel. Additionally, the entire plant pro-
duces 1.25 tons of pellets, 2.96 tons of sinter, 2.80 tons
of refining molten steel, 2.74 tons of continuous cast-
ing billet, and 2.62 tons of rolling steel products. Using
these ratios, the exergy value for each process can be
determined. The detailed calculations for these ratios
are listed in the Appendix.

The exergy information for the flows subsequent to the
boiler and steam turbine remains undetermined. In
order to estimate these values, certain initial parameters

are required, including: (i) 50% of the excess COG is
directed to the boiler while the remaining 50% is con-
veyed through the COG pipeline 2; (ii) all of the BFG is
directed to the boiler; (iii) converter gas is considered as
system output; (iv) both boilers have an exergy effi-
ciency of 50% and a flue gas exergy loss efficiency of
20%, meaning that the flue gas exergy is equivalent to
20% of the input fuel flow for both boilers; (v) 10% of
the total steam produced is conveyed through the HPS
pipeline, while the remaining steam is directed to the
steam turbine; (vi) for both steam turbines, the exergy
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efficiency is 89%, and 23% of the input exergy is
extracted as (MPS), while 17% of the input steam exergy
is directed to the LPS pipeline; and (vii) the exergy
efficiency of the generator is 95%.

Table 2 presents a summary of the exergy data (per ton
coke) for all flows. Flow 24 through flow 43 are calculated
using the data for the boiler, turbine, and generator provided
earlier. The remaining flow data have been reorganized using
the ratios provided above. The original data and the meth-
odology for calculating the unknown data are presented in
Tables Al and A2.

In general, fuels correspond to inputs, while products cor-
respond to outputs. However, this is not always the case, such
as in a turbine or heat exchanger. For the purposes of this
study, input flows are considered as fuel flows, while output
flows are regarded as product flows, except in the case of
steam turbine 1 and steam turbine 2. In these cases, the fuel
of the steam turbine is determined as the difference between
the input and output steam, while the product is the work
produced. Table 4 displays the fuel and product table for each
device. Each column represents the fuel input for a certain
device, while each row displays the product components for
each device. For example, device 1 (coking) has a total fuel
input of 43,647 MJ (40,539 MJ is from device 0, namely the
environment, 2964 MJ from device 4, 144 MJ from device 5).
Similarly, device 1 produces in total 40,120 MJ product (1985
M] goes to device 0, 30,108 M] goes to device 2, 7636 M] to
device 5, 173 M]J to device 16, 220 MJ to device 30).

In the model plant, all waste is discharged directly into the
environment, necessitating several waste dischargers that are
classified as dissipative devices. All other devices are consid-
ered productive devices. It should be noted that waste flows
also consume external input as they are generated during the
production of certain products. In this study, the cost of waste
is allocated to the device responsible for producing it. The
(RP) matrix is utilized to allocate waste to the corresponding
device. RP (1, 30), RP (2, 31), RP (3, 25), RP (9, 23), RP (12,
24), RP (18, 26), RP (19, 27), RP (20, 28), RP (21, 29), and RP
(22, 32) all have value of 1 and 0 otherwise. Failure to account
for waste cost allocation leads to an underestimation of the
product cost. Table 5 presents the product unit exergy cost for
each component and the cost formation using matrix B and
external fuel Fe. The product unit exergy value (MJ/M]) is
obtained by dividing the total exergy needed (from different
external input sources) to produce this flow by the product
exergy value.

5. Product Cost Calculation

Figure 1 shows the interrelationship between different devices,
but the quantity of one device contributing to another remains
to be calculated. Table 5 displays the resulting data for the
product exergy cost of each device and its formation based on
eight processes with external input. The cost formation is
achieved by multiplying matrix B with external input from
the eight major devices. For instance, the cost of coke oven
products per MJ can be decomposed into contributions from
1.09 MJ coking itself, 0.033 MJ from blast furnace, 0.002 M]J

from pellet process, and 0.013 MJ from sinter process. The
product cost of other process can also be decomposed based
on the different external fuel inputs used in each process. The
most complex product cost formation occurs in the rolling
process. The cost of rolling steel products per M]J is composed
of 1.507 MJ from the coking process, 0.576 M] from the blast
furnace process, 0.181 MJ from the converter process, 0.033
M] from the pellet process, 0.223 MJ from the sinter process,
0.033 MJ from the refining process, 0.014 MJ from the casting
process, and 0.082 MJ from rolling itself. This cost formation
highlights the interconnections of all system processes. This
interrelationship is difficult to demonstrate using only simple
input—output balance models. The cost formation here is valu-
able for cost accounting between sub-processes. Figures 3—6
turther illustrate the unit exergy cost for useful products of the
plant based on external input of eight processes. The unit
exergy cost also reveals the amount of additional input
required to produce one unit of product. Furthermore, the
cost formation analysis dissects the cost, indicating the source
of the additional resource consumption.

Figure 3 illustrates that the pelletizing process has the
highest product unit exergy cost (10.7 MJ/M]J) of all produc-
tive devices in the model plant, indicating a significant amount
of external resource consumption per unit product. Specifi-
cally, the extra fuel required for the pellet process is mainly
sourced from the coking process (5.2 MJ/MJ) and the pellet
process itself (5.1 MJ/M]J), while the unit exergy cost (4.7 MJ/
M]) of sinter is also high, with external resources required
predominantly sourced from the sinter process (4.5 MJ/M]J).

Figure 4 presents the unit exergy cost for BFG and COG.
The bar corresponding to COG indicates that the fuel input is
mainly derived from the coking process itself. The unit prod-
uct cost (1.63 MJ/M]J) generated from the blast furnace is
mainly from the coking process (0.99 MJ/M]), blast furnace
(0.44 MJ/M]), and sinter process (0.17 MJ/M]J). The unit
exergy cost for the converter product (1.86 MJ/M]J) is mainly
derived from the coking process (1.05 MJ/M]J), blast furnace
(0.46 MJ/M]J), converter (0.15M]J/M]J), and sinter process
(0.18 MJ/M]J), with a minor contribution from the pellet pro-
cess (0.03 MJ/M]J). This analysis highlights the significant con-
tribution of the coking process to the production of coal gas.

Figure 5 reveals that the unit exergy cost of boiler 2 (in
total 3.26 MJ/MJ, 1.99 MJ/M]J sourced from coking, 0.88 MJ/
M] from blast furnace, 0.05 MJ/M] from pellet process, 0.34
M]J/M] from sinter process), which uses BFG, is higher than
that of boiler 1 (in total 2.28 MJ/M], 2.19 MJ/M] sourced
from coking, 0.07 MJ/MJ from blast furnace, 0.004 MJ/M]J
from pellet process, 0025 MJ/M] from sinter process), which
uses COG. Similarly, the unit exergy cost of generator 2 (3.85
M]J/M]) is higher than that of generator 1 (2.7 MJ/M]J). The
higher cost of boiler 2 and generator 2 is mainly due to not
only distinct resource consumption from blast furnace but
also distinct part from coking process. The unit cost of elec-
tricity produced by generator 1 is mainly from coking fuel
(2.59 MJ/MJ), whereas the cost of electricity produced by
generator 2 is mainly from coking fuel (2.36 MJ/M]J), followed
by blast furnace (1.03 MJ/M]J), sinter process (0.4 MJ/M]), and a
minor portion from pellet process (0.06 MJ/M]J). These findings
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TasLE 4: Fuel product table.

F22 F23 F24 F25 F26 F27 F28 F29 F30 F31 F32 Total

1486

F21

F18 F19 F20

F8 F9 F10 F11 F12 F13 F14 F15 F16 F17

Fo F1 F2 F3 F4 F5 F6 F7
40,539 13,974 3354

P/F
PO

0 66,773
0 40,120

0

0
1377 0 40,631

801 5767 590 262 0

0

0
0

0
1985

0 220
0

0

0

7636 0

0
23,517 15253 0

30,108

0

P1

0

189

295
204

0

0
0

0

P2

0 24,198

0
0
0

0
0

0

0 21,144 0 1018 0 0 1576 0
28

0
68

0
0

1440 0

0 256 0

P3

15,253
7636

504

0

0 6752 0

0

66
194

0 2964 4871

P4

0 5610 0 O

0

247

144

P5

5610

0 0

2955

273

57

697 188

0

0

1440

P6

329

256

1008

346

1541
4726

pP7

256

P8

0

288

0

389 0 0 0 72 194 65

0
0

0

346 0

P9

0

0

P10
P11

0
0
0

0 1541 O 0
304

0

1823 338 911

0

0 1350 0

0

0

0

0
1622 0

P12
P13

1622
410
498

0

0

0

410
498

P14
P15

1040
2059

0
0

0
0

1040
2059

P16
P17
P18

187
1825

158
1209

0

0

0 538 0
0

0

77

0

0

P19
P20
P21
P22
P23

0 21,343
0
1092 19,221

0
0
0

0

157 0

0
0

0
19,241

21,186

0

19,671

0 430 0

0

0

0

0

35

0

18,094

288

288
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1350
1576
29
538
157
430
220
1377
1092

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

Total 32,840 43,647 50,568 27,131 15,253 7636 5610 346 256 1440 389 1622 6752 1823 410 1106 1153 2059 1566 5983 21,791 21,721 25,204 288 1350 1576 29 538 157 430 220 1377 1092

Note: F stands for fuel and P stands for product, index 1-32 represents devices number, which is listed in Table 3, index 0 represents environment.
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Pellet and sinter—unit exergy cost formation (M]J/M])

Sintering process

Pelletizing process

0.00 2.00 4.00 6.00 8.00 10.00  12.00

= Coking = Sinter

= Blast furnace = Refining

= Converter = Casting
Pelletizing = Rolling

FIGURE 3: Pellet and sinter unit exergy cost decomposition.

Coke oven, blast furnace, converter furnace, COG and
BFG pipe—unit exergy formation (M]J/M])
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FiGure 4: Coal gas and molten iron production site-unit exergy cost
formation.

suggest that the cost of electricity would be severely underesti-
mated if the contribution from, for example, the coking process
were ignored.

Figure 6 displays the unit exergy cost of the useful product
for the entire plant. The results indicate that external resource
of coking contributes the largest part to both electricity and
steam production, followed by blast furnace and sinter pro-
cess, with a minor contribution from pellet process. Interest-
ingly, the unit exergy cost of MPS is higher than that of HPS,
suggesting that higher heating value does not always translate
to higher exergy cost. It is important to note that production
costs are process dependent, as illustrated by the unit exergy
cost of COG and converter gas. While COG has a higher
heating value, the unit exergy cost of converter gas is higher,
at 1.85 unit exergy per unit, compared to COG at 1.14 unit
exergy per unit product. One unit of HPS costs 3.09 unit exergy,
one unit of MPS costs 3.93 unit exergy, and one unit of LPS
costs 2.65 unit exergy. The average unit exergy cost of electricity
is 3.45 unit exergy per unit. Despite MPS having a lower exergy
per volume, it has the largest unit exergy cost compared to
other energy mediums. The main reason, as illustrated by the
cost formation, is not only external resource consumption in
the production site itself but also a large part of external
resource consumption from other production sites.
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Steam and electricity production site—unit
exergy cost formation (MJ/M])

Steam turbine 2
Boiler 2

Generator 2
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FIGURe 5: Steam and electricity production site-unit exergy cost
formation.
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FiGure 6: Comparison of unit exergy cost for the whole plant useful
products (MJ/MJ).

In order to connect external fuel and product cost, matrix B
is utilized. It is important to note that, unlike exergy cost cal-
culation, the Fe vector utilized for product cost calculation is in
monetary units (¥) and redefined as Fem. Thus, the resulting
product cost is also in monetary units. The input and output
flows of the model plant are described in Figure 1, and a new
flow, designated as flow 85, has been added to account for the
cost of manpower and capital (more details in Table A2). The
known cost data are presented in Table 6, and are sourced from
[50], with the exception of the cost data for flow 85, which is
sourced from [51]. It should be noted that the cost value for
flow 85 represents an average of four types of steel products
(plate and thick plate, hot strip, wire stock, and steel bar) and is
not an element of the Fem vector. As the manpower and
capital cost distribution among components is not known,
the distribution of this cost is done approximately by allocating
evenly to each product. The original data and reorganized data
for the Fem vector can be found in Appendix A.

Using the matrix B and the available cost data as described
earlier, the economic cost formation can be performed in a
manner similar to the exergy cost formation. In this case,
economic external fuel data (Fem) are utilized instead of
exergy external fuel. The results of the economic cost
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TABLE 6: Summarized initial known flow cost data.

Input flow number Input cost (¥)

1 1428.7
12 592.16
25 0
35 0
46 1156.61
48 953.21
49 2128.09
61 143.92
64 66
68 235.55
85 2333.52
Total 8878.115

formation are presented in Table 7. The remaining COG’s cost
per ton of steel consists of 83 ¥ from coking, 3 ¥ from blast
furnace process, 5 ¥ from pellet process, and 10 ¥ from sinter
process. The cost of converter gas is more complex. It com-
prises of 4¥ from coking, 2 ¥ from blast furnace, 5¥ from
itself, 3 ¥ from pellet, and 6 ¥ from sinter process. Remarkably,
the major cost associated with the three types of steam is
found to be from the sinter process. This can be attributed
to the fact that BFG, which is the primary fuel of steam, is
produced in the blast furnace process, with its major economic
input coming from the sinter process. Sinter is produced
through a process that uses fuel primarily from coking. How-
ever, the most significant economic contribution comes from
an external input in the sintering process known as flow 49.
The analysis reveals that nonenergy flows, particularly those
with high costs, significantly influence the economic evalua-
tion of energy flows. The cost of electricity is mainly attributed
to the sinter process (93 ¥), and 63 ¥ from coking, 28 ¥ from
blast furnace, and 44 ¥ from pellet process.

6. Product Cost Analysis

In practice, the price of coal gas is typically expressed in units
of ¥/m>, while the price of steam is expressed in units of ¥/
ton, and the price of electricity is expressed in units of ¥/
kWh. To convert the exergy-based cost data into these dif-
ferent units, appropriate exergy values must be used. Specifi-
cally, the exergy value of COG is 17.5MJ/m>, while the
exergy of converter gas is 6.08 MJ/m”>. The exergy data for
steam were calculated using the software EES, and the steam
data were obtained from [52]. The exergy values for HPS,
MPS, and LPS were found to be 1230 kJ/kg, 886.7 k]/kg, and
778.7 KJ/kg, respectively. After converting the units, the cost
data for all plant products can be summarized, as shown in
Table 8. The cost of chemical products remains in units of
yuan per MJ, as it is difficult to convert it to ton or m>. The
chemical products consist of tar, benzene, and ammonia. The
exergy of rolled steel is 6609.34 MJ/t.

The flow 85, which represents the cost of manpower and
capital, is distributed evenly among all the products. There-
fore, an additional exergy cost is added to the original exergy
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cost. The total product exergy is 25791.84 M]J, and the cost of
flow 85 is 2333.52 ¥. As a result, an extra 0.09048 ¥/M]J is
added to the previous unit monetary exergy cost. The origi-
nal unit exergy cost is calculated as B X Fem/P, where P is the
total component product exergy and Fem is the external
vector in monetary value. The total unit exergy cost is illus-
trated in Figure 7.

The unit exergy cost in monetary unit is presented in
Figure 7, which is decomposed to show the cost breakdown.
The allocation of manpower and capital cost to each product
evenly leads to it playing the same role in all products. The
cost of chemical products and COG is mainly from man-
power and capital, as well as the coking process, which is also
related to coal cost. For the other products, coal cost still
plays a significant role, but the largest contribution is from
the sinter process. The unit cost of LPS is lower than that of
MPS. Moreover, the unit cost of MPS is higher than that of
HPS, indicating that cost allocation considering only heating
value or exergy per volume can sometimes lead to a lower
cost compared to calculations considering the entire process.
Electricity is primarily produced using BFG, but its cost
mainly comes from the sinter fuel cost, manpower and capi-
tal, coal cost, pellet process fuel, and blast furnace process
fuel. This implies that cost accounting for electricity without
a global picture may potentially lead to a lower cost. The
main product, rolling steel, mainly incurs cost from sinter
fuel, converter fuel, coking fuel, and pellet fuel. The input in
the rolling process only contributes a minor part. In short,
the cost accounting method without considering production
process and multiproduct effect can lead to an underestima-
tion of real cost.

The pricing strategy for by-product gas in iron and steel
plants is a complex issue, given the substantial variation in
prices for the same gas across different plants. Zhu and He
[24] presented three pricing approaches: method 1, which
considers the heating value and price of natural gas; method
2, which is based on the heating value and price of coal; and
method 3, which accounts for the opportunity cost, that is,
the profit from electricity generated by the by-product gas.
The prices obtained using these three methods, as well as the
costs obtained in this study, are summarized in Table 9.

In Table 9, it can be observed that the price of by-product
gas obtained through method 4 (utilized in this study) is con-
siderably higher compared to the other cost data. This can be
attributed to the fact that different systems may exhibit dis-
tinct exergy costs, and therefore, the cost in other systems may
differ from that obtained through method 1, which provides a
price for all scenarios only if the heating value remains the
same. Nevertheless, method 2 and method 3 display signifi-
cant deviations when compared to the cost estimated through
method 4. It is common to obtain varying costs for different
production systems, and the price should be determined based
on the cost data. Hence, methods 1-3 only account for the
difference in product but disregard the differences in the pro-
duction process. The actual cost should take into consider-
ation the production process as well. The observed higher cost
of coal gas in the analysis of the whole system could be attrib-
uted to several other factors. First, it could be due to
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TasLE 7: Economic cost formation for the whole model plant based on external input (per ton of steel).

Device Coking  Blast furnace  Converter Pellet Sinter Refining Casting Rolling Total (¥)
Coke oven 590 21 0 34 71 0 0 0 717
Blast furnace 545 287 0 463 970 0 0 0 2264
Converter furnace 341 179 472 287 603 0 0 0 1882
BFG pipe 204 108 0 174 364 0 0 0 850
COG pipe 112 4 0 6 14 0 0 0 136
COG pipe 2 83 3 0 5 10 0 0 0 100
Generator 1 11 0 0 1 1 0 0 0 14
Converter gas pipe 4 2 5 3 6 0 0 0 20
Boiler 1 30 1 0 2 4 0 0 0 36
Steam turbine 1 11 0 0 1 1 0 0 0 14
Generator 2 49 26 0 42 87 0 0 0 203
Boiler 2 127 67 0 108 226 0 0 0 527
Steam turbine 2 49 26 0 42 87 0 0 0 203
High-pressure steam pipe 11 5 0 8 16 0 0 0 40
Middle-pressure pipe 23 10 0 16 34 0 0 0 83
Low-pressure pipe 27 11 5 18 87 0 0 0 150
Electricity grid 63 28 0 44 93 0 0 0 228
Pellet process 13 1 0 432 3 0 0 0 450
Sinter process 4 0 0 1 1153 0 0 0 1159
Refining process 301 157 416 253 531 55 0 0 1713
Continuous casting 310 160 422 257 539 56 26 0 1769
Rolling process 390 179 459 288 604 58 27 95 2100
Flue gas boiler 1 8 0 0 0 1 0 0 0 10
Flue gas boiler 2 36 19 0 31 64 0 0 0 151
Converter waste discharge 22 12 31 19 39 0 0 0 123
Pellet flue gas discharge 2 0 0 67 1 0 0 0 70
Sinter waste discharge 1 0 0 0 340 0 0 0 342
Refining waste discharge 2 1 3 2 4 0 0 0 13
Casting waste discharge 7 3 9 6 12 1 1 0 39
Coking flue gas discharge 3 0 0 0 0 0 0 0 4
Blast flue gas discharge 18 10 0 16 33 0 0 0 77
Rolling waste discharge 22 10 26 16 34 3 2 5 119

Whole plant useful product—unit exergy

cost (¥/MJ)
Rolling steel :
Electricity
Low-pressure steam
Middle-pressure steam

High-pressure steam |ses—

Converter gas mmmm

Coke oven gas ;w_

Chemical product  ——
0 0.1 0.2 0.3 0.4
= Coking = Refining
= Blast furnace = Casting
Converter = Rolling
Pelletizing = Manpower, capital
= Sinter

FiGure 7: Whole plant product-unit exergy cost in monetary units.

differences in the choice of analysis region as compared to
other models. Second, it could be attributed to the fact that
other models may not fully account for manpower and capital
cost, as the products are considered by-products. In such
models, manpower and capital cost may only be accounted
for in a single process cost balance. Conversely, the model
used in this study treats all products equally based on exergy
and allocates manpower and capital cost to all products. As a
result, the cost of one process can have a significant impact on
another process. Additionally, several assumptions were made
in the model used in this study, which may deviate from the
actual plant operation state. Furthermore, the model used in
this study allocates waste cost to the useful product, leading to
higher cost data compared to the case without waste alloca-
tion. The results of the coal gas analysis conducted in this
study suggest that the cost data in other models may be under-
estimated, as, in reality, all external resource flows can con-
tribute to some extent to a single process. Moreover, to

95U801 7 SUOWILLOD SAIIa.D) @ edldde au Aq peusenob afe sojoie O ‘8sn Jo sa|ni 10} Akeiq18UljUQ 8|1/ UO (SUONIPUOD-PUE-SLLS)L0D A8 | 1M AJeid Ul [uo//SANy) SUONIPUOD pue SWie | au1 88S *[6Z0z/2T/TT] uo Arigiauliuo A ezobelez aa pepsienlun Ag TTy8E88/#0/SSTT 0T/I0p/woo A3 |1 Arelqpul|uoy/sdiy Wwouy pepeojumod ‘T ‘520z ‘Bl



International Journal of Energy Research

15

TasLE 8: Plant product economic cost.

Rolling steel

Product COG Converter HPS MPS LPS Electricity Chemical product average
name (¥m?) gas (¥m?) (¥/ton) (¥/ton) (¥/ton) (¥/kWh) average (¥/M]J) (¥/t0§)
Cost 2.40 1.79 428 371 305 1.36 0.14 2489.50
TasLE 9: Cost comparison for coke oven gas and converter gas under 4 methods.
Method 1 based Method 2 based Method 3 based Method 4 using thermoeconomic
on natural gas on coal on electricity profit model
Coke oven gas (¥/m”) 1.080 0.320 0.500 2.40
Converter gas (¥/m’) 0.417 0.128 0.200 1.79
2.5 2.55 -
2.50
2.0 |
"’g "’E 2.45
Z 15 z
§ § 2.40 |
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0.5+
|
2.25
0.0 = T T T T T T
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COG cost comparison
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FiGure 8: (A) COG cost comparison for different literature data. (B) COG cost changes when flow 1 coal cost is changing.

increase the diversity of the data, the cost of coal gas in several
papers has been compared and summarized in Figure 8A.
Even when compared to the cost data from [31, 32, 53-55],
the cost data generated in this study are significantly higher.
We further compare the COG cost when coking input cost is
changing as 80%, 90%, 100%,110%, and 120% of flow 1 initial
cost in order to check if the coal price change can significantly
affect the COG cost. The results (Figure 8B) indicate that
80%,90%,110%, and 120% change still shows much higher
cost (227 ¥/m°, 2.33¥/m>, 2.47 ¥/m>, 2.54 ¥/m°>) compared
with literature data. In short, the coal gas cost using heat-
ing-value-based method is severely underestimated compared
with the cost data in this work. This substantial difference
further underscores the need to develop a more rational
approach to pricing by-product gases.

The price of steam can vary depending on the location and
the steam’s temperature and pressure. According to Zhang
et al. [56], there are two main methods for pricing heat:
cost-plus and marginal-cost pricing. The cost-plus method
is commonly used in regulated heating markets, while the

marginal-cost pricing method is used in deregulated markets.
For instance, according to a website, the price of steam in 2019
was around 190 ¥/ton [57]. In the model system used in this
study, even LPS has a cost of 305 ¥/ton, MPS is 371 ¥/ton, and
HPS is 428%¥/t. This indicates that selling steam to outside
markets may not be profitable if the price is lower than the
cost data. In fact, doing so would directly result in a loss of
profit. Regarding the cost of electricity produced from by-
product gas, [24] listed electricity at 0.15#¥/kWh, while [27]
reported a cost of 0.23-0.256 ¥/kWh. In contrast, our analysis
reveals a substantially higher cost of 1.36 ¥/kWh. However, the
calculation method for electricity cost produced by coal gas
was not provided in [24], making it difficult to explain the
reason for the differences. It is worth noting that the low input
fuel cost of COG (0.196 ¥/m®) and BFG (0.04 ¥/m®) in [27]
contributes to a much lower cost of electricity compared to
other studies. This suggests that the profitability of selling by-
product gas produced electricity is heavily influenced by the
cost of by-product gas, which can be quite low in some plants.
In short, current cost accounting methods systematically
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underestimate the cost of steam and electricity in ISMP.
Therefore, plant management should reconsider its cost cal-
culation methods and pricing strategies to obtain an actual
market-related price for energy medium products.

7. Research Limitations, Challenges, and
Future Prospects

Limitations of this study are as follows: (1) The interdepen-
dent relationships between water/steam supply and usage
were not modeled in detail due to insufficient operational
data. (2) Capital and labor costs were distributed evenly
across production units despite actual variations in sub-
plants. Challenges are as follows: application of exergy-based
method needs detailed flow information, but most industry
plants only place sensors for major purpose; therefore, real-
time analysis, diagnosis, and optimization are difficult with-
out full set of data input. Future prospects are as follows:
exergy-based method can play more important role when
advanced digital technology is further applied in the industry
(e.g., advanced sensor technology, Internet-of-Things (IoT)
technology, artificial intelligence [AI]).

8. Conclusions

In this study, a cost accounting analysis was conducted for
the iron and steel plant. Initially, a flow network model was
constructed, followed by a thermoeconomic analysis of the
model plant. The study aims to uncover the impact of exter-
nal fuel costs on product costs and estimate the costs of
energy medium products. The thermoeconomic model uti-
lized in this study presents a novel approach not only to
assess the energy efficiency but also to allocate costs in a
more rational manner. Our methodology takes into account
the fuel costs and all production processes, representing an
advancement in this field. The model system used in this
study involves multiple fuel flows and product flows. We
utilized a thermoeconomic model to establish the relation-
ship between external fuel and product cost, which enabled
us to obtain a comprehensive cost formation that takes into
account various subprocesses and quantitatively describes
the impact of one process on another. The average cost of
steel products was determined to be 2489.50 ¥/ton, while the
costs of COG, converter gas, HPS, MPS, LPS, and electricity
were found to be 2.40 ¥/m’>, 1.79 ¥/m’, 428 ¥/ton, 370 ¥/ton,
305 ¥/ton, and 1.36 ¥/kWh, respectively. Our findings indi-
cate that the energy medium products cost estimated in this
study is significantly higher than the cost reported in the
literature. This suggests that the cost data in other models
may be underestimated, highlighting the need for a more
rational approach to pricing energy medium products.

Appendix A. Whole Plant Data Summary

Calculation of unknown data:
In order to calculate the data for the entire plant, certain
assumptions are made to determine the values. Specifically, it
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is assumed that the main product of the last plant would
exactly satisfy the next input need for the next plant. Based
on this hypothesis, we determined that 1 ton of coke can
produce 2.668 tons of molten iron and 2.726 tons of molten
steel. Additionally, the entire plant produces 1.25tons of
pellet, 2.96 tons of sinter, 2.80 tons of refining molten steel,
2.74 tons of continuous casting billet, and 2.62 tons of rolling
steel product. We used these ratios to calculate the exergy
value for each value. The specific calculations for the ratios
are as follows:

2.668 =30,107.9/11,284.74.
2.73 =8814.35 X 2.668/8625.06.
1.25=158.31/125.8.
2.96=1209.01/408.03.
2.8=21,443.81/7665.98.
2.74=7537.85%2.9/7742.14.
2.62=7031.38 X 2.74/7349.74.

Using the ratios obtained previously, the exergy of the
entire plant can be calculated by multiplying each ratio with
its corresponding per-ton value. The flows are represented by
numerical values, and some flows are combined, as shown in
Figure 1. However, the exergy values of the flows after the
boiler and steam turbine are still unknown. To calculate
these values, additional data are required:

® 50% of the excess coke oven gas is directed to the boiler,
and the remainder is directed to coke oven gas pipeline
2. The remaining coke oven gas has a value of 2880.772
MyJ, which is divided by 2 to obtain the exergy values for
flow 21, flow 22, and flow 23, resulting in 1440.385 for
each. Therefore, flow 22 and flow 23 are both equal to
1440.385 M]J.

o All the blast furnace gas goes to boiler, flow 20 is
6751.52 MJ; converter gas is system output; thus, flow
17 and flow 18 are 256.41 MJ; the two boilers both has
exergy efficiency of 50%, and flue gas exergy loss effi-
ciency is 1.05%; for both boilers, 10% of all the steam
produced goes to high pressure steam pipeline and the
rest goes to steam turbine; for both steam turbines, the
exergy efficiency is 89%, and 23% of input exergy is
extracted as middle pressure steam, and 17% of input
steam exergy goes to low pressure steam pipeline.

e The blast furnace gas is directed to the boiler and is
represented by flow 20 with a value of 6751.52 MJ. Con-
verter gas, on the other hand, is considered as system
output, hence flows 17 and 18 are valued at 256.41 MJ.
The exergy efficiency of both boilers is 50%, and the flue
gas exergy loss efficiency is 1.05%. For each boiler, 10%
of the steam produced is directed to the high pressure
steam pipeline, while the remaining steam is directed to
the steam turbine. Both steam turbines have an exergy
efficiency of 89%, where 23% of input exergy is
extracted as middle pressure steam and 17% of input
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steam exergy is directed to the low pressure steam
pipeline.

The detailed calculation of these flows is (M] unit) as
follows:

e Flow 24 =1440.385 % 20/100 =288.077; Flue gas from
boiler.

e Flow 25 =0; Water.

o Flow 26 =1440.385 % 0.5 X 0.1 =72.019; High pressure
steam.

e Flow 27 =1440.385x%0.5Xx 0.9 =648.174; High pres-
sure steam.

e Flow 28 =648.174 X 0.89 X 0.6 = 346.125; Work from
steam turbine.

e Flow 29=1346.125X0.95=328.818; 0.95 is generator
efficiency; electricity from generator 1.

e Flow 30=648.174%0.17=110.189; Low pressure
steam.

e Flow 31=648.174x0.23 =149.080; Middle pressure
steam.

e Flow 35 =0; water.

e Flow 36 =6751.52 X 20/100 = 1350.304; Flue gas from
boiler.

e Flow 37=6751.52x 0.5 % 0.1 =337.576; High pressure
steam.

e Flow 38=6751.52x0.5x0.9=3038.184; High pres-
sure steam.

e Flow 39=3038.184 X 0.23 = 698.782; Middle pressure
steam.

e Flow 32=337.576+72.019 =409.595; High pressure
steam.

e Flow 34=3038.184x%0.6x%0.89=1622.390; Work
from steam turbine.

e Flow 33=1622.390 X 0.95=1541.270; 0.95 is genera-
tor efficiency; electricity from generator 2.

e Flow 41 =flow 31+ flow 40=665.571; Middle pres-
sure steam.

e Flow 42 =flow 3 +flow 14 + flow 30 + flow 16 + flow
40=1298.453; Low pressure steam.

e Flow 43 =flow 29+ flow 13 +flow 33 =2059; Total
electricity production.

Among Table A1, only flow 85 is special as it is data from
other source [51] and listed in Table A2, but all other eco-
nomic data are from [50].
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The element of vector Fem is calculated as follows:

e Coking: input fuel cost=1414.85 (coal) +12.14
(electricity) 4+ 1.13 (steam) + 0.88 (water) = 1429 ¥.

e Blast furnace process: input fuel cost=(40.82 (ore)+
37.11 (coke scrap) +14.79 (oxygen)+ 85.52 (coal
powder) + 1.74 (steam) +5.29 (nitrogen) + 19.68
(electricity) 4+ 17 (water)) X 2.668 =592.16 ¥.

e Converter: input fuel cost = (189.85 (steel scrap) + 72.53
(alloy) + 0.8 (oxide iron scrap) 4+ 15.95 (calcium oxide)
+5.24 (dolomite) +3.06 (fluorite) +60.46 (oxygen)+
0.81 (argon) + 61.87 (nitrogen) + 10.07 (electricity) +
3.65 (water)) X 2.726 =1156.61 ¥.

e Pellet: input fuel cost=(727.47 (ore)+ 24.33
(electricity) + 0.21(steam) + 5.01 (bentonite) + 0.46
(water)) X 1.25=953.24 ¥.

e Sinter: input fuel cost=(355.32 (iron ore) +258.44
(enriched ore) +29.45 (other ore) +30.59 (solvent) +
22.5 (coke powder) +21.37 (electricity) +0.16 (steam)
+0.39 (water)) X 2.96 =2128.08 ¥.

o Refining: input fuel cost = (24.94 (alloy) + 1.56 (lime) +
0.8 (fluorite) +1 (steam)+00.79 (oxygen)+ 0.63
(argon) + 5.8 (nitrogen) + 11.6 (electricity) +4.26
(slag) +0.07 (water))x 2.797 =143.92 ¥.

e Continuous casting: input fuel =(3.95 (oxygen) + 0.31
(argon) + 6.3 (nitrogen)+0.34 (steam)+ 11.64
(electricity) + 1.58 (water)) X 2.736 = 66 ¥.

e Rolling: input fuel cost=0.4188 (steam)x 0.038 + (3.86
(oxygen)x 2.5532 4 0.34 (nitrogen) X 4.196 + 8.86
(hydrogen)x 0.48/31.963)%x2.6179 + 1451.303
(electricity) X 0.1417 =235.549 ¥.

The value above is all in yuan, but the calculation for
rolling process is different. For other process, there are eco-
nomic data for 1 ton main product. For rolling process, the
economic cost is listed in another way. Only the unit exergy
cost is given; thus, the cost here is calculated by multiplying
total exergy in our model system with unit exergy cost.
0.4188 M]J is steam total exergy, and 0.038 is ¥/M]J; 3.86 MJ
is the oxygen exergy for 1 ton rolling steel, 2.5532 is its unit
price; 0.34 is nitrogen exergy for 1 ton rolling steel, 4.196 ¥/
M] is its unit cost; 8.86 is hydrogen exergy for 1 ton rolling
steel, 0.48/31.963 is unit cost data using the data in the paper;
1451.303 M]J is total electricity exergy, 0.1417 is unit cost in
¥/M]J.

Then, multiplying 891.36 (from Table A2) with 2.62, we
got the cost 2333.519 ¥ for this model plant.
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TasLe Al: Summarized initial data for each plant and its fuel and product, data from [50].
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Fuel (input flows)

Exergy data (M]) Product (output flows)

Exergy data (M])

Coke oven plant (1 ton coke)

Coke oven gas 143.51 Coke 30,107.9
Blast furnace gas 2964 Coke oven gas 7635.69
Coal 40,424.17 Chemical product 2204.38
Air 0 CDQ gas 172.52
Electricity 85.68 — —
Low-pressure steam 29.64 — —
Blast furnace plant (1 ton molten iron)
Minerals 545.37 Molten iron 8814.35
Coke 11,284.74 Iron block 80.27
Coal powder 5151.95 Blast furnace gas 5716.91
Air 0 Furnace dust 361.35
Blast furnace gas 1825.75 Scrap 14.85
Coke oven gas 92.72 Hot water 12.89
Oxygen 5.8 Electricity 70.92
Nitrogen 1.26 Steam 110.7
Low-pressure steam 45.75 Flue gas 127.07
Converter plant (1 ton molten steel)
f;(‘)’;‘)fg‘e‘;{‘g this iron, 8625.06 is molten 9608.39 Molten steel 7756.35
Fluorite+quicklime+dolomite 138.65 LDG 467.44
Coke oven gas 71.25 Slag 292.22
Blast furnace gas 2423 Steam 74.8
Other gas 39.23 Flue gas 36.14
Electricity 71.06 Coal gas released into environment 87.43
Iron scrap 145.32
Other gas released 16.75
Water discharged 0.42
Pellet plant (1 ton pellet)
Concentrate ore+bentonite 459.14 Pellet 125.8
Blast furnace gas 53.99 Flue gas 22.72
Coke oven gas 553.95
Steam 5.44
Electricity 171.68
Sinter plant (1 ton sinter)
Ore 254.25 Sinter 408.03
Solvent 6.65 Return mine 66.17
Blast furnace gas 9.5 Recycled steam 26.13
Coke oven gas 63.57 Flue gas 115.45
Air 0
Coke powder 1540.99
Low-pressure steam 5.44
Electricity 138.85
Refining plant (1 ton molten steel)

Molten steel 7665.98 Refined molten steel 7573.85
Alloy+lim§+ fluorite+top slag +oxygen 102.95 Refined slag 52.03
+argon+nitrogen
Coke oven gas 20.24 Dust and gas 4.1
Steam 26.24
Electricity 81.83
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TasLe Al: Continued.

Fuel (input flows)

Exergy data (M])

Product (output flows) Exergy data (M])

Continuous casting plant (1 ton continuous casting billet)

Molten steel 7742.14 Continuous casting billet 7031.38
Coke oven gas 99.75 Mill scale 4.48
Oxygen+argon+nitrogen+ covering slag 4.52 Steel scrap 139.89
Steam 9.06 Water discharge and flue gas 12.78
Electricity 82.12
Rolling plant (1 ton rolling product)

Continuous casting billet 7349.74 Rolling product 6911.59
Coke oven gas 1128.66 Steel scrap 351.96
Blast furnace gas 192.5 Mill scale 25.47
Converter gas 388.79 Recycled steam 1331
Steam 0.16 Flue gas+waste water 39.8
Nitrogen+oxygen+hydrogen 13.06
Electricity 554.37

TasLe A2: Cost data for manpower and capital.
Source [51] Plate Hot-rolled coils Reinforced steel Wire Average
Manpower cost (¥/t) 135.8 81.3 68.4 78.5 588.63
Capital cost (¥/t) 52.4 54.2 374 43.2 302.73
Total 891.36
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