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| ntroduction

Radical innovations for energy technology will be required during the early decades of this
century in order to ded effectively with the chalenges of:
climate change associated with the atmospheric buildup of greenhouse gasesin
conjunction with foss| fuel production and use,
energy supply insecurity concerns associated with the concentration of remaining
low-cost oil resources in the paliticaly voletile Middle East, and
the environmental damages caused by air pollution—especidly damages to human
hedth from smdl particle (< 2.5 ) ar pollution arisng both from direct emissons of
gmdl particles and from the formation of small sulfete and nitrate particlesin the
amosphere from gaseous precursor emissions of SO, and NOy.

Conventional wisdom holds that addressing such problems effectively requires phasing out
fossl fudsin favor of renewables or other noncarbon-based primary energy sources. This
paper arguesthat:
despite key rolesthat will be paid by renewables, there is dso a compelling need for
super-clean and climate-friendly foss| energy in an environmentaly congtrained
world;
asuper-clean, climate-friendly foss| energy system iswithin grasp and can probably
be redlized with technologies that can be widely available within 10-20 yearstime.

Paradoxicdly, perhaps the most compelling reason for not abandoning fossl fudsin favor of
renewablesis that a climate-friendly variant of foss| energy that involvesits decarbonization
and geological sequestration of the separated CO, seemsto be key to achieving, a low
incrementa cost, deep reductions in CO, emissions worldwide in addressing climate
challenge. A good place to begin understanding why thisis so is to examine some of the
dimengons of the climate change chalenge.

Formulating Targets for Energy Technological I nnovation to Mitigate Climate Change

Condgder 1S92a, along-term globa energy scenario congtructed by the Intergovernmental
Panel on Climate Change as a plausible representation of a Busness-As-Usud (BAU) globd
energy future in which dimeate-change concerns are given no congderation in shaping the
course of the energy system. Some details of the scenario are presented in Box 1, Table 1,
and Figure 1. Two features of 1S92ardevant to climate change are noteworthy.

Firgt, annua globa CO, emissions increase from 6.2 gigatonnes of carbon per year (6.2
GtCly) in 1997 to 13.2 GtCly in 2050 and 19.8 GtCly in 2100 (see Table 1); and cumulative
emissons, 1990-2100, amount to 1500 GtC.

The cumulative emissons, 1990-2100, that characterize 1S92a are consistent with stabilizing
the atmaospheric CO; levd at about three times the pre-industrid level. In contrast, consider
that in order to stabilize the atmaospheric CO, concentration at 550 ppmv or 450 ppmv,
cumulative emissionsin this period would have to be 1050 or 725 GtC, respectively (see
Figure 2)—so that, relative to 1S92a, reductions of 450 GtC or 775 GtC would be required,
respectively. By the end of the century annua emissions would have to be reduced to about 5
GtCly (1/4 of the IS92alevd) to stabilize CO, in the atmosphere at 550 ppmv or to 2-3 GtCly
to stabilize a 450 ppmv.
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Box 1. ThelS92a Scenario for Global Energy

Under 1S92a, globa population grows from 5.9 hillion in 1997 to 11.3 billion in 2100, globd gross
domestic product grows at an average rate of 2.2%/y (so that GDP per capita grows fivefold in the
21* century), while primary energy grows about 1%/y more slowly, approximately the historical rate
of declinein energy intensity (so that primary energy use per capita doublesin the 21% century).

The trend toward e ectrification of the global energy economy continues under 1S92a, with per
capita electricity generation growing to 6,000 kwh in 2100 (about one-half the 1997 U.S. rate), up
from 2,300 kWh in 1997. Under 1S92a, direct use of fuds (in applications other than for electricity
generation) grows much more sowly: direct secondary fuel use per capita grows less than 40% (to
59 GJin 2100, about ¥ of the 1997 U.S. rate, up from 42 GJin 1997).

Because of an expected peaking of global conventional oil and natural gas production before mid-
century,* unconventional energy sources will be needed to provide fuels used directly. 1S92a
projects large roles for both coal- and biomass-derived synthetic fuels under business-as-usua
conditions—with synthetics (69% derived from coal and 31% from biomass) accounting for 3/4 of
both liquid and gaseous fuels by 2100. Despite a projected large role for biomass (205 EJy by
2100, see Table 1), which has a carbon intensity of zero, the average carbon intensity of fuels used
directly in 2100 is about 30% higher than in 1997.

* Although there is no imminent danger of running out of conventiond oil and gas, it is expected
that productive capacity will not increase after about %2 of remaining exploitable conventional
resources have been used up, in large part as aresult of the tendency to exploit the largest fieldsfirst.

Plannersin various government agencies around the world are beginning to consider 550
ppmv as atarget for policy planning. Though such aleve would require a sharp departure
from BAU in energy planning, thistarget is not necessarily consstent with the objective of
the Framework Convention on Climate Change, which is “sabilization of greenhouse gas
concentrations in the atmosphere at aleve that would prevent dangerous anthropogenic
interference with the climate system.” Oppenheimer, points out, for example, amgor benefit
of stabilizing at 450 ppmv ingtead of 550 ppmv: some especialy sengtive ecosystems,
including the cord reefs, may be lost entirdly with CO, stabilization a 550 ppmv but would
be saved at 450 ppmv.' It seems that a prudent approach would be to aim for stabilization at
450 ppmv—especidly if such agod could be redized at acceptable costs.

Second, congder that primary energy supplies can be divided into two categories. those that
are used for dectricity generation in stationary power plants and those that provide gasoline
and other energy carriers that are used directly in trangportation, buildings, and factories. At
present energy supplies used for dectricity generation account for less than 31% of total CO,
emissons, and under 1S92athis percentage declines to 29% in 2050 and 25% in 2100, even
though electricity generation is projected to grow much faster than tota energy (electricity up
5.1-fold, 1997-2100, compared to a 3.8-fold increase for total energy—see Table 1 and
Figure 2). The declining share of emissions from the power sector arisesin part because of
the expectation that the contributions from noncarbon supplies will grow to 71 percent in
2100," up from 38 percent in 1997."" Another important reason is an increase in the carbon
intengity of the fuels used directly in the latter haf of the century as aresult of the expected
peeking of conventiond oil and natura gas production before the middle of this century (see
Box 1).

The carbon intengity of power generation could plausibly be reduced much more during this
century than is projected in 1S92a. In recent papers” the author shows that renewables,
mainly in the forms of centrd- station wind power and distributed grid-connected PV power,
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have good prospects for becoming broadly competitive during the next two decades, and that
over the longer term, when used in conjunction with compressed air energy storage (CAES),
these technologies in combination could meet most globa dectricity needs. Especidly
promising is the outlook for “basd oad” wind/CAES power systems that would make it
possible to exploit cost-effectively vialong, high-voltage transmisson lines the huge, high-
quality wind resources that are remote from mgor dectricity markets in many parts of the
world.

But even if the power sector were to be completely decarbonized in this century, with 100%
of dectricity provided by renewables by 2100, say, CO, emissonswould still be problemétic
at 15 GtCly by 2100 (see Table 1). Without fundamentd breakthroughs that can provide low-
cost dectrica storage at small scaes (e.g., batteries), the scope for expanding dectricity’s
share of total energy beyond that projected in 1S92a s limited. Likewise the scope for further
gansin energy effidency improvement relative to 1 S92a s limited (average globa per capita
energy usein 2100 is 35% of that in the United States in 1997). Thus, in aclimate-
congirained world, maor efforts will be needed to decarbonize fuels used directly aswell as
electricity.

Outlook for Renewable Energy in Markets That Use Fuels Directly

Biofuds, H, derived dectrolyticaly from water using wind and photovoltaic power sources,
and H, derived from water viacomplex solar heat- driven thermochemical cycles arethe
leading carbon+-free or carbonneutral candidate renewable energy technologies that might be
deployed in markets that use fuels directly.

Biofuels

Modern clean liquid and gaseous fuds derived from biomass will certainly come to play
ggnificant rolesin markets that use fuels directly. And biomass can become a mgor energy
option in land-rich countries, as Brazil is dready demongtrating with its world leedership role
in advancing cane-derived ethanol and other bioenergy options. But biomass by itself cannot
come close to solving the “fuels used directly” problem. Analyss carried out for the World
Energy Assessment concluded that the practical globa potentia for biomass production for
energy (residues plus plantation biomass) over the long term is 100-300 EJy." Thisandysis
suggests that the biomass energy option offers only modest potentid to improve upon 1S92a
in terms of greenhouse gas emissions from energy over the longer term, because that scenario
dready involves, for 2050, the use of 128 EJy of biomass (compared to 655 EJy of fossl
fuels) and, for 2100, 205 EJy (compared to 865 EJy of fossl fuels)—see Table 1.

Hydrogen as an energy carrier

In recent years interest in Hy as an energy carrier has grown rapidly. Thisinterest reflects
both the berfitsit offersfor ar-qudity, climate change, and energy supply security, and the
rapid progress being made with fud cdls, for which H; isthe naturd energy carrier.

In combustion applications, Hy can be burned as afue for cooking, for providing low-
temperature heat (such as for space and hesting of water), and for providing high-temperature
heat for industria processes.”' The only air pollutants arising from H, combustion are oxides
of nitrogen (NOx), which can be controlled to very low levels by lean-burn combustion,

steam or water injection, or catalytic combustion techniques.
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Perhaps the most important market opportunity for Hy isin fud cdls, because Hy isthe
naturd fue for that use. In fuel cdl goplications, even NOy emissonswould be negligible, so
that H, fud cellswould be characterized by zero emissions of both air pollutants and
greenhouse gases. The prospects are good that during the next decade or so fud cellswill be
commercidized both for stationary power and combined heat and power applications and for
mobile applications. Fue cdl buses will soon be commercidized in various countries, and an
intense race is underway among al the world's mgjor automakers to commercidize fued cell
cars”"' H, fud cdl carswould be less costly to own and operate than fue cell cars provided
with gasoline or methanol fud that is converted onboard to a Hy-rich fud thet the fud cdl

can use. Breakthroughs are not needed in H, storage before H, fud cdl cars can be
commerciaized, because fued-efficient fuel cell cars can be redesigned to accommodate
commercidly available compressed gaseous H, storage. The prospects for successfully
launching Hz fuel cell carsin the market during the second decade of this century are dso
good.V”'

Electrolytic H

Many believe that the H, economy will be based on the use of renewable dectricity to bresk
water into H, and O, viaectrolyss. The powerful apped of avison based on this energy
production strategy along with fuel cellsto consume the H, so produced isthat the entire
energy production and use syster would be entirely free of air pollutant and greenhouse gas
emissons.

But cost consderations are likely to limit the redlization of thisvison. Although eectrolyss
based on use of off-peak hydrodectric power will play arolein launching demongtration
fleets of H,-powered vehiclesin the market, dectrolytic Hy isnot likely to play substantia
roles in the energy economy in the long run, because the tota amount of H, that can be
provided by offpesk hydropower is quite modest in relation to potentid demand inaH,
economy. When the capita charges for power generation are alocated to Hy production, as
would be required at the high H, demand levels of aH, economy, eectrolytic H, would be
far more cogtly than H, derived from fossl fuels—even if the CO, coproduct of making Hs
from fossil fuesis sequestered underground instead of released to the atmosphere and the
cost of CO, sequedtration isreflected in the H, price. This judgment will not change with
advanced technology. To illudtrate, suppose that in the future renewable dectricity (e.g., wind
power) becomes routinely available a 2.5 ¢/kWh, that eectrolytic system efficiencies
increase to 88% (up from 74%, HHV, today), and that the capita cost of dectrolyzersis
reduced 40% relative to today’ s electrolyzers—all of which are quite plausible for 20 years
from now.”™ Even under these very optimistic assumptions, eectrolytic H, derived from
renewable eectricity sources would be twice as costly as H, derived from cod with
geologica sequestration of the separated CO», using technologies that are commercidly
available today.

Thermochemical routes to Hy production from water

An dternaive way to split the water molecule to produce Hy is by applying heat. Usang this
process directly requires temperatures of the order of 4,000 °C—aleve that cannot be
accomplished at present because there are no materials that can contain the reactions. Over
the years, however, various multiple-step chemica processes have been proposed for making
hydrogen from water thermochemically at lower temperatures, for example, using high-
temperature solar heat that can be provided with collectors that concentrate sunlight.' In



R.H. Williams, Major Roles for Fossil Fuelsin an Environmentally Constrained World, Prepared for the
Conference Sustainability in Energy Production and Utilization in Brazil: The Next Twenty Years, Universidade
Estadual de Campinas (Unicamp), Campinas, Sao Paulo, Brazil, 18-20 February 2002 (review draft, 2.15.2002)
contrast to eectrolytic processes, thermochemical processes for hydrogen manufacture are far

from being commercidly avallable. The processes are quite capitd-intensve and have overdl

thermal efficiencies for converting hesat into Hy that are typicaly less than 50%. Here, asin

the dectrolytic case, the prospects are bleak that thermochemica converson would ever

become economically competitive with foss| fuel-derived hydrogenwith CO2

sequestration."

Decarbonized Fossil Fuels

The making H, from fossil fuels with sequestration in geologica reservoirs of the CO,
coproduct of H, manufacture as the primary basis for aH, economy is a concept that is
unfamiliar to most people. Y et the ideais by no means “far out.” Although H, is not yet used
as an energy carier, it iswidely manufactured for use in the chemical processing and
petroleum refining indudtries; in the United States, about 1% of primary energy use (mostly
natura gas) is committed to H, manufacture. Moreover, geologica disposd of CO, isawel-
established indusdtrid activity in conjunction with enhanced ail recovery (EOR), as discussed
below.

In what follows the fossi| energy gpproach to aH, economy is discussed. The section begins
with areview of geologica CO, digposa and ends with a discussion of the prospects for
making H, from fossil fuelsin conjunction with geologica disposa of the CO, coproduct. In
between is adiscussion of carbon capture and CO, sequedration in foss| fud power
systems—which has been the focus of attention relating to decarbonized fossi| energy
systemsto date.

Outlook for CO, disposal

The options for CO, disposd include its storage in both deep ocean and porous geological
media Although ocean disposal has received the most attention, environmental concerns and
other large uncertainties about its prospects have led to a shift in focus in recent yearsto
geological (underground) storage—in depleted oil and naturdl gas fields, in uneconomic cod
beds, and in deep sdine aquifers™""

CO: injection for enhanced recovery of hydrocarbons might become a profitable focus of
initid efforts to sequester CO,.X"Y There are about 74 enhanced oil recovery projects
worldwide, most (sixty-Sx) in the United States. 1n 2000 oil production via EOR accounted
for 4% of totd U.S. il production, a byproduct of which is the sequestration of 30 million
tonnes of CO, annudly. Most of the injected CO, comes from natural reservoirs of CO,,*Y but
5 million tonnes per year comes from anthropogenic waste sources"!

Another option is CO- injection for enhanced recovery of methane from beds of coa that
cannot be mined. """ Large amounts of methane are trapped in the pore spaces of many coals.
Injection of CO; into the coa's can sometimes lead to efficient methane recovery because
typicaly CO. istwice as adsorbing on cod asis methane. Therefore CO can efficiently
displace the methane adsorbed on the cod """ as CO, moves through the resarvair, it

displaces methane. The limited experience to date indicates thet very little of the injected CO;
shows up in the production wells until most of the methane has been produced,”” so that
prospects for permanent sequestration of the injected CO, appear to be good. Of course, CO,
sequestration in the coa bed would prevent subsequent mining of the cod. However, large
amounts of the cod in the ground cannot be mined.™ Unlike EOR, enhanced recovery of
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coal-bed methane via CO. injection is not acommercidly established technology, dthough
one U.S. producer of coal-bed methane has been carrying out acommercial pilot projectin
the San Juan Basin since 1996,

CO, sequedtration in depleted oil and gas fiddsis probably a secure option if the original
pressure of the reservoir is not exceeded."' One estimate of the prospective globa capacity
for sequestration in such reservoirs™"" is 100 and 400 GtC for oil and gasfields,

respectively; " other estimates are as low as 40 and 90 GtC for depleted oil and gas fields,
respectively, plus 20 GtC associated with enhanced ail recovery.”" The range of estimatesis
wide because the suitability of the properties of the reservoirs for storage varies greetly and
because oil and gas recovery may have dtered the formations and affected the integrity of the
IESErVOirs.

Deep dine aguifers are much more widely available than oil or gasfields. They are present

in al sedimentary basins, with atota area.of 70 million knf* (2/3 onshore, 1/3 offshore),
equivaent to more than half the 130 million kn? land area of the inhabited continents. Some
sedimentary basins offer better prospects for CO, storage than others**¥' To achieve high
storage densities, CO, should be stored at supercritical pressures ™' which typically requires
storage at depths greater than 800 meters*V'!! The aguifers at such depths tend to be saline™™
and not effectively connected to the much shalower (depths of < 300 m) freshwater aquifers

people use.

Until afew years ago it was generaly thought that closed aguifers with structura traps would
be required for effective storage. The potentia capacity for global sequestering in such traps
is reatively limited—about 50 GtC,* equivaent to |less than ten years of globa CO,
production from burning foss| fuels at the current rate. However, agrowing body of
knowledge indicates that many large, regiond-scale open aquifers with good top seds (very
low permesbility layers) can provide effective storage, if the CO, isinjected sufficiently far
from the boundaries of the aguifers that the CO; either never reaches the boundaries or, if it
does, lesks &t arate that is sufficiently slow to be of little consequence to dlimate change!
The reason is the extraordinarily dow rates of CO, migration in such reservoirs (typicaly ~ 1
cmly), a phenomenon called “ hydrodynamic trapping” of CO,. " With large aguifers, the
CO2 will eventudly dissolvein the weater (“dissolution trapping” of CO,), and with sandstone
reservoirs containing certain clay minerds (but not carbonate reservoirs), the CO, will, after
dissolving in the water, eventually precipitate out as a carbonate minera (“minerd trapping’
of CO ) XXXiii

Notably, aquifers need not be “legk-free’ to qudify as*“secure’ options for CO, storage.
From a climate-change-mitigation perspective, leskage rates of the order of 0.1%/y should be
acceptable; note that if aquifersleaked at this rate on average and if 600 GtC were
sequestered during this century, the leskage rate at the end of the century would be only 0.6
GtCly. Of course, local risks must aso be taken into account—e.g., might upward migration
of CO», that might leak through a caprock fracture lead to leaching of heavy metasinto near-
surface fresh water aguifersthat are used for human consumption? Such potentia risks
warrant careful study.

If sructural traps are not required for effective storage, the potentia storage capacity of
aguifers might be huge: estimates range from 2,700 " to 13,000 GtC.**¥ For comparison,
the estimated remaining resources of recoverable fossil fuels (excluding methane hydrates)
contain 6,000-7,000 GtC.**"!
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Thereisagrowing base of experience with aquifer disposd. A Statoil project involves
recovering the CO, contaminant in natura gas from the Seipner Vest offshore naturd gas
field in Norway a arate of 1 million tonnes of CO, per year, which it isinjecting and
sequestering in anearly aguifer under the North Sea """ A large project that is expected to
commence within 10 yearswill involve annud recovery of more than 100 million tonnes of
CO, (equivdent to 0.5% of globd emissons from foss| fud burning) from the Natuna
natura gasfield in the South China Sea (71% of the reservoir gasis CO,) and itsdisposdl in
nwby a:Iui.':a.SIXXXVIII

There are dso 31 smdl acid-gas disposal projectsin Albertathat involve recovery of CO»
aong with hydrogen sulfide (H»S) from naturd gas fields and injection of these gases (ina
wide range of relative concentrations) into both aquifers and depleted oil and gasfields for
storage. These projects are using underground disposa of CO,/H,S because this Strategy for
responding to the regulations governing emissons of sulfur into the air isless codtly than the
aternative of recovering the HS from the natura gas and converting it to demental
sulfur

The long experience with EOR, the growing body of experience with aquifer disposd, aswell
as extendve higtorical experience with underground gas storage are contributing to a growing
confidence within the scientific community that long-term sequestration of a significant
fraction of globa CO, production from human activities over the next severd hundred years
might be feesible, X' although more research, field testing, monitoring, and modelling are
needed to narrow the uncertainties relating to CO, storage in geological media

Outlook for CO, capture in power generation

In recent years many analyses have been carried out with the aim of understanding better the
technologies and costs associated with recovery of CO; at large central-sation fossl fud
power plants and its disposal in geological formations or otherwiseX!! The activities involved
are
Separating out ardatively pure stream of CO, from the foss| energy system,
Compressing the CO; to adense state for pipeline transport to the disposal site,
Congtructing the CO; pipdines and gaining associated rights of way, and
Drilling the wells for injecting the CO,, into disposal reservoirs and congtructing
associated surface facilities.

Most of such studies have focused on recovering CO; from flue gases of fossil fud power
plants. The cost of separating out CO, from flue gases dominates the costs of separation and
disposa because the CO, concentration islow (~ 12% for cod steam-electric plants), asisits
partial pressure (0.12 atmosphere). At such alow partial pressure, CO, recovery istypicaly
achieved by making it react with amines (chemica solvents) to form aweskly bonded
intermediate compound that is heated to recover the CO, stream and regenerate the origina
solvent. If CO, were recovered from flue gases of modern coa steam-€electric plants, the cost
to generate eectricity would be 60% higher than without CO, recovery X"

A superior approach involves recovering CO, before combustion (so that it is undiluted by
nitrogen from the air) in acod integrated gasifier/combined cycle (IGCC) power plant. The
cod IGCC power plant isacommercia technology that makes it possible to convert cod to
electricity at amuch higher efficiency (about 44%) than with conventiond cod steam-dlectric
technology (35-36% for new plants and 33% for average US cod plantsin use). Air pollutant
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emission levesfor this technology are conmparable to those from natura gas combined

cycles, moreover, costs of environmenta damage associated with such emissions are about
1/10 of those for coal steam-electric plants equipped with the best available control
technologies (see Table 2). Even without taking credit for the environmenta benefits offered
by coal IGCC power plant technology, the generation costs are gpproaching those for
conventional coal steam-electric plants equipped with flue gas desulfurization. " Moreover,
the costs of decarbonization/CO, sequestration are much less than those for cod steam-
electric technology.

With coad IGCC power plant technology, decarbonization/CO, sequestration beginswith
gadfication (partid oxidation) of the cod in oxygen (O, obtained from an air separation

plant) and steam at high pressure and temperature to produce synthesis gas [mostly carbon
monoxide (CO) and H,]. The synthesis gas is cooled and scrubbed to remove pollutants

(other than H.S, the compound formed from sulfur in the cod during gasification) and then
passed to water-gas-shift (WGS) reactors equipped with HpS-tolerant water-gas-shift
cataydss. Inthese units, CO is reacted with steam according to the WGS reaction (CO + H,O
- CO, + Hz).

There are two options for deding with the shifted synthes's gas (made up mostly of Hy, COy,
and steam). In one approach, the shifted synthesis gasis cooled to near ambient temperatures,
the H,S isremoved using a glycol solvent and converted to eementa sulfur, the seam is
condensed out, and the synthesis gas (at this point mostly Hy, and COy) issent to aCO»,
separdtion unit. There the CO at high concentration and partia pressure is recovered using a
physical solvent™'" and made ready for disposa by drying and pressurization to 150
amospheres. The Ha-rich synthess gas is then burned in a combined cycle power plant. It is
assumed here that the separated CO; is transported about 100 km by pipeline to a Ste where
it isinjected viadisposa wdlsinto an appropriate storage medium (such as adeep sdine
aquifer). This gpproach entails considerable cost for the sulfur removal processes.

Alternatively, one can prevent the emisson of sulfur compoundsto the air by insteed

disposing of the H,S dong with CO, (see Figure 3). With this* cosequedtration” approach the
H,S and CO, are removed smultaneoudy from the shifted synthes's (usng the same physicd
solvent as with the sulfur remova option) and made ready for disposa by drying and
pressurization to 150 atmospheres; the rest of the system is the same as for the sulfur remova
case.

Both options are based on commercialy available technologies and involve making rdaively
graightforward modifications to conventiond coa |GCC power plants from which CO; is
vented. The estimated performance and eectricity costs for both conventional and these two
decarbonized coa 1GCC plants are summarized in Table 3.

Congder first the case where the H,S is removed and converted to eementd sulfur. As
indicated by Table 3, such an IGCC plant located about 100 km from the CO, disposa ste
and whose CO, emissions per kWh are 92% less than those for a conventional coa IGCC
plant would have: (1) acapitd cost that is 25% higher than that of a conventiond cod IGCC
plant; (2) aconverson efficiency that is 6 percentage points less [38.4% (which is il higher
than for anew coa steam-dectric plant) vs. 44.4%; and (3) ageneration cost that is about
31% higher (5.9 vs. 4.5 ¢/kWh).
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For the cosequestration case, the capital charge pendty is reduced from 25% to 12%, and the
generation cost pendlty is reduced from 31% to 21%. However, a the present time it is not

known if cosequestration is a viable option. Although the experiencein Albertawith 31 acid

gas digposal projects that involve underground disposal of CO,/H,S gaseous mixtures

suggests that this option might be viable, detailed risk assessments are needed to ascertain

whether this cost-saving option would be a safe option in routine practice.

Power generators would not pursue either sequestration option unlessit is cost-effective to do
0. A carbon tax could provide the needed motivation. Asindicated in Table 4, a carbon tax
of $80/tC would make sequestration worthwhile for the sulfur removal case, whereasa
$53/tC tax would make cosequestration worthwhile. The corresponding generation costs
would be 6.1 and 5.5 ¢/kWh, respectively.

Decarbonizing natural gas combined cycle (NGCC) power plantsis not nearly so attractive
from a cost perspective asfor coa |GCC plants. For NGCC plants, pre-combustion options
are not less cogtly than stack-gas CO, remova schemes, which are quite costly. As areault,
the cost of eectricity from decarbonized NGCC and coa IGCC plants comparable, even
though, where naturd gasisreadily available NGCC dectricity istypicdly less codtly than
cod IGCC dectricity when CO, is vented. Moreover, the carbon tax needed to induce
sequedtration for NGCC systems is much higher than for cod IGCC systems (see Table 5).
Thus, paradoxicaly, cod fares better in competition with natura gas for power generation in
a carbon-emissions congtrained world than in aworld where climate change is not amgjor
concern.

Both cod IGCC and NGCC technologies, when decarbonized, would face stiff competition
from basaload power systems that involve wind power coupled to compressed air energy
storage at wind power cogts expected in the ~ 2020 time frame. Of course, in thistime frame,
costs for decarbonized cod |GCC and NGCC technologies are likdly to be less than present
cogts, so that is not clear would “win” decarbonized power competion &t that time.

In contrast to this Stuation in decarbonized power markets, fossl fues are likely to be
decisve winnersin decarbonized energy markets for fuels used directly.

Fossil fuel-derived H; for markets that use fuel directly

The manufacture of H, from afoss| fud begins with the converson of the fossil fue
feedstock into synthesis gas. At present most H, is manufactured from natura gas by steam
reforming!  As noted, synthesis gas can be made from cod via gasification (partial
oxidation). The manufacture of H, from coa usng commercia technology is essentidly the
same as the process described above for decarbonization of coal |GCC power applications,
except that at the find stage following the remova of the CO,, the H,-rich gas would be
purified (up to 99.999% purity) in a pressure swing adsorption unit instead of being burned in
acombined cycle power plant. Asin the case of cod IGCC technology, there are two
sequestration options: one in which the HpSisfirst recovered and converted to elemental
aulfur, and an dternative “cosequestration” option in which the H,Sis removed from the
shifted synthesis gas with the CO, and sequestered with it. The co-sequestration option is
illustrated in Figure 4.

The processis more capital-intensve for cod than for natura gas, but cod istypicdly the
less costly feedstock. For example, in the United States the average price paid by eectricity
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generators for natura gasin 1997 was 2.1 timesthe price paid for cod, and thisratio is
projected by the US Energy Information Administration to increase to 3.7 times by 2020 (see
Tables 3 and 4), which is perhaps as soon as H, could be used as an energy carrier in
sgnificant markets. Assuming today’ s technologies and US coa and natura gas prices
projected for 2020, H, from cod islikely to be less costly than H, from naturd gas (compare
Tables 3 and 4), with or without CO, sequestration (compare Tables 3 and 4).

With CO, sequestration, the efficiency of making H, from coal would be about 70%, and the
cost would be $7.2/GJ for the sulfur remova option (29% more than the cost with CO,
vented) and $6.5/GJ for the cosequestration option (16% more than the cost with CO,
vented)—for cod prices at $0.93/GJ, the projected average US price for electric generatorsin
2020. The corresponding carbon taxes needed to induce producers to sequester CO, are
respectively $50tC and $29/tC. Advanced technologies based on use of inorganic
membranes for separating Hz from CO;, and other gases might lead to lower costs for making
H, from cod X'V!

In terms of energy content, a $6.5/GJ plant-gate cost of H, (HHV basis) isequivdent to a
gasoline price (LHV basis) of $0.25/liter, which is not much higher than the $0.23/liter
average U.S. refinery-gate gasoline price in 2000. If this Hy were used by fud cdll cars, the
cost of the H, distribution and refueling system (see Table 4b) would increase the cost seen at
the pump by consumers to about $0.54/liter of gasoline equivaent™''—much higher than the
average gasoline pump price in 2000 of $0.30/liter (excluding retail fud prices). However,
because H, fud cdll cars are expected to be two to three times as fud efficient astoday’s cars
with (T;a_@oline interna combustion engines, the cost of fud per mile of driving would be

I&X Vi

H, from cod via gagfication might turn out to be the dominant way that H, will be produced
in aH, economy, but the gasification approach will often lead to H, production &t attractive
codts using any low-quaity carbonaceous feedstock—including petroleum coke and other
refinery residuals, heavy oils and tar sands, and biomass ™ It is noteworthy that severd
commercid projects have been launched in recent years involving the gasification of
petroleum residuds at refineries around the world, in many instances for the coproduction of
H. and dectricity.

Should natural gas-based energy systems be decarbonized?

Table 5 summarizes the carbon taxes needed to induce sequestration for energy systems that
would produce H, and dectricity based on commercialy available technologies. Two
observations can be made about these results.

Firg, the carbon tax needed to induce sequestration is far less for H, production than for
eectricity production. This arises because ardatively pure stream of CO, can be provided as
acoproduct of Hy, manufacture at relatively low incremental cost, whereas the cost of
separating out CO, isamagor component of the total cost in the case of eectricity
manufacture. This suggests that contrary to conventiond wisdom, Hy producing facilities
rather than dectricity generating facilities might be early targets for CO, sequestration
projects. Such early projects need not await the introduction of Hy, as an energy carrier,
because there are rgpidly growing industrid markets for H,. In addition to chemical process
industry markets where most H; is an intermediate product in the manufacture of ammonia
fertilizers, demand for H, is growing rapidly at petroleum refineries—both because of

10
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tightening environmenta regtrictions on the sulfur content of liquid fuels (H; is needed for
hydrodesulfurization) and because of secular trend to heavier crude oils, which require
upgrading by adding H,. In the United States, for example, the demand for H, & refineriesis
growing about 10%/y.

Second, the carbon tax needed to induce sequestration for coal-based systemsis much less
than for naturd gas-based systems—a result that arisesto alarge extent from the fact that in
coa systemsthe CO; isavallablefor removd at far higher concentrations and partia
pressures than in natura gas systems. This suggests that priority for decarbonization efforts
be given to cod energy systems relaive to naturd gas energy systems.

Resource consderations (see Table 6) suggest further that it might not be necessary to
decarbonize naturd gas-based systems if a concerted decarbonization effort is carried out for
cod sysems. Condder that if there were no other remaining fossil fuel resources other than
conventiond oil and naturd gas (the energy content of which is equivdent to 50 to 90 years
of total foss| fud energy consumption at the current globa rate—compare Tables 6 and 1),
burning them would rel ease to the atmosphere about 400 GtC, which is congstent with
gabilizing the amosphere a near the present level—so that there would be no climate change
chdlenge. Further, if the only remaining fossi| fuds were estimated ultimately recoverable
conventiond oil and gas plus estimated ultimately recoverable non-conventiond naturd gas
resources (the energy content of which is about 3 times the energy content of remaining
conventional naturd gas) and if these were burned, the CO, added to the atmosphere would
be congstent with stabilization of the atmaospheric CO, leve at about 500 ppmv.

Natura gas-based energy systems can be designed to emit very low levels of ar pollution.
Moreover, because methane, the primary congtituent of natural gas, hasaH/C ratio that is5
times that for cod, and because natural gas energy conversion systems can be made more
energy efficient than cod systems, CO, emissonswith CO, venting are do rdativey

modest. A state-of-the-art NGCC power plant emits less than 40% as much CO; per kWh asa
new coad steam-dectric plant. And aH, fue cdl car (with a gasoline-equivaent fue

economy of 2.9 liters/100 km) operated on natural gas-derived H, with venting of the CO,
coproduct would be characterized by full fuel cycle CO, emissonsthat are less than 30% of
those for US average gasoline interna combustion engine cars (10.5 liters/100 km).

Conclusions and I mplications for Brazl

The following conclusions can be drawn from thisanalyss
In order to stabilize the concentration of CO, in the atmosphere a aleve no greater
than 450-550 ppmv, it will be necessary to decarbonize both the electric power sector
and those sectors of the energy economy that use fuels directly.
Potentid CO, storage capacity in geologica mediais probably sufficiently large at the
globd level to make the option of foss| fuels decarbonization/CO, sequestration a
mgor energy option for a GHG-emissons-constrained world.
In eectric power markets, renewables and decarbonized fossil energy systems will be
strong competitors, and it is not unredlistic to expect that some combination of
central- gtation wind power and distributed grid-connected PV power will emerge
triumphant over decarbonized fossl fud power systems over the next couple of
decades in a carboncongtrained world that values carbon emissions at $50- $80/tC.

11
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- In markets that use fuds directly, biofuels can make some important contributions,
but supplies potentidly available a the globd leve in the long run are likely to
amount to amodest fraction of demand for fuels used directly later in this century.
To achieve deep reductionsin GHG emissions, H, will probably haveto be
introduced asamgor energy carrier for use in markets that use fuels directly.
By awide margin, the least costly route to providing Hy in a GHG emissons-
congtrained world will be from foss| fuels and other carbonaceous feedstocks
(including biomass).
The manufacture of H, from coa appears to be more attractive than the manufacture
of Hp from natura gas at natura gas and coa feedstock prices that are likely to be
typica by thetime Hy is established as an energy carrier in the market.
If aconcerted effort can be directed to decarbonization strategies for cod, it might not
be necessary to decarbonize naturd gas energy systems.
The production of H, from water viaether eectrolytic or complex thermochemica
processes will have only very modest roles in providing H, unless geologica
sequestration of CO, and dternative agpproaches keeping fossil CO, out of the
atmosphere (e.g, storing fossil-energy-derived CO, as carbonate rocks') turn out to be
afadly flawed idess.

Are any of these ideas relevant to Brazil? Not being a Brazilian, | can only speculate. | make

the following technica observations:
The prospect that H, will be needed as amgjor energy carrier in a GHG-emissons
congtrained world has far-reaching implications for al countries, because it implies
that H, producing and consuming technologies will be needed throughout the world.
On the supply side Brazil has such large hydro-€lectric resources that fuding initia
H, vehicle demongtration fleets (e.g., small fleets of H, fud cdl buses, asisbeing
planned with support from the Globa Environment Facility) with Hy derived
dectricdly from off- peak hydropower offers a good opportunity to “test the waters’
of the hydrogen economy. But the eectrolytic option cannot cost-effectively be
expanded to H, production levels beyond what can be supported with off- peak
hydroelectric power.
Additiona Hy supplies might be provided at low cost with commercid technology via
gasfication of petroleum resduals. For example, the petroleum coke production at
three large Brazilian refineries (Betim, Minas Gerals, Cubatao, Seo Paulo; Pauling,
Sao Paulo) would be adequate to support 1.2 million Hy fud cdl cars.
The cod gasification route to H, might not be revant to Brazil in light of the scarcity
and poor qudity of Brazilian cods.
However, H, production via gasification of biomass might prove to be important in
Brazil, which, blessed with vast land resources, is one of the few countries where
large biomass energy plantations might be viable.

At the policy leve, an energy future such asthe one | have laid out can evolve only in the
context of a strong climate-change- mitigation policy that ams for deep reductionsin CO;
emissons. Such a policy would have to eventudly involve ardétively high price on carbon
emissions (on the basis of the present somewhere in the range $30/tC to $80/tC) that arises
ether from the levy of acarbon tax or the introduction of some form of a cap-and-trade
System.

12
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A biomass-rich country (like Brazil) that produces H, from biomass would be in agood
position to profit from aworld-wide cap-and-trade system, because CO» in ardaivey pure
stream can be generated as a coproduct of H, manufacture and sequestered underground in
geologica media at relaively low incrementa cost. Because the CO, so sequestered was
extracted from the atmosphere during photosynthes's, the CO, emissons for the H,
production system would be negative," thereby putting the biomass H, producer in astrong
position to sal CO, emission rights to other countries.
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Figure 1. Digribution of CO, Emissonsfrom Fossil Fuel Burning by Activity (%)

Sources: Bars 1 and 2: Energy Information Administration, I nternational Energy Outlook 2001, DOE/EIA-0484
(2001), U.S. Department of Energy, Washington, D.C., March, 2001. Bars 3 and 4: Intergovernmental Panel on
Climate Change, Climate Change 1994—Radiative Forcing of Climate Change and an Evaluation of the IPCC
S92 Scenarios, Cambridge University Press, Cambridge and New Y ork, 1994.
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Figure 2: Cumulative CO, Emissions, 1990-2100, Consistent with Stabilization of
Atmospheric CO, at Levelsof 350 ppmv to 750 ppmv

These curves are from H. Pitcher, How much must be done to mitigate climate change?, Solar Conference,
Washington DC, 23 April 2001 and arebased on T. M. L. Wigley, R. Richels, and J. A. Edmonds, “Economic
and Environmental Choicesin the Stabilization of Atmospheric CO, Concentration,” Nature 379: 240-243, 18
January 1996.
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Figure 3: Coal Integrated Gasfier/Combined Cycle Power Plant with Smultaneous

Removal of H,Sand CO, for Cosequestration
Thisisaschematic for the system labeled “Electricity only, with CO, Coseq.” in Table 3.
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Table 1. Global Energy

Actud 1 S92a projection
1997 2050 2100
Population (billlion) 5.87 10.0 11.3
Electricity generation (TWh/y)
Coal 4,818 11,517 15,480
Oil 1,244 1162 531
Natural gas 2,246 2558 915
Synthetic liquids/gases from cod - 819 3,017
Hydroelectric 2,574 5,848 7,660
Solar 192 5,838 20,405
Biomass 951 1,381
Nuclear 2,266 8,140 18,695
Subtotal 13,340 36,833 68,084
CO, emissons, power sector
GtCly 19 3.8 4.9
% of totd globa CO, emissons 31 29 25
Fuds usad directly (EJ/ly, HHV basis)
Coal 43.2 128.9 132.7
Oil 142.7 142.6 94.6
Natura gas 63.0 114.8 37.3
Synthetic liquids/gases from cod 0 68.5 276.5
Synthetic liquids'gases from biomass 0 79.5 126.5
Subtotal 248.9 534.3 667.7
CO, emissions, fuels used directly (GtCly) 4.3 94 14.9
Primary energy requirements (EJ/y, HHV basis)
Coal 97.9 356.4 718.1
Oil 156.9 155.2 100.0
Naturd gas 88.5 143.3 46.7
Biomass - 128.4 205.2
Hydroel ectric power 32.3 58.7 71.7
Solar - 58.6 191.0
Nuclear power 25.5 81.7 175.0
Tota primary energy requirements 401 982 1508
Total CO, emissons (GtCly) 6.2 13.2 19.8

Sources: Global datafor 1997 are from Energy Information Adminigtration, I nter national
Energy Outlook 2001, DOE/EIA-0484 (2001), U.S. Department of Energy, Washington,
D.C., March 2001. The 1S92aprojection isthe “business asusud” globa energy scenario
presented in Intergovernmental Pand on Climate Change, Climate Change 1994—Radiative
Forcing of Climate Change and an Evaluation of the IPCC |92 Scenarios, Cambridge
University Press, Cambridge and New Y ork, 1994. Energy quantities are presented on a

higher heating value basis.
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Table2: Emission Rates For And Estimated Costs Of Environmental Damages From Air
Pollutant Emissions of Fossl Fuel Power Plants(Low Valuation for Typical European Conditions)

Emission rate Low estimate of costs Environmental damage
(gr/kwh) of environmental damages costsrelative to NGCC
(¢/kWh)y?
Primary air pollutant SO, NO, PM 19 SO, NO, | PMyo | Tota Total
Average U.S. coal steam- 6.10° 347 0.16° 159 139 | 007 | 305 82
electric plant, 1997
New coal steam-electric 0.46 0.87 0.15° 012 035 | 006 | 053 14
plant with best available
control technology®
Cod IGCC plant® 0.075 0.082 0.0025 0.020 0033 | 0001 | 0.0+4 15
NGCC plant' - 0.092 - - 0.037 - 0.037 10

a

Environmental damage costs from power plant air pollutant emissions are assumed to be %2 of

the median estimates of Rabl and Spadaro (A. Rabl and J.V. Spadaro, Public health impact and
implications for the energy system, Annual Review of Energy and the Environment, 25: 601-627,
2000) for typica power plant sitings in Europe. The Rabl and Spadaro calculations were carried out
under the European Commission’s ExternE Programme. Nearly al the estimated costs of
environmental damages are associated with adverse health impacts; the economic values of health
impacts were estimated on the basis of the principle of willingness to pay to avoid adverse health
effects.) Rabl and Spadaro considered a wide range of pollutants, but the only significant damage
costs were from SO,, NO,, and PM,, for which their median estimates of damage costs (in $/kg) were
$10.44, $16.00, and $17.00, respectively. Damage costs at ¥4 of the median estimates of Rabl and
Spadaro (equivaent to one standard deviation below the median) were assumed, to put a conservatism
into the calculation to reflect the scientific uncertainty.

b

Average emission rates in 1997 for U.S. coa plants, whose average efficiency was 33.0%

¢ In 1990, PM,, emissions from U.S. eectric utility coal power plants amounted to 245,000
tonnes when these plants consumed 17.1 EJ of coal, so that the PM;, emission rate was 14.34
gr/GJ—the assumed emission rate for al steam-electric cases in this table.

d

It is assumed: that the new coal steam-electric plant is 35.5% efficient; that the sulfur content

of the coa is 454 gr/GJ (1.08% sulfur by weight), the average for U.S. cod power plantsin 1997; that
S0, emissions are reduced 95%, a commerciadly feasible rate; that the NO, emission rate is 86
gr/GJ—achievable with advanced low-NO, burners that will be commercidly available shortly;

€ It is assumed: that the coal integrated gasifier combined cycle (IGCC) plant is 43.8%

efficient, based on use of steam-cooled gas turbines; that the emission rates equal the measured values
for the Buggenum coa 1GCC plant (Netherlands):10.0 and 0.3 gr/GJ of coal, for NO, and particulates,
respectively, as well as 99% sulfur recovery (data presented by Co van Liere, KEMA, at the
Gadification Technologies Conference in San Francisco, 17—20 October 1999); and that the sulfuer
content of coal is 454 gr/GJ.

f It is assumed: that the natural gas combined cycle (NGCC) plant is 54.1% efficient, based on
use of steam-cooled gas turbines; that the NO, emission rate is 9 ppmv (dry volume basis, at 15% O,),
corresponding to an emission rate of 0.092 gr/kWh.
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Table 3: Producing Electricity and H, from Coal (conventional technologies, 70 bar)?

Electricity only,b with CO,: H, + electricity,”with CO,:

Vented Seq. Coseq. Vented Seq. Coseq.
Coal input rate (MW) 923 1058 1058 1492 1497 1497
CO, emission rate grC/kwWh kgC/GJy»

193.7 159 159 35.65 261 261

CO, disposal rate (t CO./h) - 309.7 309.7 - 4374 4374
H, output rate (MW) - - - 1000 1000 1000
Electric power balance (MW,)
Gas turbine output 3145 3354 335.5 - 59.6 59.6
Steam turbine output 1737 1783 1783 138.1 1014 1014
Syngas expander output 7.0 104 104 0.0 - -
Air separation -252 -288 - 288 - 40.6 -40.8 -40.8
Extra o, compressor -154 -175 -175 -24.7 -24.8 -24.9
Gadification auxiliaries -89 -10.2 -102 -144 -14.4 -14.4
CO, compressor (= 150 bar) - -258 -258 - - 36.6 - 36.6
Purge compressor for PSA unit - - - - -84 -84
N, compressor -29.8 - 289 -289 - - -
Other auxiliaries -6.0 -7.3 -7.3 -6.2 -5.1 -5.1
Net power output 409.9 405.7 405.7 52.2 30.9 30.9
1% law efficiency (?1g), HHV basis (%)° 44.40 38.35 38.35 7052 68.86 68.86
Eff. Efficiency () of H, production (%)° - - - 73.83 70.06 70.06
Plant capacity factor (%) 80 80 80 80 80 80
Capital cost by component ($10°)
Coal storage, preparation, handling 36.01 39.61 39.61 50.40 50.52 50.52
Air separation unit 7212 79.07 79.07 123.87 124.16 124.16
Extra O, compressor 15.03 16.18 16.18 20.17 20.22 20.22
Gasifier 85.77 M35 U35 120.04 120.33 120.33
Water gas shift reactors - 26.58 26.58 33.81 33.90 339
Glycol H,S removal 58.15 63.97 - 81.39 81.58 -
Sdexal CO, or coo/HoS removal - 2741 2741 - 34.96 34.96
PSA y, separation - - - 4291 4291 4291
Gas turbine 103.46 109.69 109.69 - 26.86 26.86
HRSG and steam turbine 114.13 116.54 116.54 94.99 74.17 74.17
N, compressor 1654 16.24 16.24 - - -
CO, drying and compression - 3142 3142 - 4452 4452
Subtotal, overnight construction cost 501.2 621.1 557.1 567.6 654.1 5725
Interest during construction 80.3 99.5 89.3 90.95 104.82 91.75
Total installed cost ($10°)° 5815 720.6 646.4 6585 7589 664.3
Enerqgy production cost by component Electricity (¢/KWh) Ho ($/GJ)
Capital (ACCR = 15%) 304 3.80 341 3.92 451 3.95
O&M (4% of “ overnight” capitally) 0.70 0.87 0.78 0.90 104 091
Coal input (@ $0.93/GJ" 0.75 0.87 0.87 139 139 139
CO, disposal (@ $5/t COy) - 0.38 0.38 - 0.61 0.61
Electricity sales credit? - - - -1450*P: | -858*R | -858*R:
(Pe = electricity pricein $/kwh)
Total cost, carbon tax (CT) = $0/tC 4.49 5.92 544 5.56 7.16 6.47
Total cog,, CT = $28.72tC" 5.05 5.97 555 6.50 7.19 6.50
Total cost, CT = $50.35/tC 547 6.00 5.52 7.21 7.21 6.52
Total cost, CT = $53.43/tC 5.53 6.01 5.53 7.31 7.22 6.53
Total cost, CT = $80.42/tC° 6.05 6.05 557 8.20 7.24 6.55
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Notesfor Table 3:
a Energy balances (HHV basis) and material flows(P. Chiesa, T.G. Kreutz, and R.H. Williams, Techno-
economic analysis of hydrogen and/or electricity production from coal with near-zero pollutant and CO,
emissions using an inorganic hydrogen separation membrane reactor. B: System optimization and comparative
analysis, Princeton Environmental Institute, Princeton University, forthcoming) were calculated using GS power
generation and chemical process software devel oped at the Dipartimento di Energetica, Politecnico di Milano,
Milan, Italy. All casesinvolve the Texaco O,-blown gasifier with quench (@ 70 bar) and high sulfur coal. CO,
recovery cases involve CO, compression to 150 bar for pipeline transport to a sequestration site and disposal @
$5/t CO,.
b Technology without CO, separation/recovery isan IGCC plant with a steam-cooled gas turbine; glycol
solvents are used to remove H,S, which is recovered and converted to elemental sulfur. Technology with CO,
separation/recovery isthe same IGCC unit except that shift reactors are added where steam reacts with CO to
form CO, and H,, and Selexoal (aglycol solvent) isused to remove simultaneously H,S and CO, from the shifted
synthesis gas for codisposal ; 92.7% of coal C isrecovered asCO, for disposal.

¢ Technology without CO, separation/recovery involves: gasifier plus shift reactors; aglycol solvent to

remove H,S, which isrecovered and converted to elemental sulfur; pressure-swing-adsorption (PSA) unit to
separate out H,. steam turbine fueled by PSA purge gas. For the “ sequestration” case, aglycol solvent is used to
remove H,S, which isrecovered and converted to elemental sulfur; Selexol is used to remove CO, from the
shifted synthesis gas for disposal; a pressure-swing-adsorption (PSA) unit is used to purify the H,. a PSA purge
gas compressor is used to compress the purge gas for use in a combined cycle providing coproduct power;
92.7% of coal Cisrecovered asCO, for disposal. The “cosequestration” caseis similar to the sequestration

case, except that sulfur in the form of H,S is not recovered and converted to elemental sulfur; rather Selexol is
used to remove simultaneously H,S and CO, from the shifted synthesis gas for co-disposal.

d ?1st = (electricity + Hy, output)/(coal input); ?« = (H, output)/(coal input — coal saved), where the coal
saved isthe coal consumption avoided by not having to produce the electricity coproduct in a stand-alone
facility. The efficiency of power generation assumed in calculating the coal saved isfor the least costly
electricity option with zero carbon tax.

e

Theinstalled capital cost includesinterest during construction (assuming a 10% interest rate and a 4-
year construction period). Costs for CO, separation and compression are included but not the cost of CO,
disposal (pipeline plus disposal wells and surface facilities), which are treated separately below.

f The average coal price for electric generatorsin the United Statesin 2020 is projected by the Energy
Information Administration to be $0.93/GJin 2020 [Energy Information Administration, Annual Energy
Outlook 2001, with Projections Through 2020. DOE/EIA-0383(2001), US Department of Energy, Washington,
DC, 2000].

9 The value of electricity Pg in the electricity sales credit depends on the carbon tax level; for agiven
carbon tax level P: equalsthe cost of the electricity from the |east-costly option.

h Thisisthe carbon tax at which H, production costs are equal for the CO, venting and cosequestration
cases.
i Thisisthe carbon tax at which H, production costs are equal for the CO, venting and sequestration
(with elemental sulfur recovery) cases.

J Thisisthe carbon tax at which electricity production costs are equal for the CO, venting and
cosequestration cases.

k Thisisthe carbon tax at which electricity production costs are equal for the CO, venting and

sequestration (with elemental sulfur recovery) cases.
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Table4a: Producing H, from Natural Gas (1000 MW; of 60 bar H, Output Capacity)®

CO, vented CO, sequestered

First law efficiency (?1), HHV basis (%) 81 78
CO, Emission Rate (kg C/GJ Hy) 1756 2.74
CO, Sequestration Rate (t CO, /h) - 204
Capital Investment except for CO, disposal ($ million)
Equipment and installation subcontracts:
Reformer 48.65 67.90
Purification 23.65 58.08
CO, compression - 35.67
Other 123.95 174.67
Subtotal 196.25 336.32
Engineering, const. management, commissioning, training 9.13 16.94
Catalysts and chemicals 8.75 9.00
Client’s costs 24.00 28.00
Contingency 2381 39.03
Total installed capital cost 2614 429.3
Lifecycle cost ($/GJ)
Capital (excluding CO, disposal) 156 256
0O&M (except for CO, disposal) 0.24 0.39
CO, disposal (@ $5/t CO,) - 0.28
NG input 420 4.36
Total 6.00 7.59
Production cost with a carbon tax (CT) = $107/tC 7.88 7.88

Table 4b: Delivered Cost of H, from Natural Gas ($/GJ)
Production cost 6.00 7.59
Central H, plant compression from 60 bar to 1000 psiafor 0.03 0.03
storage or pipeline transmission ($/GJ)b
Centra H; plant buffer storage cost ($/GJ), storage capacity 041 041
= 1/2 day’ s output of H, plant”
H2 pipeline distribution system” 158 158
Refueling station” 561 561
Total cost of delivered H,° $13.6/GJ ($1.97/gge) $15.2/GJ ($2.20/gge)
a Based on a study prepared by Foster Wheeler (Foster Wheeler, Decarbonization of Fossil Fuels,

Report No. PH2/2, prepared for the Executive Committee of the IEA Greenhouse Gas R& D Programme of the
International Energy Agency, March 1996) for Statoil and the IEA GHG Programme except that: the FW results
are presented here with all energy quantities expressed on aHHV basis; the annual capital charge rate and
system capacity factor are assumed to be 15% and 80%, respectively (compared to 12.4% and 90% in the
original FW study), so that the annual H, production rate is 25.2 million GJyear; the CO, disposal cost is
assumed to be $5/t CO, in order to be consistent with the coal-to-H, analyses presented in Table A3. For these
systems all energy requirements for H, production are provided from natural gas. 85% of the CO, inthe
feedstock isrecovered, compressed to 112 bar, and transported by pipeline to the disposal site at adisposal rate
of 57 kg CO,/GJH,. The natural gas priceis assumed to be $3.4/GJ, the average natural gas price projected for
U.S. electric generatorsin 2020 by the Energy Information Administration[Energy Information Administration,
Annual Energy Outlook 2001, with Projections Through 2020. DOE/EIA -0383(2001), US Department of

Energy, Washington, DC, 2000].

b

Based on Ogden (J.M. Ogden, Prospects for building a hydrogen energy infrastructure, Annual Review

of Energy and the Environment, 24: 227-279, 1999) high auto density case (1600 cars/mi )—equivalent to % the
carsin the Los Angeles area being H, FCV's; refueling stations dispense H., at 345 bar to FCVs at arate of 10°

scf/day.

Cc

equivalent energy (gge) ispresented onaLHYV basis.
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Table5: Carbon Tax Needed to Induce CO, Sequestration
in the Production of H, and Electricity

($/tC)
Energy Carrier Feedstock for Producing the Energy Carrier
Natural Gas with CO, Coa with CO,°
Sequestered Sequestered Cosequestered
Hydrogen 1072 50 29
Electricity 257° 80 53

a From Table 4a.
b Derived from the cal cul ation presented for aNGCC with aflue gas scrubber in Table 8.10, p. 292, in
R.H. Williams, Advanced energy supply technologies, Chapter 8, pp. 273-329, in World Ener gy Assessment:
Energy the Challenge of Sustainability, 2000 (a study sponsored jointly by the United Nations Devel opment
Programme, the United Nations Department of Social and Economic Affairs, and the World Energy Council),
published by the Bureau for Development Policy, United Nations Devel opment Programme, New Y ork, 2000.

c From Table 3.

Table 6: Estimated Remaining Ultimately Recover able Conventional Oil and Natural Gas
Resour ces and Unconventional Natural Gas Resour cesand Their Carbon Contents

Energy Resources Carbon Content®
(10% EJ) (GtC)

Low Med High Low Med High
Conventiond oil® 9.4 111 13.7 179 211 260
Conventiona natura gas® 8.7 11.9 16.5 118 162 224
Subtotal 18.1 23.0 30.2 297 373 484
Non-conventiona natural gas’ 33.2 452
Tota 56.2 825

a Conventional oil and natural gas resource estimates are from a 1994 analysis carried out by the US

Geological Survey (USGS): C.D. Masters, E.D. Attanasi, and D.H. Root, “World petroleum assessment and
analysis,” Proceedings of the 14th World Petroleum Congress, Stavanger, Norway. Since this assessment,
theUSGS has come out with a new assessment (USGS World Petroleum Assessment 2000), which found that
outside the US: undiscovered oil will amount to 110 billion barrels more (12.7 GtC more) than the 1994
estimate; undiscovered natural gaswill be 137 billion boe less(11.4 GtC less) than the 1994 estimate; and NGL
will be 117 boe more (11.8 GtC more) than the 1994 estimate. Thus the total carbon content of conventional oil
and gas resources according to the 2000 USGS survey will be 13 GtC more than for the 1994 USGS estimate.

b The estimated ultimately recoverable unconventional natural gas resources are from Table 5.7, p. 149,
in H.-H.Rogner, Energy resources, Chapter 5, p. 135-171, in World Energy Assessment: Energy the Challenge
of Sustainability, 2000 (a study sponsored jointly by the United Nations Devel opment Programme, the United
Nations Department of Social and Economic Affairs, and the World Energy Council), published by the Bureau
for Development Policy, United Nations Development Programme, New Y ork. Estimated ultimately

recoverable natural gas resources amount to 3.5% of the estimated natural gasin place (see Table 5.4, p. 146, in
Roger (2000) in the form of coal bed methane (8.6 thousand EJ), tight formation gas (4.2 thousand EJ), gas
hydrates (347.5 thousand EJ), and geopressurized gas (599.4 thousand EJ).

¢ Carbon contents are assumed to be 13.6 MtC/EJ for natural gas and 19.0 MtC/EJfor ail.
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