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In recent years, global climate change has become atopic of increasing importance to
political leaders, policymakers, and the general public. In its 2007 report, the Intergovernmental
Panel on Climate Change states with very high confidence that human activities—primarily the
addition of greenhouse gases (GHG) to the atmosphere—have led to awarming of the climate.
According to the Energy Information Agency (EIA), carbon dioxide from fossil fuel combustion
accounts for roughly 80% of total anthropogenic GHG emissionsin the US (EIA 2004). The
Environmental Protection Agency (EPA) estimates that, in 2005, electricity generation accounted
for roughly 41% of all US GHG emissions, of which portion 82% came from coal-fired power
plants (EPA 2007). The US likely has sufficient coal reserves to support current levels of
consumption for at least 100 years, and some claim aslong as 250 years (NRC 2007). Given the
abundance of coal, itsimportant role in electricity generation, and the significant amount of
GHG emissions produced by coal-fired power plants, the application of carbon capture and
storage (CCS) to coal-fired power plants offers the promise of significantly reducing
anthropogenic GHGs in order to avoid dangerous climate change (Pacala and Socolow 2004).
This paper describes the technology behind CCS, reviews the feasibility and current status of
CCS, and summarizes the barriers to CCS deployment and its future prospects.

CCS consists of three components: carbon capture, carbon transport, and carbon storage.
While power plants could incorporate CCS with different fuels, this paper will focus on the

incorporation of CCS with coal-fired power plants since, given the magnitude of their GHG
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emissions and the intensity of GHG emissions per unit of electrical output, these plants present
the most promising opportunity for CCS. In the most common type of coal-fired electricity
generation today, pulverized coa (PC), aplant burns coal to heat water and create steam which
spins turbines that generate electricity. A plant may treat the coal combustion exhaust for certain
pollutants (e.g. SO,, NOx, mercury), but all plants vent the entirety of the CO, in the exhaust to
the ambient atmosphere. A power plant can employ carbon capture in one of two ways. In post-
combustion carbon capture, a plant operates in the typical manner described above except that it
installs additional equipment that separates out the CO, from the combustion exhaust.
Alternatively, pre-combustion carbon capture employs a technology, integrated gasification
combined-cycle (IGCC), that isrelatively new to the electricity generation sector. An IGCC
power plant does not burn coal. Rather, an IGCC plant heats coal in the presence of steam and
oxygen (rather than air) to break down the coal into CO, and H, gases (gasification).! The
resultant CO, is separated from the H,, and the H, gasis combusted in a combined cycle gas
turbine, where the byproduct of hydrogen combustion is water (H,0).? Engineering studies
indicate that electricity from new |GCC plants with CCS would be less expensive than electricity
from new PC plants with CCS.

Once CO, has been captured, it must be transported to alocation suitable for storage.
Carbon transport is the simplest of the three components of CCS. Most applications of CCS

would involve transporting compressed CO, via pipelines. Carbon storage requires the injection

! This explanation of gasification glosses over the complicated steps involved. Remember that coal, as a
hydrocarbon, consists almost entirely of long chains of carbon and hydrogen atoms. In combustion, hydrocarbons
are heated in the presence of excess oxygen and oxidized to carbon dioxide and water in areaction that rel eases
large quantities of heat. In gasification, hydrocarbons are heated in an oxygen-starved environment and, rather than
combusted, thermally converted into a syngas which consists of hydrogen, carbon dioxide, and carbon monoxide.
The carbon monoxide is shifted to carbon dioxide in a subsequent reaction, and the hydrogen gas can be combusted.
2 In acombined cycle plant, combustion of agas (e.g. hydrogen or natural gas) powers a turbine that generates
electricity while the hot combustion exhaust is then used to heat water to create steam that powers a stream turbine
that also generates el ectricity.
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of CO, into geological formations where it will remain for long time periods (i.e. hundreds or
thousands of years).® The greatest potential for geological storageisin deep saline formations,
but smaller—and perhaps profitable—opportunities for storage lie in enhanced oil, gas, and coal-
bed methane recovery (see Figurel and Table 1 below).* Given that large US point sources emit
roughly 3 billion metric tons (Gt) of CO, per year (EPA 2006) and that estimates of geol ogical
storage capacity in the US range upwards of 1000 Gt of CO2 (NETL 2007b), storage capacity is
unlikely to limit the potential of CCS in the near to medium term. One must aso consider,
however, the proximity of potential CO, storage sites to coal power plants. Figures 2 and 3
below suggest at least arough proximity between coal plants and potential geological storage
Sites.

Is CCS technologically feasible? Currently, no CCS-enabled power plant is operational;
although, roughly a dozen such plants are in various stages of planning around the world—
mostly in Europe (Jaeger 2007). In addition, whereas traditional PC power plants rely on proven
technology, only a handful of IGCC power plants have been built, and these have experienced
problems with reliability (MIT 2006). However, multiple vendors do currently offer IGCC
technology with performance warranties (Sargent & Lundy 2006). Experts consider both pre-
and post-combustion carbon capture technology commercially available (IPCC 2005). Experts
also see no major obstacles to carbon transport via pipelines since the technology does not differ
significantly from that widely used for natural gas transport and because 2500 km of CO,
pipelines already exist in the US to transport CO, for enhanced oil recovery (IPCC 2005).

Geological carbon storage, the final component of CCS, also relies on demonstrated technology.

3 Carbon storage in the ocean (e.g. by pumping carbon dioxide into the deep ocean) is also possible but draws less
focus currently—in particular because of concerns over environmental damage.

* Saline formations are deep underground rock formations permeated by saline water. The saline water is not
suitable for human consumption nor directly linked to potable aquifers. Various chemical and physical mechanisms
are expected to lock injected carbon dioxide in place for long time periods.
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US ail firms currently inject CO, into some oil wells for enhanced oil recovery (EOR).° In
addition, two natural gas extraction operations outside the US inject CO, separated from the
natural gas back underground for storage (IPCC 2005).°

While experts may deem the individual technological components of CCS to be viable,
several barriers stand in the way of widespread deployment of CCS. First, no firm has yet
deployed a commercial-scale (e.g. 500+ megawatt) coal power plant with CCS. To date,
demonstrations of fully integrated CCS technology components have been at small scales.
Moreover, the US government-sponsored FutureGen project which plans to build a commercial-
scale IGCC coal plant with CCSis not scheduled to be operation until 2012. CCS is unproven
and complex compared to traditional PC power plants, and firms may face a significant learning
curve asthey learn how to optimize the design and operation of CCS plants.

Second, CCS faces an economic barrier. Retrofitting existing PC power plants for CCS
requires large capital investments, and new PC plants with CCS and IGCC coal plants with CCS
are more expensive to build and operate than power plants without CCS. A recent government
study estimated that a new IGCC coa plant with CCS would avoid CO, emissions at a cost of
$35-45 per metric ton of CO, (NETL 2007b). Since the US currently has no GHG emission
regulations, power generators have no incentive to build power plants with CCS beyond their
expectation of future regulations (i.e. cap-and-trade or carbon tax) that would put a price on their
CO, emissions (carbon price). In particular, publicly regulated power producers might not build

new plants that include CCS today despite expecting a nonzero carbon price in the near future

® EOR involves the injection of CO, into depleted oil fields to drive remaining oil deposits out of oil wells. While
this technology is already employed, including in Texas, it is not currently intended to store the injected CO, long
term.

® Sleipner, Norway, and In-Salah, Algeria.
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because public utility commissions might disallow them from recovering the added cost of CCS
intheir rates.

CCS dso faces a set of barriers that stem from uncertainty. First, firms face regulatory
uncertainty. Firms considering investing in CCS face uncertainty over when the US will regulate
GHG emissions and what the eventual carbon price will be. It is not only the magnitude of the
carbon price but also the timing of the imposition of carbon pricing and the time-path that the
carbon price will follow that will determine whether and when CCS makes economic sense.
Second, uncertainty over the long-term stability of geological CO, storage and over the legal
framework that regulates such storage—including liability for CO, leakage—may hamper
investmentsin CCS.

What role should one expect for CCS? CCSis a potentialy viable near-term option for
GHG emissions abatement. Firms face nontrivial engineering and operational challengesin
optimizing the performance of power plants with CCS. Moreover, without a sufficiently high
carbon price, CCS will not prove an economic investment since society can exploit less
expensive GHG emissions abatement options before turning to CCS. One can look at current
legidlative activity to gauge what price the US might put on GHG emissionsin the near future.
Rep. John Dingell (D-MI) is drafting legislation for a carbon tax that would start at $50 per ton
of carbon (roughly $12 per metric ton of CO,) and rise with inflation (Dingell 2007). Given CCS
cost estimates of $35-45 per metric ton of CO, avoided, CCSis unlikely to be economically
viable for some time under such a carbon pricing scheme; however, should the US and the rest of
the world pursue aggressive GHG emissions reduction targets—such as stabilization of
atmospheric CO2 at 450 parts per million (ppm)—CCSislikely to be afinancialy attractive

means for reducing emissions (Sekar et a. 2007).
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Some advocates of aggressive action against global warming advocate for government
regulation that mandates the deployment of CCS (Berlin and Sussman 2007). In fact, Rep. Henry
Waxman (D-CA) recently announced his intention to introduce a legisl ative moratorium on EPA
approval of Clean Air Act permits for new coal power plants that do not limit their CO,
emissions. Economic theory suggests, however, that the government should refrain from
mandating the deployment of CCS. If the US decides to pursue GHG emissions reductions,
market-based regulations (carbon tax or cap-and-trade) would reduce emissions at least cost. If
the government sets the carbon price at the appropriate level for desired emissions reductions,
then the government need not worry about whether or not CCSis rapidly deployed. If society
can initially reduce emissions more cost-effectively without resorting CCS (e.g. via energy
conservation or alternative energy), then power producers need not invest immediately in CCS.
Even if the government ought not mandate the deployment of CCS, arole for government does
exist in promoting CCS. First, the federal and state governments should clarify the legal
framework that governs CO, storage. The federal government should continue to invest in CCS
research that has public good aspects such as the identification and quantification of geological

storage sites and research on the long-term monitoring of stored CO..
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Figure 1. CO, Storage Options
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Source: |PCC 2005

Table 1. Estimates of US Geological CO, Storage Capacity

US Geological Storage Capacity
Formation Capacity Estimate (MGtCO,)’
Oil and gas reservoirs 82
Unmineable coal seams 156 - 184
Saline formations 919 - 3,378

Source: NETL 2007a

" mGTCO, stands for metric gigatons of CO,
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Figure 2: Locations of US Fossi| Fuel Plants
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Figure 3: North American Saline Formations

Source: NETL 200&



