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Abstract: The mining and minerals beneficiation industries produce large volumes of waste, the land
disposal of which can lead to harmful environmental emissions and a loss of valuable resources. Glob-
ally, researchers are developing technologies for recovering valuable minerals and converting mine
waste into a resource with market value. However, university-developed technological innovations
to long-term environmental problems can be difficult to transfer to the mining industry. This paper
focuses on the barriers and enablers to technology transfer in the South African mining industry
using the valorization of coal processing waste as a case study. Data and information derived from
interviews with relevant experts and published literature were used to gain a better understanding
of the landscape of waste valorization technology implementation. Results indicated that financial
considerations and demonstration of technical feasibility will be vital in determining the success of
technology transfer, as will a changing perception of waste and its value within the sector. Original
equipment manufacturers (OEMs) and boutique waste processors were identified as potential com-
mercial partners for further development and commercial implementation of university-developed
waste valorization technologies within the mining sector.

Keywords: mine waste valorization; technology transfer; barriers and enablers; stakeholder roles

1. Introduction

Technology transfer (or diffusion) is a complex process that encompasses the transfer
of technological objects, codified knowledge, and tacit knowledge from one organization
to another, as well as the acceptance and implementation of the technology in the receiving
organization [1–5]. Teece [4] defines the process of technology transfer as what occurs
between the first encounter between technology originator and the adopter and the final
implementation of the technology, with Souder et al. [6] defining a technology as adopted
when an adopter has a “strong emotional and financial commitments to [a technology’s]
routine use”. When universities and other research organizations develop technologies, it
is often with a view to eventual transfer and commercial adoption.

Understanding technology transfer from research organizations, specifically universi-
ties, to the industry is crucial when the intentions of the technologies are to improve the
environmental and/or social characteristics of the industry and is important for maximizing
the return on investment to both funders and society at large [7–11]. Social/environmental
technologies, such as technologies for improving resource efficiency and establishing a
circular economy, can have additional barriers to implementation since they often ad-
dress issues that are currently externalized, and benefits are not always sufficient to drive
adoption [12–14]. One such externalized issue is mining waste.
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Mining and primary ore processing operations produce large volumes of waste. These
are normally disposed of in surface waste deposits such as tailings dams and heaps or
backfilled into disused workings leading to the risk of environmental pollution [15–21].
Of particular concern in the case of wastes generated from sulfide-bearing hard rock ores
and coal is the formation of acid rock drainage on exposure to air and water [22–24]. Acid
rock drainage (ARD) causes water pollution and soil sterilization [25,26]. Many South
African coals have a significant sulfide mineral content, which reports to both the discards
and slurry waste during processing, rendering them potentially ARD generating [26,27].
(Coal processing produces waste of different size fractions. The coarse material (>1 mm) is
called discards, while the fine material presents as slurry and is traditionally disposed of as
tailings.). While current disposal practices, such as co-disposal and waste compaction, aim
to minimize ARD generation by limiting air and water ingress [16,19,28], and advances
in cementing technology are being made [29,30], they have yet to be proven effective
in eliminating the generation of polluting discharges in the long-term, and continual
monitoring will thus be required [15,18,31]. Furthermore, future disturbances by artisanal
miners or land developers, for instance, could expose sulfidic minerals and thus increase
the risk of ARD generation.

Avoiding land disposal through repurposing and reprocessing mine waste for other uses
has the potential to remove these long-term ARD pollution risks. The approach, called val-
orization, views waste as a secondary resource rather than as an unwanted material, consistent
with the circular economy- and resource efficiency principles [32–35]. For waste to be turned
into an asset and these benefits to be realized, innovative technologies and innovative
application of existing technologies are needed. Large-scale waste valorization efforts
are currently impeded by a lack of industry-wide information on waste characteristics,
and therefore potential uses of mine wastes, although European efforts are focused on
improving the situation [32,36,37]. The need for updated legal frameworks and societal
acceptance has also been noted [32,38,39]. To help overcome some of these barriers, re-
search funding initiatives such as Horizon 2020, EIT Jumpstarter, and WasteAid’s Circular
Economy network [40–43] provide opportunities for accessing funding and support. Com-
mercialization and implementation are imperative if waste valorization technologies are to
make a difference in mining landscapes and beyond. Technology transfer is necessary for
implementation to take place.

Technology transfer of sustainability technologies to the mining industry is a subject
that has received little explicit attention, and Suppes and Heuss-Aßbichler [32] have noted
the need for mapping barriers to the development of waste valorization technologies.
There also appears to be limited research on the factors influencing university technology
commercialization and transfer in South Africa, particularly in the context of coal waste
management. This is an important gap in the literature since the mining industry is
likely to be more careful with technology implementation due to the high capital cost
associated with mining technologies, the long lead time of implementation as well as the
highly cyclical nature of the industry itself [44,45]. In addition, waste valorization is a
sustainability-related technology and, therefore, likely to face additional barriers that are
not always immediately apparent.

The objective of this study was, therefore, to develop an enhanced understanding of
the factors influencing the commercialization and transfer of university-originated waste
valorization technologies to the South African coal industry, as well as the potential roles of
different stakeholders. This was achieved through a qualitative analysis of the perspectives
and experiences of experts in, or associated with, the South African coal industry. It is
envisaged that this understanding will support the development of a defensible business
case as well as a technology commercialization and transfer approach for application to
waste valorization technologies. Identification of potential implementation partners was
also considered a priority since the early involvement of a commercial partner in technology
development improves the likelihood of successful development and transfer [6,46,47].
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2. Method
2.1. Interviews as a Method

Investigations of technology transfer for sustainability found in the literature have
made use of a variety of methods, such as structured surveys/questionnaires, focus groups,
and interviews [9,12,14,47,48]. This list indicates that qualitative research methods are
common in investigating technology transfer in sustainability environments. For this study,
insights into the perspectives and opinions of experts on the opportunities, barriers, and
enablers for the transfer of coal waste valorization technologies in the South African context
were gained through the thematic analysis of transcripts derived from semi-structured in-
terviews. In accordance with Bogner et al. [49] and Robson [50], semi-structured interviews
are an efficient way of learning about issues that certain groups of people have intimate
knowledge of, such as their motives and opinions. This type of interview also allows
interviewees to explain their reasoning and support their observations with data, which in
turn allows for richer interpretations than most surveys.

Expert interviews are a special class of interviews that can be used to gain orga-
nizational or subject-specific knowledge from a group of individuals who are active in
a field [51–53]. These interviews are particularly useful when they engage experts on
quasi-technical and organizational matters, i.e., expert knowledge gained through practical
experience that cannot be answered by a more technical research design or document
analysis [53,54]. These subject-specific and quasi-technical issues include aspects such as
common methods employed by, or corporate opinions of, an organization or discipline [49].
This provides insights that would have been difficult to glean by other methods.

In this study, coal industry executives and consultants were interviewed along with in-
dividuals who were intimately involved with environmental and waste-related technology
implementation in the coal industry, as well as people active in applied coal research. These
individuals ostensibly had the most knowledge of the functioning of the coal industry and
how it relates to environmental technologies. Further details on the selection of respon-
dents and the interview process are provided in Sections 2.1 and 2.2, respectively. Data
analysis (Section 2.3) was conducted using thematic analysis, and the results compared
with information from published literature to identify synergies and/or anomalies peculiar
to the case study under investigation.

2.2. Respondent Selection

In accordance with literature guidelines [54,55], respondents were selected based on
stakeholder representation and access, and a variety of sub-groupings active in the coal
industry were represented. These included corporate executives from both coal majors and
junior miners, individuals who have been part of technology implementation in the coal
industry, researchers active in the coal industry, as well as consultants to the South African
coal industry. A total of 29 experts were contacted, resulting in 16 interviews. Consistent
with the recommendations of Lincoln and Guba [56], cited in Patton [55], interviews were
conducted until theoretical saturation was reached. Theoretical saturation represents the
point where more interviews do not add new perspectives or opinions. It is therefore
not necessary to conduct additional interviews after having reached that point [55]. The
fact that theoretical saturation was reached relatively quickly may be reflective of how
closely-knit the South African coal industry is. The method of respondent identification
and the number of declined interviews mean that sampling was not completely random.
Individuals uninterested in environmental technologies may have been overrepresented in
the population that declined interviews, for instance. Some sampling effects may therefore
be present.

Also, the nature of interviews and the respondents selected means that in many cases,
the information elicited from stakeholders are only their opinion on what may transpire,
based on their knowledge of their organizations and the industry as a whole, rather than
the lived experience of someone who has successfully implemented. The testimonies
of the technology implementers are therefore especially important for deriving useful
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information. That said, all stakeholders provided their own rich perspectives of the coal
industry and its relationship with waste and new technologies. They contributed their own
understandings to piece together the bigger picture.

A breakdown of the respondents that were interviewed is shown in Table 1. To protect
individuals’ identities, no personal identifiers are made known unless specifically requested.
The two technology implementers were a developer and provider of waste management
technologies that have been implemented on multiple mines; and an academic who has
successfully commercialized and licensed a waste valorization technology and was in the
process of commercializing another at the time of interviewing. The related commodity
executive implemented waste valorization technology successfully on the mine where
they worked. The coal major executives interviewed were from four of South Africa’s
five coal major firms: Anglo American, South 32, Exxaro, and Sasol. They mainly headed
or were involved in technical departments of these companies, but one was involved
with project development. The respondents from junior mining companies headed their
engineering- and environmental departments, respectively. Of the consultants interviewed,
one had a technical focus, one contributed an industry perspective, one was from an
environmental consultancy, and one had a project focus. The researchers interviewed
were from industrial research organizations in South Africa. Respondents who declined
interviews included a consultant, a technology implementer, two researchers, four major
coal executives, and five junior coal executives. This indicates that it was particularly hard
to secure interviews with coal juniors and the testimonies of the two coal junior executives
are therefore particularly important.

Table 1. Stakeholders interviewed.

Technology implementers 2
Coal major executives 5
Related commodity executive/implementer 1
Coal junior executives 2
Consultants to the coal mining industry 4
Researchers active in coal-related research 2

2.3. Interview Method

Interviews were conducted over Skype, using telephone calls in the case of technical
difficulty with Skype, and in person. In two cases, respondents invited colleagues along
to the interview, resulting in impromptu focus groups being conducted. In all cases, the
interviews were recorded. Questions ranged from specific organizational processes to
respondents’ opinions on industry matters, as shown in Box 1.

2.4. Analysis

The interviews were analyzed using thematic analysis [57]. The thematic analysis was
conducted semantically, therefore focusing on surface meanings and from a realist perspec-
tive, which means that the words of participants are viewed as reflecting the participants’
meanings [57]. The data were also analyzed to give an overall picture of the themes present
in the data and inductively, which means that the themes considered were not derived from
theory but from ideas encountered in the data set [57]. This means that less interactional
detail was required than for conversation analysis, for instance, and the transcriptions
did not account for tone of voice or other non-verbal communication. In addition, some
simplifications of the data were considered acceptable to improve readability. Examples
include the correction of minor grammar errors (such as is/are mistakes), removal of
oft-repeated stop phrases such as “actually” in cases where the word choice did not make
sense, and the removal of repeated words. Transcription and analysis were conducted
using NVivo software.
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Box 1. Question list.

• How do you make the decision to pilot a new technology? (Criteria? People involved)
• How do you make the decision to implement a new technology?
• What if someone from outside the company wants to implement?
• Is there some sort of standardization in the process of bringing a technology to implementation

in the coal industry, or does everybody follow their own process?
• How do you fund your projects? (Bank loan? Company balance sheet?)
• Which players (organizations) would be the most likely to implement value-from-waste

technologies? [Mines? Boutique waste processors? Community-based business? Etc? Why?
Examples? Experience?]

• Do you think the process of implementation of value-from-waste technologies will be easy or
difficult? Why?

• What are the most important barriers to implementation?/What will be the difficulties
of implementation?

• Which are the most important drivers of implementation?
• What is your opinion on the legal side of implementing value-from-waste projects?
• How would the barriers and drivers be different for different implementers?
• What do you think needs to happen for implementation to become more likely or easy?

Overcome barriers?
• Are there any stakeholders whose buy-in are especially important? What group of stakeholders

do you need buy-in from?
• Have you implemented something similar and what were the issues?
• Would you consider developing processes with research bodies, such as universities? What

are the issues?
• Do you think that reprocessing coal tailings for other purposes is a good idea?
• Do you have anything to add that we have not discussed?

3. Results and Discussion

The results are discussed under two main headings, each reflecting the research
objectives: barriers and enablers to transfer (Section 3.1); the roles important stakeholders
can be expected to play in transfer (Section 3.2). Themes under each heading are then
discussed and supported by published literature.

3.1. Barriers and Enablers

The results of the study have shown that there are several factors, both technical
and non-technical, which constrain or facilitate the commercialization and transfer of
potentially feasible technologies for the valorization of coal processing wastes. The main
influencing factors can be broadly grouped into the following sub-themes, discussed in
Sections 3.1.1–3.1.4: the technical aspects of technology development; the business case for
implementation; the legislative and regulatory climate; and corporate culture and values.

3.1.1. Technology Development and Demonstration

Technology must be proven to be effective before it can be implemented in practice
since success at a laboratory scale does not guarantee success at a pilot or demonstration
scale. This is according to 11 of the 16 respondents. Nine respondents then described
piloting and demonstration plants as the way to prove a technology. This process is,
however, long and expensive according to all the coal major executives, a consultant, and a
researcher, so the availability of funding and partners with experience in scaling-up was
discussed as important considerations.

Assuming that the technology is proven, industry awareness of the technology and
its efficacy was believed to be an important driver of implementation by two-thirds of
the respondents. This was considered especially important when some in the industry
have pre-conceived ideas around the efficacy of a technology, such as the case of the froth
flotation of coal. As a technology implementer remarked: “We spend a lot of time to
show people what we’ve achieved, how it works and where it’s implemented. You know,
that whole concept of seeing is believing. That helps tremendously.” Allowing industry
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stakeholders access to demonstration or industrial-scale plants to experience it working is,
therefore, an important part of a technology awareness strategy. Other ways of creating
awareness in the industry were also proposed by the respondents: presentations at industry
assemblies such as the Fossil Fuel Foundation (https://www.fossilfuel.co.za/ (accessed 12
April 2021)) conferences and Coaltech (https://coaltech.co.za/ (accessed 12 April 2021))
meetings; and publicizing lab testing results of different coals. These observations by the
respondents agree with the literature, which states that technology risk is easier to assess in
technologies that are easy to understand and in cases where representatives of a company
have opportunities to interact with the technology [4,6].

Half of the respondents mentioned that proven technologies must be tested for efficacy
in their own setting, with their own materials and infrastructure. This means that even
when a technology is proven in principle, mines would like to be convinced that it will work
on their own material and in the context of their own plant. This aspect is especially impor-
tant when working with waste. Six respondents mentioned that robustness is needed due
to waste’s inherent variability and uncontrolled nature. The related commodity executive
commented that the technology needs to produce a consistent product from material with
a wide compositional range since the composition of waste can vary significantly between
different areas of a waste dump. They put it as follows: “I mean it is like standing there in
the dark and not knowing what you are going to get. That’s what dealing with waste is
like.” Waste compositions for different mines are also likely to vary fairly significantly (see,
for example, Moyo et al. [58]).

These observations by the respondents are consistent with findings reported in the
literature. As highlighted by Souder et al. [6], a prospective technology implementer has
to assess the technology based on whether it is appropriate for their application, as well
as whether they can assume the level of technological risk inherent in the technology at
its stage of development. Consequently, a technology’s stage of development is of utmost
importance in technology transfer, as the first implementation is the riskiest and most
expensive [4,45,47]. As noted by Grano et al. [59] and Teece [4], the scale-up process is
uncertain and mature technologies are more likely to be successfully transferred since
the difficulties with implementation have been ironed out in different contexts, and the
technology is well-understood. As one of the coal major executives put it: “It’s rare that
you see a total new technology in a total new greenfields.” Technology reliability and
maintenance requirements are also easier to estimate when technologies are mature [6].
Implementing new technologies opens a company up to technology risk.

A potential barrier to technology transfer efforts specific to the coal mining industry,
identified by almost half of respondents, is the lack of appropriate technical expertise
within mining companies due to their focus on core business and business strategy. Six
respondents noted that mines prefer to focus on their core business, which is producing and
selling commodities, to the exclusion of other business models. This has meant that they do
not develop technologies to sell to other mines and therefore do not staff adequate research
and development (R&D) departments to engage in specialized technology development,
according to three coal major executives and a technology implementer. As one of the
coal major executives noted, “We’re not into developing the technology to sell it to other
mining companies. They’re our competition.” Four of the respondents suggested that
buying well-supported robust technologies off-the-shelf is a preferable approach for most
mines, as opposed to funding development or developing new technologies in-house.

Given the lack of technical skills at mining companies, management may find it
difficult to appreciate the potential of technologies or the technical risk that will have to
be managed. This increases the transfer risk since literature reports that an important
contributor to success is an adopting organization that has the skills to understand the
technology, implement it, and operate it [3–5,59–62]. It is unlikely that those in the adopting
organization will support the technology and its implementation if the advantages of
the technology are unclear, unvalued, or intangible, all of which are more likely if the

https://www.fossilfuel.co.za/
https://coaltech.co.za/
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management team has little technical background and it is likely to be dismissed or
end in failure [3,47,60,63].

3.1.2. Business Case

Regardless of in-house technical expertise, all 16 of the respondents agreed about the
necessity of having a convincing business case and considered techno-economic viabil-
ity as the biggest determinant of successful technology transfer. Two respondents even
started the interview with an exposition of the importance of a business case before the
first question could be asked. The published literature corroborates this sentiment (see
for example [4,6,47,64–66]).

Respondents mentioned that a sound business case would either reflect a reduction
in a company’s costs and liabilities, or an increase in income, with two-thirds of the
respondents mentioning the reduction of disposal costs and liabilities as an appropriate
focus for a business case for waste valorization. Inherent in the concept of a convincing
business case is an economic market for the product that the producer can access, as stated
by six respondents. A major coal executive related an instance where his team had a
product, but where the customer was not convinced about the appropriateness of it for
their application, and the product consequently failed. As one consultant put it: “The
hurdles are going to be project-specific, but the fundamental hurdle is that there’s got to
be an economic market for the product.” Having a market can therefore be considered
important to be able to sell the product and recoup the costs incurred in development
and implementation.

As discussed in Section 3.1.1, technology development can be expensive. Almost
all the respondents mentioned that the cost associated with technology development
and implementation, including financing and transfer costs, can be a significant barrier,
especially when financial resources are constrained, such as for mining juniors. This
finding is consistent with literature [3,4,45,60,62,63,67]. In addition to the financial costs of
technology development, the cost in terms of time and effort of developing and piloting a
technology was also seen as a significant barrier to implementation by 12 respondents. In
South Africa specifically, the dearth of funding for scale-up and scarcity of other resources
such as skilled personnel is a significant barrier [68]. Most timelines that were mentioned
were between eight and 15 years. Three respondents also noted that long timelines open
companies to the risk that the market might not be available anymore by the time the
technology is mature enough to implement. This then presents a significant financial risk
due to the high cost of technology development mentioned earlier.

A common indicator of the viability of a project is the internal rate of return (IRR) that
it achieves [45], despite the fact that a focus on the IRR of a project does not recognize less
tangible benefits associated with waste valorization, such as a reduction in occupied land
for waste storage [69]. One researcher mentioned that an IRR of around 17.5% could be
considered the hurdle rate for technologies in the South African mining industry. Research
by Johnston [45] places the hurdle rate for implementation of technologies in the mining
industry higher, at an IRR of 23%, even when a technology has other environmental benefits
as well. Lamprecht [65] places the hurdle IRR for innovative technologies even higher, at
30%, to offset the associated risk and costs. While the researcher’s figure is somewhat lower
than the figures mentioned in the literature, it is still significant. High IRR’s to the exclusion
of other benefits could be required in environments where there is difficulty in accessing
debt financing [66] or because of the tangible financial repercussions of failure [62].

Three respondents mentioned that a possible barrier to achieving high IRR’s in the
case of mine waste valorization is the need to achieve economies of scale. Tailings im-
poundments, while large and capable of generating significant ARD burden, might not
be big enough to achieve the economies of scale that a mining company would require
for investment. Eight respondents mentioned that the large distances between coal waste
heaps, the fact that not all coal mines produce fines, which reduced the number of poten-
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tial sources, as well as ownership issues with waste may present commercial barriers to
combining waste heaps to achieve economies of scale.

3.1.3. Regulatory Environment

Consistent with literature reports [47,70], two-thirds of respondents considered South
African legislation to be a potential driver for mines to implement value-from-waste tech-
nologies. This is largely because stringent waste management legislation can significantly
increase the cost of traditional waste disposal methods, thereby improving the business
case for implementing waste valorization technology. An example from the South African
National Environmental Management: Waste Act 59 of 2008 that was mentioned by five
respondents includes regulations that require lining of tailings dams for disposing of mine
waste containing hazardous components. As one consultant noted: “you don′t see many
people with slimes dams, for example, because it is just too complicated to actually try and
get permission for a slimes dam. So now all of a sudden, even though filter presses are
expensive, people realize slimes dams are expensive.” Five respondents also mentioned
that involvement in developing environmental technologies should create goodwill toward
the mining company at certain government departments, making interest from mining
companies and consequently implementation more likely.

Eleven respondents, however, mentioned that some aspects of legislation also act as
barriers to the implementation of waste valorization efforts. One such aspect, mentioned
by half of the respondents, is the requirement to get licenses and permission for activities
from various government entities when changing or adding activities. One example of
licensing and permissions that was mentioned by four respondents is legislation that
requires permission from the National Energy Regulator of South Africa or the minister
for setting up waste-burning power plants bigger than 1 MW for their own use. This
makes adopting an obvious value-from-waste option difficult and onerous. Another
aspect that was mentioned by four of the respondents was that they thought that South
African legislation, in general, puts unreasonable expectations on mines. For instance,
one technology implementer mentioned that the requirement for water discharge purity
was higher than the purity of the river into which it is discharged. Other legal issues
that were mentioned were issues with liability for, and ownership of, waste which can
stifle collaboration between mines; expenses associated with legislation that hurt mines’
profitability; and social and labor plan-related requirements, which also adds costs. A
review of South African law on waste valorization indicates that it has only recently been
explicitly legislated [71], despite having been espoused in the National Waste Management
Strategy for many years [72]. The respondents did not question the objectives of the laws
but commented on the fact that they were too ambitious, too rigid, restricted the mines’
options, and used compliance exclusively instead of complementing with incentives.

3.1.4. Corporate Values and Culture

According to half of the respondents, business culture-related barriers to waste val-
orization within the coal sector include corporate inertia, bureaucracy, and pre-conceived
ideas, all of which need to be challenged and changed if a novel waste-related technology
that reprocesses or repurposes bulk waste material is to be implemented. In general, it
appears that waste is not seen as imminently valuable in the coal industry for anything
other than the residual coal it contains. Ideas of waste being hazardous, being gotten rid
of, and as a liability were voiced by half of the respondents. When asked about value-
from-waste technologies, the dominant conceptions were of extracting the residual coal or
mineral value from the waste or burning coal waste to recover residual energy value as
opposed to considering the bulk material as a resource. One notable exception was the case
mentioned by a coal major executive of an entire waste heap being worked away by being
repurposed, but this was not the norm. Interestingly, while most of the respondents were
open to new technologies unlocking interesting value propositions, they did not think that
any currently existed.
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The interview data also indicated that, in order to understand the culture within the
South African coal industry, it is important to understand that it views itself as under-
valued by outsiders and under pressure. Half of the respondents mentioned challenges such
as depleting coal resources, increasingly onerous legal requirements, volatile commodity
prices and looming social and environmental liabilities. For some in the industry, this
pressure has made them defensive, as shown by two respondents who, unprovoked,
defended the industry and explained its importance in detail. According to the arguments
presented by Sizhen et al. [66], these pressures may have the effect of making a business
case based on financial returns exceedingly important for the implementation of new
technology since mines feel that their livelihoods are at risk.

Nevertheless, these pressures can also be a force of positive change. As a technology
implementer put it: “because of the legislation, and of the pressure that environmental
bodies put on mining houses, they’re forced to do something, because the public does not
like acid water, they do not like pollution. If it’s screened on Carte Blanche [a South African
investigative journalism television program], people see it and then there’s a lot of pressure
to reduce this pollution and footprints.” These views are consistent with literature reports
which show that implementation of technology is influenced by the interests and experience
of the managers of organizations and by the social background, knowledge, and acceptance
of the implementing staff, among other factors [3,5,46,47,61,73]. Company values are
influenced by that of the surrounding communities and society at large, so societal values
and corporate reputation may be drawn on to support technology implementation [3,74].

3.2. Stakeholder Roles

Technology transfer is a complex process involving several stages and stakeholders.
Figure 1 shows stages and role players that are commonly involved in technology trans-
fer [6]. These stages are: prospecting, which involves finding or disseminating technology;
developing, which involves adapting technology for implementation; trialing, the process
of testing it onsite; and adoption, the final stage of implementation. These stages are
iterative, and some aspects can run in parallel [6]. Common role players in the process are:
sponsor, developer, adopter, disseminator, and implementer [6,75] but the same organiza-
tion or person can play multiple roles, and different organizations can co-operate to play
the same role.
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In the transfer of university-developed technologies for the valorization of waste
generated by coal mines, these same stages and stakeholders are expected to be key.
Universities and their technology transfer offices can play the roles of disseminator and
developer. University technology transfer offices in particular can be important bodies
in the technology transfer landscape and provide essential services to the process [7].
Mining operations or organizations are also key stakeholders who can play the roles
of the adopter, sponsor, and historically developer and implementer. Additional direct
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role players identified in this research are original equipment manufacturers, who can
play the roles of developer, implementer, and perhaps even adopter; commercial research
institutions to co-play the role of the developer; and communities to play the role of the
adopter, if the technology is sufficiently robust. The roles of these external stakeholders are
discussed in more detail in Sections 3.2.1–3.2.3.

3.2.1. Role of Mines

In the past, universities have worked with mines and big mining companies to com-
mercialize technologies [76]. The mining companies took on the roles of co-developer,
adopter, sponsor, and implementer. However, findings from this study indicate that this
approach may not be appropriate anymore. According to respondents, the mining busi-
ness model is not technology development but raw materials production (see discussions
in Section 3.1.1), which means that mining houses have systematically moved resources
away from technical departments and have outsourced technical functions. Mines have
focused on their capacity to produce ores and minerals and, according to two consul-
tants and a coal major executive, reduced their research and development and specialized
technical functions.

As the business model of mines has led them to disinvest in specialized technical
functions, it has also meant that mines are not developing alternative business strategies.
A third of respondents suggested that the business strategies of mines are important in
the implementation decision. As a coal major executive noted, the business strategy of a
mine is not manufacturing or electricity production which means that they do not have
intimate knowledge of those businesses and markets. The executive also noted that mining
companies will therefore also not have their corporate structures set up in a way that
will support the marketing and sales of other (non-core) products. These perspectives
suggest that the lack of corporate structures to support ventures outside the narrow mining
business model increases the risk and effort associated with waste valorization ventures.
This means that management may rightly be reluctant to enter such businesses.

Another potential barrier to mine implementing is the tendency of waste valorization
to produce a small profit stream compared with the mine’s core business. A technology
implementer, researcher, and consultant all emphasized that the small profit stream is one
of the key reasons that waste reprocessing has historically been poorly managed at mines.
According to these respondents, the results of neglect have then sometimes been mistaken
for technology failure.

Mines can therefore be technology sponsors but will most likely transfer the imple-
menter, and perhaps even the technology adopter role, to another organization. Two
major coal executives mentioned that they are aware of companies that push much of
the technical research that they require on to trusted original equipment manufacturers
(OEMs), also known as technology providers, who they then hire to test and implement any
technologies that they may need. The OEMs thereby become technical mediators for the
mines. Likewise, one technology implementer’s company became the technology adopter
on behalf of the mines they work with. Nevertheless, a third of the respondents mentioned
that mines, or holders of the waste to be processed, should be intimately involved with the
process of implementation because they will derive value and are best placed to understand
the composition of their waste.

3.2.2. Role of OEMs and Commercial Waste Processors

As indicated above, half of the respondents considered OEMs to be in a better position
to implement, operate and maintain the equipment for waste reprocessing than the mine.
In line with this, one technology implementer and four major coal executives thought that
a well-respected OEM or technology provider would be a better partner for technology
commercialization than the mines themselves. Examples by respondents suggest that
this is indeed the case. In almost all the cases mentioned where a value-from-waste
technology was implemented on a mine and with the help of the mine, the OEM or
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waste processor was the party that implemented the technology, runs it, and maintains
it. Respondents indicated that OEMs already have the business strategy (they service
multiple mines), experience, technical skills, contacts, and credibility with the industry to
be able to commercialize technologies successfully and can thereby avoid the risk of mining
companies failing to operate waste valorization operations effectively (see Section 3.2.1).
One coal major executive also believed that it would be appropriate for an OEM to fund
part of the technology development since they would draw advantage from its success.
The appetite of OEMs for acting as commercial partners of universities and other research
organizations would have to be tested; however, since they fall outside of the sample that
was interviewed, and issues such as the ownership of intellectual property (IP) are likely to
be important considerations in such partnerships.

One coal industry researcher suggested that commercial waste processors may also
be a good option as partners for commercializing value-from-waste technologies. In the
case mentioned by a coal major executive where an entire waste heap was worked away,
this was also done by an external party who took ownership of the waste stream as well
as the profits arising from the processing. Sylvania, a commercial waste processor which
runs scavenger plants between chrome production facilities and their waste disposal
heaps [77], was cited as an example of a similar business model. The arguments advanced
for having a commercial waste processor take over the waste stream were similar to that of
enlisting OEMs.

3.2.3. Role of Third Parties

In the discussion thus far, mines and OEMs or commercial waste processors have been
identified as the primary partners of the university. Nevertheless, according to the literature,
these are unlikely to be the only entities of interest in technology commercialization
and transfer process. Both respondents and literature indicated that other entities, such
as transfer offices and other commercial research institutions, are also likely to play a
role in successful commercialization and transfer [14,64,78]. For instance, a quarter of
respondents suggested that national science councils, such as the Council for Scientific and
Industrial Research (CSIR) in South Africa, have more experience in applied research than
university researchers and could be helpful research partners when early commercialization
research needs to be done. Given the emphasis placed on technology scale-up, discussed
in Section 3.1.1, this is likely to be a critical partnership.

Lastly, seven respondents mentioned that if the technology can be proven to be
sufficiently simple to operate and robust, the opportunity to have communities take
ownership of the technology would be welcomed as something to include in a mine’s
social and labor plan. However, four respondents mentioned that, even in such cases,
the mine would have to ensure that the community service provider is able to handle
the technology from a technical point of view and may need to help the organization
to obtain certain permissions and approvals. An external technical oversight body may,
therefore, still be needed. Two respondents noted that mines would still want to provide
oversight to the community service provider because of the long-term liability associated
with mining waste.

4. Conclusions

Mining waste is produced in large volumes and can be hazardous to the environment
and surrounding communities. Valorizing mining waste will reduce the land footprint
taken up by mining waste as well as the risks associated with it. Despite these advan-
tages, the commercial implementation of such technologies is limited. This study set
out to understand the drivers and barriers to waste valorization technology implemen-
tation, with a specific focus on the South African coal mining industry, and to under-
stand the roles of different stakeholders in the industry as well as their potential roles in
technology implementation.
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The results of this research have shown that there are a variety of factors constraining
and/or driving the adoption of waste valorization technologies within the South African
coal sector. These factors, furthermore, tend to be highly interlinked, making for a complex
landscape for implementation. For instance, the complexity of the technology impacts the
development timelines as well as the cost of development, thus influencing the appetite
that a potential implementer is likely to have for implementing the technology. This aspect,
therefore, has technical, economic, and business implications. Results show that traditional
techno-economics is likely to dominate the considerations in the transfer and implemen-
tation of waste valorization technologies in the South African coal mining industry. This,
coupled with the narrow perspective on waste and valorization, is likely to make advocat-
ing for a technology based on environmental grounds alone unsuccessful. Robust business
cases and demonstrations of technical feasibility and suitability are thus important factors
for waste valorization technology implementation success in the sub-sector. Furthermore,
while increasingly stringent regulations should, in theory, provide an incentive for the
implementation of waste valorization technologies, the onerous and restrictive nature of
the current regulatory landscape in South Africa serves to make the impact uncertain in
practice. South Africa’s regulatory environment, therefore, simultaneously enables and
hinders the implementation of waste valorization technologies.

The study has also indicated that mining companies are unlikely to be implementers
of environmental technologies since technology development is not part of their business
model, and their technical support bases have eroded. Original equipment manufacturers
(OEMs) and boutique waste processors are potentially better placed to be commercial
partners in technology transfer from universities since they are the technical mediators
for mining companies. They also service multiple mining companies and therefore have
a bigger market for the technology than a single mining company. In addition, applied
research organizations such as the CSIR may be helpful in technology development.

While the findings of this study are directly applicable to the South African coal
mining industry, they could be extended to other mining sectors and geographic regions.
The barriers and drivers and their relative significance will, however, vary to a lesser or
greater extent, according to the specific risks associated with different commodities, ore
bodies, and geopolitical contexts.
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