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Abstract 

 

Title:   A critical analysis of emission quantification methods in the ferrochrome industry 

Author:  K. Campbell 

Promoter: Prof M. Kleingeld 

Keywords: CO2 emissions, ferrochrome industry, carbon tax, mass balance, critical analysis.  

Ferrochrome (FeCr) furnaces are significant CO2 emitters due to the large amounts of carbon-

containing materials being used. FeCr industries will therefore become liable for carbon tax (CT), 

which is set for implementation in 2019. To estimate the CT liability of a certain entity, the CO2 

emissions must be determined as accurately as possible. However, the prescribed way to quantify 

these emissions is overly generic and the implementation thereof still uncertain. This study was 

therefore conducted to critically assess the CO2 emission quantification methods available to the 

FeCr industry.  

Unfortunately, the initial research showed that there are no detailed analyses or practical examples 

available. The lack of detail and case studies limits insights available on the practical and 

operational reality and how it can affect the results produced by the prescribed methods. It was 

therefore necessary to perform a critical literature analysis of the emission quantification methods 

to determine the associated risks for the ferrochrome industry. This comprehensive analysis, using 

a significant amount of literature references, aimed to identify the main focus areas of the study. 

The focus areas identified are (1) practical application of prescribed methods, (2) refinement of 

the prescribed methods and (3) comparison of the different methods. Three separate chapters are 

dedicated to develop and verify methodologies for each focus area. The verifications were done 

using practical case studies from 17 different FeCr furnaces, all situated in South Africa.  

Focus area 1: Although there are prescribed methods (tier 1, 2 and 3) to perform the emission 

calculation of a FeCr furnace, there was a lack of literature studying the practical application, as 

well as the implications associated with these methods. The three prescribed calculation methods 

were therefore evaluated and applied to 17 case studies. It was found that one is likely to obtain 

results with errors ranging from 8.9% - 18.8% when performing the prescribed calculations. 
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Focus area 2: The prescribed calculation methods are relatively simple to apply but produce results 

with varying levels of accuracy. The need was therefore established to refine these prescribed 

methods to improve the accuracy of the results. The developed methodology delivered a 

systematic approach to refine the prescribed tier 3 mass balance approach. The case studies proved 

that by constructing an advanced mass balance, a much smaller error (2.4%) will be achieved, 

adding to the reliability of the final results.  

Focus area 3: The study presented six quantification methods (three prescribed and three 

developed methods) and applied all the methods to 17 case studies. A comparison of the generated 

results shows a variance of 13-33% on the calculated CO2 emission result. This translates to a 

variance of R75 million – R185 million per year in carbon tax liability. An evaluation of the 

associated accuracies also shows a wide range of variance from tier 1 (25%-50% error) to tier 3 

(<5% error).  

The complexity of the different methods increases significantly between the prescribed methods 

and the refined mass balances. It was found, however, that with a little extra “complexity” a much 

higher accuracy can be accomplished. Based on the method developed throughout this study, and 

based on the case studies performed, the advanced mass balance gives an average error of 2.4%.  

A significant contribution of the approach is realised by improved CT liability estimation.  

The monetary value for the entire FeCr industry in SA has decreased throughout the course of this 

study. From an initial estimation of R562 million per annum with a 50% uncertainty (purely based 

on literature assumptions) to a value of R448 million with a 2.4% uncertainty (based on the use of 

methods developed within this study). The developed approach is therefore confirmed to make a 

critical contribution to the emission quantification methods for FeCr furnaces.  
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1. GENERAL INTRODUCTION 

1.1. Background 

Ferrochrome production 

The process of ferrochromium (FeCr) production is an energy-intensive one [1, 2, 3]. The total 

electricity consumption of such a process typically ranges between 3.3 and 4.2 kWh/t of FeCr 

produced [4, 5, 6, 7, 8]. FeCr is mainly used for stainless steel production, where approximately 

1 tonne is needed to produce 3 – 3.5 tonnes of stainless steel [9]. 

Production is accomplished by feeding raw materials in the form of chromite ores, carbon-rich 

materials (reductant), and additives (fluxes, in the form of quartz, limestone, dolomite, etc.) to an 

arc furnace [10, 11]. Electricity is used to heat up the furnace and melt the raw materials by means 

of an electric arc [12].  

Various chemical reactions take place, with the main objective to reduce the metal oxides in the 

chromite ore to a final metal product, ferrochromium. Together with the main metal product, waste 

material (slag), as well as off-gas, also exit the furnace as by-products [13]. The diagram below 

shows a simplified illustration of this process. 

 

Figure 1-1: Overview of the FeCr production process 
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Emissions from FeCr production 

According to Niemelä [14], the process of FeCr production generates a significant amount of 

off-gas, mainly in the form of carbon emissions, including carbon monoxide (CO) and carbon 

dioxide (CO2). The following table shows common off-gas compositions of a typical FeCr furnace. 

Table 1-1: Typical off-gas composition for a FeCr furnace (volumetric percentage) 

Component 
Niemelä et al. [14] 

  Beukes et al. [15] 
Du Preez [11] 

Riekkola-Vanhanen [3]  

Kapure et al. [13]  

CO 75 - 90 60 - 90 85 - 90 

CO2 2 - 10 10 - 40 2 - 5 

H2 2 - 15 2 - 10 5 - 7 

N2 2 - 7 2 - 10 2 - 5 

From the table, Niemelä’s statement is supported, as the majority of the off-gas consists of carbon 

emissions. The off-gas from a closed furnace (consisting mainly of CO) can either be utilised for 

bio-ethanol or energy production, or be flared (converts to CO2) [16]. In open or semi-closed 

furnaces, the CO produced is burnt within the furnace, above the charge level, to CO2. It is 

assumed that all CO gas emitted to the atmosphere eventually converts to CO2 [16]. The National 

Inventory Report of Norway confirms that the production of FeCr only generates CO2 emissions, 

when considering the official greenhouse gas (GHG) emissions only: CO2, CH4 and N2O [17, 18]. 

Carbon tax and FeCr in South Africa 

The South African Department of Environmental Affairs [19] lists fifteen processes which 

represent the majority of the industrial sectors in South Africa (SA). Amongst these, the 

production of ferroalloys is included. Entities on this list must submit a pollution prevention plan 

to the Minister, and can be considered as future carbon tax payers [20].    

To adhere to the commitment made in lowering the national GHG emissions [21], carbon tax is 

proposed to be introduced in SA soon [22]. According to the February 2018 budget speech [23], 

the original date of implementation is 1 January 2019. However, this date will be postponed to 

1 June 2019, according to the Medium Term Budget Policy Statement (October 2018) [24]. 

The main goal of carbon tax is to reduce the total national GHG emissions in South Africa. Official 

carbon tax documentation states that all industries emitting more than 0.1 Mt of GHG emissions 

(FeCr industries unfortunately qualifying) must submit a pollution prevention plan to the Minister, 

and will also be liable to pay carbon tax [20]. The tax rate is proposed to be ZAR120 per tonne of 

quantified CO2 emissions and must be reported and paid on a half-yearly basis [25].  
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FeCr industries in SA are significant contributors to the total national GHG emissions [16, 26], 

and will therefore, according to the Carbon Tax Act (or “The Bill”) [25], and the Department of 

Environmental Affairs [19], become liable for carbon tax. The ferroalloy production industry 

generates great volumes of off-gases, FeCr being the largest CO2 producer of them all, as seen in 

Figure 1-2 [27].  

 

Figure 1-2: GHG emissions from ferroalloy production in SA 

From Figure 1-2, it can be seen that the total CO2 emissions estimation was approximately 3.6 Mt 

for 2005 [27]. Due to the increase of FeCr production (± 30% from 2005 to date [28, 29]), it can 

be assumed that the CO2 emissions from FeCr production increased with a similar percentage. The 

estimated carbon tax risk is calculated to be R562 million per year (calculated in Equation 1-1 

below), indicating that carbon tax will have a significant impact on SA FeCr industries due to the 

amount of emissions.  

𝐶𝑎𝑟𝑏𝑜𝑛 𝑡𝑎𝑥 𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (𝑅) = (3 600 𝑘𝑡 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 + 30%) ×
𝑅120

𝑡 𝐶𝑂2 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠
= 𝑅562 𝑚𝑖𝑙𝑙𝑖𝑜𝑛 

Equation 1-1: Carbon tax liability 
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1.2. A new challenge  

It seems likely that companies from the FeCr production industry will have to pay carbon tax in 

the near future1. According to recent studies, carbon tax is currently seen as a complex matter with 

several concerns and uncertainties regarding the implementation thereof [20, 22]. Industries 

affected (e.g. the FeCr industry) may have several questions regarding carbon tax. The first ones 

assumed to come to mind, are the following: 

- How should one quantify GHG emissions for FeCr production? (A) 

- Are there practical examples available of FeCr emission calculations? (B) 

- How can one be sure that the final result is correct? (C) 

In order to address these three initial questions (A – C), the official SA carbon tax documentation 

will be scrutinised for answers. The structure showed in Figure 1-3, developed by Gous [20], 

provides the regulatory landscape for carbon tax. The Bill [25] serves as the primary source of 

carbon tax, whereas the Benchmark Regulations [30], Offset Regulations [31], and GHG 

Reporting Regulations [32] serve as supporting documentation.  

 

Figure 1-3: Basic regulatory landscape for carbon tax in SA 

Due to the main focus being emissions and the quantification thereof, the two references, 

Benchmark Regulations and Offset Regulations, are not applicable. The Bill, as well as the GHG 

Reporting Regulations, will thus be analysed to evaluate whether any of the initial questions 

(A – C) are addressed.  

                                                 

1 “Treasury must abandon carbon tax plan in light of IRP”, Engineering news, 18 September 2018, Johannesburg. 
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The Bill 

The first question (A: How should one quantify GHG emissions?) is not addressed with a high 

level of detail within The Bill [25]. The Bill simply states that a certain formula should be used in 

order to quantify the amount of GHG emitted in tonnes. This formula is given in Equation 1-2. 

𝐸 = 𝐴 × 𝐵 

Equation 1-2: GHG emission quantification methods (Draft Carbon Tax Bill) 

Where, 

“E” represents the number of GHG emissions to be determined, expressed in tonnes; 

“A” represents the mass of any type of the fuel or product expressed in tonne; and  

“B” represents the greenhouse gas emission factor in CO2 equivalent tonnes per tonne of A. 

The second question (B: Are there practical examples available?) is not addressed. No practical 

examples on how to quantify GHG emissions are provided in The Bill. The third question (C: How 

can one be sure that the final result is correct?) is also not addressed in The Bill. 

The Bill mainly focuses on providing a holistic view on the general idea of carbon tax and the 

administration and legalities thereof, and doesn’t necessarily focus on the calculation of the actual 

emissions. The document consists of six parts: I) Definitions and general provisions relating to 

imposition of carbon tax, II) Allowances, III) Limitation of allowances, IV) Administration, tax 

period and payment of tax, V) Impermissible arrangements, and VI) Miscellaneous, including the 

emission factors of various sources and processes [25]. Since The Bill does not address any of the 

identified uncertainties thoroughly, the next reference (GHG Reporting Regulations) will be 

analysed next in terms of questions A – C.  

GHG Reporting Regulations 

Question A is not directly addressed in the GHG Reporting Regulations [32]. No formulas or 

mathematical equations are provided where the estimation of GHG emissions are explained, as 

with The Bill. There is, however, reference to different “tiers”. These tiers refer to different 

methods used to determine the GHG emissions. Even though definitions for each one of these tiers 

are given, no explanation / interpretation is provided.  

The conclusion can be made that there are more than one method to calculate the GHG emissions 

from a specific process. This statement causes another question to arise, i.e., (D) How do the 

methods ("tiers") differ from each other, and are there ways to improve prescribed methods? 
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Question B is yet again not addressed. No practical examples on how to quantify GHG / CO2 

equivalent emissions are provided by the GHG Reporting Regulations. Question C is not fully 

addressed by the GHG Reporting Regulations, as there is no clear statement on how to evaluate 

accuracy of the results. No information or comparison is given by the GHG Reporting Regulations 

regarding the different tiers (question D). 

After close evaluation of The Bill, together with the GHG Reporting Regulations, it was found 

that there are still several uncertainties concerning the initial questions/concerns (A – D). The Bill 

and the GHG Reporting Regulations, which form part of the national official carbon tax 

documentation, give a basic concept of carbon tax, but are overly generic, and do not give detailed 

information for FeCr specifically. 

It is therefore necessary to do an in-depth critical literature study / additional literature in terms of 

the uncertainties identified (questions A – D). The hypothesis at this stage is that different emission 

quantification techniques will significantly affect the carbon tax liability of the FeCr industry. 

A critical literature evaluation is necessary in order to confirm this hypothesis.  

1.3. Critical literature evaluation  

A high-level layout of the regulatory carbon tax landscape was given in the previous section 

(Figure 1-3). Since the sources referred to within this landscape were not sufficient to address the 

uncertainties identified, it needs to be expanded to include non-official documents as well. 

Figure 1-4 shows the previous carbon tax documentation (from Figure 1-3), together with other 

significant documents referred to amongst carbon tax literature. The sources referred to in this 

landscape include the following (adapted from Gous [20]): 

- Carbon Tax Act [25]  

- Benchmark Regulations [30]       Official carbon tax documentation  

- Carbon Offset Regulations [31]       (included in Figure 1-3) 

- National GHG Reporting Regulations [32] 

- Official Media Statement [33] 

- Technical Guidelines for Monitoring, Reporting, Verification and Validation of GHG 

Emissions by Industry [34] 

-  IPCC Guidelines for National Greenhouse Gas Inventories (2006) [35]  

Each arrow represents one source referring to another, e.g. the Carbon Offset Regulations refer to 

the Carbon Tax Act, while the Carbon Tax Act refers to the IPCC Guidelines. 
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Figure 1-4: Relationship of documents associated with carbon tax and emission quantification 

Except for the Media Statement, the remaining references provide guidance for interpreting and 

understanding GHG emissions occurring from industrial processes. The IPCC Guidelines for 

National Greenhouse Gas Inventories (hereafter referred to as IPCC Guidelines) are the rules 

established by the Intergovernmental Panel on Climate Change (IPCC) for the formation and 

conservation of national greenhouse gas inventories.  

The Technical Guidelines for Monitoring, Reporting, Verification and Validation of Greenhouse 

Gas Emissions by Industry (hereafter referred to as Technical Guidelines) discuss the reporting 

methodology which is accepted by the competent authority on the website of National Department 

of Environmental Affairs. Since the associated carbon tax documentation from Section 1.2 was 

overly generic, these guidelines will be analysed next in terms of questions A – D, with the focus 

on FeCr emissions specifically. 

IPCC Guidelines 

The IPCC Guidelines provide information regarding industry-specific GHG emissions. 

Chapter 4.3 of these guidelines focuses exclusively on ferroalloy production, which includes 

ferrosilicon (FeSi), ferromanganese (FeMn), ferromolybdenum (FeMo), ferrovanadium (FeV), 

ferrotungsten (FeW), and of course, ferrochromium (FeCr) [35]. 

The IPCC Guidelines address Question A in more detail than with the previous two assessments. 

There are reference to the different “tiers”, or calculation methods, on how to quantify the GHG 

(specifically CO2) emissions. Below are the equations given: tier 1 (Equation 1-3), tier 2 

(Equation 1-4 ), and tier 3 (Equation 1-5) [35]: 
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Tier 1: Production-based emission factors 

𝐸𝐶𝑂2
= ∑(𝑀𝑃𝑖 × 𝐸𝐹𝑖)

𝑖

 

Equation 1-3: Calculation method - Tier 1 

 

 

Tier 2: Production-based, raw material specific emission factors

𝐸𝐶𝑂2
= ∑(𝑀𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑎𝑔𝑒𝑛𝑡,𝑖 × 𝐸𝐹𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑎𝑔𝑒𝑛𝑡,𝑖)

𝑖

+ ∑(𝑀𝑜𝑟𝑒,ℎ × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑜𝑟𝑒,ℎ)

ℎ

×
44

12

+ ∑(𝑀𝑠𝑙𝑎𝑔 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑗 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠𝑙𝑎𝑔 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑗) ×
44

12
𝑗

− ∑(𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑘 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑘) ×
44

12
𝑘

− ∑(𝑀𝑛𝑜𝑛−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚,𝑙 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑛𝑜𝑛−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚,𝑙)

𝑙

×
44

12
 

Equation 1-4: Calculation method - Tier 2 

 

 

Tier 3: Calculations based on amounts and analyses of reducing agents 

𝐸𝐶𝑂2
= ∑(𝑀𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑎𝑔𝑒𝑛𝑡,𝑖 × 𝐶𝐶𝑜𝑛𝑡𝑒𝑛𝑡𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑎𝑔𝑒𝑛𝑡,𝑖)

𝑖

×
44

12
+ ∑(𝑀𝑜𝑟𝑒,ℎ × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑜𝑟𝑒,ℎ)

ℎ

×
44

12

+ ∑(𝑀𝑠𝑙𝑎𝑔 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑗 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠𝑙𝑎𝑔 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑗) ×
44

12
𝑗

− ∑(𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑘 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑘) ×
44

12
𝑘

− ∑(𝑀𝑛𝑜𝑛−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚,𝑙 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑛𝑜𝑛−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚,𝑙)

𝑙

×
44

12
 

Equation 1-5: Calculation method - Tier 3 
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Where, 

“𝐸𝐶𝑂2
” = CO2 emissions from ferroalloy production, in tonnes 

“MPi” = production of ferroalloy type i, in tonnes 

“EFi” = generic emission factor for ferroalloy type i, in tonnes CO2 / tonne ferroalloy product 

“Mreducing agent, i” = mass of reducing agent i, in tonnes 

“EFreducing agent, i” = emission factor of reducing agent i, in tonnes CO2 / tonne reducing agent 

“CContentreducing agent, i” = carbon (C) content in reducing agent i, in tonnes C/tonne reducing agent 

“More, h” = mass of ore h, in tonnes 

“CContentore, h” = C content in ore h, in tonnes C/tonne ore 

“Mslag-forming material, j” = mass of slag-forming material j, in tonnes 

“CContentslag-forming material, j” = C content in slag-forming material j, in tonnes C/tonne material 

“Mproduct, k” = mass of product k, in tonnes 

“CContentproduct, k” = C content in product k, in tonnes C/tonne product 

“Mnon-product outgoing stream, l” = mass of non-product outgoing stream l, in tonnes 

“CContentnon-product outgoing stream, l” = C content in non-product outgoing stream l, in tonnes C/tonne 

The constant factor 
44

12
 represents the number which should be multiplied with the amount of total 

carbon used in order to calculate the mass of CO2 emitted [35] (molecular weight of C = 12 g/mol, 

O = 16 g/mol, CO2 = 44 g/mol [36]). 

A visual representation developed by Booysen [22] illustrates certain details of each tier in a 

pyramid structure. This is shown in Figure 1-5. 

 

Figure 1-5: Comparative structure of prescribed tiers (developed by Booysen) 
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The figure clearly indicates that, as the details and complexity increase, the uncertainty of the 

methods decreases. Tier 1 (top of the pyramid structure) is the most basic approach, and uses an 

internationally-based emission factor to determine the emissions. Tier 2 requires more detail than 

tier 1, and makes use of national or country-specific emission factors. Tier 3 (bottom of the 

pyramid) is the most complex method. It uses a mass-balance approach together with facility 

specific carbon contents, if available [22, 35]. 

Even though these mathematical equations are given, no detailed explanation or interpretation is 

provided. These are also generic for all ferroalloys, and not exclusive to ferrochrome specifically. 

No practical or real-life examples for quantifying the emissions are provided within the IPCC 

Guidelines. Thus, question B is yet again not addressed. 

Question C, which deals with uncertainty (How can one be sure that the final result is correct?), 

is addressed briefly by the IPCC Guidelines. Any uncertainties regarding the production of 

ferroalloys would result from either the uncertainty related to the activity data, or from the 

emission factor. The following tables summarise the quantified uncertainty associated with the 

two parameters, activity data, and emission factors (Table 1-2 and Table 1-3, respectively) [35]: 

Table 1-2: Uncertainty ranges for activity data used in ferroalloy emission quantifications 

Method  Data source  Uncertainty  

Tier 1  
National production data  < 5% 

Default emission factors < 25% 

Tier 2  

Company-derived reducing agent and process materials < 5% 

National reducing agent and process materials data < 5% 

Company-specific emission factors < 5% 

Material-specific default emission factors < 10% 

Tier 3  Company-specific measured CO2 data  < 5% 

 

Table 1-3: Uncertainty ranges for emission factors used in emission quantifications 

Method  Uncertainty  

Tier 1 25% - 50% 

Tier 2 ±10% 

Tier 3 < 5% 

These uncertainty values and ranges indicate to which extent one can be sure of the final answer. 

However, it does not directly/clearly state how one can be assured that the final result is correct, 

or how one can manage the uncertainties. 



A critical analysis of emission quantification methods in the ferrochrome industry 

Chapter 1 | GENERAL INTRODUCTION 11 

 

Question D addresses the issue: How do the methods ("tiers") differ from each other and are there 

ways to improve prescribed methods? The only comparison available between the different tiers 

is under the section of uncertainty assessment in the IPCC Guidelines (referred to this section in 

Table 1-2 and Table 1-3). There are, therefore, no other comparisons or ways of improving these 

methods stated in the IPCC Guidelines. 

[Footnote: A possible 50% error on R562 million (risk in Section 1.1) = total risk of R843 million] 

Technical Guidelines 

According to Figure 1-4, the Technical Guidelines often refer to the IPCC Guidelines  

for information on GHG emissions from the ferroalloy production industry. The Technical 

Guidelines therefore do not provide any significant additional information to that of the IPCC 

Guidelines [34, 35].  

Since the IPCC Guidelines and the Technical Guidelines do not address all of the questions 

thoroughly, the documents referred to in the IPCC Guidelines (Fe-alloy section, 4.3) will be 

analysed lastly in terms of questions A – D. These references include the following: 

- CO2 emissions from the production of Mn and Cr alloys (Olsen et al., 1998) [37] 

- Greenhouse gas emissions from ferroalloy production (Lindstad et al., 2006) [38] 

Olsen et al.; Lindstad et al. 

Since the IPCC guidelines are written by using these references, the four questions (A – D) are not 

addressed in any more detail by Olsen et al. [37] or Lindstad et al. [38] than in the IPCC 

Guidelines [35].  

There are, however, reference to different types of furnaces. Closed, semi-closed and open 

furnaces are discussed, as well as alternating current (AC) and direct current (DC) arc furnaces. 

This statement causes another question to arise, i.e., (E) How would the different furnace 

technologies influence the emissions? 

After having evaluated all references previously discussed, it appears that tier 3 would require 

significantly more effort, and be more time consuming and intricate than tier 1 or 2. This causes 

the final question to arise, i.e., (F) Will it be worthwhile to go through that level of detail and effort 

to get to a quantified number of emissions? 
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The figure below (Figure 1-6) summarises the references scrutinised in Section 1.2 and 1.3 for 

clarity around the emissions quantification from the FeCr industry [25, 32, 34, 35, 37, 38].  

 

Figure 1-6: References scrutinised for clarity around GHG emissions from FeCr production 

From the start of Section 1.2, there were three initial questions regarding the quantification of 

GHG emissions from the FeCr production process. Official/legal documentation was scrutinised 

to address these questions. However, this lead to even more uncertainty, as the uncertainties 

increased from three to six questions. To summarise, these questions include the following: 

(A) How should one quantify GHG emissions for FeCr production? 

(B) Are there practical examples available of FeCr emission calculations? 

(C) How can one be sure that the final result is correct? 

(D) How do the methods ("tiers") differ from each other, and are there ways to improve 

prescribed methods? 

(E) How would the different furnace technologies influence the emissions?  

(F) Will it be worthwhile to go through that level of detail and trouble to get to a quantified 

number of emissions? 

Since these uncertainties could not be resolved or thoroughly addressed by any of the references 

used, a full reference trail will be developed to be scrutinised yet again in order to gain clarity on 

the six uncertainties identified. This reference trail was developed by using two independent 

starting points (carbon tax, and the ferroalloy industry), and collecting over a 100 relevant 

references. Figure 1-7 shows this reference trail.  

The references from Figure 1-7 will be used to complete the critical review for the uncertainties 

associated with the emission quantification of FeCr production. This critical review will take place 

in two phases: Critical review – Phase 1, and Critical review – Phase 2. 

 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [25] [26] [27] [28] [29] [39] 

[30] [31] [32] [33] [34] [35] [36] [37] [38] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] 

[58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] 

[85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] 

[110] [111] [112] [113] [114] [115] [116] [117]  .  
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Figure 1-7: Reference trail including carbon tax and the ferroalloy industry 
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Critical review - Phase 1 

The 104 references identified in the reference trail from Figure 1-7 are evaluated thoroughly to 

gain a basic knowledge and understanding of carbon tax, the ferroalloy industry and GHG 

emissions from ferroalloy (and specifically, FeCr) production. These references are of decent 

quality, consisting mostly of academic dissertations or theses, journal articles, conference papers, 

and official or legal documentation. The distribution of reference types can be seen in Figure 1-8. 

 

Figure 1-8: Reference type distribution (Phase 1) 

Next, the references will be categorised according to their focus of study, i.e. energy, production, 

economics, modelling, environment and emission quantification. The categorisation of references 

of Phase 1 can be seen in Appendix A (Table A-2). The 104 references were scrutinised in terms 

of their relevance to ferrochrome emissions, or emission quantification in general. Thereafter, only 

the relevant sources are selected to proceed to Phase 2 for assessment. 
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Critical review - Phase 2 

From the 104 references assessed (Phase 1), only 36 were selected for further evaluation, based 

on the final questions. Again, the majority of these 36 references can be considered reliable 

sources, including journal articles, conference papers, theses or dissertations, national official 

documentation and published reports (Figure 1-9). 

 

Figure 1-9: Reference type distribution (Phase 2) 

These 36 selected references will be examined based on the six final questions listed on page 12: 

(A) How should one quantify GHG emissions for FeCr production? 

(B) Are there practical examples available of FeCr emission calculations? 

(C) How can one be sure that the final result is correct? 

(D) How do the methods ("tiers") differ from each other, and are there ways to improve 

prescribed methods? 

(E) How would the different furnace technologies influence the emissions?  

(F) Will it be worthwhile to go through that level of detail and trouble to get to a quantified 

number of emissions? 

Table 1-4 indicates the symbol “X” when the specific reference addresses the uncertainty (A – F).  
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Table 1-4: Phase 2 of critical literature review 

Reference 
Type of 

ref. 

Does reference address the following 

uncertainty? 
Ref. nr. 
(ref. list) 

(A) (B) (C) (D) (E) (F) 

ADEME N/OD       [93] 

APTA N/OD       [94] 

Booysen JA X      [22] 

CAPCOA N/OD       [95] 

Chen & Johnson R       [96] 

Chesnokov JA       [52] 

Defra R       [97] 

Dept. of environmental affairs N/OD X  X    [19] 

Dept. of environmental affairs R X      [32] 

Environmental protection act R X      [107] 

EPA N/OD X      [54] 

Gous T/D   X    [20] 

Holappa CP X      [5] 

IPCC N/OD   X    [35] 

IPCC R X      [99] 

IPIECA R       [100] 

Koekemoer CP X      [67] 

Lindstad CP X      [16] 

Lindstad CP X      [38] 

Merafe N/OD X      [71] 

Metallurgical industry Other X      [72] 

Milne et al. JA X      [102] 

Monsen CP X      [74] 

NAPCA N/OD       [76] 

Niemelä CP X      [14] 

NPI N/OD X      [78] 

Olsen CP X      [37] 

PMR TCM   X    [110] 

Sonntag-O'Brien TCM       [103] 

The Norwegian Emission Inv. N/OD X      [109] 

UNFCCC Reporting Guidel. N/OD X      [17] 

US EPA N/OD X      [86] 

Vaish Other X      [87] 

Vellinga R       [108] 

Weitz T/D X      [47] 

Young R       [104] 

 

*T/D – thesis/dissertation, JA – journal article, CP – conference paper, N/OD – national or official 

documentation, TCM – training course material, R - report, B - book. 

  



A critical analysis of emission quantification methods in the ferrochrome industry 

Chapter 1 | GENERAL INTRODUCTION 17 

 

It is clear to see that neither questions B, D, E, nor F are thoroughly addressed in any of the works 

evaluated. It is thus safe to assume that information regarding these uncertainties are not widely 

available in literature, and therefore certain gaps within FeCr emission quantification literature 

can be recognised. Table 1-5 is a duplication of Table 1-4, with additional indication of how the 

main focus areas of this study were identified. These are indicated by the yellow blocks stating 

“Focus area 1”, “Focus area 2”, or “Focus area 3”. 

Table 1-5: Identifying the focus areas of the study based on Phase 2 
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From Table 1-5, three different focus areas were identified based on the lack of literature regarding 

questions/uncertainties B, D, E and F. Each of these focus areas will be developed into an 

individual chapter in this thesis, with the aim to address the uncertainties identified.  

Uncertainty not addressed by literature from Table 1-5: Are there practical examples available of 

FeCr emission calculations? Focus area 1 was identified due to the lack of practical examples 

available in literature. A practical application of the existing, or prescribed, methods will be 

implemented on actual FeCr industries, in order to address the uncertainty identified (B). 

Uncertainty not addressed by literature from Table 1-5: How do the methods ("tiers") differ from 

each other, which one is the best, and are there any other options, or ways to improve prescribed 

methods? Focus area 2 was identified to evaluate the possibility of improving the current 

calculation methods, or tiers. Since tier 3 is the most detailed method, it will be refined to 

investigate any possible further improvements on the prescribed methods (D). 

Uncertainty not addressed by literature from Table 1-5: How would the different furnace 

technologies influence the emissions? Will it be worthwhile to go through a high level of detail 

and trouble (tier 3) to get to a quantified number of emissions? Since no information could be 

found regarding how the different types of FeCr furnaces would affect the amount of CO2 emitted, 

the third and final focus area was identified. Also, having to use a method requiring more time and 

effort, but not giving a more accurate answer, is another fundamental concern. Thus, the different 

methods (prescribed and newly developed) will be compared throughout this focus area. 
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1.4. Problem statement 

FeCr furnaces are responsible for a significant amount of GHG emissions. The proposed carbon 

tax for South Africa (implementation set for 2019) presents an estimated potential risk of 

R562 million (however, R843 million when considering the potential 50% uncertainty) per year 

for the local FeCr industry. This is a significant risk which will require detailed assessment. 

Unfortunately the literature evaluation showed that there are no detailed analyses available on how 

the practical and operational reality will affect the results produced by the prescribed methods. 

It is therefore necessary to perform a critical analysis of the emission quantification methods to 

determine the associated risks for the ferrochrome industry. This main problem can be broken 

down into three smaller problems, and will be addressed throughout the document in three specific 

chapters (focus areas): 

Focus area 1:  

The core problem is that, since carbon tax has not been implemented, it is not yet fully understood 

and no practical examples on how to apply different methods are available. The need is thus to 

illustrate the practical application of the different prescribed calculation methods. This will be 

addressed in chapter 2: “PRACTICAL APPLICATION OF PRESCRIBED METHODS”. 

Focus area 2:  

There are currently three calculation methods of quantifying CO2 emissions from FeCr production. 

As stated in Section 1.3, these methods are not necessarily accurate. However, there is no system 

in place to practically improve on these prescribed methods. There is a need to refine these 

prescribed methods and investigate the potential for improvement. This will be addressed in 

chapter 3: “REFINEMENT OF PRESCRIBED METHODS”. 

Focus area 3:  

The accuracy and practicality of different approaches are unknown. Based on the knowledge 

gained from the critical literature review, the complexity of tier 1, 2, and 3 would differ 

significantly. There is a concern, however, that even though some of these methods are more 

complex, they do not necessarily provide “better”, or more accurate, results. There is thus a need 

to investigate and compare the complexity and accuracy of the different methods (prescribed and 

developed). This will be addressed in Chapter 4: “COMPARISON OF DIFFERENT 

METHODS”. 
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1.5. Contributions of study 

This thesis undertakes to provide several novel contributions to the field of emission quantification 

in the FeCr industry. These contributions are grouped into three categories: critical assessments, 

development of practical methods, and the quantification of implications for the SA FeCr industry. 

Critical assessments of literature and operational information to establish links, identify risks, 

and devise solutions. The thesis produces novel contributions by assessing: 

- The legal landscape and national and international resources available to the FeCr industry 

to highlight the lack of practical applications and examples. 

- Literature to establish a link between the prescribed legal processes and what is available 

from real-world operational systems.  

- The prescribed methods to highlight several practical constraints associated. 

- Available furnace characteristics from the iron- and steel industry for an application to 

quantify FeCr slag mass. 

- Coal composition analyses to determine the feasibility of practically determining the 

carbon content of the reductant, based on operational measurements. 

(Discussed in Section 5.2.1) 

The presented research and subsequent critical assessments produced several risk areas and 

linked these to feasible solutions. This thesis produces novel contributions by incorporating its 

research findings into several practical methods to: 

- Apply prescribed methods to real-world furnaces. 

- Link compositional analyses to mass measurements. 

- Perform mass balances in order to systematically go from general to specific data with the 

aim to improve accuracy. 

- Quantify and compare the accuracy and complexity associated with FeCr carbon tax 

calculations. 

(Discussed in Section 5.2.2) 

The presented research, critical assessments and subsequent practical methods are highly 

valuable and applicable to the wider FeCr industry. This thesis further contributes specifically 

to the South African FeCr industry by producing tangible results which brings significant 

insight and value to the field of study. This document specifically quantifies: 

- The impact of operational errors 
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- The accuracy change in mass balances  

- The variances between the different methods 

- The complexities of the different methods 

- The estimated industry exposure (SA FeCr carbon tax liability) 

(Discussed in Section 5.2.3) 

The novelty of this thesis lies in the approach of using critical analyses to identify risks and 

possible solutions. These risks and solutions are then reconciled by developing practical methods 

that are both applicable and usable to industry. Finally, the impact of the work is quantified by 

using multiple case studies. The results verify the functionality of the approach, but also validates 

the value and significance for South Africa’s FeCr industry.  

More detail on how each contribution was accomplished is available in Chapter 5 (Section 5.2). 

1.6. Outline of document  

Chapter 1 gives relevant background information on FeCr furnaces and the associated emissions. 

Some uncertainties are identified in the form of research questions, which leads to an in-depth 

critical literature review, whereafter certain gaps are identified. The gaps become the three focus 

areas of the study, and are discussed and addressed in Chapters 2, 3 and 4. 

Chapter 2 highlights the problem of how the application of carbon tax calculations is not yet fully 

understood and how no sufficient practical examples of the application of different methods are 

available. Case studies are used to practically apply these prescribed calculation methods and 

illustrate the significance of every step in the methodology developed. It also gives an indication 

of the risk associated with some practical constraints. 

Chapter 3 explores the opportunity to refine the prescribed methods from literature and investigate 

the potential for improvement. The prescribed methods are refined by making use of advanced 

mass balance techniques.  

Chapter 4 reviews the results from Chapter 2 and Chapter 3 and investigates and compares the 

variance, accuracy and complexity of the different quantification methods (prescribed and 

developed). This is done by applying the different methods to 17 South African FeCr producing 

furnaces. The results from all case studies are validated in this chapter. 

Chapter 5 concludes the study, discusses the novelty contributions and provides recommendations 

for future work.
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2. PRACTICAL APPLICATION OF PRESCRIBED METHODS 

2.1 Introduction 

Carbon tax has not yet been implemented and is not fully understood. The critical study from 

Chapter 1 showed that no detailed practical examples on how to apply the different prescribed 

quantification methods, or “tiers” (hereafter referred to as the “prescribed methods”), are found in 

literature. Hence, there is a need to illustrate the practical application of these prescribed methods. 

This chapter will illustrate the calculation of the emissions from FeCr production based on the 

prescribed methods. In addition to this, the chapter will also highlight several potential constraints 

that may occur during the practical application of these methods, which will also be the focus of 

the case studies provided. These case studies will quantify the potential impact of these constraints 

on the final carbon tax results. It is expected that the potential constraints will have a significant 

effect on the final CO2 results. 

2.2 Literature study 

2.2.1 Preamble 

The literature study will present a solid framework from which the methodology in Section 2.3 

will be developed. The prescribed methods will be rehashed to understand what is required for the 

relevant calculations (Section 2.2.2). A brief discussion of the FeCr process and its typical 

measurements will highlight the primary overview of the FeCr industry key performance 

indicators (KPIs) in Section 2.2.3 and 2.2.4. Lastly, data quality evaluation techniques will be 

reviewed to improve on the quality of any dataset received from site (Section 2.2.5). This section 

will be concluded in Section 2.2.6. 

2.2.2 Prescribed quantification methods 

According to the research conducted in Chapter 1, there are three prescribed methods on how to 

quantify the GHG (specifically CO2) emissions from FeCr production, called “tiers”:  

- Tier 1: Production-based emission factors 

- Tier 2: Production-based, raw-material-specific emission factors 

- Tier 3: Calculations based on amounts and analyses of reducing agents 

These methods are presented in Equation 1-3, Equation 1-4 , and Equation 1-5, in Section 1.3, and 

are repeated on the next page.  



A critical analysis of emission quantification methods in the ferrochrome industry 

Chapter 2 | PRACTICAL APPLICATION OF PRESCRIBED METHODS 23 

 

Tier 1: (repeat of Equation 1-3) 

𝐸𝐶𝑂2
= ∑(𝑀𝑃𝑖 × 𝐸𝐹𝑖)

𝑖

 

 

Tier 2: (repeat of Equation 1-4) 

𝐸𝐶𝑂2
= ∑(𝑀𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑎𝑔𝑒𝑛𝑡,𝑖 × 𝐸𝐹𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑎𝑔𝑒𝑛𝑡,𝑖)

𝑖

+ ∑(𝑀𝑜𝑟𝑒,ℎ × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑜𝑟𝑒,ℎ)

ℎ

×
44

12

+ ∑(𝑀𝑠𝑙𝑎𝑔−𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑗 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠𝑙𝑎𝑔−𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑗) ×
44

12
𝑗

− ∑(𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑘 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑘) ×
44

12
𝑘

− ∑(𝑀𝑛𝑜𝑛−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚,𝑙 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑛𝑜𝑛−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚,𝑙)

𝑙

×
44

12
 

 

Tier 3: (repeat of Equation 1-5) 

𝐸𝐶𝑂2
= ∑(𝑀𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑎𝑔𝑒𝑛𝑡,𝑖 × 𝐶𝐶𝑜𝑛𝑡𝑒𝑛𝑡𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑎𝑔𝑒𝑛𝑡,𝑖)

𝑖

×
44

12
+ ∑(𝑀𝑜𝑟𝑒,ℎ × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑜𝑟𝑒,ℎ)

ℎ

×
44

12

+ ∑(𝑀𝑠𝑙𝑎𝑔−𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑗 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠𝑙𝑎𝑔−𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑗) ×
44

12
𝑗

− ∑(𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑘 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑘) ×
44

12
𝑘

− ∑(𝑀𝑛𝑜𝑛−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚,𝑙 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑛𝑜𝑛−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚,𝑙)

𝑙

×
44

12
 

The variables referred to by these equations for quantifying the CO2 emissions include: 

- the mass of the input streams [ore (More, h), reducing agent (Mreducing agent, i), and slag-forming 

material, or “fluxes” (Mslag-forming material, j), in tonnes],  

- the mass of the product streams [FeCr metal (Mproduct, k) and non-product outgoing stream, 

or “slag” (Mnon-product outgoing stream, l), in tonnes],  

- the carbon content of all streams [reducing agent (CContentreducing agent, i), ore (CContentore, h), 

fluxes (CContentslag-forming material, j), and FeCr metal (Mproduct, k), as a fraction], and  

- universal emission factors (EFi, EFreducing agent, i). 

The two universal/generic emission factors (EFs) are not measured on site, and should be acquired 

from literature. The first EF (EFi) is fixed for all FeCr industries, as provided by the IPCC [35]. 
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The EF would differ depending on the presence of a pelletising and sintering plant (PSP). As for 

the reducing agent EF (EFreducing agent, i), the IPCC Guidelines suggest that inventory compilers use 

producer-specific values, which are based on the average blend of coal and/or coke for the specific 

site. However, this is rarely available, thus these values were found in literature from various 

sources. Table 2-1 and Table 2-2 give these values for EFi and EFreducing agent, respectively.  

Table 2-1: Generic emission factor for ferrochrome production 

Symbol Unit Without PSP With PSP 

 EFi Tonnes CO2 / tonne ferroalloy product 1.3 1.6 

Table 2-2: Generic emission factor for reducing agents 

Symbol Unit Reference A 

[118] 

Reference B 

[119] 
 EFreducing agent, i 

Tonnes CO2 / tonne 

reducing agent 
Coal 2.96 2.325 

Coke 3.21 2.819 

Anthracite - 2.602 

Table 2-3 provides a summary of all data required by each of the prescribed methods. 

Table 2-3: Data required for prescribed quantification methods 

Data required for CO2 quantification methods  
(Information gathered from Section 1.3 and 2.2.2) 

Tier Symbol used in tier equations Description 

Tier 1 
 MPi  Production of ferroalloy i  

 EFi  Generic emission factor for ferroalloy i  

Tier 2  EFreducing agent, i  Emission factor of reducing agent i  

Tier 3  CContentreducing agent, i  Carbon content in reducing agent i  

Tier 2 

and  

Tier 3 

 Mreducing agent, i  Mass of reducing agent i  

 More, h  Mass of ore h  

 CContentore, h  Carbon content in ore h  

 Mslag-forming material, j  Mass of slag-forming material j  

 CContentslag-forming material, j  Carbon content in flux j  

 Mproduct, k   Mass of product k  

 CContentproduct, k  Carbon content in product k  

 Mnon-product outgoing stream, l  Mass of slag l  

 CContentnon-product outgoing stream, l  Carbon content in slag l  

It seems fairly straightforward to apply these prescribed methods based on the equations and the 

descriptions above. This is, in fact, the case if you know what data to use, and if the required data 
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is available and correct. If the data is not available for a certain prescribed method, this calculation 

can simply not be completed. There are also possible risks when applying the prescribed methods. 

In order to use these prescribed methods to estimate the CO2 emissions as accurately as possible, 

it is important to understand the FeCr production process, the significant measurement points, as 

well as obtaining and using the relevant data (Sections 2.2.3, 2.2.4, and 2.2.5). 

2.2.3 Ferrochrome process 

As previously stated in Chapter 1, the production of ferrochrome is accomplished by feeding raw 

materials (chromite ores, reductant and fluxes) to an arc furnace [10, 11, 39]. In some cases, the 

raw materials are prepared before being fed to the furnace: pelletising, sintering and drying 

techniques are often performed on raw materials to produce a dry and uniform feed to the furnace, 

which would increase furnace stability [26, 120]. Pelletising and sintering of the raw materials are 

achieved at the pelletising and sintering plant (PSP). 

Electricity is used to heat up the furnace and melt the raw materials by means of an electric arc  

[5, 12]. Due to the heat provided, various chemical reactions take place, causing reduction of the 

metal oxides within the chromite ore to a final metal product, FeCr. Together with the metal 

product (FeCr), slag and off-gas also exit the furnace as by-products [13]. Figure 2-1 illustrates 

this process [3].  

 

Figure 2-1: Ferrochrome production process 
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In Figure 2-1, some streams are labelled with purple tags, numbered from 1 to 10. The legend at 

the bottom of this figure gives a description of each tag, referring back to the variables required 

by the prescribed methods (as given by Equation 1-3, Equation 1-4 and Equation 1-5, and 

summarised in Table 2-3). This diagram has been summarised to shift the focus to the FeCr 

furnace, input, and output streams specifically. A simplified illustration of this process can be 

found in Figure 1-1 (Chapter 1). 

2.2.4 Typical measurements 

According to the prescribed methods, the data of specific parameters are required for calculations. 

Not all parameters are deemed crucial in the ferrochrome industry, and are therefore not always 

measured at the furnaces [121]. It is, however, important that certain streams are known. The 

measurements typically available for the general furnace will be discussed briefly: 

FeCr metal product 

The main objective of the process referred to in this study is the production of FeCr metal with a 

certain alloy grade. The mass and composition of the metal produced is therefore usually 

monitored closely and measured continuously [121]. The metal is tapped a few times per day, 

solidified, crushed, and then weighed on weighbridges2. Metal samples are also sent for regular 

(usually daily) composition analysis. A typical composition of the FeCr product is as follows:  

56.7% Cr, 33.8% Fe, 7.2% C, and 2.3% Si [7].  

Raw materials 

The mass of raw materials (chromite ore, reductant and fluxes) are usually measured at weigh bins 

before being batched to the furnace [122]. The composition, however, is rarely known on site. 

Occasional sampling of the reductants takes place on site. However, this is generally done long 

before batching (before materials are stored on stockpiles), creating a significant buffer capacity. 

From literature, the composition of each of the raw materials normally used in FeCr production is 

summarised below: 

Cr ore:  50% Cr2O3, 25% FeO, 9% MgO, 10% Al2O3, 5% SiO2, 1% CaO [7]  

Anthracite:  88.94% C, 3.4% H, 2.32% O, 1.55% N, 0.8% S [123] 

Char:  77.8% C, 0.34% H, 21.11% O, 0.71% N [124] 

Coke:  89% C, 3.6% H, 1.56% H, 4.95% S [125] 

Coal:  76.7% C, 4.69% H, 10.5% O, 1.4% N, 0.4% S [123] 

Dolomite: 100% CaMg(CO3)2 [126] 

                                                 

2 Knowledge gained from site experience and interviews with site personnel 
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Limestone: 100% CaCO3 [127] 

Quartz:  100% SiO2 [128] 

Burnt lime: 100% CaO [129] 

By-products 

The two by-products (slag and off-gas) are often considered waste streams, and are rarely 

measured accurately3. The slag composition is, however, estimated to ensure the required slag 

composition [64]. From time to time, the slag mass is calculated by using a slag-to-metal ratio 

(usually between 1.1 and 1.8 tonne of slag produced per tonnes of metal [130]), which is estimated 

by random sampling. The amount of slag produced can also be estimated based on an aluminium 

(Al2O3) balance. This is done with the assumption that the slag analysis is done accurately and 

representatively [77]. The slag and off-gas compositions are given below: 

Slag: 23.2% SiO2, 24.7% Al2O3, 19.8% MgO, 3.0% CaO, 10.7% FeO, 18.6% Cr2O3 [77] 

Off-gas: 75-90% CO, 2-10% CO2, 2-15% H2, 2-7% N2 [15, 14]  

Carbon contents of materials 

The typical compositions of inlet and outlet streams are converted to element-based compositions 

by using the molecular weight of each formula and element (see Appendix C: Equation B-1 and 

Equation B-2). The results of the carbon content of each material (which are required for the 

calculation of CO2 emission prescribed quantification methods) are summarised in Table 2-4: 

Table 2-4: Typical compositions for all streams of a FeCr furnace (element-based) 

Material 
Raw (input), or product (output) 

Carbon content (%) Unit 

Chrome ore -  

Anthracite 88.9 Mass % 

Char 77.8 Mass % 

Coke 89.0 Mass % 

Coal 76.7 Mass % 

Dolomite 13.0 Mass % 

Limestone 12.0 Mass % 

Quartz -  

FeCr metal  7.2 Mass % 

Slag -  

Off-gas 33 - 41 Volume % 

                                                 

3 Knowledge gained from site experience and interviews with site personnel 
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Table 2-5 (repeat of Table 2-3), provides a summary of all data required by the prescribed methods. 

An additional column has been added, stating whether or not these parameters are usually known 

on site. The reason why a parameter would not be measured on site is typically because of financial 

reasons, or the fact that it is not deemed an important parameter.  

Table 2-5: Data required for prescribed quantification methods 

 

 

All data required by the equations for quantifying the CO2 emissions (mass of the input streams, 

mass of the product streams, and carbon content of all the material streams) has been discussed 

briefly in Section 2.2.4. The next section (2.2.5) will provide information on the processing, 

evaluation and conditioning of this data. 

  

Description

 MPi  Production of ferroalloy i Yes 

 EFi  Generic emission factor for ferroalloy i (Generic, provided)

Tier 2  EF reducing  agent, i  Emission factor of reducing agent i (Generic, provided)

Tier 3  CContent reducing agent, i  Carbon content in reducing agent i Yes

 M reducing agent, i  Mass of reducing agent i Yes

 M ore, h  Mass of ore h Yes

 CContent ore, h  Carbon content in ore h No

 M slag-forming  material, j  Mass of slag-forming material j Yes

 CContent slag-forming  material, j  Carbon content in flux j No

 M product, k  Mass of product k Yes

 CContent product, k  Carbon content in product k No

 M non-product  outgoing  stream, l  Mass of slag l 
Yes; however calculated, 

not measured

 CContent non-product  outgoing  stream, l  Carbon content in slag l No

Data required for CO2 quantification methods

(Information gathered from Section 1.3 and 2.2.2)

Symbol used in tier equations

Tier 1

Tier 2 

and

Tier 3

Is this parameter usually 

measured at a typical FeCr 

furnace?

(Information gathered from

Section 2.2.4)
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2.2.5 Data quality evaluation 

Data quality is important and needs to be monitored pro-actively [131]. When evaluating the CO2 

emissions from a FeCr furnace by using tier 1, 2, or 3, a significant amount of data needs to be 

collected, processed, and analysed. Thorough data evaluation is therefore necessary. 

A study done by Booysen [132] provided a data quality evaluation method that was developed to 

identify any potential errors and abnormalities. This method consists of four steps: the first three 

steps aim to identify abnormal measurements, whereas the final step identifies abnormal operation. 

A schematic flow of this method is shown in Figure 2-2. 

 

Figure 2-2: Data quality evaluation 

Figure 2-3 provides a simplified visualisation of a dataset containing typical measurement 

abnormalities. The minimum and maximum limits are selected based on the variable being 

assessed. Steps 1 – 3 are indicated on this figure as follows: data spikes (step 1), faulty data 

(step 2), and data loss (step 3). 
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Figure 2-3: Data evaluation – Identifying abnormal measurements 

The first step in identifying abnormal measurements in the data evaluation method aims to detect 

data spikes. Data spikes happen when there is a failure on measurement equipment, or when 

communication is briefly lost. Even though these tend to happen over short periods of time, their 

amplitude (very high or very low) can still significantly influence the accuracy of calculations.  

The next step is to identify metering malfunctions, which could lead to faulty data being logged. 

This occurrence is illustrated as a constant value in Figure 2-3, where the last data reading is 

typically repeated for a number of resolutions, until the malfunction has been resolved. Even 

though this data will still fall within the operational limits, the results will be influenced by this 

incorrect, constant value.  

Step 3 aims to identify data loss. This can generally be detected where no data has been recorded, 

as indicated by the blank space in Figure 2-3. The final step of this method aims to identify 

abnormal system operation. This is illustrated by Figure 2-4. 
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Figure 2-4: Data evaluation – Identifying abnormal operation 

In Figure 2-4 there are numerous profiles that follow the same trend, indicating normal operation. 

The red profile, however, is deemed abnormal, as it differs from the trend. The utmost care should 

be taken when investigating these results as there is, unfortunately, no fixed rule as to what is 

defined as “abnormal operation”. This step therefore requires a thorough understanding of the 

process being evaluated.  

The aim of the data quality evaluation section is to evaluate a dataset, remove any measurement 

abnormalities, and identify operational abnormalities. An accurate, high quality dataset is the final 

outcome of this section. 
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2.2.6 Research summary and list of assumptions 

The literature study provided information on various themes, creating a good knowledge to 

prepare for practically applying the prescribed CO2 quantification methods.  

Based on all the research done in Section 2.2, a list of assumptions is made in order to do further 

calculations. This list of assumptions will be used as the first step in the methodology development 

(Section 2.3): 

Table 2-6: List of assumptions 

Nr: Assumption: Reason for assumption: 

1 
Ore, reductant, and fluxes enter a FeCr 

furnace. 

Usually the case, according to literature. 

(Sections 2.2.3 and 2.2.4) 

2 
FeCr product, slag, and off-gases exit the 

furnace. 

3 
Batching (feed) streams mass is usually 

measured. 

4 FeCr production is always measured. 

5 
Slag production is accurately calculated 

through a slag to metal ratio. 

6 
All data from site is measured, transferred, 

stored, processed and used correctly. 
Data needs to be correct in order to be used in calculations. 

7 

An annual constant composition is 

representative enough, and will have no 

major effect on the final results. 

If compositions of feed materials are measured, an unknown 

buffer capacity (e.g. stockpiles) exists until batched. 

Sometimes the compositions are not available consistently, 

thus a constant average should be used. 

8 

Assume carbon content from proximate 

analyses for reductants (by means of 

assuming fixed carbon = carbon content). 

Usually only proximate analyses are available, not ultimate 

analyses.  

See footnote below (*)  

9 

Assume that all raw materials are dried 

when sampled for analyses, and when 

entering the furnace 

(If there is a pre-heater or dryer present) 

10 A 5% error is acceptable. 
Data quality evaluation will remove outliers with an error of 

5% or higher. 

* Proximate analysis measures the moisture (M), ash (A), volatile matter (VM) and fixed carbon (FC) content of the coal [133]. 

* Ultimate analysis measures the carbon (C), hydrogen (H), oxygen (O), nitrogen (N) and sulphur (S) of the coal. [133]. 
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2.3 Methodology 

2.3.1 Preamble 

The problem statement in Chapter 1 noted that the process of quantifying the CO2 emissions from 

a FeCr furnace is uncertain. Section 2.2 reviewed the relevant literature needed to fully understand 

the details to comprehensively investigate a FeCr furnace and quantify its CO2 emissions.  

The literature findings from Section 2.2 will be used to construct a generic methodology to 

practically and systematically apply the prescribed methods.  

This methodology will be categorised into four divisions, which will be discussed in the following 

sections. These include listing the assumptions and information required; collecting information, 

layouts and data; evaluating data quality; and finally, applying the existing methods. This approach 

is presented in Figure 2-5 (below) and will be discussed in detail in Sections 2.3.2 to 2.3.5. 

 

Figure 2-5: Four-step approach to practically apply the prescribed quantification methods 

2.3.2 List of assumptions and information required 

When listing the assumptions and information required, one can refer back to Table 2-3 and 

Table 2-6. All sites will require the same information and data to calculate the CO2 emissions. 

However, each unique case might have different additions to the list of assumptions. 

2.3.3 Collect information, layouts, and data 

The next step is to collect all relevant information from the site being evaluated. This includes 

layouts of the furnace, the relevant points of measurement indicated on layouts, and the 

corresponding mass and composition data for the evaluation period. Figure 2-6 indicates the 

outcome of this step.  

Note that, for illustration purposes, only data collected for ferrochrome metal production is shown 

on the layout (mass and composition data). However, the relevant data from all available streams 

must be collected. Note the labels 1 – 10 on Figure 2-6, which indicate the specific parameters 

needed for the prescribed methods, as discussed at Figure 2-1. 

Evaluate
data quality

Apply
existing methods

Collect
information, layouts 

& data

List
assumptions and 

information required
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Figure 2-6: Collect information, layouts, and data 

The circles on the layout represent points of measure. Green circles indicate that data is available, 

orange represents available data, but not in the correct format, while red circles indicate that data 

is not available, or not measured. The “M” symbols refer to mass measurements (by means of 

weighbridges or weigh bins), whereas the “C” denotes composition analysis sampling. Note that 

these statuses (colours) are just example illustrations, and that other configurations may also exist. 

If data is required for an orange-indicated measurement point (data that is available, but not in the 

correct format), data needs to be processed to the correct analysis by making use of various 

methods or assumptions. An example of such a case is when the reductant composition is based 

on proximate analyses instead of ultimate analyses. The slag mass may also not be available. 

However, slag-to-metal ratio data can be used to calculate a theoretical slag mass.  

If data is required from a red-indicated meter, the data cannot be collected and the specific 

prescribed method can simply not be executed. 
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2.3.4 Evaluate data quality 

A “good” quality dataset is of great importance. It is essential that all data received in the previous 

step (Section 2.3.3) is a reflection of the truth. The third step of the methodology is the evaluation 

of the data quality. The method referred to in Section 2.2.5 must be followed for all mass- and 

composition measurement data, with the aim to “clean” the dataset. This will ensure accurate and 

representative data. Only then can the data be processed and used in the relevant calculations.  

2.3.5 Apply prescribed methods 

After the layouts are understood and data has been collected, the “cleaned” dataset must be applied 

to the prescribed methods: Tier 1, 2, 3. Even though there is no indication of data resolution 

specifications, the Carbon Tax legislation suggests that CO2 emissions be reported every six 

months [25]. Monthly resolution data will thus be used for all calculations. Actual, but fictional, 

values will be used to clearly illustrate the calculations being done in a practical way. 

Tier 1: Production-based emission factors 

Tier 1 uses the production mass of FeCr metal, as well as a universal FeCr emission factor to 

determine the amount of CO2 emissions. Figure 2-7 shows a practical example of calculating these 

emissions for one month using tier 1 (Equation 1-3). Assume that this specific FeCr plant consists 

of a PSP (as seen in Figure 2-6), hence EFi = 1.6 tonnes CO2 / tonnes FeCr produced. 

 

Figure 2-7: Example illustration of applying tier 1 

Tier 2: Production-based, raw material-specific emission factors 

Tier 2 uses the mass and carbon content of all inlet and outlet streams (except for the reducing 

agent where an EF is used) to calculate the CO2 emissions. Figure 2-8 shows an illustration where 

CO2 emissions are calculated for one month using tier 2 (Equation 1-4). Assume that, for this 

example, the EF of the reducing agent is 3.2 tonnes CO2 / tonnes reducing agent used, and the 

carbon contents of the ore, fluxes, FeCr metal, and slag are 0, 0.2, 0.08 and 0, respectively. 
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Figure 2-8: Example illustration of applying tier 2 

Tier 3: Calculations based on amounts and analyses of reducing agents 

Tier 3 is similar to tier 2. However, site-specific compositions must be used. The carbon content 

of reducing agents is also to be used instead of generic emission factors. Figure 2-9 shows how 

tier 3 (Equation 1-5) is used to calculate the CO2 emissions from the specific furnace. Assume that 

the C-content of the reductant is 0.85 [125], whereas the other contents remain unchanged. 

 

Figure 2-9: Example illustration of applying tier 3 
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2.3.6 Methodology summary 

The process of quantifying the CO2 emissions from a FeCr furnace is uncertain. A generic 

approach was therefore constructed to practically and thoroughly apply the prescribed 

quantification methods. The four steps in this approach include listing assumptions and 

information required (2.3.2), collecting information, layouts and data (2.3.3), evaluating data 

quality (2.3.4), and finally, applying the prescribed methods (2.3.5). The strategy that was 

developed in Section 2.3 is based on the research done in Section 2.2, and is illustrated in 

Figure 2-10 below: 

 

Figure 2-10: Four-step approach to practically apply the prescribed quantification methods 

In the next section, this approach will be used and applied to a real-life FeCr furnace (case studies). 

These case studies will illustrate how each of the four steps (List, Collect, Evaluate and Apply) is 

essential to determine the best possible results. This will be done by highlighting the potential 

constraints that may occur during the practical application of the prescribed methods. 
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2.4 Case studies: Results and discussion 

2.4.1 Preamble 

The methodology provided an approach to follow when calculating the CO2 emissions from a 

FeCr furnace based on the prescribed methods. It was found that the equations are relatively easy 

to apply if the correct information and data is known. Three detailed case studies (CS) will be used 

to highlight the importance of certain areas in the methodology developed in Section 2.3, by 

introducing potential constraints that may occur during the practical application of the prescribed 

methods. These include illustrating the importance of: CS1) efficient collection of layouts and 

information; CS2) choosing the most relevant emission factors; and CS3) data quality. 

2.4.2 Case study background 

Information, the relevant points of measure and the corresponding mass and composition data over 

a one-year evaluation period have been collected for furnace X. This is shown in Figure 2-11.  

 

Figure 2-11: Collect information, layouts, and data 

Chrome ore, reductant (anthracite, char, and coke), and fluxes (dolomite, limestone, and quartz) 

are sampled on delivery (dataset “a”). Chromite ore is pelletised (PSP), and sampled again before 
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batching (dataset “b”). The composition of the FeCr metal and slag is also determined when exiting 

the furnace (dataset “c”). The mass of all raw materials are determined in weigh bins right before 

batching, whereas the FeCr metal and slag mass are measured at weighbridges (dataset “d”).   

These four datasets have been collected so as to be evaluated throughout the next step. Note that 

the slag mass meter is indicated in orange. This is due to the slag mass only being logged per 

month, when the rest of the data is in daily resolution. Thus, all data will be converted to monthly 

resolution when processing and calculations commence. The time delay that may occur between 

mass and composition measurements is uncertain. All compositions will therefore be averaged to 

a constant annual value, in order to compensate for any possible storage capacities.  

The case studies that follow will not only quantify the CO2 emissions by means of a specific 

prescribed method, but will focus on highlighting the potential constraints that may exist, and 

quantify the effect of this constraint. 

2.4.3 Case study 1: Collection of information and layouts 

Case study 1 will illustrate the importance of obtaining the correct information and layouts from 

site. As seen in Figure 2-11, there is a PSP present on site, which prepares the raw materials before 

being fed to the furnace. However, since the PSP has been out of order for the period to be 

evaluated, the raw materials were not pelletised or sintered. 

 

Figure 2-12: Incorrect (i) and correct (ii) layout of furnace X 

Tier 1 (Equation 1-3) will be used to test the effect of having the (in)correct information of the site 

evaluated. The CO2 emissions will thus be calculated based on the first (incorrect) information: 

PSP present (i), and with the eventually correct information: no PSP present (ii).  
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(i) 𝐸𝐶𝑂2
= ∑ (𝑀𝑃𝑖 × 𝐸𝐹𝑖)𝑖  = 𝐸𝐶𝑂2

= ∑ (𝑀𝑃𝑖 × 𝟏. 𝟔)𝑖  

(ii) 𝐸𝐶𝑂2
= ∑ (𝑀𝑃𝑖 × 𝐸𝐹𝑖)𝑖  = 𝐸𝐶𝑂2

= ∑ (𝑀𝑃𝑖 × 𝟏. 𝟑)𝑖  

The calculations were done for each scenario (according to Figure 2-7) and the results were 

aggregated for one year. This is shown in Figure 2-13 below. 

 

Figure 2-13: Case study 1 results 

If the incorrect information or layout is used to calculate the CO2 emissions, it will result in an 

error of 18.8% (difference between 152 688 tonnes and 124 059 tonnes). The detailed calculations 

and results can be seen in Appendix D. Fortunately, the absence of the PSP will not have an effect 

on any other calculations other than tier 1, as explained and illustrated above. 

2.4.4 Case study 2: The effect of different emission factors 

Based on Table 2-2 (providing information on the generic emission factors [EFs] for reducing 

agents) in Section 2.2.6, it is seen that these EFs can vary somewhat. It is possible that the EF 

chosen may not necessarily be accurate for the specific reductant applicable. Case study 2 will 

therefore investigate the importance of using the most relevant EFs.  

Tier 2 (Equation 1-4) will be used to test the effect of choosing the less relevant EFs for the specific 

reductants used. The CO2 emissions will thus be calculated based on the EFs from reference A, as 

stipulated in Table 2-2 (i), as well as with the EFs from reference B (ii). The EFs used is listed 

below (all EF values in tonnes CO2 / tonne reducing agent): 

(i) Coal = 2.96, coke = 3.21, anthracite = 2.602 (assumed; reference A does not include anthracite) 

(ii) Coal = 2.325, coke = 2.819, anthracite = 2.602 
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The calculations were done for each scenario (according to Figure 2-8) and the results were 

aggregated for one year. This is shown in Figure 2-15 below. 

 

Figure 2-14: Case study 2 results 

If the incorrect EFs are used to calculate the CO2 emissions, it can result in an error of 10.1%. The 

detailed calculations and results can be seen in Appendix D. 

2.4.5 Case study 3: The effect of data quality 

Case study 3 will be used to illustrate the importance of having a good quality dataset, and 

implementing a thorough data quality assessment. The raw datasets as received in Figure 2-11 

(datasets “a”, “b”, “c”, and “d”) must be evaluated based on the method discussed in Section 2.2.5. 

Figure 2-15 illustrates one of the datasets before (i) and after (ii) the dataset has been cleaned. 

 

Figure 2-15: Data quality evaluation 
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Any abnormal measurements within the data have been identified, investigated and removed, if 

necessary. Annual shutdowns were detected (where furnace was shut down for a month or two). 

However, data was not removed, since this is not an abnormal operational occurrence. 

Consequently, after applying the method of data quality evaluation, all datasets are of high quality 

and can be used in further calculations. 

Tier 3 (Equation 1-5) will be used to test the effect of thorough data quality evaluation. The CO2 

emissions will thus be calculated based on the original data received (i), and with the “cleaned” 

dataset (ii). The calculations were done for each scenario (according to Figure 2-9) and the results 

were aggregated for one year. This is shown in Figure 2-16 below. 

 

Figure 2-16: Case study 3 results 

If all datasets (used to calculate the CO2 emissions) are not evaluated and “cleaned” to a sufficient 

quality, it may result in a significant error, which is calculated as 9.5% for this specific case study.  

The detailed calculations and results can be seen in Appendix D. This error can vary significantly, 

depending on the initial quality of the data received. 
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2.4.6 Case study summary 

Three case studies were done to highlight the significance of certain areas in the methodology. 

The results of these case studies are provided in Table 2-7: 

Table 2-7: Case study results summary 

Case 

study 
Section Aim 

Quantified 

effect 

Tier used to illustrate 

the case study 

CS 1 2.4.3 
Evaluate the effect of having the correct 

information and layouts of the plant 
18.8% Tier 1 

CS 2 2.4.4 
Evaluate the effect of using the correct 

emission factors 
10.1% Tier 2 

CS 3 2.4.5 
Evaluate the effect of data quality 

investigation and conditioning 
9.5% Tier 3 

From this table it is evident that less accurate results may be obtained if the correct procedure is 

not followed. It can therefore be stated that the methodology developed in Section 2.3 is sufficient, 

as it provides a good and systematic way to approach the practical quantification of CO2 emissions 

from FeCr furnaces.  

After highlighting the importance of each step in the methodology, and quantifying the impact of 

having the “incorrect” information, the final correct results can be illustrated. Tier 1 is calculated 

by using the correct EF, i.e. not taking a PSP into account (CS1, result ii). Tier 2 is calculated by 

taking the average of results from source A and source B (CS2, results i and ii), since the correct 

EF is not known. The tier 3 calculation was done with the “cleaned” dataset (CS3, result ii). 

The final results from the prescribed methods are illustrated in Figure 2-17.  

 

Figure 2-17: Final results from prescribed methods (Furnace X) 
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This section used one furnace (Furnace X) for all three case studies. In addition to this, 16 other 

furnaces were also investigated, and similar case studies were done. Table 2-8 provides a summary 

of the results for all 17 furnaces, showing an average of the quantified effect for each 

potential/induced constraint (as with Table 2-7). More detail regarding these results can be seen 

in Appendix E. 

Table 2-8: Average of 17 furnaces case study results summary 

Case 

study 
Aim Quantified effect 

Tier used to illustrate the 

case study 

CS 1 
Evaluate the effect of having the correct 

information and layouts of the plant 
18.8% Tier 1 

CS 2 
Evaluate the effect of using the correct 

emission factors 
11.2% Tier 2 

CS 3 
Evaluate the effect of data quality 

investigation and conditioning 
8.9% Tier 3 

This table represents the average quantified effects of the different constraints for the 17 furnaces 

investigated. These results confirm that less accurate results may be obtained if the correct 

procedure is not followed. The methodology developed in Section 2.3 is therefore verified as 

sufficient, as it provides a good and systematic way to approach the practical quantification of 

CO2 emissions from FeCr furnaces.  

2.5 Conclusion 

No sufficient practical examples of applying the prescribed CO2 emission calculations could be 

found in literature. The need for illustrating the practical application of these methods was, 

however, addressed in this chapter. It provided the relevant literature on emission calculations for 

carbon tax purposes, the FeCr industry, and the evaluation of data quality. A methodology was 

then developed to be used when applying the prescribed methods. Case studies were used to 

practically apply these calculation methods, and illustrate the significance of certain areas in the 

methodology. It was found that, without the methodology developed, one is likely to obtain less 

accurate results (possible errors of 8.9% - 18.8%) when performing the prescribed calculations. 

The three calculation methods (tier 1, 2 and 3) are the only ones available from literature. Even 

though these are relatively simple to apply, it is still uncertain as to if the final results are accurate. 

The next chapter will therefore explore the idea of refining these methods into a more complex, 

yet accurate approach. The construction of various mass balances will be used to test this idea. 
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3. REFINEMENT OF PRESCRIBED METHODS 

3.1 Introduction 

Furnaces used for ferrochrome production are complex systems. There are a significant number 

of inlet and outlet streams with various parameters. However, some of these parameters are not 

always measured, which can limit the application of some of the prescribed methods to quantify 

the CO2 emissions from the furnace. Currently there are three methods for quantifying the CO2 

emissions from FeCr production. However, from Section 1.3 it was found that these methods are 

not necessarily equally accurate and may also produce results that vary significantly from one 

another (Section 2.4). Focus area 2 was identified to evaluate the possibility of improving the 

current methods.  

As a result, there is a need to determine whether it is possible to refine these prescribed methods 

into a more complex, yet accurate approach. Since tier 3 is the most detailed method and follows 

a basic mass balance approach, this tier will be investigated even further and applied practically. 

By linking the available data and additional information together with data analytics, estimates of 

the unknown streams can possibly be found. Tier 3 uses mass and composition measurements for 

conducting a mass balance on a FeCr furnace in order to determine the CO2 emissions.  

The formula used is given as a repeat of Equation 1-5: 

𝐸𝐶𝑂2
= ∑(𝑀𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑎𝑔𝑒𝑛𝑡,𝑖 × 𝐶𝐶𝑜𝑛𝑡𝑒𝑛𝑡𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑎𝑔𝑒𝑛𝑡,𝑖)

𝑖

×
44

12
+ ∑(𝑀𝑜𝑟𝑒,ℎ × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑜𝑟𝑒,ℎ)

ℎ

×
44

12

+ ∑(𝑀𝑠𝑙𝑎𝑔−𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑗 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑠𝑙𝑎𝑔−𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙,𝑗) ×
44

12
𝑗

− ∑(𝑀𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑘 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑘) ×
44

12
𝑘

− ∑(𝑀𝑛𝑜𝑛−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚,𝑙 × 𝐶𝑐𝑜𝑛𝑡𝑒𝑛𝑡𝑛𝑜𝑛−𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑠𝑡𝑟𝑒𝑎𝑚,𝑙)

𝑙

×
44

12
 

The problem is that all of these compositions and mass measurements are not necessarily always 

measured, which makes it difficult to apply the formula. Mass balances can be used to predict 

mass and compositions of unmeasured streams [26, 121]. This chapter will therefore use the 

construction of mass balances to explore the idea of refining the prescribed methods (tier 3).  

The literature study and methodology, describing the steps when constructing a mass balance, is 

presented in Section 3.2 and 3.3, respectively. Case studies are used to verify the methodology 

and illustrate a refined way to calculate FeCr CO2 emissions. 
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3.2 Literature study 

3.2.1 Preamble 

The literature study will provide information from which the methodology in Section 3.3 will be 

developed. The elements present within the streams entering and exiting a FeCr furnace will be 

rehashed in Section 3.2.2. A brief discussion of relevant statistical information will then be given 

in Section 3.2.3, while Section 3.2.4 will provide background information on mass balances and 

the construction thereof. The literature study will be concluded in Section 3.2.5. An illustration of 

the literature study section is given in Figure 3-1. 

 

Figure 3-1: Illustration of literature study conduction (Section 3.2) 

3.2.2 Compositions and elements present 

Various reactions take place in a FeCr furnace which cause the FeCr product to be formed. 

The most significant reactions include the following [3, 13, 14, 50]: 

Cr2O3 + 3C → 2Cr + 3CO Equation 3-1: Reduction of chromium oxide 

FeO + C → Fe + CO Equation 3-2: Reduction of iron oxide 

SiO2 + 2C → Si + 2CO Equation 3-3: Reduction of silicon dioxide 

H2O + C → H2 + CO Equation 3-4: Water gas equilibrium reaction 

CO2 + C → 2CO Equation 3-5: Boudouard reaction 

CaCO3  → CaO + CO2 Equation 3-6: Decomposition of calcium carbonate 

From these reactions it can be assumed that the prominent elements present in the FeCr furnace 

are the following: Fe (iron), Cr (chrome), Si (silicon), C (carbon), O (oxygen), H (hydrogen), and 

Ca (calcium). 
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Section 2.2.4 briefly discussed the compositions of all streams at a general FeCr furnace.  

The typical compositions of inlet and outlet streams were converted to element-based 

compositions by using the molecular weight of each formula and element (Appendix B:  

Equation B-1 and Equation B-2). Table 2-4 only provided the typical carbon content of each 

material (which was required by the prescribed CO2 emission quantification methods).  

Since mass balances of all elements entering and exiting a FeCr furnace will be investigated in 

this chapter, it is important to know the total composition (all elements) of the streams. Table 3-1 

therefore provides an updated version of Table 2-4, and gives the total mass composition for 

streams entering and exiting a FeCr furnace (element-based) [7, 14, 15, 123, 124, 125, 126, 127, 

128, 129]: 

Table 3-1: Typical compositions for all streams of a FeCr furnace (element-based) 

Material 
Chemical elements 

Fe Cr Si C Al O Ca Mg H N S 

Cr ore 17.5% 34.2% 2.3% - 5.2% 34.6% 0.7% 5.4% - - - 

Anthracite - - - 88.9% - 2.3% - - 3.4% 1.6% 0.8% 

Char - - - 77.8% - 21.1% - - 0.3% 0.7% - 

Coke - - - 89.0% - - - - 3.6% 1.6% 5.0% 

Dolomite - - 0% 13% - 52% 22% 13% - - - 

Limestone - - 0% 12% - 48% 40% 0% - - - 

Quartz - - 47% - - 53% 0% 0% - - - 

Burnt lime - - 0% - - 29% 71% 0% - - - 

FeCr met 33.8% 56.7% 2.3% 7.2% - - - - - - - 

Slag 8.3% 12.7% 10.8% - 12.8% 41.3% 2.1% 11.9% - - - 

Off-gas - - - 
28 - 

47% 
- 

44 - 

74% 
- - 

0.2 - 

1% 

2 - 

7% 
- 

*Off-gas composition was converted from volume to mass % by Equation B-5 in Appendix B. 

The theoretical elements from the reactions within the furnace (Equation 3-1 to Equation 3-6) are 

confirmed by elements present in the streams (Table 3-1). Thus, the typical elements present 

within the FeCr furnace are the following: Fe (iron), Cr (chrome), Si (silicon), C (carbon),  

Al (aluminium), O (oxygen), Ca (calcium), Mg (magnesium), H (hydrogen), N (nitrogen) and S 

(sulphur). The compositional values from Table 3-1, together with mass measurements, may be 

used in mass balance calculations if no composition data is available from site. 

  



A critical analysis of emission quantification methods in the ferrochrome industry 

Chapter 3 | REFINEMENT OF PRESCRIBED METHODS 48 

 

Reductant analyses 

The anthracite, char and coke analyses from Table 3-1 were obtained by using the ultimate analysis 

of these reductants (or coals) from literature. It is, however, confirmed that an ultimate analysis is 

done on a dry-ash-free (d.a.f.) basis, meaning that the analysis does not account for the ash or 

moisture within the coals [134, 135]. It therefore only includes the influence of volatiles and fixed 

carbon. The ultimate analysis (%C, %H, %O, %N, %S), together with the percentage ash and 

moisture from the proximate analysis, forms a total of 100%, expressed as a mass percentage. 

Since the ultimate analysis does not account for all the elements present in the coal (not 

representative of entire coal batch entering the furnace), it cannot be used when performing an 

elemental mass balance over a furnace. According to industry experts4, it is also not possible to 

determine the elemental composition from the proximate analysis, unless more in-depth 

knowledge about the coals is available. 

Data collected from the Coal and Mineral Services division [136] includes coal samples from 

across the country from different provinces and coal fields (Table C-1). Three types of analyses, 

amongst others, were performed on these coals, namely: 1) proximate analysis (fixed carbon, 

volatile matter, ash and moisture); 2) ultimate analysis (C, H, O, N and S); and 3) ash analysis 

(SiO2, Al2O3, Fe2O3, P2O5, TiO2, CaO, MgO, K2O, Na2O, SO3).   

In order to estimate the total elemental composition (TEC) of coal, all three analyses could 

possibly be used together to develop an approach to estimate this composition. Equation 3-7 shows 

the assumed formula to determine the content of a certain element (𝑋∗) within the coal: 

𝑋∗  =  𝑋𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒  + 𝑋𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒  +  𝑋𝑎𝑠ℎ 

Equation 3-7: Determining the total content of element X in coal 

Where: 

𝑋∗ = Total amount of element 𝑋 in a certain raw coal, in percentage (%) 

𝑋𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 = Amount of 𝑋 present within the fixed carbon and volatiles of a certain raw coal  

 (obtained by the ultimate analysis), in percentage (%) 

𝑋𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = Amount of 𝑋 present within the moisture of a certain raw coal, in percentage (%) 

𝑋𝑎𝑠ℎ = Amount of 𝑋 present within the ash of a certain raw coal, in percentage (%) 

                                                 

4 Rosemary Falcon - Personal correspondence (27 Jul 2018) 
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Equation 3-7 is also illustrated by Figure 3-2: 

 

Figure 3-2: Determining the total content of element X in coal 

Each “part” of the coal – fixed carbon, volatile matter, moisture and ash (obtained by proximate 

analysis) – consists of different elements (x, y, z, etc.). All the “X” elements in each part of the 

coal must be added to determine the total number of “X” elements within the coal. The elemental 

analysis of the fixed carbon (FC) and volatile matter (VM) is given by the ultimate analysis  

[134, 135]. The elemental analysis of the moisture is assumed to be 11.2% H and 88.8% O 

(according to the molar weights of the elements present; assuming that moisture is pure H2O – see 

Table C-6), while the elemental analysis of the ash is given by the ash analysis [137]. 

It should be noted, however, that the ash analysis is done in the presence of excess oxygen and 

other elements (after the moisture, volatiles and fixed carbon have been driven off), which is not 

necessarily present in the raw ash of the coal [138]. The elements from the ash analyses (Si, Al, 

Fe, P, Ti, Ca, Mg, K, Na, S) are expressed as oxides, but may initially exist as a different compound 

in the raw coal ash, e.g. Fe may exist as FeS2 (pyrite), but is expressed as SiO2 and Fe2O3 in the 

ash analysis. The elemental composition of the raw ash can therefore unfortunately not be 

determined accurately by the ash analysis.  

Due to this limitation, the elements from the ash analysis will be regarded as “trace elements”. 

Depending on the magnitude of the ash content of the coal, these assumptions may result in less 

accurate estimations when the mass balances are constructed. A detailed description of the 

development of this approach is, however, given in Appendix C.  

The elements from the ultimate analysis will be adjusted where applicable (to account for 

moisture). Equation 3-8 to Equation 3-13 illustrate the estimation of the total elemental 
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composition (excluding the ash, which is assumed to consist of 100% trace elements) of coal 

concerning specific elements present in the volatiles, fixed carbon and moisture: C, H, O, N, S. 

%𝐶∗ = %𝐶𝑢𝑙𝑡 Equation 3-8: TEC of coal (C) 

%𝐻∗ = %𝐻𝑢𝑙𝑡 + %𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒𝑝𝑟𝑜𝑥 × 0.112 Equation 3-9: TEC of coal (H) 

%𝑂∗ = %𝑂𝑢𝑙𝑡 + %𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒𝑝𝑟𝑜𝑥 × 0.889 Equation 3-10: TEC of coal (O) 

%𝑁∗ = %𝑁𝑢𝑙𝑡 Equation 3-11: TEC of coal (N) 

%𝑆∗ = %𝑆𝑢𝑙𝑡 Equation 3-12: TEC of coal (S) 

%𝑇𝑟𝑎𝑐𝑒∗ = %𝐴𝑠ℎ𝑝𝑟𝑜𝑥 Equation 3-13: TEC of coal (trace) 

Where “*” refers to the elements from the newly-developed approach (total elemental composition 

[TEC] analysis) and “Trace” refers to all elements present from the ash analysis (Si, Al, Fe, P, Ti, 

Ca, Mg, K, Na). Subscripts “ult”, “prox” and “ash” refer to the three types of analyses from where 

the composition values can be found. Note that the parameters %𝐶𝑢𝑙𝑡, %𝐻𝑢𝑙𝑡, %𝑂𝑢𝑙𝑡, %𝑁𝑢𝑙𝑡 and 

%𝑆𝑢𝑙𝑡 must first be converted to add to a total of [100% − 𝑎𝑠ℎ − 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒], in order for the final 

calculated TEC elements (*) to be: %𝐶∗ + %𝐻∗ + %𝑂∗ + %𝑁∗ + %𝑆∗ + %𝑇𝑟𝑎𝑐𝑒∗ = 100%. 

Table C-2 (Appendix C) provides the final results of the approach applied. 

After a detailed evaluation of the composition of coal, it is evident that the typical elements present 

within the FeCr furnace are the following: Fe (iron), Cr (chrome), Si (silicon), C (carbon), Al 

(aluminium), O (oxygen), Ca (calcium), Mg (magnesium), H (hydrogen), N (nitrogen) and S 

(sulphur), as well as some trace elements in the form of P (phosphorus), Ti (titanium), K 

(potassium) and Na (sodium). This section provided information on compositions and elements 

within the FeCr process, and is illustrated in Figure 3-3 (highlighted yellow blocks). 

 

Figure 3-3: Illustration of literature study conduction (Section 3.2.2) 
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3.2.3 Statistical concepts 

In order to perform an elemental mass balance over the furnace, the mass of each stream must be 

assigned to a corresponding composition. It is found that there are not necessarily compositional 

analyses done on a daily basis, even though the specific material is consumed by the furnace every 

day. Another constraint is the uncertainty of when or where the analyses were done. If the raw 

material samples were analysed upon arrival/delivery, the material could have been stored in silos 

or stockpiles for an undefined period, creating a buffer capacity between the time of analysis and 

the time of batching to the furnace. 

Due to these constraints, it is not possible to match each day’s batching mass with its 

corresponding composition. It is therefore necessary to use a representative average of the data to 

account for any data losses and buffer capacities. A brief research discussion on some relevant 

statistical concepts will therefore follow. 

Mean value (μ) 

The mean, or average, is the sum of the observed values in a dataset divided by the number of 

values in the dataset [139, 140]. The equation used to calculate the mean value of a dataset is given 

by Equation 3-14. 

𝜇 =
1

𝑛
 ×  ∑ 𝑎𝑖

𝑛

𝑖=1

 Equation 3-14: Mean (or average) value 

Where: 

𝑛  = Number of values in the dataset 

∑ 𝑎𝑖
𝑛
𝑖=1  = Sum of all values in the dataset 

Standard deviation (σ) 

The standard deviation quantifies how concentrated the data is around the mean of the dataset.  

A large standard deviation implies that the data is less concentrated around the mean, and more 

spread out [141]. The equation used to calculate the standard deviation of a dataset is given by 

Equation 3-15. 

σ = √
∑(𝑥 − x̄)2

𝑛
 Equation 3-15: Standard deviation 
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Where: 

𝑛 = Number of values in the dataset 

𝑥 = Each value in the dataset 

x̄ = Average of the dataset 

Normal distribution 

If a large set of data is available for a certain measurement over a period of time, and it is required 

to use these values as one constant average value, there are certain things to keep in mind.  

A “normal distribution”, also known as a “bell curve”, is the distribution of data which occurs 

naturally in various situations [142, 143]. It is a frequency plot which is symmetrically distributed 

around the mean (μ) controlled by the standard deviation (σ) and resembling the shape of a bell. 

A normal distribution plot is shown in Figure 3-4 [144]. 

 

Figure 3-4: A typical normal distribution curve 

The empirical rule (or the 68-95-99.7 rule) states the percentage of data which falls within a certain 

range for any normally distributed data [145]: 

- 68% of the data will fall within one standard deviation (±σ) of the mean (μ) 

- 95% of the data will fall within two standard deviations (±2σ) of the mean (μ) 

- 99.7% of the data will fall within three standard deviations (±3σ) of the mean (μ) 

If these rules apply to a dataset, the data is considered to be normally distributed. The three 

statements in this rule are illustrated in Figure 3-5. 
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Figure 3-5: The empirical rule 

If the data is considered to be normally distributed, it is highly likely that the mean, median and 

modus are all equal, and that the mean calculated from the dataset is representative [142]. 

This section provided information on relevant statistical concepts, which would aid in using a 

representative average of the data to account for any data losses and buffer capacities. The outline 

of this section is illustrated by the yellow highlighted blocks in Figure 3-6. 

 

Figure 3-6: Illustration of literature study conduction (Section 3.2.3) 
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3.2.4 Mass balance research  

The tier 3 calculation method is based on a basic mass balance approach. It is necessary to research 

the fundamentals of a mass balance method, and explore the application of mass balances on metal 

smelting furnace operations. 

Background 

A basic mass, or material balance, is based on the law of conservation of mass, which states that 

mass cannot be created or destroyed. A mass balance uses the principle of “mass in equals mass 

out” of a system in steady-state. Mass balances are generally used to solve the unknown mass 

flowrates and compositions of streams [146]. 

A material balance can be performed on the total mass entering and exiting the FeCr furnace, but 

is also based on the individual chemical elements. These two different approaches are shown in 

Figure 3-7, followed by Equation 3-16 and Equation 3-17, respectively: 

 

Figure 3-7: Illustrating a basic mass balance over a FeCr furnace 

𝑀𝑜𝑟𝑒 + 𝑀𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡 + 𝑀𝑓𝑙𝑢𝑥 = 𝑀𝐹𝑒𝐶𝑟 + 𝑀𝑠𝑙𝑎𝑔 + 𝑀𝑜𝑓𝑓−𝑔𝑎𝑠 Equation 3-16: Overall mass balance 

∑(𝑀𝑋𝑖𝑛
) = ∑(𝑀𝑋𝑜𝑢𝑡

) Equation 3-17: Elemental mass balance 

 

Where “M” represents the total mass of a certain stream or element, and “X” refers to a certain 

chemical element.  
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Mass balances over a furnace 

Even though literature for FeCr furnace mass balances is limited, a considerable amount of 

literature was found for mass balances over a blast furnace (steel-making). 

Ruuska et al. [147] conducted a study on mass-balance-based multivariable modelling of a basic 

oxygen furnace (BOF). This was done to find practices for further improving the efficiency and 

controllability of the oxygen steelmaking. Various input and output streams are present at the BOF 

and the mass, and composition of these streams are essential to conducting a mass balance. 

A study done by Bhattacharya & Muthusamy [148] focused on developing static heat-energy 

balance mathematical models for an iron-blast furnace. For one to prepare an accurate heat 

balance, a proper mass balance around the furnace is the first step. In order for this to be done, 

every material entering and exiting the furnace was evaluated, and the respective elemental 

compositions were calculated. All the major components and reactions of an iron blast furnace 

have been included in the study to accurately complete the mass, and ultimately heat balances. 

Mandal et al. [149] evaluated a steady-state thermal and material balance model for an 

iron-making blast furnace and validated it with operational data. For the main reason to predict 

the off-gas composition and the raw material consumption, as well as an overall heat balance, a 

mathematical model has been developed over the blast furnace. The following relevant 

assumptions were made in the development of this input-output model (mass-balance): 

- The process of iron making is done under steady state, i.e. mass in = mass out. 

- The less prominent reactions, e.g. between N2 and O2 (to form NO), or N2 and H2 (to form 

NH3), have been ignored. 

- The composition of similar reductant was assumed to be equal. 

- Oxides of aluminium (i.e. Al2O3) in the fluxes do not take part in any chemical reactions, 

and therefore remain unchanged in the slag phase. 

The last assumption is confirmed by a study from the University of Technology of Iraq [150], 

stating that the total amount of CaO, MgO and Al2O3 will end up in the slag, unchanged.  

According to Biermann et al. [26], a mass balance over a furnace would require a complete 

elemental analysis of all the input and output streams. The influence of raw material pre-treatments 

(such as pre-heating, drying, or pelletising) must also be considered. It is, once again, stated that 

all the CaO, MgO, and Al2O3 present in the feed (usually only through fluxes) can be assumed to 

report to the slag. 
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Another assumption that can be made is that the excess carbon and sulphur not forming part of the 

metal product will exit the furnace as part of the off-gas stream in the form of CO, CO2 or SO2. 

Moisture present amongst the raw materials will also exit as off-gas, along with all the N2 within 

the system [26].  

This section ultimately focussed on gathering information on mass balances, and the 

application of mass balances on metal-smelting furnace operations specifically.  

This is illustrated by the section layout (Section 3.2) in Figure 3-8. 

 

Figure 3-8: Illustration of literature study conduction (Section 3.2.4) 
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3.2.5 Research summary 

The literature study provided information on relevant areas in order to gain knowledge for 

constructing a mass balance over a FeCr furnace. Based on the research done in Section 3.2, a list 

of assumptions is made (Table 3-2, below). 

Table 3-2: List of assumptions 

Assumption: Reference: 

Streams and elements  

1 
Ore, reductant, and fluxes enter a FeCr furnace, while FeCr product, slag, and off-gas exit the 

furnace; these streams consist of certain elements (see Table 3-1 for compositions). 

[7, 14, 15]; 

[107 - 113] 

2 Slag production is accurately calculated through a slag-to-metal ratio. [130]  

3 All mass and composition data from site is measured, transferred, stored, processed correctly. [77] 

FeCr process  

4 

Monthly data resolution will encapsulate the total process of FeCr production (from raw 

materials batched until FeCr mass produced)  

[Assumed since some data is only obtained in monthly resolution.] 

N/A 

5 

Composition of raw materials will remain constant from the sampling point until batching.  

[Assumed since raw materials may experience rainy or warm weather conditions after 

sampling, which may influence the analysis.] 

N/A 

6 

For a normal distributed dataset, an annual constant composition is representative and will 

have no major effect on the results: 

 - If compositions of feed materials are measured, an unknown buffer capacity (e.g. 

stockpiles) exist until batched 

 - Sometimes compositions are not available consistently, i.e. a constant average must be used. 

[142, 143, 

144] 

FeCr furnace and reactions  

7 FeCr production is a steady state process, i.e. mass in = mass out. [149] 

8 No material (carbon) from the furnace electrodes will react within and exit the system.  

9 No air is accounted for in MB calculations, since the amount of air in the system is unknown. [149] 

10 
Oxides of aluminium (i.e. Al2O3) in the feed do not take part in any chemical reactions, and 

therefore remain unchanged in the slag phase. 
[149, 150]  

11 All carbon atoms present in the furnace off-gas will eventually be converted to CO2. [16] 

12 
Excess carbon and sulphur not forming part of the metal product will exit the furnace as part 

of the off-gas stream, in the form of CO, CO2 or SO2.  
[26] 

13 Moisture present amongst the raw materials will exit as off-gas, with all N2 within the system. [26] 

Coal / ash analysis  

14 Fixed carbon + volatile matter + moisture + ash content = 100% of the coal sample weight. [133] 

15 Ultimate analysis + moisture + ash content = 100% total coal [134, 135] 

16 Ash analysis cannot be used for actual elements in raw ash (due to analysis process) [138] 

17 
Bulletin coal data received is representative per each coal field, and coals from the same coal 

field will not vary significantly in composition. 
[136] 

18 
The elements from the ash analysis will be regarded as “trace elements”, while the oxides 

from the ash analysis will not be considered as part of the original raw coal ash. 
N/A 

19 
The TEC of different coal samples (Equation 3-8 to Equation 3-13) account for the major 

elements within the coal and is sufficient for the applications of this study. 
N/A 

20 All raw materials are wet when sampled for analyses, and when entering the furnace. N/A 
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3.3 Methodology  

3.3.1 Preamble 

Section 1.3 noted that the prescribed CO2 quantification methods are not necessarily accurate and 

that there is a need to refine these prescribed methods and investigate the potential for 

improvement. Section 3.2 reviewed the relevant literature needed do to a proper furnace system 

evaluation and conduct a detailed mass balance in order to estimate the CO2 emissions from the 

furnace. The knowledge gained during this literature study was used for a generic approach to be 

developed on the construction of a detailed mass balance. 

The approach developed (illustrated in Figure 3-9) includes seven main steps (purple block), 

whereas the first three steps correspond with the first three steps from the previous chapter 

(Section 2.3), indicated in the grey. The four newly added steps include assigning the compositions 

to its corresponding mass measurements, and constructing the mass balances (blue block), which 

is done in three different stages. This approach will be discussed in detail in Sections 3.3.2 to 3.3.7. 

 

Figure 3-9: Approach to construct a detailed mass balance (MB) over a FeCr furnace 

3.3.2 First three steps from Chapter 2 

List of assumptions and information required 

Listing the assumptions and requirements is an important step in preparing for all proceeding 

calculations to be done. In Chapter 2, a list of assumptions was constructed, based on knowledge 

gained from literature. This list is updated with relevant information obtained from Section 3.2, 

and is presented as Table 3-2 at the end of Section 3.2. The required information simply include 

all available mass and composition data (input and output streams), as discussed in Section 3.2.2. 

Collection of information, layouts and data 

The collection step involves obtaining layouts of the furnace, the relevant points of measurement 

indicated on layouts, as well as the corresponding mass and composition data for the evaluation 

period. See Section 2.3.3 for more detail regarding this step. 
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Data quality evaluation 

When evaluating a FeCr furnace and preparing to conduct a mass balance, a significant amount of 

data needs to be collected, processed, and analysed. Thorough data evaluation is therefore 

necessary. To obtain more details regarding this step, see Section 2.2.5. 

3.3.3 Assign compositions to mass data 

After the relevant data is collected and evaluated, the next step is to assign the correct compositions 

to their corresponding mass parameters. These compositions refer to the total elemental 

composition (TEC) of all streams entering and exiting the furnace (ore, reductant flux, FeCr metal 

product, and slag). Note that this step is only applicable when data from site is available, otherwise 

literature values should be assumed. The assignment of compositions to mass measurements 

consists of three sub-steps, namely Step 1: Estimate the total elemental composition of reductants, 

Step 2: Determine representative composition value, Step 3: Apply formula to calculate mass of 

all elements. This step, with its three sub-steps, are illustrated in Figure 3-10. 

 

Figure 3-10: Approach to construct a detailed MB over a FeCr furnace (assignment step) 

Step 1: Estimate the total elemental composition of reductants 

From literature, compositions of the ore, flux, product and slag are often available, and give the 

mass percentage of each element present in the material. The reductant, however, can be analysed 

in various ways: proximate, ultimate and ash analysis (discussed in Section 3.2.2). From the 

calculations done in Section 3.2.2 and Appendix C, a simple two-step guide is constructed to aid 

in estimating the TEC of the specific reductants entering the furnace: 
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a) Choosing the relevant table to work from: 

When reductant data is obtained from site, the description of the reductant is also usually given. 

Table 3-3 gives the relevant table to use, based on what information is known regarding the coal 

specifications. 

Table 3-3: Indication of table to be used based on coal specifications known  

Coal specifications known Table to be used 

Coal type and specific coal field is known Table C-3 

Coal type and province of origin is known Table C-4 

Only coal type is known Table C-5 

The outcome of this step is to choose one of the tables (Table C-3, Table C-4 or Table C-5), which 

can be located in Appendix C. 

b) Use variables to calculate the TEC based on available data  

Table 3-4 gives information on how to determine the TEC based on the information available. 

Table 3-4: Indication on how to estimate the TEC of reductant 

Reductant analysis data 

available from site or supplier 
Variables to use to determine TEC of reductant 

Proximate analysis 
Use ultimate analysis data from the table chosen in Step 1, 

together with the specific proximate analysis data from site. 

Ultimate analysis 
Use proximate analysis data from the table chosen in Step 1, 

together with the specific ultimate analysis data from site. 

Proximate -; ultimate analysis Use the specific proximate and ultimate analysis data from site. 

After this step, the variables to be used to estimate the TEC of the reductant material will be 

established, and can be plugged into Equation 3-8 to Equation 3-13 (Section 3.2.2) for the 

respective elements. 

Step 2: Determine a representative composition value 

The chemical compositions of all materials are known either from literature, or from site (data 

obtained). Figure 3-11 shows an example of composition data collected from site. It represents the 

data for a specific element (X) present in one of the material feed streams (Y) over a period of 

time, given in daily resolution. 
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Figure 3-11: Composition data of material Y  

It can be seen that there are some gaps in the data obtained and that there were no compositional 

analyses done every day necessarily, even though material Y was consumed every day. Another 

constraint in the credibility of this high-resolution data, is the fact that it is uncertain of when or 

where these analyses were done. If these raw material samples were analysed upon 

arrival/delivery, the material could have been stored in silos or stockpiles for an undefined period, 

creating a buffer capacity between the time of analysis and the time of batching to the furnace. 

Due to these constraints, it is not possible to match each day’s batching mass with its 

corresponding composition. It is therefore necessary to use a representative average of the data to 

account for any data losses and buffer capacities. Figure 3-12 illustrates an average (μ) of the 

dataset, calculated by Equation 3-14. 

 

Figure 3-12: Composition data of material Y with average value  

In order to determine whether this average value is representative of the dataset, it is necessary to 

evaluate the dataset. A standard deviation (σ) must be determined (see Equation 3-15) before a 
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two-standard deviation band width can be plotted onto the raw composition. This is shown in 

Figure 3-13. 

 

Figure 3-13: Composition data of material Y, average, and two standard deviations width 

The dataset can then be tested for a “normal distribution”, stating that more than 95% of the data 

will fall between -2σ and 2σ from the mean. If the dataset adheres to this rule, the data is assumed 

to be normally distributed and that the mean, median and modus are all equal. The average value 

(μ) calculated earlier is therefore assumed to be representative of the dataset and can be used as a 

constant average value.  

Step 3: Determine mass of elements 

Depending on the desired data resolution, the mass of each element in the furnace will be 

calculated by multiplying the composition (%) with the relevant mass, e.g.: 

𝑀𝑋 𝑖𝑛 𝑌 = 𝑀𝑌 × 𝐶𝑋 𝑖𝑛 𝑌 Equation 3-18: Determining mass of element X in material Y 

Where, 

𝑀𝑋 𝑖𝑛 𝑌 = Mass of element X present within material Y (to be calculated) 

𝑀𝑌  = Total mass of material Y  

𝐶𝑋 𝑖𝑛 𝑌 = Composition percentage of element X present within material Y 

After the mass of each element is calculated, the final step of the methodology presented in 

Figure 3-9 can be discussed. 
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3.3.4 Construct mass balances 

The construction of the mass balances will take place over three stages: Mass balance based on 

literature (Section 3.3.5), mass balance based on measurements (Section 3.3.6), and the advanced 

mass balance (Section 3.3.7). Each one of these three mass balances will consist of six steps, 

namely Step 1: Estimate slag mass, Step 2: Estimate off-gas mass, Step 3: Collect elemental 

compositions, Step 4: Determine mass of elements, Step 5: Estimate CO2 emissions and Step 6: 

Calculate MB error. This is illustrated in Figure 3-14. 

 

Figure 3-14: Approach to construct a detailed MB over a FeCr furnace (mass balance step) 

Figure 3-15 shows a basic FeCr furnace layout with the relevant input and output streams. 

 

Figure 3-15: Basic FeCr furnace layout with input- and output stream POM 
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Figure 3-15 illustrates that the mass of the ore, reductant, fluxes and FeCr product are measured 

and known on site. The slag mass, however, is calculated by means of a slag-to-metal ratio, which 

is sampled irregularly, and not necessarily accurately. The off-gas mass is not measured. This 

layout will be used as basis for all mass balances to follow in the methodology section:  

Mass balance based on literature (Section 3.3.5), mass balance based on measurements  

(Section 3.3.6), and advanced mass balance (Section 3.3.7). Each one of the mass balances will be 

done by means of the six steps referred to in Figure 3-14. 

3.3.5 Mass balance based on literature (MB1) 

This first mass balance is based on assumptions of data/information from literature. Suppose the 

furnace is batched with 600 kg ore, 150 kg reductant (anthracite) and 100 kg fluxes (quartz), and 

it produces 280 kg FeCr metal product. Note that these measurements are not representative of a 

specific time period, and were chosen to simply illustrate the calculations that follow. The values 

used were randomly chosen to ease the illustration of the calculations. The mass values of the 

different streams are, however, within an operational/real-world ratio with one another.  

Step 1: Estimate slag mass 

An overall mass balance must be constructed in order to calculate the mass of the off-gas exiting 

the furnace. A constant slag-to-metal ratio is firstly assumed from literature (usually between 1.1 

and 1.8 tonnes of slag produced per tonne of metal [130]) to calculate the slag mass.  

A slag-to-metal ratio of 1.45 is assumed (average of the values suggested by literature).  

Equation 3-19 illustrates the quantification of the slag mass through a slag-to-metal ratio. 

𝑀𝑠𝑙𝑎𝑔 (𝑘𝑔) = 𝑆𝑙𝑎𝑔 𝑡𝑜 𝑚𝑒𝑡𝑎𝑙 𝑟𝑎𝑡𝑖𝑜 × 𝑀𝐹𝑒𝐶𝑟 Equation 3-19: Determining slag mass 

                    = 1.45 (
𝑘𝑔 𝑠𝑙𝑎𝑔

𝑘𝑔 𝐹𝑒𝐶𝑟
) × 280 𝑘𝑔 𝐹𝑒𝐶𝑟   

                       = 𝟒𝟎𝟔 𝒌𝒈 slag produced  

Step 2: Estimate off-gas mass 

Hereafter, an overall mass balance is done to estimate the off-gas mass by using Equation 3-16.  

𝑀𝑜𝑟𝑒 + 𝑀𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡 + 𝑀𝑓𝑙𝑢𝑥 = 𝑀𝐹𝑒𝐶𝑟 + 𝑀𝑠𝑙𝑎𝑔 + 𝑀𝑜𝑓𝑓−𝑔𝑎𝑠 

𝑀𝑜𝑓𝑓−𝑔𝑎𝑠 = 𝑀𝑜𝑟𝑒 + 𝑀𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡 + 𝑀𝑓𝑙𝑢𝑥 − 𝑀𝐹𝑒𝐶𝑟 − 𝑀𝑠𝑙𝑎𝑔 

                   = 600 𝑘𝑔 + 150 𝑘𝑔 + 100 𝑘𝑔 − 280 𝑘𝑔 − 406 𝑘𝑔 

                   = 𝟏𝟔𝟒 𝒌𝒈 off-gas emitted 
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Step 3 and 4: Collect elemental compositions and determine mass of elements 

For the first mass balance, all compositions used will be assumed from literature (as from  

Table 3-1). Figure 3-16 shows how this table is used to calculate the mass of each element present 

in the furnace by applying Equation 3-18. 

 

Figure 3-16: Translating elemental compositions to elemental mass 

Figure 3-16 highlights the translation of the elemental composition of the chrome ore specifically 

to the actual mass of each individual element present. The same process (Equation 3-18) is 

followed to estimate the elemental masses of all streams highlighted by this figure (anthracite, 

quartz, FeCr product, slag and off-gas). These results are given in Table 3-5.  

Table 3-5: Elemental mass of input and output streams 

Material Fe Cr Si C Al O Ca Mg H N S Trace 

Cr ore 105.0 205.3 14.0 - 31.2 207.9 4.3 32.4 - - - 0.0 

Anthracite - 0.0 0.0 133.4 - 3.5 - - 5.1 2.3 1.2 4.5 

Quartz - 0.0 46.7 - - 53.3 0.0 0.0 - - - 0.0 

FeCr met 94.6 158.8 6.4 20.2 - - - - - - - 0.0 

Slag 33.6 51.7 44.0 - 52.1 167.6 8.6 48.3 - - - 0.0 

Off-gas - - - 62.7 - 93.2 - - 0.8 7.2 - 0.0 

Step 5: Estimate CO2 emissions 

The amount of CO2 emitted is assumed to be the amount of carbon in the off-gas stream x 44/12 

(all C-atoms will eventually be converted to CO2, according to assumption number 11 [Section 

2.2: Table 3-2]).  CO2 emissions (kg) = 62.7 kg (yellow cell) × 44/12 = 230 kg CO2. Once the 

elemental mass of all streams is known, Equation 3-17 can be applied to perform a mass balance 

on every element present in the furnace in order to calculate the error of the first mass balance 

(mass balance based on literature). This is done to verify the 230 kg CO2 result. 
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Step 6: Calculate MB error 

Since all the input and output elements are already known (Table 3-5), Equation 3-17 will only be 

used as a check from which an error equation will be developed. Equation 3-17 states that 

ƩXin = ƩXout, meaning that the sum of all “X” elements entering the furnace must be equal to all 

the “X” elements exiting the furnace. If the element Cr is used as an example, the total Cr elements 

in must be equal to the total Cr elements out: 

𝑀𝐶𝑟(𝑖𝑛) = 𝐶𝑟(𝑜𝑟𝑒) + 𝐶𝑟(𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡) + 𝐶𝑟(𝑓𝑙𝑢𝑥) = 205.3 𝑘𝑔 + 0 𝑘𝑔 + 0 𝑘𝑔 = 𝟐𝟎𝟓. 𝟑 𝒌𝒈 

𝑀𝐶𝑟(𝑜𝑢𝑡) = 𝐶𝑟(𝐹𝑒𝐶𝑟) + 𝐶𝑟(𝑠𝑙𝑎𝑔) + 𝐶𝑟(𝑜𝑓𝑓−𝑔𝑎𝑠) = 158.8 𝑘𝑔 + 51.7 𝑘𝑔 = 𝟐𝟏𝟎. 𝟓 𝒌𝒈 

Since these two values are not equal to one another (205.3 kg ≠ 210.5 kg), it is evident that an 

error exists. This error can be estimated by the following equation: 

𝐶𝑟𝑒𝑟𝑟𝑜𝑟 =
𝑀𝐶𝑟(𝑖𝑛)−𝑀𝐶𝑟(𝑜𝑢𝑡)

𝑀𝐶𝑟(𝑖𝑛)
× 100% =

205.3−210.5

205.3
× 100% = 𝟐. 𝟓% , or  

  

𝑋𝑒𝑟𝑟𝑜𝑟 =
𝑀𝑋(𝑖𝑛) − 𝑀𝑋(𝑜𝑢𝑡)

𝑀𝑋(𝑖𝑛)
× 100% Equation 3-20: Elemental (“X”) balance error 

 

After Equation 3-20 is applied to all elements, the following results are obtained (Table 3-6). 

Table 3-6: Elemental balance error results 

  Fe Cr Si C Al O Ca Mg H N S Trace 

Total X_in 105.0 205.3 60.7 133.4 31.2 264.7 4.3 32.4 5.1 2.3 1.2 4.5 

Total X_out 128.3 210.5 50.5 82.9 52.1 260.8 8.6 48.3 0.8 7.2 0.0 0.0 

Error (%) 22% 2.5% 17% 38% 67% 1% 102% 49% 84% 210% 100% 100% 

All elemental errors can now be used together to find a total error of the mass balance (Literature 

mass balance). A weighted factor will be used to normalise each elemental error and determine 

the total representative error. The weighted factor is calculated by dividing the elemental input 

mass (205.3 kg, for e.g. Cr) by the total input mass (850 kg). Equation 3-21 shows how this error 

is calculated, followed by an example for the Cr error. 

 𝐸𝑟𝑟𝑜𝑟 (%) = ∑ (
𝑀𝑋(𝑖𝑛)

𝑀𝑇𝑜𝑡𝑎𝑙(𝑖𝑛)
× 𝐸𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑋𝑒𝑟𝑟𝑜𝑟) Equation 3-21: Total elemental balance error 

     𝐸𝑟𝑟𝑜𝑟𝐶𝑟 (%) =
205.3 𝑘𝑔

850 𝑘𝑔
× 2.5%  = 𝟎. 𝟔% 
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Equation 3-21 is applied to Table 3-6 and the results obtained are provided in Table 3-7. It is seen 

that the total Literature mass balance error is 17.5%. 

Table 3-7: Total elemental balance error results (literature MB) 

  Fe Cr Si C Al O Ca Mg H N S Trace 

Total X_in 105.0 205.3 60.7 133.4 31.2 264.7 4.3 32.4 5.1 2.3 1.2 4.5 

Total X_out 128.3 210.5 50.5 80.2 52.1 251.4 8.6 48.3 13.3 6.8 0.0 0.0 

Error (%) 22% 3% 17% 38% 67% 1% 102% 49% 84% 210% 100% 100% 

Total 

elemental 

balance 

error (%) 

2.7% 0.6% 1.2% 5.9% 2.5% 0.5% 0.5% 1.9% 0.5% 0.6% 0.1% 0.5% 

 

(2.7% + 0.6% + 1.2% + 5.9% + 2.5% + 0.5% + 0.5% + 1.9% + 0.5% + 0.6% + 0.1% + 0.5%) 

= 17.5% 

i.e. CO2 emissions = 230 kg ± 17.5% = 230 kg ± 40 kg 

Summary (MB1) 

The literature mass balance is based on assumptions of data/information from literature. The slag 

mass was determined through a constant slag-to-metal ratio (from literature), after which the off-

gas mass was determined. After this, the mass of each element entering and exiting the furnace 

could be calculated before the total elemental balance error was quantified. The CO2 emissions 

were calculated to be 230 kg ± 40 kg. A mass balance error of 17.5% is significant, and does not 

suggest good balancing. The details regarding the six steps followed for the first mass balance are 

shown in Figure 3-17. 

 

Figure 3-17: Six steps followed (Literature mass balance) 

A next stage will be developed (Mass balance based on measurements) in order to obtain a better 

mass / elemental balance error over the furnace. 
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3.3.6 Mass balance based on measurements (MB2) 

Where the first mass balance was based on assumptions of data/information from literature, the 

second is based on actual measurements from site. This means that for all the composition data 

assumed from literature in the previous mass balance (Table 3-1), these values will be substituted 

with actual, measured analysis composition values, where applicable. The same example will be 

used as with the previous mass balance, where the furnace is batched with 600 kg ore, 150 kg 

reductant (anthracite) and 100 kg fluxes (quartz), producing 280 kg FeCr metal product.  

Step 1: Estimate slag mass 

An overall mass balance must be constructed to calculate the mass of the off-gas exiting the 

furnace. Instead of assuming a constant slag-to-metal ratio from literature as with the first mass 

balance, the slag mass calculated by site personnel will be used, and assumed to be correct (even 

though slag mass is rarely measured, but rather calculated). Slag mass = 336 kg. 

Step 2: Estimate off-gas mass 

An overall mass balance can now be performed to estimate the off-gas mass (Equation 3-16).  

𝑀𝑜𝑟𝑒 + 𝑀𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡 + 𝑀𝑓𝑙𝑢𝑥 = 𝑀𝐹𝑒𝐶𝑟 + 𝑀𝑠𝑙𝑎𝑔 + 𝑀𝑜𝑓𝑓−𝑔𝑎𝑠 

𝑀𝑜𝑓𝑓−𝑔𝑎𝑠 = 𝑀𝑜𝑟𝑒 + 𝑀𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡 + 𝑀𝑓𝑙𝑢𝑥 − 𝑀𝐹𝑒𝐶𝑟 − 𝑀𝑠𝑙𝑎𝑔 

                   = 600 𝑘𝑔 + 150 𝑘𝑔 + 100 𝑘𝑔 − 280 𝑘𝑔 − 336 𝑘𝑔 

                   = 𝟐𝟑𝟒 𝒌𝒈 off-gas emitted 

Step 3 and 4: Collect elemental compositions and determine mass of elements 

The next steps allow for an elemental investigation where composition values will be taken from 

site-analysis data. Where no such data is available, literature values (from Table 3-1) will still be 

used. The data available is given in Table 3-8, where the only stream not analysed is the off-gas 

stream. The analysis values from literature will be assumed here, indicated in red text. 

Table 3-8: Elemental composition analysis per stream 

Material Fe Cr Si C Al O Ca Mg H N S Trace 

Cr ore 19.7 26.9 2.8 0.0 8.0 32.9 0.4 6.6 0.0 0.0 0.0 2.59 

Anthracite 0.0 0.0 0.0 77.1 0.0 5.1 0.0 0.0 3.1 1.8 0.9 12.05 

Quartz 0.2 0.0 46.0 0.0 0.5 53.0 0.1 0.1 0.0 0.0 0.0 0.09 

FeCr met 37.9 48.6 4.4 6.7 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.30 

Slag 3.5 6.2 13.7 0.0 15.1 42.8 3.9 12.7 0.0 0.0 0.2 1.86 

Off-gas - - - 38.3 - 56.8 - - 0.5 4.4 - - 
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Step 5 and 6: Estimate CO2 emissions and calculate MB error 

The steps followed and equations applied will be similar to that of the previous mass balance. 

After Equation 3-21 is applied in the final step, the elemental balance error results are obtained 

and provided in Table 3-9. It is seen that the total measured mass balance error is 10%. 

Table 3-9: Total elemental balance error results (measured MB) 

  Fe Cr Si C Al O Ca Mg H N S Trace 

Total X_in 118.5 161.4 62.9 115.7 48.8 258.1 2.4 39.7 4.6 2.7 1.5 33.7 

Total X_out 118.1 157.0 58.3 108.2 50.7 276.8 13.1 42.7 1.2 10.3 1.0 12.7 

Error (%) 0% 3% 7% 6% 4% 7% 446% 8% 74% 283% 35% 62% 

Total 

elemental 

balance 

error (%) 

0.1% 0.5% 0.5% 0.9% 0.2% 2.2% 1.3% 0.4% 0.4% 0.9% 0.1% 2.5% 

 

(0.1% + 0.5% + 0.5% + 0.9% + 0.2% + 2.2% + 1.3% + 0.4% + 0.4% + 0.9% + 0.1% + 2.5%) 

= 10% 

i.e. CO2 emissions = 328 kg ± 10.0% = 328 kg ± 33 kg 

Summary (MB2) 

The measured mass balance is based on actual composition data, which is measured on site or by 

the supplier. The slag mass was assumed to be correctly “measured”/determined on site, after 

which the off-gas mass was determined. After this, the mass of each element entering and exiting 

the furnace could be calculated before the total elemental balance error could be quantified. The 

CO2 emissions were calculated to be 328 kg ± 33 kg. The error value was determined as 10%, 

which shows a significant improvement from the previous MB (error = 17.5%). The details 

regarding the six steps followed for the second mass balance are shown in Figure 3-18. 

 

Figure 3-18: Six steps followed (Measured mass balance) 

A final phase will be developed (Advanced mass balance) in order to obtain an even better mass / 

elemental balance error over the furnace. 
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3.3.7 Advanced mass balance (MB3) 

Where the first and second mass balances were based on assumptions of data/information from 

literature, or actual measurements from site, the final mass balance will require more intuitive 

thinking, which will be based on FeCr knowledge obtained throughout this study. Once again, the 

furnace is batched with 600 kg ore, 150 kg reductant (anthracite) and 100 kg fluxes (quartz), and 

that it produces 280 kg FeCr metal product.  

Step 1: Estimate slag mass 

Firstly, a slag mass must be determined before the overall mass balance can be constructed to 

calculate the mass of the off-gas exiting the furnace. Instead of using the slag mass calculated by 

site personnel, the mass of the slag will be calculated in a different manner: 

As with assumption number 10 (from the list of assumptions at the end of Section 2.2: Table 3-2), 

it is stated that oxides of aluminium (Al2O3) in the feed do not take part in any chemical reactions, 

and therefore remain unchanged in the slag phase. Since the composition of all Al2O3-containing 

feed streams are known, the amount of Al2O3 entering the furnace can be calculated. The ore 

stream contains 15.19% Al2O3, whereas the quartz contain only 0.98%. Therefore, the total 

amount of Al2O3 entering the furnace is: 

𝑀𝐴𝑙2𝑂3(𝑖𝑛) = 𝑀𝐴𝑙2𝑂3𝑜𝑟𝑒
+ 𝑀𝐴𝑙2𝑂3𝑞𝑢𝑎𝑟𝑡𝑧

 

                    = (600 𝑘𝑔 𝑜𝑟𝑒 × 15.19% 𝐴𝑙2𝑂3) + (100 𝑘𝑔 𝑞𝑢𝑎𝑟𝑡𝑧 × 0.98% 𝐴𝑙2𝑂3) 

                    = (91.14 𝑘𝑔 𝐴𝑙2𝑂3) + (0.98 𝑘𝑔 𝐴𝑙2𝑂3) 

                    = 𝟗𝟐. 𝟏𝟐 𝒌𝒈 𝑨𝒍𝟐𝑶𝟑 

It is assumed that the total amount of Al2O3 entering the furnace will exit the furnace in the slag 

phase. The slag composition is also measured, containing 28.53% Al2O3. The slag mass can thus 

be calculated by dividing the total Al2O3 entering the furnace by the Al2O3 composition of the slag 

stream (equation): 

𝑀𝑠𝑙𝑎𝑔    =    
𝑀𝐴𝑙2𝑂3(𝑖𝑛)

𝐶𝐴𝑙2𝑂3𝑠𝑙𝑎𝑔

   Equation 3-22: Slag mass estimation from Al2O3 

𝑀𝑠𝑙𝑎𝑔       =    
92.12 𝑘𝑔 𝐴𝑙2𝑂3

28.53%
   =    𝟑𝟐𝟐. 𝟗 𝒌𝒈 𝒔𝒍𝒂𝒈 
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Step 2: Estimate off-gas mass 

The overall mass balance can now be performed to estimate the off-gas mass (Equation 3-16).  

𝑀𝑜𝑟𝑒 + 𝑀𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡 + 𝑀𝑓𝑙𝑢𝑥 = 𝑀𝐹𝑒𝐶𝑟 + 𝑀𝑠𝑙𝑎𝑔 + 𝑀𝑜𝑓𝑓−𝑔𝑎𝑠 

𝑀𝑜𝑓𝑓−𝑔𝑎𝑠 = 𝑀𝑜𝑟𝑒 + 𝑀𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡 + 𝑀𝑓𝑙𝑢𝑥 − 𝑀𝐹𝑒𝐶𝑟 − 𝑀𝑠𝑙𝑎𝑔 

                   = 600 𝑘𝑔 + 150 𝑘𝑔 + 100 𝑘𝑔 − 280 𝑘𝑔 − 322.9 𝑘𝑔 

                   = 𝟐𝟒𝟕 𝒌𝒈 off-gas emitted 

Step 3 and 4: Collect elemental compositions and determine mass of elements 

Since the off-gas is the only unmeasured stream (composition), this step allows for an elemental 

balance to quantify the off-gas composition. Equation 3-17 will be applied for all elements present 

in the off-gas (C, H, O, N, S) to determine its composition. Only carbon will be showcased: 

∑(𝑀𝐶𝑖𝑛
) = ∑(𝑀𝐶𝑜𝑢𝑡

) 

 

𝑀𝐶𝑜𝑓𝑓−𝑔𝑎𝑠
= (0) + (150 𝑘𝑔 × 77.1%) + (0) − (280 𝑘𝑔 × 6.7% ) − (0) 

𝑀𝐶𝑜𝑓𝑓−𝑔𝑎𝑠
= 𝟗𝟕 𝒌𝒈 C in off-gas 

The carbon composition of the off-gas is calculated by dividing the amount of carbon in the off-gas 

stream by the total amount of off-gas: 

𝐶𝐶𝑜𝑓𝑓−𝑔𝑎𝑠
  =   (

𝑀𝐶𝑜𝑓𝑓−𝑔𝑎𝑠

𝑀𝑜𝑓𝑓−𝑔𝑎𝑠
) × 100%   =   (

97 𝑘𝑔 𝐶

247 𝑘𝑔 𝑜𝑓𝑓−𝑔𝑎𝑠
) × 100%   =  𝟑𝟗% C in off-gas 

The calculations are repeated for H, O, N, S, and the following results are obtained (Table 3-10): 

Table 3-10: Off-gas composition analysis  

Stream Fe Cr Si C Al O Ca Mg H N S Trace 

Off-gas - - - 39.2 - 48.5 - - 1.9 1.1 0.2 - 

Step 5 and 6: Estimate CO2 emissions and calculate MB error 

The rest of the steps followed and equations applied will be similar to that of the previous mass 

balances. After Equation 3-21 is applied in the final step, the elemental balance error results are 

obtained and provided in Table 3-11. It is seen that the total advanced mass balance error is 2.8%. 
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Table 3-11: Total elemental balance error results (advanced MB) 

  Fe Cr Si C Al O Ca Mg H N S Trace 

Total X_in 118.5 161.4 62.9 115.7 48.8 258.1 2.4 39.7 4.6 2.7 1.5 33.7 

Total X_out 117.6 156.1 56.5 115.7 48.8 258.1 12.6 41.1 4.6 2.7 1.5 33.7 

Error (%) 1% 3% 10% 0% 0% 0% 425% 3% 0% 0% 0% 0% 

Total 

elemental 

balance 

error (%) 

0.1% 0.6% 0.7% 0.0% 0.0% 0.0% 1.2% 0.2% 0.0% 0.0% 0.0% 0.0% 

 

 

(0.1% + 0.6% + 0.7% + 0.0% + 0.0% + 0.0% + 1.2% + 0.2% + 0.0% + 0.0% + 0.0% + 0.0%) 

= 2.8% 

i.e. CO2 emissions = 356 kg ± 2.8% = 356 kg ± 10 kg 

 

Summary (MB3) 

The advanced mass balance calculated the slag mass by investigating the amount of Al2O3 in the 

feed and in the slag, after which the off-gas mass was determined. After this, the composition of 

the off-gas was determined and compared to literature. All elements entering and exiting the 

furnace were calculated before the total elemental balance error could be quantified. This error 

value was determined as 2.8%, which shows a significant decrease from the previous MB (10%). 

The details regarding the six steps followed for the third mass balance are shown in Figure 3-19. 

 

Figure 3-19: Six steps followed (Advanced mass balance) 

All three mass balance stages use methods, assumptions or calculations gained from literature.  

It is evident that, for this example furnace, the measured mass balance (error = 10.0%) gives 

more accurate results than the literature mass balance (error = 17.5%), while the advanced mass 

balance (error = 2.8%) give more accurate results than the measured mass balance (error = 

10.0%).  The CO2 emissions were calculated to be 356 kg ± 10 kg.  

This methodology will be simplified in the next section: “Methodology summary”. 
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3.3.8 Methodology summary 

An approach was developed to construct various mass balances around the FeCr in order to 

estimate the CO2 emissions in a more complex, yet more accurate manner. The three mass balance 

approaches evaluated included the literature mass balance, the measured mass balance and the 

advanced mass balance. The full strategy developed in Section 3.3 is based on the research done 

in Section 3.2, and is summarised in Figure 3-20. The details regarding the mass balance 

construction steps (blue block) are given in Table 3-12 on the next page. 

 

Figure 3-20: Summary of mass balance methodology 
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Table 3-12: Summary of steps for constructing the three mass balances 

Steps to be 

followed 

MB1: 

Literature 

MB2: 

Measurement 

MB3: 

Advanced 

Step 1: 

Estimate slag 

mass 

Assume slag:metal ratio 

from literature (1.45) 

Use slag:metal ratio 

from site (usually daily 

values) 

Al2O3 (in) = Al2O3 (out) 

Step 2: 

Estimate off-gas 

mass 

Apply overall MB Apply overall MB Apply overall MB 

Step 3: 

Collect 

compositions 

Assume all elemental 

compositions from 

literature 

Substitute assumed 

compositions with 

measured 

Use measured 

compositions only 

Step 4: 

Determine 

elements mass 

Determine mass of all 

elements per stream: 

MXinY = (MY) × (CXinY) 

Determine mass of all 

elements per stream: 

MXinY = (MY) × (CXinY) 

Determine mass of all 

elements  

a) measured 

b) unmeasured 

Step 5: 

Estimate CO2 

emissions 

Mass carbon (C) 

in off-gas × 44/12 

Mass carbon (C) 

in off-gas × 44/12 

Mass carbon (C) 

in off-gas × 44/12 

Step 6: 

Calculate MB 

error 

a) Error per element 

b) Weight per element 

c) Weighted error per 

element 

d) Sum of weighted 

errors 

a) Error per element 

b) Weight per element 

c) Weighted error per 

element 

d) Sum of weighted 

errors 

a) Error per element 

b) Weight per element 

c) Weighted error per 

element 

d) Sum of weighted 

errors 

In the next section, this approach will be used and applied to real-life FeCr furnaces (case studies). 

These case studies will illustrate each of the three mass balance stages (literature mass balance, 

measured mass balance, and advanced mass balance). 
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3.4 Case studies: Results and discussion 

3.4.1 Preamble 

The previous section presented a method to follow for constructing a mass balance over a FeCr 

furnace. This mass balance is done to calculate the CO2 emissions from the furnace as accurately 

as possible. Three detailed case studies (CS) will be used to showcase each one of the three mass 

balance stages: CS1) literature mass balance (Section 3.4.3), CS2) measured mass balance 

(Section 3.4.4), and CS3) advanced mass balance (Section 3.4.5).  

3.4.2 Case study background 

Information, the relevant points of measure and the corresponding mass and composition data over 

a three-year evaluation period have been collected for Furnace X. Note that this is the same furnace 

used in the case studies for Chapter 2 (Section 2.4). This is shown in Figure 3-21 (Figure 2-11).  

 

Figure 3-21: Collect information, layouts, and data (repeat of Figure 2-11) 

Chrome ore, reductant (anthracite, char, and coke), and fluxes (dolomite, limestone, and quartz) 

are sampled on delivery (dataset “a”). Chromite ore is pelletised (PSP), and sampled again before 

batching (dataset “b”). The composition of the FeCr metal and slag is also determined when exiting 

the furnace (dataset “c”). The mass of all raw materials is determined in weigh bins right before 
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batching, whereas the FeCr metal and slag mass are measured at weighbridges (dataset “d”).  

Note that the slag mass meter is indicated in orange. This is due to the slag mass being determined 

by calculation, and not a physical mass-metering device. The slag mass is logged per month, but 

the rest of the data is in daily resolution. Thus, all data is converted to monthly resolution. This 

information is summarised in Table 3-13. 

Table 3-13: Summary of available data (1) 

Data- 

set 

Type of 

measurement 
Material Unit 

Data 

resolution 
More information 

“a” 
Composition 

analysis 

Chrome ore % Daily Raw ore, before PSP 

Reductant (anthracite, char, coke) % Daily Proximate analysis  

Fluxes (dolomite, limestone, quartz) % Daily  

“b” 
Composition 

analysis 
Chrome ore % Daily After PSP 

“c” 
Composition 

analysis 

FeCr metal % Daily  

Slag % Daily  

“d” 
Mass 

measurement 

Chrome ore Tonnes Daily Weigh bins 

Reductant (anthracite, char, coke) Tonnes Daily Weigh bins 

Fluxes (dolomite, limestone, quartz) Tonnes Daily Weigh bins 

FeCr metal Tonnes Daily Weighbridges 

Slag Tonnes Monthly Calculation  
 

*All percentages (%) are based on mass percentages (%) 

The data available of what is actually required is shown in Table 3-14. The slag mass is calculated, 

while neither the off-gas mass nor composition is measured. All other parameters are measured. 

Table 3-14: Summary of available data (2) 

Stream Type of composition Available/measured? 

Chrome ore 
Mass  

Composition  

Reductant 
Mass  

Composition  

Fluxes 
Mass  

Composition  

FeCr metal 
Mass  

Composition  

Slag 
Mass ? 

Composition  

Off-gas 
Mass × 

Composition × 
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Due to the first three steps of the methodology (developed in Section 3.3) originating from 

Chapter 2, these will not be discussed again. Also, the “Assign composition to mass data” step 

was illustrated in the literature study (3.2.2 and 3.2.3) and in the methodology section (3.3.3).  

The case studies will therefore only highlight the construction of mass balances, which is the core 

focus of this chapter. 

3.4.3 Case study 1: Mass balance based on literature 

This case study uses a mass balance based on assumptions of data/information from literature.  

For step 1 and 2, an overall mass balance must be constructed in order to calculate the mass of the 

off-gas exiting the furnace, since this is not measured. After a constant slag-to-metal ratio of 1.45 

is assumed from literature [130], Equation 3-19 can be used to quantify the slag mass through this 

ratio. The equation is applied to data over a 36-month period. After the slag mass is known, the 

overall mass balance can be done to estimate the off-gas mass by using Equation 3-16. The results 

are shown in the overall mass balance graph (Figure 3-22). 

 

Figure 3-22: Overall mass balance trend (CS1) 

Figure 3-22 illustrates that the sum of the three “out” streams (FeCr, slag and off-gas) are equal to 

the sum of the three “in” streams (ore, reductant and fluxes) throughout the whole 36-month 

period. Now that the off-gas mass is known, one can proceed to step 3 and 4. 

Steps 3 and 4 allow for an elemental balance where all compositions used will be assumed from 

literature (as from Table 3-1). By applying Equation 3-18, the translation of the elemental 

composition to the actual mass of each individual element present can be accomplished. This is 

done over a period of 36 months, and the results of some prominent elements (Fe, Cr and C) are 

provided in Figure 3-23.  



A critical analysis of emission quantification methods in the ferrochrome industry 

Chapter 3 | REFINEMENT OF PRESCRIBED METHODS 78 

 

 

Figure 3-23: Elemental (Fe, Cr, C) mass balance trends (CS1) 

It is clear that the amount of elements entering the furnace is not necessarily equal to that exiting. 

An error thus exists for each individual element, and will be determined later on.  

After each element entering and exiting the furnace was calculated, the total amount of CO2 

emissions (tonnes) for each year respectively is determined (step 5): 

Year 1 (Jan – Dec 2015): 22 805 tonnes × 44/12 = 83 620 tonnes CO2 

Year 2 (Jan – Dec 2016): 20 491 tonnes × 44/12 = 75 134 tonnes CO2 

Year 3 (Jan – Dec 2017): 20 743 tonnes × 44/12 = 76 057 tonnes CO2 
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Even though three years’ data is available, only the last year (2017) will be evaluated. Chapter 4 

will eventually compare the results of 17 different furnaces, which will be done for one year’s data.  

Once the elemental mass of all streams are known, Equation 3-17 can be derived to perform a 

mass balance on every element present in the furnace in order to calculate the error of the mass 

balance (step 6). This is done to verify the total CO2 emissions calculated for 2017 (76 057 tonnes). 

Equation 3-20 and Equation 3-21 are applied, and the results are shown in Table 3-15. 

Table 3-15: Total elemental balance error results (CS1) 

  Fe Cr Si C Al O Ca Mg H N S Trace 

Total X_in 35 330 69 067 14 506 50 833 10 498 87 474 4 619 10 902 1 710 812 1 313 966 

Total X_out 43 717 71 728 17 202 27 614 17 766 87 932 2 945 16 464 278 2 386 0 0 

Error (%) 24% 4% 19% 46% 69% 1% 36% 51% 84% 194% 100% 100% 

Total elemental 

balance error 

(%) 

2.9% 0.9% 0.9% 8.1% 2.5% 0.2% 0.6% 1.9% 0.5% 0.5% 0.5% 0.3% 

The total mass balance error is calculated at 19.9% (sum of all “total elemental balance errors”). 

This means that the total CO2 emissions = 76 057 tonnes ± 19.9% = 76 057 tonnes ± 15 106 tonnes. 

CS1 summary 

This case study was based on assumptions from literature. The slag mass was determined through 

a constant ratio from literature, after which the off-gas mass was determined. After this, the mass 

of each element entering and exiting the furnace could be calculated, before the total elemental 

balance error (19.9%) was quantified. The CO2 emissions were calculated to be 76 057 tonnes ± 

15 106 tonnes. More details regarding this case study can be found in Appendix F. 

3.4.4 Case study 2: Mass balance based on measurements 

This case study focuses on a mass balance, which is based on actual measurements from site 

(instead of on literature values as in CS1). This means that for all the composition data assumed 

from literature in the previous mass balance (Table 3-1), these values will be substituted with 

actual, measured analysis composition values from site, where applicable.  

For step 1 and 2, an overall mass balance is performed to calculate the off-gas mass. Slag mass 

data from site is available and will be used for this balance. This is assumed to be correct, even 

though slag mass is rarely measured, but rather calculated. Since the ore, reductant, flux, FeCr 

product and slag streams’ mass are now known, Equation 3-16 can be applied to estimate the 
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off-gas mass. The results are shown in the overall mass balance trend (Figure 3-24). 

 

Figure 3-24: Overall mass balance trend (CS2) 

Now that the mass of all streams (ore, reductant, flux, FeCr, slag and off-gas) are known, steps 3 

and 4 can commence. These steps focus on the elemental investigation where composition values 

from site analysis data will be used. If such data is not available, literature values will still be used. 

The off-gas is the only stream which composition is not measured (refer to Table 3-14), whereas 

the reductant analysis is done by proximate analysis only (refer to Table 3-13).  

Table 3-3 and Table 3-4 (Section 3.3.3) can be used to provide guidance on determining the TEC 

of the reductants from the proximate analysis. The relevant variables were used, plugged into 

Equation 3-8 to Equation 3-13 (Section 3.2.2), and the TEC of each reductant type was estimated. 

Details on these calculations can be found in Appendix F. 

The composition data is provided in Table 3-16 (as percentages, %), where the off-gas values are 

assumed from literature (Table 3-1), and the reductant values calculated based on Section 3.3.3. 

Table 3-16: Elemental composition analysis per stream (CS2) 

Material Fe Cr Si C Al O Ca Mg H N S Trace 

Ore 19.7 26.9 2.8 0.0 8.0 32.9 0.4 6.6 0.0 0.0 0.0 2.6 

Anthracite 0.0 0.0 0.0 73.4 0.0 5.0 0.0 0.0 2.9 1.7 0.9 16.1 

Char 0.0 0.0 0.0 61.6 0.0 13.1 0.0 0.0 4.3 1.4 0.7 18.9 

Coke 0.0 0.0 0.0 74.4 0.0 6.8 0.0 0.0 3.2 1.7 0.9 12.9 

Dolomite 0.5 0.0 1.2 5.9 0.2 42.2 31.5 18.5 0.0 0.0 0.0 0.0 

Limestone 0.5 0.0 0.8 5.3 0.3 38.1 52.4 2.5 0.0 0.0 0.0 0.0 

Quartz 0.2 0.0 46.0 0.0 0.5 53.0 0.1 0.1 0.0 0.0 0.0 0.1 

Metal 37.9 48.6 4.4 6.7 0.0 0.0 0.0 0.0 0.0 0.0 0.1 2.3 

Slag 3.5 6.2 13.7 0.0 15.1 42.8 3.9 12.7 0.0 0.0 0.2 1.8 
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By applying Equation 3-18, the translation of the elemental composition to the actual mass of each 

individual element present can be accomplished. The results of some prominent elements (Fe, Cr 

and C) are provided in Figure 3-25.  

 

Figure 3-25: Elemental (Fe, Cr, C) mass balance trends (CS2) 

Once the elemental mass of all streams are known, Equation 3-17 can be derived to perform a 

mass balance on every element present in the furnace in order to calculate the error of the mass 

balance (step 6). This is done to verify the total CO2 emissions calculated for 2017: 117 496 tonnes 

(step 5). Equation 3-20 and Equation 3-21 are applied, and the results are shown in Table 3-17. 
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Table 3-17: Total elemental balance error results (CS2) 

  Fe Cr Si C Al O Ca Mg H N S Trace 

Total X_in 39 897 54 317 15 401 41 567 16 365 84 637 4 960 13 552 1 859 958 522 13 990 

Total X_out 40 038 53 141 19 100 38 412 16 437 94 185 4 240 13 835 429 3 686 314 4 187 

Error (%) 0% 2% 24% 8% 0% 11% 15% 2% 77% 285% 40% 70% 

Total 

elemental 

balance 

error (%) 

0.0% 0.4% 1.3% 1.1% 0.0% 3.3% 0.2% 0.1% 0.5% 0.9% 0.1% 3.4% 

The total mass balance error is calculated as 11.4% (sum of all “total elemental balance errors”), 

meaning that the total CO2 emissions = 117 496 tonnes ± 11.4% = 117 496 tonnes ± 13 446 tonnes. 

CS2 summary 

This case study was based on measurements from site. The slag mass was assumed to be correctly 

estimated on site, after which the off-gas mass was determined. After this, the mass of each 

element entering and exiting the furnace could be calculated before the total elemental balance 

error was quantified. The CO2 emissions were calculated to be 117 496 tonnes ± 13 446 tonnes, 

with an error of 11.4%. These results show a significant improvement from the previous case 

study, where a mass balance error of 19.9% was found.  

More details regarding this case study can be found in Appendix F. 

3.4.5 Case study 3: Advanced mass balance 

Where the previous two case studies were based on assumptions from literature, or actual 

measurements from site, the CS3 will require more intuitive engineering applications, which will 

be based on FeCr knowledge obtained throughout this study.  

For step 1, a slag mass must be determined before the overall mass balance can be constructed to 

calculate the mass of the off-gas exiting the furnace (step 2). This will be done by assuming that 

the compound Al2O3 doesn’t react during the FeCr production process (explained in detail in 

Section 3.3.7, sub-section: “Advanced mass balance”). According to the data from site (dataset 

“c”), the slag contains 28.53% Al2O3. The slag mass can thus be calculated by applying Equation 

3-22. Next, the off-gas mass can be estimated by performing an overall balance (Equation 3-16).  

Since the off-gas is the only unmeasured stream regarding composition (Table 3-14), step 3 and 4 

allow for an elemental balance to quantify the off-gas composition (step 5). Equation 3-17 is 

applied to the elements present within the off-gas. The following results are obtained (Table 3-18). 
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Table 3-18: Off-gas composition analysis (CS3) 

Stream Fe Cr Si C Al O Ca Mg H N S Trace 

Off-gas - - - 40.3 - 45.3 - - 2.1 1.1 0.2 11.0 

Since the C-content is the most important element when estimating CO2 emissions, the calculated 

content will be verified by off-gas composition analysis range from literature. Table 3-1 

(Section 3.2.2) gives the typical carbon content in FeCr furnace off-gas as 28%-44%. These are 

set as upper- and lower limits and compared to the newly calculated C-content, which is shown in 

Figure 3-26. It is clear that the calculated C-content falls within the limits given by literature. 

 

Figure 3-26: Off-gas elements with upper and lower limits from literature (CS3) 

Once the elemental mass of all streams are known, Equation 3-17 can be derived to perform a 

mass balance on every element present within the furnace to calculate the error of the mass balance 

(step 6). This is done to verify the total CO2 emissions calculated for 2017: 129 063 tonnes.  

After Equation 3-20 and Equation 3-21 are applied, the elemental balance error results are obtained 

and provided in Table 3-19.  

Table 3-19: Total elemental balance error results (CS3) 

  Fe Cr Si C Al O Ca Mg H N S Trace 

Total X_in 39 897 54 317 15 401 41 567 16 365 84 637 4 960 13 552 1 859 958 522 13 990 

Total X_out 40 021 53 112 19 035 41 567 16 365 84 637 4 221 13 775 1 859 958 522 13 990 

Error (%) 0% 2% 24% 0% 0% 0% 15% 2% 0% 0% 0% 0% 

Total 

elemental 

balance 

error (%) 

0.0% 0.4% 1.3% 0.0% 0.0% 0.0% 0.3% 0.1% 0.0% 0.0% 0.0% 0.0% 
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The total mass balance error is calculated as 2.1% (sum of all “total elemental balance errors”), 

meaning that the total CO2 emissions = 129 063 tonnes ± 2.1% = 129 063 tonnes ± 2 654 tonnes. 

CS3 summary 

This case study was based on a more advanced approach based on FeCr furnace knowledge.  

The slag mass was determined by assuming certain FeCr furnace characteristics, after which the 

off-gas mass was determined. After this, the composition of the off-gas was estimated and 

compared to literature. All elements entering and exiting the furnace were calculated before the 

total elemental balance error was quantified. The CO2 emissions were calculated to be 129 063 

tonnes ± 2 654 tonnes, having a mass balance error of 2.1%. These results show a significant 

improvement from the previous case study, where a mass balance error of 11.4% was found.  

More details regarding this case study can be found in Appendix F. 

3.4.6 Case study summary 

The main goal of this section was to verify the methodology developed in Section 3.3, which 

aimed to calculate the CO2 emissions from the furnace in the most accurate way possible.  

Three detailed case studies (CS) were used to showcase each one of the three stages of mass 

balance development: CS1) literature mass balance (Section 3.4.3), CS2) measured mass balance 

(Section 3.4.4), and CS3) advanced mass balance (Section 3.4.5). The results obtained from these 

case studies are provided in Table 3-20: 

Table 3-20: Verification summary – refining prescribed methods 

Result 
Case study 1 

(Literature MB) 

Case study 2 

(Measured MB) 

Case study 3 

(Advanced MB) 

CO2 emissions (tonnes) 76 057 tonnes 117 496 tonnes 129 063 tonnes 

Mass balance error (%) 19.9% 11.4% 2.1% 

These case studies illustrated that each stage of mass balance calculation was an improvement on 

the previous (19.9% error > 11.4% error > 2.1% error). It is evident that just using literature 

composition values will not provide reliable results (19.9% error). Only once the measured values 

are used in combination with certain assumptions based on FeCr characteristics, one may achieve 

better results (smallest mass balance error, 2.1%). Therefore, the CO2 emissions result from the 

advanced mass balance is the most trustworthy (129 063 tonnes). A visual representation of each 

case study’s results are shown in Figure 3-27, where the black bars show the error margins. 
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Figure 3-27: Summary of mass balance results 

Even though each case study’s CO2 emission results differ significantly, the results of the 

advanced mass balance (CS3) are the most trustworthy, due to the smaller error margin. 

This section used one furnace (Furnace X) for all three case studies. In addition to this, 16 other 

furnaces were investigated, and similar case studies were done. These results can be seen in 

Appendix E. 

3.5 Conclusion  

It was found that the three prescribed methods to quantify CO2 emissions from FeCr production 

are not necessarily accurate and may also vary significantly from one another (Section 2.4).  

The need was therefore established to refine these prescribed methods into a more complex, yet 

accurate approach. This section used the construction of mass balances to explore the idea of 

refining the tier 3 approach. 

The elements present within the streams entering and exiting a FeCr furnace were revised, which 

led to a new approach on estimating the total elemental composition (TEC) of reductants.  

A brief discussion on relevant statistical concepts was then provided, before researching some 

background information on mass balances and the construction thereof.  

The methodology was then developed to be used when constructing the refined mass balances. 

Verification of the methodology took place in Section 3.4, where three case studies were used to 

illustrate each stage of the methodology. These case studies proved that by constructing an 
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advanced mass balance, a much smaller error will be achieved, adding to the reliability of the final 

results.  

The question of whether the method of advanced mass balances are ‘better’ than performing a 

prescribed method (tier 1, 2, or 3) are still up for discussion. Is it worthwhile to go through all the 

effort of constructing detailed mass balances, when only a simple tier 1 equation could have been 

used? The next chapter will focus on bringing together all case studies done throughout the study, 

and comparing the results. The balancing of accuracy versus complexity will also be addressed. 
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4. COMPARISON OF DIFFERENT METHODS 

4.1. Introduction 

This study started out with the FeCr industry and the fact that carbon tax is becoming a reality. 

To estimate the carbon tax liability of a certain entity, the CO2 emissions must be determined as 

accurately as possible. After a comprehensive literature study was done, the conclusion could be 

drawn that, although there are prescribed formulas that exist to perform these calculations, there 

was a lack of literature studying the practical application of these methods, as well as the 

implications associated. This led to the aim of the study. 

Chapter 2 therefore evaluated the three prescribed calculation methods in terms of the practical 

applicability. It became clear that, even though these formulas were relatively simple, the practical 

application is risky and sensitive to errors in data and general understanding of how the system 

works. This chapter ended with the three prescribed methods delivering different results, together 

with possible constraints that may cause the results to vary even more. 

According to literature, tier 3 is the most accurate of the three prescribed methods, and is based 

on a mass balance approach. In Chapter 3, it was decided to use the concept of tier 3  

(construction of mass balances) to explore the idea of refining the prescribed methods.  

After more accurate results were achieved, the following question arose: is it worthwhile to go 

through all the effort of constructing detailed mass balances, when only a simple tier 1  

equation could have been used? 

This chapter will focus on bringing together the six quantification methods (tier 1, tier 2, tier 3, 

mass balance 1, mass balance 2, and mass balance 3) from the case studies done throughout the 

study, and comparing the results. Section 4.2 will give the comparison of the different methods 

and the variance that exists between them.  

In Section 4.3, the accuracy and the complexity of different methods will be discussed  

(Sections 4.3.1 and 4.3.2, respectively), and will then be compared to one another in Section 4.3.3. 

The chapter will be concluded in Section 4.4. Figure 4-1 shows the outline of this chapter  

(next page). 
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Figure 4-1: Approach to compare the different CO2 emission quantification methods 

4.2. Summary of case study results 

Throughout the course of this study, different methods were investigated to quantify the CO2 

emissions (tonnes) from a FeCr furnace. This was done with the aim to estimate the carbon tax 

monetary liability, which is calculated by multiplying the CO2 emissions with the carbon tax rate 

(R120 per tonne CO2). Table 4-1 provides the six CO2 quantification methods investigated 

throughout the study, the relevant chapters where they were discussed, and an abbreviation for 

each to simplify reference further on. 

Table 4-1: Six CO2 quantification methods investigated 

Chapter 
Quantification 

method 
Description 

Abbreviation used 

in Chapter 4 

Chapter 2 

(prescribed 

methods) 

Tier 1 Production-based emission factors T1 

Tier 2 
Production-based, raw material-specific 

emission factors 
T2 

Tier 3 
Calculations based on amounts and analyses of 

reducing agents 
T3 

Chapter 3 

(refined mass 

balance 

methods) 

Literature Mass balance based on literature MB1 

Measurements Mass balance based on measurements MB2 

Advanced Mass balance based on furnace characteristics MB3 

Furnace X was used for illustrating the case studies in Chapter 2 and 3. In Chapter 2, three case 

studies were used to highlight the significance of certain areas in the methodology. Tier 1, 2 and 3 
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were used, and the results of these case studies showed that less accurate results may be obtained 

if the correct procedure is not followed. The final CO2 quantities calculated by the three different 

methods were 124 059 tonnes (T1), 136 737 tonnes (T2), and 150 733 tonnes (T3). 

In Chapter 3, three case studies were used to showcase each one of the three stages of the mass 

balance development. These case studies gave the following results: 76 057 tonnes (MB1), 

117 496 tonnes (MB2), and 129 063 tonnes (MB3). The CO2 emission results for Furnace X 

(quantified by six different methods/approaches) are compared in Figure 4-2. 

 

Figure 4-2: Comparison of CO2 emission results for Furnace X 

It is clear that the different methods give varying results, as suspected in Chapter 1, ranging from 

76 057 tonnes to 150 733 tonnes CO2. This significant variance is quantified by two different 

approaches, including the range method (difference between the minimum value and the 

maximum value) and the standard deviation (concentration of the data around the mean of the 

dataset). The standard deviation is used in addition to the range approach to consider the rest of 

the data values as well, and not just the minimum and maximum values. This will allow for a 

certain exclusion of the influence of outliers. The results for these are given below in Equation 4-1 

and Equation 4-2: 

𝑅𝑎𝑛𝑔𝑒(%) =
𝑚𝑎𝑥 − 𝑚𝑖𝑛

𝑚𝑎𝑥
=

150 733 − 76 057 

150 733
= 𝟓𝟎% 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 Equation 4-1: Data range (%) 

σ =
√∑(𝑥 − x̄)2

𝑛

x̄
=

√3 227 188 764
6

122 357
= 𝟏𝟗% 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 

Equation 4-2: Standard deviation (%) 

Both these values are given as percentages (%) so that it can be compared objectively with other furnaces. 



A critical analysis of emission quantification methods in the ferrochrome industry 

Chapter 4 | COMPARISON OF DIFFERENT METHODS 90 

 

The data range is quantified as 50%, and the standard deviation as 19%. This means that the CO2 

emissions calculated for Furnace X have a variance of 19-50%. The quantification of these ranges 

is repeated for the additional 16 furnaces referred to at the end of Chapters 2 and 3 (where the case 

studies were repeated in Appendix E and G). The variance results of the different furnaces are 

shown in Figure 4-3, where the data range and standard deviation results are represented by the 

light grey- and dark grey bars, respectively.  

 

Figure 4-3: Comparison of CO2 emission ranges for furnace X and furnace 1 - 16 

The variances for furnace 3 (F3) and furnace 4 (F4) are clearly higher than that of the other 

furnaces. It is important to know that these two are direct current (DC) furnaces, where the rest 

are all alternating current (AC) furnaces. A difference between the two is that the DC furnace can 

handle the use of finer feed material without the need to agglomerate by means of briquetting or 

pelletising. The raw feed of DC furnaces also vary significantly from AC furnaces, which has a 

big impact on the process [65, 151]. Due to the fundamental difference between these two types 

of furnaces, F3 and F4 are excluded from the group for any further calculations and comparisons. 

One of the concerns highlighted in Chapter 1 underlined the following question: How would the 

different furnace technologies influence the emissions? (Question E). The discussion in the 

previous paragraph shows that different furnace technologies will indeed have an influence on the 

final results. Unfortunately there is not sufficient information and data to evaluate and address this 

concern, which is why it will be regarded as one of the future recommendations (Chapter 5).  

To summarise the final uncertainty of the different CO2 emission quantification methods from a 

FeCr furnace, the average of the variances from the 15 different furnaces (excluding F3 and F4) 

were calculated, and found to be 33% (range method) and 13% (standard deviation). This means 
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that the CO2 emissions calculated for 15 South African FeCr furnaces have a variance of 13-33%, 

which is illustrated by Figure 4-4 (elaboration of Figure 4-3). 

 

Figure 4-4: Estimation of average CO2 emission ranges for furnace X and furnace 1 - 16 

This average variance can now be translated into a monetary value to estimate the associated risk. 

The following figure is taken from Chapter 1 (Section 1.1), where the generation of off-gas 

volumes from the ferroalloy production industry is illustrated (Figure 4-5).  

 

Figure 4-5: GHG emissions from ferroalloy production in SA (repeat of Figure 1-2) 

The total CO2 emission estimation from FeCr production (orange line in graph) was approximately 

3.6 Mt for 2005 [27]. Due to the increase of FeCr production (± 30% from 2005 to date [28, 29]), 

it was assumed that CO2 emissions from FeCr production increased with the same percentage:  

3.6 × 106 tonnes + 30% = 4.68 × 106 tonnes CO2 per year (2017 estimate). 
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The estimated carbon tax liability is thus R562 million per year (4.68 × 106 tonnes CO2 × R120 

per tonne CO2), of which the average variance/uncertainty range due to different calculation 

methods is 13-33%, i.e. R562 million ± R75-R185 million per year. This is a significant amount, 

which is why it is important to investigate the associated error of each CO2 quantification methods. 

Another way used to visualise the comparison between the different methods is given by 

Figure 4-6. This figure shows the total amount of CO2 emissions against the total FeCr production 

(both in tonnes) for the six different quantification methods.  

 

Figure 4-6: CO2 emissions vs FeCr production for different quantification methods 

The primary visual observation that can be made from Figure 4-6 is the two outlier lines, T3 (grey) 

and MB1 (yellow). According to this figure, T3 gives the highest results of all the methods.  

It is also expected to give the most accurate results (according to literature). However, this doesn’t 

seem likely, as the majority of the lines lie in a cluster below T3. MB1 gives very low results.  

It is found that this method is very sensitive for the selection of assumed literature values,  

e.g. slag-to-metal ratio. Since T1, T2, MB2, MB3 all lie close together, it is most probable that the 

true result is in this region. 

This section showed that there are clear and significant discrepancies between the different 

emission quantification methods, thus confirming the relevance of this study. It is necessary to 

critically evaluate the accuracy and the complexity of the different methods to evaluate whether it 

will be worthwhile to do more intricate and complex calculations (such as MB3) to acquire more 

accurate results. Section 4.3 will discuss these two concepts and compare them. 
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4.3. Accuracy vs. complexity 

4.3.1 Accuracy 

Accuracy refers to the closeness of a measured value to a known or standard value.5 Since the 

errors or uncertainties were reported or calculated for the six different methods, this needs to be 

translated to an accuracy value. A simple calculation is used to do this conversion (Equation 4-3): 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (%) = 100% − 𝐸𝑟𝑟𝑜𝑟(%) Equation 4-3: Error-to-accuracy conversion 

All errors discussed in this section will eventually be converted to an associated accuracy in 

Section 4.3.3, where the accuracy and complexity will be compared. 

The reported errors/uncertainties of the prescribed methods, T1, T2 and T3, are 25% - 50%, ±10% 

and <5%, respectively [35]. Since these reported errors do not change with the application to 

different furnaces, only the mass balances (MB1, MB2 and MB3) will be investigated in terms of 

their errors for each individual furnace. The following figure shows the associated errors for 15 

SA FeCr furnaces according to MB1, MB2 and MB3, which are indicated by the black-, dark grey- 

and light grey bars, respectively. The calculation of these errors can be found in Appendix E. 

 

Figure 4-7: Errors associated with three stages of mass balances for 15 furnaces 

From Figure 4-7, it is clear that, on average, the error of MB1 is greater than that of MB2.  

The MB2 errors are also greater than the MB3 errors, which are 2.4% on average,  

i.e. MB1 error > MB2 error > MB3 error. This implies that the advanced mass balance (MB3) 

shows the most accurate results of all CO2 quantification methods. Table 4-2 provides a summary 

of the average error associated with each quantification method: 

                                                 

5 https://labwrite.ncsu.edu/Experimental%20Design/accuracyprecision.htm 
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Table 4-2: Average errors associated with each quantification method 

Quantification method Average associated error Reference 

T1 25-50% IPCC [35] 

T2 ±10% IPCC [35] 

T3 <5% IPCC [35] 

MB1 17.0% Calculation [Appendix H] 

MB2 13.3% Calculation [Appendix H] 

MB3 2.4% Calculation [Appendix H] 

It should be noted that T3 is a very basic mass balance, prescribed by the IPCC. MB1, 2, and 3 are 

methods to refine this simple mass balance approach, which is T3, as discussed in Chapter 3.  

It can be seen that, according to the literature (IPCC), a mass balance approach is supposed to give 

an estimated error of <5%. It is found, however, that T3 is very sensitive, i.e. MB1-3 are all mass 

balances based on T3, but have errors ranging from 2.4% to 17.0%. 

It is clear that literature-based mass balances would not give an error of <5%, as suggested by 

IPCC, but as soon as more detail is brought into this mass balance and specific furnace 

characteristics are considered, this small error (<5%) may be achieved. This confirms the problem 

highlighted by the critical literature review: since carbon tax has not been implemented, it is not 

yet fully understood and no practical examples on how to apply different methods are available.  

From the results in this section, MB3 gives the smallest error. There is a concern, however, that 

this quantification method is too complex, and consumes too much time to perform. There is a 

need to investigate and compare the complexity and accuracy of these different methods 

(prescribed and developed), i.e. is it worthwhile to go through these complex calculations (MB3) 

to get a relative accurate result? The complexity aspect will be discussed in the next section, 

whereafter the complexity and accuracy will be compared. 

4.3.2 Complexity 

Some of the CO2 quantification methods require more complex applications than others.  

Where Tier 1 only requires the amount of FeCr produced and a production emission factor 

provided by the IPCC, some of the mass balances would require many complex calculations, 

assumptions and interpretations. To compare the different quantification methods objectively in 

terms of the complexity, three factors are considered, namely the number of references, the number 

of variables and the number of calculations. A discussion of each of these aspects follows.  
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Number of references 

Each method uses certain references to calculate the total CO2 emissions from the FeCr furnace. 

The following list describes the references used by each method: 

- T1 uses one reference only (IPCC), where the equation and the emission factor are given [35]. 

- The equation for T2 is also referenced from the IPCC [35]. In addition to this, the carbon 

contents of the following materials are obtained: dolomite [126], limestone [127], quartz: 

[128], and FeCr product [7]. The emission factors of reductants are also obtained through two 

different sources [118, 119]. 

- T3 uses the same references as T2 [7, 35, 126, 127, 128]. However, instead of emission factors 

of reductants being used, the carbon content is used: char: [124], coke [125], coal [123]. 

- MB1 uses the compositions of all materials entering and exiting the furnace: ore [7], dolomite 

[126], limestone [127], quartz [128], FeCr product [7], slag [77], char [124], coke [125], coal 

[123]), off-gas [15, 14]. In addition to this, a slag ratio from literature is assumed [130]. 

- Since the compositions of slag and FeCr product are usually known from site, MB2 only uses 

references for the compositions of the following materials: ore [7], dolomite [126], limestone 

[127], quartz [128], and off-gas [15, 14]. Also, the TEC of the reductants are calculated, based 

on assumptions from the following references: [133, 134, 135, 136, 138]. 

- MB3 uses similar references as MB2, except that in this case, the off-gas composition is 

calculated and not assumed from literature. An advanced assumption is made, however, to 

calculate the slag mass [149, 150]. 

This is summarised in Table 4-3 below, where the total number of references used are provided. 

 
Table 4-3: Number of references used per quantification method 

Quantification 

method 
References used 

Number of 

references used 

T1 [35] 1 

T2 [35, 7, 126, 127, 128, 118, 119] 7 

T3 [35, 7, 126, 127, 128, 123, 124, 125] 8 

MB1 [7, 126, 127, 128, 123, 124, 125, 14, 15, 77] [130] 11 

MB2 [7, 126, 127, 128, 14, 15, 77, 133, 134, 135] [136, 138] 12 

MB3 [7, 126, 127, 128, 77, 133, 134, 135] [136, 138, 149, 150] 12 

 

  



A critical analysis of emission quantification methods in the ferrochrome industry 

Chapter 4 | COMPARISON OF DIFFERENT METHODS 96 

 

Number of variables used 

Each method uses a certain number of variables to calculate the total CO2 emissions from the FeCr 

furnace. The following table indicates the variables required by each method: 

Table 4-4: Number of variables used per quantification method 

Variable used in method T1 T2 T3 MB1 MB2 MB3 

Mass: FeCr ore  1 1 1 1 1 

Mass: Reductant (coal)  1 1 1 1 1 

Mass: Reductant (coke)  1 1 1 1 1 

Mass: Reductant (char)  1 1 1 1 1 

Mass: Flux (limestone)  1 1 1 1 1 

Mass: Flux (dolomite)  1 1 1 1 1 

Mass: Flux (quartz)  1 1 1 1 1 

Mass: FeCr product 1 1 1 1 1 1 

Mass: Slag product  1 1  1  

Carbon content: Reductant (coal) - 1 element   1    

Carbon content: Reductant (coke) - 1 element   1    

Carbon content: Reductant (char) - 1 element   1    

Carbon content: Flux (limestone) - 1 element  1 1    

Carbon content: Flux (dolomite) - 1 element  1 1    

Carbon content: FeCr product - 1 element  1 1    

Composition: FeCr ore – 7 elements    7 7 7 

Composition: Reductant (coal) – 5 elements    5 5 5 

Composition: Reductant (coke) - 5 elements    5 5 5 

Composition: Reductant (char) - 5 elements    5 5 5 

Composition: Flux (limestone) - 3 elements    3 3 3 

Composition: Flux (dolomite) - 4 elements    4 4 4 

Composition: Flux (quartz) - 2 elements    2 2 2 

Composition: FeCr product - 4 elements    4 4 4 

Composition: Slag product - 7 elements    7 7 7 

Composition: Off-gas - 4 elements    4 4  

Composition: Al2O3 (slag, ore, dolomite, limestone, quartz)      5 

Emission factor (production) 1      

Emission factor (coal)  1     

Emission factor (coke)  1     

Emission factor (char)  1     

Slag:metal ratio    1   

Total variables 2 15 15 55 55 55 
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Number of calculations used 

Each method uses a certain number of calculations to quantify the total CO2 emissions from a 

FeCr furnace. Since the calculations for T1, T2 and T3 are all given in the IPCC as a single 

equation, these methods only make use of one calculation. As for the mass balances, the following 

table provides the equations used for MB1, MB2 and MB3. However, this is irrespective of how 

many times it is utilised. 

Table 4-5: Number of variables used per quantification method 

Equations used in method T1 T2 T3 
MB

1 

MB 

2 

MB

3 

Equation 1-3: Calculation method - Tier 1 1      

Equation 1-4: Calculation method - Tier 2  1     

Equation 1-5: Calculation method - Tier 3   1    

Equation 3-7: Determining the total content of element X in coal    1 1 1 

Equation 3-8: TEC of coal (C)     1 1 

Equation 3-9: TEC of coal (H)     1 1 

Equation 3-10: TEC of coal (O)     1 1 

Equation 3-11: TEC of coal (N)     1 1 

Equation 3-12: TEC of coal (S)     1 1 

Equation 3-13: TEC of coal (trace)     1 1 

Equation 3-14: Mean (or average) value    1 1 1 

Equation 3-15: Standard deviation    1 1 1 

Equation 3-16: Overall mass balance    1 1 1 

Equation 3-17: Elemental mass balance    1 1 1 

Equation 3-18: Determining mass of element X in material Y    1 1 1 

Equation 3-19: Determining slag mass with slag:metal ratio    1   

Equation 3-21: Total elemental balance error    1 1 1 

Equation 3-22: Slag mass estimation from Al2O3      1 

Equation X: Determining off-gas composition      1 

Equation B-1: Molecular weight of material “d”    1 1 1 

Equation B-2: Composition - amount of element (“x”) present in 

material (“d”) 
   1 1 1 

Total number of calculations 1 1 1 10 15 17 
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Complexity summary 

The three complexity factors are added up to obtain a final quantified complexity value for each 

quantification method. This can be seen in Table 4-6. 

Table 4-6: Factors of complexity associated with each quantification method 

Quantification 

method 

Number of 

references used 

Number of 

variables used 

Number of 

calculations used 

Final quantified 

complexity 

T1 1 2 1 4 

T2 7 15 1 23 

T3 8 15 1 24 

MB1 11 55 10 76 

MB2 12 55 15 82 

MB3 12 55 17 84 

These results are illustrated visually in Figure 4-8. 

 

Figure 4-8: Complexity associated with each quantification method 

Figure 4-8 shows a significant difference in the complexity between T1 and T2, where T2 and T3 

are rather similar. However, as soon as the prescribed methods are refined, the complexity 

increases tremendously, growing with approximately 210% (complexity score of 24 to 76). Hence, 

the refined methods (MB1, MB2 and MB3) require much more work, and are more complex. 

  



A critical analysis of emission quantification methods in the ferrochrome industry 

Chapter 4 | COMPARISON OF DIFFERENT METHODS 99 

 

4.3.3 Summary 

The following question arose throughout the evaluation of this study: is it worthwhile to go 

through all the effort of constructing detailed mass balances, when only a simple tier 1  

equation could have been used? The accuracy and complexity of the different methods were 

discussed and calculated and combined in Figure 4-9. Note that the accuracy of the methods are 

calculated as 100% - error (from Table 4-2). 

 

Figure 4-9: Accuracy vs. complexity of each quantification method 

Figure 4-9 illustrates that the T1 method (blue dot) requires the least amount of work (low 

complexity), but also generally delivers low accuracy. Since the accuracy of the prescribed 

methods are suggested by literature, and not specifically calculated, the plotted positions of T1, 

T2 and T3 plotted are seen as estimations only. For the three mass balances (MB1, MB2 and 

MB3), it is seen that a better accuracy can be achieved if more complexity is added. Based on this 

observation, it is confirmed that it is worthwhile to go through the effort of constructing a detailed 

mass balance, rather than using a simple T1 method.  

When only the two extremes are used to illustrate the potential carbon tax liability for the 15 

evaluated furnaces, the use of method T1 (lowest complexity, lowest accuracy) would result in an 

annual liability of R258 million ± R97 million, whereas MB3 (highest complexity, highest 

accuracy) would give a value of R219 million ± R5 million. Note that this is for the 15 furnaces 

evaluated, which make up approximately 50% of the FeCr industry in SA, which is why both these 

values make up approximately half of the original quantified CT liability of R562 million. 
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Figure 1-5 from Chapter 1 illustrated how the complexity and the uncertainty of the different 

prescribed methods vary. This figure is repeated in Figure 4-10. 

 

Figure 4-10: Comparative structure of prescribed tiers (repeat of Figure 1-5) 

According to this figure, T1 is the most basic approach, with the highest level of uncertainty. 

T2 requires more detail than T1, while T3 is the most complex method of all, having the lowest 

uncertainty (highest accuracy). This confirms what is found by the calculations and comparisons 

done in Chapter 4 and illustrated in Figure 4-9. 

4.4. Conclusion 

The application of the different quantification methods gave a variance of 13-33% on the 

calculated CO2 emission result. This translates to a variance of R75 million – R185 million  

(R562 million ± R75-R185 million) per year in carbon tax liability, for the entire SA FeCr 

industry, just due to the use of different methods. Hereafter, the accuracy of the different methods 

were compared. According to literature, tier 1 is less accurate (25%-50% error) and tier 3 more 

accurate (<5% error). However, if this is implemented practically, it is evident that this small error 

(<5%) is only achievable when tier 3 is done thoroughly, as with mass balance 3.  

The complexity of the different methods increase significantly between the prescribed methods 

and the refined mass balances. It was found, however, that with a little extra “complexity” a much 

higher accuracy can be accomplished by going from mass balance 2 to mass balance 3. Based on 

the method developed throughout this study, and based on the case studies performed, MB3 gives 

an average error of 2.4% and a final quantified complexity of 84 (highest of all methods). 
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5.  CONCLUSION  

5.1. Summary of work 

Ferrochrome furnaces are significant CO2 emitters due to the large amounts of carbon-containing 

materials being used. FeCr industries will therefore become liable for carbon tax (CT), which is to 

be implemented soon. These industries will thus have to pay CT eventually. However, the way to 

quantify the CO2 emissions is overly generic and the implementation thereof still uncertain. This 

study was conducted to critically assess the CO2 emission quantification methods in the 

ferrochrome industry. This must be done in order to ultimately calculate the monetary CT liability. 

FeCr industries in SA may be liable for ±R562 million per year (original quantification based on 

literature only), which proves that the uncertainties around emission quantification for the FeCr 

industry is a significant concern. This problem was broken down into three smaller problems, 

which was addressed throughout the document. 

Chapter 1 provided relevant background information on FeCr furnaces and the associated 

emissions. Some uncertainties were identified in the form of research questions, which lead to an 

in-depth critical literature review, whereafter certain gaps were identified. The gaps became the 

three focus areas of the study, and were discussed and addressed in Chapters 2, 3 and 4. 

Chapter 2 highlighted the problem of how carbon tax is not yet fully understood, and how no 

sufficient practical examples of the application of different methods are available. The need to 

illustrate the application of these methods was therefore addressed and assessed in terms of the 

simplicity of these methods. Case studies were used to practically apply these calculation methods, 

and illustrate the significance of every step in the methodology developed. It was found that one 

is likely to obtain varying results. This could be mitigated by applying the methodology developed 

in this chapter. 

Chapter 3 explored the opportunity to refine the prescribed methods from literature and investigate 

the potential for improvement. The prescribed methods (tier 3 specifically) were refined into a 

more complex, yet accurate approach by making use of the construction of mass balances.  

Case studies proved that by constructing an advanced mass balance, a much smaller error will be 

achieved, adding to the reliability of the final results.  

Chapter 4 investigated and compared the variance, accuracy and complexity of the different 

methods (prescribed and developed). It was found that the application of the different 

quantification methods can lead to a variance of up to 33% on the calculated CO2 emission result. 
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This translates to a variance of R185 million per year (R562 million ± R185 million) in carbon tax 

liability, just due to the use of different methods. The accuracy investigation found that a small 

error (<5%, suggested by literature) is only achievable when tier 3 is done thoroughly, as with 

mass balance 3. The complexity of each method was also investigated, and showed that one tends 

to obtain a much higher accuracy when slightly more complexity is added to the calculation 

method (e.g. MB2 to MB3). 

Chapter 4 reviewed the results from Chapter 2 and Chapter 3 and compared the variance, accuracy 

and complexity of the different quantification methods. This was done by applying the different 

methods to 17 South African FeCr producing furnaces. The potential CT liability (monetary value) 

for the entire FeCr industry in SA has been estimated throughout the document in various ways. 

Table 5-1 gives a summary of the different cases, which will be discussed on the following page.  

Table 5-1: FeCr industry carbon tax liability summary 

Description 
Sample 

size 

Quantified carbon tax 

liability  

Uncertainty 

associated with 

carbon tax liability 

Maximum potential 

carbon tax liability for 

entire SA FeCr industry 

1. Total CT 

liability based 

on literature 

Total SA 

FeCr 

industry 

Based on literature; 

Assumption: since FeCr 

production increased with 

±30% over the last x year, 

the corresponding emissions 

also increased with that 

amount.  

∴ Estimated CT liability = 

R562 million 

Based on literature 

(Table); 

Maximum potential 

uncertainty according to 

IPCC = 50% 

∴ Hence, estimated 

uncertainty = 50% of 

R562 = R281 million 

R562 million ± R281 million    

∴ Maximum potential 

 = R843 million 

2. Total CT 

liability based 

on literature 

and calculated 

variance (due 

to different 

quantification 

methods) 

Total SA 

FeCr 

industry 

Based on literature; 

Assumption: Since FeCr 

production increased with 

±30% over the last x year, 

the corresponding emissions 

also increased with that 

amount.  

∴ Estimated CT liability = 

R562 million 

Average variance of all 

furnaces investigated: 

13% - 33% variance (just 

due to the use of different 

methods) 

∴ R75 million - R185 

million variance 

R562 million ± R185 million 

∴ Maximum potential 

 = R747 million 

3. Total CT 

liability of 15 

FeCr furnaces 

(based on Tier 

1 method) 

15 SA 

FeCr 

furnaces  

(±50% of 

total SA 

FeCr 

industry) 

Sum of CO2 emissions of 

all 15 FeCr furnaces for one 

year by using Tier 1 

method 

∴ Estimated CT liability =  

R258 million 

Average error of all 

furnaces investigated: 

T1: 37.5% of R258m 

∴ R97 million error 

R258 million ± R97 million 

∴ Maximum potential 

 = R355 million 

This value is for 15 furnaces 

only (±50% of total industry) 
 

∴ Maximum potential for 

total FeCr industry 

 = R670 million 

4. Total CT 

liability of 15 

FeCr furnaces 

(based on MB3 

method) 

15 SA 

FeCr 

furnaces  

(±50% of 

total SA 

FeCr 

industry) 

Sum of CO2 emissions of 

all 15 FeCr furnaces for one 

year by using MB3 method 

∴ Estimated CT liability = 

R219 million 

Average error of all 

furnaces investigated: 

MB3: 2.4% of R219m 

∴ R5 million error 

R219 million ± R5 million 

∴ Maximum potential 

 = R224 million 

This value is for 15 furnaces 

only (±50% of total industry) 
 

∴ Maximum potential for 

total FeCr industry 

 = R448 million 
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The first row in Table 5-1, refers to the total CT liability based on literature, as calculated in 

Chapter 1 (page 3), and again in Chapter 4 (page 91). An estimated base CT liability of R562 

million per annum was quantified, together with a 50% possible error (according to literature), 

resulting in a potential maximum amount of R843 million. 

The next quantification used the same base liability (R562 million) as the previous, but with the 

variance calculated in Chapter 4 (Section 4.2). The uncertainty due to the use of different methods 

(variance) is estimated as a maximum of 33%, translating to a final CT liability of R747 million 

(maximum potential). 

15 Furnaces were used to quantify the CO2 emissions where all six methods were used. However, 

only the two extremes were showcased in the table (discussed in Section 4.3.3). Tier 1 and MB3 

gave results of R355 million and R224 million, respectively. This is, however, for 15 furnaces 

only. It was assumed that these 15 furnaces represent ±50% of the FeCr industry in SA. These 

values were therefore normalised to quantify R670 million and R448 million, respectively.  

These four different quantifications are illustrated in Figure 5-1. 

 

Figure 5-1: Estimated annual carbon tax liability for SA FeCr industry (based on Table 5-1) 

Figure 5-1 shows how the initial estimation of the potential CT liability (monetary value) for the 

entire FeCr industry in SA has decreased throughout the course of this study. From a maximum 

potential annual value of R843 million (purely based on literature assumptions) to a value of 

R448 million (based on the use of MB3). This translates to a 47% decrease in CT liability. 
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5.2. Novel contributions 

The main objective of this thesis was to critically analyse the CO2 emission quantification methods 

used in the ferrochrome industry. The study undertook to provide several novel contributions to 

the field of emission quantification for the ferrochrome industry. These contributions were 

grouped into three categories (critical assessments, development of practical methods, and the 

quantification of implications for the South African FeCr industry), and were listed initially in 

Chapter 1. The following parts will provide detailed discussions and prove how these novel 

contributions were achieved. 

5.2.1 Critical assessments  

Bringing together available, but unrelated, literature and linking it to operational reality: 

Assessment of the legal landscape, national and international resources available to the FeCr 

industry to highlight the lack of practical applications and examples. 

At the beginning of this study, relevant background information on FeCr furnaces and the 

associated emissions was researched by means of the legal landscape, together with other relevant 

national and international references. Some uncertainties were identified in the form of research 

questions, which led to an in-depth critical literature review. 104 References were gathered and 

evaluated thoroughly to gain a basic knowledge and understanding of carbon tax, the ferroalloy 

industry and related GHG emissions (specifically in the FeCr industry). These references were 

categorised according to their focus of study and then scrutinised according to the research 

questions. This critical assessment led to the identification of certain gaps in literature and 

formulated the three focus areas of this study. [Section 1.3] 

Critical assessment to establish a link between the prescribed legal processes and what is 

available from real-world operational systems.  

The study critically assessed the prescribed legal processes on how to estimate the CO2 emissions 

(and eventually the carbon tax liability) from a general FeCr furnace. The practical and operational 

workings of a typical FeCr furnace were also researched. These assessments established a link 

between what is required by carbon tax, as opposed to what is practically available from site. 

These results were combined in a unique way to estimate the emissions in the most accurate way 

possible. [Section 2.2.2; Section 2.2.4] 
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Critical assessment to highlight several practical constraints associated with the prescribed 

methods. 

The practical application of the prescribed methods were evaluated based on real-world 

applications. This unique critical assessment led to the emphasising of certain constraints that 

could possibly arise during the implementation of these methods. These constraints were evaluated 

and shown to have a significant influence of the final results. [Section 2.3] 

Critical assessment of coal composition analyses to determine the feasibility of practically 

determining the elemental composition of the reductant, based on operational measurements. 

The chemical compositions of reductants were researched. A comprehensive study of reductant, 

the different types of analyses (proximate, ultimate and ash analyses) and the final elemental 

composition was conducted. This critical assessment lead to a unique way to establish the possible 

final elemental composition of reductant. [Section 3.2.2] 

Critical assessment of available furnace characteristics from the iron- and steel industry for an 

application to quantify FeCr slag mass. 

Research was done in terms of furnace characteristics from study fields other than the FeCr 

industry, i.e. the iron- and steel industry. This industry established that some compounds do not 

react chemically within the furnace. This statement led to the assumption that the FeCr slag mass 

could be estimated based on these non-reactive compounds. This introduced a unique way to 

estimate the mass of the slag for the FeCr industry. [Section 3.2.4] 

5.2.2 Development of practical methods  

The lack of clear guidance and detailed examples, together with multiple variances and possible 

errors, presents a challenge for objective assessment and evaluation of risks: 

Development of a practical and systematic method to list assumptions, collect data, evaluate 

quality and apply the prescribed methods:†* 

The prescribed methods simply provide the formulas to calculate the CO2 emissions. However, 

Chapter 1 highlighted the lack of practical applications and examples in this area. A new practical 

method was therefore developed in order to do sufficient groundwork and understand the system 

being evaluated, which could possibly lead to better informed and more accurate estimations. 

[Section 2.3] 

† 
The author developed a similar approach on 12L work, published in SAJIE (2017). Appendix F.1 [152]. 
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Development of a practical method to link compositional analyses to mass measurements.* 

In order to perform an elemental mass balance, the mass of each stream must be assigned to a 

corresponding composition. It is found that there are not necessarily compositional analyses done 

on a daily basis, even though the specific material is consumed by the furnace every day.  

Another constraint is the uncertainty of when or where the analyses were done. If the raw material 

samples were analysed upon arrival/delivery, the material could have been stored in silos or 

stockpiles for an undefined period, creating a buffer capacity between the time of analysis and the 

time of batching to the furnace. A new approach was therefore developed to address these 

constraints and objectively link available compositional analyses to mass measurements.  

This method plays a critical role in the improved accuracy of mass balance results. [Section 3.3.3] 

Development of a practical method to perform mass balances systematically from general to 

specific data.* 

One of the prescribed CO2 calculation methods is based on a mass balance approach. This is, 

however, given by a simple formula without any detail discussion or instructions/groundwork.  

A unique, practical method for constructing the mass balances was therefore developed. It uses 

six simple steps that are repeated for a literature-based mass balance (general), a measurement-

based mass balance, and a detailed mass balance (specific data). This method was developed to 

obtain better and more accurate results. [Section 3.3.4; 3.3.5 - 3.3.7] 

*The first three novel contributions of the ‘Development of practical methods’ are supported by the peer 

reviewed paper (conference proceedings, SAIIE 2018) [153]. This paper can be seen in Appendix F.2. 

Development of practical method to quantify and compare the accuracy and complexity 

associated with FeCr carbon tax calculations. 

This study focused on six different methods to calculate the CO2 emissions from a FeCr furnace. 

Some of the methods have higher accuracy than others, while some of them require more work 

and effort to complete. It was necessary to objectively compare these methods to one another.  

A unique method was therefore developed to practically quantify the accuracy and complexity of 

the different methods. [Section 4.3.34.3] 

5.2.3 Quantification of implications for SA FeCr industry 

This thesis verified and validated its various methodologies using 17 case studies from the South 

African FeCr industry. These case studies represent ±50% of SA’s FeCr fleet and is therefore a 

significant indicator of local industry challenges and risks: 
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Quantification of the impact of operational errors 

The prescribed methods provide formulas to be completed in order to calculate the CO2 emissions 

from a FeCr furnace. These prescribed methods were applied and tested with induced operational 

errors that may commonly occur. The average effect that these potential errors can have on the 

final CO2 emission results are quantified as: 18.8% (effect of incorrect information and layouts of 

the plant), 11.2% (effect of using the incorrect emission factors), and 8.9% (effect of poor data 

quality). [Section 2.4] 

Quantification of the accuracy change in mass balances  

The refinement of tier 3 (mass balance approach) led to the development of three mass balances: 

a mass balance based on literature values and assumptions (MB1), a mass balance based on 

measured values (MB2) and an advanced, detailed mass balance (MB3). The associated errors of 

these three phases of mass balances were quantified, and on average gave the following results: 

17.0% error (MB1), 13.3% error (MB2) and 2.4% error (MB3). [Section 3.4] 

Quantification of the variances between the different methods 

The CO2 emission results from the six quantification methods vary significantly from one another. 

This variance was therefore quantified for 15 different furnaces. This significant variance was 

quantified by two different approaches, including the range method (difference between the 

minimum value and the maximum value) and the standard deviation (concentration of the data 

around the mean of the dataset), giving a 13% difference based on the standard deviations, and a 

33% difference according to the range method. [Section 4.2] 

Quantification of the complexities of the different methods 

Some of the CO2 quantification methods require more complex applications than others. Where 

tier 1 only requires the amount of FeCr produced and a generic production emission factor, some 

of the mass balances would require many complex calculations, assumptions and interpretations. 

To compare the different quantification methods objectively in terms of the complexity, three 

factors were considered: the number of references, the number of variables and the number of 

calculations. These three complexity factors were summed together to obtain a complexity value 

for each method: 4 (T1), 23 (T2), 24 (T3), 76 (MB1), 82 (MB2), and 84 (MB3). [Section 4.3.2] 

Quantification of the estimated industry exposure (SA FeCr carbon tax liability) 

Different methods and newly-developed approaches were used to evaluate CO2 emissions from 

FeCr furnaces. Even though only 17 (of which 15 are AC) SA furnaces were investigated in terms 
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of the CO2 emissions, the results were extrapolated to estimate the total for SA. This was done to 

estimate the final carbon tax liability of the FeCr industry in SA. The final quantified value was 

initially estimated as R562 million ± R281 million per annum, but through the course of the study, 

decreased to a value of R438 million ± R10 million (see Table 5-1). [Thesis] 

5.3. Recommendations for future work 

Recommendations for further studies are listed below. Additional research in these areas has the 

potential to further improve the results presented in this study:  

 

Different furnace technologies may require refined methods of CO2 quantification: 

Problem:  The variances of the DC furnaces highlighted in Chapter 4 (see F3 and F4 

in Figure 4-3) were significantly higher than those of the AC furnaces. 

Recommendation:  Do more extended literature research in terms of the different furnace 

technologies (AC vs. DC; open vs. closed furnaces; etc.). The fundamental 

difference in furnace characteristics could indicate where the focus must 

be in terms of refining the CO2 quantification methods. 

 

Sensitivity of results due to variance in selected parameters: 

Problem:  The influence of different parameters (e.g. carbon content of certain 

streams, moisture, etc.) of a FeCr furnace regarding the CO2 emissions is 

unknown. There is thus no indication of where to focus when trying to 

monitor/control the CO2 emissions. 

Recommendation:  Conduct a sensitivity analysis to indicate which parameters have the 

largest influence on the calculated CO2 result. The measurement of this 

identified parameter(s) can then be given a higher priority when improving 

the quality of the measurements. 

 

Ash analysis uncertainty: 

Problem:  Ash analyses are done in the presence of other elements, causing the 

reported analysis to be an imperfect representation of the raw coal ash. 

This is usually done to indicate the ratio between certain significant 
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elements. The ash component of all reductants was therefore assumed as 

“trace elements”. 

Recommendation:  Do more research in terms of the elemental composition of raw coal ash. 

The total elemental composition (TEC) of the reductants can then be 

adjusted to include the elements from ash, and therefore obtain more 

accurate results. 

 

Develop an improved emission factor or equation: 

Problem:  It was found that, with more complexity, one is likely to achieve more 

accurate results (e.g. MB3). However, having too complex methods can 

lead to time- and other constraints in industry.  

Recommendation:  The results from MB3 can be used to develop a new emission factor or 

equation (as in T1), where the complexity of MB3 will be combined with 

the simplicity of a T1 calculation. Such an equation would explore 

different types of models (linear vs. polynomial), and parameters featured 

in the equation (FeCr production; reductant mass and composition, etc.). 

 

Additional applications of the advanced mass balance developed: 

Problem:  The aim of this study was focused on the quantification of CO2 emissions, 

and ultimately carbon tax. However, the results may have other, unrelated 

applications. 

Recommendation:  An additional application of the furnace model/balance would enable 

improved operational control of the furnace, and allow informed decision-

making and predictions. The model could be adjusted slightly to predict 

the outcome of any changes made, e.g.: How would the composition of the 

product vary if the raw material mix is changed? How much more product 

will be produced if the raw materials are of better quality? How will the 

energy consumption of the furnace be influenced by using a different 

raw-material mix? How can the off-gas emissions be limited/decreased?  

This model can later be automated to run various scenarios before any 

operational decisions are made. The chemical reactions can also be 

considered to estimate the energy consumption of the furnace, based on 

the heat of reaction (ΔH) of each chemical reaction. 
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Testing/refining of slag mass calculation: 

Problem:  The amount of Al2O3 present in the furnace is used to determine the slag 

mass in MB3 (Equation 3-22), since it doesn’t react chemically.  

The compounds MgO and CaO also doesn’t react, but is not considered in 

the calculations for slag mass.  

Recommendation: The slag mass calculated by MB3 can be verified or refined by making use 

of MgO and CaO contents as well. 

5.4. Final conclusion 

This thesis evaluated the CO2 emission quantification methods of the FeCr industry. 

The prescribed calculation methods (tier 1, 2 and 3) were assessed in terms of their practical 

applicability, since no sufficient practical examples of application could be found in literature. 

Case studies illustrated that, without the methodology developed, one is likely to obtain less 

accurate results (possible errors of 8.9% - 18.8%) when performing the prescribed methods. 

It was found that the prescribed methods used to quantify CO2 emissions are not necessarily 

accurate, and may also vary from one another. The construction of mass balances (MBs) was used 

to explore the idea of refining the prescribed methods. Case studies proved that by constructing a 

detailed MB, a smaller error can be achieved (2.4%), adding to the reliability of the results.  

The application of different quantification methods gave a variance of 13-33% on the calculated 

CO2 emission result. Hereafter, the accuracy of the different methods were compared. According 

to literature, tier 1 is less accurate (25%-50% error) than tier 3 (<5% error). However, if this is 

implemented practically, it is evident that this small error (<5%) is only achievable when tier 3 is 

done thoroughly, as with the detailed mass balance. The complexity of the different methods 

increased significantly between the prescribed methods and the refined mass balances. It was 

found, however, that with a little extra “complexity” a much higher accuracy can be accomplished. 

Based on the method developed throughout this study, and  

A significant contribution of the approach is realised by improved CT liability estimation.  

The monetary value for the entire FeCr industry in SA has decreased throughout the course of this 

study. From an initial estimation of R562 million per annum with a 50% uncertainty (purely based 

on literature assumptions) to a value of R448 million with a 2.4% uncertainty (based on the use of 

methods developed within this study). The developed approach is therefore confirmed to make a 

critical contribution to the emission quantification for FeCr furnaces. 
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A. APPENDIX A: Critical study 

PHASE 1: 

Table A-1: Reference type distribution (Phase 1) 

Type of reference Percentage Number 

Journal article 17% 17 

Conference paper 37% 38 

Thesis / dissertation 5% 5 

National official documentation 18% 19 

Book 2% 2 

Report 13% 13 

Training course material 7% 7 

Other 2% 2 

Total 100% 103 

 

 

Figure A-1: Reference type distribution (Phase 1) 
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Table A-2: Phase 1 of critical literature review 

Ref. 

nr. 
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of ref. 
Year 

Focus of reference study 
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em
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1 Anon (M) T/D 2004   X   X     [12] 

2 ADEME N/OD 2016         X X [93] 

3 APTA  N/OD 2009         X X [94] 

4 Banerjee R 2006   X X       [105] 

5 Basson CP 2006    X X     [39] 

6 Bergman CP 1997 X X         [7] 

7 Beukes CP 2010 X X X       [15] 

8 Beukes JA 2012   X         [43] 

9 Bhardwaj B 2014 X X         [106] 

10 Bhonde CP 1985   X         [51] 

11 Biermann JA 2012 X X X X X   [26] 

12 Booysen JA 2017         X X [22] 

13 CAPCOA N/OD 2010         X X [95] 

14 Chen & Johnson R 2011         X X [96] 

15 Chesnokov JA 2013         X X [52] 

16 Daavittila  JA 2004 X X X   X   [18] 

17 Defra R 2009         X X [97] 

18 Denton  CP 2004 X X X X X   [46] 

19 Dept. of environmental affairs N/OD 2017         X X [32] 

20 Dept. of environmental affairs R 2017         X X [34] 

21 Du Preez T/D 2014   X   X X   [11] 

22 Els CP 2010       X X   [53] 

23 ENRC  CP 2013   X X       [62] 

24 Environmental protection act R 2016         X X [107] 

25 EPA  N/OD 2011   X     X X [54] 

26 Epstein R 1981       X X   [111] 

27 Erwee  CP 2013 X X         [55] 

28 Faerden CP 1995 X       X   [56] 

29 Farjadi & Azari  CP 2004 X X X       [57] 

30 Fredriksen and Nestas JA 1968         X   [112] 

31 Frey R 2007       X X   [98] 

32 Gasik B 2013 X X X   X   [50] 

33 Gericke CP 1995   X X   X   [44] 

34 Gous T/D 2017         X X [20] 

35 Gradahl CP 2007       X X   [58] 

36 Gronberg JA 1981         X   [113] 

37 Hattingh JA 2003   X X   X   [10] 

38 Heikkinen TCM 2012 X X   X     [63] 

39 Hockaday & Bisaka  CP 2010 X X         [64] 

40 Holappa CP 2010 X X X   X X [5] 

41 Holappa & Xiao JA 2004   X   X     [48] 

42 Hunsbedt CP 2007         X   [59] 

43 ICDA N/OD 2011 X X         [65] 

44 Industrial EnM training TCM 2002 X     X X   [66] 

45 IPCC N/OD 2006         X X [35] 

46 IPCC R  2006         X X [99] 

47 IPIECA R 2011         X X [100] 
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48 Jones CP 2007   X X       [60] 

49 Jones CP 2010    X       [61] 

50 Jones  JA 2011   X   X     [45] 

51 Kapure CP 2007 X X         [13] 

52 Koekemoer CP 2007       X X X [67] 

53 Ksinksik CP 1995   X X       [68] 

54 Kunze  CP 2004 X X         [49] 

55 Lindstad CP 2006         X X [16] 

56 Lindstad CP 2010         X X [38] 

57 Lomo CP n.d.         X   [69] 

58 Lozynskyy et al. N/OD 2014         X   [30] 

59 Makhoba & Eric  CP 2010 X X         [70] 

60 McLaughlan  R 2006 X X X   X   [114] 

61 Merafe  N/OD 2015 X X X X X X [71] 

62 Metallurgical industry Other n.d. X X     X X [72] 

63 Mills TCM 2011 X X   X     [73] 

64 Milne et al. JA 2013         X X [102] 

65 Monsen CP 1998         X X [74] 

66 Mosiane N/OD 2007   X X       [75] 

67 NAPCA N/OD 1970         X X [76] 

68 National Treasury N/OD 2016         X   [31] 

69 National Treasury N/OD 2017         X   [33] 

70 Niemelä  CP 2004 X       X X [14] 

71 Nkohla  T/D 2006       X     [77] 

72 NPI N/OD 1999         X X [78] 

73 Olsen CP 1998         X X [37] 

74 Otani JA 1974 X X         [4] 

75 Pan CP 2015 X           [8] 

76 Pan CP 2015 X X   X     [6] 

77 Penttilä TCM 2016 X X   X     [79] 

78 Person CP 1983         X   [80] 

79 Pezennec CP 2007         X   [81] 

80 PMR TCM 2013         X X [110] 

81 Sri Sai Manasa Nature Tech TCM 2017         X   [82] 

82 Ranganathan CP 2007 X X         [42] 

83 Riekkola-Vanhanen N/OD 1999 X X     X   [3] 

84 Roos CP 2004 X X   X     [1] 

85 Rudolph R 1979         X   [115] 

86 Scheepers JA 2010   X   X     [83] 

87 Segura JA 2017 X X   X     [84] 

88 Sonntag-O'Brien TCM 2000         X X [103] 

89 Taggart JA 2016   X     X   [85] 

90 The iron and steel institute B 2012   X   X     [116] 

91 The Norwegian Emission Inv. N/OD 2016         X X [109] 

92 UNFCCC Reporting Guidel. N/OD 2008         X X [17] 

93 US EPA N/OD 1992   X     X X [86] 

94 Vaish Other 1992   X     X X [87] 

95 Visagie R 2006 X  X       [88] 

96 Visser JA 2006   X         [40] 

97 Weitz T/D 2015 X X   X X X [47] 

98 Westbrook & Dougherty JA 1981         X   [117] 

99 Xiao CP 2006   X         [2] 

100 Xstrata N/OD 2011   X X   X   [89] 

101 Yang CP 2004   X   X     [41] 

102 Young R 2010         X X [104] 

103 Zayakin CP 2015   X         [90] 
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PHASE 2: 

Table A-3: Reference type distribution (Phase 2) 

Type of reference Percentage Number 

Journal article 8% 3 

Conference paper 19% 7 

Thesis / dissertation 6% 2 

National official documentation 33% 12 

Book 0% 0 

Report 22% 8 

Training course material 6% 2 

Other 6% 2 

Total 100% 36 

 

 

Figure A-2: Reference type distribution (Phase 2) 

(A) How should one quantify CO2e GHG emissions for FeCr production? 

(B) Are there practical examples available of FeCr emission calculations? 

(C) How can one be sure that the final result is correct? 

(D) How do the methods ("tiers") differ from each other; which one is the best? Other options? 

(E) How would the different furnace technology influence the emissions / performance? 

(F) Is it worthwhile to go through this much trouble, e.g. MB? (Cost vs accuracy vs complexity) 
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Table A-4: Phase 2 of critical literature review 

Reference 
Type of 

ref. 

Does reference address the following 

uncertainty? 
Ref. nr. 
(ref. list) 

(A) (B) (C) (D) (E) (F) 

ADEME N/OD       [93] 

APTA N/OD       [94] 

Booysen JA X      [22] 

CAPCOA N/OD       [95] 

Chen & Johnson R       [96] 

Chesnokov JA       [52] 

Defra R       [97] 

Dept. of environmental affairs N/OD X  X    [19] 

Dept. of environmental affairs R X      [32] 

Environmental protection act R X      [107] 

EPA N/OD X      [54] 

Gous T/D   X    [20] 

Holappa CP X      [5] 

IPCC N/OD   X    [35] 

IPCC R X      [99] 

IPIECA R       [100] 

Koekemoer CP X      [67] 

Lindstad CP X      [16] 

Lindstad CP X      [38] 

Merafe N/OD X      [71] 

Metallurgical industry Other X      [72] 

Milne et al. JA X      [102] 

Monsen CP X      [74] 

NAPCA N/OD       [76] 

Niemelä CP X      [14] 

NPI N/OD X      [78] 

Olsen CP X      [37] 

PMR TCM   X    [110] 

Sonntag-O'Brien TCM       [103] 

The Norwegian Emission Inv. N/OD X      [109] 

UNFCCC Reporting Guidel. N/OD X      [17] 

US EPA N/OD X      [86] 

Vaish Other X      [87] 

Vellinga R       [108] 

Weitz T/D X      [47] 

Young R       [104] 
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B. APPENDIX B: General conversions and compositions 

Table B-1: Typical proximate analyses of South African coal [39] 

Coal (reductant) type Ash Volatiles Fixed carbon 

Anthracite 15% 6 - 10% 80% 

Char 19% 1 - 2% 80% 

Coke 16% <1% 83% 

Table B-2: Typical ultimate analyses of South African coal, dry base [123, 124, 125] 

Reductant type C H O N S 

Anthracite 88.94% 3.40% 2.32% 1.55% 0.81% 

Char 77.84% 0.34% 21.11% 0.71%   

Coke 89% 3.60% 0% 1.56% 4.95% 

Table B-3: Typical chemical composition of fluxes in FeCr production [126, 127, 128, 154] 

Flux type Composition 

Dolomite CaMg(CO3)2 100% 

Limestone CaCO3 100% 

Quartz SiO2 100% 

Burnt lime CaO 100% 

 

Calculating the molecular weight of a material 

𝑀𝑊𝑑 = ∑(𝑛𝑥𝑑
× 𝑀𝑊𝑥)

12

𝑥=1

 

Equation B-1: Molecular weight of material “d” 

Where, 

“MW” = Molecular weight 

“d” = material, e.g. dolomite 

“x” = specific element, e.g. Ca, Mg, C, O 

“MWd” = Molecular weight of material “d” 

“nxd” = number of atoms (from “x”) present in material “d” 

“MWx” = Molecular weight of element “x” 
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Calculating the amount of elements in a material 

𝑥𝑑 =
𝑛𝑥𝑑

× 𝑀𝑊𝑥

𝑀𝑊𝑑
 

Equation B-2: Composition - amount of element (“x”) present in material (“d”) 

Where“xd” = Specific element (“x”) present in material (“d”). 

Converting compound composition (mass percentage) to elemental composition 

%𝐴 =
𝑀𝑊𝐴 × 𝑎

𝑀𝑊𝑋
× %𝑋 

Equation B-3: Converting compound X composition to individual element (A) composition 

%𝐵 =
𝑀𝑊𝐵 × 𝑏

𝑀𝑊𝑋
× %𝑋 

Equation B-4: Converting compound X composition to individual element (B) composition 

Where, 

“%X” = Mass composition percentage of compound X 

“%A” = Mass composition percentage of element A 

“%B” = Mass composition percentage of element B 

“a” = Number of molecules per element A in compound X 

“b” = Number of molecules per element B in compound X 

“MWA” = Molecular weight of element A, in g/mol 

“MWB” = Molecular weight of element B, in g/mol 

“MWX” = Molecular weight of compound X, in g/mol 

*Note that %A + %B must be equal to %X 

Converting volume percentage composition to mass percentage composition 

𝑀𝑎𝑠𝑠 % = 𝜌 {
𝑘𝑔

𝑚3
} × 𝑉𝑜𝑙𝑢𝑚𝑒 % 

Equation B-5: Converting volume percentage composition to mass percentage composition 

Where “Mass %” = Composition in mass percentage 

“ρ” = Density, in kg/m3 

“Volume %” = Composition in volume percentage  
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Table B-4: Calculated mass composition of fluxes (element-based) 

Material Ca Mg C O Si 

Dolomite 22% 13% 13% 52% - 

Limestone 40% - 12% 48% - 

Quartz - - - 53% 47% 

Burnt lime 71% - - 29% - 

Table B-5: Typical chemical composition of chromite ore [7] 

Ore composition 

Cr2O3 50% 

FeO 25% 

MgO 9% 

Al2O3 10% 

SiO2 5% 

CaO 1% 

Table B-6: Calculated mass composition of chromite ore (element-based) 

Composition Cr O Fe Mg Al Si Ca 

Cr2O3 50% 68% 32% - - - - - 

Fe2O3 25% - 30% 70% - - - - 

MgO 9% - 40% - 60% - - - 

Al2O3 10% - 48% - - 52% - - 

SiO2 5% - 53% - - - 47% - 

CaO 1% - 29% - - - - 71% 

Total ore composition 34.2% 34.6% 17.5% 5.4% 5.2% 2.3% 0.7% 

Table B-7: Typical mass composition of FeCr metal (element-based) [7] 

FeCr metal composition 

Cr 56.7% 

C 7.2% 

Si 2.3% 

Fe 33.8% 

Table B-8: Typical chemical composition of slag by-product [77] 

Slag composition 

SiO2 23.2% 

Al2O3 24.7% 

MgO 19.8% 

CaO 3.0% 

FeO 10.7% 

Cr2O3 18.6% 
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Table B-9: Calculated mass composition of slag by-product (element-based) 

Composition Cr O Fe Mg Al Si Ca 

SiO2 23.2% - 53% - - - 47% - 

Al2O3 24.7% - 48% - - 52% - - 

MgO 19.8% - 40% - 60% - - - 

CaO 3.0% - 29% - - - - 71% 

FeO 10.7% - 22% 78% - - - - 

Cr2O3 18.6% 68% 32% - - - - - 

Total slag composition 12.7% 41.3% 8.3% 11.9% 12.8% 10.8% 2.1% 

Table B-10: Typical chemical composition of off-gas from FeCr production [14, 15]  

Off-gas composition 

CO 75 - 90% 

CO2 2 - 10% 

H2 2 - 15% 

N2 2 - 7% 

 

Table B-11: Calculated mass composition of off-gas from FeCr production (element-based)  

Composition C O H N 

CO 75 - 90% 43% 57% 0% 0% 

CO2 2 - 10% 27% 73% 0% 0% 

H2 2 - 15% 0% 0% 100% 0% 

N2 2 - 7% 0% 0% 0% 100% 

Total off-gas composition 33 - 41% 44 - 59% 2 - 15% 2 - 7% 
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C. APPENDIX C: Elemental coal composition guide 

Table C-1: Original coal Bulletin 113 data (proximate, ultimate, and ash analysis) 
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Table C-2: Total elemental coal composition 

 
  

C H O N S Trace C H O N S Trace

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Arnot 59.5 3.54 11.6 1.39 0.77 23.20 62.3 3.18 8.0 1.46 0.81 24.29

Arthur Taylor 70.8 4.42 10.1 1.69 0.58 12.40 72.8 4.23 7.9 1.74 0.60 12.76

70.2 4.09 9.3 1.49 0.96 14.60 71.7 3.87 7.0 1.52 0.98 14.93

70.1 4.06 8.9 1.51 0.54 14.20 72.5 3.89 6.9 1.56 0.56 14.67

67.8 4.12 10.1 1.57 0.53 15.90 69.9 3.90 7.7 1.62 0.55 16.37

74.9 4.69 10.5 1.85 0.47 7.60 77.2 4.49 8.1 1.91 0.48 7.83

Bank 5 72.0 4.91 9.3 1.72 0.79 11.30 74.5 4.69 6.5 1.78 0.82 11.70

Blackwattle 69.8 3.98 9.6 1.58 0.41 14.60 72.0 3.75 7.2 1.63 0.42 15.05

71.5 4.73 10.0 1.66 1.39 10.80 74.0 4.50 7.2 1.72 1.44 11.18

62.3 3.74 7.3 1.22 0.89 24.60 63.3 3.61 5.9 1.24 0.91 25.03

67.2 4.06 10.2 1.59 0.88 16.10 69.3 3.83 7.7 1.64 0.91 16.62

69.5 4.03 10.5 1.67 0.66 13.60 71.9 3.78 7.8 1.73 0.68 14.06

65.3 4.02 12.3 1.54 0.78 16.10 68.1 3.71 9.0 1.61 0.81 16.81

64.9 4.05 12.5 1.55 0.61 16.40 68.0 3.72 8.9 1.62 0.64 17.17

Duvha 56.8 3.28 7.4 1.27 0.97 30.30 58.1 3.09 5.5 1.30 0.99 31.01

69.2 4.11 11.1 1.65 0.41 13.50 71.8 3.85 8.2 1.71 0.43 14.00

71.1 4.70 11.4 1.74 0.34 10.70 73.4 4.48 8.9 1.80 0.35 11.05

71.9 4.11 9.8 1.71 0.60 11.90 74.2 3.88 7.2 1.76 0.62 12.28

71.8 4.34 8.8 1.50 0.39 13.20 73.7 4.15 6.6 1.54 0.40 13.57

Forzando 69.1 4.83 12.3 1.66 0.76 11.30 71.9 4.57 9.3 1.73 0.79 11.75

69.7 4.44 10.0 1.39 0.63 13.80 71.6 4.26 7.9 1.43 0.65 14.17

68.7 4.26 9.2 1.60 0.61 15.60 70.4 4.09 7.3 1.64 0.63 15.98

76.0 5.02 9.3 1.82 0.65 7.20 78.0 4.86 7.3 1.87 0.67 7.38

66.7 3.71 10.1 1.50 0.43 17.60 69.2 3.43 7.1 1.56 0.45 18.28

68.8 4.08 9.6 1.55 0.43 15.50 71.1 3.84 7.0 1.60 0.44 16.01

71.2 4.24 9.2 1.58 0.53 13.20 73.0 4.07 7.3 1.62 0.54 13.52

69.5 4.13 9.4 1.61 0.47 14.90 71.2 3.95 7.5 1.65 0.48 15.27

Inkhwezi 55.9 3.39 12.1 1.29 1.06 26.20 57.8 3.13 9.6 1.33 1.10 27.07

Khutala 51.3 3.06 10.5 1.21 0.99 33.00 53.1 2.77 7.7 1.25 1.02 34.16

Kleinkopje 68.9 4.08 9.4 1.54 0.69 15.40 70.9 3.88 7.1 1.58 0.71 15.84

Koornfontein 70.4 4.38 9.9 1.55 0.63 13.20 72.4 4.19 7.6 1.59 0.65 13.58

51.0 3.31 13.3 1.25 0.72 30.40 53.6 2.90 9.4 1.31 0.76 31.97

57.9 3.44 13.2 1.42 0.93 23.10 60.5 3.09 9.8 1.48 0.97 24.14

Lakeside 69.4 4.11 12.8 1.66 0.38 11.60 72.6 3.79 9.3 1.74 0.40 12.13

Landau (Kromdraai) 69.3 4.26 10.1 1.55 0.59 14.20 71.3 4.06 7.8 1.59 0.61 14.61

68.7 3.95 11.7 1.49 0.36 13.80 71.7 3.63 8.3 1.56 0.38 14.41

68.9 4.33 13.2 1.52 0.37 11.60 72.2 4.01 9.7 1.59 0.39 12.15

Leeuwpan 68.5 3.92 11.2 1.59 0.64 14.10 70.6 3.70 8.9 1.64 0.66 14.52

Leeuwspruit 70.8 4.32 8.6 1.62 0.81 13.80 72.7 4.14 6.5 1.66 0.83 14.17

Lemoenfontein 72.8 5.01 10.5 1.72 1.65 8.30 75.7 4.76 7.4 1.79 1.72 8.63

Matla 52.7 3.50 14.3 1.29 1.08 27.10 55.7 3.07 10.1 1.36 1.14 28.62

Colliery

Leeuwfontein

Kriel

Graspan

Greenside

Elandsfontein: No. 4 Seam

Goedehoop

Delmas

Eikeboom (Section of 

Optimum)

Blesboklaagte

Boschmans

ATCOM

Bank 2

Bituminous

Witbank - Middelburg - Secunda

MPUMALANGA

Coal elemental composition
(dry base)

Coal elemental composition
(incl. moisture)
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C H O N S Trace C H O N S Trace

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Middelburg Consolidated 70.3 4.05 9.6 1.57 0.45 14.10 72.0 3.87 7.6 1.61 0.46 14.46

New Clydesdale 76.0 4.88 10.0 1.74 0.57 6.80 78.0 4.71 7.9 1.79 0.59 6.98

New Denmark 52.1 3.19 10.5 1.40 1.25 31.60 54.0 2.90 7.6 1.45 1.30 32.75

Olifantslaagte 67.2 4.27 13.3 1.58 0.24 13.40 70.7 3.91 9.4 1.66 0.25 14.11

71.6 4.64 10.9 1.72 0.65 10.50 74.0 4.42 8.3 1.78 0.67 10.85

60.6 3.72 10.8 1.36 0.58 22.90 62.9 3.44 7.9 1.41 0.60 23.76

Phoenix 69.1 3.93 9.6 1.35 0.30 15.80 71.0 3.73 7.4 1.39 0.31 16.24

Polmaise 72.8 4.40 9.3 1.81 0.54 11.20 75.0 4.19 6.8 1.87 0.56 11.55

Rietspruit 69.7 4.40 9.8 1.58 0.65 13.80 72.0 4.18 7.3 1.63 0.67 14.24

Secunda: Bosjesspruit 50.5 3.18 10.7 1.23 1.61 32.80 52.5 2.85 7.5 1.28 1.68 34.13

Secunda: Middelbult 58.3 3.45 11.9 1.44 1.12 23.80 60.9 3.11 8.5 1.50 1.17 24.84

Secunda: Brandspruit 56.3 3.36 14.0 1.52 1.04 23.80 58.8 3.00 10.6 1.59 1.09 24.90

Secunda: Syferfontein 52.2 3.38 14.1 1.30 0.75 28.30 55.3 2.91 9.7 1.38 0.79 29.98

70.1 4.90 12.9 1.83 0.86 9.40 73.1 4.63 9.7 1.91 0.90 9.80

47.1 2.98 10.4 1.09 1.36 37.10 48.7 2.70 7.7 1.13 1.41 38.37

South Witbank 66.6 4.18 10.7 1.58 0.96 16.00 69.2 3.91 7.7 1.64 1.00 16.61

Leeuwpan (Stuart) 62.7 4.31 10.9 1.47 0.49 20.10 64.8 4.08 8.3 1.52 0.51 20.76

Tavistock: No. 4 Seam 71.4 4.27 10.6 1.70 0.66 11.30 73.9 4.03 7.9 1.76 0.68 11.70

71.4 4.24 8.3 1.66 0.59 13.80 73.2 4.06 6.3 1.70 0.61 14.15

76.1 5.09 9.4 1.80 0.64 6.90 78.0 4.94 7.5 1.84 0.66 7.07

70.5 4.26 9.4 1.58 0.58 13.70 72.3 4.08 7.4 1.62 0.59 14.05

69.9 4.24 9.2 1.51 0.52 14.60 71.7 4.06 7.2 1.55 0.53 14.97

Waterpan 72.0 4.10 9.9 1.78 0.57 11.60 74.5 3.85 7.2 1.84 0.59 12.01

69.1 4.02 9.8 1.62 1.05 14.40 71.3 3.79 7.3 1.67 1.08 14.85

70.0 3.88 10.3 1.64 0.43 13.80 72.3 3.63 7.6 1.70 0.44 14.27

Woestalleen 70.4 4.19 11.1 1.67 0.64 12.10 73.3 3.90 7.8 1.74 0.67 12.60

Coastal Fuels: Paardeplaats 71.2 5.03 10.4 1.74 1.09 10.60 73.3 4.84 8.0 1.79 1.12 10.92

Coastal Fuels: Witkrans 66.3 4.42 10.0 1.60 0.57 17.10 68.0 4.25 7.9 1.64 0.58 17.54

Delta 69.5 4.38 9.9 1.82 0.90 13.50 71.6 4.17 7.5 1.87 0.93 13.90

Eastside 73.9 5.01 9.8 1.88 0.69 8.70 76.0 4.84 7.5 1.93 0.71 8.95

Glisa 62.5 3.66 13.0 1.46 0.85 18.60 65.1 3.34 9.7 1.52 0.89 19.40

69.3 4.80 11.8 2.00 0.79 11.30 71.8 4.57 9.0 2.07 0.82 11.71

63.0 3.93 11.6 1.74 0.84 18.90 65.4 3.64 8.6 1.81 0.87 19.65

68.7 4.48 9.7 1.71 1.14 14.30 70.8 4.26 7.2 1.76 1.18 14.76

68.9 4.70 9.8 1.68 1.29 13.60 71.1 4.49 7.4 1.73 1.33 14.02

Strathrae 68.0 3.91 11.5 1.61 0.65 14.30 70.8 3.60 8.3 1.68 0.68 14.90

Sumo 68.5 3.97 12.5 1.58 0.33 13.10 72.4 3.55 8.2 1.67 0.35 13.85

Tselentis (Bothasrust) 69.4 4.22 9.7 1.48 0.56 14.70 71.7 3.99 7.0 1.53 0.58 15.19

Protea 73.9 2.43 3.3 1.31 0.68 18.40 76.4 2.14 0.4 1.35 0.70 19.01

Savmore 69.7 4.10 10.1 1.87 1.40 12.80 72.4 3.83 7.1 1.94 1.45 13.29

TBS 65.9 4.76 12.4 1.73 0.98 14.20 68.9 4.47 8.9 1.81 1.03 14.85

Colliery

Van Dyks Drift

Secunda: Twistdraai

Optimum

Piet Retief - Wakkerstroom

Anthracitic

Bituminous

Golfview

Spitzkop

Witbank

Belfast - Carolina - Ermelo

Bituminous

Coal elemental composition
(dry base)

Coal elemental composition
(incl. moisture)
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C H O N S Trace C H O N S Trace

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Nkomati Anthracite 78.4 2.75 2.2 1.62 0.35 14.70 79.6 2.62 0.9 1.64 0.36 14.92

68.2 4.30 9.9 1.28 0.58 15.80 70.1 4.10 7.6 1.32 0.60 16.26

72.2 5.07 10.6 1.46 0.86 9.80 74.7 4.86 7.9 1.51 0.89 10.13

50.9 3.64 9.2 1.00 1.48 33.80 52.2 3.45 7.1 1.03 1.52 34.67

Tshikondeni 78.4 4.32 2.2 1.60 0.94 12.50 79.0 4.26 1.5 1.61 0.95 12.60

New Vaal 40.9 3.09 14.3 0.95 0.55 40.20 43.5 2.58 9.6 1.01 0.58 42.72

Sigma 49.7 3.20 13.4 1.21 0.93 31.50 53.0 2.67 8.5 1.29 0.99 33.58

CBR Mining 75.8 3.35 4.7 2.04 1.34 12.80 77.3 3.19 3.0 2.08 1.37 13.06

Springlake 77.8 3.44 2.8 2.06 1.55 12.30 79.1 3.31 1.4 2.10 1.58 12.51

CBR Mining 71.4 3.58 4.5 1.92 1.60 17.00 72.8 3.44 2.9 1.96 1.63 17.33

Durban Navigation 74.7 4.92 5.4 2.00 1.46 11.50 75.8 4.82 4.2 2.03 1.48 11.68

Welgedacht 69.8 4.38 8.6 1.81 1.53 13.90 72.0 4.16 6.1 1.87 1.58 14.34

Duiker: Dixon (Gus) 78.9 2.52 4.0 1.64 0.90 12.00 81.6 2.22 1.1 1.70 0.93 12.41

Duiker: Enyati (Alfred) 77.4 2.39 3.6 1.77 0.89 13.90 79.8 2.11 1.0 1.82 0.92 14.33

Duiker: Oakhurst 78.9 3.27 2.4 2.23 0.74 12.50 80.6 3.09 0.5 2.28 0.76 12.77

Duiker: Dundas Seam 73.9 2.84 4.7 1.77 0.53 16.30 76.0 2.60 2.2 1.82 0.55 16.77

Rietvlei 78.3 2.81 3.9 1.89 1.25 11.80 81.7 2.45 0.3 1.97 1.30 12.30

Recmin 61.9 3.34 7.6 1.75 0.69 24.80 64.4 3.02 4.3 1.82 0.72 25.81

Vryheid Coronation 79.1 4.09 2.3 1.86 0.70 12.00 79.8 4.02 1.4 1.88 0.71 12.12

83.3 2.91 3.0 1.84 0.80 8.10 85.7 2.67 0.6 1.89 0.82 8.33

66.6 2.35 3.5 1.40 1.50 24.70 68.6 2.07 0.8 1.44 1.55 25.46

Maloma 82.0 3.09 2.4 1.94 0.64 9.90 83.5 2.94 0.8 1.98 0.65 10.08

Coal elemental composition
(incl. moisture)

Coal elemental composition
(dry base)

Colliery

SWAZILAND

Anthracitic

Ulundi

Anthracitic

Zululand Anthracite

Vryheid

Anthracitic

Bituminous

Sasolburg

Bituminous

KWAZULU-NATAL

Dundee - Newcastle - Utrecht

Anthracitic

Bituminous

Venda

Bituminous

FREE STATE

NORTHERN PROVINCE

Ellisras

Bituminous

Grootegeluk

Kangwane (Komatipoort)

Anthracitic
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Table C-3: Proximate and ultimate analysis data (per coal field) 

 
 

Moisture Ash
Volatile 

matter

Fixed 

carbon
C H N S O

(%) (%) (%) (%) (%) (%) (%) (%) (%)

Arnot 4.5 23.2 22.5 49.8 59.48 3.04 1.39 0.77 7.62

Arthur Taylor 2.8 12.4 27.0 57.8 70.77 4.11 1.69 0.58 7.65

ATCOM 2.7 14.4 27.4 55.5 70.1 3.8 1.5 0.8 6.7

Bank 2 2.9 11.8 26.8 58.6 71.4 4.1 1.7 0.5 7.7

Bank 5 3.4 11.3 32.8 52.5 71.99 4.53 1.72 0.79 6.27

Blackwattle 3.0 14.6 24.7 57.7 69.82 3.64 1.58 0.41 6.95

Blesboklaagte 2.6 17.7 27.2 52.6 66.9 4.0 1.4 1.1 6.4

Boschmans 3.2 14.9 26.6 55.4 68.4 3.7 1.6 0.8 7.5

Delmas 4.4 16.3 25.4 54.1 65.1 3.6 1.5 0.7 8.5

Duvha 2.3 30.3 20.6 46.8 56.78 3.02 1.27 0.97 5.36

Eikeboom (Section of Optimum) 3.4 12.1 28.2 56.4 70.1 4.0 1.7 0.4 8.3

Elandsfontein: No. 4 Seam 2.9 12.6 25.7 58.9 71.8 3.9 1.6 0.5 6.7

Forzando 3.8 11.3 31.6 53.3 69.13 4.40 1.66 0.76 8.95

Goedehoop 2.5 12.2 27.5 57.8 71.5 4.3 1.6 0.6 7.3

Graspan 3.5 16.6 26.2 53.9 67.7 3.5 1.5 0.4 6.8

Greenside 2.4 14.1 25.0 58.6 70.3 3.9 1.6 0.5 7.2

Inkhwezi 3.2 26.2 25.5 45.1 55.94 3.03 1.29 1.06 9.28

Khutala 3.4 33.0 21.1 42.5 51.25 2.68 1.21 0.99 7.47

Kleinkopje 2.8 15.4 24.0 57.8 68.88 3.77 1.54 0.69 6.92

Koornfontein 2.8 13.2 26.3 57.7 70.36 4.07 1.55 0.63 7.39

Kriel 4.6 26.8 22.9 45.8 54.5 2.9 1.3 0.8 9.2

Lakeside 4.4 11.6 26.0 58.0 69.44 3.62 1.66 0.38 8.90

Landau (Kromdraai) 2.8 14.2 23.8 59.2 69.34 3.95 1.55 0.59 7.57

Leeuwfontein 4.4 12.7 26.7 56.3 68.8 3.7 1.5 0.4 8.6

Leeuwpan 2.9 14.1 24.6 58.4 68.53 3.59 1.59 0.64 8.65

Leeuwspruit 2.6 13.8 28.8 54.8 70.83 4.03 1.62 0.81 6.31

Lemoenfontein 3.8 8.3 33.6 54.3 72.80 4.58 1.72 1.65 7.15

Matla 5.3 27.1 24.1 43.5 52.71 2.91 1.29 1.08 9.61

Middelburg Consolidated 2.5 14.1 24.2 59.2 70.25 3.77 1.57 0.45 7.37

New Clydesdale 2.6 6.8 31.2 59.4 75.99 4.59 1.74 0.57 7.71

New Denmark 3.5 31.6 21.9 43.0 52.08 2.80 1.40 1.25 7.37

Olifantslaagte 5.0 13.4 24.0 57.6 67.16 3.71 1.58 0.24 8.91

Optimum 3.4 16.7 27.9 52.0 66.1 3.8 1.5 0.6 7.8

Phoenix 2.7 15.8 26.6 54.9 69.06 3.63 1.35 0.30 7.16

Polmaise 3.0 11.2 25.9 59.9 72.78 4.06 1.81 0.54 6.61

Rietspruit 3.1 13.8 26.9 56.2 69.74 4.05 1.58 0.65 7.08

Secunda: Bosjesspruit 3.9 32.8 21.6 41.7 50.48 2.74 1.23 1.61 7.24

Secunda: Middelbult 4.2 23.8 22.7 49.3 58.31 2.98 1.44 1.12 8.15

Secunda: Brandspruit 4.4 23.8 22.6 49.2 56.25 2.87 1.52 1.04 10.12

Secunda: Syferfontein 5.6 28.3 22.0 44.1 52.18 2.75 1.30 0.75 9.12

Secunda: Twistdraai 3.7 23.3 27.2 45.9 58.6 3.5 1.5 1.1 8.4

South Witbank 3.7 16.0 28.2 52.1 66.61 3.77 1.58 0.96 7.38

Leeuwpan (Stuart) 3.2 20.1 29.1 47.6 62.72 3.95 1.47 0.49 8.07

Tavistock: No. 4 Seam 3.4 11.3 27.3 58.0 71.43 3.89 1.70 0.66 7.62

Van Dyks Drift 2.5 12.3 26.9 58.4 72.0 4.2 1.6 0.6 6.9

Waterpan 3.4 11.6 27.4 57.6 72.00 3.72 1.78 0.57 6.93

Witbank 3.2 14.1 25.7 57.1 69.6 3.6 1.6 0.7 7.2

Woestalleen 4.0 12.1 25.6 58.3 70.35 3.74 1.67 0.64 7.50

COLLIERY

PROXIMATE ANALYSIS

MPUMALANGA

Witbank - Middelburg - Secunda

Bituminous

ULTIMATE ANALYSIS
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Moisture Ash
Volatile 

matter

Fixed 

carbon
C H N S O

(%) (%) (%) (%) (%) (%) (%) (%) (%)

Coastal Fuels: Paardeplaats 2.9 10.6 36.2 50.3 71.17 4.70 1.74 1.09 7.80

Coastal Fuels: Witkrans 2.5 17.1 29.7 50.7 66.34 4.14 1.60 0.57 7.75

Delta 2.9 13.5 28.2 55.4 69.52 4.05 1.82 0.90 7.31

Eastside 2.8 8.7 33.2 55.3 73.90 4.70 1.88 0.69 7.33

Glisa 4.1 18.6 22.8 54.5 62.46 3.20 1.46 0.85 9.33

Golfview 3.7 15.1 30.2 51.1 66.1 4.0 1.9 0.8 8.5

Spitzkop 3.1 14.0 30.4 52.6 68.8 4.2 1.7 1.2 7.1

Strathrae 4.0 14.3 24.2 57.5 67.99 3.46 1.61 0.65 7.99

Sumo 5.4 13.1 22.8 58.7 68.52 3.36 1.58 0.33 7.71

Tselentis (Bothasrust) 3.2 14.7 26.5 55.6 69.39 3.86 1.48 0.56 6.81

Protea 3.2 18.4 6.0 72.4 73.92 2.07 1.31 0.68 0.42

Savmore 3.7 12.8 28.5 55.0 69.70 3.69 1.87 1.40 6.84

TBS 4.4 14.2 32.6 48.8 65.89 4.27 1.73 0.98 8.53

Nkomati Anthracite 1.5 14.7 7.8 76.0 78.40 2.58 1.62 0.35 0.85

Grootegeluk 2.9 19.8 28.6 48.7 63.8 4.0 1.2 1.0 7.3

Tshikondeni 0.8 12.5 23.7 63.0 78.41 4.23 1.60 0.94 1.53

New Vaal 5.9 40.2 22.3 31.6 40.90 2.43 0.95 0.55 9.07

Sigma 6.2 31.5 21.9 40.4 49.73 2.50 1.21 0.93 7.93

CBR Mining 2.0 12.8 10.9 74.3 75.79 3.13 2.04 1.34 2.90

Springlake 1.7 12.3 10.3 75.7 77.80 3.25 2.06 1.55 1.34

CBR Mining 1.9 17.0 16.5 64.6 71.40 3.37 1.92 1.60 2.81

Durban Navigation 1.5 11.5 30.1 56.9 74.69 4.75 2.00 1.46 4.10

Welgedacht 3.1 13.9 28.0 55.0 69.76 4.03 1.81 1.53 5.87

Duiker: Dixon (Gus) 3.3 12.0 5.2 79.5 78.93 2.15 1.64 0.90 1.08

Duiker: Enyati (Alfred) 3.0 13.9 5.4 77.7 77.44 2.05 1.77 0.89 0.95

Duiker: Oakhurst 2.1 12.5 9.8 75.6 78.90 3.03 2.23 0.74 0.50

Duiker: Dundas Seam 2.8 16.3 7.4 73.5 73.90 2.53 1.77 0.53 2.17

Rietvlei 4.1 11.8 5.5 78.6 78.32 2.35 1.89 1.25 0.29

Recmin 3.9 24.8 13.0 58.3 61.85 2.90 1.75 0.69 4.11

Vryheid Coronation 1.0 12.0 20.2 66.8 79.05 3.98 1.86 0.70 1.41

Zululand Anthracite 2.9 16.4 6.9 73.9 75.0 2.3 1.6 1.2 0.7

Maloma 1.8 9.9 6.1 82.2 82.04 2.89 1.94 0.64 0.79

Belfast - Carolina - Ermelo

Bituminous

Piet Retief - Wakkerstroom

Anthracitic

Anthracitic

Anthracitic

Bituminous

Kangwane (Komatipoort)

Anthracitic

NORTHERN PROVINCE

Ellisras

Bituminous

Venda

Bituminous

FREE STATE

Sasolburg

Bituminous

KWAZULU-NATAL

Dundee - Newcastle - Utrecht

Anthracitic

Bituminous

Vryheid

Anthracitic

Bituminous

Ulundi

SWAZILAND

COLLIERY

PROXIMATE ANALYSIS ULTIMATE ANALYSIS
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Table C-4: Proximate and ultimate analysis data (per province) 

 
 

 
Table C-5: Proximate and ultimate analysis data (per coal type) 

 
 

 
Table C-6: Moisture elemental analysis 

Element Molar mass (g/mol) 
Elemental mass% 

composition 

H 1.01 11.2% 

O 16 88.8% 

H2O 18.02 100.0% 

 

  

Moisture Ash
Volatile 

matter

Fixed 

carbon
C H N S O

(%) (%) (%) (%) (%) (%) (%) (%) (%)

Bituminous 3.4 16.0 26.6 54.0 66.9 3.8 1.6 0.7 7.6

Anthracitic 2.4 16.6 6.9 74.2 76.2 2.3 1.5 0.5 0.6

Bituminous 2.4 18.0 27.4 52.3 67.4 4.1 1.3 1.0 5.9

Bituminous 6.1 35.9 22.1 36.0 45.3 2.5 1.1 0.7 8.5

Bituminous 2.3 15.8 21.6 60.3 71.4 3.8 1.9 1.2 3.7

Anthracitic 2.8 13.8 7.6 75.8 76.8 2.6 1.8 1.1 1.2

Anthracitic 1.8 9.9 6.1 82.2 82.04 2.89 1.94 0.64 0.79

FREE STATE

KWAZULU-NATAL

SWAZILAND

MPUMALANGA

NORTHERN PROVINCE

Province

PROXIMATE ANALYSIS ULTIMATE ANALYSIS

Moisture Ash
Volatile 

matter

Fixed 

carbon
C H N S O

(%) (%) (%) (%) (%) (%) (%) (%) (%)

Bituminous 3.3 16.4 26.3 54.0 66.8 3.8 1.6 0.8 7.4

Anthracitic 2.6 14.0 7.3 76.1 77.1 2.6 1.8 0.9 1.1

Coal type

PROXIMATE ANALYSIS ULTIMATE ANALYSIS
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D. APPENDIX D: Case studies - Additional furnaces (Chapter 2) 

 
Table D-1: Results for additional case studies - Chapter 2 (furnace 1-16) 

Furnace 
Case 

study 

CO2 emissions 

(tonnes) 

Error 

(%) 
Furnace 

Case 

study 

CO2 emissions 

(tonnes) 

Error 

(%) 

1 

CS1 108 486 18.8% 

9 

CS1 112 120 18.8% 

CS2 104 678 13.4% CS2 119 072 14.6% 

CS3 114 188 8.0% CS3 128 809 7.1% 

2 

CS1 139 820 18.8% 

10 

CS1 111 377 18.8% 

CS2 132 592 13.5% CS2 117 198 14.5% 

CS3 144 637 8.0% CS3 126 815 7.2% 

3 

CS1 192 005 18.8% 

11 

CS1 54 670 18.8% 

CS2 112 139 1.1% CS2 57 946 14.4% 

CS3 129 486 14.1% CS3 63 053 7.4% 

4 

CS1 238 526 18.8% 

12 

CS1 76 435 18.8% 

CS2 141 055 2.5% CS2 74 808 15.9% 

CS3 161 294 13.7% CS3 81 289 7.0% 

5 

CS1 70 557 18.8% 

13 

CS1 185 983 18.8% 

CS2 77 353 13.1% CS2 139 605 9.8% 

CS3 83 956 7.7% CS3 152 137 9.7% 

6 

CS1 95 753 18.8% 

14 

CS1 203 825 18.8% 

CS2 103 456 12.2% CS2 159 129 9.4% 

CS3 112 565 8.0% CS3 173 753 9.7% 

7 

CS1 78 482 18.8% 

15 

CS1 171 811 18.8% 

CS2 85 030 12.3% CS2 162 664 13.7% 

CS3 92 456 8.0% CS3 176 802 7.8% 

8 

CS1 104 255 18.8% 

16 

CS1 148 527 18.8% 

CS2 112 102 12.0% CS2 126 658 7.9% 

CS3 121 925 8.1% CS3 140 354 10.9% 
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Furnace 1: 

 

Figure D-1: Additional CS1 for Chapter 2 (Furnace 1)  

 

Figure D-2: Additional CS2 for Chapter 2 (Furnace 1)  

 

Figure D-3: Additional CS3 for Chapter 2 (Furnace 1)  
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Furnace 2: 

 

Figure D-4: Additional CS1 for Chapter 2 (Furnace 2)  

 

Figure D-5: Additional CS2 for Chapter 2 (Furnace 2)  

 

Figure D-6: Additional CS3 for Chapter 2 (Furnace 2)  
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Furnace 3: 

 

Figure D-7: Additional CS1 for Chapter 2 (Furnace 3) 

 

Figure D-8: Additional CS2 for Chapter 2 (Furnace 3) 

 

Figure D-9: Additional CS3 for Chapter 2 (Furnace 3)  
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Furnace 4: 

 

Figure D-10: Additional CS1 for Chapter 2 (Furnace 4) 

 

Figure D-11: Additional CS2 for Chapter 2 (Furnace 4) 

 

Figure D-12: Additional CS3 for Chapter 2 (Furnace 4) 
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Furnace 5: 

 

Figure D-13: Additional CS1 for Chapter 2 (Furnace 5)  

 

Figure D-14: Additional CS2 for Chapter 2 (Furnace 5)  

 

Figure D-15: Additional CS3 for Chapter 2 (Furnace 5)  
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Furnace 6: 

 

Figure D-16: Additional CS1 for Chapter 2 (Furnace 6)  

 

Figure D-17: Additional CS2 for Chapter 2 (Furnace 6)  

 

Figure D-18: Additional CS3 for Chapter 2 (Furnace 6)  
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Furnace 7: 

 

Figure D-19: Additional CS1 for Chapter 2 (Furnace 7)  

 

Figure D-20: Additional CS2 for Chapter 2 (Furnace 7)  

 

Figure D-21: Additional CS3 for Chapter 2 (Furnace 7)  
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Furnace 8: 

 

Figure D-22: Additional CS1 for Chapter 2 (Furnace 8)  

 

Figure D-23: Additional CS2 for Chapter 2 (Furnace 8)  

 

Figure D-24: Additional CS3 for Chapter 2 (Furnace 8)  
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Furnace 9: 

 

Figure D-25: Additional CS1 for Chapter 2 (Furnace 9)  

 

Figure D-26: Additional CS2 for Chapter 2 (Furnace 9)  

 

Figure D-27: Additional CS3 for Chapter 2 (Furnace 9)  
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Furnace 10: 

 

Figure D-28: Additional CS1 for Chapter 2 (Furnace 10)  

 

Figure D-29: Additional CS2 for Chapter 2 (Furnace 10)  

 

Figure D-30: Additional CS3 for Chapter 2 (Furnace 10)  
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Furnace 11: 

 

Figure D-31: Additional CS1 for Chapter 2 (Furnace 11)  

 

Figure D-32: Additional CS2 for Chapter 2 (Furnace 11)  

 

Figure D-33: Additional CS3 for Chapter 2 (Furnace 11)  
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Furnace 12: 

 

Figure D-34: Additional CS1 for Chapter 2 (Furnace 12)  

 

Figure D-35: Additional CS2 for Chapter 2 (Furnace 12)  

 

Figure D-36: Additional CS3 for Chapter 2 (Furnace 12)  
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Furnace 13: 

 

Figure D-37: Additional CS1 for Chapter 2 (Furnace 13)  

 

Figure D-38: Additional CS2 for Chapter 2 (Furnace 13)  

 

Figure D-39: Additional CS3 for Chapter 2 (Furnace 13)  
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Furnace 14: 

 

Figure D-40: Additional CS1 for Chapter 2 (Furnace 14)  

 

Figure D-41: Additional CS2 for Chapter 2 (Furnace 14)  

 

Figure D-42: Additional CS3 for Chapter 2 (Furnace 14)  
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Furnace 15: 

 

Figure D-43: Additional CS1 for Chapter 2 (Furnace 15)  

 

Figure D-44: Additional CS2 for Chapter 2 (Furnace 15)  

 

Figure D-45: Additional CS3 for Chapter 2 (Furnace 15)  
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Furnace 16: 

 

Figure D-46: Additional CS1 for Chapter 2 (Furnace 16)  

 

Figure D-47: Additional CS2 for Chapter 2 (Furnace 16)  

 

Figure D-48: Additional CS3 for Chapter 2 (Furnace 16)  
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E. APPENDIX E: Case studies – Additional furnaces (Chapter 3) 

 

Table E-1: Results for additional case studies - Chapter 3 (furnace 1-16) 

Furnace 
Case 

study 

CO2 emissions 

(tonnes) 

Mass 

balance 

error 

(%) 

Furnace 
Case 

study 

CO2 emissions 

(tonnes) 

Mass 

balance 

error 

(%) 

1 

CS1 104 922 13.9% 

9 

CS1 95 906 16.1% 

CS2 96 249 15.3% CS2 103 360 15.1% 

CS3 102 026 2.8% CS3 116 302 2.4% 

2 

CS1 109 936 14.6% 

10 

CS1 86 726 16.5% 

CS2 122 215 12.9% CS2 96 355 14.9% 

CS3 129 831 2.5% CS3 114 777 1.7% 

3 

CS1 -24 595 56.4% 

11 

CS1 46 039 16.0% 

CS2 66 210 18.6% CS2 53 905 15.3% 

CS3 101 381 8.3% CS3 56 259 4.0% 

4 

CS1 -41 378 60.9% 

12 

CS1 49 183 17.0% 

CS2 75 439 21.3% CS2 67 245 11.2% 

CS3 126 660 7.2% CS3 72 693 1.5% 

5 

CS1 65 057 16.8% 

13 

CS1 74 632 21.4% 

CS2 71 222 16.2% CS2 129 673 8.3% 

CS3 75 915 3.3% CS3 140 060 1.0% 

6 

CS1 79 348 17.3% 

14 

CS1 95 409 19.4% 

CS2 86 891 16.3% CS2 148 047 8.7% 

CS3 101 741 2.8% CS3 160 321 0.9% 

7 

CS1 72 606 16.7% 

15 

CS1 110 059 16.3% 

CS2 78 105 16.4% CS2 148 917 11.3% 

CS3 83 688 3.9% CS3 160 329 1.6% 

8 

CS1 103 837 16.5% 

16 

CS1 81 471 16.7% 

CS2 106 975 15.9% CS2 108 109 10.9% 

CS3 111 084 3.7% CS3 121 648 2.1% 
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Furnace 1: 

 

Figure E-1: Additional CS1 for Chapter 3 (Furnace 1)  

 

Figure E-2: Additional CS2 for Chapter 3 (Furnace 1)  

 

Figure E-3: Additional CS3 for Chapter 3 (Furnace 1)  
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Furnace 2: 

 

Figure E-4: Additional CS1 for Chapter 3 (Furnace 2)  

 

Figure E-5: Additional CS2 for Chapter 3 (Furnace 2)  

 

Figure E-6: Additional CS3 for Chapter 3 (Furnace 2)  
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Furnace 3: 

 

Figure E-7: Additional CS1 for Chapter 3 (Furnace 3)  

 

Figure E-8: Additional CS2 for Chapter 3 (Furnace 3)  

 

Figure E-9: Additional CS3 for Chapter 3 (Furnace 3)  



A critical analysis of emission quantification methods in the chrome industry   

 | APPENDIX E: Case studies – Additional furnaces (Chapter 3) 162 

 

Furnace 4: 

 

Figure E-10: Additional CS1 for Chapter 3 (Furnace 4)  

 

Figure E-11: Additional CS2 for Chapter 3 (Furnace 4)  

 

Figure E-12: Additional CS3 for Chapter 3 (Furnace 4)  
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Furnace 5: 

 

Figure E-13: Additional CS1 for Chapter 3 (Furnace 5)  

 

Figure E-14: Additional CS2 for Chapter 3 (Furnace 5)  

 

Figure E-15: Additional CS3 for Chapter 3 (Furnace 5)  
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Furnace 6: 

 

Figure E-16: Additional CS1 for Chapter 3 (Furnace 6)  

 

Figure E-17: Additional CS2 for Chapter 3 (Furnace 6)  

 

Figure E-18: Additional CS3 for Chapter 3 (Furnace 6)  
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Furnace 7: 

 

Figure E-19: Additional CS1 for Chapter 3 (Furnace 7)  

 

Figure E-20: Additional CS2 for Chapter 3 (Furnace 7)  

 

Figure E-21: Additional CS3 for Chapter 3 (Furnace 7)  
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Furnace 8: 

 

Figure E-22: Additional CS1 for Chapter 3 (Furnace 8)  

 

Figure E-23: Additional CS2 for Chapter 3 (Furnace 8)  

 

Figure E-24: Additional CS3 for Chapter 3 (Furnace 8)  
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Furnace 9: 

 

Figure E-25: Additional CS1 for Chapter 3 (Furnace 9)  

 

Figure E-26: Additional CS2 for Chapter 3 (Furnace 9)  

 

Figure E-27: Additional CS3 for Chapter 3 (Furnace 9)  



A critical analysis of emission quantification methods in the chrome industry   

 | APPENDIX E: Case studies – Additional furnaces (Chapter 3) 168 

 

Furnace 10: 

 

Figure E-28: Additional CS1 for Chapter 3 (Furnace 10)  

 

Figure E-29: Additional CS2 for Chapter 3 (Furnace 10)  

 

Figure E-30: Additional CS3 for Chapter 3 (Furnace 10)  
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Furnace 11: 

 

Figure E-31: Additional CS1 for Chapter 3 (Furnace 11)  

 

Figure E-32: Additional CS2 for Chapter 3 (Furnace 11)  

 

Figure E-33: Additional CS3 for Chapter 3 (Furnace 11)  
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Furnace 12: 

 

Figure E-34: Additional CS1 for Chapter 3 (Furnace 12)  

 

Figure E-35: Additional CS2 for Chapter 3 (Furnace 12)  

 

Figure E-36: Additional CS3 for Chapter 3 (Furnace 12)  
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Furnace 13: 

 

Figure E-37: Additional CS1 for Chapter 3 (Furnace 13)  

 

Figure E-38: Additional CS2 for Chapter 3 (Furnace 13)  

 

Figure E-39: Additional CS3 for Chapter 3 (Furnace 13)  
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Furnace 14: 

 

Figure E-40: Additional CS1 for Chapter 3 (Furnace 14)  

 

Figure E-41: Additional CS2 for Chapter 3 (Furnace 14)  

 

Figure E-42: Additional CS3 for Chapter 3 (Furnace 14)  
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Furnace 15: 

 

Figure E-43: Additional CS1 for Chapter 3 (Furnace 15)  

 

Figure E-44: Additional CS2 for Chapter 3 (Furnace 15)  

 

Figure E-45: Additional CS3 for Chapter 3 (Furnace 15)  
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Furnace 16: 

 

Figure E-46: Additional CS1 for Chapter 3 (Furnace 16)  

 

Figure E-47: Additional CS2 for Chapter 3 (Furnace 16)  

 

Figure E-48: Additional CS3 for Chapter 3 (Furnace 16)  
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F. APPENDIX F: Journal articles and conference papers 

Two academic papers are attached (referred to in Section 5.2 – Novel contributions): 

Appendix F.1: 

- Journal article from the South African Journal of Industrial Engineering (SAJIE):  

K. Campbell, W. Booysen, J.C. Vosloo, “Evaluating the feasibility of the 12L tax incentive for 

energy-intensive industries”, SAJIE, 2017. 

Appendix F.2: 

- Conference paper from the Southern African Institute for Industrial Engineering (SAIIE): 

K. Campbell, W. Booysen, M. Kleingeld, “Using data-driven analytics to develop a material 

balance over a ferrochrome furnace”, SAIIE, 2018. 
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ABSTRACT 

Section 12L of the South African Income Tax Act (12L) aims to 
incentivise businesses to become more energy-efficient. However, 
claiming this benefit is a complex process that can become difficult, 
time-consuming, and costly if not clearly understood. It is therefore 
important to evaluate the feasibility of potential 12L applications 
before any unnecessary expenses are incurred or time is wasted. 
This article provides a brief overview of 12L and its associated 
literature before presenting a simplified feasibility evaluation 
strategy. The strategy consists of three key evaluation steps 
designed to identify potential issues quickly. The identified issues 
are linked to specific South African National Standards (SANS) 
guidelines to ensure that the issues can be resolved in a 12L-
compliant manner. The strategy is applied to 47 industrial case 
studies. Some detailed results are presented to give a practical 
illustration of how the strategy works. The generalised results are 
further used to illustrate the potential benefit in time and cost 
reduction. 

OPSOMMING 

Artikel 12L van die Suid-Afrikaanse Inkomstebelastingwet (12L) 
beoog om besighede te stimuleer om meer energie-doeltreffend te 
word. Om hierdie voordeel te eis is egter ’n komplekse proses wat 
moeilik, tydrowend en duur kan word indien dit nie duidelik 
verstaan word nie. Dit is dus belangrik om die haalbaarheid van 
potensiële 12L-aansoeke te evalueer voordat enige onnodige 
uitgawes aangegaan word of tyd vermors word. Hierdie artikel bied 
’n kort oorsig van 12L en die relevante literatuur, sodat ’n 
vereenvoudigde haalbaarheidsevalueringstrategie ontwikkel kan 
word. Die strategie bestaan uit drie sleutel evalueringstappe wat 
ontwerp is om vinnig moontlike kwessies te identifiseer. Die 
geïdentifiseerde kwessies word gekoppel aan spesifieke 
Suid-Afrikaanse Nasionale Standaarde (SANS) riglyne om te verseker 
dat die probleme op ’n 12L-voldoenbare wyse opgelos kan word. Die 
strategie word toegepas op 47 industriële gevallestudies. ’n Paar 
gedetailleerde resultate word aangebied om ’n praktiese illustrasie 
te gee van hoe die strategie werk. Die algemene resultate word 
verder gebruik om die potensiële voordeel in tyd- en 
kostevermindering te illustreer. 

 

1 INTRODUCTION 

South Africa is an energy-intensive country due to various mining and industrial activities [1]. In 
recent years, Eskom has struggled to keep up with constantly increasing energy demand. Mining and 
other large industries use about 45 per cent of the total national energy consumed within South 
Africa [2]. Ever since the country’s energy supply became a concern, the government committed 
itself to promoting energy efficiency (EE), and so introduced the 12L tax incentive [3] [4]. 
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The incentive aims to motivate companies to reduce their energy use and become more energy-
efficient. The process of applying for such a tax deduction can, however, be very challenging [5] [6] 
(Steyn, M&V Standard for 12L tax incentives 2014). Strict rules must be adhered to when applying 
for the 12L deduction, as described in the National Tax Act [8], the Regulations [9], and the Standard 
[10]. Most importantly, the EE savings must be verified and the data must be traceable, accurate, 
and transparent. 
 
This verification needs to be done by an independent SANAS (South African National Accreditation 
System) accredited measurement and verification (M&V) body, which can incur a significant financial 
expense [11]. There are only nine of these SANAS accredited M&V bodies in South Africa, making 
this a limiting factor [12]. Having only nine specialised bodies increases the potential costs of the 
application process. 
 
Time is also a potential constraint when considering 12L. A company that demonstrates EE savings 
must complete its entire application within a certain timeframe — i.e., before the tax submission 
date. Another time restriction is that this incentive is only valid until 1 January 2020; in other words, 
there are only two full claimable years left. Therefore, no time should be wasted when applying for 
the deduction, meaning that the process needs to be completed as quickly and effectively as 
possible.  
 
There is a need for a practical approach to evaluate the feasibility of potential 12L applications 
quickly, before an M&V body is officially involved. This will address the cost and time constraints by 
only submitting viable applications to the official process. However, it is also necessary to present 
solutions for applications that were deemed non-feasible. This work is based on a Masters 
dissertation submitted in 2017 [13]. 

2 LITERATURE REVIEW 

2.1 Feasibility studies 

Feasibility studies are usually performed when it is necessary to determine the viability of an idea 
for a new business opportunity [14] [15] [16] [17]. The main reason for such a study is to decide 
whether a certain project idea should be further investigated in more detail [18] [19]. When this is 
applied to the feasibility of the 12L tax incentive, the important question to ask is: will it be 
worthwhile to further investigate an opportunity for 12L? A generic list of steps on how to do a 
feasibility study is constructed after the necessary research has been done [14] [16] [17] [20] [21] 
[22]. These steps are listed below: 
 

 Define the opportunity 

 Determine the requirements 

 Identify any competition 

 Conduct an assessment 

 Ask: Is there a financial benefit?  

 Ask: Is there sufficient technology?  

 Identify possible risks 

 Address risks identified with possible solutions 
 
These steps will be used to develop an in-detail strategy for evaluating the feasibility of the 12L tax 
incentive for energy-intensive industries.  

2.2 Section 12L tax incentive 

The South African National Energy Development Institute (SANEDI) has been selected as the Section 
12L official. They have the responsibility of appointing suitably qualified persons to ensure that an 
EE savings report [9]: 
 

 complies with the Section 12L Regulation, 

 complies with the SANS 50010 M&V Standard, and  

 is an accurate and conservative reflection of the actual EE savings.  
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If, and when, SANEDI is fully satisfied that all requirements are met, they must issue a certificate 
to the entity claiming the allowance.  

2.2.1 Quantification of 12L potential 

Energy savings must be calculated by comparing the measured use of energy before and after the 
implementation of a certain energy savings measure. The savings must also be determined by making 
suitable adjustments to account for possible changes in the relevant conditions [10]. 
 
According to the SANS 50010 [10], energy savings can be calculated by comparing the measured 
energy use before and after an energy savings intervention. This is done with the following equation: 
 

𝐸𝑠 = 𝐸𝐵𝐿 − 𝐸𝑃𝐴 ± 𝐸𝑎𝑑𝑗𝑢𝑠𝑡𝑚𝑒𝑛𝑡𝑠 (Equation 1) 

 
The figure below provides a visual representation to explain what is meant by the terms savings (ES), 
baseline (EBL), assessment (EAP), and adjustments (Eadj) [10].  

 

Figure 1: Graphical overview of EE determination 

The energy savings of a certain entity can be determined by comparing the energy used before and 
after implementation. This can be done using different methods when making adjustments for 
process changes. This section will focus on two specific EE savings calculation methods: a) energy 
intensity calculations, and b) regression models [23]. 
 
a) Intensity calculations 
An energy intensity calculation is a simple way of calculating the energy savings, and is suitable for 
data with a low resolution (fewer data points). This is simply done by using the next three equations: 
annual energy intensity (Equation 2), adjusted BL energy consumption (Equation 3), and annual 
energy savings (Equation 4): 
 

𝐼𝐵𝐿 =
𝐸𝐵𝐿

𝑃𝐵𝐿
 (Equation 2) 

𝐸𝐵𝐿 (𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑) = 𝑃𝐴𝑃 × 𝐼𝐵𝐿 (Equation 3) 

𝐸𝑠𝑎𝑣𝑖𝑛𝑔𝑠 =  𝐸𝐵𝐿 (𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑) − 𝐸𝐴𝑃 (Equation 4) 

 
where 𝐸𝐵𝐿 = baseline energy consumption, 𝑃𝐵𝐿 = baseline production, 𝑃𝐴𝑃 = assessment production, 

𝐸𝐴𝑃 = actual assessment energy consumption. If 𝐸𝑠𝑎𝑣𝑖𝑛𝑔𝑠 are negative, it means that there have been 

no significant EE improvements. However, a positive 𝐸𝑠𝑎𝑣𝑖𝑛𝑔𝑠 value indicates 12L potential. 
 
b) Regression model calculations 
This calculation is recommended for a more accurate result, especially if higher data resolution is 
available. In order to calculate EE savings through the regression model, the following steps are 
required: 

Savings 
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 Define the baseline model 

 Determine the predicted energy usage 

 Calculate the energy savings for each data point 

 Calculate the total annual energy savings 
 
Defining the baseline model includes plotting the baseline values on a graph (energy driver, e.g. 
production = x-values; energy carriers, e.g. electricity consumption = y-values). A linear regression 
line is then drawn through the data points, according to Equation 5:  
 

𝑦 = 𝑚𝑥 + 𝑐 (Equation 5) 

 
where y represents the predicted energy consumption at a certain data point, while x symbolises 
the energy driver. The slope of the regression line is indicated by m, while c is the intercept of the 
line. 

 
Calculating the energy savings for each data point is done by simply subtracting the actual energy 
consumption from the predicted energy consumption (as described by Equation 4) for every data 
point. 
2.2.2 Summary of 12L requirements 

From the necessary research conducted, it can be concluded that, when applying for the 12L tax 
allowance, many rules and requirements need to be adhered to. Essentially, data is one of the most 
important aspects of the 12L requirements: 
 

 Data requirements: the BL and AP energy data needs to be accurate. 

 Calculating EE savings: accurate data is necessary to construct the correct baseline model, 
which is then used to calculate the energy savings.  

 Limitations and concurrent benefits: sufficient data management is needed in order to 
identify, and quantify, any limitations or concurrent benefits that may apply. 

 
Thus, the quality of data is an important factor when claiming the 12L tax allowance. The next 
section will focus on the management of data and data quality in general. 
 

2.3 Quality management systems (QMSs) 

Having an accurate and transparent 12L application primarily depends on the data quality for the 
specific site. The manner in which the data is measured, processed, verified, and managed is 
significant for data quality. Below is a flow diagram (Figure 2) that has been created in order to 
illustrate the aspects of data quality. 

 

 

Figure 2: Aspects of data quality 

Based on the flow diagram, it is clear that there are several areas where data related issues may 
arise during a 12L investigation. These four aspects have been investigated, and will be addressed 
on the basis of various national and international standards. 
 
The following table summarises some standards that can be used to address various 12L data-related 
issues [10] [24] [25] [26] [27]. 
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Table 1: Summary of standards addressing data issues for 12L requirements 

Issue 
How the 12L regulation highlights this 

issue 
Standard in which this 

issue is addressed 

Data measurement 

“If SANEDI is satisfied that the information 
contained in a report is an accurate 
reflection of the EE savings…” (p.7) 

ISO 9001:2008 

ISO 14001:2004  

ISO 50001:2011 

SANS 50010:2011 

Data traceability 

ISO 8000:2011  

ISO 9001:2008 

ISO 14001:2004 

ISO 50001:2011 

Data verification 
ISO 9001:2008 

ISO 50001:2011 

Data reporting 

“The certificate issued by SANEDI … must 
contain”: BL energy, PA energy, EE 
savings/delta energy, M&V details, 

applicant and tax details (p.8) 

SANS 50010:2011 

SANS 50001 

 
It is clear from this table that various standards are available to address the four main data issues 
for the 12L requirements. 

2.4 Summary of literature review 

Information about the feasibility studies was collected and summarised. The summary provided a 
general method for how feasibility studies are usually approached, based on the previous studies. 
After a literature study had been performed (regarding Regulations of 12L and Quality management 
systems), it was found that this general method could be applied specifically to 12L. This method 
for a generic feasibility study is applied to a 12L investigation, and is outlined below: 
 

 Define opportunity: Opportunity to claim 12L  

 Determine requirements: EE savings, as well as accurate and reliable data, are compulsory 

 Identify competition: Competition includes limitations and concurrent benefits (e.g., 12I, 
PPA) 

 Conduct an assessment: Calculate preliminary EE savings 

 Is there a financial benefit? Financial benefit due to savings?  

 Is there sufficient technology? Sufficient data basis technology or data management system 
to deliver reliable data? Data management? 

 Identify possible risks: Having no savings or unreliable or inaccurate data are both potential 
risks 

 Address risks identified with possible solution: Implementation of a quality management 
system 

 
This method will be used to develop a strategy for evaluating the feasibility of the 12L tax incentive 
for energy-intensive industries. The final strategy will be used throughout the rest of this study. 

3 METHODOLOGY 

The methodology is divided into three divisions or main phases: quantifying EE savings; evaluating 
data compliance; and addressing potential compliance issues. An overview of this strategy is 
presented in Figure 3 (below). 
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Figure 3: Basic three-step strategy for evaluating 12L feasibility 

This strategy will provide the 12L applicant with a holistic approach to conducting an initial internal 
investigation before any unnecessary expense or time is wasted. This strategy can therefore serve 
as a practical application to investigate the possibility of claiming the 12L tax incentive. Each step 
will now be discussed in more detail. 

3.1.1 PHASE 1: Quantifying EE savings 

Phase 1 of the strategy presents the steps required to quantify the preliminary EE savings; this is 
presented in Figure 4. 
 

 

Figure 4: PHASE 1 — Quantifying EE savings 

If there is a potential for a 12L claim (recommended as 1 GWh [28]), the applicant may proceed to 
the next phase (evaluating data compliance). If sufficient savings do not show, other boundary 
options can be evaluated. The investigation may be terminated if no potential is found. 

3.1.2 PHASE 2: Evaluating data compliance 

Having an accurate and transparent 12L application is essential. It is important that all the data 
used to calculate the EE savings for the 12L application accurately reflects the truth. The manner 
in which the data is measured, processed, used, and verified are all key factors to consider when 
evaluating data compliance. Phase 2 of the strategy is presented in Figure 5. 
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Figure 5: PHASE 2 — Evaluating data compliance 

If thorough compliance cannot be proven, the applicant must proceed to Phase 3 (addressing 
compliance issues). It is assumed that non-compliance is generally due to inaccurate, unverified 
data, or the presence of a limitation or concurrent benefit. 

3.1.3 PHASE 3: Addressing compliance issues 

This section will provide ways to address the lack of data compliance. The suggested improvements 
are done on the basis of quality management systems (QMSs), as discussed in Section 2.3. The basic 
process of addressing potential problems is provided in Figure 6.  

 

Figure 6: PHASE 3 — Addressing compliance issues 

The last step of Phase 3 can be done using a condensed version of Table 1 (presented in Table 2). 
This table provides a quick and effective way to identify certain international standards that would 
address one of the issues regarding data compliance.  
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Table 2: Addressing compliance issues with specific QMSs 

  ISO 8000 ISO 9001 ISO 14001 ISO 50001 ISO 50010 

 Data measurement   x x x x 

 Data traceability  x x x x  

 Data verification   x  x  

 Data reporting     x x 

 
The final step of the strategy ensures that the identified issues are addressed, and that a feasible 
solution will eventually be achieved. This will prevent the issues from developing again in the future 
and will, therefore, prepare the applicant for the next claim. 

3.1.4 FINAL STRATEGY 

The three phases can be combined to present the final strategy (presented in Figure 7). 
 

 

Figure 7: Strategy for evaluating 12L feasibility in energy-intensive industries 

This strategy provides a way to simplify the process of a 12L feasibility investigation. It can provide 
the 12L applicant with practical guidelines to quantify potential, evaluate compliance, and address 
identified problems. 

4 RESULTS 

4.1 Case study 

The final strategy is applied to various case studies, and is used to highlight specific scenarios or 
outcomes of the method. This case study represents the investigation for 12L feasibility in an 
underground gold mine. The investigation was done by implementing the strategy.  

4.1.1 PHASE 1: Calculating EE savings 

Electricity is the sole energy source used in underground mining. It is used by various sub-systems 
within the mine, such as fans, pumps, and other electricity-dependent systems within the shafts. 
Once the basic process is understood, interventions or energy savings measures must be identified, 
so that it is clear where the EE savings will occur.  
 
It is known that several energy savings measures were implemented on the compressed air sub-
systems. Due to these measures, the initial measurement boundary will isolate the compressed air 
system. This is shown below in Figure 8. 
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Figure 8: Case study — Initial measurement boundary 

The next step requires low-resolution data for this specific boundary. The data obtained included 
monthly resolution electricity data as well as the total mass of ore hoisted from the mine. This is 
done in order to develop a baseline model that will be used to calculate the preliminary EE savings.  
 
The preliminary EE savings can now be determined using two different calculation methods — i.e., 
an intensity calculation and a regression model. Figure 9 shows the monthly energy intensity of the 
gold mine’s compressed air sub-system in kWh per tonne of ore hoisted. 
 

 

Figure 9: Case study — Monthly energy intensity 

Improved energy efficiency can be observed from the baseline to the assessment year. Thus savings 
were achieved. The calculations are based on Equations 2, 3, 4; a summary is provided in Table 3. 

Table 3: Case study — EE savings results (intensity calculation) 

Energy intensity results summary 

Description 2014 2015 

Total annual energy consumption (kWh) 400 282 443 345 603 013 

Total annual production (tonnes) 3 401 911 3 284 825 

Energy intensity (kWh/tonne) 118 105 

Predicted energy (kWh) 386 505 636 345 603 013 

Total annual energy savings (kWh) 40 902 623 

 
The intensity analysis showed an EE saving of 40.9 GWh. A regression model analysis will also be 
used to calculate EE savings, and is defined in Figure 10. 
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Figure 10: Case study — Baseline model 

The statistical parameters (m and c) of the linear regression line are used to determine the predicted 
energy. This predicted, or adjusted, energy is plotted together with the actual energy in the figure 
below (Figure 11). This shows what the energy consumption would have been (red dashed line) if 
the system still operated under the same conditions as in the baseline period.  
 

 

Figure 11: Case study — Actual vs adjusted energy 

By using Equations 1 and 5, the regression analysis yielded positive EE savings. The results are 
summarised in Table 4. 

Table 4: Case study — EE savings results (regression analysis) 

Regression analysis results summary 

Actual assessment energy (kWh) 345 603 013 

Predicted assessment energy (kWh) 394 008 933 

Savings from baseline (kWh) 48 405 920 

 
A visual representation of the results is given in Figure 12, where the EE savings results obtained 
through intensity and regression calculations are compared. 
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Figure 12: Case study — EE savings results (intensity vs regression analysis) 

Since the EE savings are significant regardless of the method used (intensity = 40.9 GWh; regression 
= 48.4 GWh), the next phase may begin — i.e., evaluating compliance. This will be discussed in the 
next section. 

4.1.2 PHASE 2: Evaluating compliance 

Having an accurate and transparent 12L application is crucial. In order to confirm that the data 
(used to construct the baseline and assessment data sets) is in fact accurate, it must be critically 
assessed to ensure compliance with the SANS 50010 Standard and 12L Regulations.  
 
The first step is to list all the energy streams and drivers entering and exiting the measurement 
boundary, together with their corresponding POM. Figure 13 provides a diagram of the POM within 
the chosen boundary (note the red meters, which indicate a lack of compliance). 
 

 

Figure 13: Case study — Measurement points 

The list of energy carriers and drivers, together with their corresponding POM, includes the following 
(Table 5): 

Table 5: Case study — List of measurement points 

  
Energy carrier 

/ driver 
Point of measure Measurement 

Measuring 
device 

Unit 

Energy 
carrier 

Electricity 
Power 

measurement (P) 
Power Power meter kW 

Energy 
driver 

Tonnes hoisted 
Mass 

measurement (M) 
Tonnes hoisted Scale Tonnes 

 
The compliance of the data of each POM must be evaluated by proving the accuracy of the data. 
This can be done through calibration records, invoices, or other certified reports or documentation. 
Unfortunately no calibrations, invoices, or other forms of proof for any of the data sets could be 
obtained; thus no 12L compliance could be proven. It was therefore necessary to proceed to the 
next phase, addressing compliance issues. 
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(However, if full 12L compliance could have been proven, and no concurrent benefits or limitations 
were applicable, the 12L potential on this specific energy-intensive industry would indeed have been 
feasible. The first and second steps (determining EE savings; evaluating data compliance) of the 
strategy could then have been completed, due to significant savings as well as compliant data.) 

4.1.3 PHASE 3: Addressing compliance issues 

The lack of data compliance during a 12L analysis may be one of the reasons for unsuccessful 
investigations. In the event of having issues with compliance, the 12L applicant must proceed to the 
next phase — addressing compliance issues. This step will aim to address the specific compliance 
issues using a quality management system. 
 
In this case study, no 12L compliance could be proven, as no form of proof (the red meters in the 
process layout in Figure 13) for any of the data sets or data meters could be obtained. The quality 
of the measurement of the data is therefore considered untrustworthy. The issues of data 
measurement must therefore be addressed. 
 
The involved meters or sensors should not only give accurate measurements: the data itself must be 
a true reflection of reality. Since the data sets of this case study could not be sufficiently verified 
to ensure the accuracy of the data, the issue of data verification must be addressed. 
 
Several international standards or ISOs (International Organization for Standardization) address the 
issue of data measurement and verification. Table 6 (repeat of Table 2, with additional highlighted 
areas) indicates which QMSs are applicable to the specific issues identified. 

Table 6: Addressing compliance issues with specific QMSs 

  ISO 8000 ISO 9001 ISO 14001 ISO 50001 ISO 50010 

 Data measurement  

 

x x x x 

 Data traceability  x x x x  

 Data verification  

 

x  x  

 Data reporting     x x 

 
ISOs 9001, 14001, 50001 and 50010 are all applicable when addressing the specific compliance issues. 
The first, second, and third steps (determining EE savings; evaluating data compliance; addressing 
compliance issues) of the strategy could be implemented during the investigation of this case study, 
due to significant savings but non-compliant data.  

4.2 Estimated benefit from additional case studies 

As demonstrated in the case study, implementing the proposed strategy would provide the 12L 
applicant with the necessary guidelines for a practical application to evaluate the 12L feasibility of 
an energy-intensive industry. 
 
An additional 47 cases were also investigated. Of the 47 investigations, 26 were successful in 
achieving EE savings. This translates to about 55 per cent of the evaluated industries managing to 
achieve EE savings. However, only four of the 26 successful investigations showing EE savings had 
data that complied with the 12L Regulations and Standard. This means that (in this case) more than 
80 per cent of the energy-intensive industries did not have sufficient data management strategies 
in place.  
 
Generic equations were developed to quantify the estimated benefit of using the proposed strategy. 
The cost benefit (Equation 6) and time benefit (Equation 7 and 8) can be aggregated to quantify the 
total financial benefit of implementing this strategy (assuming that it takes about 40 man-hours to 
complete a simple feasibility study, and 160 man-hours for a detailed investigation and for 
submitting the application to M&V and SANEDI):  
 

 
Cost benefit (R): 
𝐶𝑜𝑠𝑡 𝑏𝑒𝑛𝑒𝑓𝑖𝑡 (𝑅) = (𝑠 − 𝑓) × 𝑀&𝑉𝑐𝑜𝑠𝑡  (Equation 6) 
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Time benefit (hours): 
𝑇𝑖𝑚𝑒 𝑏𝑒𝑛𝑒𝑓𝑖𝑡 (ℎ𝑜𝑢𝑟𝑠) = (𝑎 × 160) − {(𝑓 × 160) + ((𝑎 − 𝑓) × 40)} 
𝑇𝑖𝑚𝑒 𝑏𝑒𝑛𝑒𝑓𝑖𝑡 (ℎ𝑜𝑢𝑟𝑠) = 160𝑎 − 160𝑓 − 40𝑎 + 40𝑓 
𝑇𝑖𝑚𝑒 𝑏𝑒𝑛𝑒𝑓𝑖𝑡 (ℎ𝑜𝑢𝑟𝑠) = 120(𝑎 − 𝑓) (Equation 7) 
 

 
Time benefit (R): 
ℎ𝑜𝑢𝑟𝑠

𝑦𝑒𝑎𝑟
= 220 

𝑤𝑜𝑟𝑘𝑖𝑛𝑔 𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
× 8

𝑤𝑜𝑟𝑘𝑖𝑛𝑔 ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
= 1760 (

ℎ𝑜𝑢𝑟𝑠

𝑦𝑒𝑎𝑟
) 

𝑇𝑖𝑚𝑒 𝑏𝑒𝑛𝑒𝑓𝑖𝑡 (𝑅) = [
120(𝑎−𝑓)

1760 (
ℎ𝑜𝑢𝑟𝑠

𝑦𝑒𝑎𝑟
)
] × 𝑆𝑎𝑙𝑎𝑟𝑦𝑎𝑛𝑛 (Equation 8) 

 
where a = number of total investigations, f = number of feasible investigations, s = number of feasible 
investigations that comply with 12L Regulations, M&V cost = average cost of M&V (assumed to be 
R100 000 – R1 000 000 [29]), and Salaryann = average annual engineering salary (assumed to be 
R500 000 [30]). 
 
By implementing the strategy and applying these formulas to the 47 additional case studies, it would 
appear that a cost and time benefit exceeding R2 200 000 and 5 160 man-hours respectively could 
have been obtained. 

5 CONCLUSION 

This study introduced a new strategy that could be followed throughout the process of investigating 
the feasibility of claiming the 12L tax incentive. This strategy would provide the 12L applicant with 
a holistic approach to conducting an initial internal investigation, before any unnecessary expense 
or time was wasted, when applying for the 12L tax incentive.  
 
The results revealed that, by implementing the proposed strategy, the complexity of the 12L 
investigation decreases significantly. The results were then validated by quantifying the cost and 
time benefits of implementing the strategy, and resulted in significant savings. 
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ABSTRACT 

Furnaces used for ferrochrome production are complex systems. There are a significant number of inlet and 
outlet streams with various parameters. However, some of these parameters are not always measured, which 
can limit decision-making abilities. Linking available data and additional information together with data 
analytics can possibly produce estimates of the unknown streams. It is, therefore, necessary to perform a 
material balance on a typical ferrochrome furnace to evaluate the underlying fundamentals of this concept.  
This paper provides a brief overview of the furnace parameters measured in practice, before presenting an 
approach to perform the material balance. The available measurements of input and output streams are used 
together with literature-based compositions. This analytical approach links the known composition together with 
the known mass to estimate the unknown streams. The analytics are structured in such a way that it can later 
be automated. 
 
The approach is applied to several industrial case studies and the results are presented in order to provide a 
proof of concept. The analysis manages to balance all elements (in and out) within an accuracy margin of 1.25%. 
The results are further discussed to illustrate the potential benefit in various application areas.  
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1. INTRODUCTION 

Furnaces used for ferrochrome (FeCr) production are complex systems [1]. There are a significant number of 
inlet and outlet streams with various parameters [2]. However, due to difficulty (and in some cases financial 
restraints), some of these parameters are not always measured [3] which can limit decision-making abilities. 
Linking available data and additional information together with data analytics can possibly produce accurate 
estimates of the unknown streams. It is, therefore, necessary to perform a material balance on a typical 
ferrochrome furnace to evaluate the underlying fundamentals of this concept.  
 
Section 2 of this paper will focus on research done on the FeCr production process as well as mass and 
composition measurements typically conducted at a furnace. Data quality analysis was also researched and 
summarised. The method to be followed for conducting a material balance over a typical FeCr furnace is 
described in Section 3. Even though every furnace is unique, generic steps and examples are provided. The 
methodology from Section 3 was applied to a real-life FeCr furnace and used as case study for this investigation. 
The results are provided and discussed in Section 4, while the paper is concluded in Section 5.  

2. RESEARCH BACKGROUND 

2.1 Ferrochrome production process 

The process of FeCr production is an energy intensive one [4, 5]. The total electricity consumption of such a 
process typically ranges between 3.3 and 4.2 kWh/t of FeCr produced [6, 7, 8]. FeCr is mainly used for stainless 
steel production, where approximately 1 tonne is needed to produce 3 – 3.5 tonnes of stainless steel [9]. 
 
Production is accomplished by feeding raw materials in the form of chromite ores, carbon-rich materials 
(reductant such as anthracite, char, and coke), and additives (fluxes, in the form of quartz, limestone, dolomite, 
etc.) to an arc furnace [10, 11, 12]. In some cases, the raw materials are prepared before being fed to the 
furnace: pelletising, sintering, and drying techniques are often performed on raw materials to produce a dry 
and uniform feed to the furnace, which would increase furnace stability [13, 14]. 
 
Electricity is used to heat up the furnace and melt the raw materials by means of an electric arc [15, 16]. Due 
to the heat provided, various chemical reactions take place, causing reduction of the metal oxides within the 
chromite ore to a final metal product, FeCr. Together with the main metal product, waste material (slag) as 
well as off-gas also exit the furnace as by-products [17]. Figure 2-1 shows an illustration of this process [18].  
 

 

Figure 2-1: Ferrochrome production process 

For the purpose of simplification, this diagram has been summarised to establish the focus area of this study: 

FeCr furnace, input, and output streams. A simplified illustration of this process is thus shown in the diagram 

below (Figure 2-2). 
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Figure 2-2: Simplified illustration of the FeCr production process 

As mentioned, various reactions take place within the furnace which cause the FeCr product to be formed. The 

most significant reactions included the following [1, 18, 17, 19]: 

 

Cr2O3 + 3C  2Cr + 3CO     Equation 2-1 

FeO + C  Fe + CO      Equation 2-2   

SiO2 + 2C  Si + 2CO      Equation 2-3 

H2O + C  H2 + CO     Equation 2-4 

CO2 + C  2CO      Equation 2-5 

CaCO3   CaO + CO2     Equation 2-6 

From these reactions it can be assumed that the prominent elements present within the FeCr furnace are the 
following: Cr, Fe, C, Si, O, H, and Ca. 

2.2 Typical measurements 

Not all parameters are always measured at ferroalloy furnaces [20]. Mass balances can be used to predict mass 
and compositions of certain unmeasured streams [14]. The measurements typically available for the general 
furnace will be discussed briefly. 

FeCr metal product 

The main objective of the process referred to within this study is the production of FeCr metal, with a certain 
alloy grade. The mass and composition of the metal produced is therefore monitored closely and measured 
continuously [20]. The metal is tapped a few times per day, solidified, crushed, and then weighed on weigh-
bridgesi. Metal samples are also sent for regular (usually daily) composition analysis. A typical composition of 
FeCr product is as follows: 56.7% Cr, 33.8% Fe, 7.2% C, and 2.3% Si [21]. 

Raw materials 

The mass of raw materials (chromite ore, reductant, and fluxes) are usually measured at weigh bins before being 
batched to the furnace [22]. The composition, however, is rarely known on site. Occasionally sampling of the 
reductants takes place on site. However, this is generally done long before batching (before materials are stored 
on stockpiles) creating a significant buffer capacity. From literature, the composition of each of the raw 
materials normally used in FeCr production is summarised below: 
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Cr ore:  50% Cr2O3, 25% FeO, 9% MgO, 10% Al2O3, 5% SiO2, 1% CaO [21]  

Anthracite:  88.94% C, 3.4% H, 2.32% O, 1.55% N, 0.8% S [23] 

Char:  77.84% C, 0.34% H, 21.11% O, 0.71% N [24] 

Coke:  89% C, 3.6% H, 1.56% H, 4.95% S [25] 

Dolomite: 100% CaMg(CO3)2 [26] 

Limestone: 100% CaCO3 [27] 

Quartz:  100% SiO2 [28] 

By-products 

The two by-products (slag and off-gas) have often been considered waste streams and are rarely measured 
accuratelyii. The slag composition is, however, estimated to ensure the required slag composition [29]. From 
time to time, the slag mass is calculated by using a slag to metal ratio (usually between 1.1 and 1.8 tonnes of 
slag produced per tonnes of metal [30]), which is estimated by random sampling. The amount of slag produced 
can also be estimated based on an aluminium (Al2O3) balance. This is done with the assumption that the slag 
analysis is done accurately and representatively [31]. 

Then slag and off-gas compositions are given below: 

Slag:  23.2% SiO2, 24.7% Al2O3, 19.8% MgO, 3.0% CaO, 10.7% FeO, 18.6% Cr2O3 [31] 

Off-gas:  75-90% CO, 2-10% CO2, 2-15% H2, 2-7% N2 [2, 19] 

The typical compositions are converted to element-based compositions by using the molecular weight of each 
formula and element. The results are summarised in Table 2-1: 

Table 2-1: Typical compositions for streams entering and exiting a FeCr furnace (element-based)  

 Fe Cr Si S C Al O Ca Mg H N 

A 17.5 34.2 2.3 - - 5.2 34.6 0.7 5.4 - - 

B - - - 0.8 88.9 - 2.3 - - 3.4 1.6 

C - - - - 77.8 - 21.1 - - 0.3 0.7 

D - - - 5.0 89.0 - 0 - - 3.6 1.6 

E - - - - 13.0 - 52.2 21.7 13.0 - - 

F - - - - 12.0 - 48.0 40.0 - - - 

G - - 46.7 - - - 53 - - - - 

H 33.8 56.7 2.3 - 7.2 - - - - - - 

I 8.3 12.7 10.8 - - 12.8 41.3 2.1 11.9 - - 

J - - - - 33-41 - 45-59 - - 2-15 2-7 

* Chrome ore = A, anthracite = B, char = C, coke = D, dolomite = E, limestone = F, quartz = G, FeCr metal = H, slag = I, off-gas = J. 

 
The typical mass ratio of input and output streams are as follows [17, 18]: 

- 2.1 – 2.4 tonnes Cr ore fed per tonne FeCr metal produced 

- 0.5 – 0.55 tonnes reductants fed per tonne FeCr metal produced 

- 0.1 – 0.45 tonnes fluxes per tonne FeCr metal produced 

- 1.1 – 1.3 tonnes slag per tonne FeCr metal produced 

- 0.9 – 1.1 tonnes off-gas per tonne FeCr metal produced 

The chromium recovery of this process is usually around 80% - 85% [18]. 
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2.3 Data quality 

Data quality is an important factor for a number of reasons and needs to be monitored pro-actively [32]. When 
evaluating a FeCr furnace, a significant amount of data needs to be collected, processed, and analysed. 
Therefore, thorough data evaluation is necessary. 

A study done by Booysen [33] provided a data quality evaluation method that was developed to identify any 
potential errors and abnormalities. This method consists of four steps: the first three steps aim to identify 
abnormal measurements, whereas the final step identifies abnormal operation. A schematic flow of this method 
is shown in Figure 2-3. 

 

Figure 2-3: Data quality evaluation [33] 

Figure 2-4 provides a simplified visualisation of a dataset containing typical measurement abnormalities. The 

minimum and maximum limits are selected based on the variable being assessed. Steps 1 – 3 are indicated on 

this figure as follows: data spikes (step 1), faulty data (step 2), and data loss (step 3). 

 

Figure 2-4: Data evaluation – Identifying abnormal measurements 
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The first step of identifying abnormal measurements within the data evaluation method, aims to detect data 
spikes. Data spikes happen when there is a failure on measurement equipment or when communication is briefly 
lost. Even though these tend to happen over short periods of time, their amplitude (very high or very low) can 
still significantly influence the accuracy of calculations.  

The next step is to identify metering malfunctions, which could lead to faulty data being logged. This occurrence 
is illustrated as a constant value in Figure 2-4, where the last data reading is typically repeated for a number of 
resolutions, until the malfunction has been resolved. Even though this data will still fall within the operational 
limits, the results will be influenced by this incorrect, constant value.  

Step 3 aims to identify data loss. This can generally be detected where no data has been recorded, as indicated 
by the blank space in Figure 2-4. The final step of this method aims to identify abnormal system operation. This 
is illustrated by Figure 2-5. 

 

Figure 2-5: Data evaluation – Identifying abnormal operation 

In Figure 2-5 there are numerous profiles that follow the same trend, indicating normal operation. The red 
profile however is deemed abnormal, as it differs from the trend. The utmost care should be taken when 
investigating these results as there is, unfortunately, no fixed rule as to what is defined as “abnormal operation”. 
This step therefore requires a thorough understanding of the process being evaluated.  
 
The aim of this data quality evaluation method is to evaluate a dataset, remove any measurement abnormalities, 
and identify operational abnormalities. An accurate, high quality dataset is the final outcome of this method. 

2.4 Research background conclusion 

The research background section focused on the following: 

- The basic process of FeCr production, so that all the theoretical components and elements are known 
to the reader. 

- The typical setup and measurements, so that the reader can understand the practical implications and 
challenges faced when conducting a mass balance. 

- Data quality, so that the practical data can be assessed to be usable before being included in the mass 
balance. 

This was applied to develop a functional method on constructing a mass balance for a typical FeCr furnace. 
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3. METHODOLOGY 

The methodology is divided into three main steps: Collect information, layouts, and data; evaluate data quality; 
and construct a material balance. An overview of this strategy is presented in Figure 3-1. 
 

 

Figure 3-1: Basic three-step methodology for developing a FeCr material balance 

This strategy provides the basic knowledge to developing a material balance, based on data-driven analytics. 

Each step is discussed in more detail in Sections 3.1 through 3.3. 

3.1 Collect information, layouts, and data 

The first step is to collect all relevant information from the site being evaluated. This includes layouts of the 
furnace, the relevant points of measurement indicated on layouts, as well as the corresponding mass and 
composition data for the evaluation period. Figure 3-2 indicates the outcome of this step. Note that for 
illustration purposes, only data collected for ferrochrome metal produced is shown on the layout (mass and 
composition data). However, data from all available streams must be collected.  

 

Figure 3-2: Collect information, layouts, and data 
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The circles on the layout represent points of (required) measure. Green circles indicate that data is available, 
the orange represent data available, however not in the correct format, while the red circles indicate that data 
is not available, or not even measured. The “M” symbols refer to mass measurements (by means of weighbridges 
or weigh bins), whereas the “C” denotes composition analysis sampling taking place. 

If data is to be required for an orange-indicated measurement point (data that is available, but not in the correct 
format), data needs to be processed to the correct analysis by making use of various assumptions or methods. 
An example of such a case is when the reductant composition is based on proximate analyses instead of ultimate 
analyses. The slag mass may also not be available, however, slag to metal ratio data can be used to calculate a 
theoretical slag mass.  

3.2 Evaluate data quality 

Having an accurate and “good” quality dataset is essential. It is important that all the data received in step 1 is 
a reflection of the truth. Step 2 of the methodology is thus to evaluate the data quality. 
The method provided in section 2.3 (Figure 2-3) needs to be followed for all mass and composition measurements 
in order to clean the dataset. This will ensure a representative, “good” quality dataset. Only then can the data 
be processed and used in further calculations.  
 

3.3 Constructing a mass balance 

A basic mass, or material balance is based on the principle of “mass in equals mass out” [34]. A material balance 
can be performed on the total mass entering and exiting the FeCr furnace, but also based on the individual 
chemical elements. These two different approaches are shown in Equation 3-1 and Equation 3-2, respectively: 
 

𝑀𝑜𝑟𝑒 + 𝑀𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡 + 𝑀𝑓𝑙𝑢𝑥 = 𝑀𝐹𝑒𝐶𝑟 + 𝑀𝑠𝑙𝑎𝑔 + 𝑀𝑜𝑓𝑓−𝑔𝑎𝑠   Equation 3-1 

∑(𝑀𝑋𝑖𝑛
) = ∑(𝑀𝑋𝑜𝑢𝑡

)      Equation 3-2 

 
Where “M” represents the total mass of a certain stream or element, and “X” refers to a certain chemical element.  
Constructing a mass balance is the third and final step of the method, as referred to by Figure 3-1. This step will 
however take place over four different phases: 
 

3.3.1 Calculate total mass of unmeasured streams 

From the research section in 2.2, it is gathered that the mass of all batching streams (ore, reductant, and flux) 
are generally measured, as well as the mass of FeCr produced. Slag mass data is usually in the form of a ratio; 
however, it can be derived to estimate the total mass of slag. Thus, the only unknown stream mass is that of 
off-gas. By using Equation 3-1, the mass of the total off-gas stream can be calculated. 
 

3.3.2 Assume the composition of all streams 

Section 2.2 was summarised into Table 2-1 which provided the typical compositions for streams entering and 
exiting a FeCr furnace (element-based). This table can be used to assign compositions to all material streams. 
Since the total mass of each input and output stream is known, the theoretical mass of each element entering 
and exiting the furnace can be calculated. This is illustrated in Table 3-1, where A1 (lit) refers to the mass of 
element “1” present in stream “A” (based on literature composition). 

Table 3-1: Mass per element based on literature compositions 

 
 

1 2 3 … x

A A1 (l i t) A2 (l i t) A3 (l i t) … Ax (l i t)

B B1 (l i t) B2 (l i t) B3 (l i t) … Bx (l i t)

C C1 (l i t) C2 (l i t) C3 (l i t) … Cx (l i t)

… … … … … …

n n1 (l i t) n2 (l i t) n3 (l i t) … nx (l i t)

Mass per element (tonnes)
Stream
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3.3.3 Update the assumed compositions with measured plant data 

After the literature compositions were used to assume the mass of each element, actual plant data can be used 
to replace the data from literature. For the purpose of this example, note that composition data for streams A 
and C was available. This is illustrated in Table 3-2, where “A1 (lit)” was replaced by “A1 (actual)”. 

Table 3-2: Mass per element updated with measured compositions (where applicable) 

 
 

3.3.4 Visualising results 

Once all streams are updated with actual plant data (where available), the results of the mass balance can be 
visualised in various different ways. An example of a desired plot is the total mass in vs. total mass out (based 
on Equation 3-2). This plot is shown in Figure 3-3: 

 

Figure 3-3: Visualising results 

A final mass balance error can also be calculated by using the following equation: 

𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 𝑒𝑟𝑟𝑜𝑟 (%) =
∑(𝑀𝑋𝑖𝑛

)−∑(𝑀𝑋𝑜𝑢𝑡)

∑(𝑀𝑋𝑖𝑛
)

    Equation 3-3 

For the purpose of this study, an error margin of 3% has been chosen as an acceptable error.  
 
 

3.4 Final methodology 

The three steps (from section 3.1, 3.2 and 3.3) can be combined to present the final methodology to be followed 
for developing a material balance over a FeCr furnace (presented in Figure 3-4). 

1 2 3 … x

A A1 (actual ) A2 (actual ) A3 (actual ) … Ax (actual )

B B1 (l i t) B2 (l i t) B3 (l i t) … Bx (l i t)

C C1 (actual ) C2 (actual ) C3 (actual ) … Cx (actual )

… … … … … …

n n1 (l i t) n2 (l i t) n3 (l i t) … nx (l i t)

Stream
Mass per element (tonnes)
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Figure 3-4: Final three-step methodology for developing a FeCr material balance 

 

4. CASE STUDY: RESULTS AND DISCUSSION 

The final methodology is applied to an industrial case study and is used to highlight the specific outcomes of the 
method.  

4.1 Collect information, layouts, and data 

Furnace X is evaluated in terms of the methodology. A layout of the furnace, the relevant points of measure as 
well as the corresponding mass and composition data over a three-year evaluation period has been collected. 
This is shown in Figure 4-1.  

 

Figure 4-1: Collect information, layouts, and data 

Chrome ore, reductant (anthracite, char, and coke), and fluxes (dolomite, limestone, and quartz) are sampled 
on delivery (dataset “a”). Chromite ore is pelletised (PSP), and sampled again before batching (dataset “b”). 

a b c 

d 
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The composition of the FeCr metal and slag is also determined when exiting the furnace (dataset “c”). The mass 
of all raw materials is determined in weigh bins right before batching, whereas the FeCr metal and slag mass 
are measured at weigh bridges (dataset “d”).  

These four datasets have been collected so as to be evaluated throughout the next step (4.2). Note that the slag 
mass meter is indicated in orange. This is due to the slag mass only being logged per month, when the rest of 
the data is in daily resolution. Thus, all data will be converted to monthly resolution when processing and 
calculations commence. 

The time delay that may occur between mass and composition measurements is uncertain. All compositions will 
therefore be averaged to a constant annual value, in order to compensate for any possible storage capacities.  

4.2 Evaluate data quality 

The raw datasets as received in 4.1 (datasets “a”, “b”, “c”, and “d”) were evaluated based on the method 
discussed in Section 2.3. Figure 4-2 illustrates one of the datasets before and after the dataset has been cleaned. 

  

Figure 4-2: Data quality evaluation 

Any abnormal measurements within the data have been identified, investigated, and removed if necessary. 
Annual shutdowns were detected (where furnace was shut down for a month or two), however data was not 
removed since this is not an abnormal operational occurrence. Consequently, after applying the method of data 
quality evaluation, all datasets are of high quality and can be used in the final step to construct a mass balance. 

4.3 Constructing a mass balance 

4.3.1 Calculate total mass of unmeasured streams 

From Section 4.1 it was noted that the only unknown mass is that of the off-gas stream. By using Equation 3-1, 
the mass of the total off-gas stream can be calculated:  

𝑀𝑜𝑟𝑒 + 𝑀𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡 + 𝑀𝑓𝑙𝑢𝑥 = 𝑀𝐹𝑒𝐶𝑟 + 𝑀𝑠𝑙𝑎𝑔 + 𝑀𝑜𝑓𝑓−𝑔𝑎𝑠 

𝑀𝑜𝑓𝑓−𝑔𝑎𝑠 = 𝑀𝑜𝑟𝑒 + 𝑀𝑎𝑛𝑡ℎ + 𝑀𝑐ℎ𝑎𝑟 + 𝑀𝑐𝑜𝑘𝑒 + 𝑀𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒 + 𝑀𝑙𝑖𝑚𝑒𝑠𝑡𝑜𝑛𝑒 + 𝑀𝑞𝑢𝑎𝑟𝑡𝑧 − 𝑀𝐹𝑒𝐶𝑟 − 𝑀𝑠𝑙𝑎𝑔 
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Table 4-1: Calculating the total mass of unmeasured (off-gas) streams 

 
 

Since all mass streams are now known, the next phase of constructing a mass balance can be investigated. 
 

4.3.2 Assume the composition of all streams 

Table 2-1 is used to assign compositions to all material streams. Since the total mass of each input and output 
stream is known, the theoretical mass of each element entering and exiting the furnace is calculated. This is 
illustrated in Table 4-2, where the pink blocks represent mass per element (calculated by using literature 
compositions). 

Table 4-2: Mass per element based on literature compositions 

 
 

4.3.3 Update the assumed compositions with measured plant data 

Actual plant data can be used to replace the data used from literature. As indicated in Figure 4-1, all streams’ 
compositions are available, except for the off-gas. This is illustrated in Table 4-3, where the pink blocks 
represent mass per element calculated by using literature compositions, and the green blocks represent mass 
per element calculated by using actual measured plant data. 

ORE

Anth. Char Coke Dolomite Limestone Quartz Ore

Jan-15 x xxx 0 x xxx xxx xxx x xxx xx xxx x xxx xx xxx x xxx

Feb-15 x xxx 0 x xxx xxx xxx x xxx xx xxx x xxx x xxx x xxx

Mar-15 x xxx 0 x xxx xxx xxx x xxx xx xxx x xxx xx xxx x xxx

Apr-15 x xxx 0 x xxx xxx xxx x xxx xx xxx x xxx xx xxx x xxx

May-15 x xxx 0 x xxx xxx xxx x xxx xx xxx x xxx xx xxx x xxx

Jun-15 0 0 0 0 0 0 0 0 0 0

Jul-15 0 0 0 0 0 0 0 0 0 0

Aug-15 xxx 0 xxx xxx 0 xxx x xxx x xxx x xxx x xxx

Sep-15 x xxx xxx x xxx xxx 0 x xxx xx xxx x xxx xx xxx x xxx
: : : : : : : : : : :
: : : : : : : : : : :
: : : : : : : : : : :
: : : : : : : : : : :

Dec-17 x xxx xxx x xxx 0 xxx x xxx xx xxx x xxx xx xxx x xxx

Off-gasSlagFeCr
Date

Consumption Production
REDUCTANT FLUX

S C O H N C O H N S C H N Fe Si C Al O Ca Mg Fe Si C Al O Ca Mg Fe Si Al O Ca Mg Fe Cr Si P S C Al O Ca Mg Fe Cr Si C Fe Cr Si P S Al O Ca Mg C O H N
Jan-15 xx xxxx xx xxx xx 0 0 0 0 xxx xxxx xx xx 0 0 xxx 0 xxx xxx xxx 0 0 xxx 0 xxx xxx 0 0 xxxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xxx xxxx xxxx xxxx xxx xxx xxxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Feb-15 xx xxxx xx xx xx 0 0 0 0 xx xxxx xx xx 0 0 xx 0 xxx xxx xx 0 0 xx 0 xxx xxx 0 0 xxx 0 xxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxx xxx 0 0 xxxx xxxx xxx xxx xxxx xxxx xxx xxx

Mar-15 xx xxxx xx xxx xx 0 0 0 0 xxx xxxx xx xx 0 0 xxx 0 xxx xxx xxx 0 0 xxx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Apr-15 xx xxxx xx xxx xx 0 0 0 0 xx xxxx xx xx 0 0 xx 0 xxx xxx xx 0 0 xxx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xxx xxxx xxxx xxxx xxx xxx xxxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

May-15 xx xxxx xx xxx xx 0 0 0 0 xxx xxxx xx xx 0 0 xx 0 xxx xx xx 0 0 xx 0 xxx xxx 0 0 xxxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Jun-15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Jul-15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Aug-15 xx xxx xx xx xx 0 0 0 0 xx xxx xx x 0 0 xx 0 xxx xx xx 0 0 0 0 0 0 0 0 xxx 0 xxx 0 0 xxx xxxx xxx 0 0 0 xxx xxxx xx xxx xxx xxxx xxx xxx xxx xxx xxx 0 0 xxx xxx xx xxx xxx xxx xxx xxx

Sep-15 xx xxxx xx xxx xx xxx xx x x xx xxxx xx xx 0 0 xxx 0 xxx xxx xxx 0 0 0 0 0 0 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Oct-15 xx xxxx xx xx xx xxx xxx x x xx xxxx xx xx 0 0 xxx 0 xxx xxx xxx 0 0 x 0 xx xx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Nov-15 xx xxxx xx xx xx xxx xxx x x xx xxxx xx xx 0 0 xx 0 xxx xxx xx 0 0 xx 0 xxx xxx 0 0 xxx 0 xxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxxx xxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Dec-15 xx xxxx xx xx xx xxx xxx x x xx xxxx xx xx 0 0 xx 0 xxx xx xx 0 0 xx 0 xxx xxx 0 0 xxx 0 xxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xx xxx xxxx xxxx xxx xxx xxx xxx xxx 0 0 xxx xxxx xxx xxxx xxxx xxxx xxx xxx

Jan-16 xx xxxx xx xx xx xxx xxx x x xx xxxx xx xx 0 0 xx 0 xxx xxx xx 0 0 xx 0 xx xx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Feb-16 xx xxxx xx xx xx xxx xxx x x xx xxxx xx xx 0 0 xx 0 xxx xxx xx 0 0 0 0 0 0 0 0 xxx 0 xxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Mar-16 xx xxxx xx xxx xx xxx xxx x x xxx xxxx xx xx 0 0 xx 0 xxx xx xx 0 0 xxx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Apr-16 xx xxxx xx xx xx xxx xx x x xx xxxx xx xx 0 0 xx 0 xxx xx xx 0 0 xx 0 xxx xxx 0 0 xxx 0 xxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xx xxx xxxx xxxx xxx xxx xxx xxx xxx 0 0 xxx xxxx xxx xxx xxxx xxxx xxx xxx

May-16 xx xxxx xx xx xx xxx xx x x xx xxxx xx xx 0 0 xx 0 xxx xx xx 0 0 xx 0 xxx xxx 0 0 xxx 0 xxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxxx xxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Jun-16 xx xxxx xx xx xx xxx xxx x x xxx xxxx xx xx 0 0 xx 0 xxx xxx xx 0 0 xx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Jul-16 x xxxx xx xx xx xxx xx x x xx xxx xx xx 0 0 xx 0 xxx xx xx 0 0 xx 0 xxx xxx 0 0 xxx 0 xxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xx xxx xxxx xxxx xxx xxx xxx xxx xxx 0 0 xxx xxxx xxx xxx xxxx xxxx xxx xx

Aug-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sep-16 xx xxxx xx xx xx xxx xx x x xx xxxx xx xx 0 0 xx 0 xxx xx xx 0 0 xx 0 xxx xxx 0 0 xxx 0 xxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xx xxx xxxx xxxx xxx xxx xxx xxx xxx 0 0 xxxx xxxx xxx xxx xxxx xxxx xxx xxx

Oct-16 xx xxxx xx xx xx xxx xxx x x xxx xxxx xx xx 0 0 xx 0 xxx xx xx 0 0 xxx 0 xxx xxx 0 0 xxxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Nov-16 xx xxxx xx xxx xx xx x 0 0 xxx xxxx xx xx 0 0 x 0 xx x x 0 0 xxx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Dec-16 xx xxxx xx xxx xx xxx xx x x xxx xxxx xx xx 0 0 0 0 0 0 0 0 0 xx 0 xxx xxx 0 0 xxxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Jan-17 xx xxxx xx xx xx xxx xxx x x xxx xxxx xx xx 0 0 0 0 0 0 0 0 0 xx 0 xxx xxx 0 0 xxxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Feb-17 xx xxxx xx xx xx xxx xxx x x xxx xxxx xx xx 0 0 0 0 0 0 0 0 0 xx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Mar-17 xx xxxx xx xx xx xxx xxx x x xxx xxxx xx xx 0 0 0 0 0 0 0 0 0 xx 0 xxx xxx 0 0 xxxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Apr-17 xx xxxx xx xx xx xxxx xxx x x xxx xxxx xx xx 0 0 0 0 0 0 0 0 0 xx 0 xxx xxx 0 0 xxxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

May-17 xx xxxx xx xx xx xxx xxx x x xxx xxxx xx xx 0 0 0 0 0 0 0 0 0 xx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Jun-17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Jul-17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Aug-17 xx xxxx xx xx xx xxx xxx x x xx xxxx xx xx 0 0 0 0 0 0 0 0 0 xx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxx xxxx xxx xxx xxxx xxxx xxx xxx xxx xxxx xxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Sep-17 xx xxxx xx xx xx xxx xxx x x xxx xxxx xx xx 0 0 0 0 0 0 0 0 0 xx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Oct-17 xx xxxx xx xxx xx xxx xxx x x xxx xxxx xx xx 0 0 0 0 0 0 0 0 0 xxx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Nov-17 xx xxxx xx xxx xx xxx xxx x x xxx xxxx xx xx 0 0 0 0 0 0 0 0 0 xxx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Dec-17 xx xxxx xx xx xx xxx xxx x x xxx xxxx xx xx 0 0 0 0 0 0 0 0 0 xxx 0 xxx xxx 0 0 xxx 0 xxxx 0 0 xxxx xxxx xxx 0 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx xxx xxxx xxxx 0 0 xxxx xxxx xxx xxxx xxxx xxxx xxx xxx
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Table 4-3: Mass per element updated with measured compositions (where applicable) 

 
 

4.3.4 Visualising results 

The data of the mass balance is visualised in various ways in order to see the results of certain key parameter 
indicators. The following visualisations will be provided: 

 Cr from ore vs. Cr in FeCr product 

 Fe from ore vs. Fe in FeCr product 

 Total C in vs. C in product 

 Total mass in vs. total mass out 

Each of these visualisations will be provided and discussed briefly. 

Cr from ore vs. Cr in FeCr product: 

The amount of Cr in the ore, trended together with the amount of Cr present in the final metal product, 
ultimately gives an idea of the recovery of Cr from the furnace. This trend is shown in Figure 4-3. 

 

Figure 4-3: Cr from ore vs. Cr in FeCr product 

These two lines must be as close together as possible, which would indicate that most of the Cr fed to the 
furnace is recovered in the final FeCr metal product. In this case, the relationship between the two streams 
seems to be typical, with the exception of April 2016. Here, the amount of Cr in the product exceeds the amount 
of Cr fed by the ore, which is not possible. Further data investigation can be done when such an incident occurs. 

The variance between the two lines is calculated to be 18%, which means that there was a 100% - 18% = 82% 
recovery of chrome. This correlates well with the value found in literature (as stated in section 2.2: between 80 
and 85%). 

 

S C O H N C O H N S C H N Fe Si C Al O Ca Mg Fe Si C Al O Ca Mg Fe Si Al O Ca Mg Fe Cr Si P S C Al O Ca Mg Fe Cr Si C Fe Cr Si P S Al O Ca Mg C O H N
Jan-15 0 xxxx xxx xxx xx 0 0 0 0 0 xxxx xx xx x xx xx x xxx xxx xxx x x xx x xxx xxx xx x xxxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Feb-15 0 xxxx xxx xxx xx 0 0 0 0 0 xxxx xx xx x x xx x xxx xxx xxx x x xx x xxx xxx xx x xxx xx xxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxx xxxx xxxx xxx xxx

Mar-15 0 xxxx xxx xxx xx 0 0 0 0 0 xxxx xx xx x xx xx x xxx xxx xxx x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Apr-15 0 xxxx xxx xxx xx 0 0 0 0 0 xxxx xx xx x x xx x xxx xxx xx x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

May-15 0 xxxx xxx xxx xx 0 0 0 0 0 xxxx xx xx x x xx x xxx xxx xx x x xx x xxx xxx xx x xxxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Jun-15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Jul-15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Aug-15 0 xxx xxx xx xx 0 0 0 0 0 xxx xx xx x x xx 0 xxx xx xx 0 0 0 0 0 0 0 x xxx xx xxx 0 x xxx xxxx xxx 0 x 0 xxx xxxx xx xxx xxxx xxxx xxx xxx xx xxx xxx 0 xx xxx xxx xxx xxx xxx xxx xxx xx

Sep-15 0 xxxx xxx xx xx xxx xx xx x 0 xxxx xx xx x x xx x xxx xxx xxx 0 0 0 0 0 0 0 x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Oct-15 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx x x xx x xxx xxx xxx 0 x x 0 xx xx x x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Nov-15 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx x x xx x xxx xxx xxx x x xx x xxx xxx xx x xxx xx xxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Dec-15 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx x x xx x xxx xxx xx x x xx x xxx xxx xx x xxx xx xxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxx xxxx xxxx xxx xxx

Jan-16 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx x x xx x xxx xxx xxx x x x x xxx xxx x x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Feb-16 0 xxxx xxx xx xx xxx xxx xx x 0 xxxx xx xx x x xx x xxx xxx xxx 0 0 0 0 0 0 0 x xxx xx xxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Mar-16 0 xxxx xxx xxx xx xxx xxx xx xx 0 xxxx xx xx x x xx x xxx xxx xx x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Apr-16 0 xxxx xxx xx xx xxx xx x x 0 xxxx xx xx x x xx x xxx xx xx x x xx x xxx xxx xx x xxx xx xxx x x xxxx xxxx xxx x x 0 xxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxx x xx xxx xxxx xxx xxx xxxx xxxx xxx xxx

May-16 0 xxxx xxx xx xx xxx xx x x 0 xxxx xx xx x x xx x xxx xxx xx x x xx x xxx xxx xx x xxx xx xxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Jun-16 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx x x xx x xxx xxx xx x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Jul-16 0 xxx xxx xx xx xxx xx x xx 0 xxx xx xx x x xx x xx xx xx x x xx x xxx xxx xx x xxx x xxx x x xxxx xxxx xxx x x 0 xxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxx x xx xxx xxxx xxx xxx xxxx xxxx xxx xx

Aug-16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sep-16 0 xxxx xxx xx xx xxx xx xx x 0 xxxx xx xx x x xx x xxx xxx xx x x xx x xxx xxx xx x xxx xx xxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxx xxxx xxxx xxx xxx xxx xxx xxx x xx xxxx xxxx xxx xxx xxxx xxxx xxx xxx

Oct-16 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx x x xx x xxx xxx xx x x xx x xxx xxx xx x xxxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Nov-16 0 xxxx xxx xxx xx xx x x 0 0 xxxx xx xx 0 0 xx 0 xx x x x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Dec-16 0 xxxx xxx xxx xx xxx xx xx x 0 xxxx xx xx 0 0 0 0 0 0 0 x x xx x xxx xxx xx x xxxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Jan-17 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx 0 0 0 0 0 0 0 x x xx x xxx xxx xx x xxxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Feb-17 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx 0 0 0 0 0 0 0 x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Mar-17 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx 0 0 0 0 0 0 0 x x xx x xxx xxx xx x xxxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Apr-17 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx 0 0 0 0 0 0 0 x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

May-17 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx 0 0 0 0 0 0 0 x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Jun-17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Jul-17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Aug-17 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx 0 0 0 0 0 0 0 x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Sep-17 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx 0 0 0 0 0 0 0 x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Oct-17 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx 0 0 0 0 0 0 0 x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Nov-17 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx 0 0 0 0 0 0 0 x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx

Dec-17 0 xxxx xxx xx xx xxx xxx xx xx 0 xxxx xx xx 0 0 0 0 0 0 0 x x xx x xxx xxx xx x xxx xx xxxx x x xxxx xxxx xxx x x 0 xxxx xxxx xx xxxx xxxx xxxx xxx xxx xxx xxx xxxx x xx xxxx xxxx xxx xxxx xxxx xxxx xxx xxx
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Fe from ore vs. Fe in FeCr product: 

The visualisation of Fe is similar to that of the Cr, discussed in the previous point. The Fe trend is shown in 
Figure 4-4. 

 

Figure 4-4: Fe from ore vs. Fe in FeCr product 

Once again, the relationship between the two streams seems to be typical, with the exception of April 2016, as 
discussed previously. The difference between the variables is calculated to be 12%.  

Total C in vs. C in product: 

The total amount of carbon entering the furnace, trended together with the amount of carbon in the metal 
product, ultimately shows how much carbon is captured in the solid phase. The difference between the two 
lines would typically represent the amount of carbon emitted as part of the off-gas. The trend is shown in Figure 
4-5. 

 

Figure 4-5: Total C in vs. C in product 

It can be seen that the difference between the two lines is quite significant. The calculated difference is 86%, 
which means that 86% of the carbon used in FeCr production is emitted to the atmosphere (usually in the form 
of CO and CO2). Further studies are in progress, focusing on off-gas emissions specifically [35]. 

Total mass in vs. total mass out: 

The aim of this study is to perform a material balance on a typical ferrochrome furnace, which will be the final 
visualisation. The total mass of elements entering the furnace will be plotted against the total mass of elements 
exiting. This is shown in Figure 4-6. 
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Figure 4-6: Total mass in vs. total mass out 

Ideally, one would expect the two lines to follow the exact same trend, which would indicate a ‘good’ mass 
balance. This is almost the case, where a 1.25% discrepancy is found between the mass in and the mass out. 
This remains within the 3% error margin of an acceptable error, as chosen for this study. 

Generally, the remaining results (not shown) also correlated well within the limits of typical mass ratios of input 
and output streams found in literature (as provided in section 2.2, p. 5). 

5. CONCLUSION 

This paper provided a brief overview of the furnace parameters measured in practice, before presenting an 
approach to perform the material balance. The available measurements of input and output streams were used 
together with compositions from literature. The analytical approach linked the known composition together with 
the known mass, to estimate the unknown streams.  
The approach was applied to an industrial case study. The analysis managed to balance all elements (in and out) 
within an accuracy margin of 1.25%. Completing the mass balance up to this point can significantly decrease 
limitations on decision-making abilities. 
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