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Abstract

The localisation of clean-tech industries allowsealeping countries to align their economic
growth aspirations with efforts to reduce the agged environmental impacts. A key issue
in this regard is the development of technologazgdabilities at local firms in these
countries. Although much research has been condloctehis topic, we currently have only
limited understanding of how the learning mechasisinat these so-called latecomer firms
engage in change as they deepen their capabiitkstIn the present paper, we offer
insights into this issue by means of a comparathadysis of nine technology-supplying
firms in the Thai industry for industrial-scale bas systems over a period of about twenty
years. Our results suggest that there are indeftd shthe relative importance of different
types of learning mechanisms as firms deepen tapiabilities. The paper finds that such
shifts tend to follow a co-evolutionary patternahing shifts within and across learning
mechanisms that involve different sources of kndgée Based on our analysis, we provide
examples of how decision-makers can adopt targetetventions for the support of clean-
tech firms and industries that are at particulaele of development.
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1. Introduction

The development of technological capabilities amapecalled latecomer firms has been
identified as a key driver for industry localisatjocompetitiveness, job creation, and
economic development in the countries of the Glddalith (Dahlman et al., 1987; Katz,
1984, Lall, 1992). Over the past decades, a laoghy lof literature has emerged focusing on
how latecomers develop their capability stocksd(jbBell and Pavitt, 1995; Dutrénit et al.,

2013; Romijn, 1999). This includes many studies foms in clean-tech industries

(Figueiredo, 2017; Hansen et al., 2020; HansenQuidvell, 2014; Kiamehr, 2017; Lema et
al., 2018; Quitzow et al., 2017).

A central idea in this line of research is thamiraccumulate capability stocks of varying
levels of depth (Ariffin, 2010; Bell & Pavitt, 199%igueiredo, 2003; Lall, 1992). A key
determinant for the success of the firm in thisardgare the learning mechanisms that it
engages in, which include learning based on firtarmal activities and learning based on
knowledge that lies beyond the firm's organisaticmmaindaries (Bell and Figueiredo, 2012).
Today, there is a substantial body of literatui firovides empirical insights into how firms
use different kinds of learning mechanisms to btiidir capability stocks (e.g., Dutrénit,
1998; Figueiredo, 2003; Hobday and Rush, 2007; Klain2017; Kim, 1997; SceKemmis
and Chitravas, 2007).

Surprisingly, there is only little research focugion how the nature of these learning
mechanisms changes as firms transition towardsesan@ly higher levels of capabilities
(Bell and Figueiredo, 2012: 69). Although the careldy literature provides scattered insights
in this respect, few studies analyse this issudicthp and systematically. The little existing
literature on this subject focuses primarily on #dextoral level (Figueiredo et al., 2013;
Hansen and Lema, 2019). Thus, there is scope @neihis line of investigation. Due to the
heterogeneous, firm-specific nature of capabilitylding and learning (Figueiredo, 2017;
Lall, 1992), it appears to be particularly relevemaddress this issue through analyses at the
micro-level.

In the present paper, we examine concurrent changeshnological capability development
and learning in the context of a multiple-case wtofdfirms that offer green industrial goods
in an emerging economy. Specifically, we preseabmparative case study of nine firms in
the Thai biogas industry, focusing on the periaahfrl991 to 2017. During this time, this
industry experienced rapid growth and saw the ofsa number of successful, local firms.
Today the Thai biogas industry is a regional leatet forms an important part of the Thai
government's strategy for industry localisationergy security, and low-carbon energy
supply. Our study provides insights that can hedpicp makers decide on the design of
targeted support measures to aid the localisaficiean-tech industries in the Global South.

Our analysis proceeds in three stdfisst, we assess the capability development patbwéay
our nine case-study firmJhis is based on a structured and transparent sigaly a large
number of indicators providing insights into therfs' overall capability levels. Next, we
study the kinds of learning activities that ouresasudy firms have engaged For this, we
distinguish learning mechanisms by type (produtgtidriven, innovation-driven, or human-
resource-related) and by the origin of firms’ newdgquired knowledge (firm-internal,
external-domestic, or external-foreigminally, we combine our data on capabilities and
learning mechanisms to study how the learning nrashes that firms engage in change at
different stages of the capability development psscThus, we address the following
research questiongvhat types of knowledge, skills, and experience Adai biogas system



suppliers acquired through internal and externarl@ng? How have they acquired these?
How do learning mechanisms change as latecomersl tigher levels of technological
capabilities?

The following section introduces the conceptualmieavork of the analysis. Section 3
provides contextual information about biogas systemd the Thai biogas sector. Section 4
describes the methods used for data collectionaaadysis, our sample of firms, and the
operationalisation of key concepts. Sections 5@&pdesent and discuss the results. Section 7
reflects on the implications for policy and cona@sdhe paper.

2. Literature review and analytical framework

2.1.Latecomer technological capabilities

We follow Van Dijk and Bell (2007: 151) in definingchnological capabilities as the “skills,
experience, knowledge, and organisational arrangtsme acquire, use, adapt, and change
existing technology and/or to create new technalogg important distinction here concerns
the difference between non-creative, routine pradaocactivities and the capabilities
required to manage and generate technological ehé®ell and Pavitt, 1995). The former
refer to the capabilities that firms need to openatoduction processes efficiently and to
supply high-quality industrial goods. Capabilitiss manage and generate technological
change include a broad bundle of knowledge, skalkperience, and organisational systems
required to engage in innovation. They enable fitonadopt and to use externally developed
technology, to adapt and to improve this technol@nd to develop new technology. Based
on this basic distinction, various studies haveettgyed detailed capability ladders, typically
with reference to particular industries (Dantas &ail, 2011; Dutrénit, 1998; Figueiredo,
2017; Hansen and Ockwell, 2014; Kiamehr et al.,420Iacla and Figueiredo, 2006;
Tsekouras, 2006).

A key aspect of these studies is that latecomgmigalty start from low levels of capability
stocks and then progress through various stagbgjber levels, usually over the course of
several years or even decades. A firm that moves ‘gapability ladder” (see Table 1 for an
illustration) becomes better at adopting and furttieveloping products and processes of
increasing novelty and complexity. While this dasst necessarily imply that the firm
becomes more competitive, there is compelling exddeindicating that innovativeness is
related to competitiveness. For example, Peltoni€0il1: 361) reviews 216 studies of
industry life-cycles and finds that not a singleeoof these contradicts the notion that
innovativeness provides competitive advantages.ddew it should be noted that the present
study focuses on how firms develop their technaalgcapabilities, not on how capabilities
are related to business performance (see Figure 1).



Capability category | Examples of activitiesfalling under each capability level

World-leading | A large and diverse group of globalgcognised research and development
(R&D) experts and highly specialised engineers waonktechnology that is
likely to push the global technological frontiehis is based on applied and
basic research on radical, new-to-world product pretess innovations. It
involves the application of state-of-the-art resbatools and methods and
includes collaborations on technology developmeitth wther internationally
firms and research institutes.

Advanced A varied group of specialised design aaxkbbpment engineers work on new-
to-country product and process innovations thatcéwse to the international
technological frontier. The firm applies structurgaproaches to generate new
knowledge and collaborates closely with leadingiomai and other
international organisations on technology develapme

Intermediate Specialised and well-trained enginesc technicians work on product and
process innovations that are new-to-firm or thatvolme substantial
modifications to existing technology. The firm effwely uses engineering
design tools to produce new knowledge. It collatesavith other domestic
firms and research institutes and interacts withheot foreign-based
organisations to improve technology.

Basic A small group of engineers and technicianskvam minor improvements to
existing technology based on simple and sometimgslated design and
engineering design tools. The firm mostly interactdth domestic
organisations to achieve minor adaptations in exjstechnology.

Innovative

Fuzzy boundary

Extra basic Highly skilled operators and technisiaconduct regular monitoring,
preventive maintenance, and product/process eniiged¢asks to ensure
minimal downtime due to faults in the system. Tinefhas a high standard of
organisational efficiency, including intra-firm comunication between
different teams to solve day-to-day problems inrapen.

Basic Less skilled operators and technicians canthanitoring and inspection in
house. Maintenance is partly done in house invghém hoc fixes and
sometimes requiring assistance from technology Immgpor specialised firms
to address more complex problems.

Routine

Table 1. Differentiation between levels of techmpdal capabilities. Includes activities that indear "reveal"
(Bell and Figueiredo, 2012: 50) what stage of depelent a firm has reached. Examples based on Aneattén
Tschang (2003), Bell and Figueiredo (2012), Belll &uavitt (1995), OECD (2005), Radosevic and Yoruk
(2018).



‘ Focus of this study ‘

I Learning mechanisms Capability stocks | Performance of
I routine and
b} processes for creating @4 |  Set of knowledge, innovative activities Outcomes
I and acquiring skills, and experience . . .
knowledee. skills. and for performance of Performance of routine Firm’s operational and
ge, S A Vg :
| experience routine and innovative | ) tasks and busmgss per fomlal?ce
activities implementation of and wider economic,
I I changes i firm’s environmental, and
products, processes, social outcomes
I I and services
L _— —_— — —_— —_— —_— —_— —_— L —_— L

Other factors at the level of the firm, sector, and economy

Figure 1. Analytical focus of this paper. Adapteahfi Bell and Figueiredo (2012).

2.2.Technological learning

We understand technological learning as long-tezomulative, iterative, and deliberate
processes that lead to improvements in the latecdinme’'s capability stocks (Bell, 1984;
Malerba, 1992). Multiple authors have developets Iof learning mechanisms that firms can
engage in (ibid Bell and Figueiredo, 2012; Figueiredo, 2003; Hanand Ockwell, 2014;
Kim, 1997). These typically distinguish betweenmfimternal learning mechanisms and
mechanisms based on firm-external sources of krigeleThe latter are sometimes further
distinguished based on whether they involve locahdstic or foreign sources of knowledge.
Our goal here is not to repeat or extend thess, llstit instead to draw on the existing
literature to illustrate how we categorise learnmgchanisms in our analysis. In doing so, we
differentiate learning mechanisms along an addiiaimension, which provides further
conceptual clarity and offers a useful device tudtire our complex, micro-level data.
Specifically, we differentiate learning mechanistresed on whether they primarily take
place as part of a firm's commercial projects, R&Dorts, or human-resource-related
activities. Using these two dimensions (origin abWwledge and type of activity), we briefly
outline key learning mechanisms in the remaindehisfsub-section.

Firm-internal learning often takes place as paradirm's commercial activities. This can
involve relatively passive learning that occurgag of routine activities, e.g., during day-to-
day, hands-on problem-solving activities on the pshilmor (e.g., Jonker et al., 2006).
Similarly, firm-internal learning based on commaltcactivities can be based on efforts to
optimise products and processes through more ftyroafjanised activities such as repair,
maintenance, and troubleshooting. Firm-internal CR&iven learning is based on learning
by searching in specialised units of the firm, inthg dedicated task-force units, design and
engineering departments, and research laboratéfis-internal learning can also be aimed
at improving existing human resources, which takémce through internal knowledge
sharing, e.g. via apprenticeship or classroom-typiaing sessions, the use of best practice
databases, etc. (Nonaka, 1994).

Learning can also be based on firm-external sous€émowledge located either locally or
nationally. With respect to learning based on comecmak activities, this often involves
horizontal linkages with other firms in the samalustry, for example, through formal



collaborations based on mutually complementary lgiéipas or, more informally, through
imitation based on observation and reverse-engmgefChen, 2009). Other learning
opportunities for firms emerge during commercididites through vertical linkages with
users, input suppliers, and other partners. R&Dedrilearning in the local and domestic
context, for example, in the form a demonstratioojgzt, typically involves collaborations
with research institutes, often with support froovgrnment or donor agencies. Relevant
human resource-related learning mechanisms indha or national training programmes
and the recruitment of talent from local univeesticompetitor firms, or related industries.

Latecomer firms can also learn based on foreigrrcesuof knowledge. With respect to
learning in commercially focused activities, thiancinclude a variety of channels for
knowledge transfer, such as purchasing turnkeytglaguipment imports, spill-overs from
inward foreign direct investment, international njoi ventures, or subsidiary—parent
relationships (Lema and Lema, 2012). Lately, R&Bdh linkages between partners in
industrialised and emerging/developing economie® taceived some attention as vehicles
of knowledge transfer (Ockwell et al., 2015). Witespect to human resource-related
learning, relevant learning mechanisms include iforetraining programmes and the
recruitment of foreign experts and intellectualiraees (e.g., Luo et al., 2013).

2.3.Concurrent changes in capability building and lesgn

Most empirical studies on latecomer capability iy that account for both technological
capabilities and learning mechanisms focus on fiieets of the latter on the former (see Bell
and Figueiredo, (2012) for a review). Only few dise how a firm's stock of capabilities
affects the kinds of learning mechanisms that ialide to engage in. This is somewhat
surprising, as the idea of a two-way relationshiptween capabilities and learning
mechanisms is closely related to the seminal wofkSohen and Levinthal (1990) and Kim
(1998). Referring to learning based on firm-extemsaurces, these authors argue that the
firm’s ability to absorb such knowledge dependsimvestments in firm-internal learning
efforts. In turn, the firm's ability to make apprigte investments for this purpose largely
depends on its pre-existing stock of knowledge. dderthese authors suggest that, while
engaging in learning allows the firm to build itepability stock, a deeper stock of
capabilities also allows it to take advantage ofren&nowledge-intensive learning
mechanisms.

Only a few studies have investigated the co-evohatry nature of capability building and
learning in a systematic manner. Most of our untdeding of this relationship is based on
evidence from single and small-N case studiesfimats on other aspects of the latecomer
capability-building process. Thus, they treat corent changes in capability stocks and
learning mechanisms as a side issue (e.g., Dutréa@8; Figueiredo, 2003; Hansen and
Ockwell, 2014; Hobday and Rush, 2007; Kesidou anchiih, 2008; Kim, 1997; Plechero,
2012; ScotKemmis and Chitravas, 2007).

To our knowledge, only two studies systematicalyeistigate the relationship between
capability stocks and learning mechanisms. Thikides a study by Figueiredo et al. (2013),
which focuses on the case of the natural resou@eepsing industry in Brazil. They find
that firms combining internal and external learningechanisms with high degrees of
intensity and variety tend to achieve the highesels of capabilities. However, they do not
provide detailed information on specifically whichmbinations of learning mechanisms are
most relevant. Also, their results are presented somewhat coarse manner, as they only
compare learning mechanisms observed across twyp peniods of time (1950-1989 and



1990-2010). Moreover, they do not differentiatenfiexternal learning mechanisms based on
whether they involve domestic or foreign sourcekmumwledge.

Hansen and Lema (2019) compare concurrent changesapabilities and learning
mechanisms in the Chinese wind-turbine and Malaysimmass-boiler industries. They
provide a number of relevant insights. For examgley find (i) that learning based on firm-
internal sources alone constrains the capabilitiding that firms undergo, (ii) that advances
to higher levels of capabilities usually involvenss form of foreign knowledge input, and
(i) that learning mechanisms at lower capabilgyels are primarily based on commercial
activities, while those at higher levels frequerdtgm from R&D efforts. However, all these
results are presented at the sectoral level, winieans that they do not provide much insight
regarding inter-firm heterogeneity in these dynamic

Thus, it appears that, despite a longstanding ac$tup of latecomer capability-building
processes, the line of investigation into how lesgractivities change as capability stocks
deepen is still in its infancy. As Bell and Figwslo (2012: 69) put it:

“We know little about the relative importance offdient learning mechanisms and
even less about whether and how this varies assfideepen their innovative
capabilities. Without this understanding, the filddks even a rudimentary basis for
offering insights about the practicalities of mamayg learning in latecomer firms

(...)."

Given the heterogeneous nature of capability-bngdprocesses (Figueiredo, 2017; Lall,
1992), we approach this topic from a micro-leveispective, focusing on the level of the
firm. This can provide important insights informirige design of policies to effectively
support the localisation of clean-tech industrrethe countries of the Global South.

3. Biogas in Thailand

In this paper, we present a comparative study pélodity building and learning in the Thai

biogas industry. The design of an industrial-sdatgas system is primarily determined by
the characteristics and availability of feedstockbjch include agricultural, industrial, and

municipal wastes and purpose-grown crops (Bachn20i3). The heart of a biogas plant is
the anaerobic digestion reactor unit where micrdbassform feedstock into biogas. Most
biogas systems also incorporate additional equipnfi@mnsubstrate pre-treatment, reactor
effluent treatment, biogas upgrading, and/or biogthksation. In addition to feedstock

characteristics, the design of a plant also depends variety of other factors, including the
client's available resources, local waste managemegulations, and how the resulting
biogas is used.

The supply of biogas systems involves a varietgrghnisations. The lead engineering firm
is the main organisation of interest here. It pdegi services in process engineering (choosing
technological equipment, dimensions, and layoutgctmanical, electrical, and instrument
engineering (supplying, installing, and commissngneéquipment), and civil engineering (site
preparation, soil analysis, etc.) (Rahayu et &l15). The lead engineering company typically
also sets up the contracts with partner organisstiovolved in the project. This can include
project hosts, operation and maintenance teamsstragtion companies, specialised
consultants, and suppliers of components suchn&s,tenembranes, mixing equipment, pipes
and valves, sensors, and electrical equipment.



The Thai biogas sector is well suited for a studylabecomer capability building, as it
experienced rapid growth in the 1990s and 2000&({6i2012; Suwansari et al., 2015).
Today, Thailand is one of the largest biogas predut the world and has the largest biogas
market in the Global South after China (FigureT)e country hosts about 1,500 industrial-
scale biogas plants at livestock farms, palm-ollaniapioca starch-processing facilities, and
other agro-processing plants (Table 2). Biogas glay important part in the Thai
government's strategy to transition towards a seaund low-carbon energy system (Table 3;
see also International Renewable Energy AgencyAg01
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Figure 2. Biogas production of the fifteen highpstducing countries. 2017 data retrieved from mgional
Energy Agency (2020). Logarithmic scale.

Hogt facility type

Number of biogas plants

Biogas production (PJ/year)

Livestock farms

1,250

4.69

Palm-oil mills 72 3.82
Starch-processing facilities 56 7.85
Ethanol-production facilities| 19 5.25
Other 80 2.73

Table 2. Estimated number of biogas plants anddsiqgoduction by type of host facility. Source: Eyye
Research and Development Institute Nakornping ahiir@ Mai University (2017), cited in Mehner et al.
(2017: 65). Conversion from biogas production in®™NenPJ assuming an average energy density fact®t.6f
MJ/Nn’ following the World Bioenergy Association (2017).



Type of energy

September 2015 (MW)

2036 target (MW)

Municipal waste 134.72 500.00
Industrial waste - 50.00

e DIAIAEE == = oy 2,676.50 5,570.00 Electricity: increase in

’s Biogas (wastewater/sewags) 365.10 600.00 alternative energy share

o SIS R o 172.06 376.00 from 4.27% in 2015 to 20%

Biogas (energy crops)  » - 680.00 by 2036.
W power — — 225.37 3,002.00

Solar power 1,313.65 6,000.00
Large hydropower 2,906.40 2,906.40

Type of energy September 2015 (PJ) 2036 target (PJ)

Energy from waste 2.66 20.72 Heat: increase in

BiQMASS: m s — 182.92 925.28 alternative energy share
. Biogas 16.33 53.72 from 19.15% in 2015 to

SO ST O ——— 0.23 50.24 36% by 2036.

Other alternative energy - 0.42

tember 2015 2036 tar get

Type of energy (Sleg6 litre/day) (10° Iitre’gday)

Ethanol 3.52 11.30 Biofuels: increase in

Biodiesel 3.17 14.00 alternative energy share

~ Pyolysis Q. e - 0.53 from 6.6% to 25% by 2036.

#_ _Biomethane (tonne/day) ., - 4,800.00

Dther ateerretivemermtgy (ktoe) - 0.42

Table 3. Planned increases in capacity and pramucti renewable energy under Thailand’s AlternaBvergy
Development Plan. Source: Energy Policy Planniniic©{2016).

4. Methodology

4.1.Multiple-case study design
A qualitative case study approach was considemdtable research design for this paper as
it involves exploratory research on a phenomenattibs not been previously explored in
detail, and where the context is difficult to separfrom the study object (Yin, 2003). As the
remainder of the present section explains, therpaffers a comparative account of nine
firms on the basis of detailed empirical data dmaanalytical framework outlined in Section
2. In so doing, it aims to contribute to theoryltung by using analytical generalisation to
develop theoretically relevant propositions (Eissdbhand Graebner, 2007).

Multiple-case studies have been used in a numbgresious studies on latecomer
capability-building processes due to their abildylluminate the relationship between
capability-building and learning mechanisms acsmsseral firms (e.g., Figueiredo, 2017;
Hansen and Ockwell, 2014; Scéiemmis and Chitravas, 2007). The inclusion of nplgti
case firms allows for interesting comparisons,udeig the identification of commonalities
as well as differences across the firms under sfudpnoni, 2015). To this end, we made
use of the so-called maximum variation samplinghoetSeawright and Gerring, 2008),
which involves the selection of a small numberades that maximize the diversity relevant
to the research question while recognising theiplyssf identifying common patterns. Such



an approach generally contributes to enhance tlabitidy of the findings by allowing for
the elimination of potential biases, for exampégated to national or sectoral circumstances.

4.2.Data collection and sample

The core data for this research were collectedndufieldwork in Thailand from May to
August 2017. We conducted interviews with represt@rgs of nine biogas engineering firms.
We identified these organisations by consultingustdy experts in Thailand and by using a
snowballing method. Additionally, we conducted mitews with five organisations
providing complementary services to biogas systeamsl held numerous informal
conversations with industry participants at a reglaenewable-energy trade fair in Bangkok
in June 2017.

The present paper is primarily based on our ingevsi with the nine biogas engineering
firms. Key details of these organisations have baaonymised due to confidentiality
concerns. The interviews were conducted with leadiersonnel in the managerial and
technical divisions of the firms, lasted betweenas@ 120 minutes, and were based on a
semi-structured design (see Appendix A for adddlomformation on the interviews).
Following questions about the historical backgraumehd business profiles of the firms,
interviewees were asked to identify the most reteveechnological milestones and
breakthroughs that their firms had achieved dutlmgr lifetimes. These milestones were
subsequently discussed in detail one by one wipe# to the technological capabilities they
implied and the learning mechanisms they involvede(Appendix B for the complete
interview protocol). Interviews were audio recorgetl transcribed. The resulting transcripts
formed the core source of data for the analysisgmed in this paper.

To address the risks of social desirability andallebias, the authors used the available
documentary evidence to triangulate the informatdmained during the interviews. This
included company brochures and webpages, the tadhaind academic literature, patents,
news articles, industry periodicals, and data ftbe documentation of Thai biogas projects
under the Clean Development Mechanism (CDM) (UNFCC@98). These were identified
and accessed via online searches, through refdyyatdudy participants, and by collecting
physical copies during visits at the firms' faalés. As many of the company representatives
commented on the activities of their competitorsiry the interviews, we used this as an
additional source of information to triangulate ooterview data. In some instances, we
contacted interviewees after the fieldwork to rexjwdarification or additional information.

Table 4 provides some background information onrone case firms. While most of these
are local, one is a subsidiary of a foreign-basedtinational (lota). All firms in the sample
are privately owned, except for one publicly owmedearch institute that operates as a
technology supplier (Zeta).

While there does not appear to be any comprehemnsieenation about the actors involved
in the Thai biogas industry, we are aware of d wit#hirty-one biogas technology-supplying
firms operating in Thailand. This means that oungle covers about 30% of the entire
industry. To ensure that this includes all releiams, we reviewed the available evidence
on the development of the Thai biogas industry (Melet al., 2017; Siteur, 2012; Suwansari
et al., 2015). Furthermore, virtually all of thearnviewees mentioned the names of their key
competitors, which was used as further confirmatioat all the relevant firms had been
identified.

10



In the absence of information about market shanes,used data on Thai biogas CDM

projects to get a sense of the firms’ importancéhtosector (see Reinauer (2019) for more
information). Table 4 gives the shares of CDM petgethat each firm was involved in.

Fourteen other firms that are not included in thesent analysis have supplied biogas
technology to CDM projects in Thailand (ibidNone of these have been involved in more
than 3% of the total number of CDM projects. Thiggests that the firms included here are
likely to include the most relevant ones to haverbavolved in the Thai biogas sector, at

least during the period when the CDM was active. (ioughly 2004-2012; see UNFCCC
(2014)).

Firm Employees | Founded Ownership | Type Per centage of Thai biogas CDM
projectsfor which the firm supplied
biogas systems (total: 117)

Alpha 11-50 2005-2009 Local Private sector 0

Beta 11-50 2000-2004 Local Private sector 4

Gamma | 51-100 1990-1994 Local Private sector 18

Delta 1-10 2000-2004 Local Private sector 8

Epsilon | 101-200 1995-1999 Local Private sector 4

Zeta 51-100 1990-1994 Local Public research institu 21

Eta 101-200 2000-2004 Local Private sector 2

Theta 1-10 2010-2014 Local Private sector 1

lota 101-200 2000-2004*%  Foreign Private sector 4

Sum - - - 62

Table 4. Information about firms included in theidst. Data sources: interview data and Thai biogB$1C
project documentation. *: first year of involvemémfT hai biogas sector.

4.3.0perationalisation of key concepts

We adopt a broad understanding of technologicahludipes as those required for products,
processes, equipment, and linkages. There are aearunh reasons for this choice. First, we
developed the analytical framework for our studyhva view to focusing on the empirical
case. The Thai biogas industry is a project-basddstry, which means that capabilities for
product design, process engineering, and equipmegiap strongly (see Kiamehr (2017:
221) for a similar argument). At the same time, spply of project-based technologies
usually involves collaborations between multiplertpers (lead engineering firms,

construction companies, component suppliers, slgaiaconsultants, etc.), which is why we
include linkage capabilities. Finally, we decided omit capabilities for strategy and

investment-related activities because of the needeep our multi-firm comparison of

capability stocks and learning mechanisms tractable

As the constituents of a firm's technological calgads (knowledge bases, skills, and
experience) are difficult to observe directly, vedyron the “revealed capabilities” approach,
which involves inferring a firm’s capability stocksom information about the activities in
which it engages (Bell and Figueiredo, 2012: 50@r FEhis purpose, we drew up a
comprehensive list of relevant indicators, relaiedhe inputs, performance, and outputs of
firms' routine and innovation activities (Tablesge Appendix C for additional information).
This distinguishes our paper from previous studiesatecomer capabilities, which often
provide little information on the underlying factothey consider when assessing firm
capabilities. We developed this list based on araiive process of consulting the academic
literature and the data collected as part of tesearch. Prior to the fieldwork, we compiled a
comprehensive list of possible indicators basedthan literature on latecomer capability
accumulation (e.g., Amsden and Tschang, 2003; 8edl Figueiredo, 2012; Figueiredo,
2003; Hansen and Ockwell, 2014). When conducting ioterviews, we continuously
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updated this list to reflect the most relevant eatiors. Thus, we developed the list presented

in Table 5 specifically with the empirical casetloé present study in mind.

Aspect of Indicator Description

innovation

process

Inputs Staff The qualifications of staff are used as a measiiteecknowledge, skills, and

qualifications | experience that a firm possesses. Qualificatioaslatermined based on two
dimensions: the type of degree/training that staffe completed, and the levels
of experience in biogas or related sectors that lase accumulated.

Collaborations| Following Lall (1992), information on collaboratisnvith external partners is

with external | used as an indicator of the firm’s linkage capébdi i.e. its ability to establish

partners connections to other organisations that allow i@ transmission of information,
skills, and equipment. Collaborations are distingedsby type, intensity, and
continuity.

Performance| Methods and| Following Amsden and Tschang (2003), methods aold tefer to the particular

tools kinds of activities that firms engage in duringoration processes, e.g., the use
of particular methods to test substrates, to erpaErt with new designs, etc.
These are distinguished based on the complexittyeofequired knowledge bases
and the amount of required experience.

R&D and Following Amsden and Tschang (2003) and RadosevdcYamuk (2018, 2016),

design and the innovative activities of firms are distinguighgased on the kinds of activities

engineering along the innovation chain they involve (basic pplaed research, exploratory or
activities advanced development, or product engineering).

Outputs Awards Awards are used as indicators ofitimés ability to develop novel and complex
technology. They are distinguished based on whéliggrinvolve national or
international prizes.

Exports Exports are interpreted as an indicatiotheffirm’s ability to participate in
competitive international markets (e.g., see Eenstl., 1998). Furthermore, they
are seen as an indicator of the firm’s ability evelop systems that are suitably
adapted to circumstances that differ from thosadon Thailand. Exports are
distinguished based on the number of projects laadegions where they take
place (neighbouring countries in Southeast Asiagioiow/middle-income
regions, high-income regions).

Patents Patents are understood to be an indiaattitre firm'’s ability to develop
technology that meets the novelty criteria for ptability. They are differentiated
based on whether they are national patents or EBRTIQ patents, assuming that
the latter involve more substantial novelty, comjiie and potential economic
impact.

Performance | Following Radosevic and Yoruk (2018), ISO 9001 fegtes are used as an

standards indicator of high operational efficiency and thdgte presence of high-level
routine production capabilities. In addition, thedy also considers ISO 17025
certificates to be indicators of routine capal@bti These concern quality
standards at testing and calibration laboratotigerfational Organisation for
Standardization, 2018) and are therefore relevarthe biogas industry.

Product This indicator ranks innovations according to theivelty and scope of change.

innovations With regards to the former, the study distinguidghetsveen new-to-firm, new-to-

market, and new-to-world innovations (OECD, 200%)e Bcope of change is
determined by comparing the different kinds of ivations in which the firms
included in this study have engaged.

Reactors - sizg

The size of the reactor is inteegras an indicator of the complexity of the
systems that a firm can handle. While Ariffin arigueiredo (2004: 580) point
out that one ought to differentiate between a frability (i) to creatively engage
with technology, and (ii) to handle technologicairplexity, we argue that
handling complex technological systems requireslament of creative
engagement, e.g., with respect to the need to a&elemological designs to
project contexts. Reactors are allocated to onbre&tcategories: small, medium,
or large.

Reactors - The variety of reactors that a firm offers are sag@n indicator of the breadth of
variety the firm’'s knowledge base. A broad knowledge bélseva firms to offer various
system designs that are appropriate for differevjept contexts. Firms are
categorised based on the number of different reagpes they have developed.
Scientific Scientific publications are seen as an indicataheffirm’s capability to
publications undertake basic and applied research. Data foirttlisator are distinguished

based on the frequency of research outputs anguiddéy of the outlets in which
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they are published.

Substrates Similar to the indicator based on thietyeof reactors that a firm offers,
information on the variety of substrate types théitm has worked with provides
insights into the breadth of its knowledge baseddition, the amount of dry-
matter content of substrates is seen as an indicktbe firm's ability to handle
technological systems that require sophisticatelrtelogical know-how (source:
multiple interviews conducted for this study).

System System performance is used as an indicator ofrrewtapabilities, i.e. the firm's
performance | ability to supply well-functioning technologicalstgms. A simple distinction is
made between systems that operate well and thasddmot.

Trademarks Following Mendonca et al. (2004), tragidsm are used as an indicator of the
firm’s ability to offer differentiated products amde thus seen as an indicator of
high-level routine production capabilities.

Types of Finally, the types of services that firms engagariconsidered to reveal further
service information about their capability levels. In padiar, firms that are hired to fix
under-performing biogas systems which were preWodesveloped by
competitors are considered to enjoy a good requitddir their technical
capabilities among clients. As such, companiestthee offered such revamping
services are considered to exhibit high leveloatine capabilities.

Table 5. List of capability indicators used in #r@alysis.

Table 6 maps these indicators onto a capabilitgdadf the type introduced in Section 2.1.
The grey shading illustrates the ranges of the lwépalevels that each individual indicator

covers. Determination of these ranges was basdtieoiiterature of latecomer capabilities,
the technical literature on biogas systems, andoaur understanding of routine production
and innovation processes in the biogas industryail®e explanations for how the ranges for
each indicator were determined are included in AgpeC.

Aspect of Indicator ‘ Routine ‘ Innovative
innovation Extra Inter- Advanced | World-
process basic mediate
Inputs Staff

qualifications

Collaborations

with external

partners
Performance Methods and

tools

R&D and

design and

engineering

activities
Outputs Awards

Exports

Patents

Performance
standards
Product
innovations
Reactors - size

Reactors -
variety
Scientific
publications
Substrates

System
performance
Trademarks
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Types of
service

Table 6. Mapping capability indicators to capabilévels.

Aggregating information on individual indicatorstoanan overall capability score for each
firm was done using the following steps. First,lre@iece of information about capability
indicators was ranked according to the ranges @fillhstrated capability levels. Next, each
piece of information was assigned a year, whiclovadd temporal ordering and the
development of detailed capability biographies dach firm. Using these biographies, we
then divided each firm’s lifetime into differentagtes, determined based on notable changes
(milestones) in the types of projects in which Brengaged. Finally, we determined a single,
overall capability level for each lifetime stageeafch firm based on the information available
from the indicators. Basing this on a quantitatmeighting system was considered
impractical because first, the amounts of infororatavailable for the lifetime stages of the
firms are inconsistent, and secondly, there isheoretical basis for the choice of weights for
individual indicators. Thus, we decided to aggregtie information from the individual
indicators for a particular firm and lifetime stagased on our understanding of the biogas
industry and on a comparative analysis of the fiimekuded in this study.

As with the list of capability indicators, we alsteveloped a list of relevant learning

mechanisms by iteratively consulting the literatuva latecomer capability and the

information obtained from the interviews (see TaB)e As described in Section 2.2, we

distinguish learning mechanisms by origin and typalowing the same procedure that we
used to structure our data on capability indicateexh piece of empirical information was

assigned a year, which allowed us to develop lagrmechanism biographies for each firm.
Based on the year that an individual piece of mi@tion was assigned, it was then allocated
to one of the firms’ lifetime stages highlightedbab. The capability and learning biographies
form the basis for the analysis presented in tHeviing section of this paper.

Type Internal External-domestic External-foreign
Commercially | - Learning by doing on a - Learning through - Learning through
driven project-to-project basis observation of project observation of project
- Learning by using through| developed by local company developed by foreign
operation of projects - Learning through operation company
- Learning through of project developed by - Learning through operation
systematic collection and | local company of project developed by
analysis of operational datal - Learning by acquisition of | foreign company
project developed by local | - Learning through
company acquisition of project
- Learning through developed by foreign
collaboration with local company
component supplier - Learning through
- Learning through collaboration with foreign
collaboration with local component supplier
engineering and constructign- Learning through
company collaboration with foreign
- Learning through engineering and construction
collaboration with local company
biogas expert - Learning by collaborating
- Learning from user with foreign biogas system
feedback designer
R&D-driven - Learning through testing in - Learning through - Learning through
laboratory collaboration with local consultation of the academic
- Learning through on-site | testing facility and technical literature
testing - Learning through research - Learning through
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- Learning through trial and| collaboration with local collaboration with foreign
error experimentation organisation testing facility
- Learning through testing at - Learning through research
pilot-scale plant collaboration with foreign
organisation
Human - Education and experience| - Learning by hiring staff - Learning by hiring staff
resource- of founding members educated at local university| educated at foreign
related and/or with experience of | university and/or with
local organisation experience of foreign
organisation

Table 7. List of learning mechanisms used in thedyesis.

5. Results

We present our results in three parts. Sectionsbrhmarises the data on the capability
trajectories the nine case-study firms. This addreshe first research question mentioned in
Section 2:What types of knowledge and skills have Thai bi®yssem suppliers acquired
through internal and external learningSection 5.2 summarises the learning mechanisms
that these firms have engaged in, thus addreshmgédcond research questibtow have
they acquired these3ection 5.3 combines the data on capability trajezs and learning
mechanisms to answer the questibluw do learning mechanisms change as latecomers
build higher levels of technological capabilities?

5.1.Capability development pathways

Aside from the foreign-owned subsidiary (lota) awmee local firm (Theta), all firms started
out at relatively low levels of capability developm, ranging from the basic routine to the
basic innovative stages (Figure 3). All of thesen§ have transitioned towards higher levels
of capability during the study period. We dividedr case-study firms into three groups
according to similarities in their capability despment pathways. The remainder of this sub-
section summarises the developments in the thimepgr capability building efforts. Given
word count limitations, we focus our summary on kapability indicators.
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Figure 3. Capability development pathways for cstsely firms in the Thai biogas industry.

Group | includes four firms (Alpha, Beta, Gammag dbelta) that have achieved modest
improvements in their capability stocks during theidy period, from the basic to the
intermediate innovative capability category. In #erly stages of their lifetimes, each of
these firms worked with only a single reactor tgmel a limited range of substrates. Gamma
and Delta developed pilot plants in collaboratiathwocal universities to test their designs
before applying them in commercial projects. Al@ral Beta adopted foreign designs and
introduced changes to these to address the partitoe$ of local substrates. This involved
relatively minor adaptations to prevent cloggingide the reactor by introducing an
improved substrate mixing mechanism (Alpha) andesic# to scrape out settled solids
(Beta). In the later stages of their lifetimes,falir firms moved to the intermediate level of
capabilities. During this period, they adopted $madrieties of reactor designs and
experimented with new substrate types (all four ganies), pre-treatment technologies
(Alpha), and biogas usage options (Gamma). Thisrlésaslted in a range of innovations,
some of which involve technologies not previous$gd in Thailand. With respect to linkage
capabilities, the firms interacted with local tasgtifacilities (Alpha and Gamma), foreign
component suppliers (Alpha, Beta), and foreign asogxperts (Gamma) in the later stages of
the study period. Our data suggest that instan€dsecbnology co-development are rare.
Alpha is the only company whose leadership indatdteat it had worked with a foreign
organisation to adapt a new technology (a subspatetreatment process) to the Thai
context.

The firms included in Group Il (Epsilon, Zeta, akth) have achieved more substantial
improvements in their capability stocks than thosé&roup I. While Eta transitioned once
from the extra basic routine to the intermediateirative level, Epsilon and Zeta underwent
two transitions and reached the advanced innovéduad. In their early stages, all three firms
only engaged in limited innovative activity. Thddrviews revealed that Eta started out as a
project operation firm. Epsilon and Zeta initiafiycused on the development of medium-
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scale pig-manure digesters, for which they had ipusly obtained designs from foreign
partners. According to our interviews, these systgerformed poorly due to the absence of
an internal substrate-mixing mechanism, which fegtly resulted in clogging by settled
solids. Our data suggest that all three firms is tiroup moved towards higher capability
levels at later stages in their lifetimes. Whila Biegan to develop its own biogas systems,
Epsilon and Zeta engaged in progressively more Inand complex innovations. Epsilon
experienced a particularly sharp increase in ipabdity stock around the year 2000 when a
change in management led to the hiring of two m@gonally renowned biogas experts and a
reorientation of the company from pig manure to ttleatment of cassava wastewater. Over
the years, Epsilon and Zeta have managed to adopicaeasing range of biogas system
designs, which has allowed them to develop projbated on a variety of substrate types.
Information available in the documentation of CDNbjpcts revealed that Epsilon's and
Eta’s systems belong to the largest ones in Thaildrhile Zeta and Eta were among the first
local firms to export biogas technology into neighbing countries in Southeast Asia,
Epsilon exported a system to a European countrypamdded consultancy services to a large
energy-engineering company based in Japan.

Finally, the firms in Group Il (Theta and lota)hekit continuously high levels of innovative
capabilities at the advanced and world-leadingltevoth firms are headed by experts who
each have more than thirty years of internationgledence in biogas. Our interviews
revealed that some of these have been involvederearly developmental stages of reactor
designs which today are used across the world.aTdred lota have strong linkage and R&D
capabilities, which are reflected in their partatipn in international R&D programmes that
have led to new-to-the-country and, in some casesy-to-the-world applications. The
interview with lota revealed that the firm maintia close relationship with a world-leading
research centre located in Europe. Furthermore;slanterviewee stated that the firm does
not usually develop pilot plants because its shaf$ accumulated sufficient experience to
introduce major changes to biogas systems in tales operational projects. These R&D
projects often involve implementing new componefitsn globally leading component
manufacturers that are based in high-income camt@ur data show that both firms' biogas
systems are among the largest in the world andsthiate of them were awarded globally
renowned prizes. The information available on thed’ webpages illustrates that Theta and
lota work with a wide range of substrates and thay have adopted a substantially larger
variety of reactor designs than the firms includgedsroups | and Il. Both Theta and lota
have developed projects in a variety of countriegh across Southeast Asia and in other
low-, middle-, and high-income regions of the world

5.2.Engagement in learning mechanisms
This section presents our data on key learning argsims that the nine case-study firms
have engaged in during the study period (see Tgble

The interviewees from the firms included in Grouglllstressed that, in the early stages of
their lifetimes, their firms relied extensively tme experience of their leading staff members.
Additionally, Alpha, Gamma, and Delta mentionedt tieey gained critical knowledge about
design principles by observing and/or operatinggaso projects that had previously been
developed by foreign firms, allowing them to leabout technologically advanced and well-
proven designs. Furthermore, the representativésanima and Delta pointed out that they
had developed pilot projects at the beginning eirthfetimes, for which they collaborated
with a local biogas expert and an MSc student fedlmcal university respectively. Alpha and
Beta combined the experience of their key staff tmens with project-to-project experiences
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and trial-and-error experimentation at projectssii@ later stages of their lifetimes, all four
firms transitioned from the basic to the interméslimnovative level of capabilities. The
interviewees from Alpha, Beta, and Gamma stredsat] during this time, project-to-project
experiences, sometimes in combination with triad-arror experimentation, allowed them to
incrementally improve the performance of systemigiss that they had previously
developed. Furthermore, all four firms adopted nevirm reactor designs. While Gamma
and Delta primarily relied on the experience ofirttetaff for this, the interviewees from
Alpha and Beta mentioned that they were able te@scdetailed technological know-how
from foreign suppliers of core components. At timet of the interviews, Alpha was also
collaborating with a Chinese company to adapt aemg@lly new-to-the-country pre-
treatment method for a novel substrate type.
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Gr. | Firm Stage 1 Stage 2 Stage 3 Stage 4
Internal | Ext-dom. | Ext-for. | Internal | Ext.-dom. | Ext.-for. Internal | Ext-dom. | Ext-for. | Internal | Ext-dom. | Ext.-for.
| Alpha 2009-2010: basic innovative 2011-2016: intermediate innovative 2017: intermediate innovative
-Founders’| -Local hire | -Operating | -Project-to- | -Local res. | -Foreign -Int. res.
experience| -Local foreign project collab. component collab.
-Project- eng./constr| company’s| -Trial-and- supplier
to-project | company | project error
-Trial-and- -Pilot
error testing
Beta 2004-2007: basic innovative 2008-2017: intermediate innovative
-Founders’ -Foreign -Project-to- -Foreign
experience component| project component
-Project- supplier supplier
to-project -Foreign
-Trial-and- eng./constr.
error company
Gamma| 1991-2005: basic innovative 2006-2017: intermediate innovative
-Founders’| -Local -Technical | -Project-to- | -Local hire | -Technical
experience| biogas literature | project -Local res. | literature
-Pilot expert -Observe collab.
testing -Local hire | foreign
-Project- company’s
to-project project
Delta 2004-2008: basic innovative 2009-2017: intermediate innovative
-Founders’| -Local res. | -Observe | -Pilot
experience| collab. foreign testing
- Pilot company’'s
testing project
-Trial-and-
error
Il Epsilon | 1999-2001: basic routine 2002-2004: intermediate innovative 2005-2008: advanced innovative 2009-2017: advanced innovative
-Founders’ -Project-to- -Foreign -Project-to- -Foreign -Pilot -Acquiring | -Foreign
experience project biogas project hire testing local hire
-Project system -Project -Foreign -Project- company’s| -Foreign
operation designer operation component| to-project | project biogas
-Analysing -Analysing supplier -Project system
operational operational operation designer
data data -Analysing -Acquiring
operational foreign
data company’s
-In-house project
lab-testing
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Zeta 1991-1999: basic innovative 2000-2010: intermediate innovative 2011-2017: advanced innovative
-Project- -Local -Foreign -Project-to- | -Local -Foreign -Project-to- | -Local -Int. res.
to-project | eng./constr.,| biogas project eng./constr,| eng./constr.| project eng./constrs| collab.
-Pilot company | system -Analysing | company | company | -Pilot company -Foreign
testing -User designer | operational | -Local res. testing -Local res. | component|
-In-house | feedback data collab. -Analysing | collab. supplier
lab-testing -User operational | -User -Foreign
-Analysing feedback data feedback biogas
operational system
data designer

Eta 2003-2008: extra basic routine 2009-2016: intermediate innovative
-Founders’| -Local hire | -Acquiring | -Project-to- -Foreign
experience foreign project biogas
-Project company’'s| -Project system
operation project operation designer
-Analysing -Analysing
operational operational
data data

Il Theta 2010-2014: advanced innovative 2015-2017: advanced innovative
-Founders’| -Local hire | -Foreign -Foreign
experience| -Observe | component component
- In-house | local supplier supplier
lab-testing | company’s | -Int. res.

project collab.
-Technical
literature
-Observe
foreign
company’'s
project

lota 2000-2017: world-leading innovative
-Founders’| -Local -Foreign
experience| eng./constr.| hire
-On-site company | -Int. res.
testing collab.

-Foreign
component
supplier

Table 8. Learning mechanisms used by firms acrifésreht stages of their lifetimes. Abbreviatioreng./constr., engineering and construction; reflalmo research

collaboration.

20




We now turn to the learning mechanisms in whichrtiegnbers of Group Il have engaged. In
the early stages of development of Thailand’s Boggctor, Zeta (a public research institute)
benefitted from its access to advanced technolbgimavledge through a collaboration with
a large, European-based donor agency. Subsequgatly,mainly learnt from developing a
large number of projects based on this design kedgd under a government-funded biogas
technology-diffusion programme. Our interview wilpsilon revealed that the company
initially invested very little in learning, which @ant that it was only able to provide
relatively small systems that often experiencedratpmnal problems. Eta started out as a
project-operating company after acquiring a numifeprojects that had previously been
developed by a foreign partner firm. Eta's repregeres explained that the company
invested heavily in optimising the performance ladge projects at the time, which included
introducing sophisticated systems for performanaenitoring and hiring a local Ph.D.
graduate to analyse the resulting data. In lategest of their lifetimes, all three firms in this
group upgraded to the intermediate innovative ciipatevel. At this time, Eta began to
develop its own systems in collaboration with aefgn-based system-design company.
Epsilon also started to collaborate closely witlor@ign design company, which was a result
of the change in management around the year 20Qttioned above. From this point
onward, Epsilon also repeatedly hired foreign etgoty head its technical and managerial
units. The interviewees from all three firms instigroup emphasised that they continuously
invested resources in the collection and analygisoperational data to optimise the
performance of their existing systems and to imprdesigns for new projects. Like Eta,
Epsilon began to operate its own projects in therlstages of its lifetime, which facilitated
improvements in subsequent projects based on ledsannt. In the latest stages in their
lifetimes, Zeta and Epsilon further upgraded theapability stocks to the advanced
innovative level. During this time, both companieagaged in R&D-based learning,
combining in-house laboratory testing with pilobjects to develop designs for substrate
types with substantially different characteristiotsm those they had worked with before.
Zeta also collaborated with a world-leading comparseipplier and a European university in
these projects.

Finally, we discuss the learning activities of GQudii. As described above, Theta and lota
exhibited high levels of innovative capabilitiesdhghout the study period. Both firms have
benefitted substantially from the extensive expexgeof their senior staff, who have decades
of international experience in biogas. The intamges of both firms highlighted examples of
international research collaborations that illustréheir respective capability stocks. lota
regularly collaborates with a team at a Europeaneusity that is led by a world-leading
researcher on anaerobic digestion. The intervieadg® mentioned an example of a recent
R&D project that aims to incorporate a key comparieam a foreign supplier into a new-to-
the-world substrate pre-treatment application. Asseéveral of lota’s R&D projects, this
involves on-site testing at fully operational, coemial projects. Theta’s interviewees
highlighted their participation in an R&D projeainfded by a foreign government with the
aim of generating new knowledge about biogas deptechnologies. The interviews with
the firms in this group revealed that both had afsproved their capabilities by recruiting
experienced foreign and domestic staff. Additionallota benefitted from temporarily
working with a local engineering firm, which proeid it with access to clients and detailed
information about local feedstock characteristics.

5.3.Concurrent changes in capability building and leayn
Now that we have discussed the capability trajegetoand learning activities of our case-
study firms, we can investigate potential concurodranges in these two variables. As shown
in Table 9, the amount of information availablaldferent capability levels varies. While the
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basic routine, extra basic routine, and world-legdinnovative categories each only give
information about a single firm, the intermediat@avative category includes as many as
seven firms. This should be kept in mind when miteting the results.

Epsilon is the only firm that exhibited capabilgief the basic routine class. In the early
stages of its lifetime, it exclusively built biogagstems for the treatment of pig manure.
According to the firm's representative, virtually @ these systems under-performed. At the
time, Epsilon engaged in very limited learning, thosevolving around the knowledge and
experience of its founding members. It did not ggga any other learning mechanisms
based on firm-internal or external sources of krealgk.

Eta is the only company that falls into the extasib routine level of capabilities (in the first

stage of its lifetime). As argued above, it hasested substantially in learning. This included
acquiring projects that had previously been deesddpy a foreign-based company, operating
these projects, collecting and analysing perforraatetta, and hiring a local Ph.D. graduate.
The combination of these mechanisms allowed Etiet@lop a detailed understanding of the
designs of these systems. In later stages ofetintie, Eta used this knowledge to develop its
own projects. Eta's investments in learning whilevas at the extra-basic routine level of
capabilities contrast sharply with the limited lgag that Epsilon has engaged in while it was
at the basic level of routine capabilities.

Alpha, Beta, Gamma, Delta, and Zeta exhibited biasiovative capabilities in the course of

their lifetimes. Our data show that nearly all e@ntatives of these firms highlighted the
importance of learning on a project-to-project basometimes combined with trial-and-error
experimentation with full-scale projects (Alpha,t8eGamma, Zeta). Three of the five firms
developed pilot plants to test and experiment wighv reactor designs or key components,
which sometimes also involved collaborations wabdl or foreign partners (Gamma, Delta,
Zeta). Three firms in this group indicated thatytHearnt by observing and/or operating

projects developed by foreign companies (Alpha, Garand Delta). In general, firms at the
basic innovative capability level indicated thaéyhhave learnt from domestic sources of
external knowledge more frequently than from fonegpurces. While domestic sources of
learning involved a variety of types (productivdyiven, innovation-driven, and human-

resource-focused), learning involving foreign sesrof knowledge hardly involved any

R&D. Instead, foreign-based learning revolved atbimiman resources and productivity-
driven efforts.

Seven firms have achieved innovative capabilitiesthe intermediate innovative level
(Alpha, Beta, Gamma, Delta, Epsilon, Zeta, and.Elampared to the basic innovative level,
this level is characterised by a higher share whdithat actively collected and analysed
performance data to learn how to improve designsuimsequent projects. In two of these
cases, the firms themselves operated the projeetsthey developed (Epsilon and Eta).
Furthermore, compared to the previously discussapalulity levels, the intermediate
innovative level is characterised by a lower raafkearning mechanisms based on domestic
sources of knowledge. This predominantly revolvexliad research collaborations with local
research centres (Alpha, Gamma, and Zeta). Othersfof domestic interactive learning are
rare. The firms at this level of capabilities mdrequently learnt from foreign sources of
knowledge. This included collaborations with comgun suppliers (Alpha and Beta),
engineering and construction companies (Beta an@d)Zand biogas system designers
(Epsilon and Eta). Research collaborations witleifpr organisations are rare (only Alpha in
recent years).
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Capability Firm L ear ning mechanism
level Internal External-domestic External-foreign
Basic Epsilon | -Founders’ experience
routine
Extra basic | Eta -Founders’ experience -Local hire -Acquiring foreign
routine -Project operation company’s project
-Analysing operational data]
Basic Alpha -Founders’ experience -Local hire -Operating foreign
innovative -Project-to-project -Local eng./constr. company company'’s project
-Trial-and-error
Beta -Founders’ experience -Foreign component supplier
-Project-to-project
-Trial-and-error
Gamma | -Founders’ experience -Local biogas expert -Technical literature
-Pilot testing -Local hire -Observe foreign company’s
-Project-to-project project
Delta -Founders’ experience -Local res. collab. -Observe foreign company’s
-Pilot testing project
-Trial-and-error
Zeta -Project-to-project -Local eng./constr. company -Foreign biogas system
-Pilot testing -User feedback designer
-In-house lab-testing
-Analysing operational data|
Intermediate| Alpha -Project-to-project -Local res. collab. -Foreign component supplier
innovative -Trial-and-error -Int. res. col.
-Pilot testing
Beta -Project-to-project -Foreign component supplie
-Foreign eng./constr.
company
Gamma | -Project-to-project -Local hire -Technical literature
-Local res. collab.
Delta -Pilot testing
Epsilon | -Project-to-project -Foreign biogas system
-Project operation designer
-Analysing operational data|
Zeta -Project-to-project -Local eng./constr. company -Foreign eng./constr.
-Analysing operational data| -Local res. collab. company
-User feedback
Eta -Project-to-project -Foreign biogas system
-Project operation designer
-Analysing operational data]
Advanced Epsilon | -Project-to-project -Acquiring local company’s | -Foreign hire
innovative -Project operation project -Foreign component supplier
-Analysing operational data| -Foreign biogas system
-Pilot testing designer
-In-house lab-testing -Acquiring foreign
company'’s project
Zeta -Project-to-project -Local eng./constrs. -Int. res. collab.
-Pilot testing company -Foreign component supplier
-Analysing operational data| -Local res. collab. -Foreign biogas system
-User feedback designer
Theta -Founders’ experience -Local hire -Foreign component supplier
- In-house lab-testing -Observe local company’s | -Int. res. collab.
project -Technical literature
-Observe foreign company’s
project
World- lota -Founders’ experience -Local eng./constr. company  -Foreign hire
leading -On-site testing -Int. res. collab.
innovative -Foreign component supplier

Table 9. Learning mechanisms observed at diffesges of technological-capability development.

The advanced innovative group includes three fifapsilon, Zeta, and Theta. Like the firms
in the intermediate innovative class of capabsitithey actively collected and analysed
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performance data and occasionally developed pdaliesplants to test new substrate types
and/or substantial changes in system designs.dfpaitd Theta performed in-house testing,
which is rare at lower levels of capability devetggnt. The firms included here also made
use of some external-domestic learning mechanismkiding productivity-driven learning
mechanisms, human resource-based learning, anshancase, innovation-driven research
collaboration. The advanced innovative level israbgerised by an even stronger focus on
learning from external-foreign sources of knowledpan the firms at the intermediate
innovative capability level. This mostly includesject-based learning, but also two cases of
international research collaborations (Zeta andtd)heDelta also emphasised that it
benefitted from hiring foreign experts into thenfir

lota is the only firm analysed in this study thahibits capabilities at the world-leading
innovative level. It has maintained this level thgbout the entire study period. With respect
to learning mechanisms, one of the defining feattinat sets lota apart from the other firms
is its close partnership with a world-leading reskadeam based in Europe. It has regularly
collaborated with this team to work on new-to-tleeHatry and sometimes new-to-the-world
innovations. This sometimes also involves the ipoaation of new system components
sourced from foreign component suppliers. Expertat@n with these components has often
taken place on full-scale, commercial projects.tl@mmore, lota employs a number of
internationally renowned biogas experts and hagsirmoously upgraded its pool of human
resources by hiring local and foreign staff. Aseabpreviously, lota also collaborated with a
local engineering and construction company thavidesl it with market access and detailed
knowledge about substrate characteristics.

6. Discussion

Our comparative case study of nine biogas-engingdinms in Thailand suggests that there
are changes in the kinds of learning mechanismghinh firms engage at different stages on
the capability trajectory. Before discussing whase are, we point out some more general
insights that stem from our analysis.

To begin with, our data indicate that experienceedalearning - e.g., through project-to-
project learning or the experience of core staffniers - is important at virtually all stages
of capability development. This likely stems froine thature of biogas systems, which require
substantial adaptation to local project contexee (Section 3). As a result, the precise
impacts of changes in designs often only becomeeetiin the operational phases of
projects. This finding has implications for the geadisability of our results, as latecomer
learning in industries with substantially differecttaracteristics, such as consumer-product
manufacturing, likely involves different learningrehmics (Schmidt and Huenteler, 2016).
Thus, the results presented in the present pagemast relevant for latecomer firms in
project-based industries (see also Kiamehr, 2017).

Our results also suggest that firms which rely mm-4nternal learning mechanisms alone
exhibit only low capability levels. In particulahis is evident in the case of Epsilon in the
early stages of its lifetime, during which it exibda capabilities at the basic routine level.
Detailed case studies of latecomer capabilitie®ntepimilar findings (Hansen and Lema,
2019; Hansen and Ockwell, 2014). More generallig, tbsult echoes the key message of the
system of innovation approach, namely that linkeayes knowledge flows among firms and
other organisations are key to innovation proce§lsesdvall, 1992; Nelson, 1993). This is
perhaps especially relevant for small and mediuraeslatecomer firms, which often lack the
resources to engage independently in technologezaich and therefore stand to benefit from
learning from external sources of knowledge (€aniels and Romijn, 2004: 142-3).
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Another general finding of our analysis is thatetatmers do not seem to build their
capability stocks by relying on any single typeledrning mechanism. Instead, they tend to
engage in complex and interrelated sets of learmaghanisms. This includes combinations
of mechanisms that draw on different sources oftltedge (firm-internal, external-domestic,
and external-foreign) and that involve differenthds of activities (productivity-driven,
innovation-driven, human-resource-related). Whhes tgeneral finding applies to all our
case-study firms, it is particularly evident in tbgperiences of those that have achieved
substantial improvements in their capability sto¢oup II). The finding that learning
occurs through engagement in sets of learning nmesing is in line with the evidence on
latecomer capability building reported by Figueoeet al. (2013) and Hansen and Lema
(2019). More generally, this finding highlights timeportance of the firm's ability to combine
different internal and external resources to talleaatage of technological opportunities
(Kogut and Zander, 1992; Mathews and Cho, 1999).

We now turn to our more detailed findings regardai@anges in learning mechanisms as
firms deepen their capability stocks. A key findinghis regard is that the relative frequency
of external learning mechanisms seems to change ésdernal-domestic to external-foreign
sources of knowledge as firms deepen their capabdiocks. However, the absolute
frequency of external-domestic learning remainsr@gmately the same across the entire
capability spectrum. Additionally, our results iodie that, at low levels of capability
development, some of our case-study firms have efgmged in learning based on foreign
sources of knowledge. In this sense, our findingerd from previous micro-level
investigations of latecomer learning, which arghat texternal-domestic learning is most
relevant for lower-level capabilities and is eveatiyireplaced by external-foreign sources of
learning at higher levels (Hansen and Ockwell, 2(Rkechero, 2012). While our results
support the idea that there is shift in teétive importance of domestic vs. foreign sources
of learning as firms climb the capability laddeur @omparative, micro-level analysis offers
a more nuanced picture in this regard. This rateesquestion of whether domestic and
foreign sources of learning should be viewed astdulbes or complements as firms deepen
their capability stocks. In our study, foreign amoimestic sources of learning seem to be
complementary, which might be related to our presiobservation regarding the need to
adapt biogas systems to the particularities ofgutsj

Our analysis also provides some insights with resfpechangewvithin categories of learning
mechanisms based on different sources of knowlealdiest insight here is that firm-internal
learning efforts appear to be important acrossabability levels. However, there seems to
be a shift in the most relevant types of interm@rhing mechanisms as one moves up the
capability ladder, from learning that predominanéies place as part of commercial projects
at lower levels to more R&D-based learning at thye. fThis corresponds with findings by
Hansen and Lema (2019) and likely has to do withabcumulation of experience by firm
personnel, allowing them to engage creatively witicreasingly novel and complex
technologies. An additional, related reason forithggortance of firm-internal learning across
the capability spectrum might be that they are @sgary complement to learning based on
external sources of knowledge. Some of these iakdearning mechanisms might serve to
convert knowledge accessed from external sourcéde\WWnowledge conversion, as opposed
to knowledge acquisition, has not been discussemhunh detail in the present study, we
acknowledge that it is key to the diffusion of kredge within an organisation (Figueiredo,
2003; Kim, 1997; Nonaka, 1994). As the knowledgessity of interactions with external
organisations increases, there appears to be a toeethgage simultaneously in more
extensive firm-internal learning efforts to adoptiaadapt new knowledge.
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We also observe pronounced changes in the extEneaén category of learning
mechanisms along the capability ladder. At low&elecapabilities, foreign learning
mechanisms appear to be relatively less importdotvever, this is not to say that they are
irrelevant. In fact, many of our case-study firneparted that they have benefitted from
accessing tried-and-tested biogas-system designsfbreign technology suppliers. As firms
move towards higher-level capabilities, the frequyeof learning based on foreign sources of
knowledge increases. As with firm-internal learnmgchanisms, there appears to be a shift
from mostly commercially focused (and some humaouece-related) learning activities to
innovation-driven learning. Additionally, the ov#radiversity of foreign learning
mechanisms increases as firms move up the capalaitiier. Thus, at a general level, our
analysis supports the notion that foreign sourcéskrmwledge become increasingly
important at higher stages of capability developnfeiansen and Ockwell, 2014; Kim, 1997;
Plechero, 2012). However, our comparative, firmeleanalysis provides richer insights in
this regard, highlighting specifically which typasd combinations of foreign-based learning
mechanisms are relevant at different stages alumgapability trajectory.

There do not seem to be any marked changes in #ys w which our case-study firms
engage in external-domestic learning mechanismsgatbe capability trajectory. With the
exception of the basic routine level of capabditithe frequency with which firms make use
of these types of learning mechanisms is approxinéihe same across all capability levels.
While our data suggest that R&D-based partnershipeease in importance when firms
transition from the basic to the intermediate iratore capability level, there are also a range
of learning mechanisms that appear to be equallyortant across nearly all levels of
capability development. The importance of learnaged on domestic sources likely stems
from the need to adapt biogas systems, which agghights the importance of experience
accumulation in the local context. To our knowleddke continued importance of
local/domestic sources of learning has not recemadh attention in the literature providing
micro-level evidence on the subject of latecomgpabdity building (Figueiredo, 2017;
Hansen and Lema, 2019; Hansen and Ockwell, 205m&lr, 2017).

7. Conclusion

The present study provides insights into the Igadilbn of clean-tech industries in the Global
South by studying firm-level technological capabilbuilding processes. We address the
guestion of how the learning mechanisms that fiengage in change as they accumulate
increasingly deeper capability stocks. The rese@adased on a systematic study of nine
technology-supplying firms in the Thai biogas inaly®ver the course of about twenty years.
Our results suggest that there are indeed shittseimelative importance of different types of
learning mechanisms as firms develop their capgadsli We find that such shifts tend to
follow a co-evolutionary pattern involving shiftsthin and across learning mechanisms that
involve different sources of knowledge.

These insights can provide a basis for decisionemsain government and donor agencies to
design targeted interventions to support the grosfthreen industrial activities in low and
middle-income countries. For example, our analyiggests that, at the low levels of
capability development, firms benefit most by obiiag access to high-quality technologies
and by developing the resources necessary to akisemp effectively. This can be achieved
through the support consultancy services that ladgromers identify suitable technologies,
facilitate learning across projects, attract artdinetalent, etc. (Cirera and Maloney, 2017).
Additionally, based on the observation that caj@iiuilding in project-based industries like
biogas often involves experience-based learningnsfi at low levels of capability
development might benefit from the promotion ofders involving multiple projects to be

26



developed over extended periods of time (see Kiane¢hal. (2015: 1250) for a similar
suggestion).

Firms at intermediate levels of capability devel@minmight benefit most from other kinds
of policy support. Given that transitions to high&rel innovative capabilities often involve
some kind of knowledge input from foreign sourcesrvices in technology transfer could
aim to make such knowledge more accessible (CaedaMaloney, 2017; Mathews and Hu,
2007). Since biogas systems and comparable kintébhology typically require adaptation
to project contexts, such services could usefulyplbovided by local technology centres or
public research institutes that have detailed kedgg of local circumstances. Furthermore,
governments could support intermediate-level intigeafirms through the promotion of
public procurement programmes focused on innovainggects (Edquist et al., 2015). The
award of such benefits could be tied to specifguneements, for example, the involvement
of foreign project partners, such as componentigrgpr specialised consultants.

Governments can also offer support to cultivate eatdin firms that possess high levels of
capabilities. For instance, in order to incentivisens to invest more in local R&D, they
could provide some redress for the associatedreadtees (Cirera and Maloney, 2017; Jaffe
et al., 2005). This could take the form of tax midees or direct grants for innovative projects
that address the particular challenges faced bgetliens. To develop a local base for the
supply of key inputs, the award of such public suppmeasures could be tied to the
involvement of local partners (e.g., component #app or construction services).
Additionally, governments could assist advanceahgitto export their products and services
by, for example, providing detailed information abcelevant foreign markets.

Our study has certain limitations that could udgflle addressed by future research. As
highlighted previously, our data on the most refgvaarning mechanisms for some of the
technological capability levels are limited to ohsgions from only a single firm. Future
research could address this by studying larger eusnbf firms, for example, by means of a
survey-based approach. Also, future investigatmmsoncurrent changes in capability stocks
and learning activities could pay more attentionht® impacts of other variables, e.g., at the
level of the firm (age, size, ownership, etc.), mioy (industrial structures, labour markets,
regulation, etc.), and globally (international \&lchains, geographical distance, etc.). While
we acknowledge the importance of these factorsufEigl, Section 2.1), in the present
analysis we have focused on the micro-level ratatip between capability building and
learning.
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Appendices

Appendix A. Additional information about the inteews

Firm

Number of
inter viewees

Interviewee

role(s)

Date

L ocation

Duration

Alpha

1

Leading
management
personnel

June 2017

Bangkok

54 min

Beta

Leading
technical
personnel

July 2017

Bangkok

60 min

Gamma

Leading
technical
personnel

August
2017

Bangkok

56 min

Delta

Leading
management
personnel

July 2017

Bangkok

52 min

Epsilon

Leading
management
personnel

July 2017

Bangkok

68 min

Zeta

Leading
management
and technical
personnel

July 2017

Chiang Mai

64 min

Eta

Leading
management
and technical
personnel

July 2017

Bangkok

52 min

Theta

Leading
management
and technical
personnel

July 2017

Bangkok

118 min

lota

Leading
management
personnel

Table A.1: Additional information about interviews.

Appendix B. Interview protocol
General information about thefirm

Historical background

* When was your firm founded?
* How was the company established? Please explaiomthership structure of the firm
at the time of its foundation. Has this changed@®o

* Who are the founders of the firm? What are theakigeounds?

* Please describe the different units within the canypand their functions. Have any
units become added or terminated during the lifetohthe firm?

* How many people were employed when the firm wasded? How many are
working there now? Please distinguish between nusnbé workers in the firms’
different units.

» Please explain your role in the company? Has thasiged? How?

Business profile
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* What is the strategic orientation or mission staetof the firm? Has this changed?
How?

* What products and services does your firm offer8 ties changed? How?

* What is the main product or service that your foffers?

* Which countries constitute your firm’s main markek$as this changed? How?

» Approximately, in how many anaerobic digestion teaprojects has your company
been involved?

I dentification of technological milestones

At the beginning of this section, the interviewgef{ss (were) introduced to some examples
that constitute technological milestones and bleakighs. The examples mentioned include:
generation of new knowledge about the anaerobiestiign process, the development of
intellectual property, landmark projects, the depetent of new plant designs, substantial
modifications to existing plant designs, and theénhiesement of significant cost or
performance improvements of plants. In additiorg ihterviewee(s) was (were) informed
that the milestones should demonstrate the firmcseiased level of knowledge, experience,
and skill to understand, handle, and improve armeraligestion reactors, reactor
components, and supporting systems.

e Could you please name and briefly describe betwéeand 6 of the major
technological milestones that your firm has achiesi@ce its foundation?

Details of each individual milestone
Revealed technological capabilities

* Could you please tell us about the concrete outsothat this milestone has
involved?

* How would you rate the milestone with regards sot&chnological originality at the
time that it was developed? Was it new to the fimey to a particular market
segment, new to Thailand, or new to the world?

* What performance measures and indicators has younuged to evaluate the success
of the milestone?

» What strategic goals did your company pursue wherkivwwg on this milestone?

e Questions about resources:

o Did the milestone involve any major financial conmments?
o0 Approximately how many employees were involved?

o0 Which firm units were involved?

0 Was there any substantial coordination across tinits?

* Please explain the time horizon of the project.

o Approximately when did your company start to work tasks related to the
achievement of the milestone?
o0 When did the work finish?

* Could you please describe the specific methodd@wld that your company has used
to achieve this technological milestone? Pleaseigecas much detail as you can.
 What qualifications did the key personnel involved the achievement of this

milestone have?

Learning mechanisms
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* Internal learning mechanisms
o0 Which types of firm-internal learning mechanismsl diour firm use to

o

address the specific challenges related to thiscpéar milestone?
When exactly were these used? Were the learninghane&ms pursued
continuously over long periods of time or rathepas-off events?

* External learning mechanisms

0]
(0]

(0]

(0]

What kinds of external learning sources were used?

When exactly were these used? Were these learngxhanisms pursued
continuously over long periods of time or rathepas-off events?

What kinds of organisations were involved in thésarning experiences?
Were these Thai or foreign organisations? Pleageiqe their names if you
can.

What exactly was the nature of the relationshipsveen your firm and the
external organisations?

* Importance of different learning mechanisms

(0]

o

(0]

Which of the mentioned learning mechanisms (infeon&xternal) would you
say were most important for achieving this mileston

Please elaborate on the extent to which the diifelearning sources were
prioritised and actively pursued by firm managem@ntterms of financial
commitments, human resources allocated, etc.).

Were specific learning processes combined? If ga,?h

Appendix C. Supplementary information
See attached file labelled "RH 2020 Supplementagrination.xIsx”
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