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ABSTRACT
The drastic increase in the emission of CO2 (carbon dioxide) during the last 30 years caused by
fossil fuel combustion has been identified as the major reason for the climate change. Demand for
fossil fuels has begun to decline in the developed world, however, demand in developing countries has
been rising and will continue to rise. India in its developing phase has been risen as one of the major
emitting nations since they hugely rely on fossil fuels. And opting alternate energy sources wouldn’t
suffice for meeting the obligatory values of emission. While the global frameworks for climate change
demands for limiting the temperature rise within 2 °C, more mitigation technologies other than
renewable energy and energy efficiency are searched for, where Carbon Capture & Sequestration pitch
in. In this paper we discuss about the capacity of CCS as a climate mitigation tool and additionally
evaluates the feasibility of implementation in Indian market.
Keywords: CCS, Carbon Capture; Carbon sequestration; Climate change; Carbon footprint;
Environmnet, GHG emissions

1. INTRODUCTION
The concept of Carbon Footprint takes its moniker from the concept of ecological
footprint. The greenhouse gas emissions caused by anthropological activities and the
subsequent demand it brought forth on our ecosystem in forms such as climate change is
quantified with this concept. The over dependence on fossil fuels in majority of countries
have made it taxing to find a cheap and reliable alternative energy source.
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Fig. 1. The global carbon footprint.
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The drastic increase in the emission of CO2 (carbon dioxide) during the last 30 years
caused by fossil fuel combustion has been identified as the major reason for the climate
change. A study shows that the mean annual surface temperature has increased by 0.4 °C over
the Indian subcontinent alone during the past 100 years (Hingane et al., 1985). Energy sector
contribute to two third of world’s greenhouse gas aggregate.
India and China falls under the umbrella of highly emitting nations since they are
currently in their developing phase and rely hugely on fossil fuels. And opting alternate
energy sources would not suffice for meeting the obligatory values of emission in this time of
constricted climate change regulations. While many would regard the practicality of shifting
to carbon free production in a short term as overly ambitious, the environmental impact calls
for realization of concepts like Carbon Capture & Sequestration (CCS) that are designed to
extract 80-90% of Carbon dioxide emitted in power plants and industrial facilities operating
on fossil fuels with underground storage.
The process of Carbon Capture involves the extraction of CO2 produced as a result of
combustion and Carbon dioxide Storage means the injection of the gas into geologic or
oceanic reservoirs for timescales of centuries or longer. As per an IEA modelling, CCS would
realize 13% of cumulative reduction in emissions needed by the year 2050 in order to reduce
the global temperature increase of 2 °C (IEA 2DS). Coal-fired utilities equipped with CCS
technologies can cut down the coal use to one-third of current levels. Forty percent of gasfired power generation will also need to be equipped with CCS by 2050. The represents the
capture and storage of around 6 billion Tonnes (Bt) of CO2 emissions per year in 2050, close
to three times India’s energy sector emissions today [1].
This paper intends to educate on the technology of Carbon Capture and Storage
considering the global Carbon emissions Scenario and the Indian context in particular. The
latest emission findings based on the Indian context are briefly contrasted with that of its
global counterpart. The possibility of involving CCS technologies in Indian energy Sector is
studied analyzing various parameters such as the technological feasibility and economic
viability. India's initiatives that are underway on this regard are searched for and enlisted so as
to understand the future plans of the nation in this regard.
2. THE NAME - ‘CARBON FOOTPRINT’
Carbon footprint has become ubiquitous as a concept often debated upon by the sides of
global climate change. It had a tremendous increase in public appearance over the last few
years and is now a buzzword widely used across the media, the government and in the
business world.
The Intergovernmental Panel on Climate Change (IPCC) has identified Carbon dioxide
(CO2), methane (CH4), nitrous oxide (N2O), hydro fluorocarbons (HFCs), per fluorocarbons
(PFCs) and sulfur hexafluoride (SF6) are the major greenhouse gases. And Carbon dioxide,
among them, is the most dominant accounting for nearly 77% of global total CO2 equivalent
greenhouse gas (GHG) emissions (IPCC 2007c).
The total greenhouse gas emissions from various anthropogenic activities are expressed
in terms of carbon dioxide equivalent, which indicate the carbon footprint of a region. Carbon
dioxide equivalent (CO2e) is a unit for comparing the radiative forcing of a GHG to that of
carbon dioxide.

-112-

World Scientific News 54 (2016) 110-131

Fig 2. Carbon Footprint across a value chain (Source: GHG Protocol).
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It is the amount of carbon dioxide by weight that is emitted into the atmosphere that
would produce the same estimated radiative forcing as a given weight of sample gas. Carbon
dioxide equivalents are calculated by multiplying the weight of the gas being measured by its
estimated global warming potential.

3. GAUGING THE FOOTPRINT
CO2 concentrations have been on a steady rise during the previous century, climate
scientists say, compared to the 280 ppm (parts per million) count during the pre-industrial era.
The 2014 concentration of CO2 (397 ppm) was about 40% higher than in the mid-1800s, with
an average growth of 2 ppm/year in the last ten years. Significant increases have also occurred
in levels of methane (CH4) and nitrous oxide (N2O) [2].

Fig 3. Global CO2 emissions from 1995 to 2013 (in billion metric tons).
World’s primary energy needs will single handedly be taken care by fossil fuels till
2040 despite conjoint upheaval at present to limit the temperature rise (IEA 2015). As of now,
fossil fuels provide 80 per cent of world’s primary energy demand (IEA 2014). Demand for
fossil fuels has begun to decline in the developed world, however, demand in developing
countries has been rising and will continue to rise. Investments on fossil fuel front made today
will lock in emissions sources for at least the next 30 years.
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Fig. 4. World primary energy consumption (IEA 2015)
The technological growth in energy generation hasn’t deterred the interest in
conventional sources, not for the past 42 years. To substantiate the claim, in 2013, fossil
sources accounted for 82% of the Global total primary energy supply (TPES). In 2013, global
CO2 emissions reached 32.2 GtCO2, an increase of 2.2% over 2012 levels. Note that the
growth was less in 2012 (0.6%), and is closer to average annual growth rate since 2000
(2.5%) [3]. Coal-fired power generation is the largest contributor to carbon dioxide (CO2)
emissions worldwide and currently provides around 40 per cent of total electricity output.
Although coal represented 29% of the world TPES in 2013, it accounted for 46% of the
global CO2 emissions due to its heavy carbon content per unit of energy released, and to the
fact that 19% of the TPES derives from carbon-neutral fuels (Figure 5). Compared to gas, coal
is nearly twice as emission intensive on average.

Fig. 5. World primary energy supply and CO2 emissions: shares by fuel in 2013.
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Abundance of the resource to satiate the energy needs for a foreseeable future and the
fact that it could be easily expedited has equipped coal with a certain cost edge over alternate
resources. Gas fired generation is less CO2 intensive than coal-fired generation though they
still contribute around 20 per cent of power sector CO2 emissions worldwide. Carbon dioxide
emissions from industrial sources are considerable, contributing around 25 per cent of global
emissions. In addition to natural gas processing, CO2 is a by-product of a number of
manufacturing processes, so to say Steel, Cement and Chemicals production, all of which
have become live with-outs today and necessary to be decarbonized.
The environment as we see around have been started to get polluted right from the
industrial age. The now-developed countries started it, and still count for as the top polluters
considering cumulative emissions. Ever since climate change mitigation has found augmented
interest, after global warming became evident, developed nations has started shifting to green
technologies thereby decarbonizing the process. It included renewable energy technologies,
energy efficiency, CCS, fuel switching etc. Altogether the outcome was sanguine with
developing countries lowering their position in the top emitters list.
3. 1. The Indian impression of Carbon Footprint
As brought out in the preceding section, 2013’s emission data has brought relief for
many developed countries, while on the other side great anxieties to developing countries,
especially the Asian giants like China and India. China being the top polluter among the
Asian countries, also topped in the yearly emission during 2013. In India, coal fired power
plants still account for a significant quanta of electricity generation (figure). This catapults the
nation's name to the top emitter’s' list. Since it is obvious that shifting to green technology in
short or medium term is highly difficult for these countries, they will continue to remain in
the top polluters.

Fig. 8. Carbon dioxide emissions country wise.
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Fig. 9. Projected Carbon dioxide emission increase in percentage.

Among the many human activities that produce greenhouse gases, the use of energy
represents by far the largest source of emissions. Smaller shares correspond to agriculture,
producing mainly CH4 and N2O from domestic livestock and rice cultivation, and to industrial
processes not related to energy, producing mainly fluorinated gases and N2O.

Fig. 10. Shares of global anthropogenic GHG

Consumption based GHG emission inventory varies with income and urbanization.
India and China account for 51% of incremental world primary energy demand in 2006-2030
as per WEO. Urban areas in these countries have the most energy demand and are also GHG
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emission centers. Electricity, fuel wood, kerosene and Liquefied Petroleum Gas (LPG) are
used for cooking and lighting in rural and urban areas in India.
Though the coal reserves of India could provide for its energy requirements for another
six centuries at least, given the current rate of extraction of the three hundred billion tonnes of
it, it could not be relied on any longer as the primary energy source, owing to the impact
aiding climate change. Carbon Dioxide emissions in 2013 increased by 3.4% owing to the
combustion of coal. This understanding also considers the scarcity of natural resources to
sustain the present level of Industrial activity in India. Speaking of renewable strength of the
country, solar and wind energy resources were able to provide 56% of the electricity
consumption in FY2014-2015

Fig. 11. India’s power generation installed capacity source wise (Source: eia.gov)

For a developing country, it is always a challenging task to balance the goals of access
to energy, energy security and sustainability. CCS could be of significant aid in allowing
these countries to continue using conventional sources through the 2030 future until such
mandate arise to curb their utilization completely. In order to facilitate the extensive
deployment of the technology in developing countries, it is the need of the hour to initiate
actions to realize its reduced capital and operating costs along with access to funds.

4. CARBON CAPTURE & SEQUESTRATION - THE WAY OUT
This section gives an understanding as to how CCS is a class apart from the myriad of
climate change mitigation techniques. The different CCS technologies available are briefed,
along with an outlook to the large scale CCS projects.
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Currently, CCS could be integrated on a large scale into industrial processes related
with energy production. These activities generate direct as well as indirect emissions. CCS
can cause significant emission reduction from conventional and industrial processes.
Renewable energy generation technologies cannot be substituted with CCS in the industrial
sector. CCS can reduce GHG emissions to 85% by 2050. In order to effect <2°C temperature
increase by the end of 21st century, the scale of deployment of low carbon technologies
should be competitive.

Fig. 12. Cumulative CO2 emissions reductions in industry and power
(2012 to 2050, 2DS) [4]

Fig. 13. Large-scale CCS projects in operation by year [5].
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Fig. 14. Large scale CCS projects [5].
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The Boundary Dam Project in Canada which was developed in October 2014 was the
first commercial CCS project. The 15 CCS projects that are currently in large scale operation
worldwide together is able to capture 28 million tonnes of CO2 per year (Mtpa). The rate
should increase substantially, to 4000 million tonnes by 2040 as per IEA’s modelling, to
achieve the 2 °C target.
The portfolio of operational large-scale CCS projects is expected to grow to 22 over the
next 18 months or so, widening the range of countries, industries and technologies
represented. This equates to a CO2 capture capacity of around 40 Mtpa.
Feasibility of implementing CCS is affected by Commercial availability of CCS
technology, Long-term usable CO2 storage potential, Amount of CO2 that may be captured,
Matching sources and sinks, Economic assessment of CCS, Environmental impacts of CCSretrofit or CCS installation, Stakeholder positions etc. Among these, Geological storage
potential defines the possibility of CCS at a location. Below given is the storage resource
assessment done by Global CCS institute.

Fig. 15. Geographical coverage of storage resources assessments [5].

Storage capabilities of India are inferior compare to that of North America and Australia.
However the reason shouldn’t hold back implementing a technology which has the potential
to enable smooth continued operation of conventional strategies. On the other hand, detailed
studies need to be encouraged and funds allowed in order to understand storage capacities of
different regions and emissions matched with sinks.
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5. CCS TECHNOLOGY
Carbon dioxide is usually captured from the atmosphere through biological, chemical or
physical processes. This section throws light into the physical processes which form the
feasible options of carbon capture in industries. All fuel consuming processes emit significant
quantities of carbon, but not all are amenable to CCS. Due to the high capital costs and
increased economies involved, CCS is considered to be suitable to large, stationary sources of
CO2 emissions; power plants are the clearest contenders. But energy intensive industries like
oil refining, iron and steel manufacturing, and cement production also combust large
quantities of fossil fuels and have significant carbon emissions.
There are three main technology options for carbon capture:
1. Oxy-fuel combustion
2. Pre-combustion capture
3. Post-combustion capture.

Fig. 16. Overview of CO2 capture processes and systems.

5. 1. Oxy Fuel Combustion
As the name suggests, this technology makes use of pure oxygen for supplementing the
combustion process. The stream of oxygen is devoid of any Nitrogen content making it as
much as 95% pure. The remaining volume of flue gas is mostly CO2 (70%) and since the

-123-

World Scientific News 54 (2016) 110-131

nitrogen content is less, NOx particles are scantily present. The basic setup for oxy fuel
combustion consists of an air separation unit, a fuel conversion unit such as oxy combustion
boiler and CO2 compression and purification unit.

Fig. 17. Oxy fuel combustion process diagram.

Latest technologies include cryogenic O2 supply, atmospheric pressure combustion for
fuel conversion in supercritical PC boilers etc. However there are certain limitations that still
elude maximum optimization of the process. The changes effected as a result of heat and mass
balance may cause unforeseen conditions and potential failure. For example, the low pressure
turbine in a PC boiler setup can prove a bottleneck. So research is needed to get a clear
understanding of the oxy combustion flame and of the heat transfer that comes altered with
introduction of pure oxygen flame. [6]
Historically, the primary use of oxy-fuel combustion has been in welding and cutting of
metals, especially steel, since oxy-fuel allows for higher flame temperatures than can be
achieved with an air-fuel flame. There is currently research being done in firing fossil-fueled
power plants with an oxygen enriched gas mix instead of air.
Almost all of the nitrogen is removed from input air, yielding a stream that is
approximately 95% oxygen. Firing with pure oxygen would result in too high a flame
temperature, so the mixture is diluted by mixing with recycled flue gas, or staged combustion.
The recycled flue gas can also be used to carry fuel into the boiler and ensure adequate
convective heat transfer to all boiler areas.
Oxy-fuel combustion produces approximately 75% less flue gas than air fueled
combustion and produces exhaust consisting primarily of CO2 and H2O. The justification for
using oxy-fuel is to produce a CO2 rich flue gas ready for sequestration.
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5. 2. Pre combustion capture
Pre-combustion capture is most suitable for new IGCC power plants combined with the
poly-generation of chemical products. In addition to a combined cycle power plant equipped
with a gas turbine running on hydrogen instead of natural gas, the set-up requires a fuel
gasification plant and a chemical plant with several cleaning and conversion steps for the
synthesis gas produced in the gasifier, including a CO2 capture plant that uses physical
absorption. Oxy-fuel combustion is the process of burning a fuel using pure oxygen instead of
air as the primary oxidant. Since the nitrogen component of air is not heated, fuel
consumption is reduced, and higher flame temperatures are possible.
5. 3. Post combustion process
The process defines extraction of CO2 after combustion of fossil fuels in air before the
flue gases are emitted into the atmosphere. Unlike the existing technologies which separates
Sox and NOx from flue gas, PCC selectively separates CO2 from the flue gas which can then
be compressed and stored underground or can be used for enhanced oil recovery. Near term
technologies for post combustion carbon capture include Fluor’s Econamine FG+, Aker clean
carbon, Alstom’s chilled ammonia process so to speak. All of them makes use of recycled
steam from the power plant for solvent regeneration. And this steam extraction reduces the
plant efficiency to as low as 27% [7]. And this poses a major challenge for adoption of PCC
in power plants. Thus, Innovation of novel chemistry, process designs, and power plant
integration schemes are all underway with the target of reducing this parasitic load of PCC
system on the plant.

Fig. 18. Typical PCC process. (Post Combustion Capture, Global CCS Institute, 2012).

A major advantage of post-combustion carbon capture processes is that they can be used
both for new power plants and for retrofitting existing power plants. Post-combustion carbon
capture is very flexible in terms of fuels and the combustion process itself, which makes it
more versatile than the other two technology options. A post-combustion capture plant can be
designed either for the complete flue gas stream or for only part of it. In addition, power

-125-

World Scientific News 54 (2016) 110-131

plants equipped with post-combustion capture can still be operated without the capture plant,
i.e. if required, the capture plant can be bypassed. This option does not exist for the two other
technology paths. Post-combustion capture is therefore the most suitable and flexible option
for power generation and at the same time the most benign solution.
Table 1. The worldwide capacity of potential CO2 storage reservoirs.

Sequestration option

Worldwide capacity

Ocean
Deep saline formations
Depleted oil and gas reservoirs
Coal seams
Terrestrial
Utilization

1,000 – 10,000+ GtC
100–10,000 GtC
100 – 1,000 GtC
10–1,000 GtC
10 - 100 GtC
currently <0.1 GtC/yr

6. CCS IN INDIA – AN ANALYSIS
This section contrasts the CCS possibilities with that of regional and sectorial
emissions. This is done with the help of a statistical analysis of the emissions from major
cities in India by analyzing studies till date. It is argued that the majority of the world’s CO2
emission reductions under a 2°C scenario must be realized in developing (non-OECD)
countries, primarily in Asia (Figure), while India’s major CO2 emission is from burning of
coal for electricity generation, industrial process and transportation.

Fig. 19. Reduction in energy-related CO2 emissions [8].
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Fig. 22. Geological basins for CCS in India.
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The CCS technology implementation, to date, is limited to larger scale energy projects
in industries such as steel, cement, power plants etc. Hence, while analyzing the potential of
CCS in a country, it is necessary to understand the level of GHG emissions specific to region
and sector, and a subsequent analysis on regional geographical possibilities that is required to
substantiate the actual carbon capture and sequestration potential.
Domestic and Transportation (graph) contribute majorly to GHG emissions followed by
electricity generation (Power) and industry sector respectively. Data were taken for 7 major
cities in India and among them, Delhi, Bengaluru, Mumbai and Kolkata were identified as the
biggest polluters. The main source of emission in domestic sector comes from the usage of
biomass as a fuel for the purpose of cooking and electricity consumption.
The recent trend shows an inclination towards electrification of the domestic sector
reducing the consumption of biomass as a fuel. This trend is mainly an after effect of the rural
electrification. This pie chart infers more generation trend and thus more emissions since
India being dependent on coal based generation.
Selection of a geological basin for CCS involves matching it with the capture capacity
and location. In the initial phase distant sequestration location would be infeasible as this
would hike the transportation cost. Subsea sequestration is also a viable option if the capture
locations can be clubbed and pipelines are laid.
To meet the global climate mitigation targets it is important to identify potential of CCS
in India and keep the environment clean. CCS in India is still in nascent stage. Commercial
viability of CCS before 2030 seems improbable in India with the main hurdles in the path as:
 Delayed demonstration projects and a lack of public acceptance in the potential
storage regions
 Indifference from the government side. Indian government is unlikely to adopt CCS
before the technology has been demonstrated by industrialized nations.
 High Pricing of CCS implementation - Reflected in high capital costs and loss of plant
performance.
 Perceived notion about the unreliability of technology hindering customization and
adoption. Since only a handful of projects have been taken up so far worldwide on CCS
integration there is a false sense of doubt regarding the unreliability of this technology.
And the mere adaptation of CCS in Indian energy sector is often justified with the nation
being inactive on this front.
 Lack of Research- Due to the lack of understanding about the technology in India,
there is reduced cooperation from the side of officials concerned which is evident in the
scarcity of research taken up in this field.

7. CONCLUSIONS
World’s CO2 concentrations have been increasing steadily throughout the 20th century.
Investments made over conventional energy sources for electricity generation will render the
green house reduction initiatives less/ineffective. De-carbonization of manufacturing
processes has to be implemented with novel technologies to achieve the carbon target set in
the country. CCS is the technology that competes second best to renewable alternative that
can effect significant emission reduction (to almost 4000 mtCO2 by 2040) in the power
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industry. It is a feasible alternative to energy efficiency measures in case of other industries
also.
From 2020 through 2040, India’s emissions are projected to reach 60% of the global
aggregate. Though the geological CO2 storage potential of India is limited compared to North
America and Australia, the vast potential of the technology to curb the emissions from
conventional power plants and prolong their life should be considered a reason enough to
select and implement CCS projects in the country.
Out of the 3 CCS technologies- Oxy-fuel combustion, Pre combustion capture & Post
combustion capture, post combustion capture would be the most appropriate option for Indian
scenario because of its versatility. In India, the storage options should be considered after
studying the capture capacity as well as the location, and sub-sea sequestration looks
promising if necessary transportation for the captured gas is arranged. However, the chances
of a feasible CCS project in the near future is bleak because of the following hurdles that
exists in India:
 Delayed demonstration projects and a lack of public acceptance in the potential storage
regions
 Indifference from the government side
 High Pricing of CCS implementation
 Perceived notion about the unreliability of technology hindering customization and
adoption
 Lack of Research
The analysis does not render a possibility of adoption of CCS in India in the near future.
It is a far- fetched dream for India to achieve significant reductions or to pass a mandate that
ensures the implementation of CCS in India. The effort demands cooperation from other
nations, multi-lateral organizations and people. It may seem impossible in the short term, but
persistence and a steady pace should realize the goal in the long run. India would need to
change its regulatory framework in order to accommodate emerging technology trends to
prove their point. This also means that the International similitude would need to find a
mutually agreed alternative to cut the existing prohibitive capital costs for CCS.
The solutions regarding climate change are a hard nut to crack at first but with complete
cooperation across nations and its people, with businesses coming forward to fund for a
cleaner environment and safer tomorrow it only seems like a matter of time before the world
is restored to back it was when there was no fear to live let alone the apprehension of a
climate apocalypse. Allaying climate change is the challenge of our times and it demands that
we all should work together to combat the issue.
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