
The Time Scale Is a Century

The time scale of the Greenhouse probl em is a cen tu ry. This is an unfamiliar

time scale for po l i tical acti on .

The Greenhouse probl em arises if the gl obal en er gy sys tem is dom i n a ted by

fossil fuels thro u gh o ut this cen tu ry. Su ch dom i n a n ce is likely. But there is a fo s s i l -

f u el - b a s ed soluti on . It is con ceiva ble that most of the carbon in the next hu n d red

ye a rs of fossil fuels can be preven ted from re aching (can be "sequ e s tered" from) the

a tm o s ph ere .

Fo s s i l - c a rbon sequ e s tra ti on is con ceptu a lly en ti rely different from bi o l ogi c a l -

c a rbon sequ e s tra ti on , yet , u n fortu n a tely, both kinds of s equ e s tra ti on are usu a lly

c a ll ed , s i m p ly, " s equ e s tra ti on." Bi o l ogical carbon sequ e s tra ti on rem oves carbon

f rom the atm o s ph ere . Fo s s i l - c a rbon sequ e s tra ti on red i rects carbon not yet in the

a tm o s ph ere .

The politics of fossil-carbon sequestration are unlike the politics of carbon

management strategies designed to bring the fossil fuel era to a rapid close. The

fossil fuel industries are willing participants,and they are showing leadership. So

are many countries and portions of countries rich in fossil fuel resources. The
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result should be new coalitions supportive of policies intended to mitigate cli-

mate change.

W hy is the time scale a cen tu ry, n ot a decade or a mill en n i u m ?

I recom m end com m i t ting two nu m bers to mem ory:

1) Si x billion metric tons of carbon are in the fossil fuels used currently

each year.

2) One thousand billion metric tons of carbon extracted from the ground

as fossil fuels,if used as today, will produce,approximately, a doubling

of the carbon content of the atmosphere. (A metric ton is ten percent

larger than a U.S. ton.)

From these two nu m bers one sees why, given modest growth in gl obal use of

fossil fuel s , the greenhouse probl em has a cen tu ry time scale. A cen tu ry is the ti m e

a s s oc i a ted with a do u bling of the amount of c a rbon (or, equ iva l en t ly, CO2) in the

a tm o s ph ere . And do u bling is the most wi dely used bo u n d a ry bet ween accept a bl e

and unaccept a ble green h o u s e - rel a ted envi ron m ental disru pti on . Do u bling is

ro u gh ly wh ere thresholds for serious damage are thought to be .

Complications being swept under the rug include: carbon sinks, greenhouse

gases other than CO2, and the reference atmosphere in discussions of doubling –

usually the pre-industrial atmosphere, not today's (already containing a third

more carbon).

Th ere is lots of room to argue abo ut wh et h er do u bling is the appropri a te ref-

eren ce ra ti o. Here is wh ere the important scien tific uncert a i n ties and human ju d g-

m ents are fo u n d . But it wi ll take dec ades to understand cl i m a te ch a n ge su b s t a n-

ti a lly bet ter than we do ri ght now. We should ex pect the focus on do u bling to be

robu s t , and therefore the cen tu ry-scale of the Greenhouse probl em to be robu s t .

Why must century-scale solutions focus on coal?

Coal is at the root of the Greenhouse probl em . Conven ti onal oil and gas are

not su f f i c i en t ly abundant to gen era te a serious Greenhouse probl em on their own .
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Well before their cumu l a tive carbon con tent re aches 1000 bi ll i on metric ton s , bo t h

a re ex pected to become non - com peti tive as a re sult of growing costs of access (co s t s

rel a ted to re s o u rces being very deep under gro u n d , or bel ow very deep water, or very

rem o te , or very small.) But the carbon con tent of coal is many times larger than

1000 bi ll i on metric ton s . The world wi ll not be saved from a serious Green h o u s e

probl em by fossil fuel dep l eti on ,i f en er gy from coal remains com peti tive with en er-

gy from non - fossil sources for a cen tu ry. Fo s s i l - c a rbon sequ e s tra ti on wi ll initi a lly

t a r get conven ti onal oil and gas as well as coa l , but the cen tu ry's assign m ent is to

c a ptu re the carbon in coal and store it.

I am overs i m p l i f yi n g. Non - conven ti onal oil and gas may com pete with coa l

t h ro u gh o ut the cen tu ry. Non - conven ti onal oil is oil in tar sands and oil shales.

Non - conven ti onal gas is gas in methane cl a t h ra tes – methane tra pped under pre s-

su re bel ow the perm a f rost or at the ocean floor. All these are also abu n d a n t . Th e

cen tu ry's assign m ent may also be to captu re and store their carbon .

Fo s s i l - c a rbon sequ e s tra ti on has two el em en t s : c a rbon captu re and carbon

s tora ge . Work is under way on both fron t s , with an em phasis on unders t a n d i n g

costs and ri s k s . The issues are new, rec ruits are po u ring in, f resh ideas are spro ut-

ing every wh ere . Bel ow, I give a qu i ck to u r.

Ca rbon Ca pt u re  

Nearly all of the industrial experience with the capture of the carbon in fos-

sil fuels is in applications unrelated to global climate and without accompanying

storage. The carbonated beverage industry uses CO2 produced from fossil fuels.

There are ammonia plants in Trinidad that sell byproduct CO2 to nearby

methanol plants.

The cost of c a ptu re is stron gly depen dent on the con cen tra ti on of CO2 in the

gas stream from wh i ch it is sep a ra ted . Mu ch of the early analysis of c a rbon captu re

a s su m ed that sep a ra ti on would occur at low con cen tra ti ons in flue ga s e s ,a f ter com-

bu s ti on in air. Ca ptu re costs are redu ced if com bu s ti on is done in ox ygen inste ad

of a i r, or if c a ptu re occ u rs as an accom p a n i m ent to the produ cti on of synthesis ga s

pri or to en er gy ex tracti on .



100 U. S . PO L I C Y O N CL I M AT E CH A N G E: WH AT NE XT?

A significant fracti on of the cost of el ectri c i ty from coal is attri but a ble to the

avoi d a n ce of em i s s i ons of po llutants containing su l f u r, n i trogen , ch l ori n e , m erc u-

ry, and other el em ents ori gi n a lly in the fuel . Co - s equ e s tra ti on (co - c a ptu re plus co -

s tora ge) of one or more of these po llutants with the CO2 m ay be a ch e a per alter-

n a tive . Savi n gs re su l ting from discarding some conven ti onal po lluti on con tro l s

m ay of fs et costs of re s tri cting carbon em i s s i on s . Co - s equ e s tra ti on won't be easy:

a l ong the way, the gas mixtu res must not cre a te co s t ly com p l i c a ti ons – within the

plant (degrad a ti on of tu rbine bl ade s , con t a m i n a ti on of c a t a lys t s ) , in pipel i n e s , or

bel ow gro u n d .

I am assuming here that the carbon in fossil fuels must be captu red within the

fossil fuel sys tem – at some fac i l i ty wh ere fuel is handl ed . No te , h owever, t h a t

s ch emes to captu re atm o s ph eric CO2 in ded i c a ted indu s trial fac i l i ties are bei n g

i nve s ti ga ted . If c a rbon captu re in su ch fac i l i ties can be done ch e a p ly, perhaps the

fossil en er gy sys tem would need mu ch less ch a n ge . We would put carbon in the air

at one place and take it out at another. O f co u rs e , that is also the appeal of bi o l og-

ical carbon sequ e s tra ti on .

The Hyd ro gen Eco n o my

About one half of carbon from fossil fuels that is emitted to the atmosphere

has first been distributed to small users – mainly to buildings and vehicles. The

costs of retrieval of such highly dispersed carbon are likely to be prohibitive. To

capture most of the century's fossil fuel carbon cost-effectively, the energy system

must evolve into one that distributes energy largely in forms free of carbon.

Electricity and hydrogen are fine, but only a small fraction can be natural gas,

gasoline,and diesel. Electricity and hydrogen must be produced and carbon cap-

tured at facilities comparable in size to today's refineries and power plants. An

all-electric economy is one possibility. The other is an economy in which both

electricity and hydrogen are used, each where it is best suited. If the latter, an

entirely new fuels infrastructure for hydrogen production, distribution, and end

use must be created.

This past year co lleagues at Pri n ceton and Milan have been analyzing one of

the many ways that hyd rogen might be produ ced from coa l , while most of the car-

bon in the coal is captu red as CO2. F i rs t , coal is ga s i f i ed in a small amount of ox y-

gen to produ ce synthesis ga s . Th en the synthesis gas is proce s s ed so that nearly all
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becomes ei t h er hyd rogen or CO2 , and most of the hyd rogen is sep a ra ted from the

CO2 using a mem brane perm e a ble on ly to hyd rogen . The CO2 is ex tracted from

the re s i dual gas that has not gone thro u gh the mem brane  – after the re s i dual ga s

( wh i ch has some of the hyd rogen) has passed thro u gh a tu rbine and produ ced el ec-

tri c i ty. The hyd rogen - s ep a ra ti on mem bra n e , tod ay sti ll in the labora tory, is the

n ovel el em ent here . De s i gn va ri a bles inclu de the fracti on of the hyd rogen sen t

t h ro u gh the mem bra n e , va rious tem pera tu res and pre s su res at interm ed i a te stage s ,

and clean-up stra tegies for the contaminants inevi t a bly pre s ent in the coa l .

The purpose of this analysis is to arrive at esti m a tes of the cost of hyd rogen ,

given specific costs for fuel and the com pon ents of the plant. One cri tical assu m p-

ti on is that all tech n o l ogies are matu re ; the costs of l e a rning have som eh ow been

a b s orbed , and esti m a ti on focuses on the cost of the "Nth unit" (with N, in practi ce ,

being perhaps 10). My co lleagues wi ll report that their approach has the po ten ti a l

to produ ce hyd rogen under carbon em i s s i on con s traints more ch e a p ly than all

o t h er approach e s , fo s s i l - f u el - b a s ed or non - fo s s i l - f u el - b a s ed . Cri tical to their re su l t

is a cost credit for the sale of the byprodu ct el ectri c i ty. Th eir work can be ex pected

to sti mu l a te both govern m ent and indu s try to increase their re s e a rch on hyd rogen -

s ep a ra ti on mem bra n e s .

Hyd rogen is a secon d a ry fuel . It has to be made from som ething el s e .

Hyd rogen has su ch broad po l i tical su pport because advoc a tes of e ach pri m a ry

en er gy source – wi n d , ph o tovoltaic cell s , hyd ropower, nu clear fission , n a tu ral ga s ,

coal – persu ade them s elves that thei rs is the preferred ro ute to hyd rogen .

Tod ay, wh en hyd rogen is made in large qu a n ti ti e s , in petro l eum ref i n eries and

a m m onia plants, it is almost alw ays made from fossil fuels – not from ren ew a ble or

nu clear en er gy. Produ cti on from fossil fuels does not requ i re the co s t ly interm ed i-

a te step of el ectro lysis of w a ter. The ro ute from fossil fuels to hyd rogen is ch e a per

tod ay, and wi ll remain ch e a per for a long ti m e .

Hyd rogen can be converted to en er gy ei t h er in com bu s ti on devi ces or in fuel

cell s . Because hyd rogen fuel is carbon - f ree , no hyd roc a rbon or carbon mon ox i de

em i s s i ons re sult in ei t h er case. Al t h o u gh fuel cell en er gy convers i on is cl e a n er from

o t h er pers pective s , the first hyd rogen - powered cars on the road wi ll prob a bly have

i n ternal com bu s ti on en gi n e s .
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Hyd rogen is used safely by tra i n ed workers in indu s try. One of the most

i m portant open qu e s ti ons that wi ll determine the practi c a bi l i ty of gl ob a lly sign i f i-

cant carbon captu re is wh et h er hyd rogen can be used safely by ord i n a ry peop l e .

Ca rbon Stora ge 

Retaining our cen tu ry - l ong pers pective , we ask wh ere one can cred i bly put

1000 bi ll i on metric tons of c a rbon . Th ere appear to be on ly two de s ti n a ti on s : t h e

deep ocean and deep under ground saline aqu i fers .

De ep Ocean Sto ra ge

Those who wish to devel op the oceans opti on explain that the oceans alre ady

receive a porti on of the carbon ex tracted in fossil fuel s . Add CO2 to the atm o s ph ere

and some wi ll move to the oce a n s , as equ i l i brium is sought at the ocean su rf ace .

Ad d i ti onal CO2 in the near- su rf ace ocean has its own impacts – for ex a m p l e , on

coral reefs . Why not use tech n o l ogy to put CO2 deep in the oce a n , d i rect ly, a n d

t h ereby distu rb the near- su rf ace ocean less?  At pre s en t , the envi ron m ental com-

mu n i ty is not finding su ch arguments persu a s ive . It is wei ghing in to prevent even

s m a ll studies of envi ron m ental impacts (on fish, for ex a m p l e ) . It perceives too slip-

pery a slope .

Saline Aq u i fer Sto ra ge

At least for now, that leaves deep aqu i fers . The world's first large aqu i fer stor-

a ge proj ect has been underw ay since 1996 in the North Sea in Norwegian terri tory

at the Sl ei pn er gas field 200 kilom eters of fs h ore . Th ere , S t a toi l , a Norwegian oi l

com p a ny, is producing natu ral gas that contains 90% com bu s ti ble gases and 10%

CO2 . The maximum all owed con cen tra ti on of CO2 in the Eu ropean natu ral ga s

grid is abo ut 2.5%, so Statoil must "strip" CO2 f rom the Sl ei pn er gas before sen d-

ing it to the gri d . Norm a lly, s tri pped CO2 is ven ted to the atm o s ph ere , but Norw ay

has impo s ed a tax on su ch CO2 em i s s i on s . S t a toil has re s pon ded by injecting the

s tri pped CO2 i n to a deep aqu i fer, and it has convi n ced the Norwegian govern m en t

that the stri pped CO2 wi ll remain in the aqu i fer indef i n i tely. The Norwegian gov-

ern m ent is exem pting Statoil from the tax.
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Sl ei pn er has made many issues vivid that any perm i t ting regime must con f ron t :

Public approval. How can a permitting regime be designed that the public

accepts?  To what extent can openness, lack of bias, fairness, and vigilance

be achieved? 

Sto ra ge integri ty. S t aying bel ow some maximum ra te of e s c a pe avera ged over

a ll stora ge sites is requ i red to ach i eve the greenhouse obj ective . E s c a pe of

CO2 f rom a few sites is incon s equ en ti a l . How can the perm i t ting proce s s

i n clu de perm i s s i on to fail?

Goa l s. What con s ti tutes a vi ctory?  Is rem oval from the atm o s ph ere for 500

ye a rs , for ex a m p l e , good en o u gh? 

Property ri ghts to sto ra ge spa ce . The Sl ei pn er CO2 is not being stored on pri-

va te property, but other CO2 wi ll be . Are own ership ri ghts bel ow gro u n d

clear?  What abo ut bel ow the ocean floor?  And in the oce a n ?

Si te - s pe cific ri s k s . Con cen tra ti ons of m ore than a few percent of CO2 in air

a re dangero u s , so bulk releases of CO2 must be avoi ded . Upw a rd migra ti on

of i n j ected CO2 could con t a m i n a te hyd roc a rbon re s ervoi rs or su rf ace dri n k-

ing water su pp l i e s , so certain slow releases may also be of con cern . How can

su ch risks be minimized?  What ad d i ti onal risks wi ll ex perts dismiss but oth-

ers insist on ad d re s s i n g ?

In f ra s tru ctu re . Who wi ll cre a te the CO2 p i peline infra s tru ctu re to con n ect

l a r ge nu m bers of c a ptu re and stora ge sites?  Wi ll a com bi n ed CO2- p lu s -

hyd rogen infra s tru ctu re evo lve ?

Mo n i to ri n g . Can infra s tru ctu re and stora ge be de s i gn ed in ways that fac i l i-

t a te mon i toring (e.g. , by adding a tracer to the injected gas)?  How can lon g -

term mon i toring be insti tuti on a l i zed ?

Un cert a i n ties in stora ge costs implicit in these qu e s ti ons are prob a bly the large s t

cost uncert a i n ties of fo s s i l - c a rbon sequ e s tra ti on .
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Sto ra ge in Hyd ro c a rbon Re servo i rs and Coal Seams

Oil and gas re s ervoi rs and coal seams are bel ow - ground altern a tives to

a qu i fers , ava i l a ble at mu ch small er scale but with po ten ti a lly favora ble econ om i c s

for the next dec ade or two. S tora ge in oil and gas re s ervoi rs builds on ex ten s ive

ex peri en ce with en h a n ced oil recovery (EOR) using CO2, by far the largest indu s-

trial use of CO2. EOR provi des an econ omic retu rn on sep a ra ted CO2. To date ,

EOR has not been a carbon stora ge stra tegy; it has not mattered wh et h er the CO2

rem a i n ed bel ow ground after it did its work . O n ce CO2 em i s s i ons have co s t s ,E O R

wi ll be reopti m i zed , and carbon wi ll be stored at EOR site s .

S tora ge of CO2 in deep coal seams is another way to use and store carbon at

the same ti m e . The key idea is to produ ce coa l - bed methane by a displacem en t

proce s s , wh ere CO2 d i s l od ges methane ad s orbed on coa l . The target coal is

" u n m i n a ble," too deep ever to be com m erc i a lly attractive . However, the hu n d red -

year pers pective is not alw ays adopted wh en unminable is def i n ed . If n ew tech n o l-

ogy som ed ay makes su ch coal minabl e ,t h ere wi ll be ad d i ti onal costs to manage the

ad s orbed CO2.

B i ol o gical Carbon Sequestra ti o n

Bi o l ogical carbon sequ e s tra ti on rem oves carbon from the atm o s ph ere by ph o-

to s y n t h e s i s . On land, s tora ge wi ll usu a lly take place at the same site as captu re – for

ex a m p l e , in a tree . In the oce a n ,c a ptu re is at the su rf ace and stora ge is in the deep

oce a n , with an interm ed i a te step wh ere the or ganism falls by gravi ty. In i tial co s t s

of bi o l ogical carbon sequ e s tra ti on on land are small , and the vi s i on of j oint ga i n s

(land improvem ent plus carbon stora ge) is sedu ctive . Yet , bi o l ogical carbon sequ e s-

tra ti on on land is not a cen tu ry-scale stra tegy. The stock of c a rbon above - gro u n d

in terre s trial veget a ti on is ro u gh ly the same size as the stock of c a rbon in the atm o s-

ph ere . So if f utu re carbon (now in fossil fuel re s o u rces bel ow ground) that wo u l d

o t h erwise do u ble the atm o s ph eric carbon stock were to end up, i n s te ad , in fore s t s

and gra s s l a n d s , t h eir carbon stock would become do u ble what it is tod ay.

E co l ogists warn that su ch a ch a n ge is too big and too fast to be con s i s tent with the

reten ti on of eco s ys tem qu a l i ty. At the local level , it is qu i te easy to invent eco l ogi-

c a lly disastrous ways of s toring carbon that a poorly de s i gn ed incen tive sys tem

would el i c i t .
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Ta ble 1 com p a res geo l ogical and terre s trial bi o l ogical sequ e s tra ti on stra tegi e s .

" G eo l ogical" stra tegi e s , h ere , a re all under ground stra tegi e s . I measu re "stora ge

c a p ac i ty" in units of ti m e : a dec ade of s tora ge capac i ty means the capac i ty to store

a ll the carbon in a dec ade of gl obal fossil fuel produ cti on . For bi o l ogical stra tegi e s ,

I claim on ly "dec ades" of " time until escape," because I ex pect sites of s tora ge , on

avera ge , to be put to new uses within a few dec ades – perhaps a forest wi ll be cl e a red

for agri c u l tu re or a grassland wi ll give way to a su bu rb. The time until escape is not

the lifetime of a tree , because a managed forest can be rep l a n ted .

TA B L E 1 - GE O LOG I C A L VS. TE R R E S T R I A L BI O LOG I C A L ST RAT E G I E S

Why Start Now on a Century-Long Challenge?

Even if it will take the better part of a century to change the global energy

system, why start now?  Postponement of action, say for a generation, seems to

have in its favor that general learning in the meanwhile will improve the under-

standing of risks and benefits of each option now known and will add new items

to the list of options. The Greenhouse challenge itself could be recast within a

generation, if global lifestyle choices evolve in some unexpected direction.

I come out in favor of early action (and not just because I find the whole

en terprise of fo s s i l - c a rbon sequ e s tra ti on intell ectu a lly irre s i s ti bl e ) . Th e

Greenhouse problem has thresholds, yet we know little about their proximity and

importance. If we delay action for a generation and in the interim learn that

action is urgent, catching up could be costly.

Geological Strategies

Coal, oil, gas sectors

Large unit scale, point source

Storage capacity: Cen tu ri e s

Time until escape: Mi ll en n i a

Even first storage is expensive.

Benefits: Enhanced oil recovery

Risks: Reservoir contamination

Measurement of injection is easy.

Measurement of escape is daunting.

Terrestrial Biological Strategies

Forestry and farming

Large or small scale, non-point source

Storage capacity: Decades 

Time until escape: De c a d e s

First storage is cheap.

Benefits: Land restoration

Risks: Ecological abuse

Measurement of storage is daunting.

Measurement of escape is daunting.
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Early action carries low costs and low risks. The first steps involve combin-

ing already commercialized technologies in new ways. And there are willing

actors: Many fossil fuel companies currently see a competitive advantage accru-

ing from early experience. They see good will to be earned.

The goal of e a rly acti on should be to gain ex peri en ce with both carbon captu re

and carbon stora ge . Because of econ omies of s c a l e , l e a rning wi ll entail costs that

come in large increm ents – a well known and difficult ch a ll en ge to public po l i c y.

Cost savi n gs can be ach i eved via gl obal thinking abo ut wh ere inve s tm ents are be s t

don e . Devel oping co u n tries are targets for early inve s tm ents in adva n ced above -

ground infra s tru ctu re wh ere en er gy convers i on fac i l i ties and tra n s port a ti on infra-

s tru ctu re are being built from scra tch . In du s tri a l i zed co u n tries are targets for early

bel ow - ground inve s tm ents wh ere geo l ogy is espec i a lly well unders tood and lowe s t -

cost produ cti on opportu n i ties for fossil fuels have alre ady been ex h a u s ted .

Learning about capture can be made less costly by well designed subsidies

that promote the incorporation of not fully proven technological components

into new facilities and systems. Similar recommendations apply to subsidies to

learn about hydrogen production, distribution and use.

Learning about storage will require early experiments with institutions.

Moving early to develop the permitting of storage facilities should generate con-

structive debate about goals, division of responsibility, and verification.

We must not expect perfection. All of the carbon in fossil fuel entering an

individual facility cannot be captured. Nor can all the fossil fuels in the economy

be treated in facilities designed to capture carbon. Neither carbon capture nor

carbon storage can be achieved without using more energy than would be

required if these activities were not attempted. Thus, the quantities of carbon

reaching the atmosphere will still be large.

The consequences of learning are unpredictable. In particular, we may learn

that we are underestimating the cost of avoiding carbon emissions, by every

option, because we discover a less costly way to provide some product or service

with CO2 emissions. We may also discover some aspect of fossil carbon seques-

tration,in particular, that creates costs that reduce its appeal.
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As a carbon management strategy, fossil-carbon sequestration is in competi-

tion with the substitution of renewable energy for fossil fuels and with the sub-

stitution of nuclear energy (fission and fusion) for fossil fuels. At this time, one

can only guess how the three strategies will compete. My guess is that for the next

hundred years all three will co-exist, each of them contributing substantially to

carbon management. The so oner we come to grips with the costs and risks of

fossil-carbon sequestration,the sooner we will be able to place this strategy prop-

erly in the portfolio of options for addressing the Greenhouse problem.


