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ABSTRACT
This paper develops a conceptual framework for the establishment and evolution of new industrial
ecosystems drawing on theories of biological ecosystems (Vihervaara et al., 2010), industrial
ecosystems and national systems of innovation. We argue that just as species diversity is critical for
the provision of multiple services, ecosystem stability and resilience (Mitchell et al., 2013), diversity
of organizational type (a range of organizations) may be necessary for the stability and resilience of
an industrial ecosystem. Using case study methodology to examine the newly emergent renewable
energy sector in India, the paper provides evidence to support the framework and suggests that
organizations exhibit four types of diversity in this ecosystem: (1) Diversity of function; (2) diversity
of form; (3) diversity of interactions; and (4) diversity of knowledge. Moreover, each organizational
type in the ecosystem varies in prominence over time as the ecosystem evolves. These findings have
important implications for the adoption and establishment of new technologies and the
management of technology life cycle.
INTRODUCTION
Rapidly rising demand for energy to meet economic growth targets and the objective of reducing
import costs have led many developing countries like India to focus on new, renewable sources of
energy such as solar, biomass and wind. Moreover, renewable energy holds great promise for
inclusive development as over a third of the Indian population still lives in poverty (World Bank,
2014). However, providing energy access at the base of the pyramid requires building a renewable
energy ecosystem that caters to this population. Ecosystem creation, an important function of
innovation systems (Nelson, 1993; Lundvall, 2007), involves introducing new players and establishing
linkages between new and existing ones to create new markets that did not previously exist.
Diffusing new renewable energy technologies and generating livelihoods through ecosystem
creation also promotes economic development, indicating that the management of new
technologies is critical for developing economies.
Past research suggests that the emergence of new industrial sectors depends on nurturing
capabilities in the industrial ecosystem and that the historical evolution of capabilities matters (Best,
2014; Nelson 1993, Porter 1990). Moreover, the environment shaping new and re‐positioning firms
is not external to the firms but an inter‐institutional assemblage that enables the integration of
capabilities (Best, 2014). Enterprises in an industrial ecosystem are agents within a complex adaptive
system (Beinhocker, 2007; Garnsey, 1998; Iammarino, 2005). Further, just as diversity is critical for
sustainability in biological ecosystems, enterprises with different capabilities are critical in an
industrial ecosystem for the emergence and sustainability of new sectors.
While species diversity has been discussed in terms of technological capabilities (Best, 2014), other
dimensions of diversity are neglected. In this paper we build on the literature on industrial and
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business ecosystems and focus on types of diversity required to nurture and foster emergent
industrial sectors. Additionally, we extend the literature on national and regional innovation
systems to suggest how emergent industrial sectors can foster diversity and generate new niches
and markets that did not previously exist (Nelson, 1993, Lundvall, 2007).
This paper draws on theories of biological ecosystems to develop a conceptual framework for the
establishment and evolution of ecosystems (Vihervaara et al., 2010). Species diversity is generally
regarded as critical for ecosystem resilience (Mitchell et al., 2013); however, the introduction of
invasive new species into the ecosystem can be detrimental to the survival of native species
(Simberloff and Stiling, 1996). Additionally, species diversity helps resilience and contributes to the
stability of the ecosystem as each species has a specific function and provides some services.
Moreover, biodiversity is even more important for ecosystem multifunctionality, particularly if there
is an appreciable lack of overlap between the groups of species that influence different ecosystem
processes over time (Hector and Bagchi, 2007). The key research questions are: (1) What is the role
and function of different participants in an emerging ecosystem for new renewable energy
technologies? (2) How do these roles shift over time?
We apply these ideas to the emergent renewable energy sector in India and focus on solar, biofuels
such as biogas from biomass and wind energy technologies. Viewing different types of organizations
as different species in an industrial ecosystem, we suggest that each organizational type has a
specific role and performs certain functions. Even if some species dominate the system by
controlling key processes, or if other species provide similar services, species diversity might be
necessary for other processes and to provide multiple services. For example, the creation of an
ecosystem for renewable energy involves a range of organizations: the government, R&D
laboratories, academic institutions, for‐profit firms, international development agencies and non‐
governmental organizations (NGOs) among others. Each organizational type plays a role in the
ecosystem and provides services that complement those provided by other types of organizations.
We use case study methodology to provide evidence from the Indian renewable energy ecosystem
to support the conceptual framework developed in the paper. Data were drawn from interviews
conducted in India over a 3‐4 year period and this paper is part of a larger study on renewable
energy in India and the U.S. Findings suggest four types of diversity in the ecosystem: (1) Diversity of
function; (2) diversity of form; (3) diversity of interactions; and (4) diversity of knowledge. We also
find that government and international agencies act as promoters, academic institutions and NGOs
as trainers, and start‐up entrepreneurial organizations as catalysts and disseminators. Also, the
prominence of each organizational type in the ecosystem varies over time as the ecosystem evolves.
These findings have important implications for the adoption and establishment of new technologies
and the management of the technology life cycle.
The paper is organized as follows. The next section outlines the theoretical background that the
paper draws upon for constructing the framework. Section three describes the context, data and
methods. Section four describes the emergent framework. Section five outlines the findings from the
study. Section six discusses the implications and conclusions.
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THEORETICAL BACKGROUND
I draw upon the following three key theoretical lenses to examine the creation of an industrial
ecosystem: (1) research on the composition of natural ecosystems; (2) industrial ecosystems (3)
national innovation systems.
Ecosystems In The Natural Environment
Ecosystems are complex, adaptive systems characterized by historical dependency, non‐linear
dynamics, and multiple basins of attraction (Levin 1999). A key theme in the research on ecosystems
in the natural environment is the idea of sustaining the system and maintaining resistance and
resilience. Various researchers have suggested that species diversity in an ecosystem enables the
provision of multiple services and contributes to resistance and resilience even if there is some
redundancy in function across species. (Mitchell et al., 2013).
Various ecosystem services depend upon the movement of organisms and materials across
landscapes and, therefore, are likely influenced by landscape connectivity – the degree to which a
landscape facilitates the movement of organisms and matter. Connectivity also influences
biodiversity and ecosystem function. Landscape composition and landscape configuration also affect
the provision of ecosystem services (Mitchell et al., 2013). Chapin et al. (1996) indicate that an
ecosystem is sustainable if key groups in the ecosystem maintain their characteristic diversity over
the normal cycle of disturbance events. Sustainability is influenced by climate, soil resource supply,
major functional groups of organisms, and disturbance regime that both influence and are affected
by ecosystem processes. Moreover, oscillations in these factors must remain within stable bounds.
Negative feedback is critical in constraining changes in these factors. For example, negative
feedbacks associated with food availability and predation often constrain changes in the population
size of a species. Linkages among ecosystems in a landscape can contribute to sustainability by
creating or extending the feedback network beyond a single patch. Likewise, changing the
composition of species can affect ecosystem processes and sustainability.
Palumbi, Mcleod and Grunbaum (2008) suggest that features of ecosystem stability—recovery,
resistance, and reversibility—are features of overall resilience or robustness (Levin 1999, Levin and
Lubchenco 2008), are measurable features of ecosystems, but cannot be studied in isolation and
must be studied in the context of the ecosystem and its day‐to‐day function. Hence, they advocate
studying ecosystem species and their interactions.
Elmqvist et al. (2003) indicate that ecosystem resilience may be critical for sustaining the the
production of natural resources and ecosystem services in complex systems faced with uncer‐tainty
and surprise (Gunderson et al., 2002). Holling (1973, 1996) defines ecosystem resilience as the
amount of disturbance a system can absorb and still remain within the same state or domain of
attraction. Resilience also encompasses the ability of an ecosystem subject to disturbance and
change to reorganize and renew itself. The definition includes the degree to which the system is
capable of self‐organization (versus a lack of organization, or organization forced by external
factors), and how much it expresses a capacity for learning and adaptation (Carpenter et al. 2001).
Biological diversity appears to play a substantial role in ecosystem resilience and in sustaining
desirable ecosystem states in the face of change (Peterson et al. 1998). This role is related to the
diversity of functional groups in a dynamic ecosystem undergoing change, and the species diversity
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within these groups (Walker 1995; Norberg et al. 2001). Luck et al. (2003) point to the importance of
diversity in species and populations within functional groups in helping to maintain ecosystem
services (i.e. ecological redundancy). Moreover, they suggest that variability in responses of species
within functional groups to environmental change is critical to ecosystem resilience.
In ecosystems, species interact with other species directly and through abiotic factors in multiple
ways, and, often form complex networks of interaction. (Olff et al., 2009) highlight other types of
interactions besides predator‐prey interactions that influence the distribution and abundance of
organisms. For example, organisms interact with other species by producing resources and through
other types of non‐trophic interactions such as pollination or production of toxicants. Other types of
interactions include spatial interactions (exchange of organisms, materials and energy), external
environment forcing (e.g. when regional climatic conditions affect local air, water or soil
temperature without receiving much feedback from it) and physical and chemical interactions that
operate within ecosystems (Olff et al., 2009).
Industrial Ecosystems
Industrial ecosystems are analogous to biological ecosystems in that each process and network of
processes is viewed as a dependent and interrelated part of a larger whole (Jelinksi et al.., 1992).
Such systems need to be designed as many aspects of materials flows are defined by decisions taken
very early in the design process (Jelinksi et al., 1992).
I follow Holland (1998) in viewing an industrial ecosystem as a complex adaptive system composed
of subsystems at various levels and view firms rather than individuals as agents in the system. As
noted above, research on ecosystems in the natural environment suggests that varied and frequent
interactions between diverse, interconnected and autonomous agents are critical for ecosystem
health. This includes maintaining resistance (the capacity to withstand external shocks without loss
of function) and resilience (the capacity to recover from disturbance), generally dependent on
maintaining species diversity (Ruhl, Kraft and Lant, 2007; Holland 1995; Allison and Hobbs, 2004).
Diversity and interaction are, thus, necessary for resistance and resilience. Iansiti and Richards
(2006) suggest that business ecosystem health is expressed via robustness, productivity and
innovation (niche creation). Ecosystem boundaries are difficult to delimit perfectly as they are
“open” systems. Moreover, ecosystem processes receive some energy and materials from outside
and use energy to transform and recycle materials internally and build ecosystem structure and then
move some energy and materials back to the outside (Ruhl et al., 2007). Also, as ecosystem
processes operate at many scales, they can be studied at many scales.
For example, in the information technology (IT) ecosystem, the value of a single IT product is
influenced by organizations dispersed across numerous traditional industries such as software
application developers to venture capital firms (Iansiti and Richards, 2006). Applying complex
systems ideas to technological transitions, MacCormack and Iansiti’s (2004) study of Microsoft
suggests that incumbent firms can respond effectively to technological transitions by paying
attention to intellectual property development to address new market challenges. In developing a
library of software components, the firm developed critical resources that enabled it to respond to
major technological transitions.
Best (2014) describes the emergence of Boston’s industrial ecosystem in terms of biological
ecosystems. He notes that the population of small and medium‐sized high technology enterprises
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offers a systemic form of opportunity creation and enacting processes for industrial innovation.
These firms are embedded in a regional industrial ecosystem that facilitates on‐going re‐shuffling of
the region’s expertise, technology capabilities and financial resources not just for a single firm, but
for the growth of a cluster of companies and that Boston’s industrial ecosystem is a “manufactory of
sectors”.
Bustos et al. (2012) applies the concept of ‘nestedness’ in biological ecosystems to show that the
geographical nestedness of industries holds at both national and global levels. Nestedness implies
that ecosystems are composed of a core set of interactions to which the rest of the community is
attached. Nested interaction networks also implies that specialist species interact mostly with
generalist species and because the latter are less fluctuating, nestedness can enhance the survival of
rare species, biodiversity and overall ecosystem stability and is thus an important structural property
of interaction networks in ecology. Bustos et al. (2012) show that the nestedness of industry‐
location networks remains constant over time and that this empirical regularity can be used to
predict the pattern of industrial appearances and disappearances over time.
National Innovation Systems
Research on industrial ecosystems also encompasses studies on networks and complex adaptive
systems. These studies examine the growth of industrial sectors like biotechnology using alliance
strategies to build networks (Powell, 1996) or as well as innovation systems at various levels –
national, regional and technological. Moreover, the concept of resilience has also been used in
research on economic development. Mäler (2008) suggests that, since wealth is an indicator of
sustainable development, the value of changes in productive assets is an index of whether an
economy is on a productive path or not. Hence, the resilience of an ecosystem (defined as the
distance from the initial state to the threshold), an insurance against flips of the system into
different basins of stability, can be regarded as a productive asset and should be regarded as a
capital stock.
While these ideas have relevance for studying the emergence of new technological ecosystems,
attempts to apply these concepts in the field of technology management are rare (some exceptions
include M’Chirgui, 2005; Miyazaki and Islam, 2007; Silvestre and Dalcol, 2009). Although research on
national innovation systems (Nelson, 1993; Lundvall, 2007) does conceive of national innovation
systems as being comprised of various components, few explicit attempts have been made to model
them in terms of ecosystems (Surie, 2013). Therefore, I use the concept of diversity in ecosystems,
to examine how diversity in an emergent new technological ecosystem can contribute to resilience
and adaptiveness. The next section discusses the context and methods.
CONTEXT AND METHODS
Context
The Indian economy is important player in the renewable energy sector (see Table 1). The focus of
this paper is the biomass‐based energy segment of the Indian renewable energy sector. Its selection
is appropriate for the study as the sector is an emergent one as indicated by the presence of
multiple technologies and variations of complementary systems suggesting that a dominant design
has not yet emerged. Although solar and wind energy are the primary renewable energy sources to
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date as various missions were used to promote these sources, the government of India is also
focused on a national bioenergy program and allocated INR 34 billion for the biomass mission,
aiming to replicate the success of the National Solar Mission (REN21, 2014). According to Bloomberg
New Energy Finance, investment in Indian clean‐energy projects reached US $7.5 billion in the first
three quarters of 2014, mostly fueled by the solar energy sector. Additionally, the US Export‐Import
Bank expects India to become its largest recipient of funding for clean‐energy projects in 2015
(REN21, 2014).
Table1. Renewable Energy Country Attractiveness Index Scores and Rankings at September 2014
(Source: Ernst & Young, 2014).
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Biomass consumption for the provision of heat and electricity is increasing worldwide. Of the total
biomass used for energy purposes, 60 per cent is traditional biomass which includes fuel wood, crop
residues and dung, often gathered by hand and combusted in open fires or inefficient stoves for
cooking, heat and lighting, while the remaining biomass is used for modern bioenergy. The latter
includes a variety of biomass resources such as organic wastes, purpose‐grown energy crops, algae
which provide energy services including lighting, communication, heating, cooling and mobility. As
solid, liquid or gaseous biomass can store energy for future use, it can be used to balance variable
electricity generation form wind or solar systems when integrated into grids or mini‐grids.
The bioenergy sector is complex due to the variety of feedstocks and technologies available for
converting biomass to energy. The existence of data gaps and use of widely dispersed or non‐
commercial sources for biomass makes it challenging to track data and trends and difficult to
measure production and demand (REN21, 2014). The bioenergy industry includes feedstock
suppliers and processors, firms that deliver biomass to end‐users; manufacturers and distributors of
specialist biomass harvesting, handling and storage equipment and manufacturers of appliances and
hardware designed to convert biomass to energy.
New regulations have been formulated to address rising concerns about sustainability, particularly in
the United States and Europe, while industries have responded by adopting a number of initiatives
by sector. In many developing countries, there are regulations focusing on the protection of
biodiversity and impacts on poverty, land tenure, food security and social equity.
Modern biomass and off‐grid installations of renewable energy technologies are aimed at rural
communities which lack access to energy. Providing the means to cook, electricity for basic
household chores and energy to engage in livelihood generation can boost economic growth and
development (UNCTAD 2011) addressing socio‐economic problems at the Bottom of the Pyramid
(Prahalad, 2007). These technologies could also promote new sources of employment and increase
prosperity in rural areas even through small, off‐grid applications. Additionally, renewable energy
technologies can be used to improve access to other services such as healthcare, promote greater
access to information and communication technologies via the availability of electricity to power
appliances and charge batteries, and promote gender parity by reducing the time spent on
household chores so enabling women to take on additional income‐generating activities. Rural
enterprise development for renewable energy technologies can also reduce inequality and poverty.
Methods
I use case study methodology to examine the research questions regarding the diverse roles and
function of various participants in an emerging ecosystem for new renewable energy technologies
and how these roles shift over time.
Case study methodology is appropriate when asking how or why questions and when the
phenomenon is rare, unique or critical for theory creation (Yin, 2003; Davis, Eisenhardt and Bingham,
2007). Following Lee (1999), I extend existing theory to develop new theory. Hence, I link the
literature on biological ecosystems with that on industrial ecosystems and national innovation
systems. Inductive case analysis is used to provide rich context and helps to understand different
types of diversity in the renewable energy ecosystem and how these evolve in the context of
emergence (Stevenson and Harmeling, 1990). Finally, the methodology reveals underlying processes
by making concepts concrete (Eisenhardt and Graebner, 2007).
P146
Page 1161

International Association for Management of Technology
IAMOT 2015 Conference Proceedings

Cases were selected for elaboration of emergent theory as suggested by Eisenhardt and Graebner
(2007) and include organizations in the traditional and modern biomass energy sector. I included
different types of organizations to obtain rich detail and develop a robust theoretical framework by
concretizing abstract ideas about diversity (Siggelkow, 2007). The case findings reported in this
paper were drawn from interviews conducted as part of my Fulbright research study on the
commercialization of renewable energy for base of the pyramid consumers (2013‐2014; more than
50 interviews) while also drawing in general from a larger on‐going study (involving more than 30
interviews from 2009‐2011) of organizations focused on commercialization processes for emerging
“green technologies” in India. Interviews were conducted in public and private sector organizations
such as government officials, scientists, university researchers, CEOs of firms and non‐governmental
organizations (NGOs) serving Bottom of the Pyramid (BOP) consumers in the renewable energy
sector (Yin, 1989). These data were supplemented by site visits, presentations, annual reports and
other published material.
As noted earlier, the Indian context provides a favorable setting to study the emergence of
organizational form in the context of creating an ecosystem for renewable energy for the population
at the base of the pyramid. New policies on renewables were enacted with a focus on new energy
technologies to alleviate poverty and facilitate social inclusion of the rural poor, a central element in
renewable energy programs. For example, the National Policy on Biofuels (GOI, 2009) focuses on
using non‐food feed‐stocks raised on degraded land for biofuel production. The government also
availed of rural employment schemes to facilitate feedstock production and processing for the
nascent biofuels sector (GOI, 2009).
Interviews were transcribed and the data were analyzed by using categorization and pattern‐
matching techniques as indicated by Yin (2003), Miles and Huberman (1994), Eisenhardt (1989).
Drawing on my previous research on the emergence of organizational forms appropriate for the
global expansion of firms in the biotechnology and software industries in India (Surie and Singh,
2013) and an application of this research to forms appropriate for the renewable energy sector
(Surie, 2014), I began with the literature on biological ecosystems, industrial ecosystems and
national innovation systems. I iterated from theory to data and vice versa to develop propositions
and matched patterns obtained from the data with the above theories as recommended by Yin
(2003). These analyses and propositions yielded a conceptual model for how diversity is a critical
element in designing for resilience in when creating a ecosystem for renewable energy technologies.
The conceptual framework is outlined in the next section.
FRAMEWORK: DESIGNING DIVERSITY IN ECOSYSTEMS FOR RESILIENCE AND RESISTANCE
Based on the literature outlined above which indicates the importance of diversity for the effective
functioning and resilience of an ecosystem, I outline four types of diversity critical for ecosystems.
These are described below.
Diversity of function
As species differ in the services they provide, diversity of function contributes to the productivity of
the ecosystem (Midgley, 2012), particularly when services provided by different species are
complementary. Maestre et al. (2012) analyzed the soils of 224 dryland ecosystems sampled from all
continents except Antartica and assessed 14 functions in the carbon, nitrogen and phosphorus cycles
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in the soil. From this they evaluated how biodiversity (quantified as species richness of perennial
vascular plants growing in these areas) relates to ecosystem multifunctionality across dryland
ecosystems globally and confirm the biodiversity ecosystem function hypothesis. By analogy, we
suggest that in industrial ecosystems, species diversity contributes to diversity of function and,
hence should lead to greater productivity in the ecosystem as a whole (a mark of resilience
according to Iansiti). For example, in an industrial ecosystem for renewable energy, producers of
renewable energy technologies provide the services of technology to other companies that have the
waste that needs to be processed. Consequently, each species performs a certain role in the
ecosystem.
Diversity of form
Additionally, diversity in the form of species matters because species inhabit different
environmental niches and require different levels of resources in the ecosystem. Li et.al (2004)
provide evidence from both aquatic and terrestrial systems that smaller organisms claim larger
shares of an ecosystem’s productivity in relatively stable ecosystems. They suggest that several small
organisms consume the same energy flux in a more balanced manner than does one large organism.
This lowers the risk of under‐exploitation or over‐exploitation of the available resources and reduced
the fluctuations of a community’s biomass and nutrient cycling processes. Systems in which energy
use is dominated by smaller organisms are expected to be more stable than ecosystems where large
organisms consume considerable portions of a community’s energy flux. Adapting this to industrial
ecosystems, we suggest that the presence of organizations with multiple forms (including
differences in size) is important to foster ecosystem stability.
Diversity of interactions
Interactions are critical for accessing, deploying and leveraging resources in complex ecosystems.
Økland et. al (2009) suggest that the dynamics of species interaction is important in many fields of
biology such as invasive biology where new interactions are frequent. Using bark beetles that
colonize the same habitat (trees) as an example, they show that species in resource dependent
systems may experience net interactions that fluctuate between negative and positive values over
time. While increasing abundance of a competitor generally results in an inhibitory effect, they
suggest that an increasing abundance of a second bark beetle species may be beneficial when it
contributes to surpassing the threshold for colonizing living trees and, thereby, achieving a positive
feedback by creating more habitat, but otherwise the effect is inhibitory through a combined
exhaustion of the resource base.
Similarly, each organizational type may have a facilitating or inhibiting effect on other organizations
in the ecosystem, depending on the resources and characteristics of the species.
Diversity of knowledge
Depending on its functions, form and interactions and by virtue of occupying a different position in
the ecosystem, it therefore follows that each species has access to specialized knowledge that is
emergent in the system. Moreover, the ability to leverage the specialized knowledge that emerges
in the system contributes to success in facilitating interactions among species, provision of services,
and overall ecosystem health.
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DIVERSITY IN THE ECOSYSTEM FOR BIOMASS‐BASED ENERGY IN INDIA
Evidence from the emergent ecosystem for biomas‐based renewable energy suggests that the
ecosystem has incorporated diversity as it has evolved. This ecosystem consists of different types of
organizations, ranging from the government to non‐governmental organizations and entrepreneurial
start‐ups, that vary in function, form, interactions and knowledge. These differerences are examined
below.
Diversity of function
Organizations included in the ecosystem assume different functions and roles. For example, a key
function of the government of India, through the Ministry of New and Renewable Energy, is to
promote the generation and adoption of new technologies for biomass‐based renewable energy.
While resource mapping is required to assess the availability of biomass accurately, estimates
suggest that approximatelly 550 million tonnes of crop residues are available, 70% of which is used
as fodder. The remainder of 120‐150 million tonnes has the potential to generate about 16,000 MW
(megawatts), enough to power 3‐4 cities like Delhi. The government’s role is to conduct resource
mapping, provide incentives to spur research and development in this field and uptake of the new
energy by the state electricity boards, induce adoption of the best technologies, standardize
technologies, ensure entry of entrepreneurial firms as well as established players. While the MNRE
has been attempted to fulfil its role in each of these areas, despite the promise of biomass based
energy, other competing renewable energy technologies have inhibited its adoption on a larger
scale. In addition, the presence of so many types of biomass have led to a proliferation of
technologies and there is, as yet, no commercially available dominant design or univeral digester
that can handle various types of biomass. Finally, the MNRE must also ensure that biomass‐based
technologies are used in rural areas to promote economic and social inclusion.
The function of the universities and government laboratories and technical centers is different. It is
to assist the government in its efforts to develop and deploy new biomass‐based technologies by
conducting research and development, generating new technologies for biomass, providing trarining
and building skills and diffusing the technologies via licensing or spawning new ventures. For
example, using grants from the government for pilot projects, professors at IIT‐Delhi have developed
expertise in biogas production from manure and diffused this technology in the state of Rajasthan.
Additionally, scientists at other universities working on biomass digesters that handle various types
of biomass, have, so far, created prototypes. The profusion of technologies makes the choice of a
bio‐digester difficult, compounded by the fact that different parts of the country have different
types of biomass available.
Non‐governmental organizations (NGOs) such as the Cow Shelter Group1 are users of the technology
and a test site for research laboratories. They deploy the technology in the field in rural areas and
provide insights for modifications. They also help to encourage adoption by the rural population by
creating the necessary infrastructure. For example, the Cow Shelter Group has a plant in its cow
shelter to produce compressed natural gas from manure. Small scale versions of the technology
have been introduced in farms where the number of cows is sufficient to generate biogas for
cooking in rural homes.
1

Names have been disguised for confidentiality.
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Start‐up ventures such as Renewable Power Systems (RPS) that have developed their own
proprietary technology to provide turnkey services in biogas production play yet another role in the
system. Besides testing technologies, creating infrastructure and providing new services, new
ventures such as RPS also serve to spawn entrepreneurship.
Diversity of form
Each organizational type has an emergent form that has evolved out of its alliances and
partnerships – heteromorphic form (H‐form)– a form that consists of the simultaneous presence of
multiple forms including hierarchy and alliances (described earlier in Surie and Singh, 2013; Surie,
2014). While heteromorphic form is a common pattern shared by members of the community,
hierarchy emerges in the system as a whole as each organizational type occupies a different
position or node in the network of alliances and partnerships. The size, scale and technology of these
organizations also differs based on the function.
For example, MNRE works through central agencies, research and development laboratories, state
governments and other nodal agencies and occupies a central position in the network as most
projects are funded by the government and implemented according to the strategic vision of the
government. Government research and development laboratories and other central agencies are
extensions in the network for MNRE as they receive funding via grants from the government, but are
hubs in their own right as they set technical standards for other organizations, both established
firms and start‐ups. NGOs form other nodes in the network; while some are more connected with
the center than others, most NGOs doing work in rural areas form local hubs. For example, the Cow
Shelter Group works with farmers and provides training on how produce biogas, look after cows, and
also acts as a buyer, processor and seller of the milk produced in village farms. Likewise, start‐up
firms such as Renewable Power Systems (RPS) are more locally based but have access to the center.
Renewable Power Systems is located in a major city and acts as a local hub for industrial and other
organizations that want to turn their food and other biodegradable waste into energy. By piloting
projects in various organizations, it showcases and diffuses its technology.
Diversity of interactions
The different types of organizations in the ecosystem also exhibit diversity of interactions both
within the ecosystem and externally as they deal with different constituencies based on their
purpose and vision. For example, MNRE interacts with other ministries and states to promote
renewable energy through policies and incentives, selects the technologies to promote via
government R&D organizations and interacts with other foreign agencies as well. Its interactions are
at the macro level in the ecosystem. Government R&D labs and academic institutions interact with
established and start –up firms and also with other foreign scientific institutions to learn about new
technologies and with the government for obtaining grants. NGOs must look for funding from state
and central governments and other international funding agencies such the Clinton Foundation, the
World Bank, UNIDO and others, while at the same time, they interact with the beneficiaries of the
technology in villages or urban slums. For example, Cow Shelter Group deals with other dairy
farming organizations or cattle associations to obtain the best breed of cattle, but mainly deals with
its farmer suppliers and customers in commercializing products such as fertilizer, milk, ghee (clarified
butter) and cream. Lastly, start‐up firms must deal with venture capital organizations, potential
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clients and research organizations to advance its technology and also with MNRE to ensure the
support of the center for biomass‐based technologies.
Diversity of knowledge
As a result of diversity in function, form and interaction, and by virtue of being at different positions
in the network and facing different contexts in the ecosystem, each type of organization has a
different knowledge base. For example, MNRE has expertise on how to direct and allocate resources
to develop and diffuse new technologies, but lacks the abiity to commercialize technologies which is
the main purview of start‐up and established firms. Government academic institutions and R&D
organizations produce prototypes at early stages of technology development and develop
demonstration projects to be implemented at field sites and are, therefore, competent at setting
standards at the early stages. For example, experimental techniques for biogas development from
biomass at IIT‐Delhi were implemented at the Cow Shelter Group which became self‐sufficient in
biogas production for its transportation needs. However, this is still a long way from
commercialization. NGOs like the Cow Shelter Group (CSG) leverage these technologies to build trust
and facilitate other ventures. By diffusing knowledge of how to manage cattle and produce biogas
from manure (biomass), CSG was able to help villagers to improve conditions in the villages as they
could generate clean fuel for cooking; this, in turn, enabled villagers to be more productive on the
farms and facilitated commercialized dairy farming. Lastly, start‐up firms like Renewable Power
Systems that created linkages in an urban setting to turn food and other industrial waste into
energy have technological expertise as well as knowledge of how to commercialize the technology
and create new markets.
The cases reveal that as each type of organization interacts with others, a hierarchy emerges in the
ecosystem as a whole. Each organizational type adds value in a specific way, contributing to the
stability and sustainability of the ecosystem (Overholm, 2014). While entry of other organizations
performing similar services may add redundancy, this is viable up to a point, depending on the
resource availability or carrying capacity of the ecosystem (Økland et al., 2009). Moreover, stability
also depends on keystone organizations (Iansiti and Levien, 2004) ensuring that they do not exercise
dominance to the point where the existence of other organizations is prohibited (Li et al., 2004;
Paine, 1966).
However, organizational function, form, interactions and knowledge may shift over time as the
ecosystem evolves. For example, when a start‐up firm like Renewable Power Systems becomes more
established and markets stabilize, it may become the new center of the network rather than
remaining a local hub. As adoption of the technology increases, the firm may be able to set
standards for the technology, particularly if it becomes the dominant design. In contrast, MNRE may
wind down subsidies, reduce incentives as they are no longer needed, and instead focus on
developing technologies in other areas and forming new ecosystems. Similarly, academic institutions
and R&D organizations may focus on improving the technology in incremental ways and optimizing
performance. NGOs like The Cow Shelter Group may focus on new ventures and ways to
commercialize biogas in other locations around India or assist other entrepreneurial ventures. These
shifts would depend on the success of these organizations, the rate of adoption of the technology
and the entry and growth of other supporting organizations.
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DISCUSSION & CONCLUSION
The paper draws on the literature on ecosystems and sustainability in the natural environment and
in industry to develop a framework for designing sustainable ecosystems. The framework suggests
that industrial ecosystem resilience depends on the presence of diverse organizational types. I
identify and elaborate on four dimensions of diversity emerging from the presence of different types
of organizations that are relevant for ecosystem resilience: (1) diversity of function; (2) diversity of
form; (3) diversity of interactions; and (3) diversity of knowledge. While these dimensions are
distinct, they are also related and dependent on each other. For example, diversity of function is
related to diversity of form in that the organization is designed to fulfill its purpose or function
(Chandler, 1962).
The paper also applies the framework to the emerging renewable energy sector in India. As the case
examples suggest, diverse organizations are involved in creating the ecosystem for renewable
energy in rural areas. The case examples suggest that ecosystems must be designed to enhance
diversity across the dimensions discussed in this paper to ensure ecosystem health and productivity.
Each organizational type in the ecosystem adds value in different ways, and contributes to the
emergence of hierarchy in the ecosystem, with some organizations at the center and others at the
periphery. Linkages are built across organizations through interactions, contributing to exchange of
knowledge and resources and embedding these organizations in the ecosystem.
Limitations
A limitation of this paper is that it focuses only on a four dimensions of diversity for ecosystem
sustainability. There may be other dimensions of diversity that are not considered here. However,
research on innovation in national systems and the competitive advantage of nations (Porter, 1990)
and work on the acquisition of capabilities in emerging economies like Korea (Westphal, Kim and
Dahlman, 1985) the diffusion of innovations (Rogers, 2003) supports the framework. Moreover, as
this paper focuses on newly emergent ecosystems, additional dimensions may need to be
considered when industrial ecosystems are mature or in decline.
In conclusion, this research has implications for theory and practice in developing economies where
ecosystem creation is necessary for economic transformation. It can also yield insights for
industrialized economies in areas where renewable energy can be used to revitalize the economy or
to create ecosystems for new technologies. Future practice can be informed by these insights on
how the four dimensions of diversity considered in this paper can contribute to ecosystem
sustainability when designing an ecosystem. Future research could validate these dimensions by
simulating ecosystem sustainability over time and through large sample empirical studies of
ecosystems in other locations.acknowledgements
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