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Abstract: Processing resource requirements in mineral extractive industries tend to increase over 

time as ore grades decrease, which consequently increases the environmental footprint of operations 

and products. This phenomenon may be alleviated by cleaner production interventions. South Af-

rica is the largest global supplier of chromium. This study investigates the impact of cleaner pro-

duction process improvements on selected resource intensities of the South African ferrochrome 

industry. Sustainability data, available since the start of regular sustainability reporting in 2007, 

were used to compile resource intensity trends. This was followed by a review of industry capital 

projects relating to resource-use optimisation, interrogated in interviews with industry experts, to 

ascertain their effect on resource intensities. The emergence of a symbiotic relationship with the 

platinum-group metals industry was identified as a major development, with chromite ore intensity 

decreasing from 2.54 to 1.98 kg per kg ferrochrome. Electrical energy intensity was observed to de-

crease from 3.47 to 2.86 kWh per ton ferrochrome, mainly as a result of cleaner smelting technology, 

though cogeneration fired by furnace off-gases also contributed significantly. The introduction of 

cleaner production interventions in the South African ferrochrome industry was thus documented 

to have resulted in decreased resource use intensities. 
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1. Introduction 

Ferrochrome is an alloy of mostly iron and chromium, traded as an intermediate 

source of chromium, generally derived from the mining and smelting of chromite ore. 

Chromium gives alloys the quality of being resistant to corrosion [1]. This means that fer-

rochrome is an essential raw material in modern society because of the various applica-

tions in alloying metallic elements to produce steels and iron alloys such as stainless steel. 

Producing ferrochrome requires high energy inputs amongst other resource inputs com-

mon to the mineral extractives industry. The manner in which these resource inputs are 

used affects the profitability and sustainability of the industry. Operating efficiently re-

quires an understanding of resources, the associated technology, and operational con-

straints (environmental, geological, etc.) [2]. 

1.1. Resource Intensity 

Ekins et al. [3] referred to resources as elements of the physical world which can be 

used for the provision of goods and services. Numerous works have emphasised the im-

portance of developing mineral resources sustainably [2,4,5]. In relation to manufactur-

ing, the term ‘resource efficiency’ means optimising resource use and thereby reducing 

the impact on the natural environment upstream [6]. Resource intensity, described as in-

put-to-output ratios, is a common measure of resource efficiency [6]. Resource intensity, 

in this study, is defined as the amount of resource used to produce a unit of product, as 

Citation: Dlamini, R.; von Blottnitz, 

H. Resource Intensity Trends in the 

South African Ferrochrome Industry 

from 2007 to 2020. Minerals 2023, 13, 

44. https://doi.org/10.3390/ 

min13010044 

Academic Editor: William Skinner 

Received: 28 October 2022 

Revised: 6 December 2022 

Accepted: 13 December 2022 

Published: 27 December 2022 

 

Copyright: © 2022 by the authors. Li-

censee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/). 



Minerals 2023, 13, 44 2 of 16 
 

 

used by Mudd [7] and Spuerk et al. [6] even though it was not explicitly defined in either 

study. Resource requirements are influenced by ore grade and other operating conditions, 

which can be improved by applying emerging cleaner production technologies [8]. This 

study focuses on the resource intensity of the South African ferrochrome industry in the 

context of changing ore grade and cleaner production technology. 

Declining available ore grades over time alongside resource efficiency principles 

have been studied in several mineral extractive industries [7–11], cf. Table S1. Northey et 

al. [12] have shown that regarding copper production, when the available ore grade de-

clines, more ore is mined, and consequently, more resources are required to produce a 

unit of copper. Gold production also experienced increases in energy requirements, cya-

nide use, water use, mineral waste, and greenhouse gas emissions (GHEs) as a result of 

the decreasing ore grade [7]. In their study of the gold, silver, copper, lead, zinc, and nickel 

industries, Calvo et al. [8] found that ore grade decreasing over time had resulted in in-

creased resource use, especially with regard to energy intensity and increased waste gen-

eration due to increasing depth and ventilation requirements over time. They show that 

these trends are a manifestation of the second law of thermodynamics (and thus general-

isable): the higher the entropy in the feed material, the more energy will be needed in 

concentration. Indeed, the same phenomenon has been reported by Glaister and Mudd 

[10], who studied the platinum group metals (PGM) industry and concluded that de-

creases in ore grade and greater mining depths had resulted in increased unit energy con-

sumption and GHEs. In the absence of new high-grade ore bodies, the ore grade from 

available known resources is expected to continue declining simultaneously with increas-

ing ore complexity, making it more difficult to process ore [9]. Concerns over the pro-

cessing implications of lower mined grade ores have also informed technology develop-

ment and selection in the chromium sector [13,14], but to date, no studies have quantified 

such trends. 

Even though the decreasing ore grade led to increasing resource intensities, advance-

ments in technology and processing routes have positively influenced resource intensity. 

For instance, gold production underwent a resurgence owing to the advent of the carbon-

in-pulp (CIP) process and the advancement of earth-moving and milling technology [7]. 

Hydrometallurgical process routes were found to be less energy and GHE intensive in 

comparison to pyrometallurgical process routes in copper production [12]. A life cycle 

analysis study into ferrochrome production by Gediga and Russ [15] stated that closed 

furnaces with preheating resulted in more energy-efficient production than open fur-

naces. It is also worth noting that higher-grade ores are exploited first with the expectation 

that technological advancements over time enable the feasible exploitation of lower-grade 

ores [12,16]. 

To date, no study has reported on resource intensity trends in the ferrochrome indus-

try, in which South Africa is the largest supplier. 

1.2. The Ferrochrome Industry 

To understand the impact of operational improvements in the South African ferro-

chrome industry, this section outlines some of the processing limitations and operational 

routes used in the industry. Ferrochrome is manufactured through an energy-intensive 

process of the carbothermic reduction of chromium ore (chromite). Over 70% of the 

world’s viable chromite resources are in the Bushveld Igneous Complex (BIC), South Af-

rica. Both underground and open-pit mining are practised. The abundance of chromite 

resources in South Africa, amongst other factors, has led to the development of the South 

African ferrochrome industry. The country’s production accounted for around 34% of 

global ferrochrome production in 2013. Most South African producers have smelting fa-

cilities and chromite mines within the BIC [17]. 
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1.3. Beneficiation 

The beneficiation route of ore depends on the characteristics of the ore. Typically, 

low-grade ores with less than 45% Cr2O3 (typically 20% to 30%) require concentration to 

about 55% by physical separation, often after comminution, whilst high-grade ores may 

only need hand sorting [18]. The comminution step is followed by separation, size classi-

fication, and concentration steps which may include screening, using hydrocyclones and 

spiral concentrators. The difference in chromium and gangue densities enables the con-

centration of the desired ore [13]. 

Chromite from South Africa is known to be low grade, brittle, and prone to result in 

fine ore during processing. The average distribution is approximately 75% fine ore, whilst 

the remainder is classified as lumpy ore [19]. Fine ore is known to cause dangerous blow-

outs and bed turnovers during smelting, whilst lumpy ore prevents these unwanted op-

erating conditions [20]. In addition, the transport and use of fine ore results in high han-

dling losses, and extraction in off-gas results in the clogging and the sintering of furnace 

burden [16]. Therefore, fine ore is often agglomerated by either briquetting or, more com-

monly, through pelletising and sintering. Agglomeration is also advantageous because it 

improves the cold and hot strength of the ore; cold strength is the measure of resistance 

to crumbling during handling, and hot strength is the resistance to disintegration from 

abrasive collisions and heat during smelting [21]. Briquettes are less common because they 

are susceptible to breaking down under heat during smelting, leading to reduced porosity 

and consequently reduced metal recoveries [19]. 

1.4. Smelting Processes 

Pelletising consists of mixing fine chromite and a carbon fuel source such as coke in 

water with a binder (e.g., bentonite) in predetermined proportions to form pellets. The 

pellets are then sintered to improve their cold and hot strength [1]. Once sintered, the 

pellets are stored on the production site to be charged with reductants and fluxing mate-

rials in furnaces. Furnace charging may be preceded by a preheating and pre-reduction 

step. Preheating and pre-reduction reduce the electricity requirement for producing fer-

rochrome. In addition, pre-reduction decreases the high-grade reductant needed for 

smelting, enables the use of chromite fines, reduces electrical energy needs, and increases 

chromium recovery [22]. 

Even so, fine ore can be charged into an open furnace with direct current whilst 

lumpy, and agglomerated ore is often fed into closed furnaces with alternating current 

[19]. Due to environmental regulations from toxic particulate emissions and associated 

costs, the industry trend is to use closed furnaces more, further promoting the use of the 

agglomeration of fine ore [18]. The added advantage of the closed furnace is that the hot 

off-gas produced during smelting can be used for sintering pellets, preheating, and pre-

reducing the furnace charge. This also reduces the cost of combusting coke or using gas 

burners for heat [21]. Alternatively, since the hot gas is also rich in carbon monoxide (CO), 

the gas can be combusted to generate electricity. At times, a combination of these CO-gas 

applications is used depending on the needs of the operation. 

1.5. Developments in Ore Grades and Sources 

Most South African producers have a vertically integrated ownership structure, i.e., 

they own their means of production across the value chain from mining, beneficiation, 

processing, and smelting through to marketing. This contributes to a competitive ad-

vantage, which is based on the ownership of the primary mineral resource. Lower Group 

6 (LG6) and Middle Group 1 and 2 (MG1/2) chromite seams have been the most financially 

viable and consequently the most exploited resources for over 30 years in South Africa. 

However, due to prolonged exploitation, the ore grade available had gradually decreased 

from high chromium to iron (Cr:Fe) ratios of 3:1 in the 1970s to less than 2:1 in the 1980s. 

By the early 2000s, the LG6 and MG1/2 seams had only marginally higher Cr:Fe ratios 
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(1.5-2 after beneficiation) compared to less than 1.4 after beneficiation for Upper Group 2 

(UG2) chromite seams [16]. High Cr:Fe ratios are associated with high chromium (III) ox-

ide (Cr2O3) concentrations in the chromite and ultimately high chromium concentration 

in the ferrochrome product [16]. 

The Cr:Fe ratio is the main determinant of chromium content in the ferrochrome 

product. Ferrochrome producers are only paid according to the mass content of chromium 

contained in ferrochrome. This used to make ores with low Cr:Fe ratios undesirable. How-

ever, the emergence of the argon oxygen decarburisation process to produce stainless steel 

from charged chrome enabled the use of chromite with lower grades. Smelter feeds with 

Cr:Fe ratios of 1.5 have been normal due to the availability of the technology for some 

time [16]. 

The platinum group metal (PGM) industry uses UG2 seams, and the resulting tail-

ings from PGM producers’ beneficiation have been found to have a significant chromium 

content. Once the tailings are beneficiated, they can reach a chromium (Cr2O3) concentra-

tion of 40%, which is similar to some beneficiated LG6 and MG1/2 ores [16]. The concen-

trate produced is fine and not lumpy, thus necessitating agglomeration in the form of 

pelletising and sintering prior to being used in ferrochrome production [19]. 

The chromium concentrate from the PGM-beneficiated tailings has gained ac-

ceptance in the ferrochrome industry because it is cheaper to buy beneficiated UG2 PGM 

tailings, concentrate, pelletise, and sinter them than mining LG6 and MG1/2 ore and then 

pelletising and sintering them. Some LG6 and MG1/2 ore seams have been exploited for 

extended periods resulting in extensive depths, which significantly increases mining costs 

[18]. The profile of the chromium ore and technology used for ferrochrome production 

has thus changed significantly since the early 2000s, implying that resource intensities 

may have changed. 

2. Methods and Data 

The methods used in this research combine a quantitative assessment of resource in-

tensities for the South African ferrochrome industry between 2007, when South African 

ferrochrome companies began consistently publishing sustainability reports, and 2020, 

when this investigation was concluded. An event history analysis of major changes in the 

industry was conducted and supported by interviews with selected industry experts to 

verify information in the public domain. 

Energy, electricity, water, and ore resource intensities were compiled to produce re-

source intensity trends. Equation (1) was used to calculate resource intensity for this 

study: 

Resource intensityi = (Quantity of resource input)i ÷ (Quantity of product)i (1) 

where the letter i refers to the production year, the numerator to the resource amount 

used, and total ferrochrome produced in the denominator, and quantities expressed in 

mass units. Variations in the trends would reveal changes in production operations. 

Numerous mining companies publish sustainability results as part of their manda-

tory legal financial reporting. The Global Reporting Initiative (GRI) framework has been 

the most widely adopted set of reporting guidelines for standardising sustainability per-

formance reporting within the mining and metals industry [7,8]. 

Data for calculating the resource intensity trends were collected from South African 

ferrochrome companies’ sustainability reporting from production year 2007 to 2020. Ini-

tially, a desktop study of the South African ferrochrome industry was undertaken to as-

certain the major ferrochrome producers in South Africa and their capacity to establish 

the representation of results. It was assumed that the quality of reporting was similar 

enough for the comparison of the results. 

Mudd [7] and Calvo et al. [8] have noted that sustainability reporting was often in-

consistent with instances where the data were reported differently, aggregated, or not 

shown in successive reports of the same company. This adds complexity to the 
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performance comparison. In such instances, where possible, other available data within 

the reports can be used to calculate the missing data points. Furthermore, Azapagic [2] 

suggests that mass balancing can be used to calculate required data points where applica-

ble. 

Determining the technological innovations that affected the resource intensities re-

quired that engineering projects in the South African ferrochrome industry be investi-

gated. This was accomplished through an event history analysis (EHA) approach, which 

is a research technique aimed at identifying occurrences of interest within a history of 

events [23]. Projects were identified through a desktop study focusing on sustainability 

reporting, company publications, environmental impact assessment (EIA) reports, and 

news articles. Once identified, projects were recorded and categorised according to the 

resource intensity affected. Industry experts were also consulted concerning the industry 

and any changes they were aware of that affected resource intensities. Thematic analysis 

was used to analyse the drivers of the changes to measure improvements in resource in-

tensity. 

Experts were identified from the desktop study within related publications and then 

requested to participate as interviewees. Their affiliations and professional credentials are 

shown in Table 1. 

Table 1. Credentials of the South African ferrochrome industry experts that participated in this 

study. 

Participant(s) Organisation Type Role 

FP1-EM and FP1-

WM 
Ferrochrome Producer 1 

Group Environmental Manager and 

General Works Manager 

FP2-SS Ferrochrome Producer 2 
Safety and Sustainable Development 

Head 

FP2-WM Ferrochrome Producer 2 Production Manager 

CF1-Dir Consulting Firm 1 Director 

CF2-Dir Consulting Firm 2 Director 

A pseudonym code system was assigned to the participants, the organization type, 

and the role they were responsible for in their respective organisations, as shown in Table 

1. The participants provided informed consent as per the approval from the Ethics in Re-

search Committee of the Faculty of Engineering and the Built Environment at the Univer-

sity of Cape Town. 

3. Results 

The desktop study revealed the major South African ferrochrome producers and ca-

pacities as summarised in Table 2. 

Table 2. Summary of South African ferrochrome producers in 2018 [24,25]. 

Company 2006 Capacity (kt/Year) 
2020 Capacity 

(kt/Year) 

Glencore Merafe (Xstrata) 1620 2340 

Samancor Chrome Limited 

(Samancor) 
1200 2300 

Tata KZN 150 150 

Afarak 

Includes Mogale alloys pro-

cessing plant 

110 110 

Hernic Ferrochrome 420 Acquired by Samancor 
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International Ferro Metals 

(IFML) 
267 Acquired by Samancor 

ASA Metals 

(Newco) 
410 Acquired by Samancor 

Assmang Chrome 300 Idle since 2012 

Total South African capacity 4174 4895 

The industry has undergone significant consolidation after several producers were 

placed under business rescue, which is a South African statutory allowance for companies 

under financial distress to continue operating whilst under the guidance of a business 

rescue practitioner and protected from creditors [26]. Samancor, a privately owned com-

pany, acquired Hernic Ferrochrome, IFML, and ASA metals. 

IFML and Merafe Resources (Glencore–Merafe) were the only companies identified 

by the authors to regularly report on their ferrochrome sustainability performance. Based 

on Table 2, Glencore and IFML accounted for about 50% of the total production capacity. 

Therefore, about 50% of South Africa’s production capacity was accounted for in this 

study. 

3.1. Production Trends 

The ferrochrome production capacity and actual production by South African com-

panies are shown in Figure 1 for the years 2006 to 2020. 

 

Figure 1. Ferrochrome production of South African companies between 2006 and 2020 [27–34]. 

The production results shown in Figure 1 indicate that there were fluctuations in the 

period under review. The declines were largely due to the financial crisis of 2007/8 and 

the recent COVID-19 pandemic in 2020. Although not evident in Figure 1, strike action in 

the South African PGM industry led to production inefficiencies as reported by Glencore–

Merafe [31] and IFML [30] owing to non-ideal ore concentrate mixes. This was due to the 

co-dependency of the PGM, and the ferrochrome industries discussed in 3.2. Even with 

the strike action, ferrochrome production in 2014/15 did not vary significantly due to the 

companies owning their chromite mines. When comparing the production volumes be-

tween 2006 and 2020, there is a gradual increase in annual production as depicted by the 
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upward slope of the trendline; however, the low R2 value reveals the fluctuating nature of 

the production. 

3.2. Ore intensity Trends 

Glencore–Merafe’s ore intensity, UG2 production, and mineral waste trends are 

shown in Figure 2. Ore intensity is defined as the amount of chromium ore required to 

manufacture a unit of ferrochrome. The mineral waste produced per unit of ferrochrome 

produced is also shown. A decrease in ore intensity can be observed during the period, 

except between 2012 and 2014. The decrease has been attributed to the effect of several 

pellet and sintering projects as well as the use of more efficient furnace technology. The 

increase in 2014, on the other hand, was stated to be caused by the starting up of the Lion 

II furnaces, which were stated to require an above-average ore input as well as a non-

optimal supply of UG2 chromium concentrate, alluded to in the previous section [31]. An 

increase in ore intensity was also cited by IFML [30] whereby strike action in the PGM 

industry disrupted the chrome concentrate supply to the ferrochrome industry. This led 

to the shutting down and restarting of furnaces and therefore increased ore demand re-

quirements in those periods. In addition, chromite concentrate pellets composition is more 

easily controlled in comparison to concentrated ore which has not been agglomerated. 

This makes pellets superior for furnace operations as it enables a consistent furnace charge 

(FP1-EM and FP1-WM, personal communication 2018, July 3). Hence, the hampered sup-

ply of UG2 concentrate resulted in inconsistent non-optimal production conditions. 

 

Figure 2. Chromite use and mineral waste for Glencore–Merafe; UG2 chromium concentrate pro-

duction [32–36]. 

The ore intensity decreased by 20% between 2007 and 2017. The trendline confirms 

the intensity decrease, whilst the strong correlation supports this observation. In the same 

period, industry production was observed to increase. FP1-EM and FP1-WM (Personal 

communication 2018, July 3), as well as FP2-WM (personal communication 2018, August 

23), confirmed the decrease in the ore intensity trend to be indicative of the industry; how-

ever, other companies may have higher overall intensities. Regarding Glencore–Merafe, 

the ore intensity decrease has been attributed to the commissioning of the Lion project, 

which uses Premus furnace technology, whilst the industry intensity decreases can be at-

tributed to the application of pelletising and sintering technology. Premus technology 

used in the Lydenburg and Lion operations accounts for at least 40% of Glencore–Merafe’s 

smelting capacity [37]. 
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The increased application of sintered pellet technology has occurred concurrently 

with the PGM UG2 chromium concentrate production increase. From Figure 2, a signifi-

cant increase of 221% in UG2 chromium concentrate is noted over the period studied, av-

eraging 15% p.a. There was a decrease in 2008, which was most likely due to the global 

financial crisis. The other observed decrease was in 2014 and was due to the strike action 

in the PGM industry limiting the supply. The increase in UG2 concentrate production was 

correctly anticipated by Cramer et al. [16] based on the combined cost of purchasing con-

centrate, pelletising and sintering the concentrated ore being cheaper for ferrochrome pro-

ducers than incurring the combined costs of LG6 and MG1/2 chromite mining, beneficia-

tion, and then pelletising and sintering. The lower production cost of using UG2 concen-

trate was instrumental in this regard: FP1-EM and FP1-WM (personal communication 

2018, July 3) confirmed that the chromium concentrate was cheaper and that this had led 

to the industry increasing the sintering and pelletising capacity. 

Chromium concentrate sourced from the PGM industry can be characterised as fine 

and therefore requiring agglomeration through sintering and pelletising prior to charging 

in furnaces for ferrochrome production. This makes it ‘lumpy’, which is advantageous for 

ferrochrome production [19]. As was stated previously, sintering and pelletising improve 

the cold and the hot strength, which results in improved efficiencies and fewer handling 

material losses. Section 3.4 discusses some of the projects in the industry that have led to 

improvements in intensities. 

It follows that the mineral waste produced should have decreased in the same period. 

According to Figure 2, the mineral waste intensity increased two-fold from 2007 to 2009 

and then decreased over three-fold through to 2013. Thereafter, there were fluctuations 

which were immaterial in comparison. The starting up of the Lion I furnaces and the shut-

ting down and starting up of other furnaces during the 2007/8 financial crisis were stated 

to have significantly contributed to the surge in mineral waste produced. Moreover, dif-

ferences in magnitude have been attributed largely due to changes in mineral waste clas-

sification and accounting (CF2-Dir, personal communication 2018, October 09). FP2-SS 

(personal communication 2018, July 16) stated that FP2 only monitors and records data on 

slag produced and not beneficiation waste such as tailings; however, it confirmed that 

starting up furnaces requires larger volumes of raw materials to produce a unit of ferro-

chrome in comparison to normal production conditions. 

Be that as it may, when comparing the ore intensity and the mineral waste intensity 

in Figure 2, it can be observed that the mineral waste was greater than the ore intensity 

for the period studied. It has been noted in Section 1 that most South African ferrochrome 

producers have their own chromite mines, beneficiation, and furnace facilities. Further-

more, some of the chromite mined and beneficiated is sold and does not contribute to the 

companies’ ferrochrome production. FP1-EM and FP1-WM (personal communication 

2018, July 3) confirmed that about 40% of mined chromite is sold, resulting in only 60% 

being used for ferrochrome production. It can be deduced that the mineral waste trend in 

Figure 2 would require additional information to determine the mineral waste produced 

directly from ferrochrome production in South Africa. 

Therefore, the mineral waste as shown in Figure 2 also includes waste produced on-

site from concentrated ore sold by the company but was not processed by the company to 

produce ferrochrome. Hence, the gains attained in ore intensity will not be reflected by 

the mineral waste accounting methods currently used by the company. Figure 3 shows 

the typical mineral waste produced by the Glencore–Merafe venture (formerly Xstrata–

Merafe). 
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Figure 3. Minerals waste classifications for Glencore–Merafe [27]. 

Figure 3 can be used to illustrate the scope of mineral waste resulting from South 

African ferrochrome producers’ operations and the necessity of additional information to 

determine mineral waste from ferrochrome production. The required information was not 

available to the authors during the completion of this study. 

3.3. Energy Intensity Trends 

The electricity and direct energy intensities and the average annual price of electricity 

sold to mining operations have been compiled as shown in Figure 4. Direct energy sources 

include coal, anthracite, and diesel. It is worth noting that the gaseous emissions from the 

furnaces have a significant carbon monoxide concentration and can be burned in the sin-

tering operation or in gas turbines to supplement energy generation. 

 

Figure 4. Energy intensity trends and electricity price [28–30,33,35]. 

The electricity energy intensity is 3–5 times greater than the direct energy intensity. 

There is a discernible electricity intensity decrease for Glencore–Merafe, from 3.47 to 2.86 

kWh/kg FeCr (17.6%) between 2007 and 2020. This was due to the improvements in ore 

preparation and the improved furnace technology discussed in Section 3.4. The average 

price of electricity sold to mining activities by Eskom [38] can be observed to have in-

creased significantly from 17.99 to 91.64 c/kWh (400% change in nominal terms), which 

incentivised projects aimed at reducing electrical energy intensity. 
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IFML’s electricity intensity was noted to be greater than Glencore–Merafe’s. This may 

be an effect of production scale and the use of different production technologies (e.g., Pre-

mus furnaces vs. conventional smelters) or production routes. FP1-EM and FP1-WM (per-

sonal communication 2018, July 3) confirmed that the production scale influences the en-

ergy intensity and greater ferrochrome production volumes resulted in lower energy in-

tensities. FP2-WM (personal communication, August 23) concurred and further stated 

that the ferrochrome recipe also affected the intensity. 

Between 2010 and 2011, there was a notable decrease of 16% in IFML’s electricity 

intensity which was due to the installation of cogeneration equipment and consequently 

decreasing electricity demand from the national grid. During cogeneration, hot furnace 

gas from chromite reduction is combusted owing to its high calorific value to produce 

electricity. It was noted that the equipment was not operating optimally at the time due 

to furnace leaks [35]. There was an increase in the electricity intensity of 0.12 kWh/kg FeCr 

for both IFML and Glencore–Merafe in 2014. The strike action by the PGM industry was 

cited as the main reason by both companies [30,31]. At the same time, Glencore was also 

starting the Lion II plant [31]. 

Gediga and Russ [15], who conducted a study for the International Chromium De-

velopment Association (ICDA), compared ferrochrome electrical intensities for several 

producers, including some from South Africa. In the study, electrical intensity varied be-

tween 3.08 and 4.85 kWh/kg FeCr and was largely dependent on the technology used. 

Open furnaces had an intensity of 4.23±0.32 kWh/kg FeCr whilst closed furnaces with pre-

heated ore had an intensity of 3.32±0.24 kWh/kg FeCr and closed furnaces without pre-

heated ore had an intensity of 4.38±0.48 kWh/kg FeCr. The closed furnace enables the use 

of hot furnace gas to preheat ore. Pan [17] estimated a range of 3.3–3.8 kWh/kg FeCr for 

varying South African ore types. The reported electrical intensities by the companies are 

mostly within the ranges stated in these two studies, though since 2015, Glencore–Merafe 

has consistently performed better than these benchmarks. This excludes the period when 

IFML’s furnace roofs were leaking, causing non-optimal production. Hence, the effect of 

technology and ore can significantly affect electrical intensities. 

3.4. Industry Projects 

Several operational changes in the industry affecting varying intensities have been 

identified and referred to as projects as depicted in Figure 5. These include the application 

of new technologies and changing operating routes which have resulted in changes in the 

intensities. 

 

Figure 5. Industry projects related to resource intensity between 2007 and 2017. 
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These projects are likely not exhaustive of change in the industry, but rather repre-

sent those identified by the authors from information in the public domain. Energy inten-

sity projects, including Hernic Chrome’s conversion of two semi-open furnaces to closed 

furnaces in 2016 and IFML’s cogeneration project, were the most common, followed by 

those relating to ore intensity such as ASA Metal’s 2009 pelletising sintering plant and 

Glencore–Merafe’s 2007 Bokamoso pelletising and sintering plant. The two notable water 

intensity projects were the lining of water dams and canals by Glencore–Merafe and the 

installation of a water treatment plant by Samancor in 2010. The focus on energy was ex-

pected, as the increasing cost of electricity has been a concern regarding the profitability 

of the South African ferrochrome industry. 

It is worth noting that some projects improved more than one aspect simultaneously. 

The Glencore Lion Project, which included the construction of two Premus submerged arc 

furnaces and pelletising and sintering facilities was reported to require less reductant and 

about 37% less energy per unit of ferrochrome in comparison to conventional furnaces 

[18]. The Premus furnace is a proprietary furnace regarded to be the world’s most cost-

efficient and energy-efficient furnace [28]. Glencore–Merafe’s Bokamoso and Tswelopele 

sintering and pelletising plants have a collective capacity of 1.8 Mt/year of sintered pellets, 

whilst the Premus furnace capacity accounts for about 50% (1.1 Mt/year) of the company’s 

smelting capacity. An improvement of 21% in ore intensity and 11% in energy intensity 

were reported in the company’s Rustenburg operation after the installation of the 

Tswelopele pelletising and sintering plant. Figure 6 shows the cited developments that 

have occurred at Glencore–Merafe’s operations as well as the energy and ore intensities. 

 

Figure 6. Operational changes that have occurred observed from 2006 to 2017 at Glencore–Merafe 

ferrochrome sites [33]. L1 = Lion 1; BK = Bokamoso; TS = Tswelopele; L2 = Lion II. 

The events are shown as symbols; L1 and L2 are Lion I and II, which include Premus 

furnaces, whilst BK and TS are the Bokamoso and Tswelopele pelletising and sintering 

plants. The effect of the operational changes can be observed immediately in some in-

stances, such as the Tswelopele plant, whilst other effects are not immediately evident due 

to external factors, such as the 2007/8 financial crisis and the 2014 PGM strike action. 

In 2020, the industry announced plans to use improved efficiencies including the in-

stallation of 750 MW of self-generation energy sourced from solar, wind, and cogeneration 

[38]. Swedish Stirling, a company that supplies the PWR BLOK 400-F consisting of 14 Stir-

ling engines, reported that it had received 241 orders for the engines, including orders 

from Samancor and Glencore. The engines use heat from furnace emissions to produce 

electricity with a 400 kW power rating and are stated to reduce smelting electricity de-

mands from the national power utility by up to 15%. If regulatory limitations are 
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overcome, the technology has the potential for mass application given the scalable mod-

ular design [39]. 

3.5. Ore Intensity 

Ore intensity improvement projects have largely been due to pelletising and sintering 

endeavours. The projects include greenfield and brownfield projects [20]. This was largely 

due to the limited supply of lumpy ore and the advantages of sintered pellets with regard 

to reduced ore intensity and reduced electricity intensity. Furthermore, sourcing chro-

mium concentrate from the PGM industry is cheaper for production than mined chromite. 

The use of UG2 PGM chromium concentrate by the ferrochrome industry has been the 

impetus for industrial projects such as the K1 and the K1.5 facilities in Kroondal near Rus-

tenburg, South Africa. K1.5 is adjacent to K1, as depicted by the satellite image of the two 

facilities in Figure 7. 

 

Figure 7. Satellite image of the K1 and K1.5 facilities at Kroondal, Rustenburg, South Africa [40]. 

K1 is a PGM ore concentration plant operated by Sibanye Stillwater depicted by the 

area under the yellow square in Figure 7. K1 receives run-of-mine UG2 ore and benefi-

ciates it to be used for further PGM processing. The tailings produced are then transferred 

to K1.5, which is a chromium concentration plant under the red square in Figure 7. The 

tailings from K1 typically have a Cr2O3 concentration of 20.5%. Once the tailings are con-

centrated in K1.5, the Cr2O3 concentration can reach 40%. The concentrate is then trans-

ported to a ferrochrome processing plant, where it is pelletised and sintered prior to being 

charged into a smelter. Projects such as these are an example of the acceptance of UG2 

concentrate in ferrochrome production. The K1 concentration facility started operations 

in 1999 [41]; however, the research into producing chrome concentrate on the facility be-

gan around 2003 [42]. 

The use of K1′s waste stream (tailings) as feed into K1.5 to produce chromium con-

centrate can be regarded as a case of industrial symbiosis, i.e., the exchange of by-products 
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and/or utilities by traditionally separate but co-located industries for a mutually beneficial 

advantage [43]. K1 receives financial gain and minimises the waste to be managed, 

whereas K1.5 receives raw material without mining. Economic or financial gain is consid-

ered a key feature of industrial symbiosis [43]. 

Anglo-American Platinum’s [41] business strategy plans include the expansion of 

chromium concentration facilities. FP1-EM and FP1-WM (personal communication 2018, 

July 3) stated that the industry has increased pellet use to attain higher efficiencies. FP2-

WM (personal communication, August 23) mentioned that FP2′s pellet production capac-

ity had been increased to about 77% of the full production capacity. Furthermore, to attain 

better energy intensities, it was becoming necessary for the industry to use sintered pellets 

(FP2-WM, personal communication, August 23). These developments may be related to 

the proposed plans by the South African government to support the local ferrochrome 

industry, i.e., by the introduction of a chrome ore export tax [44]. This is aimed at limiting 

the export of chrome ore prior to reduction into ferrochrome. 

4. Discussion 

4.1. Ore Grade and Its Relation to Ore Intensity 

Trends in the mined chromite ore grade were not quantified in the results presented 

here, though all indications are that these continued a longer-term decline. Indeed, FP1-

EM and FP1-WM (personal communication 2018, July 3) confirmed the increased use of 

cheaper chromite concentrate, which also has a lower Cr2O3 concentration, which would 

be expected to increase the ore intensity. Contrary to this, the ore intensities were shown 

to have decreased by 20%, primarily driven by an increase of 221% in the production of 

PGM chromium concentrate from PGM tailings. 

There was no evidence found by the authors to suggest that new high-grade chromite 

had become available. A study to collate chromite ore grade trends should provide valu-

able corroboration for our work. 

Beyond this notable increase in UG2 chromium concentrate being produced for the 

ferrochrome industry, changing technology and changes in operating conditions have 

been established as additional causes of the decrease in ore intensities. It was noted in 

Section 2 that the concentrate is usually pelletised and sintered, which results in reduced 

chromium losses before and during smelting, thus increasing chromium recoveries. In 

addition, concentrate is easier to control in terms of pellet composition which is more con-

sistent and thus easier to process (FP1-EM and FP1-WM, personal communication 2018, 

July 3). 

Ferrochrome producers were observed to have completed at least eight pelletising 

and sintering projects in the period reviewed. This uptake of sintering and pelletising 

technology has enabled producers to consume an increased amount of chromium concen-

trate from the PGM industry. In addition, purchasing chromium concentrate and then 

pelletising and sintering it is cheaper than mining LG6 and MG1/2 chromite seams, pellet-

ising, and sintering. Thus, the decrease in ore intensity can be attributed to the increased 

use of PGM chromium concentrate supported by sintering and pelletising technology, 

leading to higher quality ore input and, consequently, higher metallurgical efficiencies. 

Ultimately, higher metallurgical efficiencies led to decreased ore intensity. 

The Tswelopele project was reported to have resulted in a 21% reduction in Glen-

core–Merafes’s Rustenburg operations. The industrial symbiosis project in Kroondal be-

tween the PGM and ferrochrome industries is evidence of the acceptance and develop-

ment of sintering and pelletising technology. Other companies, such as Anglo-American 

Platinum [41] (a PGM production company) have made commitments to investing in the 

expansion of PGM tailings concentration for ferrochrome production. Furthermore, the 

consulted professionals confirmed that this was an industry trend that had become nec-

essary to manage costs. Therefore, due to the scarcity of lumpy ore, ferrochrome produc-

ers either opt for pelletised chrome concentrate or pelletised friable ore. 
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4.2. Energy Intensity 

For the mining of chromite followed by smelting to produce ferrochrome, the electri-

cal intensity is 3–5 times greater than the direct energy intensity. In the study period, there 

was no discernible net change in direct energy intensity even though there were fluctua-

tions. With regard to electricity intensity trends, there was a noticeable decrease of about 

17.6% in Glencore–Merafes’s operations, whilst IFML showed a decrease of 27% over the 

years for which this metric was reported. 

Several factors, including ore quality (fine or lumpy), shutting down and starting up 

furnaces, and the furnace technology used, affected the electricity intensity trends. The 

ore grade decreasing could only be inferred. Starting up furnaces significantly increased 

energy intensity; however, it was not an ongoing process. The industry has been receiving 

an increasing volume of PGM chromium concentrate, and accordingly, increased the use 

of sintered pellets and benefits from associated energy intensity reduction, as was evident 

in Figure 5 and Figure 6. Furthermore, the operational changes across the industry have 

been confirmed by the experts consulted. The extent of the impact of the PGM industry 

on the ferrochrome industry can be seen during the 6-month-long 2014 strike, when there 

was a notable increase in the electricity intensity of both IFML and Glencore–Merafe. This 

was attributed to the strike action in the PGM industry causing a shortage in the supply 

of chromium concentrate. 

In addition, energy intensity reduction projects were found to be the most common 

due to the strongly increasing price of South African electricity. Electricity costs constitute 

about 40% of production costs and therefore have a significant impact on profitability. The 

availability of hot furnace gas for preheating, pre-reduction, cogeneration, and at times 

heat for sintering translated into reduced energy intensities in the industry. IFML experi-

enced a decrease of 16% in electricity intensity between 2010 and 2011 after operating a 

cogeneration plant at 65% capacity [29]. Glencore–Merafe completed the Lion project, 

which has been stated to include Premus furnace technology considered to be the most 

energy efficient in the world. The cumulative use of sintered pellets, the use of flue gas, 

and innovative furnace technology have contributed to the reduction in electricity inten-

sity in the industry. In addition, the closure of semi-open furnaces by Hernic Ferrochrome 

demonstrates the significant advantage that closed furnaces have over open furnaces with 

regard to energy intensity. 

5. Conclusions 

From 2007 to 2020, the South African ferrochrome industry increased production by 

18.9%, whilst the amount of chromite ore mined per ton of ferrochrome produced has 

reduced by 20%. These efficiency improvements have partly been enabled by the emer-

gence of industrial symbioses with platinum-group metals mining companies, who pro-

vide chromium-rich tailings for beneficiation, pelletisation, and sintering for smelting by 

ferrochrome producers. Improvements in ore quality in the form of increased cold and 

hot strength have resulted in higher metallurgical efficiencies. The electrical energy inten-

sity decreased by 17.6% over the review period. The increased use of closed furnaces, en-

abling the use of furnaces off gas for preheating, pre-reduction, and sintering has enabled 

these gains without increasing direct energy use significantly. In addition, the cogenera-

tion of electricity from furnace gases has also contributed to the reductions in electricity 

intensity. Contrary to the expected increase in resource intensity due to declining ore 

grades, this industry has become more resource-efficient owing to it embracing industrial 

symbiosis, cleaner technology, and cleaner production methods. 
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