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Low-carbon energy technology (LCET) startups could play akey rolein
accelerating India’s decarbonization. Yet, our understanding of the LCET

startup landscape and what shapes it remains low. Here we provide an
analysis of the Indian LCET startup landscape to fill this gap. Our descriptive
analysis of quantitative data oninvestment and patenting activities of LCET
startups from 2010 to 2020 and qualitative data from 25 semi-structured
interviews shows a substantial increase in investment and patenting
activity, particularly after 2017, driven in large part by market-creation
measures undertaken by the Indian government. However, there are

large differences between LCET startups in different sub-sectors and core
value-creating activities. Our findings suggest that the level of technological
capabilities moderates the relationship between market-creation measures
and innovation outcomes—thus highlighting the need to complement
market-creation policies with long-term measures to strengthen
technological capabilities. Furthermore, we propose aresearch agenda
toimprove our understanding of LCET entrepreneurship in developing

economies.

Theinvention, development and diffusion of low-carbon energy tech-
nologies (LCETs) is a key lever for meeting global climate targets'”.
Although several technologies such as solar photovoltaic (PV) and wind
power are already mature and being deployed at scale’, recent estimates
suggest that almost half of the emissions reductions required to reach
net-zero emissions by 2050 will need to come from technologies that
are currently at the demonstration or prototype stage®. Thus, many
moreinnovative technologies and deployment models will need to be
developedin the near future to decarbonize the economy.
Startups—defined in this paper as private companies that have
been in operation for eight years or less’—are particularly promising
interms of the role they can play in developing, commercializing and
deploying LCETs®. Certain characteristics of startups, such as their
lack of deference to the status quo, agility, culture of experimentation
and risk-taking ability, make them particularly suited for operatingin
abusiness environment characterized by emerging technologies and
markets”®. Entrepreneurship in LCETs is also increasingly being seen by

national governments and international organizations as ameans for
combining climate change mitigation measures with economic growth,
employment generation and industrial competitiveness’. Accordingly,
over the past two decades, there hasbeen asteadily increasing number
of startups, investment transactions and investment volumes in the
LCET space™.

In parallel, there has also been an increase in studies focusing on
LCET startups, analysing aspects such as innovation®, partnerships with
government agencies and universities" , investors’ preferences"
and risk-mitigation strategies'®”, to name a few. Many studies have
investigated trends in innovation and investments in LCET startups.
Forexample, Gaddy etal.”® compared trendsinriskand returnin LCET
sub-sectors with medical and software startups, finding that LCET
startups posed comparatively higher risks and yielded lower returns.
Similarly, Bumpus and Comello™ highlighted a trend among early-stage
investorstowardsincreasinginvestmentsin technologies focused on
software applications and demand-side solutions because of their
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Table 1] Classification scheme used to categorize LCET startups

Deployment Hardware integration Materials and chemicals Software solutions
Supply RES EPC, O&M, project Manufacturing of solar Synthesis of biofuel from Analytics of RES using loT
development for solar PV modules, wind microalgae, biohydrogen and Al-based applications
PV, wind, biomass power turbines, biogas plants using microorganisms
plants
Demand Mobility Fleet operation of EVs Manufacturing of Production of components  Optimization and
EVs, Li-ion batteries, for advanced fuel cells, management of EV
charging stations batteries batteries using loT and
Al-based applications
Energy efficiency and Financing, O&M, sales Manufacturing of energy  Production of energy Energy monitoring and
management for energy efficient efficient appliances efficient materials control using loT, Al-based
appliances applications
RE-enabled solutions Financing of RE-enabled Manufacturing of Synthesis of chemicals Provision of online
appliances (solar pumps, RE-enabled appliances using renewable energy marketplaces for
solar home systems and RE-enabled appliances
so on)
Distribution Grid management EPC, O&M, project Manufacturing of Production of components  Grid optimization using

development for minigrids
and microgrids

battery energy storage
system, grid controllers

for advanced battery
energy storage system

demand response and
variable RES forecasting

Each column represents a core value-creating activity, and each row represents a sub-sector. Each cell contains examples of startup activities represented by the intersection of a sub-sector
and a core value-creating activity. RES refers to renewable energy sources; RE refers to renewable energy; EPC refers to engineering, procurement and construction; O&M refers to operation

and maintenance; EV refers to electric vehicle; loT refers to internet of things; and Al refers to artificial intelligence.

lower capital intensity. In contrast, Popp et al.?° examined trends in
venture capital investments in energy startups, finding that energy
startups do not perform better or worse than the average startup and
that there is increasing investor interest in energy startups that also
operate in the high-tech space. Building on these findings, van den
Heuvel and Popp? noted that LCET startups are not inherently unat-
tractive (because of capital intensity and long development cycles) but
have often lacked market demand, leading to poor outcomes.

Such studies have primarily focused onindustrialized countries,
and in particular, on the United States. This is despite the fact that
startup ecosystems in emerging economies such as India have exhib-
ited substantial growth in recent years. For example, annual equity
investments in Indian startups grew from US$7.8 billion in 2010 to
US$60 billion in 2020 (Supplementary Fig. 1). Given that India now is
the third-largest greenhouse gas emitter®” and one of the largest desti-
nations for equity investmentsinto startups>>**, both decarbonization
and entrepreneurship have risen to the top of the political agenda as
levers to attain India’s climate mitigation goals®. For example, India
has set ambitious policy targets of deploying 450 GW of renewables®
and ensuring that 30% of all personal vehicle sales should be electric
vehicles by 2030” through several market-creation policies, including
the National Solar Mission* launched in2010 and the Faster Adoption
and Manufacturing of Hybrid and Electric vehicle (FAME) scheme”
announced in 2015 (Supplementary Table 5). Similarly, the Startup
India programme launched in 2016 aims to enhance ease of doing
business, provide financial support, improve linkages with academia
and facilitate intellectual property protection for startups.

Despite India’s important role in reducing greenhouse gas emis-
sions, innovating in*® and deploying LCETs and as a destination for
investments into LCET startups, our understanding of the nature of
LCET startup activities in India remains low. The few studies focusing
on India mainly have analysed social enterprises in the energy sector,
which aim to extend access to modern energy sources, create employ-
mentand alleviate poverty® . These enterprises comprise only asmall
subset of LCET startups.

To address this gap, we answer the following research question:
how have investments into and patenting by LCET startups in India
evolved across different sub-sectors and value-creating activities, and
whichcomponents of the entrepreneurship ecosystemare associated
with these changes? To this end, we compiled a database of 318 LCET

startups activeinIndiafrom2010 to 2020. We characterized the LCET
startups in terms of their sub-sector and core value-creating activity.
We also collected data on their fundraising (671 investment transac-
tions and US$14.6 billion investment volume) and patenting activities
(277 patent applications and 48 granted patents). We complemented
this analysis with 25 expertinterviews to better understand the compo-
nents of the entrepreneurship ecosystem that are associated with the
observed trends. On the basis of our analysis, we derive implications
for policymakers and propose aresearch agendato furtherimprove our
understanding of LCET entrepreneurship in developing and emerging
economies.

Characterizing Indian LCET startups and their
activities

For LCET startups, outcomes can vary depending on their sub-sector
and core value-creating activity. For example, studies such as Gaddy
etal.’®, Bumpus and Comello” and van den Heuvel and Popp? classify
LCET startups based on the type of innovation the company was com-
mercializing (for example, hardware versus software solutions). On the
other hand, studies such as Doblinger et al." and Goldstein et al."” recog-
nize that patenting and fundraising activities canalso vary depending
on the sub-sector in which the LCET startup is operating. To account
for this diversity, we use a composite framework for classifying LCET
startups along two dimensions (Table 1).

The sub-sector refers to the LCET startup’s position in the energy
value chainand whether the technology is used to generate, transmit,
store, distribute or use energy. For energy generation technologies,
the end productis often acommaodity (for example, electricity, drop-in
fuels). Hence, in the absence of a differentiator such as a carbon tax or
price premium for low-carbon energy, such early-stage startups strug-
gle to compete with incumbents using conventional energy sources
purely on price®. In contrast, startups that provide end-consumer
products (for example, electric vehicles, energy efficient appliances)
can often differentiate themselves from conventional technologies
based on other characteristics (for example, better performance,
greater ease of use, lower emission of local air pollutants, increased
reliability)'®*. Finally, startups that provide low-carbon energy ser-
vices (for example, off-grid irrigation or cold storage) often employ
a combination of technologies for energy generation, management
and use. Thus, we distinguish between five sub-sectors: renewable
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Fig.1| Overall annual investment into LCET startups from 2010 to 2020 in
India segmented by investment stage. The left y axis and the bars depict the
total annual investment volume in LCET startups segmented by investment
stage. The right y axis and the lines depict the number of investment deals per
year in LCET startups segmented by investment stage. To compare with overall
investmentsin the Indian startup ecosystem during the same period, see
Supplementary Fig. 1.

energy sources (RESs), grid management, mobility, energy efficiency
and management and renewable energy-enabled solutions. Note that
although ‘mobility’ and ‘energy efficiency and management’ are both
related to end-use of energy, we take an approach similar to that of
van den Heuvel and Popp? in treating them separately, allowing us
to differentiate between the investment and patenting trends in the
two sub-sectors. This is especially important given that the mobility
sub-sector is receiving growing attention frominvestorsinrecentyears
(‘Investment and patenting trends by sub-sector’ section).

The core value-creating activity refers to the primary business
activity of the LCET startup'>—whether it is involved in manufacturing,
deployment or software development. This characteristic influences the
LCET startup’s capital intensity, length of product development cycle,
technological uncertainty and thus investment risks'**°. For example,
material-and chemical-based manufacturing typically exhibits strong
economies of scale and high process complexity”. This increases tech-
nological uncertainty, poses barriers to entry and creates a strong
first-mover advantage®**®. Incomparison, hardware integrationinvolves
the design, manufacturing or assembly of products, where the sci-
ence and engineering behind each of the component technologies is
relatively well established, thusresulting inrelatively lower technology
risks than material and chemical manufacturing. Note that although
‘hardware integration” and ‘material and chemical manufacturing’
both represent manufacturing activities, we follow Gaddy et al.”® to
distinguish between them because of their differences in technology
risk, capital intensity and length of development cycle. In contrast, start-
ups focusing on LCET deployment typically deal with commercialized
technologies such as solar PV, wind power and, more recently, electric
vehicles—an activity with high capital intensity but lower technology
risk. Finally, business models that involve the development and use of
softwareto help monitor, operate and optimize energy production and
consumption have low capital intensity and shorter product develop-
ment cycles, thus improving scalability, lowering technology risk and
lowering barriers to entry'*°. Thus, we distinguish between four core
value-creating activities: deployment, hardware integration, material
and chemical manufacturing and software solutions.

For each of these categories, we collected and analysed data
related to the LCET startups’ fundraising and patenting activities
in three steps (Methods). First, we collected data related to equity

investment dealsinto LCET startups and classified them as Early, Late
and Mature stage'*". The early stage comprises pre-seed, seed, series
Aand series Brounds, whichspanthe ideation, prototyping and dem-
onstration phase in the growth of a startup. Venture capital invest-
ment rounds from series C onwards comprise the late stage, during
which startups focus on commercialization and early growth. The
mature stage covers private equity (PE) investments, exit events (such
as mergers and acquisitions (M&As) or initial public offerings (IPOs))
and post-exit equity investments. At this stage, the startup has stable
business processes, cash flows and easier access to financial and human
resources, and the main focus is on expansion. This classification allows
usto comparetheinvestmentsinto LCET startups at different stages of
their growth whenthey experience different financing requirements,
investment risks, types of active financial actor and availability of
capital. Second, we collected data on Indian and global LCET patents
using a text-matching algorithm to identify patents belonging to the
startupsinour dataset. Finally, we conducted 25 interviews to qualita-
tively analyse the components of the entrepreneurship ecosystem that
are associated with the observed trends in LCET startups’ investment
and patenting activities.

Investment and patenting trends by sub-sector

As afirst step, we consider the trends in investment volume and the
number of investment deals segmented by early, late and mature stages
(Fig.1).

Overall, we see asubstantialincrease ininvestmentsin LCET start-
ups over time. Notably, investment activity accelerated after 2015,
driven by an increasing number of early-stage investment deals. The
compound annual growth rate of the number of deals increased from
14% during 2010-2016 to 25% during 2016-2019. The average annual
investment volume during 2010-2016 equalled US$639 million, while
that during 2017-2020 equalled US$2,544 million, driven primarily by
mature-stage investments.

Figure 2 presents amore detailed analysis of the number of invest-
ment deals, average deal sizes and overallinvestment volumes for each
sub-sector; 91.8% of all investments are directed towards startups in
the RES sub-sector, of whichsolar PVtechnology represents the largest
share (92%). The mobility sub-sector receives the second-largest share of
investments (7%). All other sub-sectors (grid management, RE-enabled
solutions and energy efficiency) received only 1.2% of all investments.

Although the average size of early-stage investment deals is
similar across sub-sectors (seed, series A, series B in Fig. 2a) and all
the sub-sectors show some early-stage investment activity, RES and
mobility constitute the majority of early-stage investment volumes,
representing 88.4% of the total. While global trends® indicate a similar
prominence of investmentin the RES sector and increasingimportance
ofthe mobility sector,amuch smaller proportion of early-stage invest-
ments in India are directed towards startups in the energy efficiency
sub-sector (5.8%) as compared with global trends (28.2%; Supplemen-
tary Fig. 2). For late-stage investments (Series C and D in Fig. 2a), grid
management, energy efficiency and RE-enabled solutions attract
even fewer investments, both in terms of number of deals and overall
investment volume. Finally, RES (dominated by solar PV and wind
technology) receives 97.7% of all mature-stage investments (Fig. 2b),
followed by mobility with 2.1%.

The patenting trends illustrated in Fig. 3 differ notably from the
investment trends. While the small number of granted patents makes
it difficult to infer any robust trends over time, there are notable dif-
ferencesin patentingactivity between sub-sectors. Overall, 277 patent
applications by Indian LCET startups were published between 2010 and
2020, out of which 52.7% belong to startups in the mobility sub-sector,
and 18.8% belong to those in the RES sub-sector (Supplementary
Fig. 3). Out of this, 48 patents (17.3%) were granted, the majority of
which belonged to the mobility sub-sector (27 patents or 56.2% of all
granted patents; Fig. 3).
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Fig.2|Investment into LCET startups segmented by funding round and sub-
sector from 2010 to 2020 in India. a, Seed to Series D investments. b, Private
equity (PE) and exit event investments. Each bar represents investment deals
categorized into one funding round and one sub-sector. The width of each bar
represents the number of investment deals in that round, and its height represents
the average deal size. The whiskers represent the range of the deal sizes—that
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is, the maximum and minimum values. The number of investment deals in each
roundisindicated in brackets at the top of each panel. Individual data points are
plotted for cases where the number of deals is ten or fewer. Please note that the y
axis (Average investment volume per deal) is on alogarithmic scale and that the
range of the x axis is chosen to enhance readability.

This disparity between trends in investment and patenting activ-
ity indicates that LCET startups in different sub-sectors might differ in
terms of the nature of their core value-creating activity. That is, startups
in the RES sub-sector show little patenting activity despite attracting
high investment volumes, indicating that they ‘exploit’ existing LCETs
by bringing them to the market and benefiting from learning-by-doing*’
and economies of scale. In contrast, startups in the mobility sector have

arelatively high number of patent applications and granted patents
despite attracting relatively lower investment volumes, indicating a
greater tendency to ‘explore’ new technological options*. Finally, start-
upsintheenergy efficiency, grid management and RE-enabled solutions
sub-sectors show some patenting activity, even though there is little
investmentinthese areas. Toshed morelight on this disparity, we analyse
the core value-creating activity of LCET startups in the next section.
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Fig.3 | Number of patents granted annually to LCET startupsin Indiafrom
2010 to 2020 segmented by sub-sector. The figure includes both domestic and
international patents. Methods provide more details regarding the patent dataset.

Investment and patenting trends by
value-creating activity

Figure 4 illustrates the investment trends by core value-creating activ-
ity. About 95% of allinvestments are directed towards startups focusing
on LCET deployment. Hardware integration, software solutions and
materials and chemicals represent 4.5%, 0.4% and 0.1% of the overall
investment volume, respectively.

These differences are slightly less pronounced for early-stage
investments, with deployment, hardware integration, software solu-
tions and materials and chemicals accounting for 56.7%, 35.9%, 5.6%
and 1.7% of all early-stage investments, respectively. These differences
indicate that while many startups have been able to attract early-stage
financing, it is less likely to be directed towards LCET startups with
relatively high technology risk (that is, those involved in hardware
integration, materials and chemicals; Supplementary Figs.5and 6) or
eventowardsless capital-intense LCET startups aiming to use software
to optimize existing assets (contrary to the observations of Bumpus
and Comello®).

Next, we look at the patenting trends segmented by core
value-creatingactivity (Fig. 5). Unsurprisingly, LCET startups involved
inhardware integration account for the largest majority, with 214 pat-
entapplications (77.2% of all patent applications; Supplementary Fig. 4)
and 36 granted patents (75% of all granted patents, of which 69.4%
belong to mobility startups). Although 25 patent applications were
by startups focusing on LCET deployment, none have been granted. In
addition, only 44 patent applications by 24 startups were filed outside
Indiabetween 2010 and 2020, and nine were granted—indicating that
Indian LCET startups predominantly focus on commercializing their
innovationsin the Indian domestic market.

Finally, we summarize the distribution of LCET startups’ fund-
raising and patenting activity by sub-sector and core value-creating
activity inFig. 6. Figure 6areveals thatinvestments inthe RES and grid
management sub-sectors are primarily directed towards deployment.
Incontrast, alarge share of investments into mobility, RE-enabled solu-
tions and energy efficiency sub-sectors are directed towards hardware
integration. The patenting trendsin Fig. 6b show that patents granted
tostartupsin mobility and RE-enabled solutions are almost exclusively
in hardware integration. Thus, in the mobility sub-sector, the greater
share of total investments directed towards hardware integration as
compared to the RES sub-sector helps explain to some extent why there
aremore patents in the mobility sub-sector. In contrast, patentsin the
energy efficiency sub-sector have primarily been granted to startups

offering software solutions. Finally, there is notably low patenting
activity by startups inthe materials and chemicals space. To elaborate
onthedrivers and barriers associated with investment and patenting
activity indifferent sub-sectors, we present the results of the qualitative
analysis in the following section.

Components of the entrepreneurship ecosystem
The trends in LCET startups in India from 2010 to 2020 indicate that
there is a substantial increase in the number of investment deals,
investment volumes and inventive activity over the period, particu-
larly after 2017. However, there are large differences between different
sub-sectors and core value-creating activities. We analyse the interview
datatoidentify components of the Indian LCET entrepreneurship eco-
system*?* associated with these trends. The results presented in this
sectionare based on qualitative data collected by interviews (indicated
bytheinterviewee codes ENT for entrepreneurs, INV for investors, and
INDEX forindustry experts; see Supplementary Tables 6 and 9 for more
details), and supported by other studies.

Alarge share ofinvestments from2010 to 2020 has been directed
towards the deployment of relatively mature renewable energy tech-
nologies. Several interviewees noted that this is not surprising, given
thatinthe past decade, India’sambitious renewable energy deployment
targets, strong deployment policies (for example, reverse auctions for
solar PV and wind power, net metering for rooftop solar PV)**"** and
global reductions in technology costs have contributed to creating a
growing market and mitigating investment risks* (specifically, inter-
viewees represented by interviewee codes ENTI11, ENT12 and ENT13
noted this). Thus, venture capital and private equity have played an
important role in financing startups focusing on bringing mature
renewable energy technologies to the market and scaling up their
deployment (Fig. 2). In contrast, startups focusing on the development
and manufacturing of materials and chemicals for RES technologies
(including still-nascent technologies such as third-generation solar
PV cells, biofuels from microalgae) have found it difficult to access
resources such as government support for RD&D, human resources,
lead customers and early-stage patient capital (ENTL, INV1)***". Further-
more, alocal manufacturing ecosystem for components for RES tech-
nologies has not developedin India, resulting in reliance onimports®.
Thus, few LCET startups involved in hardware integration have suc-
cessfully commercialized their products or achieved scale tobecome
competitive, and concomitantly, an ecosystem for follow-on and exit
investments never emerged (Supplementary Fig. 5). These observa-
tionsareinline with previous studies positing that deployment policies
are associated with higher levels of venture capital investments'*">
and reduced patenting activity’* and create higher barriers of entry*
and competitive disadvantage® for less mature technologies.

The mobility sub-sector has received less funding than the
RES sub-sector, partly because it is less mature. The earliest major
market-creation policy for electric mobility, the FAME Scheme® (aimed
at promotingelectricand hybrid vehicle adoption and manufacturing
through demand incentives), was announced in2015, whereas the first
major market-creation policy for RES, the National Solar Mission®®
(aimed at deploying 20,000 MW of solar power by 2022) was enacted
in 2010 (please note that other policies that acted as precursors such
as tax benefits and subsidies for RE projects were enacted in the early
1990s and streamlined in the 2000s; Supplementary Table 5 and Sup-
plementary Fig. 7). Although market risks related to alack of charging
infrastructure (ENT5, ENT15), consumer awareness (ENT 2, ENT7,ENTS)
and end-consumer financing still need to be addressed, mobility rep-
resents India’s fastest-growing and most innovative sub-sector, inline
with global trends?*°. Like RESs, global cost reductionsin lithium-ion
batteries and strong market-creation policies by the government con-
tributed toincreasinginvestments. In particular, the anticipation of the
second phase of the FAME scheme in 2019 with a budget of Rs. 10,000
crores (US$1.34 billion) over three years spurred activity in the sector
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investment deals categorized into one funding round and one sub-sector. The
width of each bar represents the number of investment deals in that round and its
height represents the average deal size. The whiskers represent the range of the
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deal sizes—that is, the maximum and minimum values. The number of investment
dealsin eachroundisindicated in brackets at the top of each panel. Individual
data points are plotted for cases where the number of deals is ten or fewer. Please
note that the y axis (Average investment volume per deal) is on alogarithmic scale
and that the range of the x axis is chosen to enhance readability.

from 2018 (Supplementary Fig. 8). However, the mobility sub-sector
followed adifferent trajectory than RESs, with greater investmentsinto
and patenting by startupsinvolved in hardware integration, unlike the
RES sub-sector. Accordingto the interviewees, these trends are associ-
ated with (1) pre-existing human resources, component suppliers and
technological capabilitiesin vehicle design and manufacturing and (2)
patient capital in the form of corporate venture capital and follow-on
financing fromincumbent two- and three-wheeler manufacturers. Thus,
electrictwo- and three-wheelers accounted for 16.4% and 83%, respec-
tively, of the total 0.76 million electric vehicles soldin2019”". In contrast,

startups involved in the manufacturing of materials and chemicals for
energy storage technologies used in the mobility sub-sector face simi-
lar obstacles as manufacturing startups in the RES sub-sector, such as
lack of research, development and demonstration (RD&D) and human
resources® (ENT2, ENTS5), weak supply chains (ENT7) and competition
with cheaper imports (primarily from China; ENT2)—becoming an
adopter of imported technologies (ENT 2, ENT11). These findings are
in line with literature on industry catch-up for LCETs that outline the
importance of cultivating local technological capabilities for successful
industry localization and catch-up by developing countries®>°.
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Fig. 5| Number of patents granted annually to LCET startups in India from
2010 t0 2020 segmented by core value-creating activity. The figure includes
both domestic and international patents. Methods provide more details
regarding the patent dataset.

Although grid management, energy efficiency and RE-enabled
solutions sub-sectors are relatively mature in terms of technologies
and business models, several investment barriers exist. The lack of late-
and mature-stage investments in these sectors is indicative of start-
ups being unable to cross the second valley of death® (in RE-enabled
solutions and energy efficiency) and the first valley of death (in grid
management). The low investments in grid management and energy
efficiency LCET startups are associated with market barriers and long
payback periods of eight to tenyears arising from subsidized electric-
ity, state monopolies in power transmission and distribution in large
parts of the country and a lack of market incentives to optimize the
electricity retail and consumption (INV1, ENT9, ENT10)%***, Thus, in
the face of such unfavourable risk-return profiles®, the ecosystem
for seed capital in these sub-sectors is virtually non-existent. This is
in sharp contrast with trends in the United States, where there is an
increasing trend towards early-stage equity investments in end-use
efficiency and demand control technologies".

Finally, most startups offering RE-enabled solutions provide
off-grid energy services such asirrigation, refrigeration and process-
ing of agricultural produceinruralareas. The low level of investments
in this sub-sector is also associated with market barriers and risks
arising from low affordability, regulatory uncertainty and fragmented
markets, making them reliant on grants and government subsidies.
However, the Pradhan Mantri Kisan Urja Suraksha evam Utthaan
Mahabhiyan (PM-KUSUM) scheme®® for incentivizing distributed
solar PV for agricultural irrigation has aggregated the distributed
market for solar PV-based irrigation and could help catalyse growth
in the sub-sector (ENT14). To summarize, the current energy policy
frameworkis not aligned with entrepreneurship objectivesin the grid
management and RE-enabled solutions sub-sectors.

Discussion and conclusions

Our analysis indicates that although there is increasing activity in India’s
LCET ecosystem, it is concentrated in RES and mobility. Investments are
primarily directed towards startups focusing on the deployment of rela-
tively mature LCETs in the RES sub-sector and, in recent years, hardware
integrationand deployment of electric two-and three-wheelers. Patenting
activity by LCET startupsin Indiais concentrated inthe mobility sub-sector,
incontrasttoglobal trends where patentingin grid managementand RES
sub-sectors s higher than that in the mobility sub-sector (analysis of all
LCET patents, thatis, not only patents by startups; Supplementary Fig. 9).

Our findings contribute to the growing literature on the role of
venture capitalin clean energy in two ways. First, Bumpus and Comello”
observed a global trend towards increasing investments in distrib-
uted, efficiency and control technologies—a trend that is absent in
India. Asnoted earlier, this is probable because of the highly regulated
and subsidized nature of the electricity retail sector. In recent years,
India has taken strides to modernize electricity market design and to
provide better market signals for power dispatch®. However, more
steps in the form of deregulation of electricity retail and introduc-
tion of tariff design features such as time-of-use, peak pricing and
cost-reflective tariffs willbe needed to create markets for demand-side
measures for distributed energy resources, energy efficiency and load
management®>

Second, van den Heuvel and Popp?® suggest implementing
demand-pull policies for LCETs asameasure to promote clean energy
innovation by startups. However, our findings suggest that this might
be a necessary but insufficient condition to promote innovation via
LCET startups in developing countries such as India, because the level
of technological capabilities can moderate the relationship between
market-creation measures and startups’ activities and innovation
outcomes. Furthermore, our results indicate that in a context with
low technological capabilitiesin a particular sub-sector (such as RESs
inIndia), demand-pull measures are associated with investment flows
into deployment-oriented LCET startups. Conversely, in mobility, a
sub-sector where some pre-existing technological capabilities exist,
demand-pull measures are also associated with hardware integration
and patenting activity. Thus, if startups are to be leveraged to promote
LCET innovation, market-creation policies will most likely need to be
complemented with long-term measures to strengthen technological
capabilities (such as measures to improve human capital, increased
investment into RD&D and improved linkages between universities,
publicresearch and development institutes and entrepreneurs)®, Such
measures could be targeted towards sectors where such capabilities
arelackingbutare closely related to pre-existing knowledge and capa-
bilitiesin the country to improve their probability of success®*”°. Thus,
while the government of India has drafted policies to support domestic
manufacturing” in energy storage and solar PV technologies (through
the ‘National Program on Advanced Chemistry Cell Battery Storage’”
and the ‘National Program on High-Efficiency Solar PV Modules™),
they will need to be complemented with measures to strengthen the
broader entrepreneurship ecosystem (including human capital and
supportive activities such as RD&D).

While this study is a first step towards a systematic enquiry into
the nature and role of LCET startup activity in India, more work is
required toimprove our understanding of the role of startupsin achiev-
ing climate change mitigation goals in India (and other developing
countries). Here we lay out aresearch agenda for understanding LCET
entrepreneurshipinIndiathat presumably should also be relevant for
other developing countries. First, while we have analysed the proxi-
mate components of the entrepreneurship ecosystem associated with
investment and patenting trends, future research should investigate
the broader historical and current institutional, technological, social
and economic conditions withinwhich LCET startups are situated and
how these conditions influence the rate and direction of evolution of
the LCET startup ecosystem, including their sub-sectoral focus and core
value-creating activities. Second, more detailed analyses of finance
for LCET startups in developing countries are needed. There is some
evidence that public and private financiers in industrialized contexts
such asthe United States and European Union are evolving in response
tothespecificneeds of LCET startups. While our analysis focused ona
single case, comparative work analysing how the specific characteris-
tics of domesticandinternational financial actors and instruments have
evolvedindeveloped and developing countries could shed further light
onfinancing conditions thatenable or constrain the scope of activities
of LCET startups in developing countries. Third, the question of how
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and core value-creating activity. Each bubble represents the intersection of one
sub-sector and one core value-creating activity, and the size of the bubble is
proportional to the numeric value of the corresponding legend indicator.

technological capabilities in different sub-sectors can be strengthened
toimprove LCET startup outcomesin termsof innovation and growth
needs to be better understood. Particularly in a developing country
context, such analyses could be valuable in informing public policy
measures for capacity building and strengthening climate-relevant
entrepreneurship.

Methods

Company and investment data

An investment database was developed to record and analyse the
flow of investments into LCET startups in India from 2010 to 2020
(inclusive). Data was primarily collected by performing web-based
research. Trusted Indian media sources such as Business Standard,
Mint, The Economic Times and The Hindu were referred to track and
record investment deals. To ensure comprehensive coverage, we sup-
plemented this database with investment data obtained from market
intelligence platforms Tracxn (https://tracxn.com/) and Pitchbook
(https://pitchbook.com/). To the best of our knowledge, they represent
two of the most comprehensive databases providing information on
startupsinIndia. Tracxn, adataandbusiness analytics company, ‘track
1.4 millionentities through 1,800 feeds categorized across industries,
sectors, sub-sectors and geographies globally. Similarly, Pitchbook, a
financial data and software company, captures data on the entire life
cycle of investment funds (from fundraising to fund liquidation) and
private companies (from pre-seed to post-exit). PitchBook has data
on ‘3.4 million companies, 1.7 million deals, 406,000 investors and
85,000 funds. Both platforms maintain that their research team veri-
fies each data point before acceptingit. We identified startupsrelevant
for our study by using the taxonomy provided by both databases,
which categorizes startups by industry and sub-industry. For the list
of sectors and sub-sectors used to identify the LCET startups, please
refer to Supplementary Table 2. We limited our query to startups with
their headquartersiniIndiaandinvestment transactions that occurred

between and including 1January 2010 and 31 December 2020. This
period was chosen because 2010 represents the beginning of a period
of notable activity inIndia’s LCET startup ecosystem, and 2020 repre-
sents the last year for which complete and reliable investment data
was available at the time of data collection. Although there was some
policy activity related to low-carbon energy technologies before 2010,
the announcement of the National Action Plan for Climate Change in
2008 called for the first major market-creation policies for LCETs in
the form of national missions related to solar and energy efficiency,
whichwere subsequently launchedin2010. We excluded debt transac-
tions. In addition, we manually verified the data sourced from Tracxn
and Pitchbook and added only those startups that fit our selection
criteria. Each database entry for an investment deal was checked for
reporting errors and was deemed valid only when confirmed by two
independent data sources.

Besides collecting datarelated toinvestment deals, we also hand
labelled each LCET startup based onits sub-sector (RESs, grid manage-
ment, mobility, energy efficiency and management and renewable
energy-enabled solutions) and core value-creating activity (materials
and chemical manufacturing, hardware integration, software solutions
and Deployment (Supplementary Table 1 provides definitions of each
category)). Each LCET startup was classified into one sub-sector and
one core value-creating activity based on the information provided
on the LCET startup’s website. In case the LCET startup was active in
multiple sub-sectors and/or activities, the primary activity was iden-
tified based on the most prominent or first category on the website’s
homepage or the section describing the company’s products (that s,
the section titled ‘Our Products’ or similar) or activities (that is, the
section titled ‘About Us’ or similar). Finally, in cases where the LCET
startup no longer had an active online presence at the time of our
data collection (for example, because of no longer being in business
or because of being acquired and assimilated by another firm), we
categorized them based on the information in their profile on market
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intelligence platforms (including Tracxn, Pitchbook and Crunchbase
(https://www.crunchbase.com/)).

The database consists of 780 investment deals covering 347 LCET
startups between 2010 and 2020, with a total investment volume of
US$27.2 billion (2020 dollars). Out of these 780 deals, 80 debt invest-
ment deals totalling US$8.2 billion and 29 investment deals of subsidi-
ary companies totalling US$4.4 billion were excluded from our analysis
due to the limited availability of data on corporate loans and bonds.
Asset finance transactions were also excluded. Among the remain-
ing data points, investment deals were classified as early stage if the
financing round was pre-seed, seed, Series A or Series B, which typically
correspond to the ideation, prototyping and demonstration phase in
the growth of a startup. Any subsequent round starting from Series
C up to and excluding PE or an exit event such as an M&A or IPO were
classified as late-stage deals. PE, exit events (M&A, IPO) and post-exit
equity rounds were designated as mature stage.

We considered investments only in those startups that are domi-
ciledinIndiaandless than eight years old®. Startups domiciled outside
India but with operations in India are also omitted. Both public and
private sector financial actors and domestically and internationally
located investors are considered. Government research and develop-
mentbudget for energy innovation was excluded from the analysis due
tothe unavailability of dataand thelack of clarity on the allocation and
use of funds for the support of startups.

Patentdata

We used the Indian Patent Advanced Search System (InPASS) provided
by the Indian Patent Office (https://ipindiaservices.gov.in/public-
search/) to extract information about the domestic patenting activity
of LCET startups. We collected data on both published and granted
patents between and including 1January 2010 and 31 December 2020
by querying the fullname and the stem name (obtained after excluding
the common prefixes and suffixes, as elaborated in the National Bureau
of Economic Research (NBER) Patent Data Project: https://sites.google.
com/site/patentdataproject/Home) of all the startupsin our database
against the applicants’namesin the search system. The searchyielded
233 published patents and 39 granted patents at the Indian Patent Office.

For the data on global patents, we used the World Patent Statisti-
cal Database (PATSTAT), offered by the European Patent Office (EPO,
see https://www.epo.org/searching-for-patents/business/patstat.
html). The database covers more than 100 million patents from 90
patent authorities. We identified and extracted all patents pertaining
to LCETs by Indian applicants and inventors using the EPO’s classifica-
tion scheme for climate change mitigation technologies™ (details of
the classification codes used to identify the patents are provided in
Supplementary Table 3). The searchresulted in23,243 patent applica-
tions, which correspondsto 5,506 patent families, 27,984 inventors and
5,917 unique applicants.

From the combined list of patents obtained from the two sources,
we standardized the common prefixes and suffixes” from applicants’
andinventors’names and removed duplicate records; we obtained the
names of 11,019 unique applicants and inventors. We matched these
unique names with standardized names of startups in our database
using a fuzzy data matching algorithm. The algorithm utilized the
‘Levenshtein Ratio’ string comparator to compare the names of the
startupsin our database with the unique names obtained from the two
patent databases. We manually reviewed matches with match quality
greater than 0.6 by using other information (the applicants’and inven-
tors’ locations, full patent abstract, company description) to ensure
that both companies were the same. Last, we collected information
on all patents filed by verified matches between and including 1Janu-
ary 2010 and 31 December 2020. Supplementary Fig. 10 provides an
overview of this process.

We also compared the trends in patenting by Indian LCET start-
ups with global patenting trends for LCET technologies. To do so, we

identified and extracted all LCET patents globally from 2010 to 2020
fromthe EPO PATSTAT database. We used the EPO’s ‘Y02’ classification
scheme for climate change mitigation and adaptation technologies to
matchthese patents with the sub-sectors used in our study (details on
the mappingbetween Y02 codes and LCET sub-sectors are providedin
Supplementary Table 4). This dataset encompasses 1,044,170 unique
patent families (Supplementary Fig. 9).

Policy landscape

We analysed the Indian LCET policy landscape by collecting data on
sector-specific policies and schemes announced by the Government
ofIndiabetween 2000 and 2020 (acomplete list of policiesis provided
inSupplementary Table 5). The datawere sourced from the Ministry of
New and Renewable Energy, Indiawebsite (https://www.mnre.gov.in)
and the International Energy Agency’s policy database (https://www.
iea.org/policies).

Expert Interviews

We used qualitative methods to identify the drivers, barriers and ena-
blersinthe entrepreneurship ecosystemassociated with the observed
investment and patenting activity since qualitative methods are better
suited for studying the underlying mechanisms of a phenomenon as
compared to quantitative methods”. We conducted 25 expert inter-
views between September 2019 and September 2021 (Supplementary
Table 6 provides the fullinterviewee sample). We followed a stratified
purposeful sampling strategy”’, stratifying across sub-sectors and
core value-creating activities and ensuring representation by entre-
preneurs and investors. In practice, we sampled the interviewees in
multiple steps. First, we used our dataset on LCET startups to identify
investors and entrepreneurs with a prominent rolein the Indian LCET
entrepreneurship ecosystem in terms of investments and patenting.
Second, we reached out to investors and entrepreneurs within our
personal networks who areactiveinthe Indian LCET startup space via
personal e-mail. Finally, we used snowball sampling”” by asking our
interviewees to get usintouch with their contacts with relevant exper-
tise for our study. The interviewees were assured complete anonymity
and were assured that none of the quotes used in the study would be
directly attributable to them or their companies. The interviews were
recorded with the full consent of the interviewees, and the recordings
were stored onasecureinternal server accessible only to the co-authors
ofthestudy. Our final sample comprised 17 entrepreneurs, six investors
and two industry experts.

The interviews were conducted in person or over video confer-
encing by one to four researchers who took individual notes. Each
interview lasted 60 to 90 minutes and followed a semi-structured
format with two main segments. In the first segment, we showed the
interviewees the investment and patenting trends resulting from our
quantitative analysis and triangulated them. ‘Triangulation’is the use
of multiple complementary data sources in amixed-method research
design’. In this study, we used qualitative inputs to corroborate,
explain, augment and validate the quantitative results. Inthe second
segment, we asked the interviewees about the important drivers,
barriers and enablers in the LCET entrepreneurship ecosystem that
can help explain the quantitative trends. The interviewees were free
to focus on any factor in the entrepreneurship ecosystem that they
deemed important. An example interview guide is provided in Sup-
plementary Table 7. The interviews were recorded and transcribed.
Transcripts were hand coded, and the identified drivers, barriers
and enablers were mapped to the ‘domains of the entrepreneurship
ecosystem™>** (markets, finance, policy, human capital, culture and
supportive activities) to systematically analyse the key components
of the entrepreneurship ecosystem associated with the observed
trends. Supplementary Table 8 provides definitions and details on the
components of these domains, and Supplementary Table 9 provides
illustrative quotes from the interviews.
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Limitations

Although we endeavoured to be exhaustive in data collection and
record all the investment deals falling under the scope of the study,
some limitations need to be recognized. There is a possibility of hav-
ing anincomplete dataset when relying on web-based resources such
as media coverage, online public sources and market intelligence
platforms. In particular, itiscommonly acknowledged that early-stage
investments (particularly pre-seed, seed and angel investments) are
difficultto capture, as they can often go unreported. Previous studies
on startup investments have also noted that there is a possibility of
survivorship bias when using secondary data®, that is, information
about startups who were active closer to the beginning of our period of
analysis (2010) might be underrepresented as compared with startups
that were founded closer to the end of the period of analysis (2020). In
this study, we mitigated this shortcoming to the greatest extent pos-
sible by using multiple datasources torecord investment transactions.
We also validated the investment trends resulting from our quantita-
tive analysis with our interviewees, who were in agreement with these
observations. Finally, we expect these potential biases to be equally
valid for different sub-sectors and core value-creating activities, mak-
ing our comparative observations across startup categories robust
to any such potential biases in the data. Nevertheless, to estimate the
extent to which we capture information about startups that are no
longer active today, for the firms that were active at the beginning of
our period of analysis, we estimated the share that were still ‘live’ in
2020 following an approach used by Gaddy et al.'. On the basis of the
observationthat 80% of startups that either raise additional funding or
exitdosowithinthreeyears of their latest funding round, they catego-
rize companies that have either exited or raised venture capital funding
withinthe last three years as ‘live’ companies. Accordingly, companies
that have neither exited nor raised funding in the past three years are
categorized as ‘dead’. Using this method, we find that in our dataset,
of'the 54 startups that were active on1January 2010, 22 startups were
‘live’ on 31 December 2020, and the remaining 32 were ‘dead’.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Thedataoninvestmentsinto LCET startups used in this study were col-
lected through a web-based search and supplemented with datamade
available to us by Tracxn and Pitchbook under arestricted license and
are therefore not publicly available. The patent data were obtained
from publicly available sources—namely, the Indian Patent Advanced
Search System provided by the Indian Patent Office and the PATSTAT
Database provided by the European Patent Office. Supplementary
Data 1 contains an anonymized version of our company-level data
on investment transactions and patents with the names of the firms
removed. The full datasetis available from the authors uponreasonable
request and with permission of Tracxn and Pitchbook. Source dataare
provided with this paper.

Code availability
The code used to match inventor names with standardized names of
startups in our database is available from the authors on request.
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Research sample For the quantitative analysis, our data consists of 318 LCET startups active in India from 2010 to 2020, including data on their
fundraising (671 investment transactions and $14.6B investment volume) and patenting activities (277 patent applications and 48
granted patents). The startups were identified and investment data was collected using web-based research, and supplemented with
data from market intelligence platforms Tracxn (https://tracxn.com/) and Pitchbook (https://pitchbook.com/) - both of which provide
thorough information on startups. Thus, by combining multiple data sources, we obtained a representative sample of the universe of
LCET startups that raised funding in India between 2010 and 2020. The patent data was extracted from the Indian Patent Advanced
Search System provided by the Indian Patent Office and the PATSTAT Database provided by the European Patent Office.

For the qualitative analysis, our data consists of 25 interviews with entrepreneurs, investors, and experts from the Indian LCET
startup ecosystem, who were identified from the quantitative database based on their experience to ensure sufficient expertise on
drivers and barriers for investment and inventive activity.

Sampling strategy The quantitative data was collected using a web-based search for startups with headquarters in India that raised funding between
2010 and 2020 (inclusive). A company was considered a startup if it was founded no earlier than 2003. The web-based search was
supplemented with data from Tracxn and Pitchbook by searching for startups active in the following fields: renewable energy;
electric vehicles; energy efficiency; energy access; smart grids; energy storage; hydrogen production and storage; energy-efficient
materials, and related keywords.

The interviewees for the qualitative analysis were chosen using stratified purposeful sampling, stratifying across different sub-
sectors, core value-creating activities, and actor types (entrepreneurs, investors) in the Indian LCET startup landscape. The interviews
were conducted until it was observed that a stagnation point had been reached and the interviews had a very low marginal value in
terms of additional insights.

Data collection The data was collected from multiple data sources. Proprietary data sources include Tracxn and Pitchbook. Non-proprietary, publicly
available data sources include trusted Indian media sources such as Business Standard, The Economic Times, The Hindu, Livemint,
Your Story and VC Circle, as well as patents from the Indian Patent Advanced Search System and PATSTAT.

Timing The data collection began in September 2019 and ended in September 2021.

Data exclusions Firms that either do not belong to the low-carbon energy technology sector, or were founded before 2003, or were newly
established subsidiaries of older firms, or having headquarters outside India were excluded from our analysis.

Non-participation While we did not get responses from some potential interviewees, they were replaced by interviewees with similar profiles in
subsequent waves of sending out interview requests. No interviewee declined our request for an interview.

Randomization This is an exploratory observational study with no experimental groups or randomization.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
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Recruitment A list of prospective interviewees was prepared, and interview requests were sent out via e-mail. A short introduction about %

the project and an overview of high-level results from the quantitative analysis was attached with the e-mail to provide the
prospective interviewees with detailed information about the project and its objectives.

Ethics oversight The interviewees were assured complete anonymity and were assured that none of the quotes used in the study would be
directly attributable to them or their companies. The interviews were recorded with the full consent of the interviewees and
the recordings were stored on a secure internal server accessible only to the co-authors of the study. No ethics approval was
obtained for this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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