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Abstract

The metallurgical industry is a trade where large amounts of waste are generated, including mill scale and
iron-bearing sludge, which in the reduction process can be a valuable raw material for the production of sponge
iron. In this publication the energy balance for such a process has been prepared and it has been shown that
the electrical energy flow necessary to carry out reduction of mill scale with a CO + Hz gas solution is 17.48%
of the total energy stream supplied to the process. The highest value of the supplied energy stream is chemical
energy brought with a reducing gas of approx. 71.65%. The largest energy losses occur in gaseous products
of reduction and constitute 57.15% of the total energy flux of products. Raising the temperature of the reaction
gas from 25°C to 300°C reduces the electricity consumption about 14%. The determined energy losses to the
environment are strongly dependent on the final design of the reactor for the reduction of iron-bearing
materials.
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1. INTRODUCTION

What proves to be decisive of the choice of waste management technology is not only economy, but also
environmental protection aspects. Recyclable waste is distinguished by the considerable content of valuable
components, which is comparable to their content in raw materials [1]. Even though material engineering has
been developing very dynamically and further new structural materials are being designed, steel has not lost
its leading position in terms of industrial production. Steel industry is among the sectors of the economy with
the highest market share, as steel and cast steel account for more than 92% of total consumption of metals.
This industry generates considerable volumes of waste (including iron-bearing waste), such as: blast furnace
and steelmaking slag, mill scale, sintering dust, steelmaking dust from the process of dust removal from electric
arc furnaces, dust produced in consequence of cleaning iron and steel casts as well as iron-bearing sludge
[1-3]. Iron-bearing waste can be utilised as raw material for production of direct reduced iron (DRI), also
referred to as sponge iron. Depending on its chemical composition, including the content of impurities and
moisture, the options for using metallurgical waste as secondary raw material are diversified. More and more
waste is regularly recycled all around the world, while further new waste utilisation technologies are being
designed.

This publication provides a discussion on the energy balance for a technology being currently developed and
concerning mill scale reduction in carbon monoxide and hydrogen atmosphere in order to receive direct
reduced iron (DRI).

2. ENERGY BALANCE ASSUMPTIONS

The energy balance assumed for the process of reduction of the iron oxides contained in mill scale in carbon
monoxide and hydrogen atmosphere was developed with reference to service data of a laboratory-scale rotary
furnace as well as experiments performed in the furnace. For the final product assumed, namely metallic iron,
and its yield as well as the substrates introduced into the process, the energy balance components for the
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furnace’s steady state were calculated based on the formula (1) and Figure 1 provides graphical
representation of the energy balance in question.

. . . . . . (1)
Epw T Egr + Eey = Ezg + Egp + Qo

where:
E,,, - energy stream of mill scale (kW)

Eg4, - energy stream of reduction gas (kW)
E,, - electric energy stream (kW)

Ezg - energy stream of direct reduced iron (kW)
Egp - energy stream of gas following reduction (kW)

Q,: - heat released into the environment (kW)
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Figure 1 Energy balance for the iron-bearing waste material reduction process

The stream of scale mass was assumed in the balance at 1,,,= 33.3 kg h™*. The n, stream of reduction gas
was characterised by molar fractions of z., = 0.50 and zy, = 0.50 retrieved from the balance of substance
and consistent with the process behaviour. The DRI stream value was m,,= 27.4 kg h~1, while the value of
the 1y, gas stream following the scale mill reduction was characterised by the following molar fractions: z;, =
0.47, zy, = 0.37, zc92 = 0.09, z,,, = 0.13 (balance of substance). Table 1 provides mass fractions of chemical
compounds contained in the scale mill and direct reduced iron.

Table 1 Mass fractions of chemical compounds contained in the scale mill and direct reduced iron

Chemical compound Mark Mass (wt.%)
Fe gFe 0.027
Fe20s3 gFe203 0.279
Substrates FeO greo 0.646
scale mil MnO guno 0.012
Al203 gAI203 0.004
CaO gcao 0.001
SiO2 gsio2 0.023
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Table 1 Continue

Chemical compound Mark Mass (wt.%)
Substrates C gc 0.002
scale mill Cr gor 0.001
Cu gcu 0.005
Fe gre 0.865
FeO gFe0 0.077
MnO gmno 0.016
Products Al2O3 gAI203 0.005
direct reduced iron Cao gcao 0.001
SiO2 gsio2 0.029
Cr ger 0.001
Cu gcu 0.006

The temperature of the reduction process substrates (scale mill and reduction gas) came to Ts = 298.15 K and
was assumed as the reference point for physical energy calculations. The temperature of both products (direct
reduced iron and post-reduction gas) was T, = 1273.15 K. The energy of substrates and products was
calculated as a sum of chemical energy and physical energy. Specific chemical energy and specific physical
energy as well as bulk mass of the balanced substances have been provided in Table 2 (substrates) and
Table 3 (products) [4-8]. For all the reduction process substrates, the physical energy (at the temperature of
298.15 K) equalled 0 kJ/mol.

Table 2 Bulk mass, specific chemical energy and specific physical energy substrates [4-8]

Specific chemical Specific physical energy (298.15
Bulkn;,nass energy K)
Substrates Chemical €ch €r
compound

(kg/kmol) (MJ/kmol) (MJ/kmol)
Fe 55.847 412.12 0
Fe20s3 159.692 0 0
FeO 71.846 140.16 0
MnO 70.937 134.81 0
Al203 101.961 185.69 0

Scale mill
CaO 56.080 178.44 0
SiO2 60.085 0 0
C 12.011 393.51 0
Cr 51.996 569.86 0
Cu 63.54 201.59 0
CO 28.011 282.98 0
Reduction gas

H2 2.016 242.00 0
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Table 3 Bulk mass, specific chemical energy and specific physical energy products [4-8]

Bulk mass Specific chemical Specific physical energy
Chemical M energy (127315 K)
Products compound €ch er
(kg/kmol) (MJ/kmol) (MJ/kmol)
Fe 55.847 412.12 33.928
FeO 71.846 140.16 54.922
MnO 70.937 134.81 50.645
Direct reduced Al203 101.961 185.69 115.470
iron Ca0 56.080 178.44 49.407
SiO2 60.085 0 63.117
Cr 51.996 569.86 29.113
Cu 63.54 201.59 32.404
CO2 44.009 0 48.498
Post-reduction H20 18.015 0 37.515
gas co 28.011 282.98 30.230
Ha 2.016 242.00 29.580

3. ENERGY STREAM OF SCALE MILL AND REDUCTION GAS

The data used to calculate the energy stream of scale mill were computational data consistent with the balance
assumptions made with regard to mass stream, temperature and mass fractions (Table 1), as well as specific
chemical and physical energy (Table 2). The scale mill energy stream is illustrated by the following equation

(2):

Ezw = .Zer + EszeZOB + EszeO + EsznO + EZWAlZOB + EszaO + EwaiOZ + EZWC (2)
+ EZWCT + Eszu'

where:

E,vre -e€nergy stream of metallic iron (kW)

Ewre203 - €nergy stream of Fe203 (kW)
Eszeo - energy stream of FeO (kW)

E,wreo - €nergy stream of FeO (kW)

EsznO - energy stream of MnO (kW)

E w1203 - energy stream of Al203 (kW)
EszaO - energy stream of CaO (kW)

EwaiOZ - energy stream of SiO2 (kW)

E, . c - energy stream of carbon (kW)
Eszr' energy stream of chromium (kW)

E,wcu - energy stream of copper (kW)
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Once the mass stream, the mass fractions as well as the specific chemical and physical energy have all been
taken into consideration, equation (2) assumes the following form:

: ) JdFe 9JFe203
E,y = myy, [_ (echFe + efFe) + [y (echFeZOS + efFeZOB) + (echFeO +

JAlI203

v (echALZOS + efAlZOS) + =£a0 (echCaO +
Alz (3)

(echSlOZ + efSlOZ) + (echC + efc) + (echCr + ech) + (echCu +

efFeO) + =Hnd (ecthO + eanO) +

efCaO) +

e fcu ) ] W

As with the scale mill, so with the reduction gas stream calculation, computational data consistent with the
relevant balance assumptions and the data provided in Tables 1-3 were used, while the energy stream in
question was represented as the following relationship:

Egr = .ngZ + EngOr )

where:

Engz - energy stream of hydrogen (kW)

EngO - energy stream of CO (kW)

Following the substitution of the molar stream of substance, the relevant molar fractions as well as the specific
chemical and physical energy, equation (4) took the following form:
Egr = gy [ZHZ (echHZ + esz) + Zco (echCO + efco)] (3)

4, ENERGY STREAM OF DIRECT REDUCED IRON

The energy stream of direct reduced iron in reduction products (reduced iron oxides) was determined
analogically to that of scale mill and reduction gas, the outcome of which was the following equation (6):

Ezg = Enge + EngeO + EngnO + Eng1203 + EngaO + EZgSiOZ + Engr + Engu: 6)
where:

EZgFe - energy stream of metallic iron (kW)

EZgFeo - energy stream of FeO (kW)

EngnO - energy stream of MnO (kW)

E,4a1203 - €nergy stream of Al203 (kW)

EngaO - energy stream of CaO (kW)

E,gsio2 - energy stream of SiOz (kW)

Engr - energy stream of chromium (kW)

Engu - energy stream of copper (kW)

Once the mass stream, the mass fractions as well as the specific chemical and physical energy (at the
temperature of T, = 1,273.15 K) have been taken into consideration, equation (6) assumes the following form:
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Imno

. IFe
E (echFeO + efFeO) +—— M
Mno

. Ireo
zg = Mgzyg Mp, (echFe + efFe) +

(ecthO + eano)

dcao
M CaO

Jer (echCr + efCr) + Jeu (echCu + efCu)]

9ai203

+ Mo (echAZZO3 + efAlZO3) +——
41203

Isio2
+ Mo (echSiOZ + efSiOZ) +
5i02

(ecncao + €fcao) (7)

5. ENERGY STREAM OF POST-REDUCTION GAS AND HEAT LOSS INTO THE ENVIRONMENT

For purposes of calculations of the post-reduction gas energy stream, computational data consistent with the
balance assumptions and the data provided in Tables 1-3 were used. The above energy stream was
expressed as the following relationship:

Egp = .ngZ + EngO + EngZO + EngOZ' (8)

where:

Engz - energy stream of hydrogen (kW)
EngO - energy stream of CO (kW)
E'ngzo - energy stream of steam (kW)
EngO - energy stream of CO2 (kW)

Once the molar stream of substance, the molar fractions as well as the specific chemical and physical energy
have all been substituted, the stream of energy of gaseous reduction products (equation 8) assumes the
following form:

Egp = Ngp [ZHZ (echHZ + esz) + Zco (echCO + efCO) + ZHZO(echHZO + eszo)

9)
+ ZCOZ(echCOZ + efCOZ)]

The energy losses into the environment were determined analogically to similar systems. For purposes of the
relevant calculations, the mass loading of the reactor core surface was assumed to range between 65 and 105
kg/m2, while the unit energy stream was assumed at (50 + 75) x 103 W/m2. The low thermal loads of unit
surface result from the low thermal conductivity coefficient for the mill scale, which ranges at 1.4 + 2.1 W/(m x
K) [6]. The outer reactor wall temperature was assumed to equal 40°C. The total energy stream losses into the
environment came to 9.9% of the power applied in electric energy.

What was also added to the energy losses into the environment was other energy losses resulting from the
balance arrangements. The calculations of the heat losses into the environment are but approximate due to
the preliminary nature of the relevant experiments as well as the general concept behind the reduction reactor
design.

6. RESULTS OF THE REDUCTION PROCESS ENERGY BALANCE

Individual items of the rotary furnace energy balance for the assumed temperature of substrates of Ts = 298.15
K, the temperature of products of T, = 1,273.15 K and the mill scale mass stream of m,,,= 33.3 kg/h have been
collated in Tables 4 and 5. The impact of the process temperature changes on energy streams of individual
products as well as on the electric energy consumed has been summarised in Table 6.
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Table 4 Balance for substrates energy stream

Chemical energy Physical energy Total
Substrates Mark stream stream energy stream
(kW) (kW) (kW)
Scale mill E,. 14.57 0 14.57
Reduction gas E, 96.12 0 96.12
Electric energy E, XXX 23.46
In total 134.15
Table 5 Balance for products energy stream
Chemical energy Physical energy Total
Products Mark stream stream energy stream
(kW) (kW) (kW)
Direct reduced iron E'Zg 50.21 4.95 55.16
Post-reduction gas Egp 64.08 12.59 76.67
Heat loss Qo XXX 2.32
In total 134.15

Table 6 Dependence of products energy stream, electric energy and losses to the environment of process
temperature for m,,,= 33.3 kg h™!

Energy stream for Energ%(o?tream Energy stream for
Products Mark Tp=950 °C T, = 1000 °C Tp=1050 °C
(kW) (kW) (kW)
Direct reduced iron E,q 54.85 55.16 55.47
Post-reduction gas E,, 75.96 76.67 77.38
Heat loss Qot 2.21 2.32 2.44
Electric energy E, 22.33 23.46 24.59

7. CONCLUSIONS

. The electric energy stream required to run the process corresponds to 17.48% of the total stream of
energy fed into the process, while the highest share in the supplied energy stream is attributable to the
chemical energy transferred along with the reduction gas, and it comes to ca. 71.65%.

. The highest energy losses are those of the gaseous reduction products, and they correspond to 57.15%
of the total stream of energy of products. They are mainly attributable to the stream of chemical enthalpy
(Hz2 and CO), being five times higher than the stream of physical enthalpy of gas.

. For the sake of energy loss reduction (see conclusion no. 2), it is proposed that the relevant processes
should be combined and that post-reaction gases are utilised. An optional solution is also to use a
recuperator to pre-heat the reduction gas. It poses more serious technical problems, but in return, in
reduces the losses resulting from the operation time mismatch of the combined systems.

. Raising reaction gas temperature from 25°C to 300°C reduces electric energy consumption by 14%.

. The identified energy losses into the environment are heavily dependent on the final design of the
reactor to be used for reduction of iron-bearing materials (iron oxides).

155



'gY, ..
ME 1AL

2018 May 23" - 25 2018, Brno, Czech Republic, EU

REFERENCES

(1]

(2]

(3]

(4]
(5]
(6]
[7]
(8]

MROZ Jan.: Recykling i utylizacja materiatéow odpadowych w agregatach metalurgicznych. Wydawnictwo
Politechniki Czestochowskiej, Czestochowa 2006.

PADUCH J., ZIEBA-GLINSKA M., KRZYSZTON H. Charakterystyka pytéw emitowanych w polskich stalowniach
elektrycznych. Hutnik-Wiadomosci Hutnicze. 2000. no. 5, pp. 152-157.

LIS Teresa, MUSIAL Przemystaw, NOWACKI Krzysztof. Methods of preparation for recycling of deposits containing
iron oxides. Metalurgija. 2013. vol. 52, no. 2, pp. 263-266.

SZARGUT Jan, ZIEBIK Andrzej: Podstawy energetyki cieplnej. PWN, Warszawa 1998.

TOMECZEK Jerzy. Termodynamika. Wydawnictwo Politechniki Slgskiej, Gliwice 1999.

OCHEDUSZKO Stanistaw. Termodynamika stosowana. WNT, Warszawa 1974.

SZARGUT Jan. Termodynamika techniczna. Wydawnictwo Politechniki Slgskiej, Gliwice 2005.

CHASE M.W.: NIST-JANAF Thermochemical Tables. Fourth Edition. American Institute of Physics, New York 1998.

156



