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ABSTRACT

In stainless steelmaking, around 68% of the total greenhouse gas emissions come from the
processing of raw materials. Thus, it is important for steelmakers to make efforts together
with their raw material suppliers to implement low-carbon initiatives. To facilitate such
initiatives, assessment of raw materials will provide guidance. In this work, the assessment
of materials consists of two parts: i) different production scenarios are studied by using a
static process model coupled with life cycle assessment approach to investigate the
reduction potential of environmental impacts for Mo and Ni alloys; ii) assessment of the
effect of trace element content (phosphorus) in stainless steel scrap on steel’s
manufacturing cost, resource consumption and environmental impact using an online
static process model.

The results show that the overall GHG emission of FeMo production varies between 3.16-
14.79 t CO2-eq/t FeMo (i.e. 5.3-24.7 tCO2-eq/t Mo). The main variance comes from the
mining and beneficiation stages and depends mainly on the ore’s beneficiation degree.
However, whether molybdenum is extracted as a co-product from copper mine or not can
have an even greater effect on the total GHG emission of molybdenum due to the allocation
of the impacts. In the case of nickel alloys, the GHG emissions for producing nickel metal,
nickel oxide, ferronickel and nickel pig iron are 14, 30, 6 and 7 tCO2-eq/t alloy (i.e. 14, 40,
18, and 69 tCO2-eq/t Ni), respectively. Extracting sulfide ore through flash smelting
process has been shown to have the least energy requirement and greenhouse gas
emissions. In comparison to sulfide ore processing, oxide ore processed in an electric
furnace is much more energy intensive and less environmental friendly primarily due to
high content of gangue. However, by using a sustainable electricity source such as hydro-
powered electricity, or applying a thermal heat recovery, it is possible to reduce the impact
from electric furnace smelting of laterite. Furthermore, the use of stainless steel scraps with
low phosphorous contents reduces slag amount, alloy consumption, production cost and
carbon footprint. An estimation equation between phosphorous content and scrap’s value-
in-use is obtained in the study to support the development of purchasing strategy.

To conclude, the application of static process model based on mass and energy balance
provides the possibility to assess raw materials’ environmental impact (energy
consumption and GHG emissions) and to identify potentials to realize sustainable stainless
steelmaking.

Keywords: static process model, mass and energy balance, molybdenum, nickel,
phosphorus, stainless steel, life cycle assessment, GHG emission, energy consumption






SAMMANFATTNING

Vid tillverkning av rostfritt stdl kommer cirka 68% av vaxthusgaserna ifran
révaruanvandningen. Darfor ar det viktigt for staltillverkare att gora en samordnad insats
med sina levenrantorer for att reducera dessa utslapp. Den hir avhandlingen dmnar att
undersoka ravaror ur tva perspektiv: i) att utvirdera olika produktionsscenarier for
molybden och nickelleggeringar genom en statisk processmodell i kombination med
livscykelanalys for att undersoka potentialen for att minska miljobelastningen; ii) att
undersoka hur sparamnesinnehallet (fosfor) 1 rostfritt stalskrot paverkar
staltillverkningskostnaden, resursférbrukningen och miljopéverkan med ett webbaserat
verktyg for processmodellen.

Resultaten visar att vaxthusgasutslappen frian produktionen av FeMo varierar mellan 3.16-
14.79 t CO2-eq/t FeMo (d.v.s. 5.3-24.7 tCO2-eq/t Mo). Variationen beror fraimst pd malmets
anrikningsgrad under malmbrytnings- och anrikningsprocessen. Niar molybden
forekommer i kopparmalm och utvinns som en co-produkt s& kan det ha en storre effekt
pa molybdens energiférbrukning och viaxthusgasutslapp dn vad malmens anrikningsgrad
har. I fallet for tillverkning av nickelmetall, nickeloxid, ferronickel och nickeltackjarn ar
vaxthusgasutsldppen 14, 30, 6 respektive 7 tCO2-eq/t legering (motsvarande 14, 40, 18,
respektive 69 tCO2-eq/t Ni). Anvindningen av sulfidmalm i flashsmaltningsprocessen har
visat sig ha lagst energibehov och viaxhusgasutslipp medan anviandningen av oxidmalm i
ljusbagsugn bade ar mer energiintensiv och utsldppsintensiv pa grund av en stor mangd
oxider i nickelmalmen. Dessa utsldpp kan dock férbattras genom anviandningen av héllbar
energi (till exempel el fran vattenkraft), eller genom varmeatervinning under processen.
Utover detta kan skrot med lagt fosforinnenhall ocksa anvidndas vid tillverkningen av
rostfritt stdl for att minska slaggmingden, forbrukningen av legeringar,
produktionskostnaden och vixthusgasutldppen. En ekvation mellan fosforinnehallet och
skrotets virde foreslas har som underlag for att utveckla en inkopsstrategi for skrot.

Sammanfattningsvis sa kan en statisk processmodell baserad pd mass- och energibalans
tillimpas for att wutvdrdera ravarors miljobelastning (energiférbrukning och
vaxthusgasutslapp) och identifiera potentialen for en héllbar tillverkning av rostfritt stal.

Nyckelord: statisk procesmodell, mass- och energibalans, molybden, nickel, fosfor,
rostfritt stal, livscykelanalys, vaxthusgasutslapp, energiférbrukning
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1 INTRODUCTION

As stated in the 2030 climate and energy framework, the European Union (EU) aims
to cut greenhouse gas (GHG) emission by at least 55% by 2030, compared to the levels
in 1990 [1]. The steel industry has been carbon and energy intensive for a long time in
history. With these concerns, it can be anticipated that the steel manufactures will be
urgently required to realize CO2 reductions to reduce their environmental impacts.

In the past few decades, significant abatement strategies of GHG emissions have
mainly focused on following two aspects: material and process. Abatement from
material means minimizing new resources (material, energy), for example, use steel
scraps, direct reduction iron (DRI) and hot briquette iron (HBI) to reduce the
production of pig iron (primary material) and GHG emissions [2-4]. Also, it refers to
the replacement of fossil fuels and reductants with low-carbon fuels and reductants,
like using biomass [5-7] and hydrogen [8] as substitute of coal. On the other hand, a
carbon mitigation from a process is about achieving a greater efficiency in the material
and energy use by deployment of new technologies. A typical example is to utilize
waste heat from coke oven gas (COG), blast furnace gas (BFG) or basic oxygen furnace
gas (BOFG) after CO:= removal by using a carbon capture storage (CCS) technology
[4,9]. Other mitigation options include scrap preheating [4] , increase the melting
efficiency in the Electric Arc Furnace (EAF) by electromagnetic stirring (EMS) [10]
and using oxy-fuel combustion [11].

To reach a low carbon steelmaking in the future, it is not enough to only take actions
within the boundary of the steel manufacturing. According to International Stainless
Steel Forum (ISSF), when producing one tonne stainless steel (SS), the majority of the
emission (68%), equivalent to 1.97 ton CO>/ton SS originates from the extraction of
raw materials [12], displayed in Figure 1. The main raw materials of stainless steel
are stainless steel scrap, carbon steel scrap and alloys such as ferronickel and
ferromolybdenum. Therefore, stainless steel manufactures should also pass on
requirements to their raw material suppliers by motivating them to implement low-
carbon initiatives in the supply chain operation.
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Figure 1. Distribution of CO. emissions in stainless steel production (unit: %)

1.1 MOLYBDENUM

As a key alloying element in stainless steel, molybdenum appears commonly in
austenitic and duplex stainless steels and the content typically ranges from 2-4% [13].
An increase of the molybdenum content will increase the stainless steel’s corrosion
resistance [13-15]. Together with chromium and nitrogen, it is usually expressed as
pitting resistance equivalent number (PREN) [16], as exhibited in Equation (1).

PREN = %Cr + 3.3 X %Mo + 16 X %N @®

According to the statistics from the International Molybdenum Association (IMOA),
the total molybdenum production in 2019 was 259 100 tonnes [12]. The major
producers were from China, Chile and United States [17,18]. Among this,
approximately 23% of primary molybdenum was consumed as ferroalloys in stainless
steel manufacturing [18].

Molybdenum is commonly extracted from molybdenite ores, presented in the form of
molybdenum sulfide (MoS2). The molybdenum content of ore bodies ranges between
0.01%-0.25% [19]. The ores are mined in both open pit and underground mines. The
mining process involves several operations such as drilling, blasting, digging and
ventilation. Electricity and diesel fuel are mostly consumed to power those mining
equipment, for instance, haul truck, loader, dozer, hoist and conveyor etc. The
extracted ores are concentrated through crushing, grinding and floatation during the
beneficiation step and it results in a ore concentrate containing 45-60% Mo [20]. This



concentrate is firstly roasted in a roaster and then recovered in a smelter by using a
reduction agent such as aluminium, silicon and carbon. The molybdenum content in
FeMo may vary between 55-70% [21].

1.2 NICKEL

The addition of nickel in stainless steel can be over 8% in an austenitic grade. It
enhances steel’s ductility, toughness and strength, even at high temperature. Also, it
contributes to the improvement of steel’s corrosion resistance to acid attack [22-25].

The mine production of nickel in 2019 is 2 700 000 tonnes, in which Indonesia,
Philippines and Russia rank the top producers [26]. Among the production of nickel,
70% are used in stainless steel industry [27]. Nickel is basically extracted from two
types of ore deposits, namely laterite and sulfide ores. Depending on the
characteristics of the ore deposit, it processes with different production technologies
and nickel alloy products, as illustrated in Figure 2. The common smelting technology
includes flash furnace (FF), rotary-kiln electric furnace (RKEF), and blast furnace (BF)
smelting (most widely used in China) which can produce ferronickel alloys and nickel
metal in which the nickel content is within the range of 2-100%. Hydrometallurgical
technologies includes high- pressure acid leach (HPAL) and Caron process. HPAL is
usually followed by solvent extraction- electrowinning for nickel recovery, while Caron
process is firstly roasted and then reduced by ammonia leaching.
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Figure 2. Production routes of nickel alloys

1.3 PHOSPHORUS

Phosphorus is widely recognized as a trace element in stainless steel. A high content
of phosphorus is detrimental due to its segregation at grain boundaries leads to an
embrittlement, which impairs the steel’s mechanical and corrosion properties [28,29].
It is desired to control the phosphorus concentration within the acceptable range. In
the stainless steelmaking process, phosphorous can hardly be removed as it has a
higher oxygen affinity to chromium than phosphorus. Therefore, a potential problem
is the accumulation of phosphorus in the steel cycle.

Currently there are no commercial-scale dephosphorization technologies that can be
used in stainless steel production. The solution of this problem is either charging
primary material such as hot metal, DRI and HBI to dilute the concentration of
phosphorus or to make efforts focusing on raw material optimization and selection.
Meanwhile, it is also an important economic issue, since the raw material cost can be
as high as 70% of the total production cost in stainless steelmaking [30].

1.4 LIFE CYCLE ASSESSMENT

Life Cycle Assessment or Life Cycle Analysis (LCA) is an analytical methodology used
to evaluate the environmental impact of a product. The basis of LCA is to analyze the
product over its entire life cycle from cradle to grave: from resource extraction, use
and to final disposal. Other than a full life cycle assessment, cradle-to-gate assessment



has also been widely used in recent years. LCA starts from resource extraction and
ends at the factory gate or before goods is transported to the consumer [31]. In LCA, it
tracks all the material and energy flows through each life cycle stage within the defined
system boundaries. The estimation of the environmental impact such as greenhouse
gas emissions is calculated on a basis of functional units. The systematic analysis is
helpful in identifying the main contributions of the impact and seeking for potential
reductions of emissions.

Life cycle assessment is generally illustrated by four interdependent phases [32].

e Phase 1-Goal and scope definition: Define the purpose, functional unit,
system boundary etc.

¢ Phase 2-Inventory analysis: Collect data for material and energy flows in
the product’s life cycle.

e Phase 3-Impact assessment: Aggregate the environmental impact of
product’s life cycle flow.

e Phase g-Interpretation: Identify and evaluate the result in a systematic
way.

1.5 RESEARCH QUESTION AND OBJECTIVE

The choice of raw material can have a significant impact on the environmental and
economical profile of final stainless steel product. Based on this, two research
questions would be addressed:

¢ Question 1: What is the impact of the supply route on the energy consumption
and GHG emissions?

e Question 2: How will the use of raw materials influence the production
economy?

However, it is not always a straight forward evaluation work to answer these questions.
On one hand, it involves systematic LCA studies of raw material from the extraction
stage to the factory gate. On the other hand, it requires the raw material evaluation
based on its value-in-use (ViU).

In Life Cycle Assessment studies, there always exists limitations in the second phase,
which is the life cycle inventory analysis (LCIA). A collection of inventory data from a
specific plant or mine is both time and resource consuming. Besides, these data are
usually not accessible for external parties. Most commonly, the assessment treats each
production stage as a ‘black box’ and use secondary dataset which collected from



literatures, publications and LCA software. Table 1 gives a summary of several
reported LCA studies of nickel alloys. The common utilization of secondary or average
inventory data neglects the operation variance between plants [33,34], such as the ore
type, ore/product grade and operating conditions, which makes it rather difficult to
compare the results and make decisions.

Table 1. Summary of Published LCA studies of nickel production

System

d h
Refa Lgc. Ore ¢ Route Inv. ¢ Boundary f Alloy Product & Result
Ore Ni% Alloy Ni% Unit E G
L RKEF M+T+EP FeNi 15—45 137
L FS/ll:{KE M+ T+EP NiO 75-78 369
351 W - Ave it -
L BF/EAF : M +T + EP NPI  15-17 alloy 63
L/S Mix M+T+EP+CO Matte 40-80 114
L/S Mix M+T+EP+CO Ni >99 266
[36] AU L 1.3 RKEF S M + EP + MP FeNi 30 aﬁ:()y 325 13.9
[37] - L 1.3 RKEF S M+ El&; MP + FeNi - 1tNi 236 224
[38] - S 23 FS+SG S M+ EI&; MP + Ni 100 1itNi 114 114
[39] - L 2.4 RKEF S M + MP + EP FeNi 23 alﬁ)y 110 9.3
[40] w L 1.8 RKEF P&S MP + EP FeNi 15—45 alﬁ)y 128 14
. M +T+ EP + MP .
] 2w S - Mix Ave. +CO Ni 100 N 28613
L - Pyro M+T+EP+MP FeNi 27 592 45
[42] CN L 1.05 RKEF P M+T+EP+MP FeNi 16 aﬁf)y - 12.2
[43] CN S 1 FS S M +T + EP + MP Ni 100 1t Ni - 26.9
M +T+ EP + MP . 1t
[44] GR L 1.1 RKEF P&S +CO FeNi 20 alloy 154 12.6

aRef.: reference; ® Loc.: Location; W: world’s average; AU: Australia; CN: China; GR: Greece; ¢ L: laterite;
S: sulfide; 4 FS: Flash smelting; SG: Sherritt-Gordon process; RKEF: rotary-kiln electric furnace; BF:
blast furnace; EAF: electric arc furnace; Mix: Pyrometallurgy + Hydrometallurgy; ¢Inv.: Inventory; Ave:
Average based on plant survey; S: secondary data; P: Primary data; f M: mining; T: transport; EP: energy
production; MP: (auxiliary) material production; CO: co-product; ¢ NPI: nickel pig iron; ! E: energy
(GJ/t unit); G: greenhouse gas emission (tCO--eq/t unit).

On the other hand, in the procurement of raw materials, it is not always beneficial to
purchase the raw materials with the lowest market price. Specifically, when it comes
to some limitations in production, for instance, carbon credit and trace element limits,
it would be necessary to carry out a comprehensive assessment of the raw material in
question.

To obtain a true environmental and economical profile of a stainless steel, it is of
essence that the raw material can be evaluated in a simple analytical way. Mass and
energy balance models have been reported by numbers of researchers that can



examine the material and energy efficiency of the pyro-metallurgical process, such as
the lime production in a kiln [45], ferronickel smelting in a rotary kiln-electric furnace
[46], steelmaking in an electric arc furnace [47,48], and a silicon alloy production in
an electric furnace [49].

In this thesis work, a process model based on mass and energy conservation is
employed to assess both alloy materials (nickel, molybdenum) and the impact of trace
element content (phosphorous) in the scrap for stainless steel production. The
assessment helps identify and explore the possibility to a sustainable production in
stainless steelmaking.

1.6 SUMMARY OF SUPPLEMENTS

This thesis consists of following two aspects, as displayed in Figure 3:

In part 1, the energy consumption and greenhouse gas emission of molybdenum
(Supplement 1) and nickel alloys (Supplement 2) are evaluated by life cycle
assessments and a static process model based on mass and energy conservation.
Different production scenarios have been calculated and compared to give suggestion
with respect to the selection of alloy materials in steelmaking.

In part 2, stainless steel scrap with the concern of phosphorous content has been
assessed by an online process modelling tool RAWMATMIX® [50] on the basis of
mass and energy balance (Supplement 3). The effect of trace element content in
scrap has been evaluated through different aspects, a suggested value-in-use of scrap
can be expected to provide the purchasing strategies of raw materials.

Alloy Element Trace Element

Supplement 1

Energy consumption and
GHG emissions of FeMo

d low phosphorous stainless
' steel

LL‘ - | r scrap-based production for

Supplement 2

Mo Supplement 3
\‘ 2 Raw matieral assessment of
/ Stainless Steel
Energy consumption and Ni
GHG emissions of Nickel
alloys

Figure 3. Summary of supplements



2 METHODS

2.1 LIFE CYCLE ASSESSMENT OF ENERGY CONSUMPTION
AND GREENHOUS GAS EMISSION

To estimate the energy consumption and greenhouse gas impact from molybdenum
(supplement 1) and nickel (supplement 2), cradle-to-gate has been selected as the
system boundary. It starts from mine extraction and ends at the fabrication of alloys.
The process flow of pyro-metallurgy can be summarized in the following process steps
(see Figure 4):

e Mining

e Pre-processing (beneficiation/drying/calcination/sulfidation/sintering)

e Smelting

e Post-processing (settling/converting/refining/roasting)

The step of pre-processing and post-processing varied on the ore type and production
technology. For instance, the extraction laterite ore in RKEF process requires a pre-
processing of drying, calcination, and sometimes sulfidation. However, the pre-
processing of sulfide ore in a flash smelting process refers to a beneficiation process.

Auxiliary material Electricity Fuel
ST T T T T T T T T T T T T T T T T T T T T T T T T T T T T s T e e .
| ]
1 1
: i \ = = B :
o e W,
[ 4 v 9 -
| 1
[ ]
~ /!

Waste By-product

Figure 4. System Boundary of nickel and molybdenum alloy

One tonne alloy is chosen as the calculation base in the process model and the
functional unit of GHG emission evaluation. The inventory dataset was collected
through the calculations using the static process model, which is based on a mass and
heat balance. The transport between processes (>100 km) is included in the system
boundary. It was assumed that the auxiliary materials (oxygen, silica, lime, coal,
aluminium, etc.) are manufactured near the plant. Thus, the impact of transport of
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auxiliary materials can be neglected. In addition, the effect of explosives, cooling water
and compressed air are excluded in the system.

Table 2 summarised the alloy production scenarios being compared and discussed in
this work. Figure 5 and Figure 6 are process flow and system boundaries of the alloys
being studied in this work.

Table 2 Basic information of production scenarios

Concentrate
Case Mine Country Ore Grade (%) Process  Alloy

Grade (%)
Mo-1 Mo mine USA Molybdenite (0.03) 58 EF FeMo (60%Mo)
Mo-2 Mo mine China Molybdenite (0.115) 51 EF FeMo (60%Mo)
Mo-3 Mo mine USA Molybdenite (0.21) 53 EF FeMo (60%Mo)
Mo-4 Cumine USA Molybdenite (0.057) 55 EF FeMo (60%Mo)
Ni-1  Underground Australia Sulfide (2.05) 11.5 Flash Ni (100%Ni)
Ni-2  Open-pit Indonesia Laterite (1.90) 1.9 RKEF NiO (76%Ni)
Ni-3  Open-pit Colombia Laterite (2.20) 2.2 RKEF FeNi (35%Ni)
Ni-4  Open-pit Indonesia Laterite (1.88) 1.88 BF NPI (10%Ni)

'J, ---------------------------------------- “\\

Electricity, diesel

Raw Material —s,

Electricity — (Fuel) Flue gas

+——= Input for LCA inventory

Fuel —=
Iren burden material,
flux, reducing agent
slag
1 Electricity i
A ’

1 tonne FeMo

Figure 5 System boundary and process flow of the FeMo production in this study
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Figure 6. Process flows and system boundaries of four smelting products: (a) Case 1-
Ni metal, (b) Case 2-NiO, (c) Case 3-FeNi and (d) Case 4-NPI.

The total greenhouse gas emission from an alloy production process can be calculated
by Equation (2).

E; = EF; X Q; (2)

where E; stands for the GHG emission from the contribution source i (i = fuel, coal,
lime etc.) and Q; is the amount of contribution source i (i1 = fuel, coal, lime etc.). Also,
EF; is the emission factor of the contribution source i (i = fuel, coal, lime, etc.).
Emission factors are collected from literatures and tabulated in Supplement 1,
Supplement 2 and Supplement 3. The considered GHG emission sources in this
model are CO., CH4 and N20. Therefore, the emission factor is the sum of these three
gas emissions. The Global Warming Potential (GWP) was calculated to allow the
comparisons of greenhouse effects of different gases by providing a common
measurement unit- carbon dioxide equivalent (CO2-eq). For example, based on [51],
greenhouse effects from CH,4 gas and N-O gas are 28 and 265 times of the effect from
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CO: gas over a period of 100 years. The impact of electricity is considering the primary
fuel energy consumption during electricity generation. The inventory of each process
stage within the system boundary is obtained through the calculation of a static
process model, which is described in the following section.

2.2 STATIC PROCESS MODEL BASED ON MASS AND ENERGY
BALANCE

A static process model based on mass and energy balance was built and used together
with life cycle assessment methodology to assess the greenhouse gas emissions and
energy consumption of molybdenum (Supplement 1) and nickel alloys
(Supplement 2).

The basic principle of the process model is the law of conservation of mass and energy,
i.e. the total mass/energy entering into a defined system is equal to the total
mass/energy leaving the system. Table 3 lists some typical examples of inputs and
outputs which are used in the process model. Figure 7 is an example of mass and
energy balance for the process using a sulfidic ore to produce matte using the flash
smelting process.
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Table 3 Typical inputs and outputs of the static process model

Input

Output

e Pre-processed alloy material

(Ore/Concentrate/Calcine/Ro e Processed alloy material
ast/Sinter/Matte) ¢ (Concentrate/Calcine/Roast/
e Reductants (coal/coke) Sinter/Matte/Refined matte/final
Mass e Oxidation Gas (air/oxygen) alloy)
e Slag Former (lime, silica) o Slag
e Fossil fuel (natural gas, oil e Flue gas
etc.) e Dust
o Others (sulfur, dust, slag)
e Combustion heat from fuel e Thermal heat from processed alloy
e Electricity e Thermal heat from slag
E e Exothermic reaction heat e Thermal heat from flue gas
nergy .
e Thermal heat from input ¢ Furnace heat loss
materials e Thermal heat from the dust
e Endothermic reaction heat
Dry Ore Electridty —— Thermal heat from matte
AirtQ, Matte Heat from blast gzinnj hhiat ﬁﬁ;’ﬂ i]lag
Coal — : —* Sla Combustion heat : at e gas
Diesel — Smelting Flui Gas  Exothermic Reaction Heat —/ Smelting Thermal heat from dust
Silica — Dust Endothermic Reaction Heat
Return Dust— Heat loss

Figure 7. Input/output of mass and energy during nickel flash smelting process

The following assumptions were made to simplify the process model:

e The modelling system was in a steady state.

o The reference temperature was 25 °C.

o The entered gases were ideal and calculated based on stoichiometry rather

than based on the excess amount in the real condition.

o The slag formation heats of complex oxides were not considered.

e A default energy content of fuel combustion was used in the energy balance
module. In the mass balance module, a complete fuel combustion condition
was assumed to calculate the amount of oxidation gas and flue gas.

e The thermal energy of the ingoing and outgoing source in the process was
calculated by Equations (3) and (4):

AHpixture = X XiAH; ®3)

12



AH; = mi(Cp,iAT + Athase) 4)

where AHmixture stands for the enthalpy change of the mixture and x; is representing
the molar fraction of the compound i. Here, an ideal mixture was assumed which
means the enthalpy of mixing is zero. AH; is the change of enthalpy for the pure
compound 7, m; is the mass of the compound 7, and AT represents the temperature
difference between the start temperature (71) and the outgoing temperature (7%).
Furthermore, the variable AHphase is the enthalpy change of a phase transition and Cp,i
is the specific heat capacity of the compound 7 , which is temperature dependent. In
the model, the value of Cp, was defined as the average value of C(T1) and C(T>). Also,
the Cp,i (T) data refers to HSC Chemistry [52].

The following calculation sequence was applied for the mass and energy balance in the
process model, also is illustrated in Figure 8:

(1) Setting the chemistry of nickel ore and auxiliary materials as the initial input
data.

(2) Setting the default value of some modelling parameters, for instance, the metal
recovery rate, slag basicity, heat loss ratio, chemistry specification of the output
source, operation, and discharge temperature). These values are based on
published data such as articles, reports, company websites etc.

(3) Calculating the input (auxiliary material) and output (processed product, slag,
flue gas, dust) mass through reactions and default process parameters. Some
typical reactions considered in the process model are listed in Table 4.

(4) Calculating the input (electricity, fuel) and output energy.

(5) Getting mass and energy balance through iterations.

(6) Validating the result with plant data if plant data is accessible.

(7) Obtaining the inventory data during one of the process in the alloy production.
(8) Using the output of the process as the input of the subsequent process.

(9) Repeating steps 1—8 till the final alloy product is produced.
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No
[ Validation ]

Yes
Cea D

Figure 8. Calculation sequence of the static process model based on mass and energy
balance

Table 4. Typical reactions which occurs in Ni, Mo production

Chemical Reaction* Equation
H,0(1) = H,0(g) (5)
C+0,=C0, (6)
C+C0, =2C0 (7)
CO + MeO = CO, + Me (8)
C + MeO =CO + Me (9)
241 + 3Me0 = Al,05 + 3Me (10)
25i+ 2Me0 = Si0, + 2Me (11)
MeS + 0, = MeO + 250, (12)

*Me=Ni, Mo, Fe, Co, Cu

2.3 RAW MATERIAL OPTIMIZATION

The assessment of stainless steel scrap quality concerning phosphorus content
(Supplement 3) was carried out using the production of 100 tonnes of an AISI 304
stainless steel using the EAF-AOD process as a typical case. The raw material charge
consists of iron containing material (carbon steel scrap, stainless steel scrap), alloys
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(FeCr, Ni), reductants (FeSi) and slag formers (lime). In total, five production
scenarios have been studied by varying phosphorus content in stainless steel scrap
(P%=0.02, 0.023,0.026,0.029,0.032). The online raw material optimization tool
RAWMATMIX® [53,54] was used to perform mass and energy balance calculations for
the EAF-AOD route. Stainless steel is produced in a modern electric arc furnace and
refined in an AOD converter with the module setting described in Table 5.

The definition of production cost C and value-in-use (ViU) of high phosphorus scrap
were calculated by using Eq. (13) and Eq. (14).

C= Cfixed_0PEX +Crariable_OPEX (13)
C‘ref - Cpi
iy = Tl vl (14)
Mp,i

where, production cost C consists of fixed operation expense (Cfixed_opEx) and variable
operation expense (Cvariable_oPEX). Fixed operation expense includes cost of capital,
overhead maintenance, and manpower while variable operation expense includes cost
of raw materials and slag/dust handling. In this work, the fixed operation expense is
relatively stable between cases due to minor difference in melting times, so the study
and assessment mainly focuses on the variable expense.

Cref represents the production cost of a reference case (P%=0.02) and Cp,; stands for
the production cost when using a high phosphorus scrap with the phosphorus content
1 (1=0.023%,0.026%, 0.029%,0.032%). Also, mp, is the high phosphorus scrap’s
charging amount. The reference case can be representative of a typical production
practice case, while the other cases with higher phosphorous contents were considered
as alternative cases. The difference between ViU and the market price of the alternative
scrap can be used as an indicator for a purchasing department.

To simplify the modelling, the following assumptions were made:

e A carbon content C>1% in EAF molten melt is sufficient to supply enough heat
during the AOD process

e The lime amount was calculated to keep an EAF slag basicity (Ca0%/Si02%)
of 1.5 and an AOD slag basicity of 2, which favours a lower slag viscosity, a
lower solubility of chromium oxide and therefore less Cr loss [56].
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The amount of FeSi charged was aiming to reach a silicon content of 0.4% in
the molten melt, which enhanced the recovery of chromium from the electric
arc furnace and in the transfer ladle [57].

Cooling scraps were accounted for 8% of the total raw materials weight.

The AOD process was only considered raw material and slag treatment costs.
Thus assumed that no extra energy was added in the AOD process other than
the chemical oxidation heat was generated in process.

The refining time was calculated as 15 min (charging+ analyse sample) +O-
injection time. Here, the O: injection time was based on the total O-
consumption in AOD and an estimated average injection rate of
0.36Nms3/ton*min.
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Table 5. EAF-AOD process data and cost data used in calculation

Parameter Amount Unit Parameter Amount Unit

EAF-AOD production data (Unit: charge)

Casting weight 100 tonne Dust from lime 10 %
EAF Tapping 1650 °C Power on time ~60 min
temperature
AOD Tapping o
temperature 1650 C Ave. power on 45 MW
Temperature loss after 150 °C Ave. power off time 15 min
EAF
Burner fuel (LPG) 3000 kWh Power on heat loss 5 MW
Oxygen ffor EAF slag ~1200 Nms Power off heat loss 1 MW
oaming
Coal injection 400 kg 02 blowing (AOD) 1000 Nms
Electrode 4 kg/MWh Slag carry-over 100 kg
Dust from metallics in 1 % Argon injection 1000 Nms
EAF
Variable OPEX
Slag handling cost [55] 20 EUR/t slag Burnt lime 120 EUR/t
Dust handling cost [55] 40 EUR/t dust Coal 300 EUR/t
FeSi [54] 890 EUR/t Electrode 4 EUR/kg
FeCr [54] 2330 EUR/t LPG 20 EUR/GJ
Ni alloy [54] 11020 EUR/t Electricity 0.05  EUR/kWh
carbon steel scrap [54] 247 EUR/t Oxygen gas 0.1 EUR/Nm3
Argon gas 0.6 EUR/Nm3
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3 RESULT AND DISCUSSION

3.1 ASSESSMENT OF FERROMOLYBDENUM

Table 6 displays the inventory data derived from process model and will be used in
estimation of GHG emissions in life cycle assessment. The default parameters in the
model are based on assumptions and available published data.

Table 6 Inventory data for the production of one tonne of FeMo (60%Mo) 2

Process Case. 1 Case'2 Case 3 Case.4
(Mo mine) (Mo mine) (Mo mine) (Cu mine)
Mining and Diesel (MJ) 152 304 39 760 21762 55
Beneficiation Electricity (MJ) 10 506 2743 1501 3536
Transport 1 Rail (3 500km) N.C. Rail (1 450 km) Rail (1 600 km)
Roasting Air(kg) 9033 8 612 8388 8540
Transport 2 N.C. N.C. Se;éga;i%)rt N.C.
Iron scrap (kg) 114 Q2 111 114
Iron ore (kg) 437 488 450 437
. Lime (kg) 113 113 113 113
Smelting .
Aluminium (kg) 82 92 85 82
FeSi75 (kg) 376 379 377 376
Electricity (M.J) 3630 4389 3855 3635

aUnderlined values are calculated outputs from the process model

3.1.1 EFFECT OF ORE’S BENEFICIATION DEGREE AND MINE TYPE

The energy consumption and greenhouse gas emissions of ferromolybdenum
production for four production scenarios are illustrated in Figure 9. When
ferromolybdenum is produced using ore from molybdenum mines (Case 1, Case 2 and
Case 3), the ore’s beneficiation degree (the ratio of concentrate grade versus raw ore
grade) has an obvious impact on the energy requirement and carbon emission of
ferromolybdenum. The decrease of the degree of beneficiation results in a decline of
the energy requirement during the mining and beneficiation processes. This is due to
the fact that an additional energy and associated greenhouse gas emissions will be
added to remove the gauge materials to keep the ore concentrate grade at the same
level. The downstream molybdenum roasting and smelting processes are not affected
by the selection of an ore grade, since the generated concentrate grade during the ore
processing has a relatively constant value. Thus, it is independent on the raw ore grade.
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The ore used in Case 4 is a co-product from a copper mine while Cases 1-3 are extracted
from molybdenum mines. The total energy consumption and GHG emissions of one
tonne FeMo in Case 4 is 29.1 GJ/t FeMo and 3.16 tCO-/t FeMo, respectively. Both the
energy requirement and carbon emissions of Case 4 are lower than those of Case 3,
which is considered as the rather low environmental impact product among all the
three products from molybdenum mines. This is because that mass based allocation is
used between molybdenum and copper for Case 4. The annual production of
molybdenum to copper for Case 4 is 3:100. In general, it indicates that the mine type
has a more influential impact on the total energy and GHG emission than the
beneficiation degree.
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Figure 9. Energy consumption and greenhouse gas emissions for FeMo production
3.1.2 EFFECT OF PRODUCTION STAGE ON THE ENERGY AND GHG EMISSIONS

As shown in Figure 9, the energy consumption during the mining and beneficiation
processes ranges from 3.6-162.8 GJ/t FeMo. However, the associated GHG emissions
during these stages are between 0.46 and 12.06 tCO2-eq/t FeMo.

During the mining and beneficiation stages, the energy intensity accounts for about
86%, 61%, 46% and 12% of the total energy consumption for Cases 1-4, while GHG
emissions represents 81%, 52%, 37%, 15% of the total emissions for the four cases. The
differences between the cases are due to the differed beneficiation degrees and the co-
product allocations. During the roasting stage, oxidation can sufficiently provide the
process heat and for ideal conditions no extra heat source is required. Besides air, no
other raw materials are consumed during this stage. The energy consumption and
carbon emission of the smelting process are dependent on the concentrate grade.
Therefore, the contributions of energy and emission from smelting process are almost
the same for the four cases. The environmental impact from transporting processes is
not so obvious, which accounts for less than 5% of total GHG emission.
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3.2 ASSESSMENT OF NICKEL

The inventory data of four nickel products including nickel metal, nickel oxide,
ferronickel and nickel pig iron have been extracted from the process model together
with default parameters and assumptions. They are displayed in Table 7. The
generated site-specific inventory modelling data gives a good agreement between

modelling result and the reported process data as shown in Table 8.

Table 7. Inventory of one tonne of nickel alloy production »

Inventory Unit Case 1-Ni Case 2-NiO Case 3-FeNi Case 4-NPI
Mining &Beneficiation
Nickel Ore t 55.15 64.55 23.43 8.78
Diesel kg 84 210 76 29
EL D kWh 2283 1076 391 146
EL ® (Benefic.) kwh 3064 - - -
Drying
Fuel ke NGe: 164 Diesel 4. NGe: 308 ;
: 879 :
Air Nm3 - 9985 4098 -
Calcination/Sintering
Fuel kg - Dllggzl NGe: 308 Coal: 603
Electricity kWh - - - 104 b
Reductant kg - Coal: 2340  Anthracite: 569 -
Air Nms3 - 24 172 10 053 3748
Others kg - Sulfur: 392 - Lime: 27
Transport ¢
Diesel kg 90 (Truck 400 km) - - -
Smelting
Electricity kwh - 18187 f 7237f -
Electrode kg - 55 19 -
Fuel +Reductant kg Diesel dé—d" Coal: - Coke: 1239
Air Nms3 10 057 1723 137 4 619
Oxygen Nms3 342 - - 182
Flux kg Silica: 2 236 - - Lime: 335
Converting
Air Nms 2462 1934 - -
Flux kg Silica: 293 Silica: 805 - -
Transport
Diesel kg 23 (Truck 644 km) 12 (Ship 4450 km) - -
Other
Settling
Coke: 316 kg
Electricity: 695 . Refinin,
kW}}; i(.)a'stmg ELb: 1081 1§Wh
. ir: 368 S
Refining N3 Lime: 10 kg
Ammonia: 637 kg 0.: 26 Nm3 FeSi: 2.8 kg
Hydrogen: 70 kg 2+ 36 Nm: Al: 6 kg

ELb: 2 900 kWh
NG¢: 370 kg

2The underline values are outputs from process model; ® El.: electricity; ¢ NG: natural gas
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Table 8. Comparison of modelling result with plant value for Case 2-NiO

Plant Data 2 Modeling Result
Drying
Fuel use(diesel) 26 kg/t dry ore 16 kg/t dry ore
Calcination

Reductant and fuel

Sulfur
Metal recovery

Calcine composition

Coal: 35—-40 kg/t dry ore;
Diesel: 66 kg/t Calcine
10 kg/t Calcine
Ni: 25%; Co: 20%; Fe: 5%;
19.2% Fe, 2% Ni, 0.08% C0,1.3%
C,1% S, 39.5% SiO-, 19.8% MgO

Coal: 43 kg/t dry ore;
Diesel: 43 kg/t calcine
10 kg/t Calcine
Ni: 30%; Co: 22%; Fe: 7%;
22.4% Fe, 2.1% Ni, 0.1% Co, 1.3% C,
1%S, 40.4% SiO2, 20.2% MgO

Mass ratio of calcine/dry ore 0.76 0.61
Smelting
Electricity 465 kWh/t calcine 464 kWh/t Calcine
Electrode 1.4 kg/t calcine 1.4 kg/t calcine

Matte composition

Slag composition P

63% Fe, 26% Ni, 0.6% C0,9% S

18% Fe, 0.15% Ni, 0.03% Co,
48% Si0-, 23% MgO, 0.6%Ca0,

63.1% Fe, 27.3% Ni, 0.6% Co, 9% S

19.8%Fe, 0.15%Ni, 0.03%Co,
45% Si0-, 22% MgO, 1.9% CaO,

2% A1203 5% Al203
Si0./MgO ratio 2.8 2
Slag/Metal mass ratio 13 12.3
Converting

Matte composition

Slag composition

1% Fe, 78% Ni, 1% Co, 20% S
53% Fe, <0.6% Ni, 25% SiO-

1.1% Fe, 77.6% Ni, 1.4% C0,19.9% S
57% Fe, 0.6% Ni, 25.7% SiO-

Slag/Metal mass ratio 3.2 3.2
Roasting
Analysis after 1st roasting 0.4% S 0.4% S

Analysis after 2nd roasting P

0.002% S, 0.5% Fe, 76.5% Ni,
1.2% Co

0.002% S, 1.08% Fe, 76.1% Ni,
0.94% Co

aPlant values are referring to references [58-60]. ® Assuming that the elements Fe, Ni and Co are present

in the form of FeO, NiO and CoO.
3.2.1 ENERGY CONSUMPTION AND GHG EMISSION OF NICKEL PRODUCTION

Figure 10 exhibits the energy consumption and GHG emissions of nickel production
for Cases 1-4. The required energy for production of one ton of nickel metal (100% Ni),
nickel oxide (76% Ni), ferronickel (35% Ni) and nickel pig iron (10% Ni) from nickel
ore are 174 GJ, 370 GJ, 110 GJ, and 60 GJ, respectively. Furthermore, the associated
GHG emissions during the production are 14 tCO2-eq, 30 tCO2-eq, 6 tCO2-eq, and 7
tCO2-eq, respectively. As indicated in Figure 10-a2 and Figure 10-b2, other than for
Case 1-Ni production, which is a combination of hydro and pyro metallurgical process,
the major contribution of carbon emission comes from the use of fossil fuel/reductants
in Cases 2-4.
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Figure 10 (a1) Energy consumption (GJ/t Ni alloy) and (b1) GHG emissions (tCO2-
eq/t alloy) of nickel production along with sub-process (a2) Energy consumption
(GJ/t alloy) and (b2) GHG emissions (tCO2-eq/t alloy) of nickel production along

with the contribution source.

3.2.3 EFFECT OF ELECTRICITY SOURCE

The reduction of greenhouse impact of nickel production can start from substituting
clean fuel or energy source. The replacement of fossil fuel may require the possibility
of new or updated production technologies to reach the same energy efficiency.
Therefore, in the current situation it is more feasible to start from substituting a clean
electricity source instead of a clean fuel. Thus, three electricity scenarios were studied
and compared, as displayed below:

e A 100% coal-powered electricity (conversion efficiency: 34%)
e A power grid mix- current operation (conversion efficiency: between 34—95%)
¢ A 100% hydro-powered electricity (conversion efficiency: 95%)

The differences between the studied operation strategies are compared in Figure 11.
The use of hydropower electricity will lower the energy requirements and GHG
emissions, due to its high primary energy conversion in comparison to coal power
electricity. By changing from coal to hydropower electricity, the total energy
consumption will be reduced by 32% (61 GJ), 33% (131 GJ), 37%(59 GJ) and 3% (1.7
GJ) in the four cases. Similarly, the possible GHG emission reduction for Case 1-Ni,
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Case 2-NiO and Case 4-NPI are 54% (8.8 tCO2-eq), 53% (19 tCO2-eq), 64% (8.5 tCO--
eq), and 4% (0.2 tCO2-eq), respectively.

GHt Ni alloy (a) tC0,-eq/ft Nialloy (b)
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Figure 11. (a) Energy consumption (GJ/t alloy) and (b) GHG emissions (tCO.-eq/t
alloy) of nickel alloy production with different scenarios of electricity (Blue: 100%
coal-electricity; Red: grid-mix; Green: 100% hydro-electricity).

3.2.4 EFFECT OF ORE GRADE

As shown in Figure 12. the environmental impact of ferronickel will be raised from 6
tCO2-eq to 8.6 tCO2-eq when substituting a richer ore (2.5% Ni) with a lower grade
(0.5% Ni). In relation to pure nickel, the emissions increase from 13 tCO2-eq to 26
tCO:2-eq for the ore grade change. The production of nickel metal is more sensitive than
the production of ferronickel, especially when the ore grade is below 1%. These
findings agree well with Norgate’s work [61]. This can be explained based on mass
balance calculations showing that the low-grade ore requires a higher amount of raw
ores as the nickel content in the alloy product remain constant. In other words, the
increase of the embodied energy occurs because an additional energy and auxiliary
materials will be consumed for the nickel recovery and for the removal of unwanted
components. The higher impact of the ore grade on the nickel metal compared to
ferronickel is due to its high nickel content (100%) in the final product.

For the production of nickel metal, the major energy differences occur in the mining
and beneficiation stages (Figure 12b). This is because the sulfide concentrates at the
end of the ore processing stage is independent on the initial ore grade. The relatively
constant ore grade (11% Ni) has a relatively minor influence on the subsequent process
steps such as the calcination and smelting processes. In terms of a ferronickel
production, the upgrading and beneficiation processes are seldom done due to the high
content of oxides in the laterite ore which makes them less economical to use. The
decrease of the nickel content in the laterite ore concentrate may be due to a high
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content of oxides such as magnesia and silica, which then leads to the production of
more slag in the smelting. Therefore, this results in a higher unit intensity of energy
requirement for ferronickel. The major energy increase occurs in the drying,
calcination, and smelting processes before the resulting slag is decanted (Figure 12c).

Energy GJit Alloy (a) GHG tCO,-eqt Alloy
35
400 —=—Ni (Energy)
360 —=—FeNi (Energy) 1 30
-4 - Ni (GHG)
3 25
320 — - Feli (GHG)

280
240
200+ 0 T 7T
160
120 +
80

0.50% 1% 1.50% 2% 25

Ore Grade
Energy GJit Ni (b) Energy GJA Feli (c)
250 a0 —05%
1%
200 0.5% 75 L e
—7
60 I
150
45 +
100 1%
30 r
1.5%
50 2% 15 b
25%
0 || 0 — .
Mining&Ore Processing  Smelting Other Processes Mining Drying+Calcination Smelting Refining

Figure 12. (a) Effect of ore grade on the total energy consumption and GHG emissions
of Ni (Blue) and FeNi (Red). Effect of ore grade on energy consumption of sub-
process for production of (b) nickel metal and (c) FeNi.

3.2.5. EFFECT OF NICKEL GRADE IN ALLOY

For stainless steelmaking, the contribution of nickel alloys is also relevant to the nickel
amounts in the alloys. Thus, the assessments of nickel alloys based on the same
contained nickel basis (one ton contained nickel) are given in Figure 13. As the results
suggests, the embodied high energy requirement and associated GHG emissions of
NPI will be critical from a sustainability perspective. Furthermore, the introduction of
a carbon tax or emission rights trading will make it potentially less cost-effective in the
future.

The three nickel products NiO (485 GJ), FeNi (309 GJ) and NPI (598 GJ) processed
from laterite ores have evidently higher energy consumption and carbon emission
values compared to nickel metal (174 GJ) for the same nickel content basis (1 ton
contained nickel). In comparison to sulfide processing, laterite ores are seldom

24



upgraded and concentrated due to the high content of MgO. In addition, sulfur in the
sulfide ore can play a role as a fuel source in the smelting process, which makes it less
dependent on other sources of energy than the laterite processing. This is one reason
why most nickel projects in the world historically were sulfide projects despite that
60% of the world’s nickel resource consists of laterite [62].
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700 - m1tonne contained nickel - 70 o1 tonne contained nickel
600 | &0
500 | = 50
a0
00 | 58 40
308 30 Q
300 30 Q \
174 174 \ 18
200 110 2 14 14 § \
-LA 3 RGN\
0 0
Case 1-Mi Case 2-Ni0 Case 3-FeNi Case 4-NPI Case 1-Ni Case 2-Ni0 Case 3-FeNi Case 4-NPI

Figure 13. (a) Energy consumption (GJ/t alloy) and (b) GHG emissions (tCO.-eq/t
alloy) on the basis of one tonne contained nickel.

3.2.6 EFFECT OF ALLOCATION

Table 9 conveys the allocation strategies for Cases 1-4. Figure 14 gives the energy
consumption and GHG emissions with co-product allocations. The corresponding
reduction potential of the environment impact for producing one ton of nickel metal,
NiO, FeNi, and NPI is 8 tCO2-eq, 12 tCO2-eq, 3 tCO=-eq, and 1 tCO2-eq, respectively,
accounting for reduction ratios of 57%, 40%, 43%, and 17%.

Table 9. Considered co-product allocation through system expansion in the study.

Case 1-Ni Case 2-NiO Case 3-FeNi Case NPI
Smelting Calcination
Heat recovery from Heat recovery from Calcination Sintering
flue gas; Heat re.covery flue gas Heat recovery from Heat recovery from
from.slagz Smelting flue gas flue gas
Sulfuric acid Heat recovery from Smelting Smelting
Heaf?:cli)(z‘:n%rom flue gafsr;ol-;lezi[arffcovery Heat recovery from Heat recovery from
slag'ry Conver nib flue gas; Heat recovery flue gas; Heat
Sulfuric acid; Heat recovery from from slag; recovery from slag;
Refining slag;
Cobalt
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proposal in Table 9).

3.3 ASSESSMENT OF STAINLESS STEEL SCRAP

3.3.1 EFFECT OF PHOSPHOROUS CONTENT IN THE SCRAP ON CHARGE MIX

Figure 15 presents the optimized raw material charging for stainless steel scrap with
phosphorus contents between 0.02% -0.032%P). The reference charge uses a rather
clean stainless steel scrap containing 0.02%P. The optimization results indicate that,
the higher residue element phosphorous content in stainless steel scrap, the less
amount of stainless steel scrap could be charged due to the specification of the stainless
steel grade. Meanwhile, charging scrap with a higher content of phosphorous will
result in an increasing need of carbon steel scrap for diluting the melt. The charging of
carbon steel is a consequence of a higher addition of primary alloy materials. The
saving of FeSi addition is due to a higher content of Si in the carbon steel scrap, which
requires less FeSi additions when more carbon steel scrap is charged. This change also

has an impact on the lime addition due to constraints of the basicity of the slag.
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Figure 15. Raw material charge mix for the studied cases (unit: kg/t SS)

3.3.2 EFFECT OF PHOSPHOROUS CONTENT ON DUST, SLAG AMOUNT AND
PROCESS TIME

Figure 16 presents the influence of the scrap quality on the production time, as well as
the dust and slag amounts. Charging of high phosphorous stainless steel scrap gives
results in an increased production time and slag amount. The dust amount has a very
low variation between the cases.
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Figure 16. Effect of charging on slag, dust amount and production time
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3.3.3 VALUE-IN-USE OF SCRAP

As exhibits in Figure 15 and Figure 17, an increased phosphorous content in the
stainless steel scrap will influence the raw material charging ratio and the raw material
cost. Taking this into account, the value-in use of stainless steel scrap should vary with
respect to the scrap quality in order to make a profitable production economy. If a
high-quality scrap (P=0.02%) price is set as reference price (1.02 EUR/kg scrap) and
its production cost as a standard production practice for the plant (Figure 17), ViU of
scraps with higher phosphorous contents can be calculated according to Equation (14).
The detailed variable production cost of one tonne stainless steel is displayed in Table

10 and Figure 17 for using stainless steel scrap with varied quality.

Table 10 Variable production cost of one tonne stainless steel (Unit: EUR/t SS)

Ref-(0.02%) Case1(0.023%) Case2(0.026%) Case3(0.029%) Case4(0.032%)

Stainless steel scrap 975 732 554 425 326
carbon steel scrap 2 31 51 66 78
FeCr 73 174 245 296 336
Ni 140 266 354 419 469
FeSi 19 18 17 15 13
Lime 6 6 6 5 5
Other variable cost 41 30 29 29 29
Total 1256 1256 1256 1256 1256
M Stainless steel scrap m carbon steel scrap FeCr Ni
EUR/t SS mFe5i mLime m Other variable cost
1o -11 30 79 29
1200 ? e s i
1000 s 419 469
800
600
400
- i &
0
Ref-{0.02%F Casel(0.023%P) Case2(0.026%P) Case3(0.029%FP) Case4(0.032%F)

Figure 17. Variable production cost of one tonne stainless steel (Unit: EUR/t SS)
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Based on the cost in Table 10 and the charging amount in Figure 15, the ViU of stainless
steel scraps (P=0.023%, 0.026%,0.029% and 0.032%) is estimated as 0.927 EUR/kg
scrap, 0.824 EUR/kg scrap, 0.724 EUR/kg scrap and 0.626 EUR/kg scrap,
respectively. A relationship between phosphorous content and ViU of stainless steel
scrap can be presented with above information, as shown in Figure 18 and Equation

(15).
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Figure 18. The relationship between P% in scrap and ViU of stainless steel

VilUss serap = —33.066 X P% + 1.6824 (15)

From Equation (15), it is possible to estimate stainless steel scrap’s value-in-use
according to its phosphorous content. In general, with phosphorous content
increasing 10ppm, the scrap’s ViU decreased by 1.65 euro/kg.

3.3.4 EFFECT OF PHOSPHOROUS CONTENT ON CO: EMISSION

As illustrated in Table 11, different charging choices have varied effects on the
product’s total carbon footprint. For a high ratio of charging of stainless steel scraps
(more than 70% of total material charge amount), for instance the reference case and
case 1 which consequently lowers the initial carbon. Extra carbon sources are added in
an EAF to keep a proper carbon content (C>1%) in the tapped melt in order to provide
a sufficient reaction heat in the followed AOD process. The more stainless steel scrap
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is charged in production, the higher charging amount of extra carbon and higher
carbon footprint for the product. For cases 2, 3 and 4, the carbon footprint is mainly
influenced by the use of primary ferroalloy materials. With a higher phosphorous
content in the scrap, the environment impact of the product becomes larger.

Table 11. Carbon footprint values of stainless steel for a reference case and four cases with
different P contents (Unit: kgCO.-eq/t SS)

Ref- Casel Case2 Case3 Case4
(0.02%) (0.023%) (0.026%) (0.029%) (0.032%)
Indirect CO, 3445 2 887 2498 2 672 2 808
Process CO, 70 70 70 78 84
Total 3515 2957 2568 2750 2 892
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4 CONCLUSION

This thesis focuses on the raw material assessment of stainless steel including alloys
and scraps based on mass and energy balance process model calculations in order to
explore the reduction potential of the environmental impact. The most important
findings from the study are summarized as follows:

Supplement 1 presents that the total energy consumption of producing one tonne of
FeMo (60%Mo) from molybdenum mine can vary from 29.1GJ/t FeMo (48.5GJ/t Mo)
to 188.6GJ/t FeMo (314.3 GJ/t Mo), while the overall GHG emission varies between
3.16 tCO2-eq/t FeMo (5.3 tCO2-eq/t Mo) and 14.79 t CO2-eq/t FeMo (24.7 tCO2-eq/t
Mo). The main variance comes from the mining and beneficiation stages. The
fluctuations are affected by the beneficiation degree. When molybdenum is extracted
as a co-product from a copper mine, the allocation is more influential than the
beneficiation degree on molybdenum’s total energy consumption and GHG emission.
The initial ore grades and mine types have a very little influence on the downstream
roasting and smelting processes, since these processes are dependent on the
concentrate grade. This, in turn, is relatively constant for all the four studied cases.
The GHG emission contribution of transporting between stages accounts for 0.4-5.3%.

Supplement 2 shows that the required energy for producing nickel metal, nickel
oxide, ferronickel and nickel pig iron are 174 GJ/t alloy (174 GJ/t Ni), 369 GJ/t alloy
(485 GJ/t Ni), 110 GJ/t alloy (309 GJ/t Ni) and 60 GJ/t alloy (598 GJ/t Ni),
respectively. Furthermore, the associated GHG emissions are 14 tCO2-eq/t alloy (14
tCO2-eq/t Ni), 30 tCO2-eq/t alloy (40 tCO2-eq/t Ni), 6 tCO2-eq/t alloy (18 tCO2-eq/t
Ni), and 7 tCO-2-eq/t alloy (69 tCO2-eq/t Ni). Based on the case studies, some potential
reductions of environmental impacts have been identified and studied with the aid of
the developed process model. To produce one ton contained nickel, extracting sulfide
ore through the flash smelting process (Case 1), has been indicated an optimum energy
requirement and greenhouse gas emissions. In comparison to sulfide ore processing,
nickel ore processed in an electric furnace (Case 2 and Case 3) are much more energy
intensive and less environment friendly due to the complexity of the ore. However, by
using a sustainable electricity source such as a hydro-powered electricity, or by
applying a thermal heat recovery, it is possible to develop the electric furnace smelting
of laterite into a promising process in the future. Nickel pig iron produced in blast
furnace (Case 4) results in the highest energy intensity and carbon emissions.
However, its use in stainless steelmaking is increasing due to its lower cost. The
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economic benefit of using nickel pig iron in stainless steelmaking will be impacted
when taking carbon tax into account.

Supplement 3 reveals that the use of stainless steel scraps with low phosphorous
contents can reduce the slag amount, production time, consumption of ferroalloys,
total production cost and carbon footprint. However, if the stainless steel scrap
amount is over 70% of the total charge it can contribute to an addition of extra carbon
to keep a proper carbon content (C>1%) in the tapped melt in order to provide a
sufficient reaction heat in AOD process. This, in turn, has a negative impact on the
greenhouse gas effect. It is necessary for steel producers to take the phosphorous
content into account when they purchase scrap with different qualities. An estimation
equation between phosphorous content and scrap’s value-in-use price is obtained in
the study. It can be used as a reference case when purchasing stainless steel scrap and
when considering investments of scrap sorting technologies to ensure a competitive
production economy.

Now it is possible to answer the proposed two research questions in section 1.5:

¢ Question 1: What is the impact of the supply route on the energy consumption
and GHG emissions?

From supplement 1-2, it can be concluded that the ore grade, production technology,
electricity source and co-product production can affect the alloy material’s energy
consumption and carbon footprint a lot, which consequently influence the
downstream stainless steel product.

e Question 2: How will the use of raw materials influence the production
economy?

In terms of stainless steel scraps, the trace element content of phosphorous plays a
vital role in stainless steelmaking. The charging of low P content of stainless steel scrap
contributes to lower material consumption, GHG emissions and production cost.

To conclude, it is of essence for steelmakers to assess their raw materials in order to
realize a reduction potential on both economic and environmental aspects. For such
assessments, the static process model based on mass and energy balnce provides the
technical feasibility, for instance extract supplementary site-specific inventory data
when evaluating raw material’s energy consumption, GHG emissions and calculate the
raw materials’ valu-in-use. It enables the steelmakers to identify more possibilities for
a sustainable stainless steelmaking.
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5 FUTURE WORK AND SUSTAINABILITY

5.1 FUTURE WORK

Towards more sustainable stainless steelmaking, following work is suggested to be
carried out in the future:

e During argon oxygen decarburization (AOD) process of stainless steelmaking,
the process gas nitrogen is both a dilute gas in decarburization and an
important alloy element in stainless. The content of nitrogen, together with the
chromium and molybdenum contents can be used to calculate the Pitting
Resistance Equivalent Number [16] which is an indicator of the pitting
resistance ability of stainless steel grade. It is important to reach the required
nitrogen level after an AOD process, because the overblown nitrogen level may
usually bring longer process time, and more consumptions of expensive argon
gas and alloys. Therefore, it is of great importance to investigate the effect of
nitrogen on the alloying of stainless steelmaking from both metallurgical and
environmental aspects.

e As supplement 3 suggests, the influences of raw materials on production are
usually not straightforward. It is not only important to assess the raw materials
separately such as the study of ferromolybdenum in supplement 1 and nickel
alloys in supplement 2, but also necessary to evaluate the impact of raw
materials and the production strategies in stainless steelmaking from
metallurgical processing together with the economic and environmental
aspects.

5.2 SUSTAINABILITY

United Nations has set the Sustainable Development Goals to strengthen the global
response to the threat of global warming and reshape a green and sustainable society
in the future [63]. This work has stressed the importance of mitigating greenhouse gas
emissions through the right use of the raw materials in stainless steelmaking. The
delivered knowledge can help the stainless steelmakers have a better understanding of
their raw materials’ contribution in carbon footprint. The results arouse the awareness
of steel manufactures and their raw material suppliers to implement low-carbon
initiatives in the supply chain operation. The suggested process model is a way to start
evaluate the raw material production and raw material use. It enables the steel
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manufactures to assess their raw material suppliers through the perspective of
sustainability. Also, it contributes to the exploration of potential reduction actions of
greenhouse gas emission when producing alloy materials. The results from this study
contributes to achieve the United Nation’s Climate Goal 12 (Responsible consumption

and production).
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