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ABSTRACT

Carbon dioxide (CO,) is the primary anthropogenic greenhouse gas (GHG). India’s CO, emissions are expected to in-
crease 70% by 2025. Geologic carbon storage (GCS) offers a way to reduce CO, emissions. Here we present the results
of a search for the most cost-effective GCS opportunities in India. Source-Sink matching for large and concentrated
CO, sources near geological storage in India indicates one very high priority target, a fertilizer plant in the city of Nar-
madanagar in Bharuch District of Gujarat Province, India that is <20 km from old oil and gas fields in the Cambay Ba-

sin. Two pure CO, sources are <20 km from deep saline aquifers and one is <20 km from a coal field.

Keywords: Global Warming; Carbon Dioxide; CO,; Carbon Capture and Storage; CCS; Geologic Carbon

Sequestration; GCS; India; Source-Sink Matching

1. Introduction

1.1. Global Context of Geologic Carbon
Sequestration

Fossil-fuels are crucial to our global economy and stan-
dard of living and will remain so for several more dec-
ades. Until recently, nearly all fossil-fuel consumption
emitted carbon dioxide to the atmosphere. Carbon diox-
ide (CO,) is the primary anthropogenic greenhouse gas
(GHG) [1]. The rate of CO, emissions has steadily in-
creased with global industrialization. Global CO, con-
centrations in the atmosphere have increased 25% since
1850 and 15% since 1956. By 2011, global CO, emis-
sions totaled a record 34 billion metric tons [2]. These
emissions were expected to grow 1.9% per year until at
least 2025 [3] with the developing world’s emissions
exceeding those of the current industrial nations in ap-
proximately 2020. The concentration of carbon dioxide
in the atmosphere is expected to double by mid-century if
the current emissions trend continues.

The biosphere and hydrosphere absorb approximately
1/3 of CO, emissions [4] on time scales of hundreds to
thousands of years. The remaining 2/3 are currently vented
to the atmosphere. Nearly all scientists expect this in-
creasing carbon dioxide concentration in the atmosphere
to enhance mean global temperatures via the greenhouse
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effect. This steady, observed increase in the concentra-
tion of CO, in the atmosphere coupled with the well es-
tablished greenhouse effect presents a risk of excessive
warming [5].

Recent globally averaged temperature measurements
suggest that this risk is significant. Nine of the ten warm-
est years since 1850 have occurred between 1995 and
2004 [6,7]. Globally, 2012 was the ninth warmest year
since 1979 but 11 of the warmest years since 1979 have
occurred since 2001. The warmest year on record since
1901 was 2005. The second warmest was 2010 [8,9]. The
earth is now nearly 0.5 degrees C warmer than it was in
the period between 1961 and 1990 [7]. As one would
expect, the influence of the observed temperature in-
crease is greatest and most easily observed in the Arctic
and Antarctic [10-12]. There is increasing evidence that
warming is beginning to influence climate at mid-lati-
tudes as well [13,14]. Regardless of one’s interpretation
of observed increases in atmospheric CO, and tempera-
ture, it would seem prudent to seek ways to mitigate the
risk of excessive warming of the Earth by diverting the
2/3 of the carbon dioxide emissions not absorbed by the
biosphere back into the Earth’s crust or the oceans [15].

Given scientific uncertainties, observed acidification
and political questions associated with deep ocean stor-
age of carbon dioxide, this and many other studies are
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focused on finding the best ways and places to store car-
bon dioxide underground [15]. Not surprisingly, most of
the technology and fundamental data necessary to cap-
ture, transport and store carbon dioxide underground (Geo-
logical Carbon Storage or GCS) appears to be available in
the hydrocarbon and coal industries. Indeed, GCS began
in 1972 in the Permian Basin of West Texas. There are
now more than 75 GCS projects that inject more than 40
million tons of CO, per year worldwide [16]. This study
seeks to find the most economical places to sequester
carbon from the largest and most concentrated sources of
carbon dioxide in the subsurface of South Asia. Given
India’s overwhelming predominance in the population
and economy [17] and total and per capita CO, emissions
of South Asia [17,18], its political stability, rapid eco-
nomic development, and high level of technical expertise,
this study focuses on India.

1.2. Carbon Dioxide Capture and Storage as a
Means of Mitigating the Risk of Excessive
Warming

Carbon dioxide capture and storage (CCS) has emerged
as a critical technology pathway towards the stabilization
and reduction of greenhouse gas emissions [1,19,20]. A
necessary step to deployment of CCS/GCS at large scale
is the accurate assessment of regional CO, storage poten-
tial [21,22]. Towards that end, private and governmental
assessment of CO, storage potential in Australia and the
Alberta basin [21,22] have served as the basis for re-
search, planning, and policy. To help enable CCS/GCS
technology deployment, the International Energy Agency
(IEA) Greenhouse Gas R&D Programme has sponsored
assessment for North America [23] and Europe [24].
These have provided data of sufficient accuracy, richness,
and detail to enable calculations of CO, storage cost
curves to further help decision makers in planning CCS
deployment.

Against this backdrop, many workers have noted that
successful global reduction in greenhouse gas emissions
will require CCS in developing countries, most notably
China and India [25-30]. India presents a particularly
interesting case for CCS/GCS deployment, due to the
strength of existing legal and regulatory frameworks, the
rapid, imminent expansion of coal power as part of In-
dia’s electrification strategy, and the geographic distribu-
tion of potential sinks. While large portions of the sub-
continent are not well suited to storage, there is a sur-
prisingly good overall match. Finally, there may be op-
portunities for India to deploy CCS/GCS in the context
of the Kyoto clean development mechanism (CDM), the
Asian-Pacific Partnership (APP), through direct Indus-
trial sponsorship, and through novel development of re-
sources (e.g., underground coal gasification).

Copyright © 2013 SciRes.

1.3. Carbon Dioxide Emissions of India

India has the world’s second largest population of more
than 1.2 billion people that is growing at a rate of 1.5%
per year [30,31] and currently consumes energy at a per
capita rate of 1/5 the global average. India’s GNP is
growing at 5% - 7% per year and commercial energy
consumption is increasing at 5.5% per year and is ex-
pected to accelerate [32,33]. Indeed, India’s per capita
carbon emissions doubled between 1990 and 2011 from
0.8 to 1.6 metric tons per person. In 2011, India emitted
approximately 1.97 million metric tons of carbon and is
now the world’s fourth largest fossil-fuel CO,-emitting
country [21,33-35].

Approximately 70% of India’s fossil-fuel CO,-emis-
sions are from coal, 22% from oil and 4% from natural
gas [33]. India has proven coal/lignite reserves of 118
billion tons, recoverable oil reserves are estimated at 640
million tons (10 year supply) and natural gas reserves are
estimated at 850 billion cubic meters (30 year supply)
with large potential for gas hydrate exploitation [31]. The
energy mix for the year 2100 is predicted to be coal 50%,
natural gas 25%, nuclear and renewables 25%. Therefore
the critical technologies for India’s energy future are ex-
pected to be clean coal, natural gas including hydrates,
thorium-based nuclear and renewables [31]. It is clear
that India’s carbon dioxide emissions will increase sub-
stantially by 2100 in order to support an estimated 1.65
billion people [31]. India’s CO, emissions are currently
increasing at 3% - 6% per year [2] and are expected to
increase 70% by 2025 [36]. Approximately 82% of CO,
emissions in South Asia are from India [23,24] making
India the focus of this study. India’s CO, emissions have
risen from 1113 million metric tons in 2004 [37] to 1586
million metric tons in 2009 [18]. Of these emissions
approximately 51% were from large (>0.1 million metric
tons/year) stationary sources [18,23,24]. Given sufficiently
cost-effective capture and transport technologies, there is
clearly enormous scope for CO, sequestration from sta-
tionary sources in India.

1.4. Second Order Geological Carbon Capture
and Storage Assessment for India

First order assessments of the CCS/GCS potential of the
Indian Subcontinent have been published [19,23,26-28,
38,39] that began the search for CCS sites in India. This
paper builds on these studies and the IEA GHG database
to begin a second order assessment of the region’s CCS/
GCS potential and attempts to identify the “very lowest
hanging fruit” [38] in terms of maximum impact on CO,
emissions and lowest cost in preparation for CCS/GCS
pilot projects in India.

According to Damodaran [40] CCS and GCS in par-
ticular have yet to be implemented on a large scale due to
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risks of leakage, access to technology, additional costs
and financing difficulties. He also noted that CCS “can
be economically feasible under specific conditions. This
may be the case, for example, if CO, is captured from
low-cost sources, such as gas processing or ammonia
plants, and used towards a productive end, such as en-
hancing oil recovery at a nearby oil field”. In particular,
he noted that “high CO, flue gas concentration enhances
efficiency of capture and enables low unit costs”. Fur-
thermore, Damodaran noted that “The costs of transport
and storage are less onerous in comparison, and can be
minimized by achieving economies of scale and/or by
siting emitting plants close to potential storage sites such
as oil and gas reservoirs”. Indeed, a 2012 CCS/GCS scop-
ing study by the Global CCS Institute [41] revealed that
safety, energy penalties and cost issues remain prohibi-

tive in the minds of most CCS/GCS stakeholders in India.

This study seeks to identify those large (>0.1 million tons
CO,/yr) and concentrated (>30%) CO, flue gas sources
most amenable to cost-effective CO, capture and storage
that are very near probable storage reservoirs to identify
the most cost-effective GCS opportunities in India.

2. Method

We used Internet searches to find missing locations for
about one third of the International Energy Agency’s
(IEA) major CO, sources for India. Our study then used a
Geographic Information System (GIS) to answer two
questions. 1) Where are the major CO, sources, sinks and
risks in India? 2) Where should near-term geologic CO,
sequestration efforts be focused in India? We then used
the Internet to locate 126 new CO, sources and added
them to the IEA GHG CO, source database for India. We
then captured and in most cases digitized two dozen
cultural and physical map layers including sources, sinks
and risks for geologic CO, sequestration in India. These
layers were then used to find which major (relatively)
pure CO, sources (>0.1 million tons CO,/yr) are within
20 km of high volume sequestration sites including old
oil and gas fields, deep saline aquifers and coal fields to
focus our storage capacity assessment.

3. Results

3.1. Large Stationary Carbon Dioxide Sources in
India

Van Bergen et al. [38] and Damen et al. [26] restricted
their search for early carbon sequestration opportunities
to CO, enhanced oil recovery (CO2-EOR) and CO, en-
hanced coal bed methane (CO,-ECBM) sites due to their
additional revenue potential. We expanded our search to
include saline aquifers and depleted gas and oil reser-
voirs given that economic incentives are more likely ten
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years after their initial study. We began with the IEA
GHG/Ecofys Carbon Source database. The IEA GHG
database includes stationary sources greater than 0.1 mil-
lion tons of CO, per year with considerable detail re-
garding industrial sector, ownership, CO, gas concentra-
tion etc. Given our focus on India we filtered both IEA
and LLNL CO, source databases for those greater than
0.1 million tons of CO, per year within India. The IEA
GHG database for South Asia lacked geographic loca-
tions for approximately one third of major CO, sources.
A major part of this effort to refine source-sink matching
for South Asia involved Internet searches by company
name, sector and other industrial details to find the names
of the nearest populated place in order to obtain an ap-
proximate geographic location (latitude and longitude).

We then used a detailed map of India to make sure that
the geographic location was reasonable and matched the
district, province listed. In some cases the maps were not
detailed enough so we were limited to providing a Dis-
trict level location. The average size of a district in India
is 4300 km. Clearly those candidates which appear to be
good candidates for CCS will require site visits and GPS
locations to verify their exact locations and suitability.
We were able to find geographic locations for 126 major
CO, sources and added them to the IEA GHG CO, source
database for India. We then engaged in some quality con-
trol work based on past field work in India (1983-2009)
that included correcting obvious location errors. The re-
fined IEA GHG database for South Asia indicated that
approximately 82% of the CO, emissions were from In-
dia. We continued to focus our efforts on India accord-
ingly (Figure 1). CCS including GCS is most efficient
when the CO, streams are relatively concentrated. In order
to find the most cost-effective candidates for CCS/GCS,
we then filtered the IEA and LLNL CO, sources for
South Asia for by industrial sector in order to isolate
those CO, sources that usually have high purity CO; flue
gas (ammonia, ethylene oxide, hydrogen, liquefied natu-
ral gas (LNG) and cement) (Figure 2).

3.2. Geological Carbon Dioxide Sinks in India

We collected geographic locations for three types of geo-
logic carbon sequestration opportunities in India, oil and
gas reservoirs, coal fields and saline aquifers. We did not
include mineral trapping of CO, in flood basalts such as
the Deccan Traps in this study simply because this is a
relatively new field of study [42].

Oil and Gas Fields—Oil and gas fields are attractive
because they have demonstrably contained oil and gas at
high pressures for millions of years. They have demon-
strable porosity, permeability and seal characteristics for
which there is often direct data in the form of well logs
and seismic data and a pool of labor with technical ex-
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Figure 1. Map of South Asian IEA and LLNL GHG major stationary CO, sources with LLNL additions.
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Figure 2. Map of large South Asia CO, source types (>0.1 million tons CO,/yr) from IEA and LLNL stationary CO, sources

by industrial sector and by implication, effluent CO, concentration in South Asia.
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perience with these same fields. Moreover, the oil and
gas industry has more than thirty years of experience
with CO, injection into oil and gas reservoirs for CO,-
enhanced oil recovery (EOR) and much of the infra-
structure in terms of pipelines, compressors and wells
already exists or is readily available [43].

Van Bergen et al. [38] and Damen et al. [26] began
their identification of early opportunities for CO, seques-
tration with the USGS World Oil and Gas Assessment
database [44] in order to find sites for CO,-EOR. As they
noted, these assessment units and total petroleum sys-
tems are several hundred kilometers wide and not de-
tailed enough for even first-order source sink matching.
The USGS assessments do provide a guide as to where to
begin looking for geologic carbon sequestration opportu-
nities and contain a wealth of subsurface data for some
sites.

We scanned, georeferenced, and vectorized maps of
individual known oil and gas fields from maps within
these assessment units [45-49]. We augmented this data-
base with maps of oil and gas fields from the Directorate
General of Hydrocarbons (India) and the Oil and Gas
Regulatory Authority (Pakistan), BP-Amoco and Exxon-
Mobil in a manner similar to that of Holloway et al. [28].

Deep Saline Aquifers—We are only beginning our as-
sessment of deep saline aquifers in India. For our initial
search we focused on large, very deep (>2 km) aquifers
capable of providing confining pressures sufficient to
hold CO, in a supercritical phase and that are on-shore
for the sake of cost [50-52]. We began with the Gangetic
Siwalik aquifer because it is deep, large and not likely to
be of interest for hydrocarbon exploration (with risk of
depressurizing the deep saline aquifer). Raster images
from a synthesis of Gangetic foreland basin strata [53]
were geo-referenced and vectorized to obtain isopachs
(similar to structure contours in this case) of this sand
rich alluvial system.

Coal Fields—The sequestration and re-use of CO, as
part of enhancing coal bed methane (ECBM) production
has been proposed by Stanton et al. [54] and van Berggen
et al. [38]. In this process injected CO, displaces the
methane that is adsorbed to the surface of the coal along
fractures. This makes ECBM both environmentally and
economically attractive [55]. A raster image of coal fields
in India was vectorized to provide the extent of coal
fields in India. The map corresponded well with maps of

individual coal fields [56].

3.3. Second-Order Source-Sink Matching for
India

Geological carbon sequestration is most cost effective for
large stationary sources [18,23,24]. Ideally such sources
are near GCS sinks in order to reduce transport costs [40].
Therefore our next step was to filter the geo-referenced
database for large CO, sources (>0.1 million tons CO,/yr)
that are less than 20 km from high volume geological
carbon sequestration sites including old oil and gas fields,
deep saline aquifers and coal fields to focus our search
for highly cost-effective GCS opportunities in India (Fig-
ure 3 and Table 1).

Approximately 5.6 million tons/yr of CO, are gener-
ated within 20 km of well understood old oil and gas
fields. Approximately 40.6 million tons/yr of CO, are
generated within 20 km of saline aquifers. Both old oil
and gas fields and saline aquifers are likely to have sig-
nificant long-term storage capacity (under evaluation by
our team). In addition, about 94.8 million tons/yr of CO,
are generated within 20 km of coal fields which may also
have significant capacity for GCS.

Approximately 30 sources that generate more than 0.1
million tons of CO, are within 20 km of well understood
oil and gas fields and major saline aquifers and emit al-
most 50 million tons of CO, per year. This represents
nearly one fifth of India’s total CO, emissions. An addi-
tional 47 sources are within 20 km of coal fields and emit
nearly 100 million tons of CO, per year and represent an
additional two fifths of India’s CO, emissions. These
results will focus our evaluation of CO, storage capacity,
porosity and permeability and risk in India. Our general
source sink matching results are summarized in Table 1.

As noted by Damodaran [40], one of the objections of
Indian stake holders to GCS is the additional financial
and energy cost of concentrating CO, flue gases. Con-
centration is necessary to increase the efficiency and de-
crease the additional costs of transport, injection and se-
questration capacity utilization and to enable some de-
sirable geochemical changes once the CO, has been in-
jected into the subsurface such as supercriticality. There-
fore, once the large (>0.1 million tons CO,/yr) stationary
sources of CO, emissions from the IEA and LLNL data-
bases had been located, mapped and filtered by proximity

Table 1. India’s CO, emissions by storage reservoir type and distance to large stationary CO, sources (Kilotons).

CO; Reservoir Type

CO, Sources within 100 km of Reservoir

CO, Sources within 20 km of Reservoir

Oil and Gas Fields 76,660 5621
Deep Saline Aquifers 105,752 40,623
Coal Fields Total for All Types 304,747 94,869
Total for All Types 487,159 141,113

Copyright © 2013 SciRes.
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Figure 3. Map of major India (>0.1 million tons CO,/yr) CO, sources <20 km from sinks classified by adjacent geological sink

type in India.

(<20 km) to potential geological carbon storage sinks, we
then filtered them by industrial sector type to isolate
those with typically high (>30%) CO, flue gas concen-
trations.

We then filtered those large and concentrated station-
ary CO, sources by proximity to each type of GCS op-
portunity considered in this study (oil and gas fields,
deep saline aquifers, and coal beds) (Tables 2-5).

We then mapped (Figures 4-7) a short list of what are
likely to be some of the most cost-effective carbon se-
questration opportunities in India by GCS opportunity
type. The next step is for local Indian stake holders to
evaluate each of these candidates in detail so that future
proposals for GCS in India meet local requirements and
budgets.

Copyright © 2013 SciRes.

4. Conclusions

Our analysis indicates that approximately 5.6 million
tons/yr of CO, are generated within 20 km of well under-
stood old oil and gas fields in India. Approximately 40.6
million tons/yr of CO, are generated within 20 km of
saline aquifers in India. Both old oil and gas fields and
saline aquifers are likely to have significant long-term
storage capacity. In addition, about 94.8 million tons/yr
of CO, are generated within 20 km of coal fields which
may also have significant capacity for geologic CCS.
Approximately 30 sources that generate more than 0.1
million tons of CO, are within 20 km of well understood
oil and gas fields and major saline aquifers and emit al-
most 50 million tons of CO, per year. This represents
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Table 2. India’s large (>0.1 million tons CO,/yr) and concentrated (>30% by volume) CO, sources by sector).

Sector Name of Company Lat Long CO; (KT)
ETH. OXIDE RELIANCE 29.32 75.08 132
AMMONIA DEEPAK FERTILIZERS AND PETROCHEM. 21.32 74.11 128
AMMONIA GUJARAT NARMADA VALLEY FERTILIZERS 21.70 72.97 489
AMMONIA DCM SHRIRAM FERTILIZERS & CHEMICALS 25.11 75.58 217
AMMONIA STEEL AUTHORITY OF INDIA 22.20 84.88 163
AMMONIA NATIONAL FERTILIZERS LTD. 29.38 76.97 328
AMMONIA DUNCANS INDUSTRIES LIMITED 32.43 75.37 454
AMMONIA FACT 29.97 76.23 327
AMMONIA DUNCANS INDUSTRIES LIMITED 26.45 80.35 115
AMMONIA INDIAN OIL CORPORATION LTD 26.09 91.58 149

TOTAL EMISSIONS 2502

Table 3. India’s large (>0.1 million tons CO,/yr) and concentrated (>30% by volume) CO, sources <20 km from oil and gas

fields).

Sector

Name of Company City

Lat

Long

CO, (KT)

AMMONIA

GUJARAT NARMADA NARMANDANAGAR

21.70

72.98

489

Table 4. India’s large (>0.1 million tons CO,/yr) and concentrated (>30% by volume) CO, sources <20 km from deep saline

aquifers in the Siwaliks.

Sector Name of Company City Lat Long CO; (KT)
AMMONIA DUNCANS INDUSTRIES KANPUR 32.43 75.37 454
HYDROGEN INDIAN OIL CORPORATION GAWAHATI 26.09 91.58 149

Table 5. India’s large (>0.1 million tons CO,/yr) and concentrated (>30% by volume) CO, sources <20 km from coal fields.

Sector Name of Company City Lat Long CO; (KT)
AMMONIA STEEL AUTHORITY OF INDIA ROURKELA 22.20 84.88 163
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nearly one fifth of India’s total CO, emissions. An addi-
tional 47 sources are within 20 km of coal fields and emit
nearly 100 million tons of CO, per year and represent an
additional two fifths of India’s CO, emissions.

Source-Sink matching for large concentrated CO,
sources in India indicates one very high priority target, a
fertilizer plant in the city of Narmadanagar, Bharuch
District, Gujarat Province, India, that is <20 km from old
oil and gas fields in the Cambay Basin. Two pure CO,
sources are <20 km from deep saline aquifers and one is
<20 km from a coal field.
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