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ABSTRACT

In a speech “There is plenty of room at the bottom” by Feynman (1959) the concept of
nanotechnology was born, though the term itself was coined by Taniguchi (1974) later.
Today, the world is witnessing unpreceded technological changes via nanotechnology
which have affected every industry. Nanotechnology-based technologies have
primarily continued to create a multitude of new processes and products that have

substantially advanced the quality of life globally.

In terms of objectives, firstly, this study sought to establish if South Africa is creating
technological and economic capabilities for catch-up, in general, and in
nanotechnology, in particular. Secondly, the study looked at whether nanotechnology-
based technologies (i.e., water treatment and medical applications) have facilitated
technological catch-up, and subsequently, economic catch-up in South Africa.
Nanotechnology being an emerging technology is considered by many scholars that it
can offer windows of opportunity which are able to allow latecomer nations to catch-

up with the technologically and economically advanced states.

The objectives of the study were investigated through quantitative methods, and the
study used secondary data from government and institutional policy documents to
assess technological and economic capability creation in both general terms and in
nanotechnology. The evidence from a critical analysis of the policy documents shows
that South Africa has invested heavily in capability building institutions such as the
national innovation system (NIS) so as to boost its technological and economic

development.

The NIS is a key concept which represents a country’s collective efforts towards
advancing innovation (Manzini, 2012). It is ideally the network of institutions in the
public and private sectors whose activities and interactions initiate, import, modify and
diffuse new technologies (Freeman, 1989). The six functions of the NIS and the four
mechanisms for knowledge flow were considered as the capability building blocks for
innovation in South Africa and thus were used to operationalise the NIS. The six
functions of the NIS according to the OECD (1999) include (1) technology and
innovation policy formulation (2) financing R&D (3) performing R&D (4) promotion of

human resource development (5) technology diffusion; and (6) promotion of



technological entrepreneurship. The four mechanisms for knowledge flow include (1)
joint industry activities, (2) public/private interactions, (3) technology diffusion, and (4)
personnel mobility (OECD, 1997).

The study also used bibliometric information of scientific publications and patents as
measures and/or indicators for knowledge generation and invention, and
subsequently, technological catch-up. Ideally, scientific publications and patents
provide information pertaining to the trajectory of the technology and the key areas of
innovation that may be necessary for economic growth and economic development.
Two nanotechnology-enabled fields, water treatment and medicine, were specifically
studied. The two fields are believed to be enablers of the UN millennium development
goals for developing nations. The BRICS countries together with the USA were
analysed in the study. The USA was found to be way ahead of the other nations in the
two fields in scientific publications, citations of the scientific articles and patents filed
through WIPO during the 9 year period from 2010-2018. However, China surpassed
the USA on a year-by-year basis in nanotechnology enabled water treatment
processes and/or products after 2016. The rest of the BRICS nations were found to
be far below the performance of the USA in the two fields in both a 9-year period and
on a year-by-year basis.

An interesting observation of the study is that there were more patents in medical fields
than in water treatment. This trend is attributed by some scholars to intensive R&D in
pharmaceutical industries than in any other industry. It was also observed that firms
and/or universities were significant patent applicants in both fields whilst there were

fewer individual applicants particularly in medicine.

One significant capability building strategy that was accessed in the study is
collaborations amongst the studied nations. There are many benefits of collaborative
working relationships including enhancing the quality of work undertaken and many
more other advantages. Both nano-based water treatment and nanomedicine results
had strong evidence that showed that collaborations maximized scientific research
publications. Surprisingly, the collaborative results in scientific publications for South
Africa with other BRICS nations was very low despite having a number of MoUs that

encouraged R&D collaborative programmes amongst themselves.



It was expected from the study to find that nanotechnology cuts across the boundaries
of various traditional fields of study within water treatment and the medical field. This
is a clear evidence that nanotechnology has an inherent capability to unlock new and

diverse opportunities in various fields.

Sales and /or market data was used to represent the economic impact of
nanotechnology related products and/or processes. Unfortunately, data on
assessment of economic impact of nanotechnology enabled materials in water
treatment and medicine is not easily available due to numerous obstacles including
elements such as regulations, standards, health & safety issues and public perception.
Therefore, this study only provided results of sales and/or market data for
nanotechnology-enabled products and/or processes in general, and not necessarily
water treatment and medical related nanotechnology-based products and/or
processes. Compared to other BRICS nations such as Russia, India and China, the
results showed that South Africa does not seem to use nanotechnology as a “window
of opportunity” for catching-up economically despite significant investment in the field
by the government. The USA is currently leading in the generation of revenue from

nano-enabled materials (see Table 4.21).
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CHAPTER 1: INTRODUCTION

1.1 Purpose of the study

Whether it is a reality or an outsized expectation, nanotechnology is considered to
possess illimitable potential to make major and drastic changes to a wide range of
industries (Bhattacharya, 2015; Simate et al., 2013). In fact, many countries have
invested heavily in the technology with the intention of developing new unique
materials and systems that could have a positive and practical influence on the
economy and thus ensure global competitiveness and sustainability (Ezema, I. et al.,
2014; Pouris et al., 2012; Sargent, 2008). Nanotechnology, as a field, is regarded as
a general purpose technology (Graham & lacopetta, 2014), and Bresnahan and
Trajtenberg (1995) describe such technologies as enabling technologies that can be
used to invigorate radical and/or significant changes in the capabilities of a technology
and/or create new and unique chances instead of giving absolute complete and final
solutions. Accordingly, Ouellette (2015a) states that “in addition to opening new
markets and fostering economic growth, nanotechnology also has the potential to
enhance social welfare by addressing global sustainability challenges”. Furthermore,
a study by Salamanca-Buentello et al. (2005) pointed out that nanotechnology can
help third world nations to realise the UN millennium development goals (see Table
2.5).

With regard to the objectives, firstly, the study will determine the extent to which South
Africa is creating general capabilities for technological and economic catch-up.
Secondly, the extent to which capacity has been created in nanotechnology to
advance technology and economic wellbeing of South Africa will also be evaluated.
The final, but principal purpose of this current study is to establish whether
nanotechnology offers a window of opportunity for techno-economic catch-up in South
Africa. In view of whether nanotechnology offers a window of opportunity for techno-
economic catch-up in South Africa, the study will, particularly, focus on two application
areas of nanotechnology — water treatment and medical applications. Moreover, these
are amongst the areas of nanotechnology pinpointed by Salamanca-Buentello et al.
(2005) that were likely to assist poorer nations attain the UN millennium development

goals.



1.2 Context of the study

Countries are normally classified depending on their general status of the processes
related to economic well-being or development (Jamison, 1991). However, “when it
comes to classifying countries according to their level of development, there is no
criterion (either grounded in theory or based on an objective benchmark) that is
generally accepted” (Nielsen, 2011). Moreover, there are a number of metrics that are
used to categorise states with respect to their economic status. For example, some of
the various measures and indicators of economic development include gross domestic
product (GDP), gross national product (GNP), gross national income (GNI), per capita
income, level of industrialization of the state, amount of infrastructure widely
distributed within the country, the standard of living of its people, and many others
(Nadakavukaren, 2011; Nielsen, 2011; Surbhi, 2015; Vaggi, 2017). Nevertheless, the
GNI per capita calculated by the World Bank is the widely used system of categorising
nations, and this system groups countries into four classes: low income countries
(LICs), lower middle income countries (LMICs), upper middle income countries
(UMICs), and high income countries (HICs) (Alonso et al., 2014; Fantom et al., 2014;
Fantom & Serajuddin, 2016; Vaggi, 2017).

It is the aspiration of every country to rise up economically and/or ascend the ladder
of economic development (Sachs, 2006) and thus reduce the difference in productivity
and income between the frontier countries and themselves (Lee, 2005; Mathews,
2006; Zhang et al., 2017). Accordingly, Harack (2010) states that “climbing the ladder
of economic development means the accumulation of wealth per capita which
generally leads to healthier, happier, and longer-lived people”. Economists refer to the
capability of a country to reduce the difference in productivity and income between
itself and the frontier countries as “economic catch-up”, in general (Fagerberg &
Godinho, 2004, Lee et al., 2016; Lee & Ki, 2017; Lee & Malerba, 2018; Wang, 2007);
and over the past decades there has been more research on economic catch-up of
latecomers with Japan being quoted as an early and good model of the catch-up notion
(Lee et al., 2016). According to Lee (2016) “the key to economic catch-up lies in
specific technological strategies”. Therefore, the interest of this study is mainly
technological catch-up which is a starting point or an ingredient or a catalyst for
economic catch-up. Technological catch-up is defined as the “process of generating

technological innovations at a faster rate than that of industrialised



economies”(Soumonni, 2014). Similarly, Sohn et al. (2009) describes technological
catch-up as the narrowing of technological differences and/or gap between the leading
firms and/or nations through faster technological knowledge acquisition (i.e., learning)
by latecomers. In addition, Chen and Li-Hua (2011) states that “technological catch-
up refers to the latecomers developing continuously and rapidly by imitating the
forerunners and to finally catch-up or surpass the forerunners within a short period of
time”. The significance of the notion of technological catch-up is that many countries
including Korea and Taiwan moved up the ladder from behind in the middle class
status to the top as nations in the high income group of economies category, to a large

extent, due to technological catch-up (Yusuf, 2012).

Numerous models have been developed that explain growth trajectories during
technological catch-up. Two of such models that have been extensively studied are,
(1) the flying geese, and (2) leapfrogging (Hayter & Edgington, 2004; Lin, 2012; Long,
2014). These models imply that a number of different patterns and/or stages exist
along the path of technological development that can be followed by latecomers (Kim,
1980, 1997; Lee, 2005; Wu, 1992; Wu et al., 2009).

The flying geese model explains catching-up as a linear and cumulative technological
trajectory (Sohn et al., 2009). Ideally, according to the flying geese model, Radelet
and Sachs (1997) states that during the catch-up process, latecomer “countries
gradually move up in technological development by following in the pattern of countries
just ahead of them in the development process”. Basically, the model describes a
sequence of import, consumer goods production, capital goods production and export,
coupled with technological sophistication, to explain how latecomers caught-up with
the leading goose (Akamatsu, 1962; Long, 2014). A good example of an application
of the flying geese model relates to the East Asian tigers who mainly followed three
distinct stages in their path of technological development (Tidd & Bessant, 2014). In
the 1960s, the countries followed the “original equipment manufacturing” (OEM)
system (Tidd & Bessant, 2014). The OEM is a specific form of subcontracting where
firms in a catching-up nation produce goods according to the specification that is
based in a technologically advanced country (Hobday, 1994). The second stage is the
“original design and manufacturing” (ODM) in which the latecomer firms learn to
design and manufacture products which are specified and branded by a firm in a

technologically advanced country for their customers. The last stage is the “own brand
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manufacturing” (OBM) where latecomer firms design, manufacture and market their
own products under their own brand name and compete head-on with the leaders
(e.g., Samsung) (Tidd & Bessant, 2014). It must be noted, however, that the order of
stages varied from country to country. For example, the Korean firms mainly followed
the stage of OEM, OBM and then ODM because most of the Korean firms conducted
their business with their own brand from an early stage of their development as the

final assemblers, but also outsourcing most of intermediate goods (Lee, 2005).

The leapfrogging model postulates that latecomers can skip an existing technological
trajectory to a more advanced stage of development or even create new ones (Lee &
Lim, 2001). The telecommunication industry is a good example of the leapfrogging
model. For example according to Mu and Lee (2005), “in terms of the technological
trajectory of telephone switches, China skipped analogue-based telephone switches,
but leapfrogged into digital-based telephone switches technology”. Another example
in the telecommunication industry is the adoption of mobile phones (wireless) in Africa,
without first going through the conventional landline (wired) regime (Batinge et al.,
2017). In the energy sector, Batinge et al. (2017) states that “leapfrogging has involved
jumping to renewable energy without experiencing the dominant energy source regime
(fossil fuel), and jumping from the dominant mode of delivering electricity (centralised
grid transmission and distribution) to decentralised electricity provision through mini-
grids and stand-alone systems”. A study by Chen and Li-Hua (2011) has also shown
that many Chinese firms have also been involved in technological leapfrogging.

Other models that complement the flying geese and leapfrogging models have also
been developed. For example, Kim (1997) suggested that the evolution of
technological capabilities in latecomers followed a series of capability building
processes from duplicative imitation to creative imitation to innovation. Duplicative
imitation refers to the transfer of technology for the production of identical goods to
those of the competitor whereas creative imitation includes an active participation at
the process of production not only to copy existing products, but also to make
improvements to the previous versions of the product or adapt it to new uses
(Baradello & Salazzaro, 2012; Nani, 2016). In simple terms, innovation, which is part
of capability building processes as hypothesized by Kim (1997), can be defined as a
process of transforming ideas and new knowledge into new processes, products and

services (Ramadani & Gerguri, 2011). Wu (1992) distinguishes innovation into

4



exploitative and explorative innovation. March (1991) states that “exploration includes
things captured by terms such as search, variation, risk taking, experimentation, play,
flexibility, discovery, innovation. Exploitation includes such things as refinement,
choice, production, efficiency, selection, implementation, execution”. In other words,
explorative innovation implies breakthrough or disruptive innovation whereas

exploitation implies incremental innovation (Enkel & Gassmann, 2010).

Besides the catch-up models, a number of opportunities exist that can stimulate catch-
up by latecomer nations. In other words, there are several windows of opportunity that
are available for possible entry or catch-up by latecomers (Lee & Ki, 2017; Lee &
Malerba, 2017). Indeed, depending on their strategic responses which rely on
preconditions such as learning processes, level of capabilities, organisation and catch-
up strategies, latecomers may take advantage of the window of opportunity (Lee &
Malerba, 2017; Vértesy, 2017). Kenton (2018) defines a window of opportunity as “a
short time period during which a rare and desired action can be taken” and can apply
to a variety of situations (Lee & Ki, 2017; Lee & Malerba, 2017; Vértesy, 2017).

Short-cycle technologies are one of the windows of opportunity (Lee, 2013; Soumonni,
2014). According to Lee et al. (2017), “short-cycle time of technology means that the
life span of the knowledge lasts only a few years and after that the usage declines
dramatically as it soon becomes outdated or of less use”. One of the advantages of
shorter-cycle technologies is that the entry barriers for latecomers are minimised
because there is less reliance on existing knowledge dominated by advanced
countries (Lee et al., 2017). In fact, according to Soumonni (2014), “shorter-cycle
technologies take advantage of changing techno-economic paradigms that are still
novel to all players across the globe”. A study by Lee (2013) has shown that countries
and firms that specialised in sectors with short-cycle times of technology have been
successful in catching-up. Park and Lee (2006) also obtained similar results — catch-

up was found to be successful in technological sectors with shorter-cycle times.

Emerging (or new) technologies also play an important role in the entire catching-up
process (Gerschenkron, 1962; Niosi & Reid, 2007; Perez & Soete, 1988), and many
researchers consider emerging technologies as windows of opportunity (Lee & Ki,
2017; Lee & Malerba, 2017; Vértesy, 2017). According to Zhang et al. (2017)

“developing countries have opportunities to catch-up in emerging technologies since



emerging technologies are new to every country”. In fact, emerging technologies
provide a level playing field since technologically advanced nations are also
developing competences in the technologies at the same time as less technologically
advanced nations (Bhattacharya & Shilpa, 2011). In addition, emerging technologies
are vital to firms in developing countries because they produce opportunities for firms
to put systems in place that could make them viable and competitive (Mathews, 2006;
Mytelka, 2004; Zhang et al., 2017).

It must be noted that a significant number of emerging technologies are available. For
example, Pouris (2012) identified 40 emerging technologies and grouped them as
follows: nanotechnologies; knowledge-based multifunctional materials; new
production processes; information society technologies (IST); life-sciences, genomics
and biotechnology for health and sustainable development, global change and
ecosystem. Amongst the many emerging technologies, this study focuses on
nanotechnology.

Nanotechnology is an emerging technology (Cozzens et al., 2013; Islam & Miyazaki,
2010; Soumonni, 2016) which encompasses materials, tools and devices having at
least one dimension of about 1-100 nm (Khan et al., 2017; Khanna, 2016). In simple
terms, it deals with the manipulation and use of materials at atomic and molecular
levels (Cappy et al., 2002; Mansoori & Soelaiman, 2005; Salamanca-Buentello et al.,
2005; Sastry et al., 2013). IWGN (2000) states that the “essence of nanotechnology
is the ability to work at the molecular level, atom by atom, to create large structures
with fundamentally new molecular organization”. Niosi and Reid (2007) describe it as
an enabling technology that provides tools, materials and devices for further

technological development.

As a result of a number of benefits, nanotechnology continues to be a vital area of
research and innovation in both developed and developing countries. In fact, it is
already addressing and providing solutions to key economic sectors such as materials
and manufacturing, life sciences, ICT and electronics (Bhattacharya, Sujit et al.,
2012). For developing countries, nanotechnology can provide solutions in areas of
concern such as the environment, water purification, agriculture, energy and many
other products (Bhattacharya, 2015; Bhattacharya & Bhati, 2011; Bhattacharya, Suijit
et al., 2012; Salamanca-Buentello et al., 2005).



The first objective of the study is to determine the extent to which South Africa is
creating capabilities, in general, for technological and economic catch-up with the
developed world. Thereatfter, the study will evaluate capacity building strategies in the
field of nanotechnology for technological and economic catch-up, and most
importantly, the final objective is whether nanotechnology is providing a ‘critical
window’ for South Africa to catch-up with the developed world. With regard to the
‘critical window’ for technological and economic catch-up, the study will focus on two
fields in which nanotechnology is applied — water treatment and medical applications.
Moreover, these are amongst the areas of nanotechnology identified by Salamanca-
Buentello et al. (2005) that are likely to help less affluent countries achieve the UN
millennium development goals. In addition, water and health were also singled out in
the national nanotechnology strategy in DST (2005) as amongst six areas in which

nanotechnology can create real benefits for South Africa.

1.3 Problem statement and research questions

A review of literature shows that catch-up strategies of latecomers have been studied
extensively. Such studies have shown how latecomers have transformed their
capabilities from being based on imitation to full-fledged innovation (Collins, 2015;
Glass, 2010; Kim, 1997). For example, firms from China and other East Asian states
have managed to catch-up, firstly, by learning and improving existing technologies
through imitation (Glass, 2010), and secondly, the firms have grown significantly fast
through endogenous innovation (Kim, 1997). Furthermore, recent research indicates
that latecomers can also catch-up when a window of opportunity arises such as the
appearance of a new emerging technology (Lee & Ki, 2017; Lee & Malerba, 2017).
Emerging technologies are considered as key enabling technologies that could
enhance industrial and innovation capacity and thus address societal challenges (de
Almeida et al., 2013; Pouris, 2012).

Nanotechnology is a good example of an emerging technology in which many
countries including South Africa have invested a lot with the aim of developing new
materials and systems that could uplift their economies (Ezema, I. et al., 2014).
Actually, there is a strong evidence that a number of developing countries such as
Brazil, China, India and many others have been able to catch-up technologically using
nanotechnology (Niosi & Reid, 2007; Salamanca-Buentello et al., 2005).



Unfortunately, there is little or no coherent evidence in literature that shows that South
Africa is catching-up technologically and, possibly, economically using
nanotechnology. Indeed, how South Africa could seize the opportunities in
nanotechnology for technological and economic catch-up remains a poorly studied
issue in literature. Therefore, this research seeks to determine the extent to which
South Africa is creating capacity for technological and economic catch-up, in general,
and in nanotechnology, in particular; and whether nanotechnology offers the window
of opportunity for technological and economic catch-up in South Africa. The study
focuses specifically on nanotechnology for water treatment and medical applications,
and thus tries to ascertain the extent to which the two nanotechnology applications

have advanced technological and economic catch-up in South Africa.

1.4 Significance of the study

The choice of the research topic emanates from the importance placed on emerging
technologies globally. The emerging technologies present new growth opportunities
to laggards for technological catch-up (Gerschenkron, 1962; Niosi & Reid, 2007; Perez
& Soete, 1988). This particular study provides a deep understanding of the level of
scientific and technological developments attained and subsequent economic
achievements in the emerging technologies, particularly, nanotechnology for water
treatment and nanotechnology applications associated to medicine, in South Africa,
other BRICS nations and the USA.

Whilst many studies on nanotechnology in South Africa have concentrated on
reviewing nanotechnology activities, no research has studied the extent to which
nanotechnology-based technologies (e.g., water treatment and medical applications)
have advanced technological and economic catch-up in South Africa. It is obvious that
several catch-up studies have shown that technological catch-up is a pillar for
economic development (Lee, 2016; Lee et al., 2016; Wang, 2007). Therefore, the
results of this study will provide evidence to inspire South Africa to strengthen its
industrial technological capabilities in the field of nanotechnology. There is no doubt
that the development of industrial technological capabilities is an important factor for
indigenous innovation (Long, 2014; Malerba & Nelson, 2011). Furthermore,

nanotechnology based technologies have been lauded as having the potential to solve



many of the problems faced by developing countries (Bhattacharya, 2015;
Bhattacharya & Bhati, 2011; Cozzens et al., 2013; Salamanca-Buentello et al., 2005).

1.5 Delimitation of the study

(1) The study only looks at nanotechnology based technologies in water
treatment and medical related fields in South Africa, USA and other
BRICS nations and thus it may not be applicable to other nanotechnology
areas studied in other countries or globally.

(2) The study uses secondary data (e.g., bibliometric information), and the

results may be different if primary data was used.

1.6 Assumptions

(1) There is a linear relationship between (i) research and knowledge
generation, (i) knowledge generation and technological change, (iii)
technological catch-up and innovation, and (iv) innovation and economic
growth or economic development.

(2) The secondary data used in the study is reliable and/or valid based on the
initial assumptions used in the primary data collection.

(3) The proxies for the NIS which include six functions and four mechanisms
for knowledge flow give an accurate picture of the implementation of the NIS
in South Africa (OECD, 1997; OECD, 1999).

1.7 Definitions of key terms

e Latecomer firm: According to Mathews (2002), “the latecomer firm is one

which meets the four conditions:

- Industry entry: The latecomer firm is a late entrant to an industry, not by
choice, but by historical necessity;

- Resources: The latecomer firm is initially resource-poor, e.g., lacking
technology and market access;

- Strategic intent. The latecomer firm is focused on catch-up as its primary
goal;

- Competitive position: The latecomer firm has some initial competitive
advantages, such as low costs, which it can utilize to leverage its position in

the industry of choice”.



Catch-up: According to Fagerberg and Godinho (2004) “catch-up relates to the
ability of a single country to narrow the gap in productivity and income against
a frontier country”. Lee and Ki (2017) defines catch-up as “a substantial closing
of the gap in market shares between the incumbents/leaders and
entrants/latecomers”.

Convergence: In contrast to catch-up, “convergence relates to a trend towards
a reduction of the overall differences in productivity and income in the world as
a whole” (Fagerberg & Godinho, 2004).

Diffusion: This refers to the dissemination of new ways on how to get things
done through the various layers of production.

Emerging technology: An emerging technology is defined by Rotolo et al.
(2015) as “a radically novel and relatively fast growing technology characterised
by a certain degree of coherence persisting over time and with the potential to
exert a considerable impact on the socio-economic domain(s) which is
observed in terms of the composition of actors, institutions and the patterns of
interactions among them, along with the associated knowledge production
processes. Its most prominent impact, however, lies in the future and so in the
emergence phase it is still somewhat uncertain and ambiguous”.

General purpose technology: Bresnahan and Trajtenberg (1995) describes
such technologies as enabling technologies that open up new opportunities
rather than offering complete and final solutions. Nanotechnology is one of the
examples of general purpose technologies (Graham & lacopetta, 2014;
Kreuchauff & Teichert, 2014; OECD, 2010; Shea et al., 2011; Soldatenko, A,
2011).

Nanotechnology: Simate et al. (2013) describe nanotechnology as an
emerging technology that “involves miniature, stronger, cheaper, lighter,
durable, and faster devices with greater functionality and efficiency, apparently
using fewer raw materials input and consuming less energy, but with very high
productivity output”.

Invention: An invention is regarded as the generation of new ideas which are
turned into technologies systematically. In other words, an invention is the
creation of scientific ideas, theories or concepts that may subsequently result

into an innovation when applied to a production process.
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e Innovation: The OECD (2005) defines innovation as “the implementation of a
new or significantly improved product (good or service), or process, a new
marketing method, or a new organisational method in business practices,
workplace organisation or external relations”. Innovation may also be referred
to as commercialization of invented ideas into marketable forms of products,
processes or services.

e Economic growth and development: Economic growth, in general terms,
refers to the increase in the GDP (or GNP or GNI) per capita (Colombatto, 2006;
Haller, 2012). On the other hand, economic development is used in a broader
context than economic growth. It encompasses processes and actions that
generate improvements in people’s economic, political and social wellbeing
(Barkley & Barkley, 2013).

e Secondary data: According to Boslaugh (2007), secondary data refers to data
that was collected by someone else for some other purpose. It is literally
second-hand data (McCaston, 2005).

e Quantitative methods: According to Ashley and Boyd (2006), “quantitative
methodology is associated with the rational and objective measurement of
observable phenomena”. In other words, quantitative research methods are
characterised by the collection of information that can be analysed numerically,
the results of which are typically presented using statistics, tables and graphs
(ACAPS, 2013). According to Marshall (1996) and ACAPS (2013), the aim of
the quantitative research method is to test pre-determined hypotheses and
produce generalizable results.

e Qualitative methods: Unlike quantitative methods, “qualitative methodology
focusses on assessment of subjective phenomena such as ideas, opinions,
experiences and observed patterns” (Ashley & Boyd, 2006). In other words,
gualitative data are often textual observations that portray attitudes,
perceptions or intentions (ACAPS, 2013).

1.8 Research questions

The following questions arise for this study:

(1) To what extent has South Africa created capacity for technological and

economic catch-up, in general, and in nanotechnology, in particular?
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(2) To what extent have water treatment and medical related nanotechnology
based processes and/or products advanced technological catch-up by
South Africa relative to its BRICS counterparts and the technologically
advanced USA?

(3) What is the extent to which water treatment and medical related
nanotechnology based processes and/or products advanced economic
catch-up by South Africa relative to its BRICS counterparts and the

technologically advanced USA?

1.9 Structure of the research report

This research report is made up of six chapters including Chapter One that provides
the context of the study and its motivation, a description of the problem statement, an
outline of research questions, and the objectives of this study. The layout is

schematically summarized in a flowchart in Figure 1.1.

Chapter One
= Context and motivation of the = Research questions
study = Research obiectives
Chapter Two
U
Chapter Three
Il 1l
Chapter Four Chapter Five
RESULTS DISCUSSION
OF
Il Il
Chapter Six
CONCLUSIONS AND RECOMMENDATIONS

Figure 1.1.Research report layout
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Chapter Two deals with the literature review, which includes the general knowledge of
the classifications of nations based on economic development; the current models of
catch-up and windows of opportunities such as the use of emerging technologies like
nanotechnology. Chapter Three (research methods) describes the research strategies
and techniques that are applied in the study. The subsequent chapters (Chapter Four
through Five) describe the results and their discussions. The research report

concludes in Chapter Six with a summary of the findings and recommendations.

1.10 Summary

This introduction Chapter laid a foundation of the whole study. It gave a background
information about the subject under the study. The motivation of the study with respect

to the research questions, its objectives and significance were outlined.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Over the years the difference in income (or productivity) per head between the rich
and poor nations has been widening year-on-year. In his book, Landes (2015)
acknowledges that the gap between the richest industrial nation and the poorest non-
industrial country in the world today is over 400 to 1; yet more than two centuries ago
the difference between the richest and poorest nations was about 5 to 1. Parente
(2008) also agrees that a substantial difference in the living standards between the
rich and the poor nations is a recent phenomenon. In this context, a number of studies
have suggested that the economic growth of less developed nations is the solution to
closing the gap between the rich and the poor countries (Wolla, 2017; Yifan, 2009).
Fundamentally, the narrowing of the gap in income or productivity between a poor
country and an economic leader is termed “economic catch-up” (Fagerberg &
Godinho, 2004; Lee & Ki, 2017; Lee & Malerba, 2018). According to Lee (2016) “the
key to economic catch-up lies in specific technological strategies”. Therefore, this
study mainly focuses on the technological catch-up as an ingredient to economic

catch-up by South Africa using two nanotechnology based fields.

The scope and content of the literature review Chapter is organized as follows: Firstly,
the Chapter gives an overview of what constitutes a poor or a rich nation, and some
perspectives to why some countries are rich whilst others are poor. This is followed by
a discussion of the notion of economic growth and economic development. Thereatfter,
the technological catch-up framework and innovation strategies for less developed
nations as prerequisites for catch-up are then discussed. This includes catch-up
models, required learning processes and capability strategies. Fourthly, the Chapter
focuses on some windows of opportunity that are available for catch-up (see Section
2.5). Aspects pertaining to policy, in general, and innovation policy, in particular, are
discussed in Section 2.6. The section also deals with innovation policies of selected
nations. The principles that guide policy formulation for emerging technologies as
stipulated by PCSBI (2010) are also discussed in Section 2.6. Section 2.7 of the
Chapter discusses the characteristics of nanotechnology as a general purpose and
emerging technology. It also gives a brief overview of the top ten nanotechnologies

that may assist developing nations to achieve some of UN’s millennium development
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goals or even perhaps the most recent plan termed sustainable development goals;
and the section also highlights how some countries have used nanotechnology as a
window of opportunity to catch-up. The final section of the Chapter discusses the
parameters used in the study for the measurements of technological catch-up and

economic catch-up.

2.2 Poor and rich nations

In a day-to-day system of communication (or common language), the term ‘poor
person’ refers to someone who has less income, wealth, goods, or services and vice-
versa for a ‘rich person’ (Wolla, 2017). As for countries, they are normally classified
according to their general level of economic development (see Section 2.3 for the
definition) and its effect on the average standard of living (Jamison, 1991; Whitfield,
2012) using a number of metrics. Some of the measurements used to assess
economic development of a country include gross domestic product (GDP), gross
national product (GNP), gross national income (GNI), per capita income, level of
industrialisation, amount of widespread infrastructure, the standard of living, etc
(Nadakavukaren, 2011; Nielsen, 2011; Surbhi, 2015; Vaggi, 2017).

The GDP refers to the total market value (in dollars) of all final goods and services
produced in a country in a given year (Schmidt, 2019; Wolla, 2017). It is basically equal
to all spending by government, consumer, and investments, plus the value of exports,
minus the value of imports (Schmidt, 2019). It includes earnings made by foreigners
living inside the country, but does not include earnings by its citizens living outside the
country (Schmidt, 2019). Dividing a country’s GDP by its population gives its GDP per
capita. This is an estimate of how much income (on average) the economy produces
per person, and is a measure of the standard of living (Wolla, 2017). On the other
hand, the GNI is GDP plus income paid into the country by other countries for things
such as interest and dividends (minus similar payments paid out to other countries)
(Schmidt, 2019).

In contrast to definitions of GDP and GNI, the GNP is the total market value of all
goods and services produced by domestic residents (Schmidt, 2019). In other words,
GNP includes domestic residents’ earnings from goods and services produced and
sold abroad, and investments abroad, but does not include earnings by foreigners
living inside the country (Schmidt, 2019). From the definitions of GDP, GNI and GNP,
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it shows that GDP and GNI refer to economic income generated within the borders of
the country, while GNP refers to economic output by the country's residents (Schmidt,
2019).

For several years, GDP has been regarded by economists as the primary indicator of
a country's economic output (Schmidt, 2019); and is basically used for identifying and
measuring phases of the economy's business cycle, such as recession, depression,
recovery, and expansion (Labonte, 2010; Schmidt, 2019). However, the GNI per capita
calculated by the World Bank is the most widespread system of ranking and classifying
countries, and this taxonomy classifies countries into four groups: low income
countries (LICs), lower middle income countries (LMICs), upper middle income
countries (UMICs), and high income countries (HICs) (Alonso et al., 2014; Fantom et
al., 2014; Fantom & Serajuddin, 2016; Vaggi, 2017). According to Alonso et al. (2014),
“GNI per capita is considered to be the best broad measure of a country’s economic
capacity partly because other variables related to development achievements (such

as infant mortality, literacy or poverty) seem to be highly correlated to GNI per capita”.

The World Bank assigns the world's economies into the four income groups based on
GNI per capita (in US$) calculated using the Atlas method (WorldBank, 2018). In this
method, a country’s income (GNI per capita) is converted from its local currency
(WorldBank, 2018). Each year on July 1, countries are reassigned to an income group
based on the estimate of their GNI per capita for the previous calendar year. According
to the WorldBank (2018), “for the current 2019 fiscal year, low-income economies are
defined as those with a GNI per capita of $995 or less in 2017; lower middle-income
economies are those with a GNI per capita between $996 and $3,895; upper middle-
income economies are those with a GNI per capita between $3,896 and $12,055; high-
income economies are those with a GNI per capita of $12,056 or more”. According to
this classification, South Africa is an upper middle-income economy (WorldBank,
2018).

Why are some countries poor, and others rich? This is the most pertinent question that
has been debated over the years by economists. It is a contentious question that does
not seem to have simple answers and thus has attracted researchers from various
theoretical and conceptual backgrounds (Fagerberg & Verspagen, 2007). One school
of thought considers technology as one of the key factors (Solow, 1957) whilst the
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other group of researchers regard geography as a significant factor accounting for the
differences in incomes and productivity (Gallup et al., 1999; Sachs et al., 2001). Other
economists argue that institutions and culture are important for economic growth
(Bentzen, 2011). However, these different perspectives are not necessarily opposing
one another, but are complimentary to the question at hand (FRB, 2004).
Nevertheless, whatever the reasons, it must be noted that every laggard yearns to
climb the ladder of economic development (Sachs, 2006) and thus reduce the
difference in productivity and income between themselves and the frontier countries
(Lee, 2005; Mathews, 2006; Zhang et al., 2017).

2.3 Economic growth and economic development

Brown (2013) defines an economy as “a system by which people get living”. According
to Rees (2015), an economy encompasses everything associated with the production,
allocation, exchange, and consumption of valuable goods and services, including the
behaviour of various agents engaged in economic activities. All economies are real
phenomena, but different economies vary considerably in sophistication and
organizational structure (Rees, 2015). This variation in the economies leads to the

categorisation of nations as discussed in Section 2.2.

Two fundamental processes that have been debated for centuries that relate to the
health of nation’s economy are economic growth and economic development (Haller,
2012). Economic growth, in general terms, refers to an increase of the GDP (or GNP
or GNI) per capita (Colombatto, 2006; Haller, 2012). It is achieved through an efficient
utilization of available resources and by increasing the capacity of production of a
country (Haller, 2012). On the other hand, economic development is used in a broader
context than economic growth. It encompasses processes and actions that generate
improvements in people’s economic, political and social wellbeing (Barkley & Barkley,
2013). Whitfield (2012) defines economic development as “sustainable economic
growth accompanied by significant structural change in production patterns and

generalised improvement in living standards”.

As previously stated at the end of the last Section, it is every country’s aspiration to
climb the ladder of economic development (Sachs, 2006) and thus narrow the gap in
productivity and income between themselves and the economic leaders (Lee, 2005;
Mathews, 2006; Zhang et al., 2017). According to Harack (2010), “climbing the ladder
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of economic development means the accumulation of wealth per capita, generally
leading to healthier, happier, and longer-lived people”. Economists refer to the ability
of a country to narrow the gap in productivity and income between itself and the frontier
countries as “economic catch-up”, in general (Fagerberg & Godinho, 2004; Lee et al.,
2016; Lee & Ki, 2017; Lee & Malerba, 2018; Wang, 2007). According to Lee (2016)
“the key to economic catch-up lies in specific technological strategies”. Therefore, the
particular interest of this study is technological catch-up which is an ingredient or
starting point or catalyst for economic catch-up. Soumonni (2014) defines
technological catch-up as the “process of generating technological innovations at a
faster rate than that of industrialised economies”. Moreover, it is the differences in
technology which explain the variations that exist in GDP per capita across countries
(Solow, 1957; Taskin & Zaim, 1997).

The concept of technological catch-up and its framework including innovation
strategies are discussed in Section 2.4.

2.4 Technological catch-up framework and innovation strategies

Section 2.2 discussed the classification of nations based on their GNI per capita. It
also gave a preamble to why some countries are richer than others. Concepts of
economic growth and economic development were analysed in Section 2.3. Section
2.4 is an extension of the previous two sections and examines technological catch-up

and innovation strategies by less developed nations as catalysts for economic catch-

up.

Studies have shown that there is a possibility for a low-income country to catch-up
with frontier nations. Primarily, the catch-up by low income countries depends on a
number of factors including ability to develop its own innovation system, a country’s
economic structure, characteristics of the domestic market, integration into
international markets, collaboration with foreign partners (or companies), and
population density (Bakovi¢, 2010; Fagerberg & Verspagen, 2007; Lee & Lim, 2001).
However, recent research has also shown that processes of technological catch-up by
latecomers do not merely follow the path initiated by advanced countries (Lee & Lim,
2001), but a number of different stages exist along the path of technological
development that can be followed by latecomers (Kim, 1980, 1997; Lee, 2005; Wu,
1992; Wu et al., 2009).
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The flying geese and leapfrogging are two models that have been the subject of
several debates to explain growth trajectories during technological development of
laggards. These models are discussed in Subsection 2.4.1 and 2.4.2, respectively. It
is also important to note that learning, active assimilation and absorption of
technologies are key capability building mechanisms for technological and later on
economic catch-up (Lee, 2019; Wu et al., 2006) and thus are critically analysed in
Subsection 2.4.3. Subsection 2.4.4 discusses the concept of national innovation
system (NIS) which is a core conceptual framework whose fundamental function is to

generate, diffuse and utilise technologies that have economic value (Kayal, 2008).

2.4.1 The flying geese

The flying geese model illustrates the patterns and/or stages in the levels of economic
development in industrialising countries (Akamatsu, 1962). Radelet and Sachs (1997)
state that the flying geese model is a “major doctrine of development strategy” and
during the catch-up processes the latecomer “countries gradually move up in
technological development by following in the patterns of countries just ahead of them
in the development processes”.

Akamatsu (1962) explained the fundamental pattern of the flying geese model in four
stages as follows: “At stage one, the country begins to import manufactured consumer
goods. In stage two, domestic industry starts the production of previously imported
manufactured consumer goods, while importing the capital goods to manufacture
those consumer goods. At stage three, domestic industry starts to export the
manufactured consumer goods. At stage four, the consumer goods industry completes
catch up with the industry in developed countries. The export of the consumer goods
starts to decline, and the capital goods used in production of the consumer goods are
now exported”. Following an explanation by Akamatsu (1962) of the important stages
of the flying geese model, there is no doubt the model shows a hierarchical pattern to

describe how industrialisation spreads (Anbumozhi & Yao, 2017).

The East Asian “Tigers” (South Korea, Taiwan, Singapore, and Hong Kong) and many
other nations with similar policies mainly followed the flying geese model with three
distinct stages in their path of technological development, i.e., initiation, internalisation
and generation (Akamatsu, 1962; Lee et al., 2015; Long, 2014). The stages are also

referred to as (1) original equipment manufacturing (OEM), (2) own design and
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manufacturing (ODM), and (3) own brand manufacturing (OBM) (Lee et al., 2015; Tidd
& Bessant, 2014). In the first stage, firms in latecomers acquire already developed
technologies, and this stage can be considered as an effort to catch-up by following a
pre-set path, or simply “path following” (Lee & Lim, 2001; Lee et al., 2015). During the
internalization stage, the internal R&D efforts of the latecomer firms result in the
improvement of existing products, and may also include the production of new
products. Ideally, according to Lee et al. (2015), “successful firms move toward ODM
by designing a few of the products they previously manufactured”. In the third stage,
firms that have successfully passed the second stage will be able to generate new
technologies. In other words, latecomer firms attempt something new, such as
developing their own products and selling them under their own brand (Lee et al.,
2015).

Other scholars have also advanced similar concepts of technological catch-up as well
as the transition towards innovation. For example, Lee and Lim (2001) argue that firms
in the latecomers went through five levels of technological capabilities in their
business, i.e., “started with the assembly production of imported parts (OEM), then
developed low- to high-tech parts (ODM), and learned to design the existing products
with some modification (ODM), and finally, reached the stage of the new product
concept creation (OBM)”. Accordingly, the different stages and/or levels imply that
economic development is a continuous operational process which involves industrial
and technological upgrading in which any country, regardless of its level of
development, can succeed (Long, 2014). Basically, the flying geese model offers a
generic view of industrial upgrading that can be measured in various ways (Lin, 2012;
Long, 2014).

Other scholars such as Kim (1980) also introduced a three stage model for catch-up
in developing countries, namely (1) implementation, assimilation, and improvement.
Accordingly, Kim (1980) states that “initially established through the implementation of
imported foreign technology, local firms in the industry then accumulated experience
in product design and production operation which provided a basis for limited
indigenous efforts for the assimilation of imported technology. Finally, increased
market competition in local and international markets and increasing capability of local
personnel together with assimilation of foreign technology, led to gradual improvement

of foreign technology”.
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2.4.2 Leapfrogging model

In addition to the different stages along the path of technological development,
different patterns of technological catch-up have also been identified (Lee, 2005; Lee
& Lim, 2001), which is in contrast to the flying geese model (Long, 2014). This
alternative model to the flying geese model is termed leapfrogging model and
postulates that latecomers can skip existing technological trajectory to a more
advanced stage of development or even create new ones (Lee & Lim, 2001). In this
regard, Lee and Lim (2001) have proposed three patterns of technological catch-up
based on the experience of Korean industries, namely path-following, path-creating
and stage-skipping. Path refers to the trajectory of technologies and stage means the
stages in the trajectories (Lee & Ki, 2017). It must also be noted that each path as

proposed by Lee and Lim (2001) may consist of several stages.

The three strategies proposed by Lee and Lim (2001) can be explained as follows.
Path-following is a more traditional pattern in which the companies in developing
countries follow the same path as taken by the forerunners in the successive stages,
but in a more efficient way (Lee & Lim, 2001; Liu, 2006). As a result, latecomer
companies will complete the path in a shorter duration than the frontier firms. In a
stage-skipping catch-up pattern, a latecomer firm skips some of the stages in the
process and jumps to a more advanced stage of development, and thus, significantly
saves time. Path-creating firms follow their own path of technological development in
order to narrow the gap with the frontier firms (Lee & Lim, 2001; Liu, 2006). According
to Lee and Lim (2001) path creation may occur when the latecomers turn to a new
path after having followed the path of the forerunners in a number of stages. This
shows that catch-up strategies are not separate and different from each other, but can
be taken up sequentially (Lee et al., 2016). In other words, at the early stage, catch-
up can proceed with a path-following stage that relies on low-end markets, but the
latter stage may require leapfrogging (stage-skipping or path-creating) strategies (Lee
et al., 2016).

2.4.3 Learning, active assimilation and absorption of technology as an
innovation capability building mechanism for catch-up

Kim (1998) argues that all organisations are learning systems because as they

develop, produce, and market products they continuously learn. However, in contrast
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to the traditional technological learning model, Wu et al. (2009) argues that “without
considerable active assimilation and absorption, the latecomer firm would probably fall
into a vicious circle of ‘import — lag behind — import again’. In addition, Freeman (1989)
states that “the success of latecomers has undoubtedly been due to the absorption of
technology from the most advanced countries and their own efforts to adopt, adapt,
modify and master the corresponding technical know-how”. Malerba and Nelson
(2011) also acknowledge that learning, knowledge accumulation and capability
building are key elements for changing the economic system of the laggards. Through
the international diffusion of knowledge and technology, Taskin and Zaim (1997)
states that “low income countries have the opportunity to adopt techniques of the
leader and hence catch-up with the higher productivity countries”. Other researchers
such as Pack and Nelson (1999) also suggest that countries such as the four East
Asian “Tigers” used the knowledge acquired through absorbing knowledge from

abroad to learn how to innovate.

The concepts of learning, active assimilation and absorption of foreign technologies
are also clearly articulated in the secondary innovation theoretical framework by Wu
(1992). Secondary innovation gives a valuable analytical framework that helps to offer
a better understanding of the micro-level systems of learning, innovation and capability
building in developing countries (Wu et al., 2006). It is defined by Wu (1992) as “the
specific innovation process especially in developing countries that begins with
technology acquisition from developed countries and further develops along the
acquired technologies’ existing trajectories within established technological paradigm,
which is generated and dominated by the original innovation process”. Ideally, it
implies an innovation process by which developing countries combine technologies
adopted from developed countries with technologies and local developments that are
in existence (Wu et al., 2006). Furthermore, Wu et al. (2006) states that “secondary
innovation is a ‘learning’ and ‘understanding’ process from mastery of operation
technology, to mastery of production technology and principle, to mastery of design
technology and principle, and to capability of product/process improvements”. Indeed,
some scholars have also argued that the ability of a poor country to catch up with the
frontier nations does not only come from its capability to source investments, but also
from its potential to absorb existing technologies and generate new ones (Fagerberg
& Verspagen, 2007).
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Other scholars such as Kim (1997) have suggested that technological capabilities that
would lead to catch-up by latecomers such as South Africa, emanate, initially, from
imitations and, later, from endogenous innovations. Actually, over the years several
researchers have studied the relationship that exists between imitation, innovation and
economic growth (Cerqueti et al., 2016; Collins, 2015; Glass, 2010). According to
Glass (2010) and Collins (2015) imitation can serve as a catalyst that can stimulate
firms from lagging countries to undertake innovation. This is because imitation of
products and their embedded technologies helps firms from latecomers to acquire
skills and/or create a knowledge base that would enable them to be innovative and
subsequently create new technologies and products (Collins, 2015; Connolly, 2003;
Connolly & Valderrama, 2005; Currie et al., 1999; Glass, 2010; Van Elkan, 1996). As
literature on economic catch-up by latecomers has shown, imitation is one of the
strategies that were taken by Korea, Singapore, Taiwan, Hong Kong, and more
recently China in their bid for technological catch-up (Liu, 2006; Pack & Nelson, 1999;
Wong, 1999; Wu et al., 2009).

2.4.4 National innovation systems as an innovation capability building
process for catch-up

According to Kosacoff (2013), the process of economic growth in a country, in general,
or firm, in particular, depends on the creation of technological capacities and
competences as well as the establishment and strengthening of institutions. In this
regard, Lee (2019) argues that cultivating firm-level capabilities, for example, does not
only involve the firms, but also the sectors and national innovation systems (NIS)
surrounding them. In particular, it is viewed by Iddris (2015) that a well-structured NIS
has the potential to support the development of innovation capabilities. The role of a
well-functioning NIS is also acknowledged by the UNFCCC (2015) that states that “a
country’s technological capabilities are determined in part by the effectiveness of its
NIS”.

In simple terms, NIS is a key concept which represents a country’s collective efforts
towards advancing innovation (Manzini, 2012). Golichenko (2016) notes that NIS
covers all the main features of the innovation process, including social, political,
organizational, and economical elements. Therefore, a developing country should

formulate NIS so that it strategically drives the catch-up processes (Kayal, 2008).
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Whilst there is no specific definition of NIS, most definitions as given in Table 2.1

depict NIS as a complex web of interactions within the system that involves the flow

of information and technology.

Table 2.1. Definitions of national innovation system

Definition | Definition Reference

Number

1 “... the network of institutions in the public and private sectors whose activities | (Freeman, 1989)
and interactions initiate, import, modify and diffuse new technologies”

2 “... the elements and relationships which interact in the production, diffusion | (Lundvall, 2010)
and use of new, and economically useful, knowledge ... and are either located
within or rooted inside the borders of a nation state”

3 “ a set of institutions whose interactions determine the innovative | (Nelson, 1993)
performance ... of national firms”

4 “... consists of national institutions with their incentive structures and level of | (Patel & Pauitt,
competence, and it determines the speed of dissemination and direction of | 1994a, 1994b)
technological knowledge”

5 “... that set of distinct institutions which jointly and individually contribute to the | (Metcalfe, 1995)
development and diffusion of new technologies and which provides the
framework within which governments form and implement policies to influence
the innovation process. As such it is a system of interconnected institutions to
create, store and transfer the knowledge, skills and artefacts which define new
technologies”

6 “... all important economic, social, political, organisational, institutional and | (Edquist, 2010)
other factors that influence the development, diffusion and use of innovations”

7 “... all economic, political and other social institutions affecting learning, | (Feinson, 2003)
searching and exploring activities”

According to Patel and Pavitt (1994a) and Kayal (2008), the NIS has a number of

components. Carlsson and Stankiewicz (1991) identifies three main components of

the NIS: actors, institutions, and networks which contribute to the generation, diffusion

and utilisation of technology. This view implies that the NIS phenomena recognizes

the importance of not only the creation of new technological and business

opportunities, but also their usage (Pihlajamaa et al., 2013).

Pihlajamaa et al. (2013) describes the three main components of the NIS as follows:

(1) actors: “include organizations such as firms, universities, financial institutions,

governmental
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entrepreneurs, and scientists”; (2) institutions: “encompass the ‘rules of the game’
such as laws, technical standards, regulations, norms, routines, and shared
expectations that guide and regulate interactions and relations between actors”; and
(3) networks: “define how different actors are interrelated and can be either formal or

informal”.

The following are examples of some of the institutions and actors as described by
Patel and Pavitt (1994a), but there is no doubt that the list does not include all the
elements: “(1) governments and related agencies supporting innovation through
regulation, standard setting, public private partnerships, and funding of basic research,
(2) sectors and industries comprising of firms which generate commercial innovations
through experimentation, R&D, and product improvement, (3) universities which
conduct basic research and train a technical and scientific workforce, and (4) other

public and private organisations that engage in education oriented activities”.

According to Kayal (2008), “the main features of the NIS are the capabilities of the
institutions and actors to generate, diffuse, and utilise technologies (physical artefacts
as well as technical know-how) that have economic value”. Ideally, the performance
of the NIS largely depends on how the actors and institutions function and interact with

each other to develop and apply innovative knowledge (Akpolat & Chang, 2008).

2.5 Windows of opportunity for catch-up

There are several windows of opportunity that are available for possible entry or catch-
up by latecomers (Lee & Ki, 2017; Lee & Malerba, 2017). Indeed, depending on their
strategic responses which rely on preconditions such as learning processes, level of
capabilities, organisation and catch-up strategies, latecomers may take advantage of

the window of opportunity (Lee & Malerba, 2017; Vértesy, 2017).

2.5.1 Short cycle time technologies

It is important to note from the start of this discussion that catching-up by less
developed nations takes place in specific economic sectors (Malerba & Nelson, 2011).
Malerba (2005) defines a sector as “a set of activities which are unified by some related
product groups for a given or emerging demand and which share some basic
knowledge”. Within this perspective, Lee (2013) found that countries and firms that

specialized in sectors with short cycle times of technology have been successful in

25



catching-up. According to Lee et al. (2017), “short cycle time of technology means that
the life span of the knowledge lasts only a few years and after that the usage declines
dramatically as it soon becomes outdated or of less use”. In other words, existing
knowledge becomes obsolete fast (Lee et al.,, 2017). Park and Lee (2006) also
obtained similar results — catch-up was found to be successful in technological sectors
with shorter cycle times. The first advantage of shorter-cycle technologies is that the
entry barriers for latecomers are minimised because there is less reliance on existing
knowledge dominated by advanced countries (Lee et al., 2017). In fact, according to
Soumonni (2014), “shorter-cycle technologies take advantage of changing techno-
economic paradigm that are still novel to all players across the globe”. The second
advantage of short-cycle times is that, as the new technology arrives more frequently,
it results in high growth potential (Lee et al., 2017). Lee and Malerba (2017) also argue
that the evolution of a sectoral system can open several “windows” that prompt
different “responses” from latecomers and incumbents, thereby resulting in changes

in industrial leadership.

2.5.2 Market demand and public policy interventions

Two other windows of opportunity discussed by Lee and Malerba (2017) are, (1) a
business cycle and/or abrupt changes in market demand, and (2) public policy
interventions. The market demand window could mean a major shake-up in local
demand or a new set of consumers. The public policy window implies, for example,
the generation of different environments for incumbents and entrants through a range
of regulations (e.g., tax rebates, subsidies, etc). The issue of public policy is very

important and is discussed in more details in Section 2.6.

2.5.3 Emerging technologies

Other scholars of evolutionary economics have argued that emerging technologies
also offer windows of opportunity which allow less developed countries to catch-up
(Gerschenkron, 1962; Niosi & Reid, 2007; Perez & Soete, 1988). Undoubtedly, less
developed countries that participate in the initial stages of a given emerging
technology have a good chance of technological catch-up (Niosi & Reid, 2007). Perez
and Soete (1988) also held a similar view and concluded that the best opportunity
available to developing countries for catching-up lies at the introduction phase of the

new product. In addition, Zhang et al. (2017) states that “developing countries have
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opportunities to catch-up in emerging technologies since emerging technologies are
new to every country”. Consequently, in terms of emerging techno-economic
paradigm, many researchers have also observed that since every country or firm is a
beginner, entry barriers tend to be low suggesting the possibility of leapfrogging by
latecomers (Lee & Lim, 2001; Lee & Mathews, 2013; Perez, 1988).

It must be noted that there is no widely agreed definition of an emerging technology
(Halaweh, 2013). However, Rotolo et al. (2015) defines an emerging technology as “a
radically novel and relatively fast growing technology characterised by a certain
degree of coherence persisting over time and with the potential to exert a considerable
impact on the socio-economic domain(s) which is observed in terms of the composition
of actors, institutions and the patterns of interactions among them, along with the
associated knowledge production processes. Its most prominent impact, however, lies
in the future and so in the emergence phase it is still somewhat uncertain and
ambiguous”. This definition is based on five characteristics or attributes of emerging
technologies identified by Rotolo et al. (2015), namely, (1) radical novelty, (2) relatively
fast growth, (3) coherence, (4) prominent impact, and (5) uncertainty and ambiguity.
A number of other definitions and/or meanings of emerging technologies are also
available in literature (Halaweh, 2013; Srinivasan, 2008; Stahl, 2011), but many of

them are misleading (Halaweh, 2013).

Examples of emerging technologies include nanotechnology, synthetic biology,
genetic engineering, artificial intelligence, alternative and renewable energy, near field
communication, cloud computing, virtual reality, advanced robotics, driverless
vehicles, 3-D printing, mobile internet, the internet of things, and many others
(Halaweh, 2013; Manyika et al., 2013; Soumonni, 2016).

As discussed already, the phenomenon of emerging technologies is very important in
the entire catching-up process, and thus it is paramount for developing countries to
significantly invest in them. Amongst the many emerging technologies on the horizon,
this study focuses on nanotechnology with the view of answering the following
guestions pertaining to South Africa.

(1) Does the South African government have strategies and/or innovation policy

instruments pertaining to nanotechnology-based technologies?
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(2) Do nanotechnology-based technologies offer a window of opportunity for South

Africa to catch-up technologically and economically?

The next two sections (2.6 and 2.7) address the two questions in general terms. For
example Section 2.6 explores the importance of innovation policy (2.6.1) and gives
an overview of innovation policy initiatives of a selected number of countries (2.6.2),
whilst Subsection 2.6.3 gives policies for emerging technologies. Nanotechnology, in
general, but with special emphasis given to ten applications of nanotechnology for
millennium development goals, is discussed in Section 2.7. The section also
highlights how some countries have used nanotechnology as a window of opportunity
to catch-up (2.7.2).

2.6 Policy

The rapid economic growth achieved by the “Asian tigers” over the years has
generated significant amount of research and interest (Lee & Lim, 2001; Pack &
Nelson, 1999). However, Amsden (1994) asks why the whole world is not
experimenting with the East Asian model in order to develop. Unfortunately, many
countries seem to have even fallen behind. Pérez (2001) and many other scholars
attribute such differences in results to be partly due to specific policies applied in each
case. There is no doubt that policy plays a significant role in the technology gap view
of development, and Verspagen and Kaltenberg (2015) states that “it is seen as a
decisive factor for whether countries are able to catch-up to the global economic
frontier, or will fall behind”. So what is a policy?

Depending on the context and meaning that is conveyed, there are a number of
definitions and/or explanations for the term ‘policy’ (Maselesele, 2011). Bates and
Eldredge (1980) define policy as “a statement that provides a guide for decision-
making by members of the organisation charged with the responsibility of operating
the organisation”. Similarly, according to Maselesele (2011), “policy mean broad
guidelines or statement of goals for a course of action that should be followed in an
institution to address a particular problem or a set of problems in order to provide
consistency in decision making”. Appiah-Kubi (2015) defines policy as “a statement of

intent for achieving an objective”.
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Most importantly, windows of opportunity may be opened through policies and/or
institutional changes (Lee & Ki, 2017; Lee & Malerba, 2017). For example, Lee and
Malerba (2017) states that “governments may intervene through the establishment of
R&D programs that affect the learning process and the accumulation of capabilities of
domestic firms or through the provision of subsidies, tax reduction, export support,
regulations, and public standards. The catch-up perspective suggests that the
government creates an asymmetric environment in which incumbent firms (often
foreign) are in a disadvantageous position (in terms of taxation, entry restrictions or
marketing restrictions) at least in the domestic market of a country. Asymmetries could
result in advantages for latecomers who can offset initial cost disadvantages

associated with the entry”.

Sub-section 2.6.1 that follows gives a brief overview of the innovation policy; and also
outlines in Table 2.2 some of the objectives of innovation that drive different policies
in various categories of countries according to the OECD (2012). An overview of
innovation policy initiatives of a selected number of nations is given in Sub-section
2.6.2. Sub-section 2.6.3 specifically focusses on the policies for emerging

technologies such as nanotechnology.

2.6.1 Innovation policy

The view that policy may have a role in supporting innovation has become widespread,
and thus the term innovation policy has become commonly used (Edler & Fagerberg,
2017). Edler et al. (2013) defines innovation policy as a “public intervention to support
the generation and diffusion of new products, processes or services”. This
encompasses a broad array of programmes, policies, and initiatives. Depending on
the perspectives of innovation (broad or narrow), three main types of innovation policy
may be distinguished — mission-oriented, invention-oriented and system-oriented
(Edler & Fagerberg, 2017). The aim of mission-oriented policies is to provide new and
practical solutions to specific challenges that are on the political agenda. Invention-
oriented policies are centred mainly on the R&D/invention phase, and do not consider
the possible exploitation and diffusion of the invention to the market. Edler and
Fagerberg (2017) state that “system-oriented policies focus on system-level features,

such as the degree of interaction between different parts of the system; the extent to
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which some vital component of the system is in need of improvement; or the

capabilities of the actors that take part within the system”.

The choice of instruments (regulatory instruments; economic and financial
instruments; and soft instruments) is also a crucial decision regarding the formulation
of an innovation policy (Borras & Edquist, 2013). Innovation policies and principles
need to be formulated and applied in a manner that accommodates the prevailing
conditions of a country (developed, emerging or developing) in order to support its
innovation endeavours (OECD, 2012). Accordingly, Kraemer-Mbula and Wamae
(2010) have noted that developed and emerging economies are mainly focused on the
creation of knowledge through R&D, i.e., technological innovation. On the other hand,
the laggards make use of existing knowledge to generate value in the marketplace,
i.e., non-technological innovation (Kraemer-Mbula & Wamae, 2010). In addition,
Kraemer-Mbula and Wamae (2010) state that “innovation in developing economies is

a means of job creation, wealth creation, and economic growth”.

Table 2.2 shows some of the differences in the objectives of innovation that drive
different policies in various categories of countries. It can be seen from Table 2.2 that
countries at different stages of development vary in their capacity to innovate (i.e.,
create and use knowledge). This is shaped by various factors, which include the
conditions that enable countries to access, absorb and create new technologies
(EBRD, 2014). Ideally, the extent and form of innovation depends on the
characteristics of the knowledge involved in the innovation, and the characteristics of
the innovating nations (or firms) (Kemp & Weehuizen, 2005). Therefore, policies
designed to support innovation need to take these individual circumstances into
account, and this is what distinguishes innovation policy in various categories of
countries (e.g., developing countries) from innovation policy in general. It is also noted
that vertical innovation policies that need a high level of governance are not suitable
for developing countries, but policies that support multiple sectors may help to

enhance the general innovation capacity of developing nations (EBRD, 2014).
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Table 2.2.0bjectives and type of innovation in various categories of countries (OECD, 2012)

Country category

Mechanism/objective of innovation

Type/source of innovation and main agents involved

This category of
countries comprises
of low-income or
developing nations as
well as middle-
income and

emerging countries

The adoption of innovation requires some
form of adaptation: It is necessary that
innovations respond to specific ‘local
conditions for better outcomes

*Engage in incremental innovation that is based on foreign and/or non-indigenous technologies and
innovations

*Agents: These could include universities and research institutes, leading private businesses, especially
those with contacts to foreign businesses and markets

Inclusive innovation: This is a necessity
concept for or by middle - and low-
income households if their welfare and
access to business opportunities are to
improve

*Engage in incremental innovation that is based on foreign technology and/or generate local or traditional
knowledge ‘out of necessity’

* Engage in social innovation that is earmarked at introducing technical innovations in local communities
*Agents: These could include private associations, small firms, public and NGOs that ate involved in
disseminating knowledge via a number of channels including networks, private, and often large
businesses

These countries are
mainly in the middle-
income category, but
there are also
numerous
opportunities for low-
income or developing
nations

It is important to build innovation
capacities that are vital for reaching the
world technological frontier in a humber
of industries. This approach is particularly
relevant in order to avoid ‘middle-income

» Engage in both incremental and radical innovation capability building strategies so as to compete with
world innovators at the frontier

» Agents: This approach requires full development of a whole range of the innovation systems which
should involve the diasporas as a connector

traps’
There is need to address social ills | *This include major innovations and scientific research that is conducted in global partnerships, but also
including health, environmental, and | include marginal innovations to are aimed at addressing poor people’s welfare

social challenges via global innovation
endeavours and locally tailored efforts to
address them

*Agents: This involves public and private universities and research institutions that are connected to
global networks ,but major private businesses operating in these sectors are also included

Grow niche competencies, i.e., growing
and/or exporting products and services in
sectors where a nation has comparative
advantage

* This involves strategic support of industrial development by applying incremental innovations based on
using foreign innovations and technologies

*Agents: This include public institutions that are used to address co-ordination challenges, but also
private sector initiatives including foreign companies are also engaged

This category consist
mainly the middle-
income or emerging
nations after initial
progress on the
dimensions indicated
above

Move up the value ladder in the global
value chains

*This involves incremental and radical innovation capability building so as to differentiate contributions
*Agents: This include private sectors involvement with support from public agents, intermediaries;
diasporas can play a central role, and large firms are equally important

Maintain competitiveness in industries
that are at the frontier even when the
country is at the frontier already

* Innovation in this category is identical to the developed countries that are exposed to developments in
the global market

» Agents: This involves mainly the private sector that interacts with public research institutions and
universities; global partnerships are often equally of relevance, and the role of large firms is important
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2.6.2 Innovation policy initiatives of selected nations

This section highlights some of the policy initiatives that contributed to successful

catch-up by some countries.

The success of “Asian Tigers” is partly attributed to specific preference in their science
and technology policies for developing and deepening indigenous technologies (Wong
& Goh, 2015); and over the years, there has been radical changes in their innovation
policies so as to pursue technological upgrading and diversification (Fuller, 2009). In
the case of South Korea, “its success in leapfrogging technology generations has been
underscored by a pragmatic strategy of starting at the low end of the market in new
product segments and continuously improving its product sophistication, using
economies of scale to secure a competitive market share” (Gupta et al., 2013). At the
start of its economic development path South Korea acquired foreign technology
through imitation and technical agreements (Gupta et al., 2013). However, Eriksson
(2005) states that “Korea’s policies on foreign licenses were quite restrictive in the
1960s. In the case of manufacturing, general guidelines from 1968 gave priority to
technology that promoted exports, developed intermediate products for capital goods
industries, or brought diffusion effect to other sectors. The restrictive policy on
licensing strengthened local licensees’ bargaining power on generally available
technologies, leading to lower prices for technologies than would otherwise have not
been the case”. As aresult, such policies enabled the Koreans to maintain control over
the industrial base, encouraged investment in R&D from an early stage, and increased

the likelihood of positive domestic spill-overs (Gupta et al., 2013).

Like South Korea, Taiwan also relied on foreign technology imports at the outset of its
economic development, and has followed a broadly similar path to that of South Korea,
although there are some significant differences between the two economies (Eriksson,
2005). From the beginning of its economic development, Taiwan wanted to move away
from a condition of little know-how, inadequate institutions, and an under-supply of
trained scientists and engineers to that of a high-tech based economy (Eriksson, 2005;
Lin, 1998). In order to catch-up with the technologically advanced nations, Taiwan
embarked on a four component strategy, namely (1) building human resources, (2)

acquiring technology from the more advanced countries, (3) creating science and
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technology capacities, and (4) converting research results into commercial products
(Lin, 1998).

Singapore has made enormous changes to its economy since independence (van der
Drift, 2014). In the early 1960s, Singapore developed a policy of locational
competitiveness which is still characterising its current efforts in promoting Singapore
into a knowledge economy (Ebner, 2004a, 2004b). In this policy, the interest of the
government is to create an attractive location so as to enhance foreign direct
investment (FDI). Popovici (2017) defines FDI as an inflow of capital, technology and
knowledge. Popovici and Calin (2014) also state that “FDI inflows are searching for
locations abundant in natural resources or in created resources, such as better
infrastructure, an attractive business environment, qualified employees, etc”. Siebert
(2000) also argues that countries compete with their taxes, their infrastructure and
their institutional setups. In addition, the choice of a location is also influenced by the
motivation of the investing firm such as resource-seeking, market seeking, efficiency-
seeking or strategic asset seeking (Popovici & Calin, 2014). In this regard, Singapore
uses its policy of locational competitiveness to provide institutional and infrastructural
structures that attract and/or enhance FDI (Ebner, 2004a). Ideally, according to Ebner
(2004b) the locational competitiveness policy is aimed at an adaptive harmonisation
of the needs of international investors with local developmental objectives.
Doubtlessly, Singapore, just like a firm, has integrated the advantages of its
geographic location together with its available resources and capabilities to enhance
its existing competitiveness and develop new competitive advantages (Szatucka,
2015). More recently, Singapore has put more emphasis on business innovation and
the commercialization of R&D, including creating customized platforms to facilitate the
integration of the capabilities of research institutions, companies, and public-sector
agencies to deliver innovative solutions (Poh, 2016).

The development of innovation and technology in Hong Kong is relatively recent
compared to the other East Asian nations, and the country hopes to catch-up by
leveraging advanced experience on the Mainland China and globally (Jie, 2017).
Recently, Hong Kong set-up two institutions — Innovation and Technology Bureau
(ITB) and the Academy of Sciences of Hong Kong (ASHK) (Jie, 2017). The ITB is
responsible for formulating comprehensive policies to guide the Innovation and

Technology Commission (ITC) (Jie, 2017) which supports different innovation
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activities, ranging from R&D (the Innovation and Technology Fund), technology
ventures (the Applied Research Fund), design (the DesignSmart Initiative), and patent
application (the Patent Application Grant) (Fuller, 2009). On the other hand, the ASHK
is responsible for (1) bringing together the scientific research from universities in Hong
Kong, (2) public education of science and technology, (3) scientific research, (4)
science popularisation, and (4) co-operation with industrial and commercial institutions
(Jie, 2017).

Other countries that have successfully developed technological catch-up strategies
and/or policies include China, Brazil, and India, to name just a few. These countries
have been able to build institutional and infrastructural networks for the assimilation of
technological innovations. Most of the strategies revolve around enhancing the
science and technology system, increasing investments in science and technology
system and R&D, increasing the number of scientists and engineers, establishing
high-tech parks, encouraging venture capital investments, better protection of the
intellectual property, development of an entrepreneurial culture, and the involvement
in international alliances to enhance learning opportunities and promote bridging to
gain access to market (Liu et al., 2011; Niosi & Reid, 2007).

2.6.3 Policies for emerging technologies

There is no doubt that emerging technologies based on nanotechnology, for example,
have been shaping the future of some industries and transforming many others (de
Almeida et al., 2015). Therefore, because of the importance of emerging technologies,
it is vital for countries to develop technological policies so as to establish an
environment that is open to the new technologies. For example, the USA through the
Presidential Commission for the study of bioethical issues identified five principles that
must guide policy development for synthetic biology and any other emerging

technologies (PCSBI, 2010). Table 2.3 gives an overview of the five principles.
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Table 2.3. Principles for guiding policy development for emerging technologies

(PCSBI, 2010)

Guiding

principle

Comment

The principle
of public

beneficence

The principle
of
responsible

stewardship

The principle
governing
intellectual
freedom and

responsibility

The principle
of
democratic

deliberation

The principle
of fairness

and justice

This principle of the policy includes the responsibilities of the society together with that of
the government to advance any individual and institutional activities and/or practices. Such
practices and/or activities may include, but not limited to, scientific and biomedical
research, that have great prospects enhance the society’s well-being. This principle of
public beneficence demands that when pursuing the benefits and/or any rewards of an
emerging technology, the society and any of its representatives must be observant of any
perceived or real risks and harms associated with the emerging technology. In addition, the
society and any of its representatives must be ready to revise any policies that try to go
after potential rewards and/or benefits, but having insufficient care taken to avoid danger
or mistakes.

This principle requires that members of the whole global community must all have a duty
and/or act in such a way so as to protect those who are not able to represent themselves
such as future generations to come and the current children including the environment in
which future generations will either prosper or perish. This is the basis of sustainable
development (Brundtland et al., 1987).

This principle argues that unless there is high real or perceived risk, there should be no
restrictions in the pursuit of research for knowledge. Ideally, there should be no self-
regulations or government intervention. However, the scientific community in all sectors of
academia, private or government should always collaborate in order to assess and respond
accordingly to any potential and/or known risks of emerging technologies as the technology

evolves.

This principles requires that the questions surrounding emerging technologies should be
assesses and discussed continuously using established free and fair channels (i.e.,
democratic deliberations). In this way, the government and the community can effectively
collaborate and thus ensure that emerging technologies can proper without any
misunderstanding or confusion coming from divergent views which at times, have thwarted

many other valuable scientific endeavours.

This principle requires that both government and the community must act responsibly. For
example, the government should enact rules for distribution of risks and benefits in
research activities, and that the community should also consider having processes for fair

distribution of rewards and/or benefits and dangers.
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Besides the five principles outlined in Table 2.3, Pihlajamaa et al. (2013) argues that
innovation policy can never be fully technology neutral. Ideally, innovation policy
requirements differ from industry to industry (Bergek et al., 2008; Hekkert et al., 2007,
Pihlajamaa et al., 2013). In other words, different technologies and sectors have needs
that should be addressed in the context of the particular industries (Pihlajamaa et al.,
2013).

It is also noted that, more often, innovation policies are developed to support existing
technologies and/or industries thus significantly stifling the development of new and
emerging technologies (Pihlajamaa et al., 2013). Therefore, in addition to the general
innovation policy measures (e.g., tax reliefs for R&D), technology-specific measures
should be designed to create growth trajectories for emerging technologies
(Pihlajamaa et al., 2013). Some of the measures that can support growth of emerging
technologies include good educational system, high quality basic research, public
R&D funding support, and good infrastructure (Pihlajamaa et al., 2013).

In view of the aforementioned, the following question arises: Does South Africa have
specific innovation policy measures that are designed to create technological growth
of emerging technologies based on nanotechnology? This question is addressed in

Subsection 4.2.2 of Chapter 4, and fully discussed in Section 5.3 of Chapter 5.

2.7 Nanotechnology
2.7.1 Nanotechnology as general purpose and emerging technology

A number of definitions for nanotechnology are available in literature some of which
are shown in Table 2.4. However, despite having different phrases in the definitions
shown in Table 2.4 and many others, OECD (2010) argues that three characteristics
of nanotechnology are emphasized in the definitions. The first aspect is that
nanotechnology encompasses materials or processes in the nanometre scale.
Secondly, the technology involves the purposeful manipulation, control and handling
of matter at nanometre scale. As a result, this excludes accidental nanotechnology
that occurs naturally without any purposeful engineering. The third characteristic is of
commercial importance because it considers nanotechnology as an enabler of novel

or new industrial applications as well as technological innovations.
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Table 2.4.Common definitions of nanotechnology from literature (CSTP, 2001; Dube & Ebrahim, 2017; ISO, 2005; Maghrebi et al.,
2011; NNI, 2000; OECD, 2010; Salamanca-Buentello et al., 2005)

Definition
Number

Definition

1

“The essence of nanotechnology is the ability to work at the molecular level, atom by atom, to create large structures with fundamentally new
molecular organization. Nanotechnology is concerned with materials and systems whose structures and components exhibit novel and
significantly improved physical, chemical, and biological properties, phenomena, and processes due to their nanoscale size. The aim is to exploit
these properties by gaining control of structures and devices at atomic, molecular, and supramolecular levels and to learn to efficiently

manufacture and use these devices” (NNI, 2000)

“Generating new knowledge on interface and size-dependent phenomena; nanoscale control of material properties for new applications;
integration of technologies at the nano-scale; self-assembling properties; nano-motors; machines and systems; methods and tools for
characterisation and manipulation at nano dimensions; nano precision technologies in chemistry for the manufacture of basic materials and
components; impact on human safety, health and the environment; metrology, monitoring and sensing, nomenclature and standards; exploration

of new concepts and approaches for sectoral applications, including the integration and convergence of emerging technologies” (OECD, 2010)

“Nanotechnology is an interdisciplinary and comprehension science and technology field that encompasses IT, the environmental sciences, life
sciences, materials sciences, etc. By manipulating atoms and molecules on a nano scale (1/1,000,000,000 m), the unique material properties
in the nano world lead to novel discoveries that can be exploited to innovate technologies in other fields. Nanotechnology also provides new

materials, devices, and innovative systems to fields in IT, biotechnology, medical science, etc” (CSTP, 2001)

“Understanding and control of matter and processes at the nanoscale, typically, but not exclusively, below 100 nanometres in one or more
dimensions where the onset of size-dependent phenomena usually enables novel applications. Utilising the properties of nanoscale materials
that differ from the properties of individual atoms, molecules, and bulk matter, to create improved materials, devices, and systems that exploit

these new properties” (ISO, 2005)
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“The term nanotechnology covers entities with a geometrical size of at least one functional component below 100 nanometres in one or more
dimensions susceptible of making physical, chemical or biological effects available which are intrinsic to that size. It covers equipment and

methods for controlled analysis, manipulation, processing, fabrication or measurement with a precision below 100 nanometres” (EPO, 2013).

“Nanotechnology is the study, design, creation, synthesis, manipulation, and application of functional materials, devices, and systems through
control of matter at the nanometer scale (1-100 nanometers), that is, at the atomic and molecular levels, and the exploitation of novel

phenomena and properties of matter at that scale” (Salamanca-Buentello et al., 2005)

“Research and technology development at the atomic, molecular or macromolecular levels, in the length scale of approximately 1-100 nm
range, to provide a fundamental understanding of phenomena and materials at the nanoscale and to create and use structures, devices and

systems that have novel properties and functions because of their small and/or intermediate size” (Maghrebi et al., 2011)

“Nanotechnology is the targeted and controlled synthesis/manipulation of materials, structures, devices and systems with accuracy/feature size
of approximately 1-100 nm and preferably 2-50 nm” (Maghrebi et al., 2011)

“Nanotechnology is the application of engineered structures in the nanometre-scale size range (often 100 nm or smaller, but also 1-1000 nm),
which possess desirable properties, e.g. magnetic, optical, biochemical, or electronic properties, and are generally applied to the benefit of
mankind”’(Dube & Ebrahim, 2017)
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In addition to the three characteristics, nanotechnology does not belong to a specific
technology and thus may be termed as a general purpose technology (Graham &
lacopetta, 2014; Kreuchauff & Teichert, 2014; OECD, 2010; Shea et al.,, 2011;
Soldatenko, A, 2011). Lipsey et al. (2005) and Elhanan (1998) outline three attributes
of a general purpose technology. Firstly, it provides rapid and significant scope for
improvements of existing technologies in economic terms. According to OECD (2010),
this characteristic “reflects the performance of some of the functions of
nanotechnology that are vital to the functioning of a large segment of existing or
potential products and production systems”. Secondly, it should have a wide range of
uses in a number of areas and industries. This feature emphasizes the enabling and
generic nature of general purpose technologies which supports its widespread
adoption throughout industries and economies (OECD, 2010). The third aspect of a
general purpose technology is that it should both generate, and depend on, the

development of a range of complementary technologies or innovations.

Nanotechnology is also considered as an emerging technology (Cozzens et al., 2013;
Islam & Miyazaki, 2010; Soumonni, 2016), and according to OECD (2010)
“nanotechnology holds out the promise of strong economic potential and may also
help to address global challenges such as those relating to climate change, affordable
health care, access to clean water, energy and other resource constraints”. Many other
studies have also strongly emphasized that nanotechnology has found widespread
applications in various areas including water treatment, medical, automobile, food and
packaging, cosmetics and sunscreens, building and construction, electronics and
computing, clothing and textile, personal care and health, etc (Nielsen, 2008;

Salamanca-Buentello et al., 2005; Soldatenko, Alexandrina, 2011).

Of particular importance is that, for developing countries, nanotechnology can provide
solutions in areas of concern such as the environment, water purification, agriculture,
energy and many other vital fields (Bhattacharya, 2015; Bhattacharya & Bhati, 2011,
Cozzens et al, 2013; Salamanca-Buentello et al., 2005). In other words,
nanotechnology can provide sustainable development in many important areas of
developing countries (Ahmadvand et al., 2018). For example, a study by Salamanca-
Buentello et al. (2005) correlated the top ten applications of nanotechnology that are
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likely to benefit developing countries with the UN millennium development goals
(MDGSs). The results of the study by Salamanca-Buentello et al. (2005) are shown in
Table 2.5.

2.7.2 Nanotechnology as a window of opportunity to catch-up

Many countries around the globe have instituted various nanotechnology initiatives
and/or programmes so as to maximise its potential for socio-economic development
(Kumar, 2014). For example, (1) national nanotechnology initiative (NNI) (USA), (2)
national enabling technologies strategy (NETS) (Australia), (3) Iran nanotechnology
initiative council (INIC) (Iran), (4) national science and technology programme for
nanoscience and nanotechnology (Taiwan), (5) nanoscience and technology initiative
(NSTI) (India), (6) South African Nanotechnology Initiative (SANi) which is a
predecessor for national nanotechnology strategy (NNS), and (7) agency for science,
technology and research (Singapore). However, the USA’s NNI started in 2000 is the
only programme in the world with the greatest extent of comprehensiveness in the
fields of nanoscience and nanotechnology, and many other nations have based their
programmes on it (Bhattacharya & Bhati, 2011; Kumar, 2014).

This subsection discusses how a selected number of developing countries have used
nanotechnology-based emerging technologies as a favourable opportunity for techno-

economic catch-up.
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Table 2.5.The relationships of the top ten applications of nanotechnologies in developing countries with the millennium
development goals (Salamanca-Buentello et al., 2005)

Rank | Applications Examples MDGls

1 The conversion, | “Novel hydrogen storage systems based on carbon nanotubes and other lightweight nanomaterials; photovoltaic cells and | 7
production and | organic light-emitting devices based on quantum; dots; carbon nanotubes in composite film coatings for solar cells;
storage of energy nanocatalysts for hydrogen generation”

2 Intensifying the | “Nanoporous zeolites for slow-release and efficient dosage of water and fertilizers for plants, and of nutrients and drugs | 1, 4, 5,
production of | for livestock; nanocapsules for herbicide delivery; nanosensors for soil quality and for plant health monitoring; !
agricultural products | nanomagnets for removal of soil contaminants”

3 The treatment and | “Nanomembranes for water purification, desalination, and detoxification; nanosensors for the detection of contaminants | 1, 4, 5,
remediation of water | and pathogens; nanoporous zeolites, nanoporous polymers, and attapulgite clays for water purification; magnetic !

nanoparticles for water treatment and remediation; TiO2 nanoparticles for the catalytic degradation of water pollutants”

4 The diagnosis and | “Nanoliter systems (Lab-on-a-chip); nanosensor arrays based on carbon nanotubes; quantum dots for disease diagnosis; | 4, 5, 6
screening of diseases | magnetic nanoparticles as hanosensors; antibody-dendrimer conjugates for diagnosis of HIV-1 and cancer; nhanowire and

nanobelt nanosensors for disease diagnosis; nanoparticles as medical image enhancers”

5 The systems for the | “Nanocapsules, liposomes, dendrimers, buckyballs, nanobiomagnets, and attapulgite clays for slow and sustained drug | 4, 5, 6
delivery of drugs release systems”

6 The processing and | “Nanocomposites for plastic film coatings used in food packaging; antimicrobial nanoemulsions for applications in | 1, 4,5
storage of food | decontamination of food equipment, packaging, or food; nanotechnology-based antigen detecting biosensors for
products identification of pathogen contamination”

7 The remediation of air | “TiO2 nanoparticle-based photocatalytic degradation of air pollutants in self-cleaning systems; nanocatalysts for more | 4,5, 7
pollution efficient, cheaper, and better-controlled catalytic converters; nanosensors for detection of toxic materials and leaks; gas

separation nanodevices”
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8 The construction | “Nanomolecular structures to make asphalt and concrete more robust to water seepage; heat-resistant nanomaterials to | 7

industry block ultraviolet and infrared radiation; nanomaterials for cheaper and durable housing, surfaces, coatings, glues, concrete,
and heat and light exclusion; self-cleaning surfaces (e.g., windows, mirrors, toilets) with bioactive coatings”

9 The monitoring of | “Nanotubes and nanopatrticles for glucose, COz2, and cholesterol sensors and for in-situ monitoring of homeostasis” 4,5,6
health

10 The detection and “Nanosensors for pest detection; nanoparticles for new pesticides, insecticides, and insect repellents” 4,5,6
control of vectors and
pests

MDGs: (1) get rid of utmost hunger and poverty; (4) minimise the mortality of children; (5) enhance the health of mothers; (6) fight malaria, HIV and AIDS, and

many other malady; (7) guarantee the sustainability of the environmental
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Certainly, though nanotechnology has been embraced by a number of
underdeveloped nations with a view of catching-up technologically, the extent of
achievements in the field differs amongst countries (Niosi & Reid, 2007). As for China,
since the establishment of its national strategy for the promotion of nanotechnology,
there has been significant investment in various sectors (e.g., basic R&D, human
resources, etc) in the field (Huang & Wu, 2012). As a result, based on a number of
performance indicators, China is certainly becoming an important global player and/or
recognised as a world leader in nanotechnology (Bhattacharya & Bhati, 2011).
However, its performance in product development and nanotechnology patenting at
international level is not strong compared to its research (Bhattacharya & Bhati, 2011;
Huang & Wu, 2012; Niosi & Reid, 2007) where it is leading in terms of publications
(Bhattacharya, Suijit et al., 2012). Despite such a drawback, China is prominent in the
production of a number of nanotechnology based products and equipment. For
example, a number of achievements have been discussed by Bhattacharya and Bhati
(2011) such as, (1) creation of the atomic force microscope (AFP), (2) manufacturing
of the scanning tunnelling microscope (ATM), (3) creation of the world’s smallest
carbon nanotubes (CNTSs), (4) creation of yarn out of CNTs, (5) discovery of super-
plastic property of nanostructured copper, and (6) creation of multicomponent
materials featuring a variety of porous structures which may be used in catalysis and

filtration devices.

In India, nanotechnology has received special attention from its government since the
nanoscience and technology initiative (NSTI) got under way in the 10th plan of 2002-
2007 (Bhattacharya, Sujit et al., 2012; Bhattacharya & Shilpa, 2011; Kumar, 2014).
Consequently, countless upstream and downstream capabilities (e.g., scientific,
technological and regulatory) have been strengthened (Ramani et al., 2011). In terms
of innovation indicators (publications, patents, etc), India’s scientific publications in
nanotechnology have been growing steadily since 2002 (Ramani et al., 2011); and
India is second to China in BRICS. There is also an increase in patent filling both via
the Patent Cooperation Treaty (PCT) (or international applications) and the Indian
Patent Office (Bhattacharya & Shilpa, 2011). Furthermore, India has developed
competitive nanotechnology-based products in a number of areas including sports,
textiles, medicines, computers, biotechnology, energy, and many other consumer
related products (Bhattacharya & Shilpa, 2011).
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Iran started its pursuit to develop nanotechnology in 2001, and in 2003 the country
established the Iran Nanotechnology Initiative Council (Ghazinoory & Farazkish, 2010;
Gholizadeh et al., 2015; Guston, 2010; Sarkar & Beitollahi, 2009). Iran is ranked
amongst the top ten for the number of published nanotechnology related research
papers in the world (Mahmoudzadeh & Alborzi, 2017). Iran’s main priority is the
development and production of nanocomposites, and thus, a number of companies in
the first stage of their operations (or start-up companies) have been setup that produce
several nanocomposite materials such as nanocomposite powders, nanocomposite
foams, nanoclays, nanocomposite polymers, antibacterial nanocomposites, and

nanocatalysts (Ghazinoory & Farazkish, 2010).

In additions to the three countries (China, India and Iran) discussed, many other
developing nations are also building capabilities and capacity in nanotechnology
(Salamanca-Buentello et al.,, 2005). A number of strategies being used by the
developing nations include, (1) creating human resource capabilities, (2) infrastructure
development (e.g., R&D clusters, assistance for fundamental research, venture
capital, etc), (3) product development and commercialisation (e.g., early patenting),
(4) creating alliances (e.g., public-private partnership and/or academia-industry
partnership), and (5) regulatory frameworks (Kumar, 2014; Niosi & Reid, 2007,
Ramani et al., 2011). There is no doubt that some of these strategies would minimise
barriers to entry that latecomers must get rid of if they are to catch-up in
nanotechnology-based technologies. The four entry barriers (or costs) identified by
Perez and Soete (1988) are, (1) minimal amount of fixed investment, (2) required
scientific and technical knowledge, (3) appropriate skills and experience, and (4)

location-specific advantages.

2.8 Measurements and indicators of technological catch-up and economic
catch-up
Two of the many forms of economic catch-up that have received widespread attention
in both developing and developed economies are technological catch-up and market
catch-up (Lee & Lim, 2001). The two types are not identical, but are related to each
other in many aspects. Fagerberg and Godinho (2004) give the definition of catch-up,
in general, as the capacity of a nation to reduce the gap in productivity and income
against a frontrunner. According to Long (2014) catch-up occurs when industry actors
in less developed economies are able to advance from their own technological
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capabilities towards the technological capabilities that are owned by the global industry
leaders. Furthermore, Lee and Malerba (2017) define it as a “process of closing the
gap in global market shares between firms in leading countries and firms in latecomer

countries”. Other scholars also have closely related definitions for catch-up.

Despite various wordings in the definitions of catch-up, it is widely acknowledged by
many economists that successful catch-up is associated with innovation (Fagerberg &
Godinho, 2004; Soumonni, 2014). Indeed, there is no doubt that the ability of a nation
and/or firm to innovate is an important ingredient for successful growth and
performance immediately and in the future (Carayannis & Provance, 2008; Iddris,
2015). In fact, several studies in the past have strongly linked innovation to economic
growth and development. For example, (1) Solow (1957) showed that technical
change in the USA was accountable for 87.5% of an increase in the capacity of the
economy to produce goods and services (i.e., economic growth), and thus
incorporated innovation into the economic growth model; (2) Fabricant (1954)
suggested that 90% of the increase in the country's economic output (i.e., output per
capita) in the USA between 1871 and 1951 came from technical progress. Modern
research has also shown that innovation is the main driver of economic growth and
development (Adak, 2015; Bayarcelik & Tasel, 2012; Cancino et al., 2018; Coccia,
2018; Nicolaides, 2014; Ramadani et al., 2013; Scherer, 1986; Thapa, 2013), and
that it has many benefits to firms (Ramadani & Gerguri, 2011).

Considering the relevance of the concept of innovation for catch-up in addition to its
significance with respect to economic growth and economic development, innovation
is used as a proxy for technological and economic catch-ups in this study. A lot has
been written about innovation and thus the term itself has many different definitions in
literature over time. The OECD (2005) considers innovation as “the implementation of
a new or significantly improved product (good or service), or process, a new marketing
method, or a new organisational method in business practices, workplace organisation
or external relations”. Similarly, Khayyat and Lee (2015) look at innovation as “any
practice that is new to organizations, including equipment, products, services,
processes, policies, and projects”. From different explanations of the term innovation
that have been availed by a number scholars, it is clear that innovation includes the
generation of completely new forms of knowledge, besides the diffusion and/or

dissemination of already available knowledge (Rogers, 1998).
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In view of the various definitions of innovation, its measurements have also evolved
over time. Moreover, innovation is an intuitive and creative process which makes it
even more difficult to measure (Chobotova & Rylkova, 2014). Other scholars such as
Morris (2008) also argue that the measuring of innovation itself is problematic because
innovation entails going and exploring the unknown. Nevertheless, the development
of innovation metrics has evolved over four generations as shown in Table 2.6
(Chobotova & Rylkova, 2014; Rizk et al., 2018).

Table 2.6. Development of innovation indicators and/or metrics over the years
(Chobotova & Rylkova, 2014; Rizk et al., 2018).

Process indicators or fourth
generation metrics (2000s)

Innovation indicators
or third generation

Input indicators or first
generation metrics (1950s-

Output indicators or
second generation

1960s) metrics (1970s- metrics (1990s)
1980s)
e Research and e Patents filled e Indexing e Knowledge
development or granted e Surveys of Intangibles
expenditure e Publications innovation Networks

Science and of research e Benchmarking Customer demand
technology output of innovation Clusters

personnel e Products capabilities Techniques related to
Capital expenditure produced management
Technological e Quality Risk/return

intensity change e Dynamics of a system

The first of the generations of innovation metrics focussed on input indicators, i.e.,
resources that are put into the innovation processes. The second generation indicators
are mainly intermediate outputs related to scientific and technological activities.
According to Baucher et al. (2013) “output indicators, such as patents and
publications, provide information on the trajectories of a technology and on key areas
of innovation”. The third generation indicators provide more comprehensive approach
relative to the first two and focuses on indexing, innovation surveys and benchmarking
innovation capacity (Rizk et al., 2018). In the current and fourth generation, relevant
inputs (e.g., knowledge, intangibles, system dynamics, demand and risk/return) that

were not previously taken into consideration are included (Rizk et al., 2018).

In this study, technological catch-up is operationalised using scientific publications and

patent statistics. According to Hullmann and Meyer (2003) publications of articles from
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research (as measures of scientific performance) and patents filled or granted (as
measures for technological performance) are frequently recognised as metrics for
guantitative methods in innovation research. Huang et al. (2011) considers research
publications and patents generated as excellent confirmations of the outcomes of
scientific and technological efforts. Similarly, Verbeek et al. (2002) states that
bibliometric information (scientific research publications, patents generated and
citations from the research publications and patents generated) constitute a generally
acceptable output indicators and/or second generation metrics of scientific and
technological activities. Despite being legal documents, patents generated are also
considered as a series of documents that provide written evidence of the advances in
technology (Huang et al., 2011). In addition, patents generated have often been used
as a measure of the performance of innovation activities in a significant number of
studies (Dutta & Weiss, 1997; Henderson & Cockburn, 1994; Katila, 2000). Certainly,
bibliometric data constitute an effective technique for illustrating, comparing and
evaluating research activities and potential of long-established sectors and new areas
such as nanotechnology (Alencar et al., 2007; Hullmann & Meyer, 2003; Preschitschek
& Bresser, 2010).

One of the advantages of bibliometric assessments is that the data obtained can be
repeated, verified and is not dependent on the choice of experts and their opinions,
which may vary as the choice of the participants fluctuates (Pouris et al., 2012).
According to Pouris et al. (2012) the most important advantage of bibliometric
information is that it allows different scientific disciplines and different countries to be

compared amongst themselves.

A number of studies have tried to assess the economic impact of the nanotechnology-
based products (Baucher et al.,, 2013; NationalResearchCouncil, 2014; Ouellette,
2015a). However, the main difficulty in such studies is defining nanotechnology-based
products (Ouellette, 2015a). In addition, Baucher et al. (2013) also argues that “while
operational definitions for nanotechnology are developed at national or regional levels,
there are relatively few internationally agreed upon definitions or classifications for
nanotechnology or its products and processes”. There is no doubt that internationally
agreed upon definitions of nanotechnology are essential when assessing its economic
impact (Baucher et al., 2013). Furthermore, Gressmann et al. (2018) also argues that

the definition of nanomaterials (in general or specific) is important when carrying out
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a market study on nanomaterials. Baucher et al. (2013) also notes that economic
impact of nanotechnology is the most useful for policy makers. Unfortunately, relevant
high-quality and quantitative data pertaining to nanotechnology is difficult to collect
and thus it is not readily available (Baucher et al., 2013).

Both direct (market share, growth of companies, new products, wealth creation) and
indirect (welfare gains, consumer surplus) indicators are available for assessing the
economic impact of nanotechnology (Baucher et al., 2013). In this study, economic
catch-up will be operationalised using sales and/or market data. Moreover, amongst
various metrics for assessing the impact of nanotechnology Ouellette (2015a) states
that the one “of most interest is some measure of the social benefit of nanotechnology,
and the most common proxy for social benefit is the economic market value”. Lee
(2013) also argues that using sales to represent catch-up, in general, is logical

because sales growth is closely related to market share.

2.9 Summary

This Chapter interrogated the concept of catch-up and discussed various prominent
models that explain the technological and economic trajectories to economic growth
and development by some of the laggards. The most prominent models and/or
narratives linked to the concept of catch-up include innovation, flying geese model,
leapfrogging model, learning, knowledge, active assimilation, technology diffusion and

absorption.

The definition of NIS, its importance in the development of innovation capabilities and
its various components (actors, institutions, and networks) were discussed. Several
windows of opportunities that are available to latecomers for technological and
economic catch-ups were highlighted. The importance of innovation policies together
with other initiatives and their contribution to successful catch-up were illustrated using
a selected number of countries such as South Korea, Taiwan, Singapore and Hong
Kong.

The significance and/or applications of nanotechnology in various fields and its
relevance as a window of opportunity for technological and economic catch-up was
explored, particularly, its ability to provide solutions in areas of concern to developing
countries (see Table 2.5).
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Finally, the measurements and indictors of technological and economic catch-up were
selected based on the association of the two concepts to innovation. In other words,
innovation is used in this study as a proxy for technological and economic catch-up.
Technological catch-up was operationalised by scientific research publications and
patent filed through WIPO. On the other hand sales and/or market data was chosen
for assessing the economic impact. It is also argued by some scholars that using sales
to represent catch-up, in general, is logical because sales growth is closely related to
market share. However, sales and/or market data is difficult to access partly because
such information is proprietary and is in the hands of private businesses. Many other

reasons are outlined in Section 4.4 of Chapter 4.
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CHAPTER 3: RESEARCH STRATEGY AND METHODOLOGY

3.1 Introduction

Approaches to research can be broadly classified as quantitative and qualitative
methods (Ashley & Boyd, 2006; Creswell & Creswell, 2017; Fairbrother, 2014).
According to Ashley and Boyd (2006), “quantitative methodology is associated with
the rational and objective measurement of observable phenomena, while qualitative
methodology focuses on assessment of subjective phenomena such as ideas,
opinions, experiences and observed patterns”. This Chapter discusses a number of
approaches that were used to answer the questions in this study and covers the
following aspects: research method and paradigm; research strategy and design,
sample selection, data source, data collection and analysis. It also includes the

limitations, validity and reliability of the study.

3.2 Research method and paradigm

The methodology for research depends on the type and nature of research subject
(Tafreshi et al., 2013). This research looked at the extent at which South Africa has
created capacity for technological and economic catch-up, in general, and in
nanotechnology, in particular (through policy; infrastructure; human resources;
regulatory framework, etc). The last objective was to assess how nanotechnology-
based processes and/or products have advanced scientific/technological catch-up
(through bibliometric information) and economic catch-up (through sales) in South
Africa compared to the USA and other BRICS nations. The study mainly involved the
collection of numeric variables and their analysis so as to make valid conclusions.

Therefore, this study is underpinned by a quantitative research approach.

According to Creswell and Creswell (2017), quantitative research tests objective
theories by examining relationships among variables. Consequently, the most
important feature of a quantitative technique is that it produces numerical data that
can be analysed statistically (Rahman, 2016).

Some of the advantages of quantitative approach include, cost effective, fast data
collection, less time consuming, ease of analysis and testing of hypothesis, and
findings are likely to be generalised (Alkhaldi, 2003; Altaher, 2010; Rahman, 2016).
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Similarly, Johnson and Onwuegbuzie (2004) also acknowledge that quantitative

research can be replicated and thus it can be generalised which makes it credible.

This study used bibliometric data (scientific publications and patents) as indicators for
scientific/technological catch-up and sales/market data as an indicator of economic
catch-up. Therefore, the activities and/or trends of these indicators with respect to the
two areas of nanotechnology applications (i.e., water treatment and medicine) were
guantified and analysed accordingly so as to assess scientific performance and/or
technological catch-up including sales and/or market performance. As a result, a
guantitative approach was used in this study so as to ascertain the measurable extent
of technological catch-up and economic catch-up. According to Alkhaldi (2003) the
method would also help in “determining the relationships between variables and

establishing the reliability and generalisability of data”.

3.3 Research strategy and design

This study evaluated the extent at which South Africa has created capacity for
technological and economic catch-up, in general, and in nanotechnology, in particular
(through policy; infrastructure; human resources; regulatory framework, etc). It further
looked at how nanotechnology-based processes and/or products have advanced
technological catch-up in South Africa compared to the USA and other BRICS nations
(through bibliometric information). Finally, economic catch-up in nanotechnology
based processes and/or products for South Africa compared to the USA and other
BRICS nations was evaluated through sales/market performance data. A summary of

the parameters studied and their measurements is given in Table 3.1.

Table 3.1. Parameters studied and their evaluations and/or units of measure

Parameter Evaluation and/unit of measure

National Innovation System technology and innovation policy formulation;
financing R&D; performing R&D; promotion of
human resource development; technology
diffusion; and promotion of technological
entrepreneurship; joint industry activities;
public/private interactions; technology diffusion,

and; personnel mobility.
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Scientific performance Research publications

Technological performance Patents

Economic performance Sales/market performance data

This study followed a quantitative research approach informed by a critical policy
analysis of the South African science and technology strategies in general, and for
nanotechnology, in particular. In addition, the study used a longitudinal design strategy

except for sales and/or market data that used cross-sectional design strategy.

According to Clark et al. (2015) longitudinal research approach involves repetitive
collection and analysis of data over time. More precisely, Ployhart and Vandenberg
(2010) define longitudinal research as “research that involves the repeated collection
of at least one data source at three or more points in time”. Likewise, Kalaian and
Kasim (2011) state that the “purpose of longitudinal research studies is to gather and
analyse quantitative data, qualitative data, or both, on growth, change, and
development over time”. In addition, Clark et al. (2015) state that longitudinal research
is suited for investigating phenomena that change over time. These definitions
emphasize time as a factor of major importance in longitudinal data analysis (Van
Ness et al., 2011).

One of the approaches of this study was to use secondary data from bibliometric
sources so as to analyse the activities and/or trends of scientific publications and
patents as indicators for technological catch-up over time and thus the research
strategy and design is in line with Clark et al. (2015) and many other scholar’s definition
and/or purpose of a longitudinal design strategy. Periodic reviews and reformulation
of policies in strategic plans by the government, with the view of creating capacity in
nanotechnology based technologies or general capacity building strategies for

technological and economic catch-up, also supports the use of longitudinal design.

However, due to difficulties in accessing data, the analysis of economic catch-up
through sales data and/or market performance, using secondary data as well, was
carried out via the cross-sectional design strategy. The cross-sectional strategy is a
study that gives a snapshot of a particular study group at a given point in time
(Alexander et al., 2015; Levin, 2006). Furthermore, Wright (2018) states that “cross-
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sectional studies are used to study a phenomenon by taking a cross-section of it at
one time and analysing that cross section carefully”. These definitions for cross-
sectional design supports the strategy used for sales and/or market data. However,
due to the difficulty in obtaining sales and/or market data as discussed in Sections 2.8
and 0, the time period of each country (South Africa, USA and other BRICS nations)

analysed may not be the same as others.

3.4 Selection of sample

Three types of information were required for this study. Firstly, information on
government policies (or institutional research strategies) pertaining to the creation of
capacity in nanotechnology and general capacity building strategies for technological
and economic catch-up in South Africa. Secondly, data on scientific/technological
performance of South Africa compared to the USA and other BRICS nations with
respect to nanotechnology based technologies, namely, water treatment and medical
related fields. Thirdly, information on market performance and/or sales with respect to
nanotechnology based technologies, in general (see Section 4.4 for details), for South
Africa compared to the USA and other BRICS nations.

In view of the information required, government policies (or institutional research
strategies) on general capacity building strategies for technological and economic
catch-up or creation of capacity in nanotechnology was obtained from (1) department
of science and technology, (2) department of higher education and training, (3)
National Research Foundation (NRF), (4) Mintek, and various other government

entities.

The information relating to scientific productivity data was obtained from the Science
Citation Index (SCI) that is part of the Web of Science (WoS) core collection
databases. The databases within Web of Science are maintained by Clarivate
Analytics (Li et al., 2018; Hossain, 2020). However, the Web of Science was originally
produced by the Institute for Scientific Information (ISI) (CIKD, 2020). According to
Verbeek et al. (2002),SCI is the most important database for bibliometric analyses.
Makhoba and Pouris (2017) also state that SCI include most of the predominant and
authoritative journals and fundamental literature globally. In this study, the Web of
Science platform was used to access the SCI. In fact, the Web of Science is the world’s

leading scientific citation search and analytical information platform (Li et al., 2018;
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Hossain,2020). MEDLINE/PubMed which is the premier database for retrieving
biomedical journal literature, and covers virtually all health-care disciplines (Krieger et
al., 2016) was not used to assess the scientific productivity of nanotechnology-enabled
medical application in this study. This is because the Web of Science already indexes
MEDLINE (MUSM, 2020). In fact, Krieger et al. (2016) further state that Web of
Science together with Scopus are the two large, multidisciplinary bibliographic citation
databases which cover the journal literature in a broad array of scientific, medical, and
social sciences journals, including the humanities. It must be noted, however, that the
SCI as of early 2020 has merged with Science Citation Index (SCIE). According to
Liang (2010), the difference between the two databases was that all journals of SCI
were available in the SCIE database, but not all the journals of SCIE were found in
SCI. The other difference pertained to the storage media. The SCI was only available
on CD/DVD format whereas the SCIE is available online (Liang, 2010).

This study used patent data from Patents Cooperation Treaty (PCT) by the World
Intellectual Property Organisation (WIPO) which incorporates various databases
including the European Patent Office (EPO), PatBase, United States Patent and
Trademark Office (USPTO), SciFinder Scholar™, OECD, and many others
(Fankhauser et al., 2018; Hullmann & Meyer, 2003; Katila, 2000; OECD, 2019;
Preschitschek & Bresser, 2010).

The data on sales and/or market performance was obtained from various sources
including research papers and reports from organisations such as Lux Research (i.e.,
Flynn et al. (2013)) and UNESCO.

3.5 Data collection

This study used secondary data. According to Boslaugh (2007), secondary data refers
to data that was collected by someone else for some other purpose. It is literally
second-hand data (McCaston, 2005).

As already discussed in the previous section, the data used to show that there is
creation of capacity in nanotechnology by the South Africa government or general
capacity building strategies for technological and economic catch-up was obtained

from government policy documents (and institutional strategies). The data on market
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performance was obtained from various sources including research papers and

reports from organisations.

The third aspect of data collection involved bibliometric information. The importance
of bibliometric indicators (e.g., published articles and patents) on scientific areas is
very much depended on the quality of their description (or delineation) (Zitt &
Bassecoulard, 2006). Consequently, the bibliometric delineation of published
articles/patents is one of the vital tools for keeping track of scientific/technological

trends, and nanotechnology which is the basis of this study is not an exception.

Maghrebi et al. (2011) state that “the cornerstone for any bibliometric quantification
practice is to build up a lexical query (LQ) which is defined as a set of keywords/terms
organized with suitable Boolean operators (e.g., OR, AND, NOT), in order to retrieve
the desired articles/patents totally and exclusively”. Accordingly, a number of
researchers such as Porter et al. (2008) have refined search terms for
nanotechnology. However, this study used a simplified methodology by Maghrebi et
al. (2011). According to Makhoba and Pouris (2017), the methodology “recognises
that not all words that start with ‘nano’ refer to nanomaterials and that there are some
nanomaterials that do not have keywords containing the nano-prefix (such as quantum
dots and fullerenes)” and thus the methodology by Maghrebi et al. (2011) is a very
accurate technique for selecting nanotechnology articles.

This study specifically focuses on water and medical related areas. Therefore, the
keywords to these fields were defined specifically as discussed in Subsections 3.5.1
and 3.5.2, but it must be noted that the same key words were used for the search of

both scientific publication articles and patents.

3.5.1 Water treatment area

A study by Cozzens et al. (2013) included three sectors (water, energy and agri-food)
that incorporated half of the nanotechnology-based applications identified by
Salamanca-Buentello et al. (2005) (see Table 2.5 in Chapter 2) that could benefit
people in the developing countries.

In particular, the following keywords were used by Cozzens et al. (2013) to search for
nanotechnology applications in the water sector, namely, “brackish water,

desalination, drink, filtration, freshwater, freshwater pollution, groundwater, natural
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waters, pesticide remediation, reverse osmosis, saltwater, seawater, water pollution,

water purification, water treatment”.

This study used the same keywords used by Cozzens et al. (2013) to search for
scientific publications and patents in the water field related to nanotechnology in South
Africa, USA and other BRICS nations.

The sales and/or market data using a cross-sectional research approach was obtained
from various sources including research papers and reports from organisations such
as Lux Research (i.e., Flynn et al. (2013)) and UNESCO.

3.5.2 Medical related area

In a study by Wong et al. (2007), nanotechnology patents were classified into four
broad areas of commercial applications, namely, (1) instrumentation, (2) chemical
processes and materials, (3) medical and biotechnology, and (4) nano-electronics.
These classifications of the applications of nanotechnology by Wong et al. (2007)
constitute generally recognised applications of the field of nanotechnology and also
largely correspond to the standard industrial classification used by other researchers
including Hullmann and Meyer (2003), Meyer (2000 ), Meyer (2001) and Holister
(2002).

In a previous study, the following key words were used to search for the medical and
biotechnology application areas: “drug delivery, drug, diagnostic, medical, medicine,
biological, nanoemulsion, cosmetic, bio, pharma, nanoshell, nanopor, nanocapsule,
toxicity, nucleic, nucleus, antibacterial, antimicrobial, DNA, therapeutic, cell, protein,
skin, immun$ (to include immunogenic and immune, immunity), antigen, antibiotic,
vaccine, intravenous, oral, intranasal, disease, disorder, implant, biomaterial,

infection, topical, gene, genome, virus, vector, peptide, in-vivo” (Wong et al., 2007).

With minimal refinement, this study used the same key words to search for scientific
publications and patents in the medical fields related to nanotechnology in South
Africa, USA and other BRICS nations.

Just like the water treatment field, the sales and/or market data using a cross-sectional
design was obtained from various sources including research papers and reports from
organisations such as WIPO and UNESCO.
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3.6 Data analysis

The most important task of every research study is to investigate the research
guestions and analyse the data so as to achieve the intended research outcomes.
Therefore, this particular task of data analysis requires careful planning. This study
followed a quantitative research approach, and thus the data was mainly analysed by
means of quantitative techniques. The analysis evaluated the scientific and
technological trajectories of South Africa compared to other BRICS countries and the
USA as a frontier technological nation. Similarly, market performance of South Africa
in terms of sales emanating from nanotechnology-based materials (in general; see
Section 4.4 for details) was compared to other BRICS countries and the USA.

The policy documents from various government departments and institutions was only
critically reviewed to assess nanotechnology capability creation and any general

capacity building strategies for technological and economic catch-up in South Africa.

3.7 Statistical analysis

Statistical analysis is the science of collecting data and uncovering patterns and trends
(Glen, 2014). More specifically, statistical analysis is concerned with the organization
and interpretation of data according to well-defined, systematic, and mathematical
procedures and rules (DePoy and Gitlin, 2016). The term data refers to information
collected to answer such research questions as, “How much?”, “How many?” “How
long?” “How fast?” and “How related?”. There are three categories of analysis in the
field of statistics: descriptive, inferential, and associational. This study by its nature
used descriptive statistics form, which is the first level of statistical analysis and is used
to reduce large sets of observations into more compact and interpretable forms
(DePoy and Gitlin, 2016). Firstly, the study is not designed to test a specific theory.
Therefore, other forms of statistical analysis such as inferential statistics, which are
concerned with testing the significance of a relationship so as to generalise findings to
the population from which the sample is drawn were not relevant to this study.
Furthermore, in view of the fact that this study is seeking an understanding of whether
nanotechnology is enabling South Africa to catch-up, descriptive statistics are more
appropriate. Moreover, the development of knowledge proceeds incrementally such
that the first wave of studies in any particular area will be descriptive and is designed
to describe the characteristics of a phenomenon (DePoy and Gitlin, 2016). In other
words, description is the first step of any analytical process and typically involves
counting occurrences, proportions, or distributions of phenomena. Table 4.1, Table
4.4, Table 4.5, Table 4.6, Table 4.10, Table 4.15 to Table 4.20, and Figure 4.1 to
Figure 4.10 are examples of descriptive statistical analysis, because they deal with
counting occurrences, proportions, or distributions of a phenomena.
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Another descriptive statistic technique that was used in the study was correlational
analysis. For example Table 4.15 and Table 4.18 and results in Figure 4.1, Figure
4.2, Figure 4.6 and Figure 4.7 and the subsequent discussions in Chapter 5 have
shown that there is strong relationship between collaborations and scientific research
publications in nanotechnology-enabled technologies in both water treatment and
medical applications. Many other types of correlational analysis have been discussed
in Chapter 5.

Other techniques within descriptive statistics that were not used because it was not
necessary include measures of central tendency (mode, median, and mean),
variances, and contingency tables.

3.8 Limitations of the study

First and foremost, the concept of catch-up is multifaceted which include policies,
technical capabilities, learning processes, active assimilation, absorption, and many
other aspects all of which have some influence on each other. This makes the study
guite complex, and thus, it only interrogates a few of these aspects. Secondly, it is
quite challenging to obtain secondary data that is scattered in a number of databases
some of which were not accessible. A study by Cozzens et al. (2013) also cited a
number of limitations. For example, some databases may not include all publications
because of their bias towards English language, and sadly only journals mainly from
the USA and Europe are included in most databases. The other limitation is that the
study might have missed some scientific and technological outputs because no
keyword search strategy provides perfect retrieval system. There is also a possibility
of non-reported scientific and technological and economic outputs by individual
researchers. In this study innovation was used as a proxy for technological catch-up
(see Section 2.8), and according to Morris (2008) measuring innovation is problematic
because innovation is concerned with venturing into unknown which presents a

limitation in terms of the choice of metrics.

Sales and/or market data for quantifying economic impact of nanomaterials was also
not readily available for various reasons discussed in Sections 2.8 and 4.4. Therefore,
in view of all the limitations stated in this section the results of this study may not be

adequate and comprehensive.
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3.9 Ethical considerations

This study did not use people or animals. Therefore, it does not violate research ethics
which is succinctly defined by Saunders et al. (2009) as the “researcher’s
appropriateness in terms of his or her behaviour regarding the rights of human beings
affected by the work of the researcher”. All the data obtained for the study will be filed
and kept in a safe place or captured electronically in spreadsheets/word documents
and stored on the personal computer which has an automatic back-up system. In
summary, the contents of this study including its methods are sound and morally

acceptable.

3.10 Reliability and validity

This study uses methods that are dependable and thus the results are expected to be
consistent and repeatable — thus meeting the reliability test; which is defined as the
accuracy or precision of a measuring instrument (Olckers, 2011). On the other hand,
Olckers (2011) defines validity as “the extent to which an empirical measure accurately
reflects the concept it is intended to measure”. In particular, external validity is
concerned with the generalisability of results. This study assumes that the secondary
data used is reliable based on initial assumptions used in the primary data collection
(see Section 1.6). Therefore, it is expected that the results of this study can be
generalised thus fulfilling the external validity principle. The other type of design
validity in quantitative research is internal validity which Page (2012) refers to as the
degree to which variables have been thoroughly controlled or accounted for. Many
scholars have tested the methods used in this study and thus it is expected that the
usefulness, correctness and accuracy with respect to internal validity was adhered to
in the study. Moreover, the literature review was extensively conducted so as to
identify sound theories and concepts related to technological and economic catch-up
and many other features of this study, thus enhancing the validity of the study.

3.11 Summary

This Chapter presented the research methods and/or approaches used in the study.
The study used secondary data, and depending on the objective(s), the study mainly
collected numeric variables. Therefore, this study followed a quantitative research

approach.
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With respect to the first two objectives, (i.e., creation of capacity in nanotechnology
and general capacity building strategies for technological and economic catch-up in
South Africa) the study used information from government policy documents (or
institutional research strategies). Bibliometric information was used in the study to
assess the scientific/technological performance of South Africa, USA, and other
BRICS nations, and two nanotechnology-enabled fields, water treatment and
medicine, were specifically studied. Sales and /or market data was used to represent
the economic impact of nanotechnology related products and/or products, in general,
instead of the two fields due to non-availability of data amongst many other reasons.
In view of the difficulty in obtaining sales and/ market data as discussed in Sections
2.8 and 4.4, the time period of each studied country (USA and the BRICS nations)
may not have been the same as others. Finally, the study used a longitudinal design

strategy except for sales and/ market data that used cross-sectional design strategy.
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CHAPTER 4: PRESENTATIONS OF FINDINGS AND DATA

4.1 Introduction

This chapter presents the findings of the current study in accordance with the research
guestions stated in Chapter 1. The chapter is structured as follows: Section 4.2 gives
a critical review of innovation capability building strategies, in general (see
Subsection 4.2.1), and in the field of nanotechnology, in particular (see Subsection
4.2.2). In Section 4.3, the results of technological catch-up are given. Finally, the
chapter ends with the findings of economic catch-up in Section 4.4. Section 4.5

summarises the chapter.

4.2 Innovation capability building strategies

In Chapter 2 of this research report, it is clear from the review of literature that
innovation underpins both technological catch-up and economic catch-up. Innovation
generates and encourages competitiveness at various levels of the economy namely,
the firm level, national and regional levels (Zulu, 2018). However, without innovation
capability building, there can be no effective catch-up. In other words, capability
building is essential for successful accomplishment of catch-up as indicated by a
number of studies (Iddris, 2015; King & Fransman, 1984; Lall, 1992). In addition,
Fagerberg and Srholec (2008) also emphasizes that “countries that do not succeed in
developing appropriate technological capabilities and other complementary factors
should be expected to continue to lag behind”. In this context, capability is defined by
Grant (1997) and Yang (2012) as the extent to which specific individual resources can
carry out intended work and/or sets of activities. More specifically, innovation capability
is defined by Yang (2012) as “the potential ability of an organization to position itself
in an arena of modernism such as new product development, technology and other
advancements that result in competitive advantages over its rivals”. Furthermore,
Antonelli (1999) states that “the innovation capability of firms rests upon varying

combinations of localized and generic knowledge”.

This section of Chapter 4 starts by looking at the capability building blocks for
innovation in South Africa. In particular, it focusses on the NIS (Subsection 4.2.1),

followed by capability building strategies in nanotechnology (Subsection 4.2.2).

61



4.2.1 National innovation systems in South Africa

In South Africa, the NIS has existed since the late 19th century or earlier in the 20th
century (Walwyn, 2006). It is acknowledged by a number of researchers that South
Africa contributed significantly to the areas of knowledge and technology as far back
as the early 20th century (Scerri, 2009; Walwyn, 2006). For example, at the beginning
of the 20th century, South Africa transitioned from farming and mining to a period of
industrialisation that was led by the state (Hart et al., 2013). It is also noted that during
the apartheid period, particularly, from 1970s “there was an emerging national science
and technology R&D system that remained under the control of the state, and the
system was mainly focused on the minerals, energy and the military-industrial
complexes. However, the system was extremely exclusionary when it came to

integrating personnel, research institutes and the private sector” (Hart et al., 2013).

According to Walwyn (2006), the transformation of the NIS which had stagnated and/or
isolated during the apartheid years began shortly after the democratic dispensation (or
more specifically, 1996). Ideally, the NSI was redesigned “to provide the basis and
impetus for the development of a framework that has the cohesion, synergy and
purposefulness in the national science-technology-innovation nexus” (Bawa et al.,
2013). As a result, South Africa now operates with a much more integrated, well-co-
ordinated and better aligned NIS to national objectives (Kaplan, 2004). The latest

extensive review of various aspects of the NIS happened in 2018 (DST, 2018a).

The whole innovation process and/or NIS is dependent on relationships and the
interaction of various actors (OECD, 1997; Zulu, 2018). In previous years, the NIS in
South Africa was solely made up of public sector institutions and some actors, namely
“high-level institutions statutorily mandated to provide policy advice to government on
innovation, or innovation-related functions, including the national advisory council on
innovation (NACI), the council on higher education (CHE) and the national science
and technology forum (NSTF); government ministries and departments; research and
innovation agencies, including the national research foundation and the medical
research council; and research-performers, including universities and science
councils” (DST, 2012). However, following the review of various aspects of the NIS in
2018 a quadruple helix approach has been adopted in South Africa (DST, 2018a).
Accordingly, DST (2018a) states that “the quadruple helix approach is grounded in the
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idea that innovation is the outcome of an interactive process involving government,
academia/the research sector, the private sector and civil society, each contributing

according to its institutional function in society”.

With respect to governance structure, set of policies, number of performing institutions
and funding agencies, and to a large extent the actual innovation itself, there is no
doubt that the South African NIS has reached a relatively mature and developed stage

compared to its counterparts in other countries in Africa (Walwyn, 2006).

There are a number of vital and/or essential functions that are considered within a NIS.
As discussed in Chapter 2, it is noted by Kayal (2008) that the “function of an
innovation system is to generate, diffuse and utilise technology”. Edquist (2004) also
states that “the main function of NIS is to develop and to diffuse innovations”. More
specifically, the OECD (1999) considers “technology and innovation policy
formulation; financing R&D; performing R&D; promotion of human resource
development; technology diffusion; and promotion of technological entrepreneurship”
as functions of the NIS. In addition, the OECD (1997) also regards the following
undertakings as the mechanisms for knowledge flow within the NIS, (1) joint industry
activities, (2) public/private interactions, (3) technology diffusion, and (4) personnel

mobility.

This study considers the six functions of the NIS and the four mechanisms for
knowledge flow as exemplified by OECD (1997) to be the capability building blocks for
innovation in South Africa, and thus were used to operationalise the NIS. In principle,
they all contribute to the overall objective of the NIS: the development, diffusion and
utilisation of innovations (Bergek et al., 2008; Pihlajamaa et al., 2013). These

capability building activities are addressed extensively in the subheadings that follows.
Technology and innovation policy formulation

Immediately after the dawn of democracy, the government of South Africa has played
a vital role in shaping the NIS, by setting innovation policies, ensuring a conducive
environment and intervening whenever there is a need (ASSAf, 2013; DST, 2012,
2018a). According to Golichenko (2016), policies are formulated to (1) increase
innovation activities, (2) expand the actions and/or processes that encourage diffusion

of new products and services, and cooperation amongst firms and/or nations, and (3)
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develop science and focus its attention on solving or finding solutions to the country’s
innovative development. However, innovation policies must be reviewed frequently
due to rapidly changing techno-economic environments and because in many
instances, the full potential of innovation policies may not have been realised (DST,
2018a). Nevertheless, Rodrik (2007) also argues that a country’s innovation policies
should not just follow the dictates of globalisation, but a country’s own economic

realities.

In an effort to build innovation capabilities, South Africa has over the years developed
specific policy initiatives and strategies (ASSAf, 2013). Most importantly, there is a
shift from focusing mainly on science and technology to innovation, but, nowadays,
aspects of importance including social, institutional and other non-technological
factors such as adoption of technology, diffusion of transfer and transfer of technology
are also being addressed (ASSAf, 2013); this is because science and technology on
its own does not necessarily translate into innovation, or growth of the economy or

employment creation in the country.

In view of the aforementioned, there is no doubt, however, that policy initiatives and
strategies with regard to either science and technology or innovation are attributed to
the technological and economic successes of many countries (Wong & Goh, 2015). In
addition, according to Lee (2016) “the key to economic catch-up lies in specific
technological strategies”. This view is also supported by Solow (1957) who stated that
“technological improvements are the foremost drivers of economic growth”. In this
regard, the following are some of the policies and strategies developed that can serve
as the basis for technological and economic catch-up in the Republic of South Africa:

National research and development strategy. This is the most important strategic
document associated with South Africa‘’s NIS (Kaplan, 2004; Walwyn, 2006). This
strategy was established in 2002 in view of several deficiencies in many areas that
matter to the economic wellbeing of South Africa including the following aspects:
funding of science, technology and innovation, development of human resources,
decline in private sector R&D, IP leakages, and uncoordinated efforts by the
government in science and technology (ASSAf, 2013; Kaplan, 2004). According to
Walwyn (2006) and Kaplan (2004), the national research and development strategy

has many functions and/or strategic initiatives, namely, “to promote innovation and
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new national technology missions (e.g., (1) biotechnology, information technology, (2)
technology for advanced manufacturing, (3) technology for and from natural resource
sectors, and (4) technology for poverty reduction); to improve and diversify human
resources; to promote a new set of science missions (in areas in which South Africa
has an obvious geographic advantage, such as astronomy, human palaeontology and
biodiversity, as well as in areas in which South Africa has a clear knowledge
advantage, such as indigenous knowledge and deep mining); and to create an

effective government science and technology system”.

National advisory council on innovation. This is a trustworthy advisory body to the
minister of science and technology. It is mandated to react quickly and positively to
national matters pertaining to science and technology and most importantly,
innovation. According to NACI (2019), the mandate of the national advisory council on
innovation includes “coordination and stimulation of the NIS; promotion of cooperation
within the NIS; structuring, governance and coordination of the science and technology
system; revision of the innovation policy; developing strategies for the promotion of all
aspects of technological innovation; identification of R&D priorities; and funding of the

science and technology system”.

National biotechnology strategy. This strategy was adopted in 2001 (ASSAf, 2013;
Cloete et al., 2006), and its main focus is to address issues about development of
human resources, funding of research, legal and regulatory issues pertaining to
biotechnology; it also tries to reduce the gap that normally exists between research
outputs and commercialization activities (Cloete et al., 2006). From its inception, the
government has created and setup a number of regional centres of innovation
including the biotechnology regional innovation centre (Walwyn, 2006) and has
established and implemented initiatives to uplift international cooperation that can

stimulate internal growth of life science undertakings (Cloete et al., 2006).

National Nanotechnology Strategy. This strategy started not as top-down, but as a
bottom-up endeavour by scientists in 2002 who set up a group (or network) that was
termed the South African Nanotechnology Initiative (SANi) (Harsh et al., 2017).
Thereafter, the South Africa’s Department of Science and Technology approved the
strategy in 2005 (DST, 2005). The strategy is mainly concerned with areas that are
expected to benefit the country (DST, 2005; Saidi & Douglas, 2017). Accordingly,
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energy, health care, water, mining and minerals, chemical and bio-processing, and
advanced materials and manufacturing are identified by the strategy as important
areas where nanotechnology has more advantages and/or can create more benefits
for South African society as a whole (DST, 2005).

The Ten-year Innovation Plan: 2008 — 2018. This plan was aimed at transforming
South Africa into a knowledge-based economy, in which the generation and
distribution of knowledge is meant to lead the economic growth of the country for
eventual betterment of all fields of South African human endeavour (ASSAf, 2013;
DST, 2010).

Other strategies: There are several other strategies including the “Accelerated and
Shared Growth Initiative for South Africa; National Skills Development Strategy for
South Africa; Open Source Software and Standards Strategy; Towards a Framework
for the Monitoring and Evaluation of South African Higher Education; Advanced
Manufacturing Technology Strategy; Indigenous Knowledge Systems Policy; Higher
Education Qualifications Framework; Framework for Intellectual Property from Publicly
Financed Research; Technology Transfer Strategy, The Hydrogen Economy Initiative,
Advanced Metals Initiative; Gender Equity Strategy; The Integrated Manufacturing
Strategy; A Framework for Competition, Competitiveness and Development, and
many more other strategies that are being developed” (Walwyn, 2006).

Financing R&D

It is a known fact that there exists a strong link between research expenditure and the
production of scientific knowledge (Rosenbloom et al., 2015; Sanyal & Varghese,
2006). In addition, several studies have also shown the presence of a high correlation
between levels of economic growth and development, and investments in research
and development (Nicolaides, 2014). Moreover, developed nations allocate more
funds into R&D (Bozkurt, 2015). In fact, Nicolaides (2014) states that “nations such as
the USA and China are at the zenith of the list of the world’s premier economies
because they allocate vast resources into fostering innovation”. In this context, a
number of studies have shown that R&D expenditure have been found to be
statistically significant in enhancing innovation (Conte & Vivarelli, 2014). More
specifically, Wu (2015) argues that “innovation drives economic growth, and R&D fuels

innovation because the pursuit of R&D allow scientists and researchers to be at the
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forefront of discovering and developing new knowledge,

technologies”.

techniques,

and

Table 4.1 indicates the amount of funding research and development as a percentage
of GDP from 2005-2017 by South Africa including other BRICS nations and United

States.

Table 4.1. Expenditure in research and development (% of GDP) (WorldBank, 2019)

2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017
South | 0.86 |0.90 |0.88 [0.89 |0.84 |0.74 | 0.73 | 0.73 | 0.72 | 0.77 | 0.80
Africa
Brazil |1.00 [0.99 |1.08 |1.13 |1.12 |1.16 |1.14 |1.13 |1.20 |1.27 |1.28 |1.27
Russia | 1.07 |1.07 |1.12 |1.04 {125 |1.13 |1.01 |1.03 |1.03 |1.07 |1.10 |1.10
India 0.84 | 0.82 {082 |0.87 |[0.84 | 0.82 |0.83 |- - - 0.62 | -
China |1.31 |1.37 (137 |144 |166 |1.71 |1.78 {191 | 199 |2.02 |2.06 |2.11 |210
USA 251 | 255 | 263 |2.77 (282 | 274 |277 |2.69 |272 |2.74 |2.74 |2.74 |-

Investment in R&D is highly influenced by the economic power of a country, in addition

to the importance that the nation places on research (Radu, 2018). As can be seen

from Table 4.1, the USA still leads the other countries in R&D spending.

In South Africa, there are several organisations that have been established by the

government with the aim of financing R&D and innovation. Table 4.2 gives an

overview of some of the organisations involved in funding R&D and innovation in South

Africa.
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Table 4.2. Major organisations involved in funding R&D and innovation in South

Africa (NACI, 2017)

Funding organisation

Description

National Research Foundation (NRF)

The NRF was setup in 1998 via the National Research Foundation
Act (Act No. 23 of 1998). It is the largest South African research
funding agency. It is involved in funding the following activities
and/or programmes: (1) the innovation honours, master's and
doctoral programmes, (2) the South African Research Chairs
Initiative, (3) the incentive programmes for rated researchers, (4)
competitive support — rated researchers, (5) Centres of Excellence,
(6) Human resource development next-generation and emerging
researchers, 7) scarce skills fund, (8) square kilometre array, (9)
iThemba labs, and (10) national equipment programme

Water Research Commission (WRC)

The WRC was created through the Water Research Act, Act No. 34
of 1971. Its primary functions have traditionally been to fund and
steer South Africa’s water research agenda, and to disseminate
and effectively communicate research findings. The WRC also
supports human capacity and skills development, in addition to
leading technology, product and industry development. The WRC
receives its funding from three sources: the water research levy,
leverage funding and other sources.

South African National
Development Institute (SANEDI)

Energy

The SANEDI is responsible doing research and other activities that
are related to energy in South Africa.

South African Medical Research Council
(SAMRC)

Improving the health and quality life of all South Africans is the
SAMRC’s mandate. In addition, it conducts research is based on
the following six research programmes: (1) health promotion and
disease prevention, (2) maternal, child and women’s health, (3)
HIV, AIDS, TB and other communicable diseases, (4) health
systems strengthening, (5) public health innovation, and (6)
biomedical research

Research takes place in intramural and extramural units.
Extramural research units are situated at higher education
institutions and are supported by the SAMRC.

Technology Innovation Agency (TIA)

The TIA was established under the Technology Innovation Agency
Act (Act No. 26 of 2008). The TIA’s mandate is to allow and give
support to technological innovation within the economy of South
Africa. To achieve these goals, TIA supports higher education
institutions, science councils, public entities and private research
institutions to commercialise its research outputs.

Performing R&D

Searching for new ideas and knowledge is one of the paramount elements of the

innovation process (Hartono, 2015), and research is an important aspect of idea and

knowledge generation. Research is defined by Andrew and Pedersen (2011) as a

“scientific, purposeful, systematic and rigorous method of collecting, analysing, and

interpreting data objectively or subjectively about some characteristic in order to gain

new knowledge or add to the existing knowledge”. Accordingly, the knowledge from

research can be transferred into practice to help create new processes, products, and
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services that can subsequently enhance economic growth and development
(Nicolaides, 2014). In fact, significant amount of studies are available that illustrate
how scientific knowledge from academic research leads to successful innovations and
economic growth consequently (Veugelers, 2014). Furthermore, Khan and Khattak
(2014) states that “research plays an important role in economic growth of a country
through technological advancement and spill-over effects”. Rosenbloom et al. (2015)
also agrees that advancement in the understanding of science (or knowledge) is a vital

contributing factor to a nation’s economic growth.

In the Republic of South Africa, the government is at the forefront of providing an
enabling or conducive environment and any relevant resources including leadership
required for the execution of science, technology and innovation (DST, 2018b). As a
result, all of South Africa’s 26 publicly owned universities are directly and actively
involved in R&D. According to DHET (2019b), the research outputs from public higher
education institutions has been on an upward trajectory over the past number of years.
The DHET (2019b) also states that “universities are key to developing a nation. They
set norms and standards that underpin a nation’s knowledge capital and are dominant
producers of new knowledge, critiquing information and finding new local and global

applications for existing knowledge”.

Table 4.3 shows a selected number of other publicly funded institutions that are
vigorously engaged in R&D in South Africa. These institutions are involved in (1)
developing the needed knowledge in chosen fields, and (2) identifying, adapting and
adopting the required knowledge generated elsewhere for the purpose of solving
important problems affecting South African society, promoting innovation and

exploiting emerging opportunities (Scholes et al., 2008).

Table 4.3. Selected number of publicly funded institutions and their roles (DST,
2018b)

Institution Roles

Council for Scientific and Industrial
Research (CSIR)

This is a premier organisation with respect to research in science
and technology whose role is to accelerate socio-economic
prosperity in South Africa by researching, developing, localising
and diffusing technologies.

Council for Mineral Technology (Mintek)

The mandate of Mintek is mainly the promotion of mineral
technology through doing research and transferring of technology.
In so doing it encourages the setting-up and growing of industries
related to the areas of minerals and products derived therefrom.
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South African National
Development Institute (SANEDI)

Energy

Its main function is to conduct energy related research.

South African Medical Research Council
(SAMRC)

SAMRC’s main role is to produce and disseminate new scientific
findings and knowledge on health.

Human Sciences Research Council
(HSRC)

The HSRC is responsible for doing basic and applied research
related to human sciences. The HSRC also has the responsibility
to collect and analyse or even publish research that is pertinent to
south Africa or Africa or global developmental challenges

Academy of Science of South Africa
(ASSAf)

ASSAf has the responsibility to produce evidence-based solutions
to national problems. “ASSAf recognises and rewards excellence;
promotes innovation and scholarly activity; provides effective,
evidence-based scientific advice to government and other
stakeholders; promotes public interest in and awareness of science
and science education; and promotes national, regional and
international linkages”(DST, 2018b).

South African National Space Agency
(SANSA)

According to DST (2018b) “the mandate of SANSA is to promote
the peaceful use of space; support the creation of an environment
conducive to industrial development in space technology; foster
research in space science, communications, navigation and space
physics; advance scientific, engineering and technological
competencies and capabilities through human capital development,
outreach programmes and infrastructure development; and foster
international cooperation in space-related activities”.

Agricultural Research Council (ARC)

DST (2018b) states that “the ARC conducts fundamental and
applied research with partners to generate knowledge, develop
human capital, and foster innovation in agriculture by developing
technology and disseminating information”.

Water Research Commission (WRC)

“The WRC provides the country with applied knowledge and water-
related innovation, by continuously translating needs into research
ideas and, in turn, transferring research results and disseminating
knowledge and new technology-based products and processes to
end-users”(DST, 2018b).

In addition to the publicly-funded research institutions and universities, South Africa

also has a few private sector players that have substantive and well-resourced R&D

capabilities, and hundreds of agile, low-overhead technical entrepreneurs (Scholes et

al., 2008).

Promotion of the development of human resource

Human resources (or employees) are the valuable assets of any organisation (IBM,

2010). According to Gidhwani (2015), human resources are vital to the successfulness

of any firm or organization because most of the problems pertaining to organizational

settings are related to human and social challenges rather than failures in physical,

technical or economical settings. In fact, Itika (2011) states that “evidence from

economies in South East Asian countries suggests that the success behind these

countries is largely explained by high investment in human capital”. In addition,

Walwyn (2006) also states that the necessary training given to human resources so
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as to drive innovation in a firm or country is a core requirement that is needed within
any NIS. Moreover, human resources development (HRD) is extremely important in

South Africa’s technological and economic development agenda (DHET, 2009).

According to Nuffic (2015), there are three components of education system that are
involved in human resource development in South Africa, namely, “General Education
and Training (GET): Grade R up to and including Grade 9 which comprise the
compulsory school-age years though grade R — the reception year — is not part of
compulsory schooling; Further Education and Training (FET): Grade 10 up to and
including grade 12 which comprise further academic schooling, as well as intermediate
vocational education at technical colleges, community colleges and private colleges;

and Higher Education and Training (HET)”.

From the inception of democracy in South Africa, the country has made significant
reforms to its higher education system (Ramrathan, 2016). Currently, there are 3
categories of higher education institutions, namely, “universities — these are the
traditional academic universities that offer academic type degree programmes,
including bachelor’s, honours, master's and doctoral degree programmes, and are
more focused on pure research; comprehensive universities — these are new in most
cases and are a combination of the traditional academic universities and universities
of technology, and; universities of technology — these are the old technikons which
offer study programmes that are highly professionally oriented and a more practical
focus” (DHET, 2019a; Nuffic, 2015).

At the moment, South Africa’s major school-leaving qualification is the national senior
certificate (Wedekind, 2013) and according to AfricaCheck (2019) and Wedekind
(2013) four levels of achievements are possible: “a straight national senior certificate
pass, or a national senior certificate pass with admission to a higher certificate,
diploma or bachelor’s degree”. However, the only achievement that allows entry at a
university by a pupil is the bachelor’s degree. Table 4.4 shows the number of pupils
who wrote South Africa’'s national senior certificate exam and received a bachelor pass
from 2008-2017, whereas Table 4.5 gives figures that indicate the number of students
enrolled in public institutions between 1994 and 2017. Some of the schools at these
public institutions offer science, technology, engineering, and mathematics (STEM)
subjects which play a key role in the sustained growth and stability of any country’s
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economy, and are a critical component to helping a country win the future. The STEM

education creates critical thinkers, increases science literacy, and enables the next

generation of innovators.

Table 4.4. The number of pupils who wrote South Africa's national senior certificate
examination and received a bachelor’s pass from 2008 — 2017 (AfricaCheck, 2019).

Year Number of pupils who Number of pupils who % of the number of

sat for the examination obtained bachelor pass pupils who obtained
bachelors pass

2008 554 664 106 047 19.1

2009 552 073 109 697 19.8

2010 537 543 126 371 23.5

2011 496 090 120 767 24.3

2012 511 152 136 047 26.6

2013 562 115 171 755 30.6

2014 532 860 150 752 28.3

2015 532 587 150 752 28.3

2016 610 178 162 374 26.6

2017 534 484 153 610 28.7

Table 4.5. Number of students who registered in public post-school education and
training (PSET) institutions

Year Type and number of institution” Enrolments
1994 36 public universities and technikons 495 356
1999 152 TEVT colleges 357 885
1999 1 828 CET centres 294 855
2017 26 public universities 1036 984
2017 50 TVET colleges 688 028
2017 CET Colleges 258 199

"TEVT = Technical Vocational Education and Training; CET = Community Education and Training

Table 4.6 shows the number of students who graduated with research related degrees

(masters and PhD). It must be noted the numbers for master’s degrees refer to the

number of units for the research component of the degree. For example, the students

who obtained their masters by pure research are given one unit and those who

obtained theirs through 50% coursework and 50% research are given half a unit. All

PhDs receive one unit because it is done through research. It must be noted that some

of these institutions offer nanotechnology based research in water and medical fields.
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Table 4.6. Number of masters (units) and PhD student graduations (DHET, 2016,
2017, 2018, 2019b)

Year Number of units for Number of actual PhD
masters degrees degree graduates

2013 6411 2051

2014 7232 2258

2015 7317 2530

2016 7971 2782

2017 8011 3043

One important initiative by the South African government aimed at the development of
human capital is termed the South African Research Chairs Initiative (SARChI).
According to NRF (2018b) “SARChI aims to increase the scientific research and
innovation capacity of the NIS by attracting and retaining established researchers that
are considered global experts at local higher education institutions, science councils
and national research facilities, respectively. The initiative attempts to build a critical
mass of supervisory capacity, equipment, researchers and students around the
research chair in support of domain-specific research where the domains are selected

with consideration given to socio-economic needs as well as global research trends”.
Technology diffusion

Various scholars have extensively studied and debated the process of technology
diffusion for a long time (Jaffe, 2015). It is both a function of the NIS and a mechanism
of disseminating knowledge within the NIS (OECD, 1997, 1999). Rao and Kishore
(2010) consider the diffusion and/or spreading of an innovation (or technology) as a
procedure or activity by which an innovation (or technology) is gradually passed
through established channels among the members of an organisation or firm or nation.
According to OECD (1997), technology diffusion is “the most traditional type of
knowledge flow in the innovation system which many involve the dissemination of
technology as a new equipment and machinery”. In other words, “technology diffusion
may be tracked through the sale of goods from one sector to another. In this way,

purchased inputs act as carriers of technology across firms”(Stevens, 1997).

Table 4.7 shows technologies in the energy sector and the time scale required for
deployment in South Africa. Cloete et al. (2014) states that the various green

technologies in the energy sector given in Table 4.7 “were assessed from a global
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perspective in terms of their ability to lower the carbon footprint and their technology

readiness level (TRL)”. The initiative showing very good chance of success for

deployment within a short period of time was also identified, and any risks that could

hinder progress in respect of technical and financial characteristics also formed part

of the assessment criteria”.

Table 4.7. Various energy technologies showing technology readiness level and the
time scale required for deployment in South Africa (Beck et al., 2013).

Offshore: 5-10

Technology Technology Timescale Most promising initiative for
readiness level for wide accelerating deployment
deployment
(years)
Hydro 9 Now Design standardisation
Solar thermal 6-8 10+ Efficient thermal energy storage
Advanced solar 3-4 15+
photovoltaic
Photo (electro) 1-3 10-15
chemical
Geothermal 4-5 15+ Hot dry rock demonstration plants of
> 50MW
Wave energy 4 15 High efficiency devices
Tidal current 5 15 High efficiency devices
Tidal barrage 9 5 High efficiency devices
wind 9 Onshore: now Feed-in tariffs and commitments to

technology deployment

Fusion: 35-50

Biomass 1st generation: 9 1st generation: now Feed-in tariffs and commitments to
2nd generation: 5 2nd generation: 5-8 technology deployment
Natural gas 9 Immediate Natural gas from unconventional
geological formations
Fuel cells
Coal (including 7 IGCC: 10 Carbon market and carbon emission
integrated IGCC with constraints
gasification CC: 20
combined cycle Ultra super critical
(IGCC) and pulverised
carbon coal-fired
capture(CQC)) (USCPC) with
CC: 20
Carbon 6 10+ Carbon market and carbon emission
sequestration constraints
Nuclear energy 9 Generation I/ 1ll: now Higher efficiency and improved
Generation 1V:15-25 safety

Key: TRL 1 = where the transition from scientific research is just beginning; TRL 9 = where the technology has

been thoroughly tested and has been successful in the operational environment

Promotion of technological entrepreneurship

There is no general agreement of the exact meaning of the term entrepreneurship and

what it means in practice such that numerous definitions have been given by various
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scholars in the recent past (Ayankoya, 2016; Sirelkhatim & Gangi, 2015). This study
gives the meaning of entrepreneurship according to Kao (1993), namely,
“‘entrepreneurship is the process of doing something new and something different for
the purpose of creating wealth for the individual and adding value to society”.
Ayankoya (2016) considers entrepreneurship as the backbone of numerous
flourishing economies globally. In addition, GEDI (2017) and Dejardin (2000) describe
it as an impactful mechanism that drives economic growth, and Bubou et al. (2014)
states that “entrepreneurship has been proven not only to be the impetus for growth
and economic prosperity, but also serves as the foundation for the transformation of

the modern economies”.

Despite the importance of entrepreneurship, it is less effective in developing countries
because of a number of reasons including inadequate training and education to
entrepreneurs, non-availability of required financial capital, insufficient human
resources with right skills and fewer sizable forms or organisations to help in the
entrepreneurial exercise or process (Leitch & Harrison, 1999; Rogerson, 2008; Smit &
Watkins, 2012; Wilkinson, 2017).Table 4.8 gives an outline of the general strategies
that are mainly required for furthering entrepreneurship in many countries around the

globe including South Africa.

Table 4.8. General strategies for promoting entrepreneurship (Leitch & Harrison,
1999; Wilkinson, 2017)

Strategy Interpretation

Literacy rates and human capital This relates to the amount of knowledge possessed by
entrepreneurs that they can use in a new business
activity. When the skills and knowledge that the
entrepreneurs have are superior, they are likely to
achieve their goals and/or their new business will
succeed since they are bringing in exceptional
knowledge, more experience and special skills to the
new business venture.

Educating and training toward This is the structured and targeted delivery of

entrepreneurship entrepreneurial capabilities and attributes. For example
such capabilities and attributes purposefully offered to
by the entrepreneurs could be in the form of new skills
and advanced knowledge. As a result, the structured
and targeted education and training of entrepreneurs
can enable them to start, grow and be successful in their
new business ventures.
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Opportunity to obtain financial This refers to the fact that entrepreneurs should have

capital and raw materials opportunities to access finance and other materials vital
at the time of starting-up and/or during the life time of
their new business ventures. Such funds could help
entrepreneurs with settling the costs of starting-up and
other expenses that they may encounter as they grow
and expand their businesses. Ideally, there are several
avenues where finances could emanate, e.g.,
entrepreneurs’ own funds or profit from their businesses
or from external funders such as the government or
other firms that may be larger and profitable.

Institutional support for Institutional support for entrepreneurs come in various

entrepreneurs forms. Such support may come from either the
government or non-governmental institutions. Ideally, it
comprises of authorities and institutions whose
resolutions and person-centred approach in form of
policies, laws, and regulation whether financial and non-
financial help brings notable changes in the functioning
of an entrepreneur’s business.

Joint industry activities

According to Nibusinessinfo (2019), “collaboration is a powerful business tool for
companies, regardless of their size or industry, and it typically refers to organisations
working together to address problems and achieve goals that may be out of reach
when working alone”. A model developed many years ago argues that “science is most
effective when researchers with expert knowledge in different areas collaborate on a
project of overlapping interest. The overlap allows for common ground, while the
respective areas of expertise cover a greater ‘surface area’ of the possible knowledge
brought to bear on a specific question” (Sprunger, 2017). The OECD (1997) considers
technical collaborations in addition to informal interactions amongst industries as one
of the most significant ways in which knowledge is transmitted in the NIS. Table 4.9
gives the nature of collaborations amongst some of South African companies. As can
be seen from the table, collaborations in some firms also involve customers. In fact
according to Yoon et al. (2017) “companies are increasingly cultivating collaborative
relationships with a variety of external partners such as customers, suppliers and

competitors to integrate value creation processes for sustainable growth”.
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Table 4.9. Examples of collaborations amongst South African companies

Companies

Nature of collaborations

Reference

Wine industry network
of expertise and
technology (Winetech),
South African liquor
brandowners
association (SALBA),
South African wine
industry information and
systems (SAWIS),
Wines of South Africa
(WOSA), and Vinpro

The companies created wine industry strategic
exercise (WISE) as a collaborative initiative in
2015. The initiative’'s robust and adaptable
approach is geared towards driving profitability,
global competitiveness and sustainability amongst
its members.

(WISE, 2017)

The supplier-buyer
cooperation in textile
industry in South

This refers to a collaboration between suppliers
and buyers within the textile industry which is
concerned about the development of products

(Parker, 2007)

African
Woolworths, K9 pet K9 pet foods supplies Woolworths with pet foods | (Woolworth,
foods and the Industrial | as an import replacement strategy by Woolworths. | 2017)
Development The IDC financed K9 pet foods so as to expand its
Corporation (IDC) plant and also buy the most recent equipment
which could help them achieve requirements for
manufacturing of pet foods. The funds from IDC
also stimulated and made it easier for K9 to
specifically design an innovative technology for
Woolworths.
South Africa’s Proactive industry body and government | (Aylward,
macadamia industry collaboration is integral to ensure the standard is | 2019)

set for macadamia industry’s future.

Automation industry

With the view of evaluating and seeking solutions
to its challenges the automation industry is
cooperating through a number of initiatives
including the Africa Automation Fair and
Connected Industries conference. The industry is
also involved with security of information and the
integration of their systems.

(Bizcommunity,
2018)

South African
construction industry

With the objective of creating more value for its
customers (i.e, lean principles) the industry is
creating an amalgamated and customised
approach. It is also getting rid of the segregated
supply chain within the construction industry which
prevents the generation and upgrading of value in
the whole process of construction.

(Emuze &
Smallwood,
2014)

Public/private interactions

It is well established by various scholars that collaboration between academic
institutions and the industry is a vital aspect of the NIS (Guimon, 2013; Ndlovu, 2017;
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Sa, 2015). Sprunger (2017) also argues that “working with others outside of your
comfort zone can also provide you with novel skills, theories, and methods that enrich
your research and make you a more unique, innovative, and marketable professional”.
The OECD (1997) regards public-private (or academic-industry) cooperation as a
primary mode of knowledge flow in the NIS. Some studies in South Africa also indicate
that academics, in generally, consider the interactivity with external industrial partners
as advantageous or a correct feature of their duties (HESA, 2012). Table 4.10 shows
some typical outputs that have previously emanated from university-industry

engagements.

Table 4.10. Outputs emanating from academic engagements with firms (HESA,
2012)

SMMEs*  MNEs" Large firms

Graduates with pertinent expertise and principles 963 691 930
Publications of academic nature 862 653 862
Dissertations (or thesis) 814 616 812
General reports, policy reports and any popular 766 576 756
publications

Cultural objects and/or artefacts 263 183 243
Collaboration of academic nature 925 677 901
Spin-off firms 277 448 253
Infrastructure and facilities for the community 488 355 460
New and/or improved products 481 370 457
New and/or improved processes 682 520 671
Scientific findings and discoveries 428 344 433

"SMME= small, medium and micro enterprises; MNE= multi-national enterprises
Personnel mobility

The mobility of human resources carries a wide range of marked and impressive
effects depending on or according to the systems in which or between which it
happens — national systems, regional systems, sectoral systems, technological
systems, and social systems (Pogue, 2007). Nevertheless, according to Stevens
(1997) “the movement of people and the knowledge they carry with them are vital to
the dissemination of innovation — often, not through some specific form of knowledge,
but rather the general approach to innovation and competence in solving problems”.

As stressed by OECD (2016), the movement of highly educated people worldwide at
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different levels of their own individual professions is considered an important and
necessary driver of the circulation and/or dissemination of knowledge globally. In fact,
it is also well known that many institutions or even countries are engaged in global
competitions to scout for relevant skills and/or talents so as to establish their own

global scientific and technological centres of excellence (OECD, 2016).

A very good historical example of human mobility was the influx of highly skilful British
miners in the late nineteenth and early twentieth centuries to work in the gold mines
of the Witwatersrand in South Africa (Pogue, 2007). Another good example, is the
diffusion of early industrial technologies into Europe in the early eighteenth century
due to the movement of British immigrant workers (Mathias, 2013; Pogue, 2007).

Table 4.11 shows a few selected examples of countries with which South African
government has signed bilateral agreements and/or memorandum of understanding

(MoU) in various aspects of South African economy.

Table 4.11. Selected examples of South African bilateral agreements / memorandum
of understanding with other countries

S/No. | Country Nature of agreement Reference

1 Republic  of The countries have in an | (SA/China, 2000)
China agreement of  working
together in various areas
including ecosystems
pertaining to wetland and
desert, and the
conservation of wildlife.
The agreement  also
include collaborations in
appropriate policies and
regulations, monitoring and
enforcement of
compliance, research and
development, capability
building for institutions and
training of manpower

2 Mozambique This MoU promotes and | (SA/Mozambique,
encourages the two | 2014)

countries to work together
in  sectors such as
management,

conservation, biodiversity
protection, enforcement of
the law, complying with
responsibilities coming
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from cities, other forms of
conventions and legislation
that are grounded on
principles of reciprocal
benefits and equality

Japan

This programme aims at
playing a significant part in

advancing science
between the two nations by
financing collective
activities in specific
research areas; the
agreement also gives a
chance to emerging

researchers to have
meetings  and interact;
encourage the growth of
fundamental research and
thus play meaningfully to
research capability building
and development

(SA/Japan, 2003)

BRICS

The purpose of this MoU is
to set up an institutional
partnership between the
parties through a
framework for multilateral
cooperation. The activities
contemplated under the
MoU aim at promoting and
strengthening the
cooperation between the
two nations on issues of
competition pertaining to
law and policy via sharing
of information and best
practices, as well as
through capacity building
activities

(SA/BRICS,
2016)

BRICS

The objective of the MoU is
to form a cohort of
professionals with relevant
qualifications, inspired,
necessary critical thinking
expertise, capacity to
creating and implementing
innovative resolutions with
respect to problems of
economic and  social
nature. In addition, there is
need to have professionals
with  requisite skills to
communicate and interact
in  multicultural  and/or

(BRICS, 2015)
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ethnic environment and
who have the ability to
combine various types of
knowledge such as
traditional and science
including present-day
technologies

6 UK The objective of this MoU is | (SA/UK, 2003)
to intensify
clinical/technical expertise
and to take a look at the
best practice in the delivery
of health care

4.2.2 Innovation capability building strategies for nanotechnology in South
Africa

It is clear from the review of literature from various scholars that the effects of science,

technology and innovation are crucial to any country’s economic development and

competitiveness (Atta-Mensah, 2015; Krammer, 2017; UNCTAD, 2019). Basically,

increased levels of activities in the three focus areas (i.e., science, technology and

innovation) are necessary and may subsequently assist any country to attain its

technological and economic ambitions (DST, 2015).

At the moment South Africa has endeavoured to build capabilities and has made
headways in the development and application of nanotechnology in many areas.
Some of the capability building strategies that the government has created for

nanotechnology are discussed herein.
National Nanotechnology Strategy

In particular, and relevant to the current research study in this report, South Africa
developed the national nanotechnology strategy in 2005 (see also Subsection 4.2.1)
with the objective of ensuring that South Africa prepares herself to use nanotechnology
so that it increases her international competitiveness coupled with sustainable

economic growth (DST, 2005). Some of the elements of the plan for the
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nanotechnology strategy include “develop human resources and supporting
infrastructure, support the creation of new devices; and support long-term

nanoscience research” (Harsh et al., 2017).

More specifically, six areas in which nanotechnology can create real benefits for South
Africa were singled out in the national nanotechnology strategy, namely, “water,
energy, health, chemical and bioprocessing, mining and minerals, and advanced
materials and manufacturing” (DST, 2005). The six areas were further divided into two
developmental clusters. Firstly, the industrial development clusters. This cluster
comprises of mining and minerals, chemical and bioprocessing and materials and
manufacturing. There is no doubt that, over the years, promoting industrial
development (or industrialisation) is the key solution to developing countries’
economies (Pakes, 1998). As for South Africa, the industrial cluster, has the
advantage of benefiting from the strength that the country has in nanotechnology
(DST, 2005).

The second cluster (social development clusters) include water, energy and health.
The Importance of this cluster is that new and advanced developments in the supply
of purified or clean water, inexpensive and renewable (or non-depleted) energy and
better primary (or initial) health care would benefit the majority of poor people in South
Africa (DST, 2005). A study by Harsh et al. (2017) also emphasizes that the social

development cluster aims to create pro-poor technologies.
Locating the nanotechnology strategy in the South African strategy landscape

According to DST (2005) and Dube and Ebrahim (2017), the national nanotechnology
strategy is deeply embedded within the developmental objectives of South Africa such
that it is able to compliment other national strategies such as “advanced manufacturing
technology strategy, biotechnology strategy, and the skills development strategy”. In
other words, the nanotechnology strategy directly and/or indirectly plays a part in the

innovation undertakings and objectives of other strategies.
Public funding

According to Bhattacharya, Sujit et al. (2012) funding nanotechnology is one of the
high priority areas in both advanced and emerging economies due to the technology’s

promise to provide solutions in high technologies and also the possibility of new
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pathways for alleviating crucial technological and economic developmental issues.
South Africa is not an exception to the global trend. For example, at the start of the
innovation strategy, the South African government pledged an investment of R170
million in nanotechnology over the first three years of a 10 year plan (DST, 2006;
Musee et al., 2010). As outlined by DST (2005), some of the items that were
earmarked for funding include, (1) capacity building (i.e., R&D, and human resource
development), (2) research and innovation networks, (3) flagship projects (i.e., six
areas discussed already under national nanotechnology strategy), (4) R&D

infrastructure, and (5) characterisation centres.
National nanotechnology equipment programme

The South African government recognises that infrastructure of world-class research
and innovation involves major pieces of equipment that require substantial financial
investment for its purchase and costs during its operations (NRF, 2015). It is for this
reason that the DST has, over the years, devoted some money in its yearly budget for
acquisition of key research equipment (NRF, 2015). Two such infrastructure project
funding initiatives, national equipment programme (NEP) and national nanotechnology
equipment programme (NNEP) are aimed at supporting the purchase, improvement
or development of the latest equipment for South African researchers. In particular,
the NNEP formed part of the implementation of the national nanotechnology strategy
that was aimed at supporting the acquisition of research equipment for the analysis
and characterisation of nanomaterials (NRF, 2015). Unfortunately, the NNEP ended
in 2015, after a 10-year investment programme that cost over R400 million (Dube &
Ebrahim, 2017).

Nanotechnology innovation centres

To move nanotechnology research forward, innovation centres for nanotechnology
have been established at Mintek and at the CSIR (DST, 2008). “These multi-user
national facilities play a significant role in promoting nanotechnology research, with
their primary focus leaning more towards the higher end of the innovation value chain,
namely the development of commercial products and processes” (DST, 2008). The
two centres of nanotechnology innovation possess some of the latest and highly
advanced equipment needed to do research that is far ahead or advanced in the field.

Such research is mainly conducted in accordance with the objectives of the national
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nanotechnology strategy. As the centres of nanotechnology innovation are facilities of
the nation, they are available to all researchers working in the field of nanotechnology
(DST, 2008).

Human capital development

The OECD (2001) defines human capital as “the knowledge, skills, competencies and
attributes embodied in individuals that facilitate the creation of personal, social and
economic well-being”. In addition, Marimuthu et al. (2009) refer to human capital as
“processes that relate to training, education and other professional initiatives in order
to increase the levels of knowledge, skills, abilities, values, and social assets of an
employee which will lead to the employee’s satisfaction and performance, and
eventually on a firm performance”. Incidentally, for nanotechnology, Bhattacharya,
Sujit et al. (2012) state that nanotechnology requires various skills in order to
understand and/or master the technology since knowledge in the area is changing
constantly and very rapidly such that there is very high uncertainty at all times.
Therefore, Musee et al. (2010) states that “human capital development by South
Africa is an important aspect because of the need to produce a generation of scientists
and researchers that are suitably qualified to ensure safe and responsible
development of a nanotechnology-based industry in South Africa”. Ideally, the field of
nanotechnology is highly based on scientific principles, and thus, its success depends

on strong scientific capabilities.

Two mechanisms have been suggested for developing skilled nanotechnology
workforce, namely, (1) curriculum-based training approach, and (2) introduction of
research chairs (Musee et al., 2010). Table 4.12 shows South African universities that
are involved in the teaching and/or training of students in nanotechnology related fields
where as Table 4.13 shows research chairs pertaining to nanotechnology at South

African Universities.

Table 4.12. South African universities offering MSc in nanoscience qualification
through collaboration (Dube & Ebrahim, 2017)

S/No. University

1 University of the Western Cape (the program-managing institution)
2 University of Johannesburg

3 University of the Free State

4 Nelson Mandela Metropolitan University
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According to Dube and Ebrahim (2017) “students undergo 9 months of didactic
learning, followed by a research project that can be completed at any one of the
participating universities, under the stream of either nanochemistry, nanophysics, or

nanomedicine”.

Table 4.13. Nanotechnology related research chairs initiative (NRF, 2018a)

S/No. Name of research chair University holder

1 Medicinal chemistry and nanotechnology Rhodes University

2 Functional nanostructural materials Stellenbosch University

3 Nano-materials for catalysis University of Cape Town

4 Nanotechnology University of Johannesburg

5 Nano-electrochemistry and sensor technology University of the Western Cape
6 Nanotechnology University of Johannesburg

7 Nanophotonic Nelson Mandela University

Furthermore, South Africa has also launched a number of international collaborations
with other countries as a form of capability building strategy for nanotechnology in
areas of research, human development and innovation (DST, 2008).

DST-NRF centre of excellence in strong materials

The DST-NRF centre of excellence in strong materials (CoE-SM) was established and
funded by DST and NRF in June 2004 as a research network of seven South African
universities and two science councils (Cornish, 2019). It is housed at Wits University
and enables researchers to collaborate across and/or within disciplines and
institutions, both locally and abroad (Cornish, 2019). The research network created by
CoE-SM over the years has enabled both researchers and students to access the
required skills and equipment located at the institutions participating within the centre
(Cornish, 2019).

According to Cornish (2019), the CoE-SM’s research focus is mainly in six areas,
namely, “carbides and cermets; carbon nanotubes and strong composites (i.e.,
nanotechnology based materials); ceramic materials; diamond, thin hard films and

related materials; and new ultra-hard materials and strong metallic alloys”.

The following table (Table 4.14) shows some of the highlights and/or achievements of
the centre since June 2004 (Cornish, 2019).
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Table 4.14. Consolidated achievements of DST-NRF centre of excellence in strong
materials since 2004 (Cornish, 2019)

S/No. Achievements

1 A host of more than 50 researchers from various universities or parastatal
research institutions

Supporting more than 60 postgraduates from various disciplines every year
Supporting a small number of honours students, or 4th year engineering
students in their research projects

Graduated over 180 postgraduates by the end of 2018

Published more than 660 research papers

Produced 8 patents, and more patents are still pending

The researchers in the centre have won various awards including, (1) the
NST/BHP Billiton awards (2012-2013), (2) the Louw Alberts wards (2015),
and (3) the Merck medal (2015)
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4.3 Technological catch-up in water treatment and medical related
nanotechnology-based processes and/or products
The main purpose of this section is to report the results of the performance of South
Africa compared to other BRICS nations during the period 2010-2018 in terms of
scientific publications and patents. The USA also formed part of the study because it
is considered a prolific research nation. Subsections 4.3.1 and 4.3.2 outlines the
results of water treatment and medical related nanotechnology-based processes
and/or products, respectively. As discussed in Chapter 3 the data on scientific
productivity (publications) was obtained from the SCI via the Web of Science platform
whereas the study used patent data (technological performance) from WIPO which

incorporates various databases.

4.3.1 Technological catch-up in water treatment

In a recent report by WRC (2018) it states that “water is a strategic resource critical
for basic human needs and for powering key economic sectors such as agriculture,
food processing, manufacturing and resource extraction”. Unfortunately, South Africa
is considered as a water-scarce country (Muller et al., 2009). As a result, a number of
researchers are carrying out research related to water and wastewater treatment in
South Africa with a view of coming up with innovative solutions that would alleviate the
problem of water-scarcity. In the recent past, the advent of nanotechnology has shifted
the focus in water and wastewater treatment research from using conventional

materials to nanotechnology-based materials (Simate et al., 2012). This study

86



assesses the extent to which nanotechnology has advanced technological catch-up in
water treatment in South Africa. The results presented in this section compares South
Africa and other BRICS nations during the period 2010-2018 in terms of scientific
publications and patents. The USA is also included because of its world-class status

in research and innovations.
Publications in water treatment

This subsection presents results of nanotechnology-based water treatment techniques
in form of the number of publications. Publication results are widely accepted as a
measure of performance and/or productivity of researchers (Carpenter et al., 2014;
Sargent Jr, 2016). Figure 4.1 indicates the number of articles produced by each of the
countries in the study in the period 2010-2018. The USA is leading in the number of
research articles produced followed by China and India. On the other hand, Figure
4.2 shows a similar trend on a year-by-year basis. However, there have been
fluctuations in the number of publications between China and India in terms of

leadership on a year-by-year basis.
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Figure 4.1. Number of research articles related to nanotechnology based water
treatment from 2010-2018
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Figure 4.2. Number of research articles related to nanotechnology based water
treatment on a year-by-year basis from 2010-2018

Citations of the publications in water treatment

Citation of one’s research work by peers is one of the recognised indicators for
assessing research impact or its quality (Aksnes et al., 2019). Therefore, this section
reports the impact of research of various countries in the study based on citations.
Figure 4.3 gives citations of research articles related to nanotechnology based water
treatment on a year-by-year basis from 2010-2018. The figure shows that the USA is
leading in the number of citations of research articles followed by India and China.

Russia and South Africa are at the bottom of the trend.
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Figure 4.3. Citations of research articles related to nanotechnology based water and
wastewater treatment on a year-by-year basis from 2010-2018

Collaborations amongst countries in the publications in water treatment

International scientific collaboration which involves the sharing of research data,
equipment sharing, joint experimentation, building of databases and conferences has
grown in recent years (Srivastava, 2012). Table 4.15 shows the number of research
articles produced during scientific collaborations amongst the countries under the
study. When Table 4.15 is compared with Figure 4.1, it is clear that countries that
have high number of articles through scientific collaborations also have high
publication rate. For example, the USA, China and India follow the same order of
publication rate (Figure 4.1) as that of the number of articles generated through

scientific collaborations (Table 4.15).
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Table 4.15. Scientific collaborations amongst countries in nanotechnology-based
water treatment research articles

Countries studied and number of articles through scientific
collaborations

Collaborating Countries Brazil | Russia | India | China | South Africa USA

Saudi Arabia 0 1 7 0

India

China

USA

Belgium

o

Nigeria

H
I

South Korea

South Africa

England

Switzerland

Denmark

Malaysia

Iran

Israel

Italy

Germany

Canada

France

Pakistan

Qatar

Russia

Argentina

Australia

Scotland

Japan

Austria

Singapore

Egypt

Thailand
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Total number of research
articles by the country under
study

Total number of research 7 3 48 65 12 102
article through collaborations

Collaborations as a percent of | 25.0 42.9 449 | 433 92.3 47.7
the number of research article
by the country under study

Disciplines and/or research areas in the publications in water treatment

Applications of nanotechnology spans several domains such as chemistry,
electronics, high-density magnetic recording media, sensors, biotechnology, water
treatment, etc., (Capek, 2006). Figure 4.4 shows the areas related to water treatment
in which nanotechnology research is carried-out and/or applied. The figure clearly

shows that application of nanotechnology in water and wastewater treatment is broad-
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based and multidisciplinary. The various areas given in Figure 4.4 which incorporate
nanotechnology-based materials can be used and/or explored by engineers and
scientists in the treatment of water and wastewater. For example, for energy fuels
research area, microbial fuel cells (MFC) that have a demonstrated ability to produce
bioenergy and treat wastewater simultaneously are using nanomaterials for their
anodes (Salar-Garcia & Ortiz-Martinez, 2019). Research has shown that the
nanomaterials enhance the electron transfer mechanisms between microorganisms,
which act as biocatalysts in the anode chamber, and the material forming the anode
electrode itself thus increasing current generation (Salar-Garcia & Ortiz-Martinez,
2019)
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Figure 4.4. The areas related to water treatment in which nanotechnology research
is carried-out and/or applied from 2010-2018

Patents in water treatment

It is noted that “within firms (or even at state level), detailed information about
technological advances is needed so that a firm (or state) can take the right decisions

concerning the amount of resources to devote to innovation, to select the fields where
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innovation promises economic returns and to manage innovative strategies within
firms (or state)’(Archibugi & Planta, 1996). Patents, as discussed in Section 2.8 of
Chapter 2, are one of the ways used by researchers to collect data and information
on the technological performance and/or innovative activities of firms (or the state)
(Archibugi & Planta, 1996). Figure 4.5 shows patents filled through WIPO by countries
in the study with respect to nanotechnology based water treatment processes and/or
products over a nine year period where as Table 4.16 indicates the patents filled on a
year-by-year period.

Figure 4.5 shows that the USA is leading in the number of patents filed over a nine
year period. A combination of patents filed by the rest of the other nations is only about
8.9% of what the USA has filed in the past nine years. It is also noted from Table 4.16
that the USA is still leading in the number of patents filed on a year-by-year basis
followed by China, Russia and India, respectively. South Africa has not filed any
patents during the nine year period and Brazil has filed less than five patents.
Nevertheless, Table 4.16 also shows that South Africa had filed about 20 patents
before 2010.
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Figure 4.5. Number of patents filed through world intellectual property organisation
related to nanotechnology based water treatment processes and/or products over a
nine year period

92



Table 4.16. Number of patents filed through world intellectual property organisation
related to nanotechnology-based water treatment processes and/or products on a
year-by-year period

Year Brazil Russia India China South Africa USA
2010 0 17 60 103 0 861
2011 1 12 38 89 0 850
2012 0 12 0 38 0 879
2013 0 18 0 14 0 902
2014 1 22 1 80 0 1033
2015 0 28 0 33 0 1099
2016 0 21 0 18 0 1012
2017 0 32 0 63 0 987
2018 0 12 0 65 0 901
Patents before 2010 4 287 288 864 20 11969

Top 10 applicants for patents in water treatment

Table 4.17 shows the number of nanotechnology-enabled water treatment patent
applicants granted to BRICS countries including the USA by WIPO from 2010-2018.
The table shows the top 10 applicants in terms of the number of patents granted during
the period.

From the table it is seen that patent applications are mainly from firms and universities
though a few individuals are also involved in patent applications, particularly, in South
Africa. It is also seen that apart from the USA, other countries such as Russia, India
and China have patents applied through some universities in the USA. This may be
attributed to the fact that the USA has some of the best universities in the world dealing

in nanotechnology research (StatNano, 2018).

Table 4.17. Top 10 applicants for patents in water treatment

Applicants for patents No. of

patents
Brazil Auspex Pharmaceuticals, Inc; 1
Schering Corporation; 1
Universidade Federal de Minas Gerais 1
Russia | Massachusetts Institute Of Technology; 15
The Broad Institute Inc.; 10
President And Fellows Of Harvard College; 9
The Brigham And Women's Hospital, Inc.; 5
Wake Forest University Health Sciences; 5
Yoo, James; 5
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Atala, Anthony;

Soker, Shay;

The Regents Of The University Of California;
Alexis, Frank;

India

Astrazeneca AB;

Ferrari, Mauro;

The Regents Of The University Of California;

Board Of Regents Of The University Of Texas System;
Massachusetts Institute Of Technology;

The Brigham And Women's Hospital, Inc.;

Alexis, Frank;

Basto, Pamela;

Erez, Adi;

Erez, Oded

China

Shanghai National Engineering Research Center For Nanotechnology Co., Ltd.;
Massachusetts Institute Of Technology;

The Regents Of The University Of California;

Astrazeneca AB;

Ferrari, Mauro;

Northwestern University;

Board Of Regents Of The University Of Texas System;

Board Of Regents, The University Of Texas System;

E. I. Du Pont De Nemours And Company;

Golakoti, Trimurtulu

South
Africa

Electrokinetic Limited;
Glendinning, Stephanie;

Jones, Colin, John, Francis, Philip;
Covalent Partners LLC;
Lamont-Black, John;

Smithkline Beecham Corporation;
Baba, Atsuo;

Baldoni, John, M.;

Cooper, David, Neil;

Denison, Ginger, M.;
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USA

The Regents of the University of California;
Massachusetts Institute of Technology;

The Regents Of The University Of California;

Fuji Film Corporation;

North Western University;

President and Fellows of Harvard College;
International Business Machines Corporation;;
Board of Regents, The University of Texas System
National Tsing Hua University;

GP Medical, Inc.;

185
179
117
102
88
72
65
61
58
52

4.3.2 Technological catch-up in medical fields

According to the South African Human Rights Commission, SAHRC (2002), “the right
to health is fundamental to the physical and mental well-being of all individuals and is
a necessary condition for the exercise of other human rights including the pursuit of
an adequate standard of living”. In fact, according to Maresova et al. (2015), “the high
quality of public health improves not only healthy life expectancy, but also the

increased quality and productivity of labour’. Unfortunately, the South African
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government has had a number of challenges related to the health of South Africans
since 1994 (Harrison, 2009). Nevertheless, over several years, enormous efforts have
been made to improve various features of health and healthcare not only in South
Africa, but globally as well (WEF, 2019). Most importantly, the investments in the
medical device industry and pharmaceutical products as part of health care have

become more significant (IFPMA, 2017; Maresova et al., 2015).

This particular study focuses on the performance of medical products and/or
processes incorporated with nanotechnological materials in the advancement of
technological catch-up by South Africa. Several studies including Simate and Yah
(2014) have indicated that nanotechnological materials such as carbon nanotubes
have found widespread applications for drug delivery amongst a wide range of other
uses in biomedical and biotechnology. As in the previous section, the results
presented in this section compare South Africa and other BRICS nations. The results
of the USA are also included because of its leadership in research and innovations.
All the research articles and patents dealing with medical related products and/or
processes during the period 2010-2018 were carefully selected using keywords
identified by Wong et al. (2007) as described in Subsection 3.5.2.

Publications in medical fields

According to Pope et al. (2001) success in the field of medical innovation is measured
by scientific presentations, published papers, patents, and receipt of grants. This
particular subsection reports the results of nanotechnolog based published papers in
the medical fields. Figure 4.6 shows the publications from BRICS countries and the
USA over a nine year period where as Figure 4.7 shows the publications on a year-

by-year basis.

Both Figure 4.6 and Figure 4.7 show that the USA is leading other nations both in the
number of research articles produced during 2010-2018 and in number of research
papers produced on a year-by-year basis. From the two figures (Figure 4.6 and
Figure 4.7) the rest of the other nations are in the the following order: China > India >

Barazil > Rusia > South Africa.
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Figure 4.6. Number of research articles related to nanotechnology based medical
fields from 2010-2018
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Figure 4.7. Number of research articles related to nanotechnology based medical
fields on a year-by-year basis from 2010-2018
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Citations of the publications in medical fields

Li et al. (2015) state that “the impact of a publication in a particular medical area is
reflected by the number of times the article is included as a citation”. Figure 4.8 shows
the citations of the publications over a nine year period generated in the field of
medicine. In particular, the figure looks at citations of publications that incorporated

nanotechnological materials during the research studies in the articles.

The trend in the number of citations of the publications over a nine year period (Figure
4.8) is similar to the trend in the number of published research articles (Figure 4.6),
i.e., USA > China > India > Brazil > Russia > South Africa. According to Bornmann et
al. (2008) “the publication of a research paper serves to disseminate the results of the
research and at the same time ‘invites’ other scientists to use the findings in their own
research”. Therefore, it is expected that the order for the number of citations of the
publications is similar to the trend in the number of published research articles as
confirmed in the figure below.
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Figure 4.8. Citations of research articles related to nanotechnology based medical
fields on a year-by-year basis from 2010-2018
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Collaborations amongst countries in the publications in medical fields

It is widely acknowledged that scientists and many other professionals have greater
impact when they collaborate locally and/or internationally (Varnai et al., 2017). This
subsection reports results (Table 4.18) of the countries that collaborated with the
BRICS countries and the USA in various fields of medicine that incorporated

nanotechnological materials in their research from 2010-2018.

Similar to water treatment, Table 4.18 when compared with Figure 4.6 clearly shows
that countries that have a high number of articles through scientific collaborations also
have high publication rate. For example, all countries follow the same order of
publication rate as that of the number of articles generated through scientific
collaborations, i.e., USA > China > India > Brazil > Russia > South Africa.

Table 4.18. Scientific collaborations amongst countries in nanotechnology-based
medical fields research articles

Countries studied and number of articles in scientific collaborations

Collaborating Countries Brazil | Russia | India | China | South Africa USA
Saudi Arabia 0 5 89 32 4 81
India 30 7 0 29 13 130
China 8 6 29 - 0 553
USA 50 25 130 553 14 0
Taiwan 0 0 18 0 0 0
Pakistan 0 0 0 40 0 0
South Korea 0 0 66 36 0 127
Greece 0 0 0 0 5

England 8 0 20 68 6 172
Brazil - 0 30 0 0

Romania 0 5 0 0 0 0
Malaysia 0 0 43 0 4

Iran 0 0 0 0 0 62
Israel 0 5 0 0 0

Italy 15 6 46 21 0 118
Germany 16 9 0 0 3 155
Canada 9 0 21 59 3 111
France 17 9 19 27 3 70
Pakistan 0 0 0 0 3 0
Finland 0 7 0 0 3 0
Ecuador 0 0 0 0 2 0
Argentina 8 0 0 0 0 0
Australia 8 7 39 64 0 67
Poland 6 0 0 0 0 0
Japan 0 0 25 41 0 59
Chile 5 0 0 0 0

Singapore 0 0 23 88 0 56
Egypt 0 0 0 0 2 0
Portugal 20 5 0 0 0 0
Spain 24 5 0 0 3 63

Vo]
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Turkey 0 4 0 0 0 0
Netherlands 0 0 0 18 0 0
Total number of research articles | 652 180 1757 | 2903 136 4721
by the country under study

Total number of research articles | 224 105 598 1134 68 1824
through collaborations

Collaborations as a percent of 34.4 58.3 34.0 39.1 50.0 38.6
the number of research articles

by the country under study

Disciplines and/or research areas in the publications in medical fields

There are various medical fields, including respiratory medicine, oncology, emergency
medicine, critical care medicine, rehabilitation, otolaryngology, obstetrics and
gynecology, ophthalmology, anesthesiology, dermatology and many more (Li et al.,
2015; MBA, 2018). This particular subsection reports results (see Figure 4.9) of a
number of areas within some of the medical fields that incorporated nanomaterials in

their published articles already reported in the previous subsections.
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Figure 4.9. The areas related to medical fields in which nanotechnology research is
carried-out and/or applied from 2010-2018
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The number of fields shown in Figure 4.9 is an indication that, firstly, nanotechnology
encompasses a wide and diverse range of materials, tools and approaches (Roco et
al., 2011; RoyalSociety, 2004); secondly, the application of nanotechnology to the
medical field is broad-based and multidisciplinary. Moreover, the medical field itself is
composed of various disciplines (Li et al., 2015; MBA, 2018).

Patents in medical fields

The significance of patents as a measure of the country’s technological performance
has been reiterated by several scholars (Huang et al., 2011; OECD, 2004; Pope et al.,
2001). For example, Huang et al. (2011) considers them as a symbol of a country’s
technological advancement. Nevertheless, not all inventions are patented due to
industrial secrecy and some inventions are not technically patentable notably software
(Archibugi, 1992; Arundel, 2001; Fontana et al., 2013). In addition, the propensity to
patent also varies across areas (Archibugi, 1992). Figure 4.10 shows the number of
patents that were filed by the BRICS countries and the USA through WIPO from 2010-
2008 whereas Table 4.19 shows the patents that were also filed through WIPO on a
year-by-year period.

Both over a nine year period (Figure 4.10) and on a year-by-year basis (Table 4.19)
the USA has been leading the rest of the other nations in terms of nanotechnology-
based medical processes and/or products. Just like the case for water treatment
processes and/or products based on nanotechnology, the other countries contribute
very little to the patents filed through WIPO (4.7% of what the USA has filed in the past
nine years). South Africa has not filed any patents during the nine year period and
Brazil has filed only about 20 patents. As stated earlier, some countries like South
Africa may not be patenting their inventions due to industrial secrecy. Therefore,
patenting on its own may not be a good indicator of technological adavancement.
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Figure 4.10. Number of patents filed through world intellectual property organisation
related to nanotechnology based medical field processes and/or products over a
nine year period

Table 4.19. Number of patents filed through world intellectual property organisation
related to nanotechnology-based medical field processes and/or products on a year-
by-year period

Year Brazil Russia India China South Africa USA
2010 4 27 76 189 0 1404
2011 5 23 55 221 0 1349
2012 0 25 6 131 0 1378
2013 3 40 4 109 0 1457
2014 7 41 6 192 0 1583
2015 1 55 3 132 0 1621
2016 0 71 0 99 0 1556
2017 0 69 2 182 0 1466
2018 0 73 6 271 0 1327
Patents before 2010 26 666 439 2304 36 19198

Top 10 applicants for patents in medical fields

The medical industry is a vital sector of any society and nanomedicine in particular
has gained ground over the past several years. Table 4.20 shows the number of patent

applicants pertaining to the medical field filed through WIPO by the BRICS countries
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and the USA,; the table specifically shows only the top ten applicants for each country
in the 9 year period from 2010-2018.

It is clear from Table 4.20 that most of the patent applications are from universities,
and only a few firms and individuals are involved. This trend is in contrast to water
treatment products and/process based on nanotechnology where patent application
were mainly from both firms and universities. It is also noted from Table 4.20 that apart
from Brazil and South Africa, the rest of the other countries have patents applied
through some universities in the USA. This may explain why South Africa and Brazil
have low patenting capabilities; and there is no doubt that the USA has some of the
best universities in the world dealing in nanotechnology research (StatNano, 2018).

Table 4.20. Top 10 applicants for patents in medical fields

Applicants for patents No. of
patents

Brazil Universidade de Sdo Paulo — USP;

Universidade Federal de Minas Gerais;

Fundacédo de Amparo a Pesquisa do Estado de S&do Paulo — FAPESP;
Auspex Pharmaceuticals, Inc;

Comisso Nacional de Energia Nuclear — CNEN;

Embrapa - Empresa Brasileira de Pesquisa Agropecuaria;

Fundacéo Universidade de Brasilia;

Immunomedics, Inc;

Instituto De Pesquisas Technological DO EST S. Paulo S/A IPT;
Instituto De Pesquisas Technological DO EST S. Paulo S/A IPT

Russia | Massachusetts Institute Of Technology;
Microsoft Technology Licensing, LLC;
President And Fellows Of Harvard College;
The Broad Institute Inc.;

The Regents Of The University Of California;
Henkel AG & Co. KGAA;

The Brigham And Women's Hospital, Inc.;
Wake Forest University Health Sciences;
Yoo, James;

Atala, Anthony

India Massachusetts Institute Of Technology;

The Regents Of The University Of California;
Astrazeneca AB;

Ferrari, Mauro;

Board Of Regents Of The University Of Texas System;
President And Fellows Of Harvard College;

The Brigham And Women's Hospital, Inc.;

Merck Patent GMBH;

Alexis, Frank;

Basto, Pamela

= e e
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China | Shanghai National Engineering Research Center for Nanotechnology Co. Ltd,; 165
Shanghai National Engineering Research Center for Nanotechnology Co., Ltd.; 43
Massachusetts Institute of Technology; 31
The Ragent of the University of Califonia; 25
President and Fellows of Harvard College; 19
China National Academy of Nanotechnology & Engineering; 17
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INTEL Corp; 12
Board of Regents, The University of Texas System; 11
Merck Patent GMBH,; 10
North Western University 10
South | Electrokinetic Limited,; 3
Africa | Glendinning, Stephanie; 3
Jones, Colin, John, Francis, Philip; 3
Chevron U.S.A. Inc.; 2
Covalents partners LLC; 2
Hindustan Lever Ltd; 2
Lamont-Black, John; 2
Pemery Corp.; 2
Smithkline Beecham Corp; 2
Unilever N.V 2
USA The Regents of the University of California; 277
Massachusetts Institute of Technology; 227
The Ragent of the University of California; 179
Microsoft Technology Licensing, LLC; 156
CommVault Systems, Inc.; 153
President and Fellows of Harvard College; 118
North Western University; 113
Microsoft Corporation; 105
International Business Machines Corporation; 102
Board of Regents, The University of Texas System 84

4.4 Economic catch-up in water treatment and medical related
nanotechnology-based processes and/or products
As discussed in Section 2.8 sales data and/or market data was used in this study as
a measure of economic catch-up. Lee (2013) also argues that using sales to represent
catch-up, in general, is logical because sales growth is closely related to market share.
Therefore, the main purpose of this section is to report the results of the sales and/or
market data of final products and/or processes that incorporated nanotechnology in
South Africa and other BRICS nations. The USA is also included in the study because
it serves as a role model for the rest of the world when it comes to the development
and manufacture of nanotechnology products and/or processes. The USA also spends

a lot of funds in R&D of nanotechnology relative to other countries (Sargent Jr, 2016).

Unfortunately, quantifying the total economic impact of innovations in nanotechnology
— not just wastewater treatment and medical fields — is challenging (Ouellette, 2015a).
Particularly, as stated in Section 2.8, relevant high-quality and quantitative data
pertaining to nanotechnology is difficult to collect and thus it is not readily available
(Baucher et al., 2013). Furthermore, one other hurdle is that “much of the information
about nanotechnology’s market value is proprietary and is in the hands of private

businesses” (Ouellette, 2015a) thus it is inaccessible.
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Most importantly, the safety and health effects of nanomaterials in water and medicinal
applications is not guaranteed, and thus patents may exist, but commercial products
may be restricted by national and international regulations pertaining to nanomaterials.
In fact, according to Perkel (2016) “nanomaterials may be safe when intact, but
become toxic over time, and thus are likely to cause unknown problems in the human
body when the nanomaterials degrade after they have been taken up into the human
cells”. A laborious review by Yah et al. (2012) also indicates that nanomaterials have
safety and health implications to human beings and thus must be handled and used
cautiously at all times. As for South Africa, Mufamadi (2016) summed it up and states
that “the development of nanotechnology in South Africa is hampered by many barriers

such as regulation, standards, health & safety issues and public perception”.

Therefore, the next Subsection 4.4.1 only provides the results of sales and/or market
data for nanotechnology-enabled products, in general, and not necessarily water
treatment and medical-related nanotechnology-based products and/or processes.
Ideally, the results will serve as a proxy for the sales and/or market data in the two
fields. Thereafter, the sales and/or market data results for nanotechnology-enabled
products, in general, are analysed in Section 5.5 of Chapter 5. As discussed in
Chapter 3 the data on sales and/or market performance was obtained from various

sources including research papers and reports from organisations.

4.4.1 Economic catch-up in nanotechnology in general

This section of the study particularly assesses how South Africa has used
nanotechnology to enhance economic catch-up compared to the technologically-
advanced nations such as the USA. Specifically, the results presented in Table 4.21
compares South Africa and other BRICS nations including the USA. In particular, as
stated earlier (see Section 4.4), the study only reports sales data and/or market data
of nanotechnology-enabled products and/or processes in general. The results of the
sales data are analysed in Section 5.5 of Chapter 5; but a summary of the main

findings is briefly given here.

First and foremost the data pertaining to economic impact of nanotechnology is difficult
to collect and thus it is not readily available (Baucher et al., 2013; Ouellette, 2015a);
and this explains why sales and market data for Brazil and South Africa is missing.

Therefore, without availability of data it is difficult to ascertain whether South Africa is
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catching-up with the developed world using nanotechnology-based products and/or

processes. Though the cross-sectional strategy was taken to access the economic

impact data at various times, Table 4.21 shows that there is considerable amount of

sales and/or market of nanotechnology-based products and/or processes from the
USA, China and Russia.

Table 4.21. Sales and/or market data from nano-enabled products for the BRICS
nations and the USA

Country

Sale/Market

Comment

Reference

Brazil

No data available.

Russia

$15bn

The amount of $15 bn is the sales of
nanotechnology-related products as of 2013.
This value is about 11% above the target that
was forecasted in 2007 which implies a growth
in the nanotechnology industry of approximately
2.6 times from the year 2011.

Furthermore, the estimate of the amount of
sales of goods and services related to
nanotechnology based on data collected in
business surveys from 2010 in Russia gives a
revenue of $6 bn per year (Ouellette, 2015a,
2015b).

(UNESCO,
2016)

India

$100 m

The report by Desai (2013) states that
“currently, the Indian nanotechnology industry is
valued at $100m”. Unfortunately, the article
cited by Desai (2013) is no longer available and
thus the data could not be verified.

(Desai,
2013)

China

$144.9 bn

This is a forecast for the 2015 market based on
a 2006 report

(Accenture/
Bankinter &
2006)

South
Africa

No data available.

USA

$903.5 bn

This is a forecast for 2018 market based on a
2014 Lux Research report.

(Flynn et al.,
2013)

4.5 Summary

This study had three main objectives. The first objective was to determine the extent

to which South Africa is creating capabilities, in general, for technological and

economic catch-up with the developed world. The second objective evaluated capacity
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building strategies in the field of nanotechnology for technological and economic
catch-up, and most importantly, the third objective determined whether
nanotechnology is providing a ‘critical window’ for South Africa to catch-up with the
developed world. The results of the first two objectives were obtained by analysing
and evaluating various government policy documents. The third objective assessed
the scientific (through research publications), technological (through patents filed
through WIPO) and economic (through sales/market data) performance of South
Africa compared to the USA and other BRICS nations. The economic impact was
evaluated using nanotechnology in general, and not necessarily the two fields due to
the difficulty in obtaining sales and/or market data (see Section 2.8 and 4.4 for more

details).

Therefore, the purpose of Chapter 4 was to give the results pertaining to the three

objectives, which are subsequently discussed in Chapter 5.
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CHAPTER 5: ANALYSIS OF THE RESEARCH FINDINGS

5.1 Introduction

This Chapter has three objectives. The first is to give an in-depth discussion and/or
analysis and evaluation of South Africa’s capability building strategies for technological
and economic catch-up, in general, and in nanotechnology, in particular. The second
objective of this Chapter is to evaluate and compare the performance of South Africa,
other BRICS nations and the USA during the period 2010-2018 in terms of scientific
publications and patents. Lastly, the chapter discusses sales and/or market data of
nanotechnology based water and medical related products and/or processes as a
measure of economic catch-up by South Africa. However, due to the difficulty in
obtaining sales and/or market data as discussed in Sections 2.8 and 4.4, the
economic impact was evaluated using nanotechnology in general, and not necessarily

with respect to the two fields.

5.2 Discussion of capability building strategies for technological and
economic catch-up in South Africa

The results of this study as outlined in Chapter 4 clearly show that the most important

actor in the NIS system of South Africa is the government. Through the NIS, the

government has created a number of strategies that are helping South Africa to

strengthen its NIS, and subsequently technological and economic capabilities.

5.2.1 Technology and innovation policy formulation: discussion

To start with, as discussed in Section 2.6.1, innovation policies and principles need
to be formulated and applied in a manner that accommodates the prevailing conditions
of a country (developed, emerging or developing) in order to support its innovation
endeavours (OECD, 2012). Therefore, in the latest draft white paper on science,
technology and innovation, the government has made extensive changes to its NIS in
response to a number of challenges and opportunities (DST, 2018a). According to
DST (2018a) the changes are meant to create an NSI that can boost creativity,
learning and entrepreneurship in South Africa. These three important concepts and
others related to them form part of the capability building blocks for innovation in South

Africa and thus are discussed in this subsection.
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Creativity

Okpara (2007) describes creativity as “the ability to make or bring into existence
something new, which may be a new solution to a problem, a new method or device,
or a new artistic object, etc”. Other scholars consider creativity as the “construction of
ideas or products which are new and potentially useful” (Amabile, 1988; Fillis &
Rentschler, 2010); and doubtlessly, creativity is the starting point for innovation
(Okpara, 2007). The concept of creativity is in line with some of the functions of the

national research and development strategy of South Africa (see Section 4.2.1).
Learning and human resource development

The second element that has been stressed in the draft paper is learning. In simple
terms, learning is the “collection, imparting, interpretation and storage of
knowledge”(Vidic, 2013). However, it is noted by many scholars of learning theories
that the “fundamental condition for successful development and gaining of
competencies is the existence of high-quality and efficient learning system
implemented by well qualified personnel” (Vidic, 2013). Moagi (2002) also states that
‘innovation needs people — well-trained, effective scientists, engineers and
technologists”. The OECD (2001) also acknowledges the benefits obtained from
investing in human capital which include the generation of private and social benefits,
and most importantly the significant role human capital plays in economic growth.
There is no doubt this explains why the latest draft white paper emphasizes learning
as an important element of NIS (DST, 2018a).

Unfortunately, as can be seen from Table 4.4 in Chapter 4, there is just a marginal
rise in the number of pupils who either sit and/or even obtain a bachelor’s pass in the
past 10 years. However, there is a dire need for South Africa to accelerate the supply
of skills so as to improve productivity, social and economic outcomes for individuals

and communities (Mkhize, 2017).

Over the years, South Africa has developed a number of interventions to promote the
development of human resource for various skills. As a result, there is a reasonable
improvement in the number of scientists, engineers and technologists produced since
the introduction of the South African national research and development strategy. For
example, a report by a Statistics South Africa of 2017 showed that university
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graduation numbers were on the rise (Mkhize, 2017). Furthermore, Table 4.6 in
Chapter 4 shows that there is a trajectory growth in the number of masters and PhD

trained graduates.

Most importantly, according to DHET (2019a), in the period between 1994 and 2017,
the number of student enrolments in universities more than doubled from 495 356 in
1994 to 1 036 984 in 2017, while the enrolments in TVET colleges also more than
doubled from 357 885 in 1999 to 688 028 in 2017 (refer to Table 4.5 in Chapter 4).
Unfortunately, enrolments in community education and training (CET) colleges,
declined from 294 855 in 1999 to 258 199 in 2017 (DHET, 2019a).

The SARChI programme whose one of its key objectives is to expand the scientific
research and innovation capacity of South Africa has awarded 150 Research Chairs
to 21 public universities across the country in open and directed categories since its
inception in 2006 (NRF, 2018a). This is quite significant as the initiative attempts to
build a critical mass of supervisory capacity, equipment, researchers and students
(NRF, 2018b)

Another strategy initiated by South Africa that is aimed at improving the impact of the
skills challenges in the country is the human resource development strategy in South
Africa (HRD-SA) for 2010-2030. According to HRD-SA (2009) the human resource
development policy framework “focuses on areas that significantly and positively
impact on South Africa’s economic performance such as (1) educational attainment,
(2) skills development, (3) science and innovation, and (4) labour market/employment

policies”.
Entrepreneurship

Another element emphasised in the draft white paper in the NIS policy is
entrepreneurship, and the OECD (1999) considers it as a function of the NIS. This
study adopted the definition of entrepreneurship according to Kao (1993), namely,
“‘entrepreneurship is the process of doing something new and something different for
the purpose of creating wealth for the individual and adding value to society” (as

discussed in Chapter 4).

Entrepreneurship is considered a key priority area by many developing countries

including South Africa with the unparalleled capacity to positively assist in the creation
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of jobs and wealth in an innovative and independent way (Okpara, 2007). No wonder,
the new draft policy emphasises the importance of entrepreneurship. In fact, the
general attitude by the South African government towards entrepreneurship is very
positive. For example, the South African government established the Department of
Small Business Development (DSBD) in 2014 whose main focus is “to support small
business and cooperatives, with an emphasis on programmes that advance
entrepreneurship amongst women, the youth, and people with disabilities with the view
of contributing to job creation and economic growth”(DSBD, 2019). Indeed, South
Africa is seriously following the general strategies for promoting entrepreneurship
outlined in Table 4.8 of Chapter 4.

To reiterate the importance of entrepreneurship, over a decade ago, South Africa had
made very little strides to improve its economic outlook particularly with respect to
black economic empowerment (Francke & Alexander, 2019; Naidoo, 2002). However,
according to GEDI (2017), South Africa is now, by far, an entrepreneurial frontrunner
in sub-Saharan Africa. The country has made remarkable developments to get rid of
structural factors and it has given the institutional support necessary for high-growth
businesses to emerge and thrive. In addition, the government has developed
progressive policies that are specifically designed to close historical gaps. As a result,
South Africa now produces some of the most innovative and successful enterprises
on the continent (GEDI, 2017). With the addition of targeted and coordinated policies
that are meant to address the remaining bottlenecks, there is no doubt the country is
poised to achieve greater growth through entrepreneurship. As already stated, South
Africa is seriously following the general strategies for promoting entrepreneurship
outlined in Table 4.8 of Chapter 4.

In view of the results achieved by the government, undoubtedly a number of
government strategies pertaining to technology and innovation policy has made

positive strides in enhancing technological and economic wellbeing of the country.

5.2.2 Financing R&D: discussion

One important capability building strategy highlighted in Chapter 4 is the financing of
R&D. The funding of R&D has always been debated globally by various NIS actors in
numerous forums. As can be seen from Table 4.1, South Africa’s expenditure on R&D

is in the range of 0.7-0.8% of GDP whereas the other BRICS countries apart from
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India are above 1% of GDP with China spending more than 2% of GDP since 2014.
Despite showing less expenditure in terms of percentage of GDP, the South African
government’s national development plan (NDP) is explicit on the necessity of
increased investment in scientific and technological activities with a view of enhancing
economic growth and development (DST, 2015). Figure 5.1 obtained from DST (2015)
shows how government funding for various scientific and technological activities is
disbursed in South Africa. As can be seen from the figure, a number of instruments
have been employed by the government for funding scientific and technological
activities in the country, e.g., tax incentives, grants, bursaries, scholarships, etc, (DST,
2015). In a study by Ebersberger (2005) on public R&D funding in Finland it was found
that “grants and tax incentives for innovation activities not only attempt to mitigate
against underinvestment in R&D (which has a clear focus on innovation input), but

also try to influence innovation output and outcome”.

5.2.3 Performing R&D: discussion

A number of publicly-funded institutions (Table 4.3) as well as public universities are
aggressively involved in research activities. Some private firms are also directly and/or
indirectly involved in R&D. The focus of research in South Africa is broad and covers
various key and strategic areas as specified by NRF (2014) in the evaluation and rating

document. Table 5.1 gives the key research areas as specified by NRF (2014).

The Department of Higher Education and Training also evaluates research outputs of
South African universities and other research institutes according to the research
outputs policy of 2015 (DHET, 2015). In such yearly evaluations of research outputs,
the DHET (2019b) also categorises the research publication outputs by the
classification of education subject matter (CESM) which was published in 2008 after
a review of the old 1982 classification (DoE, 2008). The results show that South Africa
is engaged in broad, but internationally recognised research areas which is very
encouraging (DHET, 2019b).
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A study by Okagbue et al. (2018) compared the research outputs of universities of
technologies in Nigeria to other countries including South Africa based on 27 subject
areas from Scopus. The results of Okagbue et al. (2018) shows that the scope of
South African research even at international level is quite broad. It is also noteworthy
that there is a lot of potential overlaps in many areas of research in South Africa (NRF,
2014). Furthermore, the various main areas of research as given in Table 5.1 which
South African researchers are involved in, particularly the overlaps, could be explored
further for collaboration and/or establishment of multi-disciplinary teams.

Table 5.1. Key research areas in South Africa (NRF, 2014)

S/No. Key research area
1 Animal and Veterinary Sciences
2 Anthropology, Development Studies, Geography, Sociology and Social Work
3 Biochemistry, Molecular and Cell Biology
4 Chemistry
5 Communication, Media Studies, Library and Information Sciences
6
7
8
9

Earth Sciences
Economics, Management, Administration and Accounting
Education
Engineering
10 Health Sciences
11 Historical Studies
12 Information Technology
13 Law
14 Literary Studies, Language and Linguistics
15 Mathematical Sciences
16 Basic and Applied Microbiology
17 Performing and Creative Arts, and Design
18 Physics
19 Plant Sciences
20 Political Studies and Philosophy
21 Psychology
22 Religious Studies and Theology

5.2.4 Technology diffusion: discussion

As already discussed in Chapter 4 as well as according to Jaffe (2015), technology
diffusion is the process by which new technologies are adopted so that they are utilised
in firms, households and many other sectors in either a given market or across different
markets. As stated also in Chapter 4, technology diffusion is also a function of the NIS
and a means of transferring knowledge (OECD, 1997, 1999). It must be noted,

however, that technology diffusion is not instantaneous and, indeed, the variability in
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the diffusion rate is quite enormous (Jaffe, 2015). Table 4.7 in Chapter 4 is a good

illustration of the differences in the rate of diffusion even within similar industrial areas.

Certainly, as can be seen from Table 4.7, technologies in the same discipline (energy
sector) vary in both technology readiness level and time for deployment. According to
Cloete et al. (2014), “technology readiness level assesses the maturity of a technology
and can guide decision-making. Nine levels are defined, commencing with the lowest
level (TRL 1), where the transition from scientific research is just beginning, to the
highest level (TRL 9), where the technology has been thoroughly tested and has been

successful in the operational environment”.

Several research studies have also shown that technological diffusion usually follows
an S-shaped pattern (Jaffe, 2015; Manuelli & Seshadri, 2003; Rao & Kishore, 2010)
and may take a substantial amount of time, as alluded to already, from 15-30 years
after discovery for 10% to 90% of such a process and /or technology to be adopted by
the production unit and/or the society (Gribler, 1991; Jovanovic & Lach, 1997;
Manuelli & Seshadri, 2003). According to Jaffe (2015), the S-shaped technology
diffusion pattern occurs as follows: “initially, only a few early adopters try a new
technology. At this early stage, both the fraction of potential users who are using the
new technology and the rate of increase of that fraction are low. Gradually, both the
extent of use and the rate of increase of that extent rise, leading to a take-off phase in
which diffusion accelerates significantly. At some point, the extent of use becomes
high and the rate of increase of that extent falls, leading to a levelling off or saturation.
Depending on the technology, saturation may occur at 100% of potential users or close

to it, or at some lower level”.

It must also be noted that different factors impede and/or affect the rate of technology
diffusion. Firstly, the economic aspect, according to Jaffe (2015) implies that “on the
demand side potential adopters such as firms and individuals respond to the economic
benefits of the new technology relative to its alternatives. On the supply side, firms
respond to the profitability of selling the new product”. Research studies have also
shown that information and information processing is also very important in technology
diffusion. For example, Jaffe (2015) states that “what potential adopters know or do
not know about the new technology, and by their ability to process that information
affect adoption decisions. In addition, the act of adoption and subsequent use by one
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actor may create a source of information about the new technology for other actors”.
Finally, history or culture or institutions many also affect the diffusion of technology.
According to Jaffe (2015) “social and cultural norms and habits may affect people’s
decisions to use a technology. In addition, an existing technology may be embedded
in institutions and physical infrastructure in ways that advantage it over the new
technology, so that these advantages then have to be overcome for new technology

adoption to occur”.

However, more recently, the diffusion of technology across the globe has accelerated
over time (WorldBank, 2008), particularly in countries that are open to international
trade and investment (Perkins & Neumayer, 2005). Unfortunately, most of the
developing countries, except a few, are still relying mainly on the diffusion of
technologies from the developed countries (WorldBank, 2008). The exceptional
countries normally adapted the acquired advanced technologies to their own local

conditions, which in many cases, require some form of innovation (WorldBank, 2008).

5.2.5 Joint industry activities: discussion

There is no doubt that partnering and collaborations between and amongst various
industries can significantly improve their economic performance. For example, a report
by Deloitte (2012) says “South African companies need to explore collaborative
opportunities with government, academic institutions and companies in other
industries in order to improve the country's competitiveness, explore new markets and
lower costs to consumers”. Table 4.9 in Chapter 4 gives selected examples of
companies in South Africa and the nature of their collaborations. As indicated in Table
5.2, the benefits of collaborations by businesses fall under several categories, and

there is no doubt South African companies can benefit immensely from all categories.

Collaboration in the construction industry, in particular, is quite vital. The industry is
embroiled in a number of problems with “fragmentation being considered as the root
cause of many problems in the industry” (Cain, 2003; Dainty et al., 2001; Emuze &
Smallwood, 2014; Harding, 2010). Dulaimi et al. (2007) as well as Emuze and
Smallwood (2014) mention a number of benefits of collaborations in the construction
industry including “improved working relationships, effective information exchange,

less conflicts and risks, higher productivity, cost savings, improved quality, faster
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processes and better customer responsiveness”. Such benefits are applicable to

South Africa, in particular, and other countries, in general.

Table 5.2. Key benefits of business collaboration (Nibusinessinfo, 2019)

Benefit Example

Financial benefits The potential to uplift the sale of goods domestically or
internationally; ability to apply for contractual jobs that are larger or
sharing various resources So as to minimise costs

Growth of the base The potential to grow employees' expertise and competences;
for human capital prevent job losses and maximise employment creation; and
encourage the motivation of members of staff

Development of The capability to have and share important common facilities,
physical capital required resources, raw materials and latest equipment
Development of The ability to make use of combined skills, practical or theoretical
intellectual capital knowledge and capabilities

The importance of collaboration has also been emphasised by Giesen et al. (2010) in
the area where new and distinctive concepts that are capable of supporting the
financial viability of an organization are developed and utilised (i.e., business model
innovation). Giesen et al. (2010) states that firms “need to orchestrate customers,
partners, and suppliers through collaboration and partnership models”. A study by IBM
(2008) over a decade ago showed that 85% of the CEOs consider collaboration and
partnerships as very important global strategic elements for innovation. In
nanotechnology, in particular, DST (2005) also states that “collaboration among
traditional disciplines, research teams and institutions is critical for both progress in

understanding nanoscale phenomena and developing nanotechnology applications”.

5.2.6 Public/private interactions: discussion

Table 4.10 shows some of the outputs that emerged from university-industry
collaborations. The discussion of Table 4.10 given herein summarises the analysis
given by HESA (2012). It is noted from the table that classic outputs of academic
nature such as ‘graduation of candidates with the right expertise and principles’,
publications of research articles or writing of dissertations (or thesis) were mostly
reported in all academic engagements with the firms involved. There is no doubt that
graduates with the right skills and values are quite important in view of the fact that it

is one of the government strategies with respect to human resource development
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policy (DHET, 2009). Certainly, academic publications or dissertations are a

manifestation of the country’s scientific productivity.

The table also shows that typical firm outputs, such as new or improved products and
processes, were least frequent which implies that there is less focus on technological
performance in the collaborations. This finding is quite worrying for South Africa as it
is well known that the role of technological performance, as measured through patents
in this study, is vital because it enables a company to add value to its products and
processes, and thus has a significant impact on the innovation process (Hao & Yu,
2011). lIdeally, Hao and Yu (2011) state that technological performance or
technological capabilities “help the firm (or country) to build competitive advantage
through making more competitive products and services and more effective
processes, or creating completely new business”. Therefore, it is imperative that
public/private interactions engage in applied research where new or improved
products and processes are realised.

For comparison purposes, and as a follow-up from the previous paragraph, HESA
(2012) states that “new or improved processes were more frequently reported than
new products or scientific discoveries, which illustrates the nature of university
involvement in firm innovation processes. Spin-off companies were also more
commonly reported as an output of interaction with MNEs, which is more than likely
related to the lack of venture capital in South Africa, and the need to access larger

global markets”.

As stated by HESA (2012) “graduates with the right skills and values” was the most
frequently reported output for both large SA firms and SMMEs, while for MNESs,
academic collaboration was the most common result of the collaborations. This might
suggest that the types of outputs from academic engagement with firm partners are
more beneficial to academic institutions and academics than they are for firm partners.
Definitely, one of the reasons and/or motivation by academics for such a trend is that
academics get subsidies from government when they publish (research publications)
or graduate postgraduates through dissertations and theses (DHET, 2015, 2019b).
The most common output that is not traditionally academic was reports or popular
publications, which are closely aligned with extending and applying academic

expertise”. For example, the involvement of the University of the Witwatersrand’s
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academics in policy formulations using their research experience is one of the

university’s 2018-2022’s strategic plan for research (Wits, 2019).

The contributions of universities through collaborations with industries to technological
innovation can also occur in many other different forms including (1) the performance
of research in technological fields that are relevant to industry, (2) provision of
technical assistance to industries in areas that need expertise, (3) educating and
training of professionals at academic institutions, and (3) supporting academic staff
to engage themselves in consulting and commercialization activities that are beneficial
to industries (Geiger & S4, 2008; S4, 2015).

In South Africa, an important funding scheme that is aimed at incentivizing
advancement in technology and innovation activities by promoting the collaboration
between companies, academic institutions and publicly owned science councils is
called THRIP (an acronym for technology for human resources and innovation
programme) (HESA, 2012). THRIP was set-up in order to promote research, human
resource capacity and technology outputs in science, technology and engineering

fields, so as to improve the competitiveness of South African industry (HESA, 2012).

5.2.7 Personnel mobility: discussion

South Africa has signed multitudes of bilateral agreements/MoU with a number of
countries for various reasons. Table 4.11 of Chapter 4 gives an outline of a selected
number of South African bilateral agreements and/or MoUs with other countries. The
forms of cooperation include amongst several others the following: (1) carrying out
Vvisits on an exchange basis by researchers, experts and scholars; organizing technical
related training, seminars or study tours on subjects of mutual interest; doing publicity
and public education activities together (SA/China, 2000), (2) giving golden lifetime
opportunities to researchers to meet and interact (SA/Japan, 2003), (3) joint
organisation of seminars, workshops and meetings with the participation of scientists,
experts, regulators, legislators and stakeholders; visits of delegations and experts from
the two countries (SA/Mozambique, 2014), (4) to facilitate and allow clinical staff from
England and the healthcare personnel in the Republic of South Africa to work together.
The main emphasis is the rural areas where the collaboration is meant to ease the
access to universities, colleges and schools of training for the health professionals

during various programmes including scientific research studies; specific training of
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health professionals; (c) training of postgraduates; (d) visits pertaining to studies
(SA/UK, 2003), (5) promoting the participation in international conferences, seminars
and other relevant events on competition issues organised by BRICS international
competition conference (SA/BRICS, 2016), and (6) promoting collaborations among
the BRICs nations through education, science and culture (BRICS, 2015)

As can be seen, personal mobility between South Africa and other countries for
research related activities, for example, is prominent and is quite relevant in the
context of this particular study. For example, it is a well-established fact by many
scholars that personal mobility is linked to the outcomes of innovation by engineers
and scientists (Choudhury, 2017; Singh & Agrawal, 2009; Stevens, 1997). Most
importantly for South Africa, the movement of human resources to other countries and
vice versa in the context of the bilateral agreements/MoUs is significant to the
emerging knowledge economy (Pogue, 2007). Moreover, OECD (1997) states that
“the movement of people and the knowledge they carry with them (often termed “tacit

knowledge”) is a key flow in NIS”.

5.3 Discussion of capability building strategies for nanotechnology in South
Africa

This section discusses the results given in Chapter 4 pertaining to capability building

strategies and/or policies for nanotechnology in South Africa. Such strategies and/or

policies are aimed at leveraging the inherent capabilities and/or applications of

nanotechnology in a wide spectrum of industries so as to enhance technological and

economic catch-up by South Africa.

5.3.1 Locating the nanotechnology strategy in the South African strategy
landscape: Discussion

It is generally agreed by scholars globally that nanotechnology is a general purpose
technology (Graham & lacopetta, 2014; Kreuchauff & Teichert, 2014; OECD, 2010;
Sheaetal., 2011; Soldatenko, A, 2011) whose innovations can be included in a variety
of applications (Kreuchauff & Teichert, 2014). The application and/or use of
nanotechnology in a wide range of areas and industries is one of the three attributes
of general purpose technologies as already discussed in Subsection 2.7.1 (Elhanan,
1998; Lipsey et al., 2005). Certainly, many studies have strongly emphasized that
nanotechnology has found widespread applications in various areas including water
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treatment, medical, automobile, food and packaging, cosmetics and sunscreens,
building and construction, electronics and computing, clothing and textile, personal
care and health, etc (Nielsen, 2008; Salamanca-Buentello et al., 2005; Soldatenko,
Alexandrina, 2011). Table 2.5 in Chapter 2 also gives an outline of a number of
applications of nanotechnology which are specifically important for developing
countries. Therefore, in view of nanotechnology’s myriad applications in a number of
sectors, placing it within other national strategies as stated in Subsection 4.2.2 is

imperative.

5.3.2 Public funding: discussion

As discussed earlier the applications of nanotechnology encompasses almost all
spheres that matter in many economic sectors. Therefore, nanotechnology being an
interdisciplinary field, it is expected that various organizations/ministries/agencies of
government and the private sector would be involved in funding it (Ezema, I. C. et al.,
2014). Musee et al. (2010) argues that the existing models of funding of
nanotechnology are concentrated on the fundamental investigations and the
application of the field. Musee et al. (2010)’s view is that research should also focus
on research of the risk aspects of nanotechnology. Nevertheless, by 2010, following
the national nanotechnology strategy of 2005, the South African government had
invested over R170 million in different aspects of nanotechnology R&D (DST, 2006;
Musee et al., 2010).

One of the focus of national nanotechnology strategy is conception, matching research
offerings with industrial manufacturing and processing capacity, commercialisation,
and incubation of new nanotechnology-based industries and the transfer of new
technologies to existing industries (DST, 2005). As a result, according to CSIR (2015),
“over the last few years the CSIR has pumped tens of millions of Rands into using
nanotechnology to make South African industries like cosmetics and plastics more
competitive”. Furthermore the government also offers a number of incentives (e.g.,
grants, tax rebates, etc) that are mainly aimed at new equipment and facilities for basic
research rather than technology development itself (DTI, 2015). Other types of funding

by the government with respect to nanotechnology are discussed in other sections.
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5.3.3 National nanotechnology equipment programme: discussion

Research equipment, in particular, and research infrastructure, in general, used by
researchers to conduct cutting edge research for the generation of knowledge which
promote innovation for the economic development of a country is vital. The South
African government recognises the importance of equipment in nanotechnology hence
the introduction of the national nanotechnology equipment programme (NNEP) in
2005 (NRF, 2015). The NNEP resonates well with the national nanotechnology
strategy meant to “establish and maintain geographically distributed multi-user
facilities to provide researchers with advanced instruments for design, synthesis,
characterisation, modelling and fabrication” (DST, 2005). Ideally, the NNEP was
providing ring-fenced grants to researchers through the NRF to purchase
nanotechnology-related research equipment (Makhoba & Pouris, 2017; NRF, 2015).
The NNEP came to an end in 2015 after an investment of over R400 million
nanotechnology-related research facilities (Dube & Ebrahim, 2017).

5.3.4 Nanotechnology innovation centres: discussion

The two nanotechnology innovation centres at Mintek and CSIR are national
organisations established by DST (Chidanyika, 2016; DST, 2008) with a focus on
national nanotechnology strategy as well as the national R&D strategy (Mintek, 2019).
Their main mandate is to commercialise nanotechnology-enabled products that are
directed at seeking solutions that address challenges facing South African societies
(CSIR, 2017).

The centres have proudly embarked on innovative research on nanostructured
materials and formed substantial collaborative research with both local and
international research institutions (CSIR, 2017). Amongst the centres’ many other
achievements include “a prototype breath analyser for detecting diabetes without the
need of a blood test; setting up of the water and catalysis research groups as new
research areas in nano; the polymer processing laboratory for testing and evaluation
of industrial samples; and the development and establishment of the nanomaterials
industrial development facility (NIDF) in 2015” (CSIR, 2017). According to CSIR
(2017), “the NIDF enables industry, research entities and small, medium and micro
enterprises (SMMESs) to develop and scale up high-tech nanotechnology-enabled

materials”.
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Furthermore, the nanotechnology innovation centre at Mintek “has embarked on the
development and manufacturing of low-cost rapid diagnostic devices, biosensors and
other electronic devices in health; the development of water treatment devices and
systems and the beneficiation of minerals, contributing towards job creation and
economic development’(Mintek, 2018). The devices for health and water treatment
are directly linked to the social development cluster of the national nanotechnology
strategy (DST, 2005).

5.3.5 Human capital development: discussion

Since the inception of the national nanotechnology strategy in 2005, South Africa has
played a pioneering role in promoting human resource development in
nanotechnology. As shown in Table 4.12, a handful of higher education institutions
are training postgraduates on a DST funded two-year Master's degree program
leading to an MSc in nanoscience qualification (Dube & Ebrahim, 2017) which started
in 2012 (Khoza, 2018). Basically, such DST initiatives (student support programmes)
advance the development of human capital by fast-tracking high-end skills
development in nanoscience and nanotechnology (DST, 2008). According to Khoza
(2018) “from 2012 to 2016, a total of 135 students have been admitted to the

programme; and from 2012 up to March/April 2018 about 133 students have
graduated from the programme”. There is no doubt that the Master’s degree program
has contributed to the production of masters’ degree graduates in the country and

created an interesting career pathways for qualified youth in South Africa.

Most importantly, most of South Africa’s publicly owned universities and research
councils such as CSIR and Mintek are vigorously involved in R&D pertaining to
nanoscience and nanotechnology thus providing hands-on training, education and

skills development to researchers and professionals.

Furthermore, as part of the DST’'s research-chairs initiative (SARChI), targeted
research chairs in the field of nanotechnology have been established (DST, 2008) as
shown in Table 4.13 of Chapter 4. Amongst their objectives, the research chairs focus
on increasing the level of research activity in the field, thus contributing significantly to
the development of human capital in nanotechnology by producing high-quality
postgraduate students (Khoza, 2018).
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The 10 year plan on nanoscience and nanotechnology also emphasizes that “the
bilateral and multilateral collaborations on nanotechnology, such as the India-Brazil-
South Africa forum (IBSA), South Africa-France, and South Africa-Argentina
collaborations, will be exploited for the development of expertise and skills training in
the identified research areas” (DST, 2008).

In addition to the already discussed achievements, according to de Groenendaal
(2018), “the investment in the flagship projects of the national nanotechnology strategy
has yielded considerable outputs; for example, by 2015, 464 postgraduate students
had been trained, 92 postdoctoral fellows supported, 326 collaborations established,
352 articles published in highly cited journals, 80 conference proceedings recorded

and 17 patents registered”.

5.3.6 DST-NRF centre of excellence in strong materials: discussion

A review of the CoE-SM’s performance in 2009 by a team of experts from various
institutions found the centre’s performance to be exemplary and that it had achieved
its objectives (Malherbe et al., 2009). Another review in 2013 that looked at CoE
programme as a whole comprising of nine centres was “most impressed with the
performance of all the centres in terms of their outputs and their achievements in
networking researchers” (Bawa et al., 2013). From Table 4.14 in Chapter 4 itis clear
that, with a host of more than 50 researchers, the CoE-SM acted as a network that
brought researchers together to tackle projects that are both locally and internationally
relevant. It is also noted from Table 4.14 that the CoE-SM produced a reasonable
number of patents which shows that it is engaged in research that is relevant to
industry. In a review report, Malherbe et al. (2009) also states that the “synergy
between basic research and applied (industrial) research is one of the main positive
features of CoE-SM”. The CoE-SM is also impressive in its production of research
through publications (more than 660 research papers), and recruitment of
postgraduate students (more than 60 every year) and graduation of postgraduate
students (over 180 graduates from its inception). This shows that the centre has been
involved in the pursuit of research of exceptional quality and in the education and
training of postgraduate students which is a vital aspect of human capacity

development in South Africa.
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5.4 Technological catch-up in water treatment and medical related
nanotechnology-based processes and/or products

This section deals with a wide range of activities that are related to scientific and

technological performance of a firm or country, namely publications, patents and

citations. Other aspects that may enhance scientific and technological performance

with respect to water treatment and nanomedicine are also discussed.

5.4.1 Technological catch-up in water treatment

Publications in water treatment: Discussion

As stated already in Section 2.8 and Subsection 4.3.1 the publication of peer-
reviewed scientific research articles is considered as an indicator of a nation’s
scientific performance (Carpenter et al., 2014; Sargent Jr, 2016). In terms of
contributions to the total number of publications, Figure 4.1 shows that the USA
(40.9%) is the leader followed by China (28.7%) and India (20.5%) in the nine year
period. Brazil, South Africa and Russia are the lowest performers scientifically. Figure
4.2 which is based on a year-by-year publications basis shows that the USA continued
to be the leader from 2010 to 2016 whilst other countries have had fluctuations,
particularly China and India which exchanged leadership from 2012 to 2016. It is not
surprising that the USA had been the leader in nanotechnology, in general, and
nanotechnology-enabled water and waste treatment publications, in particular,
because the NNI (refer to Subsection 2.7.2) in the USA has made major global impact
and led to other countries investing in nanotechnology research as well (Bhattacharya
& Bhati, 2011).

As can be seen from Figure 4.2, after 2016 China started leading the USA and India
in terms of scientific publications of nanotechnology-enabled water and wastewater
treatment publications. This is not surprising because a study by Bhattacharya and
Bhati (2011) showed that China surpassed the USA in nanotechnology publications in
2009. As far back as the 1980s China had realised the important role of
nanotechnology and thus the government developed policies to support the area
which has led to heavy investment in nanotechnology (Liu & Zhang, 2007; Zhang et
al., 2017; Zhao et al., 2008), and China is the fastest nanotechnology growing market

in the world (Bhattacharya & Bhati, 2011). Moreover, China’s national nanotechnology
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strategy emphasizes the importance of basic science and there is strong financial

support from government (Huang & Wu, 2012).

In general, according to Veugelers (2017) “Chinese R&D investment in science and
technology has grown remarkably, with the rate of growth greatly exceeding those of
the United States and the European Union”. Moreover, China has also “established
some large-scale comprehensive scientific research institutions” (Wu & Fan, 2010).
South Africa’s publications started going up from 2016 whilst that of Russia has

continued to slow downward since 2017.
Citations of the publications in water treatment: Discussion

The importance of citations has been well articulated in Subsection 4.3.1. It has a
strong link to the quality of scientific research output (Aksnes et al., 2019). Figure 4.3
clearly shows that the USA is way above all the BRICS countries in terms of citation
based on the data captured via the Web of Science in this study. Following the USA
in second, third, fourth and fifth place are India, China, Brazil and South Africa,
respectively. A similar trend was also obtained by Sargent Jr (2016) in a study that
compared the USA, Germany, other EU nations (combined), Japan, China and South
Korea. A study by Bhattacharya and Bhati (2011) showed that despite China having a
number of scientific papers in nanotechnology, in general, its citation record is still
lower than the USA.

The trend in which the USA is leader in the citation of research particles may not be
long before China takes the lead in citations as the government continues to invest
heavily on nanotechnology. For example, China’s national nanotechnology strategy
argues that “successful nanotechnology development depends on basic science,
strong funding, competent R&D personnel and highlights the need for training and

retaining scientists in the field” (Huang & Wu, 2012).

Citations of South African research papers in nanotechnology based water and
wastewater treatment on a year-by-year basis from 2010 to date is the lowest. This
may be attributed to the low visibility (fewer scientific publications) of South African
research and/or the lack of quality in the scientific research papers. However,
according to Van Noorden (2017) “lack of citation cannot be interpreted as meaning

that articles are useless or valueless”.
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Collaborations amongst countries in the publications in water treatment:

Discussion

According to GroboljSek et al. (2014) “collaboration is becoming one of the most
significant features of scientific and technological activities in the 21st century and has
become one of the most important forms of knowledge production since World War
[I”. The OECD (1997) considers technical collaborations in addition to informal
interactions amongst industries as one of the most significant ways in which
knowledge is transmitted in NIS. Following the definition by the OECD (1997), this
study categorised collaboration as a capability building block for innovation (see
Subsection 4.2.1).

From Table 4.15, there is strong evidence to support the proposition that collaboration
plays an important part in scientific research publications in nhanotechnology-enabled
water and waste water treatment. For example, 92.3% (12 out of 13) of South Africa’s
publications are generated via collaborations. For South Africa, though it shows that
the country is collaborating with other countries, the trend also indicates that South
Africa’s own capability building strategies (e.g., funding, human resource

development, etc) in the area is weak and/or is not working.

Surprisingly, the BRICS nations despite having several MoUs have negligible
collaboration results amongst themselves. This may be attributed to the fact that
research studies take long to generate tangible results. In fact, the BRICs is a new
organisation such that significant research that produce benefits emanating from the
group is still limited despite a significant number of MoUs, and, moreover, much
research time is needed to fully explore its overall scientific relevance and thus be

published.

Disciplines and/or research areas in the publications in water treatment:

discussion

A lot of scholars in the field of nanotechnology acknowledge that it is a multidisciplinary
and interdisciplinary field (Kumar, 2014; Liu & Zhang, 2007; Zhao et al., 2008). Zhao
et al. (2008) states that “nanotechnology is far beyond the traditional concepts of the
classic scientific or industrial disciplines; it completely fuses disciplines as diverse as
physics, chemistry, materials science, biology, medicine, cognitive sciences,
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informatics, engineering, computer simulation, industry, agriculture, environmental
sciences, etc”’. There is no doubt that Figure 4.4 is a clear evidence that
nanotechnology research in water and wastewater treatment in South Africa is
multidisciplinary which confirms the belief of several scholars such as Liu and Zhang
(2007), Zhao et al. (2008) and Kumar (2014) that nanotechnology crosses the

boundaries of various traditional academic disciplines.
Patents in water treatment: Discussion

According to the OECD (2004) “patents play an increasingly important role in
innovation and economic performance”. As discussed in Section 2.8, despite being
legal documents, patents are also considered as a paper trail of technology
advancement (Huang et al., 2011). Figure 4.5 clearly shows that the USA is way
ahead of all other states in the study. China comes in second position and Russia and
India are in third and fourth positions, respectively, in the filing of patents through
WIPO. From the data accessed via WIPO, South Africa produced no patents related
to nanotechnology-enabled water and wastewater treatment in the 2010-2018 period.
As stated in Subsection 4.3.2, not all inventions are patented due to industrial secrecy
and some inventions are not technically patentable (Archibugi, 1992; Arundel, 2001,
Fontana et al., 2013). These could be some of the reasons why South Africa may not
have patented in the nine year period studied. However, from Table 4.16, it is seen
that South Africa filed about 20 patents through WIPO before 2010.

One other observation from both Figure 4.5 and Table 4.16 is that though China and
India have high publication rates (see Figure 4.2), their patenting activities are quite
limited compared to the USA. However, in recent past, China’s patent applications and
approvals have grown significantly high in many other fields (Long & Wang, 2019). In
fact, China surpassed the USA and Japan in 2011 in terms of patent applications (Long
& Wang, 2019). According to Long and Wang (2019) an increase in the number of
patents by China is due to the “patent promotion policies (PPPs), which are measures
adopted by various government agencies linking tax incentives and subsidies to patent
ownership, have significantly contributed to the rapid growth in both patent
applications and patent approvals in China”. Nevertheless, the adoption of PPPs has

also resulted in a decrease in the quality of patents (Long & Wang, 2019).
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Amongst the BRICS states South Africa and Brazil have generated none and/or
produced the least patents in both Figure 4.5 and Table 4.16 in the nine year period.
According to OECD (2009) some of the reasons that may inhibit patenting and/ or
opposition to filing of the patent include “the patent’s subject matter is not patentable;
the patent does not disclose the invention clearly and completely; or the patent’s

subject matter extends beyond the content of the application as filed”.

Unfortunately, Warner (2014) states that “many patents are never developed into
actual products or innovations possibly because of the lack of necessary production
facilities or for strategic reasons”. In addition, some patents are technologically or
economically worthless (Warner, 2014) and thus are not attractive to investors.

Top 10 applicants for patents in water treatment: Discussion

Steady and safe supply of water requires the support of a sustainable water treatment
technological development (Fujii & Managi, 2017). This section discusses firms and/or
individuals whose patents were granted through WIPO in nano-based water treatment
innovations. Table 4.17 shows that all the top 10 patent applicants by the USA are
either firms or universities. Apart from patent applications from firms and/or
universities, the rest of the other countries had also individual patent applicants, i.e.,
Russia (4), India (5), China (2) and South Africa (5). Brazil had only three applicants
from firms and/or universities in the period 2010-2018. The number of firms patenting
in the USA is not surprising because the country is a world leader in corporate

nanotechnology spending according to Flynn et al. (2013).

5.4.2 Technological catch-up in medical fields

Publications in medical fields: Discussion

The medical industry is an important entity in a country that strives to improve the
health of its citizens. According to WHO (2008) the health industry through the health
of the citizens of a country makes an important contribution to economic progress. On
the other hand, it is well recognised that research in medicine is a cornerstone for safe,
effective, efficient, and patient-centred delivery of health care globally (Kumar, 2010);
and there is no doubt research in any form does not occur in a vacuum, but relies

significantly on scientific and academic innovation (Young, 2015).
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Figure 4.6 shows that the contribution of the USA to scientific research in the field of
medicine related to nanomaterials is very high. However, as can be seen from Figure
4.7, China is closing the gap towards the USA and it is possible that within the next
year (or so) China will surpass the USA. South Africa has the lowest contribution
amongst the countries and even within the BRICS countries in a nine year period.
Though South Africa has fewer publications in the field of medicine related to
nanotechnology compared to other nations in the study, it is acknowledged by Dube
and Ebrahim (2017) that “South Africa is one of the countries engaged in
nanomedicine research and product development on the African continent”. Saidi et
al. (2018) also states that “since 2005, South Africa has invested in research on
nanomedicine focusing on pro-poor initiatives which prioritise diseases such as
HIV/AIDS, malaria and tuberculosis”. In addition, in the national nanotechnology
strategy the government had earmarked NNEP through NRF for the purchase of
nanotechnology-related research equipment (Makhoba & Pouris, 2017; NRF, 2015).

Citations of the publications in medical fields: Discussion

There is no doubt that the significance and /or attention given to scientific articles can
be evaluated by means of citations (Nieminen et al., 2006; Weale et al., 2004). In
addition, citations of a research article is an important channel for disseminating its
results (Nieminen et al., 2006). The USA is still leading in the absolute number of
citations (see Figure 4.8). Unlike in the publications of water treatment processes
and/or products related to nanotechnology, China is the second after the USA in
citations instead of India with respect to nanomedicine. South Africa is still trailing
behind the other nations in terms of citations. As stated already in Subsection 5.4.1
(under citations of the publications in water treatment), according to Van Noorden
(2017) “lack of citation cannot be interpreted as meaning that articles are valueless”.
For example, though South Africa’s citations are lower, “tangible products are being
developed in the country such as the discoveries of nanofibres at the University of the
Free State which are meant to spur the growth of nerve cells and nanostructured gels

for cell regeneration” (Chidanyika, 2016).
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Collaborations amongst countries in the publications in medical fields:

Discussion

Table 4.18 clearly shows that countries that have high absolute humber of research
articles through collaborations are leading in the total number of research articles. This
is a strong confirmation that collaborations amongst nations has a significant influence
on the publications of research articles thus leading to better scientific performance.
For example, a number of authors have also found that research collaboration has a
positive effect on publishing productivity (GroboljSek et al., 2014; Lee & Bozeman,
2005; Srivastava, 2012; Varnai et al., 2017). Unfortunately, Table 4.18 also shows
that South Africa has minimal collaborations with countries that have strong research
outputs such as the USA (14 articles), China (0 articles) and India (13 articles). The
low collaboration research outputs for South Africa with Brazil (O article), Russia (0
article), India (14 articles) and China (14 articles) is quite surprising because in 2015
BRICS countries signed an MoU to establish a research and development

collaborative programme amongst themselves (BRICS, 2015, 2019).

Disciplines and/or research areas in the publications in medical fields:

Discussion

Both medicine and nanotechnology are diverse. Figure 4.9 is a clear attestation of the
diversity of the two fields — nanotechnology and medicine. In particular,
nanotechnology being a general-purpose technology, typically, according to Pandza
et al. (2011) demonstrates “its pervasiveness and inherent potential for opening new
opportunities” in various disciplines. As the figure shows the prominent areas of
applications of hanomedicine are in nanoscience, chemistry, materials science and

pharmacology/pharmacy.
Patents in medical fields: Discussion

The mainspring of medical research, according to Framework (2013), is to “advance
knowledge for the good of society; to improve the health of people worldwide; or to
find better ways to treat and prevent diseases”. Moreover, “innovations in the health
sciences have resulted in dramatic changes in the ability to treat diseases and improve
the quality of life” (DiMasi et al., 2003). Unfortunately, it is a proven fact globally that
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the production of new drugs take longer than a decade in many cases from R&D itself

to pre-clinical testing, clinical trials, and regulatory approval (Cockburn & Long, 2015).

This section discusses Figure 4.10 and Table 4.19 of Chapter 4. The patents in the
figure and table were filed through WIPO by BRICS countries and the USA over a nine
year period with respect to medical products and/or processes that contained
nanomaterials. According to Cockburn and Long (2015) several studies, particularly in
the USA, have found that patents are relatively more important to R&D in
pharmaceuticals than in other industries. This may explain why the USA which is still
leading in terms of patents filed has higher medical field patents than water treatment
patents (compare Figure 4.5 and Figure 4.10). In fact, all the BRICS countries (except
South Africa) also have relatively higher patents in the medical field than in water
treatment. According to Figure 4.10, China is in the second position followed by
Russia, India and Brazil whereas South Africa has no patents filed through WIPO in
the past 9 years. However, before 2010 South Africa (36 patents) filed more patents
through WIPO than Brazil (26 patents) (see Table 4.19).

It must be noted also that despite all the patents, the opponents of patents in the
medical field argue that “patents result in higher prices, making essential medicines
less affordable” (Siddiqi, 2005). However, proponents of medical patents argue that
“‘patent rights are essential to encourage innovation” (Siddigi, 2005). Furthermore,
Berner-Rodoreda et al. (2016) states that “high drug pricing is justified by the
pharmaceutical industry to compensate for the cost of research and development
(R&D) of new drugs. Without patents pharmaceutical R&D will come to a standstill,

they argue”.
Top 10 applicants for patents in medical fields: Discussion

Table 4.20 shows the top ten patent applicants for each of the BRICS nations and the
USA. Unlike in the patents of nano-based water treatment processes and/or products
the USA, Brazil and China all have patent applicants emanating only from firms and/or
universities. Brazil also has more patents in the medical fields (i.e., 10) than in the
water (only three) which confirms Cockburn and Long (2015)’s assertion that patents
are relatively more important to R&D in pharmaceuticals than in other industries. South
Africa (two), India (three) and Russia (two) all have individual patent applicants

amongst the top 10 applicants. It is also noted from Table 4.20 that apart from Brazil
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and South Africa, the rest of the other countries have patents applied through some
universities in the USA. This may explain why South Africa and Brazil have low
patenting capabilities; and there is no doubt that the USA has some of the best

universities in the world dealing in nanotechnology research (StatNano, 2018).

5.5 Economic catch-up in nanotechnology-based processes and/or products
in general: Discussion
As discussed in Sections 2.8 and 4.4, it is clear from Table 4.21 that obtaining data
that assesses economic impact of nano-enabled products and/or processes is difficult.
For example, there is no readily available data for Brazil and South Africa. This is not
surprising because although South Africa and Brazil have a modest number of
research articles in nano-enabled products and/or processes, unfortunately, it is
obvious that related patents (see Figure 4.5 and Figure 4.10) are not growing at the
same rate. This may explain why there is no information on the revenues of
commercialised nano-based products and/or processes originating from South Africa
and Brazil (see Table 4.21). UNESCO (2016) also noted that the contribution of the
BRICS nations to nanotechnology except China, India and Russia is quite negligible.

In South Africa, though the government invests in late-stage R&D, intellectual property
protection and the commercialization of novel technologies through TIA (UNESCO,
2010) and many other institutions (CSIR, 2017; DST, 2008; Mintek, 2019), the main
constraint is the selection criteria. The selection criteria requires applicants to form a
consortium and to propose a programme for diffusing their new technology to small,
medium-sized and microenterprises (UNESCO, 2010). There is no doubt that the
criteria is quite restrictive for individual inventors. Furthermore, Mufamadi (2016)
states that “the development of nanotechnology in South Africa is hampered by many

barriers such as regulation, standards, health & safety issues and public perception”.

As of 2013, Russia had over 500 companies that were actively manufacturing
nanotech products providing more than US$15bn in sales, quarter of which was
exported to other countries (UNESCO, 2016). This may be explained by the fact that,
in recent past, nanotechnology has been embedded in the Russian policy agenda as
the government seriously considers it as a key foundation in the process of

modernisation and innovation (Westerlund, 2011).
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5.6 Summary

This Chapter started by looking at the capability building strategies of South Africa for
technological and economic catch-up, in general, and nanotechnology, in particular. It
is clear from the results that South Africa has invested heavily in capability building
strategies since the white paper on science and technology of 1996. For example,
amongst a number of strategic initiatives, the country created the national research
and development strategy which has a number of strategic functions. In terms of
scientific publications the country’s results are modest compared to the other BRICS
countries. However, South Africa is performing poorly in terms of technological and
economic catch-up in nano-enabled products and/or processes in general. In other
words, South Africa has failed to use nanotechnology-related products and/or
processes as a window of opportunity to catch-up with the developed nations despite

significant investment by the government in nanotechnology.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions
6.1.1 Introduction

One contentious question that does not seem to have simple answers and thus has
attracted researchers from various theoretical and conceptual backgrounds pertains
to catch-up by some low-income countries with the developed countries, whilst other
underdeveloped nations are not able to catch-up (Fagerberg & Verspagen, 2007).
Various answers are given depending on the schools of thought by the scholars
(Bentzen, 2011; Fagerberg & Verspagen, 2007; Gallup et al.,, 1999; Sachs et al.,
2001). This research report addressed the issues of catch-up by South Africa through
the following three questions:

(1) To what extent has South Africa created capacity for technological and
economic catch-up, in general, and in nanotechnology, in particular?

(2) To what extent have water treatment and medical related nanotechnology
based processes and/or products advanced technological catch-up by
South Africa relative to its BRICS counterparts and the technologically
advanced USA?

(3) What is the extent to which water treatment and medical related
nanotechnology-based processes and/or products have advanced
economic catch-up in South Africa relative to its BRICS counterparts and
the technologically advanced USA?

The results of these questions were given in Chapter 4 and discussed in Chapter 5
through the following study objectives. The first objective was to determine the extent
to which South Africa is creating capabilities, in general, for technological and
economic catch-up with the developed world. Thereafter, the study evaluated capacity
building strategies in the field of nanotechnology for technological and economic
catch-up. Finally, and most importantly, the study interrogated whether
nanotechnology is providing a ‘critical window’ for South Africa to catch-up
technologically and economically with the developed world. Two fields in which
nanotechnology is applied — water treatment and medicine — were the focus of the

assessment for technological and economic catch-up.
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From the aforementioned objectives of the study, this Chapter gives the conclusions
that have been drawn from the findings in Chapter 4 and the subsequent discussion
in Chapter 5. The Chapter also makes recommendations and/or suggestions that may
address some of the limitations found in the study and/or the catch-up narratives better

in future.

6.1.2 General capability building strategies

It is evident from the study that South Africa has invested substantially on capability
building institutions for technological and economic development, and as a result the
country possesses a considerable number of competences in various fields. The
country has a NIS that has just been reviewed (DST, 2018a). Indeed, the revised NIS
is aimed at strengthening capacities and increasing the outputs which will allow South

Africa to successfully compete scientifically, technologically and economically globally.

Following the specific functions of the NIS as stipulated by the OECD (1999), South
Africa has successfully championed and/or achieved most of the functions. For
example, the country has formulated policies that are aimed at increasing innovation,
diffusion and transfer of technology (ASSAf, 2013). In addition, the country
encourages entrepreneurship and in that regard, the government established the
department of small business development (DSBD, 2019). Unfortunately, the
country’s R&D expenditure (% of GDP) has continued to diminish since 2010
(WorldBank, 2019). However, the country has a good enabling environment for
research, and thus all its 26 publicly owned universities and publicly funded research
institutions (e.g., Mintek, CSIR, HSRC, etc) are at the forefront of performing research.
Without doubt, universities and publicly funded research institutions including private
firms have contributed to the scientific, technological and economic performance of
the country. Unfortunately, over the years universities and research institutions have
continued to incur drastic reductions in government funding (as may be reflected in

the diminishing R&D expenditure) thus reducing their research capabilities.

According to Henri and Wim (2000) “the quality of human resources is a prime factor
in economic growth and competitiveness, and thus the investment in human capital
explains to a large extent the present and the future of the skills and capabilities of
countries”. The OECD (2001) considers human capital as “the knowledge, skKills,

competencies and attributes embodied in individuals that facilitate the creation of
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personal, social and economic well-being”. When looking at the number of pupils who
either sit and/or even obtain a bachelor’s pass from 2008-2017 (see Table 4.4), there
is just a negligible increase. However, due to a number of interventions tailored to
promote human resource development such as the introduction of the South African
national research and development strategy, there has been a reasonable

improvement in the number of scientists, engineers and technologists produced.

The study showed that there is a good industry-to-industry and public-to-private
interactions. However, such interactions are not generating any and/or significant
number of patents despite the interactions entailing that the parties are engaged in
applied research. There is also reasonable personal mobility between interacting
parties (industry-to-industry or public-to-private), and the government has also signed
a number of MoUs with various countries. For example, one of the MoUs involves
academic mobility of students, the university faculty and staff amongst the BRICS
nations (BRICS, 2015). Indisputably, such movement of people and the knowledge
they carry, to a certain degree, is important in the dissemination of innovation
(Stevens, 1997).

6.1.3 Capability building strategies in nanotechnology

There is no doubt that nanotechnology is no longer a buzzword, but a reality (Perkel,
2016). The two terms ‘nanoscience’ or ‘nanotechnology’ are normally interchangeably
used, but are simply science and engineering, respectively, carried out on the
nanometre scale (Stupp, 2002). Various scholars acknowledge that nanotechnology
has the potential to radically change a number of industries (Bhattacharya, 2015;
Simate et al., 2013). This explains an enormous spending on nanotechnology R&D
and start-ups by various governments, corporations, and venture capital investors
(Flynn et al., 2013; Stupp, 2002).

Over the years, South Africa has also been in the league of developing capabilities in
nanotechnology so as to tap into the technology’s vast potential in a range of fields.
As a result, in 2005, South Africa successfully launched the national nanotechnology
strategy (DST, 2005) with a focus on areas likely to benefit the country such as water,
energy, health care, chemical and bio-processing, mining and minerals, and advanced
materials and manufacturing (DST, 2005; Saidi & Douglas, 2017).
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Soon after the national nanotechnology strategy was established, a number of policies
and strategies were also successfully developed namely, (1) public funding: the total
spending in different aspects of nanotechnology R&D is reported to be over R170
million (DST, 2006; Musee et al., 2010); (2) national nanotechnology equipment
programme: this programme provided ring-fenced grants to researchers through the
NRF to purchase nanotechnology-related research equipment (Makhoba & Pouris,
2017; NRF, 2015). Though this strategy came to an end in 2015, it has benefited a
number of universities and research institutes (e.g., Mintek and CSIR) that are
vigorously engaged in nanotechnology; (4) nanotechnology innovation centres: the
two centres at Mintek and CSIR have the responsibility to commercialise
nanotechnology-enabled products that are directed at seeking solutions that address
challenges facing South African societies (CSIR, 2017). The two centres have
successfully achieved their mandate in a number of areas (CSIR, 2017; Mintek, 2018);
(5) human capital development: the importance of human capital in innovation and/or
economic development has been factored by a lot of scholars in their models
(Aleknaviciate et al., 2016; Lucas Jr, 1988; Mariz-Pérez et al., 2012). In view of the
importance of skills required in nanotechnology, South Africa has instituted a master’s
degree programme in nanoscience at four universities (Dube & Ebrahim, 2017; Khoza,
2018) and initiated research chairs programme (DST, 2008) whose focus is research
activities that advance scientific performance in nanotechnology in South Africa and
also subsequently contribute to the training of scientists and postgraduates (Khoza,
2018). The programmes of human capital development have been quite successful
based on the number of students who graduated through the master’'s programme
(Khoza, 2018) and the number of research chairs on nanotechnology (see Table
4.13); (6) DST-NRF centre of excellence in strong materials: The CoE has advanced
scientific knowledge through publications, technological knowhow through patents and
has contributed to human capital development by training postgraduate students

(masters and PhDs).

In summary, in view of various strategies by South Africa, it is clear that the country is
striving to become a nanotechnology hub. However, the patenting results (see Figure
4.5 and Figure 4.10) and economic impact results (see Table 4.21) are somewhat

disappointing.
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6.1.4 Scientific and Technological catch-up

The generation of scientific knowledge and its application in the development of
technology, economic and societal necessities is more vital today than ever before.
This study used publications as indicators for scientific performance and patents as
indicators for technological performance. In fact, Huang et al. (2011) considers
publications and patents as excellent representations of the outcomes of scientific and

technological efforts, respectively.

It is clear from the results in Chapter 4 and the subsequent discussion in Chapter 5
that the USA has the highest total number of scientific publication in both
nanotechnology-enabled water treatment and medicine from 2010-2018. However,
the year-by-year data for water treatment showed that China surpassed the USA in
terms of scientific publications in 2016; and China is also likely to surpass the USA in
nanomedicine publications within a year or so. The recent high number of scientific
publications by China is not surprising because in general, according to Veugelers
(2017) “Chinese R&D investment in science and technology has grown remarkably,
with the rate of growth greatly exceeding those of the USA and the European Union”.
Moreover, China also has a number of scientific research institutes that are seriously
engaged in large-scale research (Wu & Fan, 2010). Another BRICS country that was
doing quite well in scientific publications of nanotechnology-enabled water treatment
is India, but dropped significantly since 2016. The rest of the BRICS nations including
South Africa are not performing well in the two fields in both a 9-year period and on a

year-by-year basis.

The USA is leading by far in the two fields in both citations of the scientific articles and
patents filed through WIPO. However, based on China’s patent applications and
approvals in other fields (Long & Wang, 2019) it is more likely that, in the near future,
it will surpass the USA in nanotechnology-enabled water treatment and medicine. In
fact, in general, it surpassed the USA and Japan in 2011 to become the largest patent
applicant country (Long & Wang, 2019). The growth in patent applications and
approvals by China is due to the adoption of the PPPs (Long & Wang, 2019).
Nevertheless, the quality of Chinese patents has also declined due to the PPPs

according to Long and Wang (2019).
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The results of the study showed that there are more patents in medical fields than in
nano-based water treatment, which confirms the argument by some scholars like
Cockburn and Long (2015) that patents are relatively more important to R&D in
pharmaceuticals than in other industries. The study also shows that firms and/or
universities are the dominant patent applicants in the USA and Brazil whereas Russia,
India and South Africa also have individual patent applicants in all fields. China has

individual patent applicants only in nano-based water treatment.

Collaborations are acknowledged as quite significant in scientific and technological
activities globally. Though the BRICS have a number of MoUs related to science,
technology and innovation there is very little collaboration that lead to scientific
publications. The USA, China and India collaborate quite strongly in nanomedicine
than in nanotechnology-enabled water treatment processes and/or products. This may
be explained from the fact that some researchers have found that patents are relatively
more important to R&D in pharmaceuticals than in other industries (Cockburn & Long,
2015).

The diversity of nhanotechnology is displayed in the various disciplines it is applied in
the two fields in this study (see Figure 4.4 and Figure 4.9). Indeed, the diversity and
complexity of nanotechnology is recognised by many scholars in view of the types of
materials available and being developed, as well as the seemingly limitless potential
uses of the materials (EPA, 2007). Niosi and Reid (2007) describe nanotechnology as
an enabling technology that provides tools, materials and devices for further

technological development.

6.1.5 Economic catch-up

As extensively shown in Section 6.1.3 the government of South is quite keen to
advance nanotechnology and thus, the country has invested a substantial amount of
funds into nanotechnology related research in various areas. The study has clearly
shown that though the scientific performance (research publications) of the nation in
the past 9 years is below that of other BRICS nations except Russia, the country has
been in an upward trajectory since 2016 in nano-enabled products for water. The study
also shows that South Africa is catching up scientifically with Brazil in nano-enabled

products for water.
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This study opted to evaluate the economic impact based on the entire
nanotechnology-enabled products and/or processes for the revenue data instead of
water and medicine only. This was because of the difficulty in obtaining the required
data (Baucher et al., 2013) and disagreements in the definitions of nanomaterials
(Baucher et al., 2013; Ouellette, 2015a, 2015b). Health and safety implications of
nanomaterials in water and medical field applications may also restrict the
commercialisation of products and/or processes in the fields (Perkel, 2016; Yah et al.,
2012). As a result, the economic contribution of nano-based products and processes

in South Africa and Brazil is almost non-existence as indicated in Table 4.21.

Ideally, South Africa is not using nanotechnology as a ‘window of opportunity’ to catch-
up with the technologically developed nations. As already discussed in Section 4.4
and 5.5, Mufamadi (2016) summed it up and states that “the development of
nanotechnology in South Africa is hampered by many barriers such as regulation,
standards, health & safety issues and public perception”. On the other hand the
contribution of the USA, China and Russia to hanotechnology-enabled products and

or/ processes is quite significant (see Table 4.21).

6.2 Recommendations

Though this study has generated valuable amount of results, there were also some
limitations encountered. Therefore, with the knowledge that has been gathered from

this work, the following recommendations and/or further studies are proposed.

6.2.1 Patent incentives

The government is investing handsomely in nanotechnology related capability building
strategies, and the country’s scientific performance is modest. However, the country
seem to be failing to convert scientific inventions into innovations through the
generation of patents and licenses of research outputs. One of the hindrances often
cited by scholars for insufficient patenting by many firms is due to the cost involved in
the whole patenting process from a filing fee to patent protection and maintenance
fees. It is recommended that incentives aimed at minimising the cost and

administrative support be provided, particularly to individual inventors.
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6.2.2 Commercialisation of research

According to Bezuidenhout (2018) “commercialisation of intellectual property, also
known as technology transfer, is the process of transferring scientific research findings
from university or firm or an individual to market” for the purpose of obtaining economic
or social value from the invention. The results of this study shows that South Africa is
failing to commercialise its patented inventions despite having institutions such as TIA,
CSIR, innovation hubs, etc., that are mandated to do so and/or are in the forefront of
assisting the commercialisation of inventions. There are a number of barriers to
commercialisation, but this study will only cite one, i.e., technology push. Previous
and/or existing patents are not being commercialised because the market for the
technology may not have been taken into consideration at the initial stage of
technology development. Therefore, it is important that technology developers in
South Africa assess the market needs at industry and/or community level. Ideally,
there is need for strong partnerships, interaction and collaboration between industry

and inventors of technology.

6.2.3 Relaxation of technology innovation agency criteria for funding
commercialisation

As previously discussed (see Table 4.2), TIA promotes technology development from
proof of concept to the commercialisation of research outputs. Among the selection
criteria, according to UNESCO (2010), is that “applicants are expected to form a
consortium and to propose a programme for diffusing their new technology to small,
medium-sized and microenterprises”. The criteria, as it stands, is not feasible for
individual inventors to enter into a consortium with others who may not have related
inventions. This study recommends that individual inventors be allowed to tender as
individuals for the following TIA funds: the Seed Fund, the Technology Development
Fund and the Commercialisation Support Fund. This recommendation should be

allowed as long as there is market available for the invention.

6.2.4 Comparison of capability building strategies of BRICS based on the
national innovation systems

This study used the functions of the NIS together with the mechanism of knowledge
flow within the NIS as the capability building blocks for innovation in South Africa.

Future studies should consider comparing the NIS of each BRICS nations based on
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the functions of the NIS and mechanisms of the dissemination of knowledge as given
by the OECD (1999) and OECD (1997). This may give an insight into the differences
seen in this study pertaining to the scientific, technological and economic performance
of each BRICS nation.

6.2.5 Applied research

A review of Table 4.10 and the discussion thereafter (Subsection 5.2.6) shows that
the main outputs of academic/private interactions is academic publications (or
dissertations or thesis), and graduates. HESA (2012) also reported that in
academic/private collaborations new or improved products and processes were not
common which implies that there is less focus on technological performance in the
collaborations. It is recommended that academic/private collaborations should focus
on applied research that bring technological performance which would improve the
country‘s technological catch-up with the forerunners. In fact Lee (2016) suggests that
“the key to economic catch-up lies in specific technological strategies”. For example,
the importance of the concept of technological catch-up is that many countries
including Korea and Taiwan moved away from the middle class status to the high
income group of economies, to a large extent, due to technological catch-up (Yusuf,
2012).

6.2.6 Survey of unpatented innovation and nanotechnology start-ups

A number of reasons have been mentioned by various scholars that hinder the
patenting of innovations (Archibugi, 1992; Arundel, 2001; Fontana et al., 2013). Some
of the reasons include the high cost involved in the whole patenting process, industrial
secrecy, and patents not being technically patentable. Future studies should consider
carrying out a survey to establish the number and nature of innovations that have not
been patented in South Africa. It is also important to establish, in future studies, the
number and nature of nanotechnology start-ups in South Africa since the

nanotechnology strategy was established

6.2.7 Mixed methods approach

The definitions of both qualitative and quantitative methods were outlined in Chapter
3. Though this study was based on a quantitative approach, it is important to

appreciate the relevance of qualitative analysis in this study. This study recommends
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that future studies should include mixed methods approach. Many researchers agree
that by mixing both quantitative and qualitative research and data, the researcher
gains the breadth and an in depth understanding and corroboration, while offsetting
the weaknesses inherent to using each approach by itself (FoodRisC, 2016). Ideally,
the inclusion of qualitative methods could have helped in validating or corroborating
the results obtained from the quantitative method. Furthermore, such a method may
give an opportunity to researchers to interview some of the companies that are

involved in nanotechnology-enabled water treatment and medical applications.
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