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Acronyms
ACPI Acce lera ted C lima te Pred iction Initia tive
AEEI Autonomous Energy Efficiency Index

AG H G anthropogenic greenhouse gases
ASC I Acce lera ted Stra teg ic C omputing Initia tive
BaU Business-as-Usua l (often refers to IPC C scenario IS92a)
BWR Bo iling Wa ter Reactor (nuclear)
C DM C lean Deve lopment Mechanism
C O M cost of m itiga tion
C O P C onference of the Parties (FC C C)
D O E U. S. Department of Energy
D OT U. S. Department of Transporta tion

EIA Energy Informa tion Adm inistra tion
ELWR Evo lutionary Light Wa ter Reactor (nuclear)

EPRI Electric Power Research Institute
FC C C Framework C onvention on C lima te Change

G CR gas-coo led reactor (nuclear)
G DP gross domestic product
GE O geosta tionary Earth orb it
G H G greenhouse gas
HRST highly-reusab le space transporta tion

HVAC hea ting, ventila tion and coo ling
IACS Integra ted Actinide C onversion System

ICF Inertia l C onfinement Fusion
IC AM Integra ted C lima te Assessment Mode l

IFE Inertia l Fusion Energy
IPC C Intergovernmenta l Pane l on C lima te Change
IIASA Interna tiona l Institute for App lied Systems Ana lysis

ITER Interna tiona l Thermonuclear Experimenta l Reactor
LD C less deve loped countries
LE O low Earth orb it
LLFP long-lived fission products
LLNL Lawrence Livermore N a tiona l Labora tory
LMR Liquid Meta l (coo led) Reactor (nuclear)
LWR Light Wa ter Reactor (nuclear)
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MFE Magnetic Fusion Energy
MRSS Monitored Retrievab le Surface Storage (of nuclear waste)

NAS N a tiona l Academy of Sciences
N C AR N a tiona l C enter for Atmospheric Research

NE nuclear energy
NEA Nuclear Energy Agency
NPP net primary productivity
NPP nuclear power p lant

O EC D O rganiza tion for Econom ic C oopera tion Deve lopment
O &M opera tion and ma intenance
O PS opera tions per second
OTA O ffice of Techno logy Assessment

PIE price induced efficiency
PN GV Partnership for a New G enera tion of Vehicles

PPP purchasing power parity
PV photovo lta ic

PHWR Pressurized Heavy-Wa ter Reactor
P O P Para lle l O cean Program
PWR Pressurized Wa ter Reactor (nuclear)

RBC C rocket-based comb ined cycle
RD&D research, deve lopment and dep loyment

RE renewab le energy
RLV reusab le launch vehicle
RTR Radkowsky Thorium Reactor

SC NES Se lf- C onsistent Nuclear Energy Systems
SF science fiction

SST sea surface tempera ture
SSTO sing le-stage-to-orb it

TMI Three Mile Island
WEC World Energy C ouncil

Chemical Symbols
B boron
C carbon

C a ca lcium
C O 2 carbon d ioxide

D or 2H deuterium
H hydrogen

H2S O 4 sulfuric acid
He he lium

Li lithium
Mg magnesium

N nitrogen
N 2 mo lecular nitrogen

N H3 ammonia
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N 2 O nitrous oxide
N O nitric oxide

N O 2 nitrogen d ioxide
N O 3 nitra te rad ica l
N O X nitrogen oxides (N O  +  N O 2)

O oxygen
Pu p lutonium

S sulfur
Si silicon

Th thorium
T or 3H tritium

U uranium

Unit Abbreviations
BTU British Therma l Unit

EJ Exa joules
eV e lectron vo lts

g gram
G t C g iga tonnes of carbon
G W g igawa tt

G We g igawa tts e lectric energy
G Wt g igawa tts therma l energy

ha hectare
kW kilowa tt

kWh kilowa tt hour
mo l mo le

MMTC m illion metric tonnes carbon
Mtonne m illion metric tonnes

ppm parts per m illion
ppmv parts per m illion by vo lume
Q uad quadrillion BTU

TW terawa tts
W wa tts

We wa tts e lectric energy
Wh wa tt hour

Wm-2 wa tts per square meter
Wt wa tts therma l energy

Symbol Prefix Power
E exa 1018

P peta 1015

T tera 1012

G g iga 109

M mega 106

k kilo 103

m m illi 10-3
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Chair ’s Essay:
Technologies for a Greenhouse Planet
By Martin Hoffert

It ’s easy to forg ive Roger Reve lle and H ans Suess for not rea lizing forty years ago when they
whimsica lly dubbed the then-hypothetica l fossil fue l greenhouse a “grand geophysica l ex-
periment ” tha t this particular genie m ight not be so easily put back in the bottle (Reve lle and
Suess, 1957).  Now, as the century and m illennium draw to a close , there is little reason for
governments whose negotia tors recently met in Buenos A ires to imp lement reductions in
greenhouse gas em issions as agreed to a t Kyoto last December to ignore re levant research.
We know a lot more .

Figure 1
The N orthern Hem isphere has been warmer in the 20 th century than in any other century of the last
thousand years, accord ing to this reconstruction of the hem ispheric tempera ture record by scientists a t
the University of Massachusetts and the University of Arizona . The sharp upward jump of the last 100
years was recorded by thermometers a t and near the Earth’s surface . Earlier fluctua tions were recon-
structed from “proxy” evidence of clima tic change conta ined in tree rings, lake and ocean sed iments,
ancient ice , and cora l reefs (Mann et a l. , 1999 and Stevens, 1999).

The Intergovernmenta l Pane l on C lima te Change find ing tha t the ba lance of evidence sug-
gests tha t there is a lready a d iscernib le human impact on g loba l clima te (Santer et. a l. ,
1996) is buttressed by recent stud ies: O ne showed tha t sa te llite measurements which first
appeared to contrad ict surface tempera ture warm ing were inadvertently d istorted by the
sa te llites’ orb ita l decay; and tha t when corrected for this effect both records agreed within
the ir measurement accuracy (Wentz and M . Schabe l, 1998).  Another study by a team of
pa leoclima to log ists reconstructed Northern Hem isphere tempera ture over the past m illen-
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The clima te issue
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politicize too early
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policy options.

nia (Mann et a l. , 1998).  The ir results ind ica te tha t the tempera ture rise of the past century is
significantly larger than expected from na tura l clima te variab ility (Figure 1).

In princip le , one can never conclusive ly “prove” a  scientific theory.  There are still geo log ists
who don’t accept p la te tectonics, and immuno log ists who don’t be lieve the HIV virus causes
AIDS.  Incorrect theories are e lim ina ted when they fa il emp irica l tests.  Those left stand ing,
like the greenhouse gas theory of g loba l warm ing, are accepted until they are “ fa lsified” by
da ta or a better theory comes a long (Popper, 1969).

There is a t this po int in time a huge amount of da ta consistent with the C O 2 greenhouse
warming hypothesis first advanced by Svante Arrhenius over a hundred years ago (Arrhenius,
1896).  A lthough we recognize other anthropogenic greenhouse gases, C O 2 from fossil fue l
burning is the ma jor p layer.  It produces most of the rad ia tive forcing, and it has the longest
lifetime of any greenhouse gas.  Some fossil fue l C O 2 will rema in in the a tmosphere longer
than Homo sap iens has been on Earth — wha t Wa llace Broecker ca lled “man’s unseen
artifact.”  “ G loba l warm ing theory” as presently construed is deep ly connected to our under-
stand ing of how the a tmosphere and clima te work.  It continues to pass risky tests; and
confidence is build ing to the po int where we should think seriously about m itiga tion.  There
are voca l critics of the fossil fue l greenhouse theory.  But in my op inion they are fighting a
rearguard action.  You can’t foo l Mother N a ture .

C lima te change m itiga tion is another ma tter.  It gets “po litica l” fast.  In the U. S. C ongress,
“g loba l warm ing” is seen primarily as a  po litica l issue , perhaps because of the early en-
dorsement of the theory by Vice President A l G ore , in his book, Earth in the Ba lance .  There
are a t this po int sufficient “nay” votes in the Sena te to b lock ra tifica tion of the Kyoto Protoco l.
Some have characterized g loba l warm ing as “ libera l clap trap” designed to transfer U. S.
taxpayers’ do llars to the deve lop ing world .  Indeed , authors of IPC C chapters have been
a ttacked in the press for suggesting tha t a  d iscernib le effect on g loba l clima te has a lready
occurred .

There is a  danger in launching into ideo log ica l arguments before we understand green-
house gas stab iliza tion.  Yet such arguments are a ma instay of po litica l deba te about g loba l
warm ing.  These ideo log ica l arguments are about some of the most important and va lue-
laden trade-offs of the next century: about the ro les of governments versus industry, about
em ission cuts by deve lop ing versus deve loped na tions, about energy conserva tion versus
energy supp ly, about econom ic growth versus preserva tion of ecosystems versus popula tion
contro l.  But the clima te issue is too important to po liticize too early because this can prema-
ture ly lim it the range of po licy options.

Ed itoria lly, The New York Times stressed the importance of early imp lementa tion and em is-
sions trad ing within the framework of the Kyoto Protoco l which comm its the industria lized
world to an average 5% reduction in greenhouse em issions be low 1990 leve ls between
2008 and 2012 (Remember G loba l Warm ing? Nov. 11 , 1998).  These are po litica lly amb i-
tious and psycho log ica lly important targets even though scientists fam iliar with the prob lem
know tha t a tmospheric C O 2 leve ls will continue to rise a lmost as much under the Kyoto
Protoco l as in “ business as usua l.”
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Figure 2
Twenty-first century carbon-emission-free primary power required to achieve
the economic goals of the IPCC Business as Usual scenario
(IS92a: N o em ission contro ls, but a  1% per year improvement in the efficiency of crea ting G DP from
primary energy).  A lso shown are the increasing carbon-em ission-free power requirements if a tmo-
spheric C O 2 is stab ilized a t 750 , 650 , 550 , 450 or 350 ppmv C O 2 accord ing to the W ig ley-Riche ls-
Edmonds concentra tion pa ths (Hoffert et a l. , 1998).

In a paper tha t co lleagues and I pub lished last O ctober in N a ture we found tha t stab ilizing
a tmospheric carbon d ioxide will require a massive transition in the next century away from
our predom inantly fossil fue l system to some as yet undeterm ined source of primary power
(Hoffert et a l. , 1998).  To stab ilize with continued econom ic growth a t twice the pre industria l
C O 2 concentra tion — an oft-cited target but still high enough to cause significant clima te
change — we will, by the year 2050 , have to provide 100-300% of today’s g loba l power
from carbon-em ission-free sources (Figure 2).  The imp lied transition in the world energy
system to non- C O 2 em itting sources of this magnitude fifty years hence is m ind-bogg ling.
To put this in perspective , consider tha t Enrico Ferm i’s “ a tom ic p ile ,” the first nuclear reactor
in 1943 , is more d istant in the past than the year 2050 is in the future .  And nuclear power
still provides less than 5% of the g loba l energy supp ly.

O n the positive side , a  response to the cha llenge of g loba l clima te change through the
deve lopment of carbon-free energy techno log ies — renewab les, space so lar power and
fusion, and even fission (if prob lems of rad ioactive waste d isposa l, weapons pro lifera tion,
pub lic perception of risk, and inadequa te supp lies of uranium-235 can be overcome) —
could stimula te techno log ica l innova tion and entire ly new industries of the twenty-first cen-
tury, as World War II and the C o ld War d id in the twentieth century.

We sought, in this AG C I Workshop , to address the quantita tive cha llenge of carbon-em is-
sion-free power while a ttempting to lim it preconceptions.  O ur impression was tha t the
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range of options presently under considera tion for clima te change m itiga tion was too lim-
ited .  At this po int, the most advanced concept active ly be ing investiga ted by the Department
of Energy under its C arbon Management Program is C O 2 capture and sequestra tion, with
continued primary dependence on gas, o il and increasing ly coa l we ll into the twenty-first
century (Parson and Ke ith, 1998).  This is a  prom ising techno logy and was considered seri-
ously a t our Workshop .  But there are other options.

Perhaps the most immed ia te response to the need for carbon em ission reductions is to
increase the efficiency of energy end use — an approach associa ted since the energy crisis
of the 1970s with Amory Lovins and his Rocky Mounta in Institute (Lovins, 1977).  Indeed , the
presenta tion by Lovins a t our Workshop can be construed as the demand reduction end of
an innova tive techno logy spectrum in which innova tive energy supp lies from extra terrestria l
sources formed the other end .  In between , a  series of innova tive renewab le , fission and
fusion ideas, as we ll as geoeng ineering schemes were presented , and sub jected to live ly
deba te a t our Workshop .

The very definition of “geoeng ineering,” which invo lves some of the most futuristic techno lo-
g ies (Ke ith, in press; Te ller et a l. , 1997), is controversia l, and underscores the comp lex
socio-po litica l-technica l interactions one encounters in m itiga tion stud ies.  Some argued a t
our Workshop tha t the term “geoeng ineering” should be app lied only to compensa tory g lo-
ba l-sca le changes in the Earth’s rad ia tion ba lance (from space m irrors or artificia l aeroso l
layers) and perhaps changes in the carbon cycle from fertiliza tion of the oceans, but tha t
capture and sequestra tion of C O 2 by buria l in dep leted na tura l gas reservo irs or the deep
ocean should be ca lled something e lse .  It needs its own ca tegory like “ C arbon Manage-
ment,” because of pe jora tive overtones of “geoeng ineering” as destructive of na tura l eco-
systems.

Tha t may be; but based on estima tes of carbon-em ission-free power needed by the year
2025 shown in Figure 2 , I computed huge ra tes of carbon sequestra tion to subterranean
reservo irs needed (Tab le 1).  These numbers are a lim iting case , because they assume a ll
carbon-em ission-free primary power required comes from fossil fue l energy.  A carbon
em ission factor of 0 .56 G t C /TW is assumed for the primary energy part which increases for
capture and buria l.  The factors f =  1 .5 and 4 .5 are lower and upper bound estima tes of
add itiona l carbon per unit of primary power to separa te , compress and sequester the C O 2.

Table 1
Carbon Sequestration Rates by 2025 to Achieve Various Atmospheric CO2
Stabilization Targets For Each Emission Factor

Burial Rate [GtC /yr]
Scenario f =  1.5 f =  4.0

Stab ilize @  C O 2 =  350 ppm 11 .6 30 .9

Stab ilize @  C O 2 =  450 ppm  8 .9 23 .7

Stab ilize @  C O 2 =  550 ppm 6 .1 16 .4

Business as Usua l C O 2 (IPC C IS92a) 4 .9 13 .0
(C O 2 continues to rise)
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O n the positive side , carbon d ioxide is a lready pumped into dep leted o il and gas reservo irs
for secondary recovery of hydrocarbon fue ls — a  factor tend ing toward near-term adoption.
O ne can make hydrogen , an energy carrier suited for use as motor vehicle fue l whose
combustion doesn’t em it C O 2 to the a tmosphere , from fossil fue ls, if one is willing to pay the
price of more tota l carbon em itted and entombed in subsurface sarcophag i.  C O 2 capture
and sequestra tion would leave in p lace , and even expand , the infrastructure of fossil fue l as
a primary energy source; which may be why it is under active considera tion by some o il
companies as a  fa llback if em ission contro ls are imposed .

But can we guarantee the integrity (non-leakage) of massive amounts of subsurface C O 2?
For how long?  And can we ma inta in such buria l cost-effective ly as fossil fue l use reverts
from gas and o il back to coa l?  Granted the techno log ica l read iness of C arbon Manage-
ment, it is m ind-bogg ling to imag ine stuffing six to sixteen g iga tonnes of carbon per year
into deep reservo irs less than thirty years from now to stab ilize a tmospheric C O 2 a t 550 ppm
(Tab le 1).  Six g iga tonnes of carbon per year is humankind’s present tota l em ission ra te of
carbon in the form of carbon d ioxide .

In fa irness, it is a  massive cha llenge to any carbon-free energy techno logy to supp ly the
amounts of primary power needed by 2050 .  At our Workshop , we considered a broad
range of g loba l primary power sources: fossil fue ls (coa l, o il and gas), fission, renewab les
(hydro , wind , geotherma l, terrestria l so lar, tides, b iomass, and ocean therma l), fusion (D /T
and D / 3He fue l cycles) and space power includ ing low earth orb its (LE O ), geo-sta tionary
orb its (GE O ) and lunar-based power systems.  For each source , we endeavored to estima te
maximum energy inventory, time to dep lete , maximum useful power, lim iting factors, and
key research issues.  This ana lysis, which builds on p ioneering work by D avid Criswe ll (1998 ,
see Append ix B), should be regarded as very pre lim inary.  But it ind ica tes the kind of cross-
cutting research issues invo lved in g loba l energy systems.  These are not only technica l but
invo lve the evo lution of socia l and econom ic infrastructures tha t support a  g iven techno logy.

A centra l question is whether the U. S. and world energy systems are driven by autonomous
technica l forces; or whether they evo lved from cultura l preferences and cho ices of ind ividu-
a ls comb ined with pa th-dependent constra ints imposed by infrastructures and institutions
crea ted in earlier eras (Morgan , 1998).  To get some insight into how a massive transition to
non-fossil-fue l energy in the twenty-first century m ight work, it is instructive to review how we
acquired certa in critica l techno log ies this last hundred years.

AC versus DC
There are often p itfa lls in a ttempting to pro ject the future .  In 1893 , the World’s Fa ir in
Chicago banned coa l as an energy source and d isp layed many windm ills.  C oa l was gradu-
a lly rep laced by o il and la ter by gas, while wind power today fights for a few percent of the
energy market share .

At the time of this World’s Fa ir, e lectric power was new and mysterious and a “ ba ttle of the
currents” was underway over wh ich opera ting system would preva il for its transm ission.
Westinghouse emp loyed N iko la Tesla’s a lterna ting current system (AC).  This was much
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ma ligned by Thomas Ed ison, whose competing d irect current (D C) was the ma instay of his
G enera l Electric C orpora tion’s transm ission system .

In a pub lic re la tions coup , Westinghouse underb id G enera l Electric on the illum ina tion con-
tract for the 1893 Fa ir (Cheney, 1981): “The Tower of Light flashed into brilliance with a
thousand e lectric bulbs rad ia ting the prom ise of a  brighter future .  . . .  Everywhere the pulse
of the future throbbed: a lterna ting current.”  Due to its technica l superiority, a lterna ting
current d id become the standard opera ting system for e lectric power transm ission in most
parts of the world (Ausube l and Marchetti, 1997).  A lterna ting current is read ily stepped-up
by transformers to high vo ltages for low-loss transm ission to d istant po ints.  This eventua lly
led G enera l Electric to adopt AC  desp ite its “not invented here” re luctance to do so .  And
Westinghouse and GE are both around today, a  century la ter, having adapted to chang ing
markets as we ll as technica l rea lities.

There are other examp les where technica l superiority leads to a clear market victory, but
only if an infrastructure is in p lace to support it.  It made no sense to deve lop word proces-
sors, spreadsheets, graphics programs, E-ma il and the Internet until the persona l computer
was we ll estab lished .  This required the deve lopment of transistors, integra ted circuits, and
computer chips, as we ll as software and “opera ting systems.”

The commercia l conflict between AC  and D C e lectricity transm ission systems a  hundred
years back is rem iniscent of the more recent ba ttle between Microsoft ’s D isk O pera ting
System (D O S) and more intuitive graphica l interfaces based on a “mouse”  deve loped by a
Xerox research lab in Silicon Va lley and commercia lized by Apple Computer (Cringely, 1993).
The advantage of learning a computer opera ting system ( O S) compa tib le with the eye-
bra in-hand coord ina tion of humans as opposed to typ ing memorized commands is obvious
to anyone fam iliar with both systems.

App le he ld a brief monopo ly on its graphica l interface O S, but was unwilling to license it to
other computer makers.  Microsoft saw its customer base as a ll computer manufacturers.
O nce it ’s reverse-eng ineered copy of App le’s O S functiona lity was declared lega l (not in-
fring ing on App le’s pa tents), the door was open for Microsoft to cla im the lion’s share of the
O S market.  The success of “ W indows,” Microsoft ’s present near-monopo ly on opera ting
systems, and its prob lems with the U. S. Justice Department on tha t score , are history — a
history a ll about infrastructure .

But computers as we know them today could not exist without so lid sta te “computer chips” —
a transforma tive techno logy emerg ing from wartime research, whose significance and im-
pact were who lly unapprecia ted a t the time .  Just before Christmas in 1947 a team of
scientists a t Be ll Labora tories in Murray H ill, New Jersey, crea ted the first transistor.  Ne ither
they nor anyone e lse knew where it would go .  When the invention was unve iled pub licly in
1948 , it rece ived scant a ttention.

A ha lf-century la ter transistors have shrunk drama tica lly in size and cost.  The runaway
growth of integra ted circuits composed of huge numbers of transistors, co lloquia lly ca lled
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“chips,” has crea ted a new industry and transformed society.  In 1965 , in the early days of
this industry, G ordon Moore of the Inte l C orpora tion rea lized tha t each new chip conta ined
roughly twice the capacity of its predecessor, and tha t each chip was re leased within 18-24
months of the previous chip .  If this trend continued , he reasoned , computing power would
rise exponentia lly over re la tive ly brief periods of time .  Moore’s observa tion, now known as
Moore’s Law, described a trend which has continued and is still remarkab ly accura te (Figure
3).

Figure 3
Moore’s Law.  In 1965 , Inte l co-founder G ordon Moore pred icted transistor density on m i-

croprocessors would doub le every two years.  This pred iction , so far, has proven amazing ly accura te .  If
it continues, Inte l processors should conta in 50 to 100 m illion transistors by the turn of the century and
execute 2 b illion instructions per second (2000 MIPS).

This techno log ica l breakthrough was imp licit in our understand ing of so lid sta te physics
emerg ing from WW II research in radar and e lectronics.  But it took susta ined R&D during
the C o ld War and the Space Race with the Former Soviet Union, as we ll as industria l re-
search under very unique cond itions, to rea lize it.

The invention of the transistor a t Be ll Labs, and the computer chip and software industries of
“Silicon Va lley,” are oft-cited examp les of how the priva te sector can transform abstract
research concepts into marketab le products — perhaps a  prototype for the deve lopment of
carbon-em ission-free energy industries to stab ilize a tmospheric C O 2.  Michae l Riordan ,
who has stud ied the history of Silicon Va lley industries, thinks otherwise (Riordan , 1997):

. . . postwar Be ll Labs was a  unique institution tha t would be very d ifficult — if not impossib le
— to rep lica te today.  . . . it concentra ted the inte llectua l energ ies of ha lf a  dozen eventua l
N obe l laurea tes under the roof of a  sing le industria l labora tory in N ew Jersey.  However, its
parent firm , AT&T, was in a very specia l situa tion: It he ld a monopo ly on te lephone service
throughout the United Sta tes.  Therefore every time anyone p laced a long-d istance phone
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ca ll, she was in effect paying a basic research and deve lopment tax to support ongo ing pro jects a t the
Labs.

AT&T has, of course , been broken up as a  monopo ly; though a very d ifferent “Be ll Labs”
lives on as Lucent Techno log ies.  In today’s highly competitive business clima te , companies
cannot a fford to support research tha t will not produce a profit in 3 to 5 years.  The contrast
between the present situa tion and postwar Be ll Labs is sardonica lly observed by Riordan: “In
today’s R&D environment, physicists a t research universities and na tiona l labora tories con-
tinue to pursue imag ined superstrings and leptoquarks tha t have no conce ivab le practica l
app lica tions; meanwhile eng ineers a t sem iconductor labs focus on ways to etch ever finer
fea tures on silicon.”

There is a  hopeful message in Moore’s Law.  It is the message g leaned from the exp losive
deve lopment of nuclear power, rocketry and radar in WW II: If the possib ility for a transfor-
ma tive techno logy exists in the underlying science , and if the motiva tion to succeed is strong,
then vigorous and susta ined investment of cap ita l and inte llectua l resources can produce
near-m iracles.  More often than not, market forces a lone have been insufficient motiva ting
factors in this century.

Another critica l, and cultura lly-nurtured ingred ient for innova tion is scientific imag ina tion
(C larke , 1982; Dyson, 1996).  Arthur C . C larke observed tha t “ any sufficiently advanced
techno logy is ind istinguishab le from mag ic.”  Rad ica l, transforma tive techno log ies typ ica lly
appear “ impossib le” when proposed , and obvious and inevitab le once in p lace .  To see
things in a d ifferent way from those before you is a  rare , but necessary, qua lity in an innova-
tor.  G etting there from here takes courage and determ ina tion in add ition to inte llect, and is
often driven by an underlying vision tha t transcends ra tiona lity.  Einste in, among others,
understood the power of  intuitive leaps — which must, of course , be fo llowed by “persp ira-
tion.”  But when the vision fa ils, expect no m iracles.

Regard ing “vision,” there is substantia l evidence tha t wha t is ca lled “hard” science fiction
(SF), stories and nove ls exp loring interactions between rea l science and techno logy and
sentient be ings — not a lways human — stimula ted the imag ina tion of crea tive scientists and
eng ineers in this century, often in the ir younger years, in ways which changed the rea l world
(D isch, 1998).  By m id-century, many of the best SF writers, Robert He inle in, Isa ac Asimov
and Arthur C . C larke , for examp le , were themse lves tra ined scientists or eng ineers, express-
ing the ir visions in literary terms.  The hard SF trad ition was represented a t our Workshop by
physicist G regory Benford , whose critica lly accla imed Timescape is considered by many the
best nove l in any genre about working scientists.

Since the beg inning, there was a  symb iotic re la tionship between SF and spaceflight.  Here is
a letter written in 1932 by American rocket p ioneer Robert G oddard to H. G . We lls con-
gra tula ting the nove list on one of his last b irthdays (Lehman , 1988):

In 1898 when I read your War of the Worlds, I was sixteen years o ld , and the new viewpo ints
of scientific app lica tions, as we ll as the compe lling rea lism . . . made a deep impression .  The

If the possibility for

a transforma tive

technology exists in

the underlying

science, and if the

motiva tion to

succeed is strong,

then vigorous and

susta ined investment

of capita l and

intellectua l resources

can produce

near-miracles.



S E S S  I  O  N  1

A  S P  E  N    G  L O  B A  L   C  H  A N  G  E   I  N  S T I  T U  T  E

Element s o f Change 19 982 2

spe ll was comp lete about a  year a fterward , and I decided tha t wha t m ight conserva tive ly be ca lled
‘high a ltitude research , ’ was the most fascina ting prob lem in existence . . .

How many years I sha ll be ab le to work on the prob lem , I do not know; I hope , as long as I
live .  There can be no thought of finishing, for ‘ a im ing a t the stars, ’ both litera lly and figura-
tive ly, is a  prob lem to occupy genera tions, so tha t no ma tter how much progress one makes,
there is a lways the thrill of just beg inning . . .

Wha t I find most insp iring is your optim ism .  It is the best antidote I know for the depression
tha t comes a t times when one contemp la tes the remarkab le capacity for bung ling of man
and na ture . . .

While there were other important p ioneers, it is rocket eng ineer Wernher von Braun who is
most identified today with the deve lopment of space launch vehicles.  An early spaceflight
enthusiast and science fiction fan, von Braun ca tapulted to prom inence while still a  young
man d irecting the deve lopment of the V2 rocket for the N azis.  He eventua lly led the Sa turn
Booster deve lopment team tha t brought American astronauts to the Moon .

Like spaceflight, the possib ilities of nuclear power were exp lored early in SF.  Research by
H ann and Strassman in Berlin pub lished interna tiona lly in 1939 showed tha t the nucleus of
uranium-235 will fission on absorb ing a neutron and produce still more neutrons in a series
of ferociously exotherm ic nuclear reactions.  As early as September 1940 , Robert He inle in
pub lished in the U. S. science fiction pulp magazine Astound ing, ed ited by the legendary
John W. C ampbe ll, Jr. , the story “Blowups H appen” — a  fictiona l account of a  nuclear power
p lant accident eerily prefiguring rea l accidents a t Three Mile Island and Chernobyl many
decades la ter.

Nuclear weapons too appeared first in SF.  C leve C artm ill’s “Dead line ,” pub lished in the
March 1944 Astound ing anticipa ted the highly exp losive cha in reaction in a critica l mass of
235U.  The story brought m ilitary inte lligence agents to author and ed itor inquiring who in the
top-secret Manha ttan pro ject had been ta lking.  But there was no esp ionage here .  (The
Rosenbergs and Klaus Fuchs were ta lking to someone e lse [Rhodes, 1995]).  The author had
mere ly been imag ina tive ly exp loring wha t the science of nuclear physics a llowed .  He spoke
of 235U isotope separa tion and described an actua l bomb where the critica l mass is ob-
ta ined by exp losive compression of two cast-iron hem ispheres (G unn, 1975); a  b it too sma ll
— but not too far off from “Little Boy” dropped on H iroshima August 6 , 1945 by the Eno la
G ay (Serber, 1992).

From a pure ly econom ic po int of view both pro jects were “ irra tiona l” (Edgerton, 1995).  The
$2 b illion spent on the Manha ttan project ($20 b illion in 1990s dollars) produced two bombs
whose destructive effects were no grea ter than those of conventiona l, if massive , firebomb ing
a ir ra ids on Japanese cities.  Likewise , the R&D and production costs of the G erman rocket
program were about one quarter of the Manha ttan Pro ject and yet the destructive power of
a ll the V2s was no more than the equiva lent of a  sing le British bomb ing ra id .  Edgerton
argues convincing ly tha t market forces  would never have produced the V2 or the bomb .
And yet, in comb ina tion, the bomb and rocket became the intercontinenta l ba llistic m issile
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(ICBM), the key techno logy of the C o ld War.  The doctrine of Mutua lly Assured Destruction
made possib le by the ba lance of terror between U. S. and USSR nuclear-tipped m issiles
dom ina ted interna tiona l re la tions for fifty years.

These examp les drawn from recent history show the fa llacy of assum ing tha t carbon-em is-
sion-free techno logy will, or should , evo lve spontaneously from market forces a lone .

Path dependence: the case of the nuclear light water reactor
A fina l examp le illustra tes how the evo lutionary pa th of a  techno logy can be vita lly impor-
tant.  At this po int in time , the ~ 500 commercia l nuclear reactors worldwide represent five
techno logy variants — the light wa ter reactor (LWR, in both pressurized and bo iling ver-
sions); heavy wa ter (C AN DU); graphite modera ted; steam-coo led (RBMK) like Chernobyl;
gas-coo led graphite; and liquid-meta l coo led fast breeders — some 85% are 235U burners
modera ted by light wa ter (We inberg, 1992).  It has been argued by nuclear eng ineers tha t
he lium-gas-coo led reactors are inherently sa fer than wa ter-coo led ones which can experi-
ence loss-of-coo lant accidents like Three Mile Island (TMI, a  LWR) and Chernobyl (an RBMK)
(see e . g. , Te ller et a l, 1996).  So , why are 85% of present-day nuclear power p lants LWRs?

The answer seems to be tha t the first commercia l nuclear reactor was based on the LWR
deve loped by then C apta in Hyman Rickover in 1950 in the early days of the C o ld War for
the first nuclear submarine , the N autilus (Po lmar, 1963).  Rickover, who became an Adm ira l
for his work on N autilus had a we ll-deserved reputa tion as a  “can-do” eng ineer desp ite
wha t some fe lt was an abrasive persona lity.  And the LWR was “on the she lf.”  When the
Atom ic Energy C omm ission (AEC), which touted the advantages of nuclear power as “too
cheap to meter,” went looking for a p ioneering nuclear power p lant a t Shipp ingsport, Penn-
sylvania , they went to Rickover.  He proposed an LWR derived from his submarine work and
became persona lly invo lved with every aspect of the pro ject.  He was an officer in the U. S.
N avy, yet he d irected the crea tion of the first civilian nuclear power p lant.

O n December 2 , 1957 , fifteen years a fter Enrico Ferm i’s team produced the first susta ined
cha in reaction, Hyman Rickover ’s driven work force produced critica lity in the na tion’s first
reactor devoted to powering an e lectrica l genera ting p lant.  O n December 28 , the p lant
made a 100-hour run a t 60 ,000 kWe and the Duquesne Light C ompany had a nuclear
power p lant to opera te (Po lmar and A llen, 1982).

The success of wa ter-coo led nuclear reactors went uncha llenged as more p lants were built
in the U. S. and around the world until concerns about reactor sa fety in the wake of the TMI
and Chernobyl accidents ha lted the deve lopment of fission power in many parts of the
world .  As one invo lved with the decision to power the first nuclear submarine with a light
wa ter reactor, A lvin We inberg expressed astonishment tha t the LWR became the dom inant
commercia l reactor type — a  cho ice he and other nuclear eng ineers say (in retrospect) tha t
they would not have made on ra tiona l econom ic  grounds (We inberg, 1992).

D id things have to turn out this way?  C ould an earlier decision to deve lop gas-coo led
reactors have led to d ifferent deve lopment pa th in which sa fe nuclear power would be ava il-
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ab le as an a lterna tive to fossil fue ls?  We learned a t our Workshop tha t there is probab ly not
enough 235U commerc i a l ly ava i l ab le to power the world without seawa ter extra ct ion
(Krakowski, 1998) or breeder reactors (Te ller et a l. , 1996).  But tha t ’s a  d ifferent story.

Were these techno log ies imag ined a t the time of the World’s Fa ir of 1893?  Remarkab ly,
there’s a  record of wha t the best and brightest Americans a t the Fa ir thought the future
would bring (Wa lker, 1992).  The ir essays make fascina ting read ing.  Like today’s “experts,”
they exhib it extreme techno log ica l tim id ity, ignoring even the imp lica tions of inventions in
the ir own time .  They had e lectric lights, photography, interna l combustion eng ines, and the
te legraph; but none of these “experts” foresaw automob iles, a irp lanes, te lephones, rad io ,
or the movies just around the corner in the dazzling twentieth century.

What are we missing?
Desp ite a wide ly-supported U N Trea ty to lim it greenhouse gas em issions, g loba l warm ing as
a driver of econom ic growth is not an option represented very seriously thus far (Jepma and
Munasinghe , 1998; IPC C , 1996).  Most “ integra ted assessments” trea t m itiga tion as a  cost,
like a ir po llution contro l, to be addressed by carbon taxes and em issions trad ing; not as a
source of “nonlinear” revo lutionary techno logy.  These mode ls typ ica lly assume tha t tech-
no log ies of the next century will be those of today, but more cost-effective .

It is as if a  group of scientists a t the end of the nineteenth century pred icted more aerody-
nam ica lly efficient sa iling ships for ocean transporta tion, regard ing the steamship as the
outermost lim it of techno logy, and re lega ting commercia l avia tion to the nethermost reaches
of Jules Verne and H . G . We lls.  O f course , events proved Verne and We lls much nearer the
mark than the expert scientists of the day.

Superconductivity and a global grid?
Wha t recent techno log ies m ight impact in a transforma tive way our ab ility to produce car-
bon-em ission-free primary power a t a  g loba l sca le?  For one thing, I be lieve ma jor opportu-
nities exist for load-manag ing e lectrica l transm ission systems energ ized by carbon-em is-
sion-free renewab le and nuclear sources on a g loba l sca le and in rea l time , thus m inim izing
the need for storage (Hoffert and Potter, 1997).

The g loba l e lectrica l grid proposed by Buckm inster Fuller (1981) is an examp le of a  revo lu-
tionary “enab ling techno logy” (Figure 4).  Wha t Fuller envisioned was a  grid where e lectric-
ity produced in d ifferent parts of the world was “whee led” between day and night hem i-
spheres and po le-to-po le to ba lance supp ly and demand with m inimum power loss.

Renewab les (so lar, wind , geotherma l, and b iomass) have fa iled to capture significant mar-
ket share not only because of the ir low power density and the presently low cost of o il but
more fundamenta lly because renewab les are highly ep isod ic and /or spa tia lly d ispersed ,
and hence unsuited to base load power.  It was clear a t our Workshop tha t the some a t the
D O E see renewab les as a  m inor p layer sa tisfying market niches remote from conventiona l
sources.  Breakthroughs in photovo lta ic (PV) and wind turb ine costs m ight not change this
p icture .  The cost-pacer of g loba l renewab les is d istribution and storage .  G ene Berry a t our
Workshop ind ica ted how hydrogen could fill the d istribution and storage ro le in a renew-
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a b le-powered wor ld a nd descr ibed the h ardware needed (compressors,  p ipe l ines,
e lectro lyzers, and fue l ce lls).  There are advantages to hydrogen; but perhaps we should
look a t the tradeoffs between hydrogen as an energy-carrier and a so lid sta te system based
on superconducting power transm ission.

Figure 4
Prototype g loba l e lectric power grid based on ultra-high-vo ltage grid proposed by Buckm inster Fuller
before the d iscovery of high-tempera ture superconductivity.  This icosohedra l map pro jection p ioneered
by Fuller shows the size of the world’s land masses and oceans more rea listica lly than Merca tor pro jec-
tions, and emphasizes near-contact po ints where undersea connections to superconducting overland
transm ission lines could be made (Fuller, 1981).

Even if reactor sa fety could be insured by “ fa il sa fe” designs, nuclear fission as a  power
source for deve lop ing na tions is sub ject to weapons pro lifera tion using reactor fission prod-
ucts.  A Fullerian power grid could perm it nuclear e lectricity genera ted in secure loca tions to
be marketed even in po litica lly unstab le parts of the world .

Electric utility deregula tion and g loba liza tion of markets provide an econom ic environment
to buy and se ll power as a  g loba l commod ity a t a  common price .  But so far, there’s no
de livery system .  In Europe , e lectricity is whee led interna tiona lly (Ausube l and Marchetti,
1997).  But even with very high vo ltage power lines, the inherent e lectrica l resistance of
copper and a lum inum make g loba l-sca le transm ission impractica l.  C lassica l superconduc-
tors d iscovered in 1911 are for various reasons (includ ing scarcity of the ir liquid he lium
refrigerant) prohib itive ly expensive for power lines.

But times are chang ing: In 1986 G eorg Bednorz and K . A lex Müller of IBM Zurich Research
Labs d iscovered a class of perovskites (incorpora ting thin layers of copper and oxygen) tha t
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become superconducting above 77 ˚ K where nitrogen liquefies (Bednorz and Müller, 1986).
N itrogen is a  constituent of a ir and is much easier to ma inta in as liquid than he lium which
requires 4 .2 ˚ K .  W ithin months, physicists packed the New York H ilton for a conference
dubbed “The Woodstock of Physics,” to report on this phenomenon .  Now, twe lve years
la ter, The New York Times reports tha t an experimenta l N 2-coo led 100-meter-long super-
conducting cab le fabrica ted by American Superconductor of Westborough , Massachusetts,
will be tested in Detro it shortly as an e lectric power d istributing rep lacement for copper
cab le (Brown, 1998).  And tha t ’s not the only pro ject.  Southwire , of C arro lton, G eorg ia , is
participa ting in a pub lic-priva te experiment to test the viab ility of superconducting cab les in
the context of the deregula ted e lectric utility environment.

Wha t if superconducting cab le costs fo llowed a “Moore’s Law ” sim ilar to computer chips?
In this scenario , savings in power losses from resistance eventua lly tip the ba lance in favor of
superconductors, and “Fuller’s G loba l G rid” becomes cost-effective .  W ith computerized
load management, renewab le e lectricity could be whee led worldwide .  Hoffert and Potter
(1997) estima te 81% efficiency for a 10 ,000-kilometer-long N2-cooled superconducting power
line — the g loba l sca le .  (The quite acceptab le 19% power loss makes up for N 2 leakage .)
Imag ine: so lar e lectricity from the Sahara desert transm itted to sub-Saharan Africa , to China
and to Ind ia .  W ith interna tiona l competition and load management built into the grid ,
renewab les might compete favorab ly with coa l in the a ll-important developing na tions.  Wind
power from the Netherlands could help industria lize Kenya and Uganda; and Austra lian nuclear
power could be marketed safely to Iraq and North Korea — to cite a few possibilities.

Doing it in space
O ther innova tive perspectives of our Workshop were space power, and the eventua l emp loy-
ment of space resources for econom ic growth (Lewis, 1996).  In the long run, expansion of
the human experiment to space may be the only way to reso lve the conflict between ever-
increasing econom ic growth and a susta inab le environment on p lanet Earth (Myers, and
Simon, 1994; Arrow et a l. , 1995).  G regory Benford , D avid Criswe ll and John Lewis a ll
spoke to this issue in the ir own ways.  In add ition, Peter G laser, inventor of the geosta tionary
orb it so lar power sa te llite stud ied as the NASA/ D O E SPS reference system of the 1970s,
addressed us via conference ca ll.  My ideas about techno logy evo lution pa ths for space
power based on conste lla tions of communica tions sa te llites are d iscussed e lsewhere in this
vo lume (see page 76) and in Hoffert and Potter (1998).

The cost-pacer of a ll these techno log ies is access to space — right now, the cost to launch
payloads to Low Earth O rb it (LE O ).  Remarkab ly, the energy to put a  kilogram in LE O  is
about the same as flying tha t same kilogram from New York to Los Ange les on a commercia l
a irliner; and yet the cost to orb it is thousands of times grea ter, ~ $20 ,000 /kg for the Space
Shuttle .  The reasons are tha t expensive parts of the vehicle are thrown away with each
launch, tha t an army of scientists and eng ineers is needed for prepara tion and checkout,
and tha t the time the vehicle is in orb it is sma ll compared with prepara tion for orb it.  More-
over, the oxid izer is carried by a pure rocket as it flies through an ocean of a ir — likened by
some to a fish carrying a canteen of wa ter as is swims in the sea .  In the Shuttle , the mass of
on-board oxid izer ( O 2) is e ight times the fue l (H2).  Desp ite this motiva tion, build ing a work-
ab le hybrid a ir-brea thing/rocket eng ine hasn’t been easy.
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As the cost of ma ture transporta tion techno log ies is typ ica lly two to four times the fue l (en-
ergy) costs, one expects substantia l cost reductions as demand for launch services increases.
A possib le rep l a cemen t for the Sp a ce Shu tt le under deve lopmen t now for N ASA by
LockheedMartin Skunk Works of Pa lmda le , C a lifornia , is the Venture Star, an arrowhead-
shaped sing le-stage-to-orb it (SSTO ) vehicle tha t take off and lands sim ilarly to the Shuttle ,
but is a  fully reusab le launch vehicle (RLV).  This is a  cha llenge to composite structure tech-
no logy because the rocket equa tion manda tes tha t 90% of the mass of an SSTO  using
standard chem ica l prope llants and oxid izers is the fue l /oxid izer m ix, with only 10% a llowed
for both structure and payload .

Recently, G ordon Woodcock of Boe ing ana lyzed launch costs to LE O  of four vehicle classes
(Woodcock, 1998).  In add ition to existing Shuttles and Venture Star class RLVs, he consid-
ered highly-reusab le space transporta tion (HRST) systems with rap id turnaround and a irline
type opera tions; and advanced rocket-based comb ined cycle (RBC C) vehicles emp loying
a ir-brea thing propulsion part way to orb it — perhaps the most cha lleng ing techno logy.
Woodcock finds an impressive potentia l to bring launch costs per kilogram down from
$20 ,000 for Shuttles to $4 ,000 for RLVs to $800 for HRSTs to $46 for RBC Cs.  W ith sufficient
motiva tion to put things in space there is amp le opportunity here as we ll for a Moore’s law
reduction in space access costs.  Some argue even more cost-effective space deve lopment is
possib le if one builds on the Moon (Criswe ll, 1998) or launches components fabrica ted on
the Moon to Earth orb it.

A scenario where cheaper launches lead to cost-effective space power in the next century is
not only an academ ic possib ility but builds on deve lopments taking p lace now.  Space re-
search is a lready be ing priva tized by companies like Space Dev which may soon rep lace
NASA for m issions like astero id exp lora tion (Landesman, 1998).  Entrepreneurs are a lso
working on innova tive ideas for launch vehicles independently of NASA to service the mar-
ket crea ted by the new genera tion of communica tion sa te llites (Petit, 1998).  These ideas
include towing a spacep lane part way to orb it (Ke lly Space and Techno logy), rota ting fue l
pumps and autorota tive vehicle recovery (Rotary Rocket), a irline-type opera tion (Universa l
Space lines), and aeria l refue ling of a  spacep lane (Pioneer Astronautics).

In add ition to beam ing so lar power co llected in orb it or on the Moon to rectifying antennas
(rectennas) on Earth for subsequent d istribution to deve lop ing na tions as an a lterna tive to
fossil fue ls, the space power scenario includes the possib le co llection of fue ls for innova tive
thermonuclear fusion cycles from the lunar rego lith (the layer of so il and loose rock overlay-
ing so lid rock) or the a tmospheres of the outer p lanets (Lewis, 1996).

Nuclear Fusion
Until a  few years ago , the best hope for contro lled fusion as a  power source was the Interna-
tiona l Thermonuclear Experimenta l Reactor (ITER) — a ten b illion dollar bage l-shaped cham-
ber ca lled a “Tokamak,” in which a deuterium-tritium p lasma hea ted to 100 m illion ˚ K is
confined by powerful magnetic fie lds long enough to output as least as much fusion energy
(in the form of energetic neutrons) as the energy input to hea t the p lasma (Fowler, 1997).
The ITER wouldn’t actua lly produce e lectric power, but was supposed to be a “proof of
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concept ” experiment financed by an interna tiona l consortium .  It had to be physica lly large ,
and thus expensive , to prevent p lasma instab ilities and turbulence associa ted with the mag-
netic confinement scheme .

But the perception deve loped tha t ITER faced insurmountab le eng ineering prob lems; and
e lectric utilities argued tha t rad ioactive reactor wa lls crea ted by the neutron flux hea ting a
surround ing lithium b lanket (from which tritium was bred and hea t transferred to steam
turb ines) would not be environmenta lly acceptab le in opera tiona l power p lants (Parkins et
a l. , 1997).

Today, a fter 40 years of fusion research, ITER is apparently dead .  As reported to our Work-
shop by John Perkins, researchers are emphasizing sma ller, less cap ita l-risky, and more
environmenta lly acceptab le machines (Perkins, 1997; Lawler and G lanz, 1998).  Fusion
power turned out to be much more d ifficult to deve lop than orig ina lly thought when H-
bombs were first detona ted in the 1950s.  Deuterium and tritium emp loyed in these weap-
ons were considered as first-genera tion fue ls because they burn most easily.  Desp ite the
more d ifficult job of igniting them , for environmenta l reasons there is renewed interest in
“ advanced” fusion fue ls whose neutron production ra tes are very low, even zero — a  ma jor
cycle of interest be ing deuterium/he lium-3 (Kulcinski and Santarius, 1998).

Resources from space
There is little he lium on Earth because it ’s a  light a tom , easily lost to space by gravita tiona l
escape , and very little of the he lium-3 isotope .  But 3He exists in the so lar wind and is
adsorbed by the lunar rego lith in amounts which are potentia lly econom ica lly recoverab le .
The energy per un it mass is so high tha t if deuterium/he lium-3 fusion p lants existed it m ight
be cost-effective today to m ine he lium-3 on the Moon , even with exorb itantly high space
access costs — though John Lewis be lieves co llecting 3He from the a tmospheres of outer
p lanets will be more productive .

However rad ica l and “ far out ” these ideas m ight seem , they are based on rea l physics, and
have a lready been exp lored by some contemporary hard SF writers.  Perhaps we should pay
a ttention.  In his “ Near Space” stories set in the twenty-first century, A llen Stee le deve loped a
future history upda ted from Robert He inle in’s which includes severa l themes of our A G C I
Workshop (Stee le , 1998): “W ith the beg inning of the G o lden Age of space exp lora tion —
the build ing of the powersa t system , the co loniza tion of the Moon , and the estab lishment of
the first bases on Mars — Jup iter began to look ne ither so d istant nor so form idab le .  The
ma jor techno log ica l breakthrough which made Jup iter reachab le was made in 2028 by a
jo in R&D pro ject by Russian and American physicists a t the Kurchtov Institute of Atom ic
Energy and the Lawrence Livermore N a tiona l Labora tory; the deve lopment of the gas-core
nuclear eng ine . . .”

Here is A llen Stee le exp lica ting the he lium-3 m ining of outer p lanet a tmospheres as a  fusion
fue l in his fictiona l future history: “It had been known for a lmost a  century tha t Jup iter ’s
upper a tmosphere was rich in he lium-3 .  In fact, not only was the isotope more abundant
than on the Moon , but since it was not mo lecularly bound with a ll the other e lements in the
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lunar rego lith, it was theoretica lly easier to extract. . .”  And maybe the pred iction by space
exp lora tion advoca te Robert Zubrin tha t the outer so lar system will become the “Persian
G ulf ” of the second ha lf of the twenty-first century will a lso come to pass (Zubrin, 1996).

Technology and its consequences
It is axioma tic tha t ideas deve loped in a Workshop on innova tive techno log ies app lied to
C O 2 stab iliza tion are those of techno log ica l optim ists.  We rea lize tha t there are those not
d isposed to so lve the prob lems crea ted by techno logy by app lying still more techno logy.
Scho lars have a lso observed tha t techno logy often has unintended consequences and can
“ b ite back ” in unexpected ways (Tenner, 1996).  G loba l warm ing is just such an unintended
consequence of fossil fue l burning.

There is something to be sa id for this view.  N iles Eldridge (1996) observed tha t with the
advent of the Neo lithic (agricultura l) revo lution 10 ,000 years ago came an unprecedented
eco log ica l change .  Farm ing humans were no longer part of the loca l ecosystems, as were
the ir hunter-ga therer ancestors who lived in sma ll bands re lying on the na tura l productivity
of the land .  But now the g loba l human popula tion is interacting as a  b lock with the environ-
ment a t the p lanetary sca le (Figure 1).  We d idn’t evo lve for this ro le , and so have no
appropria te instinctive responses.  We have to dea l with it cognitive ly, by reason, and in the
face of uncerta inties and risk.  But we’ve come too far down the road of techno logy to turn
back now.  We couldn’t feed the present human popula tion without techno logy, and a hefty
energy subsidy (Sm il, 1997): Currently a t least two b illion peop le are a live because the
prote ins in the ir bod ies are built from nitrogen tha t came via p lant and anima l foods using
nitrogen fertilizers based on the H aber process.

O ne thing we can say with some confidence: W ithout a  drama tic change in the infrastruc-
ture of energy supp ly on a g loba l sca le , a tmospheric C O 2 will continue to rise , and the
g loba l clima te will change , for better or worse .  It is only prudent to exp lore the options
vigorously.  As Sherlock Ho lmes sa id (Doyle , 1890), “ When you have e lim ina ted the impos-
sib le , wha tever rema ins, however improbab le , must be the truth.”

There are emergent ideas with the potentia l to revita lize government, industria l and univer-
sity labora tories.  But they will need fund ing.  Some are near-term , some longer-term , and
some profound ly transforma tive of the energy system .  Most will not succeed .  But like b io-
log ica l evo lution, techno logy evo lution needs muta tions from which markets can se lect.

O ver the past ha lf-century, government R&D produced commercia l avia tion, te lecommuni-
ca tion sa te llites, radar, lasers, and the Internet.  Industry can’t a fford to support ideas tha t
don’t yie ld profits three years or less down the p ike .  C ongress must understand this.  The
most unrea listic approach may be to base clima te change m itiga tion po licy on more effi-
cient versions of today’s techno logy.  We don’t cross oceans on sa iling ships any more ,
however efficient; we fly over them .  Let ’s not lose the game from a fa ilure of imag ina tion.

Kyoto was a good start.  But serious approaches to mitigating the globa l greenhouse need to
focus on vita l questions: How can we power our technologica l civilization with minimum climatic
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impact while preserving economic growth and planetary ecosystems?  How technologica lly, and
how, in an increasingly globa lized economy, can we do it in ways that stimulate new industries of
the twenty-first century?  Do we even know how to selectively accelerate technology develop-
ment, as World War II and the Cold War did, without the adrena line-pumping fear of blowing
each others bra ins out?  “ Green energy” research, so ca lm and peaceful seeming, has not,
despite some ga ins, succeeded in the market.  We must learn to do it better as the “grand
geophysica l experiment” unfolds.  O ur future depends on it.
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We propose the sequestering of crop residues to capture a significant fraction (26%) of
present U. S. a tmospheric carbon em issions.  W ith adequa te fractions of farm waste left in
and on the so il to supp ly nutrients and retard erosion, the bulk of the waste could be shipped
a t low cost, using the existing crop transport network, a t a  cost of $22 .5 b illion per year.
D isposa l in river de ltas may ensure carbon capture for perhaps a  century.  Deep ocean
d isposa l would probab ly sequester carbon for m illennia .  G loba lly, roughly 20% capture of
currently em itted carbon seems possib le by this method .  C osts are lowest for those na tions
a lready exporting gra ins, which have transport systems in p lace .  The leverage of this ap-
proach comes from an acre of corn’s ab ility to ho ld 400 times the carbon tha t human
em issions deposit annua lly in the a ir above it.  A ll such methods for pulling C O 2 from the a ir
enjoy a leverage factor of 2 .2 over sequestering before em ission, since the b iosphere ab-
sorbs over ha lf of a ll gross human em issions.  Imp lementa tion of this proposa l would not
only a llow the U. S. to meet the em issions leve ls stipula ted under the Kyoto Accord , but
would perm it the U. S. to continue its current carbon em ission increase of 1 .5% per year for
the next 9 years.

Seen in the largest perspective , our current a tmospheric buildup of C O 2 stems from our first
grea t invention, the d iscovery of fire .  G iven tha t, our eventua l d iscovery of fossil fue l and
our po litica l short time horizons made a greenhouse prob lem inevitab le .  Perhaps we can
offset our species’ greenhouse effects by using our second grea t invention, agriculture , with
some he lp from the whee l.  Farm ing is the largest sca le human activity, covering about 10%
of the g lobe .  Perturb ing this large effect seems a  wise way to a ffect our a tmosphere , based
on a simp le fact: a  fie ld of corn captures about 400 times as much carbon as there is in
human genera ted a tmospheric carbon in the entire co lumn of a ir above the fie ld , from
ground to space [1].  H arnessing this prod ig ious method of arresting carbon could g ive us
grea t leverage over the g loba l C O 2 imba lance .

Worldwide human activities result in estima ted annua l carbon em issions of 7 .1 g iga tonnes
of carbon (G t C), composed of industria l em issions of 5 .5 G t C , with an added 1 .6 G t C from
b iospheric burning [2].  These em issions produce an increase in g loba l a tmospheric C O 2 of
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1 .6 ppm/year, representing 3 .2 G t C /year.  The d ifference between the carbon em itted and
tha t which rema ins in the a tmosphere is due to the b iosphere’s ab ility to sequester 55%
these em issions.  In 1990 , the U. S. , with only 4% of the world’s popula tion, em itted approxi-
ma te ly 19% of this C O 2, some 1 ,340 G t C , of which 740 G t C was sequestered in the b io-
sphere , with 600 G t C rema ining in the a tmosphere [3].

There are two ways to cut this C O 2 rise: reducing em issions, and sequestering of a tmo-
spheric carbon .  Sequestering offers many possib ilities: tree growth, C O 2 d isposa l in oceans
(gaseous, liquid and so lid), trapp ing C O 2 in exhausted o il fie lds and benea th sa lt domes,
and fertilizing p lankton production in the oceans by using iron [4].  Sequestering of C O 2

a fter it has been em itted into the a tmosphere offers a  d istinct advantage over em ission
reductions by taking advantage of the b iosphere’s ab ility to sequester 55% of those em is-
sions, which g ives a  leverage factor of 2 .2 times over em ission reduction approaches [5].
This factor is shared by any process tha t removes carbon from the a ir.  We propose a new
sequestering approach, utilizing post-em ission sequestering in order to take advantage of
the high leverage factor, through the permanent storage of unwanted farm waste (crop
residue) in river de ltas or the deep oceans.

The grea t advantages of sequestering carbon in farm waste are tha t this approach:
(a)uses b iomass tha t is now mostly left to rot in the fie lds;
(b) demands no new land;
(c) uses residue tha t can be ga thered and shipped with the same equipment

used to bring in the crop; and
(d)requires no new techno log ies or transport systems.

In the g loba l carbon budget, as illustra ted in Tab le 2 , the deep oceans sequester in the form
of sed iments, the vast bulk of the world’s carbon .  The oceans are not C O 2 sa tura ted , and
the deep ocean circula tes carbon back to the surface on timesca les measured in many
centuries or even m illennia [4 , 6].

Table 2
The Global Carbon Budget

GtC
Atmosphere 720

Biosphere 550-830
So ils 1 ,500

Fossil Fue l Reserves 6 ,000
Deep O ceans 38 ,000

Marine Sed iments 20 ,000 ,000

We focus upon using farm waste in the U. S. , for which da ta is extensive [6-9].  G enera lly,
most crop residues have 40% by we ight of carbon [10].  We ana lyze primarily corn produc-
tion because it is the sing le largest U. S. crop in both acreage p lanted and crops produced .
It is extreme ly efficient a t fixing carbon , using a unique C 4 photosynthesis process [11],
yie ld ing about three times more gra in per acre harvested than whea t, which grows under
more common C 3 photosynthesis processes [7].  In 1996 , accord ing to U. S. Department of
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Agriculture sta tistics, 79 m illion p lanted acres produced 236 m illion tonnes of corn , or 3
tonnes/ acre .  Crops typ ica lly genera te 1 .5 pounds of residue for each pound of harvested
ma teria l, so in the case of corn , residues of 4 .5 tonne/ acre can be expected [8].

Most crop waste can be removed without nutrient pena lty.  H istorica lly, farmers tilled residue
back into the so il, be lieving tha t it would increase the so il organic ma tter (S O M) content.
However, research shows tha t in fact this practice leads to long term reduction of organic
ma tter in the so il, due to d isruption of so il m icrofauna [12-16].  As a  specific examp le , it was
found tha t under no-till methods (in which crop residue was left on the so il surface), when
compared to conventiona l tillage , tha t the carbon content in the so il was 35%, 39% and 53%
grea ter for whea t, sorghum , and soybean crops, respective ly [15].

Varying degrees of conserva tion tillage methods (of which zero tillage represents the ex-
treme) — those in which a t a  m inimum , a t least 30% of the so il surface is covered by residue
a fter p lanting — are ava ilab le .  C onserva tion tillage is used primarily on corn , soybeans
and sma ll gra ins [9] — those crops which we are proposing to use as our primary sources of
crop residue .  By 1994 , more than 45% of corn and soybean acreage was conserva tion-
tilled .  Zero till methods for corn production more than trip led from 1989 to 1994 , increas-
ing from 5 to 17%.  Such sta tistics clearly show trends toward less and less tilling, coup led
with reduced erosion benefits [9].  This suggests tha t as conserva tion and zero tillage meth-
ods are more wide ly used , grea ter amounts of crop residue will be ava ilab le for harvesting.

After corn , the three next largest U. S. crops by acreage are whea t (76 m illion acres), soy-
beans (63 m illion acres), and hay (61 m illion acres).  For this ana lysis we assume tha t hay
genera tes no co llectab le residues, since the crop is usua lly taken down to the roots.  We a lso
neg lect rice , though in the U. S. , much of its residue rots in mo ist fie lds, re leasing methane ,
which mo lecule-for-mo lecule is a  much more powerful greenhouse gas than C O 2.  Crop
residues of those we are interested in for this study typ ica lly yie ld 1 .5 times the harvested
crop mass [8], and we sha ll consider this a lso the case for soybeans for this ana lysis.  ( O ften,
though, soybean residues are p lowed under to rep lace nitrogen in the so il.  Whether this
practice would survive a carbon cred it pricing is unclear.)

Tab le 3 illustra tes the amounts of residues ava ilab le from these ma jor crops as we ll as the
equiva lent carbon , based on an average carbon content in these crops of 40% [10].

Table 3

Crop Acres Planted Residue /Acre Total Residue Total Carbon
(million tonne) (million tonne)

C orn 79 m illion 4 .5 tonne 356 142
Soybeans 63 m illion 2 .0 tonne 126 50
Whea t 76 m illion 1 .5 tonne 114 46
Total 595 238

If we assume a typ ica l erosion aba tement po licy tha t leaves 25% of the residue on the fie ld ,
this yie lds a  tota l potentia l carbon reserve in these crop residues of 180 MMTC (m illion
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tonnes of carbon).  Using the 1990 estima te of 600 MMTC as the amount of net carbon
which U. S. activities permanently p lace in the a tmosphere , and using the estima ted annua l
increase of U. S. carbon em ission of 1 .5% [3], results in a 1998 U. S. a tmospheric carbon
p lacement of 676 MMTC into the a tmosphere .  Permanently sequestering this 180 MMTC
would represent 26 .6% of the current U. S. carbon em ission.

The Kyoto Accord ca lls for a 7% reduction in C O 2 em issions be low the 1990 leve l, 1 ,250
MMTC [3].  The 180 MMTC trapped in this approach is a  post-em ission reduction, and
therefore equiva lent to 396 MMTC if removed in the form of em issions reductions.  If this
crop residue were sequestered in 1998 , the net carbon p laced in the a tmosphere by the U.
S. would be 496 MMTC (676 - 180 MMTC ).  This is equiva lent to 1 ,091 MMTC of em issions,
we ll be low the Kyoto requirement of 1 ,250 MMTC .  If the U. S. continues to increase carbon
em issions a t a  ra te of 1 .5% per year, and the sequestering of these crop residues were
performed , U. S. emissions would stay below the levels stipula ted by the Kyoto Accord through
2007 .  Therea fter, the 1 ,250 G t C leve l agreed upon a t Kyoto for the 2012 em ission leve ls
could be ma inta ined by reducing the annua l increase of the U. S. em ission ra te from 1 .5% to
zero .  At no time under this approach are any actua l reductions in carbon em issions re-
quired in order to meet the Kyoto targets.

Because other na tions, particularly those just deve lop ing, make more extensive use of the ir
crop residue for anima l fodder, fue l and manufacture , estima ting waste in these loca tions is
d ifficult.  China appears to use about 40%, whereas Bang ladesh is nearer 90% [4].  Ava il-
ab ility will depend on any carbon cred it which enters as another “market” to compete for
these uses.

However, the potentia l can be estima ted .  C onsidering only gra ins (whea t, m illed rice , and
corn), the tota l comb ined world production in 1996 was 536 m illion tonnes of whea t, 372
m illion tonnes of m illed rice , and 810 m illion tonnes of corn and other coarse gra ins, for a
tota l of 1 ,718 m illion tonnes [7].  Assum ing an average crop residue of 1 .5 times the crop
yie ld imp lies 2 .58 G t tota l ava ilab le world crop residue , or 1 .0 G t of carbon .  This repre-
sents 32% of tha t permanently p laced in the a tmosphere due to human activities.  Were only
ha lf of this ava ilab le g loba lly, C O 2 em ission could still effective ly be reduced by 16% —
sure ly significant.

H aving estab lished the ava ilab ility of vast carbon sources in crop residues, how can one
permanently sequester the carbon?  Three possib le methods appear practica l:

(a) sequestering in exhausted o il /gas fie lds or benea th sa lt domes [4];
(b) sinking in oceans (both sha llow and deep benea th the thermocline); or
(c) burning in power p lants to rep lace o il and coa l [4].

In each case the crop waste must first be harvested , ba led , and read ied for transport.  Esti-
ma ted costs for this range from $8 to $26 per ton for various stud ies and d ifferent crops,
with a mean cost of about $20 per ton for b iomass uses.  (Currently, only 3% of U. S.
b iomass power production comes from farm waste [4].  Crop residue for energy production
is genera lly undesirab le , burning a t low tempera tures and depositing unwanted m inera ls on
hea t exchange surfaces.) [17].
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Sequestering in dep leted gas/o il fie lds and benea th sa lt domes would require grind ing up
the waste , and transform ing it into a slurry to be pumped down .  This is a  d istinct cost
d isadvantage , a lthough there may be some advantages to this approach if one could use
existing p ipe lines to transport it, and transporta tion d istances m ight not be far.  Both sa lt
domes and dep leted gas/o il fie lds are p lentiful in the U. S. m idwest, the reg ion producing
much corn waste .  These methods should be exp lored , but face questions about how long
the carbon will rema in sequestered .

Here we propose two sequestering sites — near the coast in sha llow wa ters above the ther-
mocline , and further out, benea th the thermocline .  Simp ly off-load ing corn waste into an
active ly depositing river de lta like the Mississipp i’s can bury it within days as la ter river silt
fa lls upon it.  We know of no study measuring how long deposited organic ma tter takes to
decay into gas which reaches the surface (C O 2 or methane).  G ulf deposits near the coast
save on transport a t sea , but uncerta inty over deposition times may preclude the ir use .

In the G ulf of Mexico , excursions ~ 100 km from the de lta reach deep ocean wa ters.  Be low
ocean depths of about 1 km lies the thermocline , where there is little oxygen and tempera-
tures are only a few degrees above 0 ˚ C .  This anaerob ic environment m ixes with surface
wa ters very slowly, requiring centuries to m illennia [4].  Simp ly dropp ing ba led waste , with
we ights a ttached to ensure tha t trapped a ir does not make the ba les floa t, should then
sequester the waste .  The we ights could be made of carbon-rich so lid wastes which, left on
land , would norma lly decay into C O 2; this sequesters more carbon .

To make doub ly sure , and extend the sequestering time , one m ight shape the waste into
cylinders with conica l we ight heads.  These “carbon torpedoes” would penetra te the bottom
sed iments to severa l meters, sea ling in decay products.  This may prove particularly useful,
since then trapped methane or C O 2 can a tta in the concentra tion where stab le hydra tes of
methane or C O 2 form , securing the carbon for very long time periods [18].

Depositing the entire d isposab le U. S. waste tonnage , 450 MT, would cost about $22 .5
b illion if tota l co llection and transport costs were $50 / ton [19].  Still, $22 .5 b illion seems a
sma ll cost to hide 26% of a ll U. S. em itted carbon; sa tisfying Kyoto leve ls in 1998 would cost
in the range of $10 b illion/year.

Sca ling this result to other na tions makes sense only for those na tions a lready producing
substantia l crops tha t may be easily moved to ocean dump ing sites.  This probab ly includes
some European sta tes, the Ukra ine and a few deve lop ing na tions such as South Africa .

This proposa l is qua lita tive , outlining areas tha t should be exp lored: the fa te of wastes in
de ltas, shipp ing costs for farm residue , and other econom ic factors.  Intended as stimula t-
ing, not definitive , we conclude with a few thoughts on tradeoffs and po litica l rea lities.

H iding waste carbon is a genera l strategy suggesting other approaches.  There can be many
loca l adaptations, large and sma ll.  For example, many cities separate organic waste during
their trash collections and dump it in landfills or nearby ocean beds, where it quickly generates
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both C O 2 and methane.  New York C ity dumps most of its genera l wastes off the aptly named
Fresh Kill point, creating a large, lifeless, anoxic zone.  Far better to send barges of organic waste
200 miles offshore, where it would fa ll to the deep ocean bed benea th the thermocline.

The U. S. confronts an embarrassing m isma tch between its high em issions and a genera l
unwillingness to incur high costs to offset these .  Estima tes of up to $100 b illion to comp ly
with the Kyoto Accords are common .  Much po litica l opposition a lso arises from the percep-
tion tha t Kyoto means send ing tax do llars to d istant lands, through a system of carbon
cred its, for which there is little domestic support.  Farm waste d isposa l prom ises to lower
such costs, with po litica l bonuses.  The $10-20 b illion per year spent to sequester farm
residue will go to American workers such as farmers and truck drivers.  It demands no new
infrastructure and is easily stopped if unwanted effects occur.

A program of domestic carbon cred its exchanged in a market could drive efficiencies in
d isposa l.  After a ll, waste need not be cleanly hand led , as are ed ib le crops; coa l barges will
serve nice ly.  Such bulk d isposa l is the simp lest, lowest techno logy way to hide carbon from
our a tmospheric cycle .  As a  bonus, it will g ive ord inary working peop le a fee ling tha t they,
too , can do something active about clima te change .  And because farm waste p lausib ly rises
with popula tion, as does energy use , this sequestering method will then keep pace with the
pred icted rise of our numbers to ten b illion within a ha lf century.
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1 . This ca lcula tion assumes tha t an average acre of corn has a  dry mass of 10 tonnes

(gra in, sta lks, leaves and roots); 40% consists of carbon .  In the a ir above the corn
fie ld , the add itiona l C O 2 p laced in the a tmosphere due to human activities is 1 .6 ppm
per year, a  tota l of 10 kg in the co lumn of a ir above the cornfie ld to the reaches of
space .  Therefore , one acre of corn incorpora tes an equiva lent amount of excess a t-
mospheric carbon in the a ir co lumn above 400 acres.

2 . Karen Schm idt and Joce lyn Ka iser, “ C om ing to Grips W ith the World’s G reenhouse
G ases,” Science 281:504 .

3 . Rona ld J. Sutherland , “Stra teg ies for C arbon Reduction,” Science 281:647 .

4 . Eng ineering Response to G loba l C lima te Change , Chap . 8 , G eoeng ineering C lima te ,
ed ited by Robert G . Wa tts, Lewis, 1997 , New York.

5 . Leverage factor is defined by the ra tio of the tota l amount of carbon em itted into the
a tmosphere to the amount which rema ins in the a tmosphere a fter the b iosphere se-
questers a  portion of it.  In this case , only 45% of the carbon em itted into the a tmo-
sphere rema ins there , g iving a leverage factor of 1 /0 .45 , or 2 .2 .

6 . Biomass Handbook, ed ited O samu Kitani and C arl W. H a ll, Chapter 1 .1 .5 G loba l
C ircula tion of C arbon, R.A . Houghton, pg. 56 .  G ordon and Breach Science Pub lish-
ers, 1989 .

7 . Agricultura l Sta tistics 1997 , United Sta tes Department of Agriculture , N a tiona l Agri-

This proposa l is

qua lita tive, outlining

areas tha t should be

explored.  H iding

waste carbon is a

genera l stra tegy

suggesting other

approaches.



S E S S  I  O  N  1

A  S P  E  N    G  L O  B A  L   C  H  A N  G  E   I  N  S T I  T U  T  E

Element s o f Change 19 984 0

cultura l Sta tistics Service ISBN 0-16-049031-6 . For whea t I-1 , for corn , I-25 for soy-
beans, III-13 .

8 . He id , Wa lter G . , November 1984 , Turning Grea t Pla ins Crop Residues and O ther
Products into Energy. USDA Econom ic Research Service , Agricultura l Econom ic Report
523 .

9 . Crop Residue Management and Tillage System Trends, Len Bull and C armen Sandretto ,
ERS Sta tistica l Bulletin # 930 , August 1996 .

10 . C orn residues are approxima te ly 40% carbon by we ight.

11 . Life: The Science of Biology, W illiam K . Purves and G ordon H . O rians, pg. 200 , Sinauer
Associa tes, Inc., 1983 .

12 . T. J. Vyn and B. A . Ra imbault, Long Term Effect of 5 Tillage Systems on C orn Response
and So il-Structure , Agronomy Journa l 85(5):1074 .

13 . K . J. Janovicek, Vyn T. J. and Voroney R. P. Agronomy Journa l, 89(4):588 .

14 . C . A . C apbe ll, B. G . Mc C onkey, R. P. Zenter, F. B. Dyck, F. Se lles and D. Curtin, C arbon
Sequestra tion in a Brown Chernozem as Affected by Tillage and Rota tion, C anad ian
Journa l of Soil Science, 75(4):449 .

15 . A . J. Franzluebbers, F. M . Hons and D. A . Zuberer, Tillage and Crop Effects on Sea-
sona l So il C arbon and N itrogen Dynam ics, Soil Science Society of America Journa l,
59(6):1618 .

16 . G . A . Peterson, A . D. H a lvorson, J. L. H avlin, O . R. Jones, D. J. Lyon and D. L. Tanaka ,
Reduced Tillage and Increasing Cropp ing Intensity in the Grea t Pla ins C onserves So il
C , Soil and Tillage Research, 47(3-4):207 .

17 . Biomass Handbook, ed ited O samu Kitani and C arl W. H a ll, Chapter 1 .2 .6a Agricul-
tura l Waste , Crop Residues, Dona ld L. D ay, pg. 142 .  G ordon and Breach Science
Pub lishers, 1989 .

18 . C . N . Murray, L. Visintini, G . Bidog lio and B. Henry, Permanent Storage of C arbon
D ioxide in the Marine Environment: The So lid C O 2 Penetra tor, Energy Convers. Mgmt,
37(6-8):1067 .

19 . The $50 / tonne estima te uses the average va lue of $20 / tonne to co llect and ready the
crop residue for transport, with the rema ining $30 / tonne a lloca ted for transporta tion
costs.

The U. S. confronts

an embarrassing

misma tch between its

high emissions and a

genera l unwillingness

to incur high costs

to offset these.



S E S S I O N  1

Innovative Energy Strategies for CO2 Stabilization 4 1

S E S S I O  N  1

Coupling Hydrogen
Fuel and Carbonless
Utilities
Gene D. Berry
Energy Analysis, Policy, and Planning
Energy Program, Lawrence Livermore National Laboratory
Livermore, California

A number of previous analyses have focused on comparisons of single hydrogen vehicles to
petroleum and alternative fuel vehicles or of stationary hydrogen storage for utility or local
power applications.  Lawrence Livermore National Laboratory’s (LLNL) approach is to com-
pare combined transportation/utility storage systems using hydrogen and fossil fuels.  Com-
puter models have been constructed to test the hypothesis that combining carbonless elec-
tricity sources and vehicles fueled by electrolytic hydrogen can reduce carbon emissions
more cost effectively than either approach alone.  Three scenarios have been developed
and compared using computer simulations, hourly utility demand data, representative data
for solar and wind energy sites, and the latest available EIA projections for transportation
and energy demand in the U. S. in 2020.  Cost projections were based on estimates from
GRI, EIA, and a recent DOE/EPRI report on renewable energy technologies.  Hydrogen
technology costs were drawn from recent or ongoing analyses by Princeton University (Ogden
1995) and Directed Technologies Inc. (DTI) (Thomas 1998) for the Hydrogen Program.

The key question guiding this analysis was:  What can be gained by combining hydrogen
fuel production and renewable electricity?  Bounding scenarios were chosen to analyze
three “carbon conscious” options for the U. S. transportation fuel and electricity supply sys-
tem beyond 2020:

Reference Case petroleum transportation & natural gas electric sector
Benchmark Case petroleum transportation & carbonless electric sector

Target Case hydrogen transportation & carbonless electric sector

A large number of assumptions were necessary to construct these scenarios, but preliminary
model results indicate that if wind and solar electricity were massively deployed to replace
fossil fuel electric generation in 2020, and costs approached today’s levels, a carbon tax of
$86 billion/yr (applied over 0.49 GtC/yr or $175/tonneC) would be needed for solar and
wind electricity to compare favorably to efficient combined cycle natural gas electric plants.

This picture becomes more favorable if electrolytically fueled hydrogen vehicles are also
deployed.  Coupling a hydrogen transportation sector to augmented solar and wind elec-
tricity sources improved flexibility and utilization of renewables in a carbonless electricity
system, reducing 75% more carbon emissions (0.86 GtC/yr) for only 10% greater system
cost (Figure 5 is a conceptual representation of such a system).  The addition of hydrogen
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transportation fuel demand reduced carbon emissions further while lowering likely carbon
tax rates ($/tonneC).  Given future long-term petroleum fuel prices of $1.50-2.00/gallon,
carbon taxes of only $80-150/tonneC would be needed for solar and wind dominated
carbonless electricity systems, combined with hydrogen production for vehicles, to compete
with natural gas electric generation and petroleum vehicles.

Figure 5
Conceptual representation of a coupled carbonless electricity and hydrogen
transportation system and flows of electricity and hydrogen.
Electricity generated from nuclear, solar, wind, or other carbonless electricity sources meets electricity
grid needs first.  Surplus electricity can either directly fuel batteries or other electric storage on vehicles
or produces hydrogen for ultiimate storage and use on vehicles.  In periods of low solar and wind
availability, stored hydrogen can be reconverted to electricity for use on conventional electricity grid.
Note: A number of additional options are not pictured. These include: hydroelectric and biomass gen-
eration, as well as mixed systems of compressed and liquid hydrogen storage, and hydrogen use by
commercial trucks, in addition to aircraft and light duty vehicles.

Conventional wisdom (e . g. Winter 1988, Ogden 1989) has rationalized the pursuit of hy-
drogen energy systems as a solution to problems stemming from the use of fossil fuels:
energy security, pollution, and greenhouse gas emissions.  But advanced energy technolo-
gies using natural gas can be quite cost-effective albeit partial solutions to these energy and
environmental challenges.  Cost-effective fossil energy technologies may seriously undercut
the conventional rationale for widespread adoption of hydrogen energy systems.
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The most notable example is probably natural gas vehicles which, while similar to hydrogen
vehicles are likely to be more cost-effective at reducing air pollution, greenhouse gases, and
oil imports.  It is likely more cost-effective to begin reducing utility emissions through effi-
ciency improvements, fuel switching to natural gas, and/or directly using relatively small
amounts of solar and wind electricity (without energy storage), before producing hydrogen
for transportation fuel or electricity load leveling (Thomas 1998).

It appears a strengthened rationale for hydrogen energy development can be constructed
based on the need for deep greenhouse gas reductions — if significant synergies can be
found between carbonless utilities and transportation coupled by hydrogen fuel (Berry 1996).

The largest benefit unique to hydrogen energy technology is the capacity for deep reduc-
tions in greenhouse gas emissions.  The two largest greenhouse gas sources, utility electric
generation and transportation fuel emissions, can be eliminated if electrolytic hydrogen and
carbonless electric generation are sufficiently inexpensive.  This analysis tests the hypothesis
that carbon emission reductions can be more cost-effectively achieved if electrolytic hydro-
gen fuel production and electricity generation are closely coupled (see Figure 5).  Our ap-
proach is to simulate transportation and utility sectors under a variety of cost, technology,
and operational scenarios.  The objective of this analysis is to determine the prerequisite
economic and hydrogen technology developments for which this hypothesis can be relevant,
and to identify corresponding hydrogen production, storage and utilization technology bench-
marks.

Approach: Aggressive Fossil, Renewable, and Hydrogen Scenarios
Three scenarios were constructed and used in our computer models of utility and transpor-
tation sectors, a reference, benchmark, and target case. These three scenarios were chosen
as aggressive, mature, boundary cases. These scenarios test the widest range of possibilities
that were most interesting, while maintaining a balanced basis for comparison, and keeping
the analysis as simple as possible.  If the results of these scenarios are sufficiently compel-
ling, then future analyses can explore more complex, detailed and perhaps more realistic
transition scenarios.  The year 2020 was chosen as the time period to analyze because of
available Energy Information Administration (EIA) projections and because it also likely rep-
resents the fastest technically possible (and therefore most aggressive) transition to carbon-
less energy systems.  It was felt that aggressive scenarios should be analyzed, since a hydro-
gen transition will not be attractive unless technology development (e . g. advanced electroly-
sis, low cost renewables, energy storage, etc.) is successful.  The fossil reference case used
for comparison was also aggressive for balance.

Each scenario had costs lower than today’s energy systems.  Aggressive technical and eco-
nomic assumptions used in the benchmark renewable and target hydrogen scenarios in-
cluded: high efficiency electrolysis, low cost renewable electricity and hydrogen storage,
perfect demand and supply forecasting, etc.  But the reference fossil energy case was equally
aggressive, Partnership for a New Generation of Vehicles (PNGV) light-duty vehicle fleets
are assumed, as well as very efficient use of natural gas to produce electricity.  In line with
EIA projections, no new capacity is assumed, in any scenario, for conventional carbonless
electricity sources, such as nuclear or hydroelectric.
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Methodology:
Only the detail necessary to capture supply and demand patterns
Our computer models used only as much data as necessary to establish the rough magni-
tude of the benefits gained by coupling hydrogen fuel production with carbonless electrical
sources.  Real electricity demand and wind and solar supply data for an entire year, at hourly
resolution, was necessary.  Data representative of both a summer peaking (e . g. California)
and a winter peaking (e . g. Washington state) utility were gathered.  Wind and solar data
from “second tier” sites were chosen to approximate PV, solar thermal, and wind electricity
sources based mostly in the West, Southwest, and Midwest (Iannucci 1998).  Detailed time
zone and regional effects were neglected for simplicity.  Transportation fuel use patterns
were based on 12-hour resolution DOT data for passenger vehicles (Klinger 1984), and
monthly EIA data for commercial vehicles (EIA 1998).

Model construction was kept as simple as possible.  National aggregates for transportation
and electricity demand were used.  Single reservoirs of electricity and hydrogen production
and storage capacity, scaled to the entire U. S., were used to represent thousands of solar
thermal and wind farms, liquefaction facilities, and hydrogen filling stations used by millions
of vehicles.  Lumped national average costs for electricity transmission and distribution were
used.  Utility energy storage when necessary was presumed to employ hydrogen storage
and fuel cells.  Decentralization of photovoltaics and hydrogen infrastructure was assumed
to circumvent the complex issues of additional electricity transmission and distribution needs.

Financial calculations were kept as simple as possible.  Operating costs were neglected
where they were less than the resolution of capital cost or fuel estimates (typically ~10%).
Capital investments were discounted at 6% over a cost-weighted average of ~25 years.
Electricity prices reflected electricity transmission, distribution, conventional generation, and
in the target scenario, prorated electric and hydrogen generation and storage investments.

Model Description: Scenario simulation and optimization

LLNL used two computer modeling approaches in this analysis: simulation and multiperiod (e . g. ,
8,760 hours) equilibrium optimization.  Simulation provides faster but simpler results.  Any given simu-
lation model run simply provides the energy and economic performance of a given energy system
configuration and operational rules.  An optimization model run is slower and more complex, but can,
in principle, determine the lowest cost configuration of technologies and operation of those technolo-
gies to meet given electricity and hydrogen demand time series.  To date LLNL’s network optimization
code “METAnet” (Lamont 1994) is still being fine-tuned for operational optimization of hydrogen elec-
tricity systems (typical optimization results are shown in Figure 6).  Optimal renewable energy system
configurations based on preliminary METAnet results appear capable of achieving costs 10-20% lower
than simulation models, which may somewhat understate the attractiveness of intermittent electricity,
and especially hydrogen fuel production, relative to conventional fossil fuel scenarios.  Further develop-
ment and analysis is needed, however.  Consequently, the results generated from simulation models
are used here.
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Figure 6
Typical output from LLNL’s METAnet equilibrium network model.  A 10-day period of hourly electric
generation, marginal operating costs, and energy storage are shown.  A scenario run typically covers
an entire year (36 of the above periods).  Many runs are used to arrive at optimal capacities of electric-
ity and hydrogen production and storage.

The graphical interface simulation model software used for this study, STELLA, is commercially avail-
able (High Performance Systems Inc. of Hanover, NH).  Visualization, conceptualization, and intercon-
nection of technical, economic, or market variables is exceptionally easy.  The value of each factor and
its relationship to other factors are easily modified, allowing exploration of strategic parameter spaces
such as production and storage scale, efficiency, discount rate, equipment lifetimes, fuel efficiency, and
demand patterns.

Annual electricity flows from various sources (nuclear, hydroelectric, wind, solar thermal, and photovol-
taic) to the electric grid and/or, stored as hydrogen (liquid, compressed, onboard, stationary, etc.), and
ultimately to transportation use in light-duty vehicles and commercial trucks, aircraft, and trains were
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modeled on an hour by hour basis.  Supply and storage choices were simulated to operate as energy
efficiently as possible while still meeting electricity and fuel demands.

Input Assumptions and Scenario Results
Preparation for a model run requires specification of equipment capacities, conversion efficiencies, and
fuel use corresponding to a desired scenario.  After each model run these parameters were varied to
explore the sensitivities of results to individual parameters and to achieve lower projected costs, more
efficient operation, etc.  The final parameters chosen for each scenario and output results are given in
Table 4.  The data are discussed below.

Electricity Supply and Demand Assumptions
Solar and wind electricity generation patterns were based on annual data gathered at sites in Califor-
nia and Wyoming, as well as utility demand patterns from utilities in the Southwest and Northwest,
provided by Distributed Utility Associates (DUA).  These data were scaled up to meet the end-use
electricity and hydrogen production needs based in EIA’s reference case forecast for 2020.  For ex-
ample, U. S. electric generation capacity is projected by EIA to be 993 GW in 2020 (up from ~700 GW
today) (EIA 1998).  This was rounded to 1 TW for simplicity and became the scaling factor for both
northern and southern utility demand pattern data from DUA.  In the final results, southern utility
demand data were used after model results were not strongly affected by which electricity demand
pattern was used.  Nuclear and hydroelectric capacity were taken from EIA data representing ~5% and
~10% of U. S. electric generating capacity in 2020 respectively.

During the simulation, in periods of insufficient renewable electricity, (windless nights, cloudy days etc.)
electricity from fuel cells was produced using hydrogen in compressed (if available) or liquid stationary
storage.  In periods of excess electricity availability, hydrogen was produced and stored.

Cost projections for renewable electric capacity were gathered by DUA using Renewab le Energy Tech-
nology Characteriza tions (a joint project of EPRI and DOE).  Natural gas fired electricity projections are
from GRI.  Transmission and generation electric costs were estimated by DUA, and scaled to meet a 1
TW peak demand (including coincident loads) (Iannucci 1998).

Hydrogen Transportation Fuel Demand and Use Assumptions
Transportation demand was modeled differently for different vehicle classes.  Light-duty vehicle travel
patterns (for days, nights, weekdays, and weekends) were taken from the 1983 Nationwide Personal
Transportation Study (NPTS) completed for the National Highway Traffic Safety Administration (Klinger
1984).  These patterns were then scaled to 12,000 miles/yr for a projected 270 million light-duty
vehicles in 2020, equaling the 3.24 trillion vehicle miles traveled (vmt) projected by EIA for 2020.
Drawing from the 1983 NPTS data, it was assumed that 15% (1800 miles/yr for an average driver) of
vmt was due to long trips (<75 miles) and would require liquid hydrogen.  PNGV fuel economy (~80
mpg) was assumed for hydrogen vehicles.

Commercial vehicle fuel demand was approximated using monthly energy demand patterns from 1995-
1997 for diesel (trucks and trains), and jet fuel (aircraft) using EIA data, and aggregate projections of
fuel demand in 2020.  Trucks and trains were are powered by compressed hydrogen, with the same
fuel economy projected by EIA for diesel fueled vehicles.  Aircraft were fueled by liquid hydrogen, a
10% higher fuel economy than EIA projections due to hydrogen’s low mass.

Hydrogen refueling patterns were identical to fuel use patterns (so that vehicles were essentially always
full) except for light-duty vehicles which refueled less when station supplies were low for a few days,
presuming a high fuel price sensitivity for drivers.  Onboard hydrogen storage equipment costs for
passenger vehicles and commercial trucks were included in the model.
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Table 4
System parameters used in computer model scenarios

Scenario Reference Benchmark Target
Electricity Demand (trillion kWh/yr) 5 5 5

Electric Supply (TW, trillion kWh/yr) 5 5 .8 11
Natural Gas ($600/kW, $3.05/GJ) 1.0 5    - -   - -
Nuclear  ($2000/kW) - - 0.05 0.44 0.05 0.44
Hydroelectric  ($2000/kW) - - 0.10 0.90 0.10 0.90
Wind ($655/kW) - - 0.85 3.2 0.85 3.2
Solar Thermal ($2510/kW) - - 0.35 1.1 0.85 2.4
Solar Photovoltaic ($1110/kW) - - 0.05 0.12 1.8 4.3
Fuel Cells ($200/kW) - - 1.0 (0.48) 1.0 (0.06)

Transportation Demand (trillion kWh/yr) oil oil hydrogen
Light-duty vehicles (urban) 1.16 1.16 1.16
Light-duty vehicles (highway) 0.20 0.20 0.20
Commercial trucks &  rail 1.64 1.64 1.64
Aircraft 1.63 1.63 1.45

Hydrogen Supply (TW, kWh/yr)
Electrolysis ($500/kW, 92% eff) - - 1.0 1.2
Compression ($100/kw 92% eff) - - 1.0 1.2
Liquefaction ($500/kW, 78% eff) - - 1.0 1.0

Hydrogen Storage (kWh LHV H2)
Onboard light-duty fleet ($150/kg H2) - - 15 billion
Stationary Compressed ($150/kg H2 - 1.5 billion 4 billion
Stationary liquid hydrogen ($10/kg H2) - 275 billion 750 billion

End-use Electricity Cost ($Billion/yr) 192 290 275
(@6% discount rate)
Transportation Fuel Cost 216 216 275
(@$1.50/gal petroleum fuel)
Electricity Carbon Emissions (GtC/yr) .49 0 0
Transportation Carbon Emissions (GtC/yr) .37 .37 0
Total Annual Carbon Emissions .86 .37 0
Total Cost ($Billion/year) $420 $506 $550
Breakeven Carbon Tax ($/tonneC) - $175 $150

Scenario Assumptions
Reference Scenario (natural gas electricity and petroleum transportation)
The reference scenario was the simplest because no intermittent resources were used.  It was designed
to be a strong competitor to carbonless electricity and hydrogen scenarios.  In the reference scenario,
all transportation needs are met by petroleum.  Light-duty transportation fleet efficiency has increased
to PNGV levels (80 mpg or roughly 3 times greater than EIA projections for 2020).  Petroleum demand
for trucks, trains, and aircraft were taken directly from EIA projections.  All electricity demand was met
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by natural gas combined cycle plants with an average 57% efficiency.  Natural gas prices in 2020 were
$3.05/GJ as per EIA projections.  A key optimistic assumption was that greenhouse gas emissions from
natural gas (methane) leakage would be negligible (methane is believed to be 10-20 times more
potent than carbon dioxide as a greenhouse gas).  In our aggressive reference scenario, passenger
vehicle efficiency and the efficient use of natural gas by utilities combine to reduce carbon emissions
from transportation and utilities to only 870 mmtC/yr, compared to 1400 mmtC/yr projected by EIA for
2020 (EIA 1998).

Benchmark Scenario (solar, wind electricity and petroleum transportation)
The benchmark scenario assumes that all electricity demand is met by a mixture of solar thermal, wind,
and photovoltaic (PV), instead of natural gas, as in the Reference Scenario.  To meet a 1 TW capacity
requirement, 0.85 TW of wind and 0.35 TW of solar thermal are assumed, as well as 0.15 TW (com-
bined) of hydroelectric and nuclear.  These capacities were chosen to match transmission and distribu-
tion capacity.  A relatively small balance of electricity demand is supplied by distributed PV (0.05 TW).
Utility energy storage is accomplished with steam electrolysis (Quandt 1986), and compressed or liquid
hydrogen storage, as well as fuel cells.  Transportation demand was met by petroleum, exactly as in the
reference scenario.  Carbon emissions were 370 mmtC/yr.

Target Scenario (solar, wind electricity and hydrogen transportation)
The target scenario assumes that all electricity demand is met by a mixture of solar thermal, wind, and
photovoltaic (PV), instead of natural gas, as in the Reference Scenario.  To meet a 1 TW capacity
requirement, 0.85 TW of wind and 0.85 TW of solar thermal are assumed, as well as 0.15 TW (com-
bined) of hydroelectric and nuclear.  These capacities were chosen to match transmission and distribu-
tion capacity.  A relatively small balance of electricity demand is supplied by distributed PV (1.8 TW).
Utility energy storage is accomplished with steam electrolysis and compressed or liquid hydrogen stor-
age as well as fuel cells.  Hydrogen not needed for electricity production is used as transportation fuel.
Compressed hydrogen was used for 85% of light-duty vehicle fuel demand and all commercial truck-
ing, while liquid hydrogen was used in aircraft and for long distance light-duty vehicle trips.  As an
efficiency measure, liquid hydrogen was only converted from ortho to para phases when necessary for
long-term storage.  Carbon emissions from transportation and electricity production were, of course,
zero for this scenario.

Scenario Results
Summary energy balances, costs and emissions results from each scenario’s computer model runs are
given below.  Detailed assumptions and output parameters are given in Table 4.

Reference Scenario (natural gas electricity and petroleum transportation)
In the 2020 reference scenario, assuming utility natural gas prices are $3.05/GJ, the U. S. can meet its
5 trillion kWh/yr electric demand (1 TW peak) with efficient combined cycle natural gas turbines at a
cost of $192 billion/yr, and utility carbon emissions of 490 million metric tonnes per year (mmtC/yr).
Land and air transportation demands are all met with only 144 billion gallons of petroleum/yr (due to
PNGV light-duty vehicles) with attendant carbon emissions of 370 mmtC/yr.  Fuel costs of $1.50/gallon
would be another $216 billion/yr.  The vast majority of petroleum demand is shared roughly equally
between commercial trucks and aircraft.  Passenger cars and trucks only account for <10% of petro-
leum use.  Total annual cost is ~$420 billion/yr with total carbon emissions of 0.86 GtC/yr.

Benchmark Scenario (solar, wind electricity and petroleum transportation)
In the 2020 benchmark scenario, U. S. electric generation is completely carbonless, relying on small
amounts of remaining hydroelectric and nuclear capacity, 850 GW of wind, 330 GW of solar thermal
plants and 50 GW of photovoltaics to meet the same 5 trillion kWh/yr electric demand (1 TW peak).
Daily and seasonal energy storage is accomplished using 1.5 billion kWh of compressed hydrogen and
275 billion kWh of liquid hydrogen storage.  Roughly 7% of all electricity is lost in energy storage and
reconversion.  The capital investment for electric generation and hydrogen storage is estimated to be
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$3.2 trillion, resulting in annual electric costs of $290 billion.  All land and air transportation fuel
demands are met by petroleum, just as in the reference scenario, with petroleum costs of $216 billion/
yr (@$1.50/gallon) emitting 370 million metric tonnes of carbon annually.  Total annual cost is there-
fore ~$506 billion/yr with carbon emissions of 0.37 GtC/yr.

Target Scenario (solar, wind electricity and hydrogen transportation)
In the 2020 target scenario, U. S. electric generation and transportation by car, truck and aircraft are
completely carbonless.  The electric generation system postulated in the benchmark scenario is aug-
mented in the target scenario to provide electricity for additional hydrogen production, storage, and
use.  Solar thermal capacity is tripled to 0.85 TW, and photovoltaic capacity is expanded dramatically
to 1.8 TW to meet additional electricity demands without transmission and distribution expansion.  Two-
thirds of electricity production is from solar thermal central receivers and distributed photovoltaics.
Daily and seasonal energy storage is accomplished using 4 billion kWh of compressed hydrogen stor-
age at refueling stations and 750 billion kWh of liquid hydrogen storage at stations and utilities.  Eleven
trillion kWh of electricity is produced annually, of which 5 trillion kWh is used directly, less than 1% of
end-use electricity is lost through storage and reconversion by fuel cells.  The remaining 7 trillion kWh
of electricity are used to produce 4.6 trillion kWh of hydrogen for transportation use, meeting transpor-
tation demands identical to the reference case.  Roughly half of hydrogen is liquefied for aircraft and
long car trips, while half is used in commercial trucks and for short distance urban trips (<75 miles
one-way) in light-duty vehicles.

The estimated $6.6 trillion coupled carbonless electricity and transportation fuel system has levelized
costs (combined for both electricity and hydrogen fuel supply) of ~$550 billion/yr and produces no
carbon emissions (offsetting 860 million metric tonnes of carbon from the reference scenario).

Key Results
The three scenario model runs summarized earlier, when taken and compared together,
yield two key results:

1) It appears that, given inexpensive long-term oil and gas prices, improved natural gas
electricity sources and very efficient (~80 mpg) passenger cars and trucks can be very
competitive, producing lower carbon emissions in 2020 (0.86 GtC/yr) than the same
sectors do today (0.98 GtC/yr) in spite of 50% higher electricity and travel demand.
However, even given this extremely aggressive fossil scenario, it will be difficult to reduce
carbon emissions below 0.86 GtC/yr without sequestration (likely creating a hydrogen
transportation sector), improved electric generation efficiency (likely requiring utility fuel
cells), improved aircraft and freight transportation efficiency (reducing the fuel cost bar-
rier to hydrogen use), and/or widespread use of renewable electricity sources (creating a
surplus for hydrogen production).

2) If such deep carbon reductions are needed, it appears coupling electrolytic hydrogen
fuel production to solar and wind electricity can achieve much greater carbon reductions
more cost-effectively than solar and wind electricity alone.  Given petroleum fuel prices
of $1.50/gallon in 2020 the hydrogen-based target scenario reduced 75% more carbon
emissions than the benchmark scenario for only ~10% higher cost.  These results are
more striking because they illustrate the potential advantages of hydrogen-fueled ve-
hicles even in scenarios where most carbon reductions are made in the electric sector,
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and PNGV light-duty vehicles (the likeliest market for hydrogen fuel to penetrate) are
only 1/3 of transportation carbon reductions.

These results are likely dependent upon solar, wind, and hydrogen cost assumptions as well
as fossil fuel prices and carbon taxes or credits.  The figure below plots the estimated annual
cost and carbon emissions of all three scenarios for petroleum fuel prices of $1.50-$2.00/
gallon.

Figure 7
Annual cost versus emissions for reference, benchmark, and target scenario model runs and long-term
petroleum fuel prices ranging $1.50-2.00/gallon.

The previous plot shows that for long-term petroleum fuel prices comparable to $1.50/gal,
renewable hydrogen and electricity is more cost-effective at carbon reduction than renew-
able electricity alone, even given optimistic renewable electricity costs and low discount rates
(6%).  If future petroleum fuel prices rise high enough (to ~$2.00/gal) using hydrogen
vehicles could actually lower the effective cost of renewable electricity while reducing carbon
emissions.  The previous plot also indicates carbon reduction differences between scenarios
are much greater than cost differences.

Cost differences are greatest between the fossil reference scenario and the others.  These
differences are principally dependent on fuel price assumptions ($3.05/GJ for natural gas
and $1.50/gal for transportation petroleum) and efficiencies.  It should be emphasized that
no efficiency advantage was presumed for hydrogen vehicles (except for aircraft) in com-
parison to their petroleum-powered counterparts, and no upstream carbon emissions or
methane leakage were accounted for in the reference scenario.
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Cost differences between the scenarios with hydrogen transportation (target scenario) and
without it (benchmark) are again influenced somewhat by fuel prices, but this sensitivity is
lessened due to the common technology assumptions employed in both (e . g. low-cost,
efficient electrolyzers, advanced wind electricity, etc.).  Only under the unlikely conditions of
simultaneously low oil prices and high interest (discount) rates, would the two cases com-
pare substantially differently.

Interestingly, even though the renewable and hydrogen intensive target scenario has a greater
proportion of high cost renewable electricity sources (e . g. solar) and greater energy storage
requirements than the benchmark scenario, it still had lower overall (combined transporta-
tion and electricity) costs.  This supports the synergy hypothesis for the target scenario: that
hydrogen fuel demand by vehicles can be a net benefit for renewable electricity systems.
This also indicates that integrated hydrogen transportation/utility systems may be more at-
tractive than stationary hydrogen utility storage alone.

Conclusions
H igh efficiency and coupling vehicles to utilities are most important.  Although further
sensitivity analyses and other refinements, such as new, nearer-term scenarios should pro-
vide an even clearer picture, two conclusions can be drawn from the results so far:

1) Super efficient hydrogen production, storage and use are necessary for hydrogen to
compete in both utility and transportation markets, even if optimistic renewable elec-
tricity targets are met.  All of the efficiencies (liquefaction, electrolysis, etc.) used in the
hydrogen scenarios were best case.  For reasons of end-use efficiency, compressed hy-
drogen was used in the simulations wherever possible, as was only partially para con-
verted liquid hydrogen.

2) Unless long term fossil fuel prices are very low a nd hydrogen vehicles have no effi-
ciency advantage over fossil vehicles, coupling hydrogen fuel production to carbon-
less sources can be a substantia l benefit.  Carbon taxes would be reduced, and might
even be eliminated depending upon relative hydrogen/fossil fuel prices and efficiencies.

Recommendations
Technology Development Needs
High efficiency electrolysis, in some cases distributed on a small scale, is crucial.  Cost
targets for electrolysis of ~$500/kW and efficiencies of at least 90% are likely to be neces-
sary.  Hydrogen storage is secondary but still of significant importance.  Light-duty vehicles
and commercial trucks which could use compressed hydrogen as much as possible would
be an important efficiency step.  Bulk hydrogen storage cost targets  (e . g. liquid hydrogen)
for very large vessels, of ~$10/kg H2 stored are necessary, unless future demand and sup-
ply patterns can be better matched than in the scenarios used here.  Compressed hydrogen
storage costs projected by others (Thomas 1998) of $100-150/kg H2 were sufficient.

Systems Analysis Needs
This analysis has shown that significant environmental and economic advantages can exist
for renewable electricity sources when coupled with hydrogen fuel production for vehicles.

High efficiency

hydrogen production

and coupling vehicles

to utilities are most

important.



S E S S  I  O  N  1

A S P E N   G L O B A L   C H A N G E   I N S T I T U T E

Element s of Change 19985 2

The next step is a clearer understanding of these advantages, their requirements, and their
limitations, under economic optimization conditions.  A wide range of future analysis direc-
tions are possible.  Hydrogen technology cost benchmarks can be determined as a function
of fossil fuel prices and allowable carbon taxes.  A determination of the importance of small
amounts of dispatchable carbonless electricity sources in the generation mix can be made.
Transition scenarios for hydrogen vehicles and renewable electricity sources can be exam-
ined.  LLNL plans to further develop its equilibrium optimization code to be able to answer
these and similar questions.

Some new technical options could also be very important to examine in the future.  One
promising candidate would be a close-coupled steam electrolyzer/fuel cell using natural
gas to produce electricity at night, storing waste heat to improve electrolysis efficiency during
the day, when solar electricity is available, and in turn storing oxygen to improve fuel cell
efficiency during the night.  This could dramatically enhance the attractiveness of hydrogen
production from renewable electricity, while providing a very efficient synergy with both fuel
cells and natural gas utilities.

The most important market options to analyze will likely be the impact of small changes in
seasonal demand patterns upon energy storage requirements, as well as hydrogen fuel use
in individual sectors of the transportation market.
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The Global Carbon Cycle:
CO2 as Greenhouse Gas
in Earth History and the
Human “Unseen Artifact”
Ken Caldeira
Climate System Modeling Group
Lawrence Livermore National Laboratory
Livermore, California

The burning of fossil fuels, and the burning and decay of biomass associated with defores-
tation, has increased the carbon dioxide content of Earth’s atmosphere by over a third since
the onset of the industrial revolution.  Even if we could accurately predict future carbon
dioxide emissions, predicting future atmospheric carbon dioxide content would be challeng-
ing.  Roughly half of the CO2 emitted each year is absorbed by the oceans and the terrestrial
biosphere, however that fraction will change (and probably diminish) in the future in ways
that are not simple to predict.

Before discussing the impact of human carbon dioxide emissions on the global carbon
cycle, it is useful to understand the natural operation of the global carbon cycle.  On differ-
ent time-scales, different processes dominate the behavior of the carbon cycle.

The long term
On time-scales of hundreds of thousands of years and greater, the amount of carbon in the
atmosphere is dominated by the balance of CO2 degassing from volcanic and geothermal
environments, and CO2 consumption in silicate-rock weathering and subsequent carbonate
rock deposition (Figure 8).

Figure 8
Schematic representation of the long-term carbon cycle.
On time scales of several hundred thousand years or more, atmospheric CO2 content is controlled by
interactions with the rocks, organic carbon sediments and the mantle.
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In volcanic and geothermal environments, some primordial CO2 may be released from
Earth’s mantle to Earth’s surface.  However, most of this CO2 derives from metamorphism of
carbonate and silicate minerals, brought to high temperatures and pressures.  Schemati-
cally, the metamorphism of carbonate minerals may be represented

CaCO3 + SiO2 –> CaSiO3 + CO2,      (1)
where the CO2 released is contributed to the atmosphere.

This CO2 is removed from the atmosphere through the processes of silicate-rock weathering
and subsequent carbonate deposition.  Silicate-rock weathering occurs primarily in ground-
water in soils, and may be schematically represented

CaSiO3 + 2 CO2 + H2O –> Ca2+ +2HCO3
– + SiO2.      (2)

The dissolved calcium and bicarbonate ions flow down streams and rivers to the oceans,
where corals, mollusks and plankton form carbonate shells, which can be represented

Ca2+ +2HCO3  –> CaCO3 + CO2 + H2O.      (3)
Combining reactions (2) and (3), we have

CaSiO3 + CO2 –> CaCO3 + SiO2.      (4)
In the oceans, the rate of carbonate deposition is limited by the availability of cations such as
Ca2+ and Mg2+ that are provided by silicate-rock weathering on land, so the rate of reac-
tion (2) controls the rate of the combined reaction (4).

If the rate of reaction (1) exceeds that of reaction (2), carbon dioxide accumulates in the
atmosphere and ocean.  If the rate of reaction (2) exceeds that of reaction (1), atmospheric
and oceanic carbon content diminishes.

It is thought that, on global scales, the rate of silicate-rock weathering (reaction (2)) is con-
trolled primarily by climatic factors such as precipitation and temperature.  In a warmer,
wetter world, silicate-rock weathering proceeds more rapidly.  If volcanic CO2 degassing
were to increase for some reason, CO2 would begin to accumulate in the atmosphere and
oceans.  Due to the CO2 greenhouse effect, the Earth would begin to warm and the hydro-
logical cycle would become more active, increasing the rate of silicate-rock weathering.
CO2 would accumulate in the atmosphere until a state was achieved such that the increase
in silicate-rock weathering balanced the increase in volcanic degassing.  The time scale for
this equilibration is thought to be several hundred thousand years.

It is this process that will ultimately remove fossil-fuel CO2 from our oceans and atmo-
sphere, and this removal process will take hundreds of thousands of years.

The middle term
On time scales of a few thousand years, atmospheric CO2 content may be influenced by
carbonate dissolution reactions.  If a volcano (or human activity) were to introduce CO2 into
the atmosphere and oceans, groundwaters and ocean water would become more acidic,
dissolving some carbonate sediments, in reactions that may be schematically represented

CaCO3 + 2 CO2 + H2O –> Ca2+ +2HCO3
–,      (5)

where the calcium and bicarbonate ions remain in solution in the oceans, removing CO2
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The short term
On time scales shorter than several thousand years, variations in atmospheric CO2 content
are dominated by interaction with the terrestrial biosphere and oceans (Figure 9).  Fossil fuel
reserves contain on the order of 10,000 GtC, the terrestrial biosphere contains about 2,000
GtC, and the oceans contain about 40,000 GtC.  Bi-directional fluxes between the atmo-
sphere and ocean, and between the atmosphere and biosphere, are on the order of 100
GtC/yr.  However, the net flux into these reservoirs is on the order of 2 GtC/yr (Figure 10).

Figure 9
Schematic representation of the short-term carbon cycle.  On time scales of seasons to thousands of
years, atmospheric CO2 content is controlled by interactions with the terrestrial biosphere, the oceans,
and fossil fuel burning.

Increasing atmospheric CO2 content may fertilize plant growth and allow plants to use
water more efficiently.  Nevertheless, it is uncertain whether the terrestrial biosphere will
continue to be a sink for fossil-fuel carbon.  For example, increasing temperatures will in-
crease plant respiration and accelerate decomposition of organic matter.  Hence, the de-
cade-to-century scale outlook for CO2 absorption by the terrestrial biosphere is unclear.

This indicates that the oceans will likely be the major natural sink for fossil-fuel carbon over
the coming century; however, as the ocean warms and absorbs atmospheric CO2, it become
less efficient at absorbing additional CO2; hence the fraction of fossil-fuel carbon emissions
absorbed by the ocean is likely to diminish over the coming century.

As the ocean warms

and absorbs

atmospheric CO2, it

become less efficient

at absorbing

additional CO2; hence

the fraction of fossil-

fuel carbon emissions

absorbed by the

ocean is likely to

diminish over the

coming century.



S E S S I O N  1

Innovative Energy Strategies for CO2 Stabilization 5 7

S E S S I O  N  1

Figure 10
Schematic representation of the global carbon cycle ca. 1990.
Approximately 5.5 GtC were introduced into the atmosphere via fossil fuel burning and 1.6 GtC via
deforestation and other land-use changes.  Of this CO2, approximately 3.3 GtC accumulated in the
atmosphere, 2 GtC was absorbed by the oceans, and 2 GtC was absorbed by the terrestrial biosphere
(principally regrowth of Northern Hemisphere forests).

Putting it all together
Figure 11 (next page) shows predicted atmospheric CO2 content versus time for a business-
as-usual carbon-dioxide emissions scenario.  At its peak, atmospheric CO2 reaches a maxi-
mum of over 5 times the pre-industrial value.  Estimates of the global mean warming to this
forcing range from 3.5 to 10.5°C, based on a climate-sensitivity to a CO2-doubling of 1.5
to 4.5°C and a logarithmic climate response to increasing atmospheric CO2 content.  This
degree of warming might be greater if the melt-back of ice-covered regions were consid-
ered.  On a time scale of 300 years, atmospheric CO2 approaches 2.5 times the pre-
industrial value as CO2 dissolves into the oceans.  On a time-scale of about 6000 years,
atmospheric CO2 approaches 1.5 times the pre-industrial value (a 2 to 6°C global warm-
ing) as the dissolution of carbonate minerals neutralize carbonic acid.  The remaining 50%
increase in atmospheric CO2 (relative to pre-industrial values — producing a 0.9 to 2.7°C
global warming) will be removed from the atmosphere on a time scale of hundreds of
thousands of years by silicate rock weathering.  Hence, absent special measures, the unre-
strained burning of fossil-fuels could dramatically alter climate over the next millennium and
would have a significant climatic impact for hundreds of thousands of years to come.
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Figure 11
Plot of atmospheric CO2 content versus time for a
Business-as -Usual CO2 emissions scenario.
Atmospheric CO2 reaches a maximum of over 5 times the preindustriatial value.  On the time scale of
300 years, atmospheric CO2 approaches 2.5 times the pre-industrial value as CO2 dissolves into the
oceans.  On a time-scale of about 6000 years, atmospheric CO2 approaches 1.5 times the pre-
industrial value as the dissolution of carbonate minerals neutralize carbonic acid.  The remaining 50%
increase in atmospheric CO2 (relative to pre-industrial values) will be removed from the atmosphere on
a time scale of hundreds of thousands of years by silicate rock weathering.  (Figure from Archer,
Kheshgi and Maier-Reimer, G eophysica l Research Letters, 1998.)

At its peak,

atmospheric CO2

reaches a maximum

of over 5 times the

pre-industrial value.

Estimates of the global

mean warming to this

forcing range from

3.5 to 10.5°C —

greater if the melt-

back of ice-covered

regions were

considered.



S E S S I O N  1

Innovative Energy Strategies for CO2 Stabilization 5 9

S E S S I O  N  1

A Lunar Solar Power
System and Global
Energy Needs
David R. Criswell
Institute of Space Systems Operations
University of Houston
Houston, Texas

Most humans will remain very poor without adequate, clean, low-cost commercial energy.
Approximately 6 kWt/person or, eventually, 2 kWe/person can enable energy prosperity (“t”
refers to thermal energy and “e” to electric energy).  For a population of 10 billion people,
anticipated by 2050, this implies a need for 60,000 GWt or 20,000 GWe globally (about 6
times more than now available).  For purposes of discussion, assume that power usage
continues to be 20,000 GWe to 2070.  From 2000 to 2070 the world would consume
approximately 3,000,000 GWt-Y or 1,000,000 GWe-Y of energy [1-4].  It is highly unlikely
that conventional fossil, nuclear (thermal neutron), and terrestrial renewable power systems
can provide the power needed by 2050 and the total energy consumed by 2070.  They are
restricted by limited supplies of fuels, pollution and wastes, irregular supplies of renewable
energy, costs of creating and operating the global systems, and other factors.

It appears technically and economically feasible to provide at least 100,000 GWe of solar
electric energy from facilities on the Moon.  The Lunar Solar Power (LSP) System can supply
power to Earth that is independent of the biosphere and does not introduce CO2, ash, or
other material wastes into the biosphere.  Inexhaustible new net electrical energy provided
by the LSP System enables the creation of new net material wealth on Earth that is decoupled
from the biosphere.  Given adequate clean electric power, humanity’s material needs can
be acquired from common resources and recycled without the use of depletable fuels [4, 5].
LSP energy increases the ability of future generations to meet tomorrow’s needs, and en-
ables humanity to move beyond simply attempting to sustain itself within the biosphere to
nurturing the biosphere.  Figure 12 shows a future scenario with increasing available energy
and declining use of fossil fuels.

The essential features of the LSP System are the Sun, Moon, microwave power beam from a
power base on the Moon, and a microwave receiver or rectenna on Earth (see Figure 13).
The LSP System uses bases on opposing limbs of the Moon as seen from Earth.  Each base
transmits multiple microwave power beams directly to Earth rectennas when the rectennas
can view the Moon.  Each base is augmented by fields of photoconverters just across the
limb of the Moon.  Thus, one of the two bases in the pair can beam power toward Earth over
the entire cycle of the lunar day and night.  The simplest version of LSP supplies extra energy
to a rectenna on Earth while the rectenna can view the Moon.  The extra energy is stored and
then released when the Moon is not in view.  More complex systems, especially those with
relay satellites in orbit about Earth, can provide load-following power.
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Figure 12
Net New Energy: 1900-2100

Conventiona l terrestria l power system problems
• Non-renewable: finite and uncertain supplies, polluting, rising costs
• Renewable: undependable, too small, polluting, distort bisphere
• May not produce net new wealth

Lunar Solar Power System provides to earth abundant (gretaer than 100 TWe), clean, dependable
“net new energy” that enables “net new wea lth.”

The LSP System is an unconventional approach to supplying commercial power to Earth.
However, the key operational technologies of the LSP have been demonstrated at a high
technology readiness level (TRL ≥  7).  TRL = 7 denotes technology demonstrated at an
appropriate scale in the appropriate environment [6].

To achieve low unit cost of energy, the lunar portions of the LSP System are made primarily
of lunar-derived components [2, 3, 7].  Factories, fixed and mobile, are transported from
the Earth to the Moon.  High output greatly reduces the impact of high transportation costs
from the Earth to the Moon.  On the Moon the factories produce hundreds to thousands of
times their own mass in LSP components.  In the mature LSP System the construction and
operation of the rectennas on Earth constitute greater than 90% of the engineering costs.
Upfront costs can be reduced by using lunar materials to make significant fractions of the
machines of production and support facilities.  Most aspects of manufacturing and opera-
tions on the Moon can be controlled by personnel in virtual work places on Earth [7, 8].
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Figure 13
Lunar Solar Power (LSP) System Overview

An LSP System demonstration, scaled to deliver the order of 10 to 100 GWe, can cost as little
as $20 billion over 10 years if added on to a human base on the Moon [2, 7, 9].  This
assumes the establishment of a permanent base on the Moon, by one or more national
governments, that is devoted to the industrial utilization of lunar resources for manufactur-
ing and logistics.  Such a base can draw on the hardware and operational capabilities that
the space programs of the U. S., Europe, Russia, Japan, and others are developing through
the International Space Station program.  LSP development can also draw on and expand
the many burgeoning commercial launch and satellite communications enterprises.
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LSP is projected to be practical with 1980s technology and a low overall efficiency of conver-
sion of sunlight to Earth power of ~15%.  Higher system efficiencies, ≥ 35%, are possible by
2020, and greater production efficiencies sharply reduce the scale of production processes
and up-front costs.  An LSP System with 35% overall efficiency will occupy only 0.15% of the
lunar surface and supply 20,000 GWe to Earth.  At large scales, energy costs are projected
to be ≤ 1 cent per kWe-h, in principle low enough to provide ample power for all of human-
ity.
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Challenges in Climate
Policy Assessment:
Coherence, Regime Change
and Path Dependence
Hadi Dowlatabadi
Center for Integrated Study of the Human Dimensions of Global Change
Carnegie Mellon Unviersity
Pittsburgh, Pennsylvania

Climate change assessment involves the study of public policy choices over time horizons
spanning many decades to centuries.  These assessments require the development of sce-
narios of how the future may unfold, and how policy may impact these evolutionary paths.
While it is impossible to develop reliable visions of our distant future, we can state with
confidence that marginal changes in current trends in greenhouse gas emissions (and their
drivers) are not likely to provide relief from potentially disastrous anthropogenic changes to
the Earth system.  If anthropogenic climate change is judged to be a significant risk, we will
need a regime change in the provision of energy for the earth’s growing population and
needs.

Long-term analyses involve projections of the needs of humanity and how we may go about
providing them.  Such models can include the dynamics of demographics, economics and
technical change.  The climate policy challenge is to do so without precipitating dangerous
perturbations to the Earth’s climate system. In such analyses, we often find:

that the population of the globe has undergone a regime change, slowing its growth and
leveling around 10 billion souls;
that the formal economies of nations continue to grow at annual rates of between 2%
and 5%;
that economically recoverable oil and gas have been exhausted by 2050, driving up the
price of energy, dampening overall energy demand, and CO2 emissions; and,
that technological change will improve the efficiency of energy use by about 1% per
annum.

It is important to recognize that, more often than not, these are not the result of sophisticated
computations in formal and informal models, but are in fact the exogenous “assumptions”
of the analysts.  I am comfortable with the issue of subjective judgements being part of
assessments.  In fact I encourage their explicit statement and exploration.  What I am con-
cerned about is attempts to conceal subjectivity as objectivity and inadequate consideration
of empirical evidence contrary to popular subjective visions of the future.  We can take each
of these in turn and discuss why they may not occur.  Furthermore, we can discuss why the
conditions suitable for occurrence of one may have significant implications for another.
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Let us consider the issue of coherence in projections of demographics and economic growth.
Using time-series and cross-national socio-economic and demographic data, we can de-
velop a model of demographic dynamics with such drivers as: household consumption,
participation of women in the formal economy, access to medical services, and fraction of
the population living in urban centers.  This model, informed by history, rather than conjec-
ture, still requires exogenous inputs such as assumed future trends in all the driving vari-
ables.  We can use historic trends to inform these, but why should they remain as before?
Even if these “trend extrapolations” are used to inform a model of the demographic transi-
tion, we do not observe an assured stabilization of the Earth’s population at 10 billion (see
Figure 14).  In the case of the model used to generate these projections the probability of the
Earth’s population stabilizing at 12 billion is about 50%.
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Figure 14
The probabilistic demographic model can be driven using ICAM to generate probabilistic population
projections to 2100.  These projections are made for each of the 12 regions in ICAM separately.  The
sum of these projections, the world population, is compared here to the estimates published by the US
Bureau of Census for world population to 2050.

In order to develop the demographic model projections we have to supply information about
the economic conditions surrounding typical households in each region.  This information is
itself strongly influenced by demographic issues.  For example, the participation of women
in the formal economy boosts the measured size of the economy (by about twice the income
of the women). Furthermore, demographic transition to zero population growth requires
that we experience a change in fertility rates and/or mortality rates.  Few adults would
consider shorter life expectancy as a desirable alternative, and thus focus on reduced fertil-
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ity.  This choice drives up the average age of society dramatically — see Figure 15.  With
over 15% of the society being over 65 years old, how might the economy evolve?  What will
happen to health care expenses?  What will happen to savings and consumption patterns?
What will it mean for lifelong education?  In the absence of such social changes, what will
happen to the technical agility of the society?  Thus, it can be shown that the desired zero
population growth projection is in conflict with business-as-usual economic growth!  Coher-
ent treatment of these issues is possible and represents the holy grail of integra ted assess-
ments.

Projected Fraction of World's Population Above the age of 65
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Figure 15
A demographic model permits projection of the age structure of the population.  In ICAM we have a
generally benign assumption that in most cases incomes rise, a higher fraction of the population live in
urban settings, more women enter the formal economy, and there will be better access to physicians.
The trends for these driver variables lead to lower probable fertility, and higher probable life expect-
ancy.  Thus, the fraction of the global population over the age of 65 is projected to increase dramati-
cally.

Next let us consider the issue of reg ime change.  Purposive regime change is the objective of
most significant policy analyses.  Interestingly, when economic models are used to explore
these, the modeling framework itself is developed around marginal change from an “opti-
mal status quo.”  Why are we exploring the regime change if what is going on is optimal?
More often than not, the reason is that we have suddenly recognized that the present pattern
of activity has some undesirable side effects.  Outcomes that elude detection for so long are
rarely reflected in the measure of “economic performance” used in the model.  Otherwise,
we would have optimized to keep these at a minimum also.  Therefore, by construction,
changes from status quo to meet the constraints posed by a new “concern” are always costly
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in terms of traditional measures of efficiency of performance.  Furthermore, if we are inter-
ested in a changing regime, how can we evaluate the impact of policy using a framework
based on marginal change?

In almost all energy-economics models technological optimism is reflected in a parameter
known as the Autonomous Energy Efficiency Index (AEEI).  This parameter stipulates the
assumed rate of improvement in the efficiency with which energy is used to generate services
and outputs valued by the society.  Often AEEI is assumed to be about 1% per annum, or
some linear function of economic growth rate.  Intellectually, this assumption is a reflection
of the notion of contributions of technological change to economic growth evinced by Robert
Solow.  However, the AEEI concept has two major drawbacks:
1) When a fixed AEEI is assumed, we fail to back-cast the U. S. patterns of economic growth

and energy use, from 1955 to 1995 (Dowlatabadi and Oravetz, in press) — a period
spanning the “energy crises” precipitating a regime change in the energy-economy of
the world.

2) When a fixed AEEI is assumed, climate policy does not influence the rate and direction of
technical change vis-à-vis energy or carbon efficiency!

Oravetz (Ph.D. Thesis) has employed historic data from Korea, Japan, Mexico, and the U. S.
to develop a reduced form model of technical change, which can be incorporated into the
current generation of energy economics models.  We call this alternative to AEEI, Price In-
duced Efficiency (PIE for short).  In this model, energy price shocks, and economic shocks
influence capital depreciation rates, the efficiency of new technologies, and the price elastic-
ity of energy demand.  The incorporation of this model of regime changes in the role of
energy in the economy leads to startlingly different paths for global energy efficiency in the
future, the impact of CO2 control policies, and the overall cost of CO2 emissions control (see
columns M1 and M3 in Table 5).  In this table, the structural uncertainty in four aspects of
energy modeling have been explored.  The two shaded columns permit direct comparison of
considering AEEI or PIE on emissions of CO2, the cost of abatement towards a 550 ppm
CO2 concentration, and the impact of delaying the implementation of policy by 25 years.
AEEI and PIE lead to a two-fold difference in the cost of mitigation.  By adopting a marginal
change framework we are over-estimating the cost of climate policy.

The modeling results presented in Table 5 can also be used to explore the implication of
pa th dependence.  A familiar example of path dependence is that by experience we can do
things better, otherwise known as economies of learning.  These economies have been ob-
served in many human activities.  Nonetheless, economies of learning are rarely repre-
sented in economic optimization models.  The positive feedback entailed in learning by
experience make such model formulations very unstable.  Thus, this aspect of economic
activity is often ignored!  Again, using the ICAM simulation environment I have explored the
implications of changing this structural assumption.  The implications of contrasting world
views in which economies of learning are absent (MI) and present (M4) are displayed in
Table 5.  In these simulations, there is negligible difference in unconstrained energy use and
CO2 emissions.  However, the cost of mitigation when economies of learning are simulated
is one half those calculated ignoring such possibilities.
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Table 5
Energy Use, Emissions, Cost of Mitigation, and
Impacts of Delay in Abatement Towards a 550 ppm Target 1,2

Model Variants
Model Components M1 M2 M3 M4 M5 M6 M7 M8 M9
Are new fossil oil & gas no yes no no yes  yes no  yes  yes
deposits discovered?

Is energy using technical no no yes no yes  yes  yes  yes  yes
progress affected by fuel
prices & carbon taxes?

Does the cost of abatement no no no yes no no  yes  yes  yes
and non-fossil technologies
fall with experience?

Is there a policy to transfer no no no no no  yes  yes  no  yes
carbon saving technologies
to non Annex 1 countries?

TPE BAU in 2100 (EJ) Mean 1975 2475 2250 2000 3425 2700 1450 3550 2850

TPE control in 2100 (EJ) Mean 650 650 500 750 500 500 675 750 725

CO2 BAU 2100 (109TC) Mean 40 50 50 40 75 55 25 73 55

Std . Devia tion 28 18 36 29 29 23 22 27 21

Mitig. Cost
(%Welfare) Mean 0.23 0.44 0.14 0.12 0.48 0.33 0.05 0.23 0.17

Std . Devia tion 0 .45 0 .23 0 .23 0 .22 0 .28 0 .12 0 .07 0 .12 0 .11

Impact of delay
(%Welfare) Mean -0.1 0.2 -0.6 0.0 -1 -0.5 -0.1 -0.6 -0.4

Std . Devia tion 1 0 .3 1 0 .7 1 .2 0 .9 0 .5 0 .8 0 .6

Notes
1) The assumption here is that all nations assume an equal burden  of abatement, by having a

global carbon tax
2) The mitigation costs and impacts of delay are discounted according to the convention proposed

by Schelling (1994)
Sample size: 400
Table reproduced from:

Dowlatabadi, H. (1998). “Sensitivity of Climate Change Mitigation Estimates to Assumptions
About Technical Change.” Energy Economics 20:473-93.

The entries in Table 5 can also be used to emphasize the importance of coherence in as-
sumptions employed in modeling.  For example, if we are willing to embrace human inge-
nuity in technological progress towards more efficient use of energy, why not consider the
same ingenuity employed in bringing fossil fuels to market at lower cost?  The pressure of
higher energy prices will harness human ingenuity in both domains.  The exciting visions of
super efficient resource utilization brought forth by Amory Lovins and super abundant re-
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sources evinced by Julian Simon simply reflect the potential for ingenuity in the demand and
supply sectors respectively.  Reality lies in the path of evolution traced out by the teetering
balance between innovations and inertia in supply and demand — a balance that rarely
looks optimal in the harsh light of hindsight (Arthur 1987).

Other significant path dependencies revolve around the impact of delayed climate policy on
the political economics of changing the energy infrastructure (Grubb, et a l. 1995; Grubb
1997); the deregulation of energy systems (Keith and Parson, 1998); and the power of dual
control policies (Dowlatabadi 1996).

Grubb et a l. (1995) argued that delay would lead to economies further entrenched in
bad consumer habits fostered by fossil fuel combustion.  These habits, such as patterns
of housing and social organization, can be long lasting and difficult to reverse in a short
time-span.
Keith and Parson (1998) have argued that if energy deregulation leads to wide-spread
and distributed generation of electricity using micro-generators consuming natural gas,
the future potential for CO2 management from power generation will be jeopardized.
Elsewhere, I have argued that our knowledge about the dynamics of the socio-economic
system is very uncertain.  Policies can be designed to yield information about the dynam-
ics of the socio-economic system.  Thus, they will serve the dual purposes of  abating
some CO2 emissions and helping us reduce uncertainties in our understanding of the
system we hope to manage.

In summary, I have shown various examples of standard practice in climate policy assess-
ment where we have failed to consider factors such as: coherence of assumptions, the dy-
namics and drivers of regime change and path-dependency of outcomes.  A great deal
more is also troubling and catalogued elsewhere (Morgan and Dowlatabadi 1996; Schneider
1997; Morgan, et a l. in press).  It appears to me that while integrated assessments of cli-
mate change offer great promise, the current cluster of findings on the economics of tempo-
ral and spatial flexibility need to be viewed with caution.  Prognostic modeling to 2020 and
beyond is almost assuredly wrong!  Diagnostic explorations of the dynamics of socio-eco-
nomic systems however, hold the potential of informing the debate with a better understand-
ing of the implications of coherent assumptions, consideration of the dynamics of regime
change, and implications of path dependency.
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Solar Power
Satellite Systems
Peter Glaser
Arthur D. Little, Inc.
Cambridge, Massachusetts

Editor’s Note
Peter G laser has been considered an important figure in the field of space solar power since
he first introduced the concept in 1968 .  He addressed the Aspen G loba l Change Institute
meeting via conference ca ll and engaged the participants in a d iscussion of the merits of
solar power from space .  The following is the rapporteur’s record of his comments.

In 1968, I first publicly pronounced the SPS idea.  In the three decades since then, there has
been international strategic interest in solar power satellite (SPS) systems because they are
one of the very few non-depletable, ecologically-compatible energy systems available for
global application.  Given the objective of meeting global energy demands with minimum
ecological effects while being consistent with sustainable global economic development,
SPS systems compare favorably with globally available energy sources.  Currently operating
energy conversion systems may not be able to supply future energy demands and most
technical, economic and societal challenges.

From the viewpoint of climate change mitigation, SPS has a clear advantage over other
electricity generation options.  According to calculations by Prof. Yoshioko of Japan, in 1998,
carbon emissions from coal-generated electricity were 1,225 mg/kWh; for oil, 846 mg/
kWh; for natural gas, 631; for nuclear power, 22; and for SPS, 20.  From that point of view
alone, the SPS option deserves major attention.

Why is SPS needed?
1) resources limitations of fossil fuels
2) attempts to stabilize greenhouse gas (GHG) emissions to prevent interference with the

climate system
3) ensure that all inputs and outputs of energy systems are useable for peaceful purposes

only
4) excluding the possibility of catastrophic long-term health effects of energy systems
5) limits to terrestrial renewable systems ability to supply base load power demands

I have long been a strong advocate of terrestrial renewable energy and I believe that we
must exploit terrestrial renewables to the greatest extent possible; but by themselves, they
cannot do the job completely.  We must pair these with SPS in order to fully utilize the sun’s
power for the benefit of humankind.

We currently have a unique opportunity to develop SPS options over the next 20-30 years
using well-known technologies.  SPS is more a challenge to technologists than to physicists
because the physics of SPS has already been demonstrated.  Wireless power transmission to
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receivers was discovered by Hertz in the last century, microwave transmission technology
was proposed by Tesla, and Bequerel demonstrated photovoltaic conversion.  The 800 mil-
lion microwave ovens demonstrate the safety and effective uses of microwaves.

Three key demonstrations of SPS technology have been performed in the past 20 years by
NASA, the Canadian Department of Communication, and universities and industries in China,
Europe, Japan, India, Russia and Ukraine.  Japanese, Russian and European investigators
have been working on SPS for 25 years. The extensive literature on their efforts is available
through NASA, and aerospace companies in the U. S. and other countries.  In the past few
years, there have been three technical conferences on SPS, as well as several sessions orga-
nized by professional societies.

NASA and the U. S. Department of Energy (DOE) conducted a study from 1975-80 on the
SPS “reference system” and concluded that no single constraint would preclude the develop-
ment of the SPS option for technical, economic, environmental, or societal reasons.  This SPS
reference system was not intended as a proposal for the SPS to be built but rather as a an
investigation of technical, economic and environmental feasibility.  In FY 1999, NASA re-
ceived $15 million from the U. S. Congress to continue the development of the SPS option.

In order to reduce the challenges and spread out the costs associated with development of a
macro-engineering project such as SPS, I proposed a “terracing” approach — reaching the
ultimate goal by building from one technical achievement to the next.  This approach can
help us resolve technical uncertainties on schedule, maintain private and public investor
confidence, and reduce potential environmental impacts in all stages of development on
Earth and in space.  I believe the development of SPS will include some manufacturing in
space and some new rocket design and manufacture.  It is important to identify obstacles
that could affect schedules and costs.

We have the capability to fully develop, plan, control, and manage large complex space
projects and to achieve higher performance and lower cost space systems.  One example of
this is our experience with electromagnetic levitation to accelerate payloads up to 10,000
gs.  Most materials used for SPS will be similar to those used in other space programs.
Robotics for assembly of large stations will also be necessary as we explore SPS and other
space projects.

We are demonstrating that we can apply wireless transmission for use on Earth, including
high-altitude, long-endurance aircraft, and power relay satellites.  These projects are essen-
tial steps to achieving reliable and effective SPS operations.

We have to select the most appropriate technologies that comply with applicable standards
and laws to protect people and the environment.  SPS is just like other macro-engineering
projects.  SPS has to be designed and operated within the existing international legal and
regulatory framework that exists for current applications of technologies in space.

Another issue to be resolved is the microwave frequency assignments problem.  We need to
choose the best frequencies available to minimize losses in the atmosphere; these are within
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the industrial, scientific and medical (ISM) band.  Communication satellites are beginning to
encroach on this ISM band, using frequencies that SPS would need in order to operate most
cost effectively.

We will have to prove that the SPS can only be operated for peaceful purposes.  One way to
accomplish this is to have the system be an international one and show that no device such
as a high power laser is hidden in the SPS that could threaten any country.  I believe it is
possible to do this and abide by relevant treaties to assure only peaceful uses of SPS.  In
addition, UN law requires that space activities be carried out for the benefit of all member
states.  SPS can meet this requirement and be used for the peaceful development of all
nations.

There are currently various countries working on SPS-related technology.  An international
entity is still in the future.  India, China, Japan, Russia, Ukraine, Europe, a number of South
American nations, and the U. S. are working on SPS systems.  Government-level, academic
and industrial planning efforts are needed for an SPS-development program because elec-
tric utilities’ planning horizons are not long enough to include SPS (though they should).  The
Electric Power Research Institute (EPRI), the utilities’ trade organization, is favorably disposed
towards the SPS concept.

Societal acceptance will be of crucial importance for SPS.  Publicly-accessible information is
needed during the planning, development and construction stages.  The potential signifi-
cance of SPS must be demonstrated to the public.  Globally, SPS is one of the few promising
steps leading to the hydrogen economy on Earth.  One science experiment that has been in
place since 1969 consists of a laser located in Hawaii with a receiver on the moon.  With SPS
in orbit or on the moon, powerful lasers can also be used to deflect comets and asteroids
that might potentially impact Earth, providing an additional benefit of the SPS.

Conclusion
The challenge today is to develop extraterrestrial resources over the next 10 to 30 years.  It
is important to remember that when the Wright brothers flew their airplane at Kitty Hawk it
was not a 747.  Technology development is a gradual process but we must take the initial
steps now.  In 1974, a 30 kW microwave beam was converted directly to DC electricity at
80% efficiency, proving that this can be done without harming the birds and other animals in
the area.  Now is the time to select the most desirable energy options, including terrestrial
renewable energy sources and SPS, before future commitments are made to other approaches
that are unsustainable.  This will ensure that the benefits of solar power will continue to
sustain life on Earth and be available to all.

Questions and Answers
Q What are the latest developments in SPS?

A One of the most interesting developments is the level of interest in SPS by the Russians,
Ukrainians and Japanese.  The Japanese have been in touch with 40 equatorial coun-
tries to see if they are interested in receiving power from low-Earth orbit.  China and
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India have also expressed interest in SPS and have done a number of studies.  This is to
be expected as countries with very large populations will benefit most from SPS.

Q SPS is a technology that is very hard to start on a small scale; is there a way to break SPS
technological development into manageable packages?

A Yes.  Step 1 is to transfer power from one place to another on Earth as was accomplished
in a California demonstration.  Step two is to supply an aircraft with power from the
ground; Canada has flown such an aircraft and the Japanese have flown a dirigible with
power beamed from the ground.  There are other tests and steps that will follow in a
similar manner.  I am a supporter of the International Space Station because many of the
things we will need for SPS we can learn from Space Station development.  Some ex-
amples include robotic assembly and providing space structures for a variety of activities.
Many space station experiments involve crucial tests about technologies which will work
best for SPS.

Q What about cost?  Isn’t SPS too expensive?  Given that we have a range of energy
options, where does SPS fit in?

A Back when the Wright brothers flew at Kitty Hawk, people would have thought that it
would always be far too expensive to use airplanes to deliver mail!  We must do the hard
initial work, and we must take the right steps and try not go down blind alleys.  This is
how macro-engineering on large projects is done successfully. The difficulties we foresee
now can be overcome in rational ways.  SPS has not only passed the test of making sense
from an economic, environmental and societal point of view, but it is one of the few
major global options worth pursuing.  We will be able to bring costs down with advanc-
ing technology.  We should first do the straight-forward things with near-term time hori-
zons which can be projected with confidence in terms of technical, economic, environ-
mental and societal issues.  Don’t look at the current SPS studies as a final technical
solution.  Look instead at the broader issues.  Keep proceeding through the required
development steps.  The technology is not the real issue; we have the capability to de-
velop it, whether in low-Earth and geosynchronous orbits or lunar surface-based. No
new revelations are needed; all components of the SPS system have been studied.

Q Nuclear fusion has received support on the order of a billion dollars a year for 20 years
and still has no proof of concept.  Is there a demonstration for SPS that could come out
of NASA in the next ten years for less money?

A We should be able to very shortly produce a demonstration of SPS (10 to 100 MW) in low
Earth orbit for a small fraction of the investment in fusion.  The Japanese are on their way
to doing this now.  You have to ask the right questions to get the right answer.  The NASA
reference system was not designed to be built but rather just to have a credible reference
for analyses.  Now that most aspects of SPS have been studied, SPS is a challenge to
engineers to design and build a workable system to supply energy to Earth.
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Carbon Dioxide Capture
and Sequestration
Howard Herzog
Energy Laboratory
Massachusetts Institute of Technology (MIT)
Cambridge, Massachusetts

In viewing the spectrum of responses to global climate change, there are a number of
relatively low cost CO2 mitigation technologies, sometimes termed “least regrets.”  They
include improving energy supply and end-use efficiency, switching from coal or oil to natural
gas where possible, forestation, and inexpensive renewable energy applications.  The major
drawback of this group of technologies is their limited impact.  They may be sufficient to
meet short-term goals, but there is a general belief that they will not be able to solve the
problem in the mid- and long-term.

In light of the limited reduction potential of these options, additional, but more costly mitiga-
tion technologies must be considered, specifically CO2 capture and sequestration, nuclear
power, and large-scale renewable energy production.  All three of these mitigation tech-
nologies have the potential to substantially reduce CO2 emissions at comparable costs, yet
all three suffer impediments (e . g., nuclear power must solve issues of safety and public
acceptance and renewable energy costs must decrease).

Since at least one of these options (if not all three) will be required to stabilize atmospheric
levels of greenhouse gases in the mid- to long-term, it is prudent to examine all three.
Compared with nuclear and renewable energy, the U. S. research effort to-date with respect
to technologies for CO2 capture and sequestration has been minimal.  Thus, we should
extend our efforts to understand CO2 capture and sequestration technologies in order to
better evaluate their potential and to reduce their associated costs and risks.

The main challenge regarding CO2 capture technology is to reduce the overall cost by
lowering both the energy and the capital cost requirements.  While costs and energy re-
quirements for today’s capture processes are high, the opportunities for significant reduc-
tions exist, since researchers have only recently started to address these needs.  One strategy
that looks extremely promising is to combine CO2 removal with advanced coal energy con-
version processes that have features which will enable low energy intensity capture.

The major options for CO2 storage are underground or in the ocean.  Statoil is presently
storing one million tonnes per year of CO2 from Norwegian gas fields in an aquifer beneath
the North Sea.  A larger aquifer storage project may soon be undertaken by Exxon and
Pertamina at their Natuna gas field in the South China Sea.  Besides aquifers, geologic
storage options include active oil wells (in connection with enhanced oil recovery), coal
beds, and depleted oil and gas wells.  The issues which need clarification include storage
integrity and reservoir characterization.  Ocean CO2 disposal would reduce peak atmo-
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spheric CO2 concentrations and their rate of increase by accelerating the ongoing, but slow,
natural processes by which most current CO2 emissions enter the ocean indirectly.  The
capacity of the ocean to accept CO2 is almost unlimited, but there are questions that still
need to be addressed about effectiveness (i. e ., how long will the CO2 remain sequestered)
and about the environmental impacts associated with increased sea water acidity near the
injection point.

While there are diverse niche opportunities for industrial utilization of power plant CO2,
these uses are all small compared to the total quantities of CO2 emitted by the power sector.
Multiple small uses can be an effective, but small, part of a mitigation strategy.  Large scale
chemical conversion of power plant CO2 to fuels such as methanol requires so much energy
that it produces marginal mitigation benefit, if any.  Microalgae offer the potential for con-
version of power plant CO2 to biomass, but research is needed to achieve improvements in
productivity that would reduce land requirements and costs.  Storage as carbonate minerals
is another possibility, but materials handling and waste issues make practicality uncertain
without further investigation.  In the nearer term, limited biomass energy farming, coupled
with co-firing of farmed or waste biomass with fossil fuels is an attractive option.  In the
much longer-term, research on bioproduction of hydrogen or on artificial photosynthesis
may provide new and significant pathways for mitigation.

The limited funding to date for CO2 capture and sequestration has not allowed significant
program development, making it difficult to fairly assess the potential of these technologies
compared to other mitigation options for which substantial sums of money have been spent
(e . g., switching to nuclear or renewable energy sources).  To date, the cumulative research
dollars spent on CO2 capture and sequestration technologies in the U. S. has been less than
$10 million, limiting the research effort to small theoretical or laboratory studies.  To allow
needed program development, we recommend a budget that averages $50 million per year
for 5 years.

To put this budget request in perspective, we can make the following comparisons:
The total U. S. energy expenditures are approximately $500 billion annually, while the
existing capital stock of the utility industry worldwide is estimated in excess of $2 trillion.
It seems wise to investigate whether CO2 capture and sequestration technologies can
allow fossil fuels to remain a cost-effective energy source, while concurrently contributing
to a significant reduction in greenhouse gas emissions.
The proposed budget is modest in comparison to Japanese government expenditures on
CO2 capture and sequestration (by at least a factor of 2).
The U. S. now spends about $1.6 billion annually investigating various aspects of the
climate change problem.  Spending at that level indicates that global climate change is
being taken seriously.  It seems prudent to spend 3 percent of that level to investigate the
flexibility of one of the few possible longer-term mitigation solutions.
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Solar Power Satellites:
Advanced Technology
for CO2 Stabilization
Martin Hoffert
Department of Physics
New York University
New York, New York

The ultimate in utility deregulation, and a technology that could have a major impact in
mitigating global warming, could be “Orbital Light and Power” — utilities capable of deliv-
ering solar electricity from space, on demand, at competitive prices, anywhere on the planet;
particularly to those 40% of Earth’s inhabitants “off the grid.”  Why do it in space?  The sun
always shines brightly in space, with no clouds and no nighttime.  By placing arrays of solar
cells on satellites in geostationary orbit (in which the rotational period is equal to that of the
Earth so that it appears stationary from Earth) the cells would be exposed continuously to the
solar constant, making its productivity a factor of 8 to 10 better than if they were on Earth’s
surface.

For efficient power beaming, diffraction of electromagnetic (EM) waves requires that the
product of transmitter and receiver apertures be at least as large as the product of wave-
length and transmission distance, independent of power level.  But wavelengths cannot be
too short, or rain fade will significantly reduce efficiency as well.  Thus microwave power
transmission through the atmosphere from distant orbits requires large components, as in
the NASA/DOE Solar Power Satellite (SPS) Reference Design of the 1970s in geostationary
orbit (GEO, 36,000 km above the equator) shown in Figure 16 (Glaser, 1996; Glaser et al.,
1998).

Figure 16
NASA/DOE SPS Reference Design in geostationary orbit

The advantages of GEO are that satellites appear fixed in space relative to receivers on
Earth and that solar arrays are almost constantly exposed to sunlight.  A disadvantage of
GEO is that transmission of power beams over relatively large distances requires large
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components and high first cost.  For tha t reason, the SPS Reference design based on the
orig ina l Peter G laser proposa l, with its 5 km x 10 km so lar arrays producing 9 G We a t
Earth’s surface , has been ca lled by some a “Ba ttlestar G a lactica” approach, and severa l
a lterna te designs are be ing exp lored .  Peter G laser (who addressed our AG C I Workshop via
conference ca ll) has ca lled for a “terraced” approach, in which the e lements needed for
cost-effective space power are deve loped on a pay-as-you-go basis.

To be competitive with fossil fue ls, the cost ob jective for so lar e lectricity is in the range of
$1 ,000 to $3 ,000 per kWe for in-space components.  (Electricity in space is considerab ly
more expensive than on Earth, which is why some consider space-to-space the preferred
early market for space power.)  Assum ing tha t deve lopments in lightwe ight structures and
fabrica tion techniques can bring sa te llite power densities to ~  1 kWe/kg, and tha t ha lf the
system cost is lifting the sa te llite to orb it from the Earth’s surface , imp lies break-even a t
payload launch costs of (1 /2) x (1 ,000-3 ,000)$ /kWe x  1 kWe/kg, ~  500-1500 $ /kg.  This
is more than an order of magnitude cheaper then present-day Space Shuttle launch costs to
LE O .  These launch costs are however within striking d istance of those targeted for the next
genera tion sing le-stage-to-orb it (SSTO ) space vehicles, like as the Lockheed Martin Skunk
Works Venture Star dep icted in Figure 17 .  Placing such a system in space is just rocket
science , which isn’t “rocket science .”

Figure 17
Comparative Cost, Risk, Size, and Mass of Rocket Options for SPSs

To be competitive with

fossil fuels, the cost

objective for solar

electricity is in the

range of $1 ,000 to

$3 ,000 per kWe for

in-space components.

Placing such a system

in space is just rocket

science, which isn’t

“rocket science.”



S E S S  I  O  N  1

A S P E N   G L O B A L   C H A N G E   I N S T I T U T E

Element s of Change 19987 8

Concerns have been raised about the possible health and safety effects of microwaves, but
their intensities in such a system, even at the center of the beam, are not problematic.
Epidemiological studies have failed to demonstrate that these microwave intensities, com-
parable to those of microwave ovens and cellular phones, have an adverse effect on human
health.

A concept that Seth Potter and I have been pursuing (Hoffert and Potter, 1997, see Figure 18)
is that Solar Power Satellites (SPSs) could be integrated with the infrastructure of current
communications satellites to enhance the system’s cost-effectiveness.  Communications sat-
ellites already focus beams onto Earth; carrier waves are modulated to carry information,
but could similarly carry microwave energy.  In the near future, there will be hundreds to
thousands of communication satellites hundreds to thousands of kilometers above Earth’s
surface in low to mid Earth orbit for cell phones, data and video (Evans, 1998).  The com-
mercial enterprise of supplying high speed data links to all points on planet will drive down
launch vehicle costs rapidly.

Figure 18
Cover story by Hoffert and Potter (1997) in MIT’s Technology Review

We argue that the drive to increase bandwidth will inexorably lead to large antennas of
order 100 meters diameter.  Once we get to that point, we will have the ability to bring
power beams, steered by phased array transmission, to Earth’s surface.  This integration of
communication and power beaming functions is the easiest way to power the 40% of the
world that is now off the grid.
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This represents a global village concept for communication and a new industry to globalize
the electricity market.  An evolutionary path begins with satellite technology and could end
with a lunar-based system as described by David Criswell elsewhere in this report.  One
major problem remains how to meter, bill, and collect the revenues.  Unlike communica-
tions, we cannot encrypt electricity.  But some combination of power and communication
has potential; telecommunications companies and computer companies will probably de-
velop this technology which will involve uplinks and downlinks and a system of connections
between satellites.

Other interesting issues to be considered involve questions of centralized versus decentral-
ized power production and thus possible uses as a method of social control.  Who would
own such a system and have the right to control it?  Who controls the infrastructure of any
energy system, and how can we best build an evolutionary system?

The Politics of Global Warming and SPS
It is worth mentioning that outside the scientific community actively working on it, global
climate change from fossil fuel burning is viewed as a highly controversial and unsettled
issue, particularly in the U. S.  The UN Framework Convention on Climate Change (FCCC),
agreed to in principle by the U. S. administration, not to mention virtually all other UN
member nations, does have major economic and political implications.  Among these is the
unprecedented opportunity for the emergence of new global energy industries such as the
nascent “Orbital Light and Power” discussed here.

This is not, however, the “spin” one normally sees when the issue is discussed on Capitol Hill
and in the media.  Because of its implications for carbon taxes and emission controls, “glo-
bal warming” is depicted by some in the fossil fuel energy industry as undermining a ll eco-
nomic growth and job production.

One result of this view is that it is extremely unlikely that the Kyoto Protocol of the UN FCCC
will be ratified by the U. S. Senate.  Since Al Gore’s early advocacy of the theory of global
climate change, and the proposal in his book, Earth in the Ba lance, that the global environ-
ment become a post-Cold-War organizing principle for international relations, climate change
from human-produced greenhouse gases is seen as much as a “liberal” versus “conserva-
tive” political issue as a scientific theory involving atmospheric absorption bands and radia-
tive balances.

Among other things, what space power and other high technology energy options bring to
the table is an opportunity to see the problem from a more bipartisan perspective.  Consider
this: On October 24, 1997 Congressman Dana Rohrbacker (R, California) — well-known
for his opposition to the IPCC’s 1995 finding that the balance of evidence suggests a dis-
cernible human influence on global climate — conducted hearings on the efficacy of Space
Solar Power, a technology he supports strongly (Rohrbacker and Weldon, 1998).  In the
course of these hearings, during which, incidentally the Hoffert and Potter communications/
powersat idea was favorably discussed — Rohrbacker observes in an almost offhand way
that the interests of those wanting to mitigate global warming and his own promotion of
space power are in common cause:
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And this is interesting in the sense that those of us who believe that global warming is liberal
clap trap, and those of us believe — who are seriously concerned about global warming —
actually are together in this particular instance.

If congressional opponents of “climate change theory” as virulent as Rohrbacker can see the
problem this way, there may be more opportunities to address the issue though advanced
technology than we know.  The issues will be the relative roles of governments in R & D and
regulation.

Changes in Status Quo are Often Resisted
This would not be the first time in the history of technology that government has been lob-
bied by an existing industry to protect it from an emergent one.  As the technology of rail-
roads began to gather steam (literally) the existing transportation systems protested.  For
example, Martin Van Buren, Governor of New York, wrote to President Jackson in 1829:

The canal system of this country is being threatened by the spread of a new form of transpor-
tation known as “railroads.”  The federal government must preserve the canals for the fol-
lowing reasons:

One — If canal boats are supplanted by “railroads,” serious unemployment will result.  Cap-
tains, cooks, drivers, hostlers, repairmen, and lock tenders will be left without means of
livelihood, not to mention the numerous farmers now employed in growing hay for horses.
Two — Boat builders would suffer and towline, whip and harness makers would be left destitute.
Three — Canal boats are absolutely necessary to the defense of the United States.  In the
event of the expected trouble with England, the Erie Canal would be the only means by which
we could ever move the supplies so vital to waging modern war.

As you may well know, Mr. President, “railroad” carriages are pulled at the enormous speed
of fifteen miles per hour by “engines” which, in addition to endangering life and limb of
passengers, roar and snort their way through the countryside, scaring the livestock, and
frightening our women and children.  The Almighty certainly never intended that people
should travel at such breakneck speed.”

As it happened, the railroads won that particular battle in the ninetieth century, only to be
superseded by trucks and commercial aircraft in the twentieth century.

SPS Versus Terrestrial Photovoltaics (PVs) for the Developing World
The key failure of the existing Earth-based renewables, often referred to as “appropriate
technology,” is that storage is expensive and solar and wind are intermittent.  How can we fit
technologies with how people live?  SPS systems can provide power 24 hours a day.  The
following points contrast SPS with terrestrial PVs for the developing world:

1) SPS can generate higher long term average areal power densities, ~ 250 We/m2 versus
~20 We/m2 for terrestrial PVs.  Hence, SPS competes less for land with human agricul-
ture and biodiversity.

2) Unlike opaque PV cells, surface rectennae are visually transparent, permitting crop growth
and even grazing beneath collectors.  Costs of rectennae are less than PV cells; hence
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developing nations can more easily afford capital investment and part ownership of the
system.

3) SPS microwave beams can be focused where needed; geostationary systems are always
available, obviating need for storage.  Likewise, low-Earth orbit SPS constellations can
provide continuous power using beam-hopping, and satellite-to-satellite links, similar to
communication satellites.

4) Integrated powerbeam/communication satellite constellations could be developed using
a common infrastructure of launch vehicles, antennae, satellites, and financing.  Modu-
lating the power/pilot microwave beam creates downlink/uplink for high bandwidth data,
voice, and video communication channels.  Advantages are potential rapid deployment
of carbon-free electric power to developing nations where it is most needed.

The Way Forward
Some new technology, such as “inflatables” technology for spacecraft could be key for de-
velopment of SPS.  NASA could build the test for this system as they have for communica-
tions.  NASA’s “Fresh Look” study of solar power satellites (Mankins, 1997) includes an
examination of gallium arsenide solar collectors, Fresnel lenses to concentrate the beam,
and low-Earth and medium-Earth orbits other than geostationary.  A NASA/DOE task force
should be set up to develop a research plan for this system in a 6-month period to assess
various proposals.  Then, the logic of the marketplace should foster international coopera-
tion on this technology.

Technological Advance Under Pressure
Rapid changes in technology often take place under intense pressure.  In World War II, we
had biplanes when we entered the war and jets and rockets by its end eight years later.  This
rapid change took place in a period of great urgency, not through the normal functioning of
the marketplace.  Similarly, the Manhattan project greatly accelerated technological devel-
opment.  Nuclear power, rocketry and radar, the three key inventions of WWII, were all
accomplished under extreme pressure.

Global warming presents us with a similar opportunity.  All of our key technologies were
brought into being through investments by governments.  The time horizons are too long for
private industry to make the whole investment themselves.  However, the politicized nature
of the global warming issue presents a problem.  As mentioned above, some in Congress
see this as a way to transfer money from U. S. taxpayers to the developing world.  The
challenge is to overcome this partisanship and formulate a new policy which emphasizes
innovative energy technology that lets people do well by doing good.  There is at least a
glimmer of light at the end of that tunnel.
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Geoengineering Climate
David Keith
Dept. of Chem istry and Chem ica l Bio logy
H arvard University
C ambridge , Massachusetts

G eoeng ineering is the intentiona l large-sca le manipula tion of the g loba l environment.  The
term has usua lly been app lied to proposa ls to manipula te the clima te with the primary
intention o f reducing undesired cl ima tic change caused by human influences.  These
geoeng ineering schemes seek to m itiga te the effect of fossil-fue l combustion on the clima te
without aba ting fossil fue l use; for examp le , by p lacing shie lds in space to reduce the sun-
light incident on the Earth.

Possib le responses to the prob lem of anthropogenic clima te change fa ll into three broad
ca tegories: aba tement of human impacts by reducing the clima te forcings, adapta tion to
reduce the impact of a ltered clima te on human systems, and de libera te intervention in the
clima te system to counter the human impact on clima te — geoeng ineering.

It is centra l to the common meaning of geoeng ineering tha t the environmenta l manipula tion
be de libera te , and be a primary goa l ra ther than a side-effect.  This d istinction is a t the heart
of the substantia l mora l and lega l concerns about geoeng ineering.  For examp le , while it
may be argued tha t modern agriculture constitutes geoeng ineering, the g loba l-sca le trans-
forma tions of the nitrogen cycle it causes is a  side-effect of food production, and is usua lly
viewed d ifferently from the de libera te mod ifica tion of the g loba l environment.

Examples of Geoengineering Proposals
A var ie ty o f  geoeng ineer ing schemes a re summ ar ized in Ta b le 6 .   A t axonomy o f
geoeng ineering is presented in Figure 19 .  Technica l d iscussion of geoeng ineering is om it-
ted here .  Summary articles are described in the annota ted b ib liography be low.

Evaluating Geoengineering
Most d iscussion of geoeng ineering has focused on assessments of technica l feasib ility and
approxima te cost.  However, it is probab le tha t issues of risk, po litics, and ethics will prove
more decisive factors in rea l cho ices about imp lementa tion.  This is true both because of the
strong nega tive reactions often provoked by most geoeng ineering proposa ls, and because
many geoeng ineering schemes are inexpensive re la tive to aba tement or adapta tion.

Economics and Risk Analysis
The simp lest econom ic metric for geoeng ineering is to compute the “cost of m itiga tion” —
the ra tio of cost to the amount of m itiga tion effected (typ ica lly measured in do llars per ton of
carbon em ission m itiga ted).  This measure perm its comparison between geoeng ineering
schemes and between geoeng ineering and the aba tement of em issions.  Tab le 6 includes
the cost of m itiga tion for various schemes.  The costs are highly uncerta in.  For a lbedo
mod ifica tion schemes add itiona l uncerta inty is introduced by the somewha t arb itrary con-
version from a lbedo change to equiva lent reduction in C O 2.
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Table 6
Summary comparison of geoengineering options.
(*) C ost of M itiga tion (C O M) is in do llars per ton of C O 2 em issions m itiga ted .  While based on current
litera ture , the estima tes of risk and cost are the author ’s a lone .

Geoengineering
Scheme

Injection of C O 2

into the ocean.

Injection of C O 2
underground.

O cean fertiliza tion
with phospha te

O cean fertiliza tion
with iron

Intensive forestry to
capture carbon in
harvested trees.

Solar shields to
genera te an increase
in the Earth’s a lbedo.

Stra tospheric S O 2

to increase a lbedo
by direct optica l

sca ttering.

Tropospheric S O 2
to increase a lbedo

by direct and
indirect effects.

COM*

30-80

30-80

1-3

0 .3-3

3-100

10-100

< <  1

<  1

Technical Uncertainties

Costs are much better
known than for other

geoengineering schemes.
Modera te uncerta inty about

fa te of C O 2 in ocean.

Cost are know as for C O 2 in
ocean; less uncerta inty about

geologic than oceanic storage.

Uncerta in biology: can
ecosystem change its P:N

utiliza tion ra tio?

Uncerta in biology:  when
is iron rea lly limiting?

Uncerta inty about ra te of
carbon accumula tion,

particularly under changing
clima tic conditions.

Costs are large and highly
uncerta in.  Uncerta inty

domina ted by launch costs.

Uncerta in lifetime of
stra tospheric aerosols.

Substantia l uncerta inties
regarding, aerosol transport

and their effect on cloud
optica l properties.

Risk of Side Effects

Low risk. Possib ility of
damage to loca l

benth ic commun ity.

Very low risk.

Modera te risk. Possib le
oxygen dep letion may cause
methane re lease .  C hanged

m ix of ocean b iota .

As above .

Low risk.
Intensive cultiva tion will

impact so ils and b iod iversity.

Very low risk. However,
a lbedo increase does not
exactly counter the effect

of increased C O 2 .

H igh risk. Effect on ozone
dep letion uncerta in .

A lbedo increase is not
equiva lent to C O 2 m itiga tion .

Modera te risk: un intentiona l
m itiga tion of  the effect of
C O 2 a lready in progress.

Non-Technical Issues

Like aba tement this scheme
is loca l with costs associa ted
with each source.  Potentia l
lega l and politica l concerns

over oceanic disposa l.

Is geologic disposa l of C O 2

geoengineering or a method
of emissions aba tement?

Lega l concerns: Law
of the Sea , Antarctic Trea ty.

Liability concerns arising
from effect on fisheries;

N.B. fisheries might
be improved.

As above.

Politica l questions: how
to divide costs? Whose

land is used?

Security, equity and liability
if system used for
wea ther control.

Liability: ozone destruction.

Liability and sovereignty
because the distribution

of tropospheric
aerosols strongly effects

regiona l clima te.
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Exam ina tion of the cost of m itiga tion revea ls tha t it varies by more than two orders of mag-
nitude between various schemes, and tha t for some (e . g., stra tospheric aeroso ls) the costs
are very low compared to e ither aba tement or adapta tion.  However, such d irect cost com-
parisons have little meaning g iven the very large d ifferences in the non-monetary aspects of
these responses to clima te change; e . g. , risk of side effects, certa inty of effect, and socia l
d istribution of cost.

Geoengineering as a Fallback Strategy
G eoeng ineering may serve as a  fa llback stra tegy by putting an upper bound on the costs of
m itiga tion should clima te change be more severe than we expect.  In this context a  fa llback
stra tegy must e ither be more certa in of effect, faster to imp lement, or provide unlim ited
m itiga tion a t fixed marg ina l cost.  Various geoeng ineering schemes meet each of these
criteria .  The notion of geoeng ineering as a  fa llback option provides a  centra l, or perhaps
the only justifica tion for taking large-sca le geoeng ineering seriously.  A fa llback stra tegy
perm its more confidence in adopting a modera te response to the clima te prob lem: without
fa llback options a  modera te response is risky g iven the possib ility of a  strong clima tic re-
sponse to modera te leve ls of fossil-fue l combustion.
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Figure 19
Taxonomy of Geoengineering and Climate Impacts
D avid Ke ith , 1998
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Risk Assessment
Q uestions about the advisab ility of geoeng ineering revo lve around risk: risk of fa ilure and
risk of side effects.  C lima te pred iction is too uncerta in to a llow quantita tive assessment of
risk.  However, if a  geoeng ineering scheme works by im ita ting a na tura l process, we can
make a qua lita tive risk assessment by comparing the magnitude of the eng ineered effect
with the magnitude and variab ility of the na tura l process, and then assume tha t sim ilar
perturba tions enta il sim ilar results.  For examp le , the amount of sulfa te re leased into the
stra tosphere as part of a  geoeng ineering scheme and the amount re leased by a large vo lca-
nic eruption are sim ilar.  We may estima te the magnitude of stra tospheric ozone loss by
ana logy.  Even crude qua lita tive estima tes of risk can g ive insight into the re la tive merits of
various geoeng ineering schemes when considered in conjunction with other variab les.  Tab le
7 illustra tes this with a comparison of risk and cost.

Table 7
Comparing risks and costs of various options

Risk Cost

Low Medium High

Low — Intensive forestry So lar shie lds
for carbon sequestra tion

C O 2 sequestra tion

Medium Tropospheric S O 2 Inert stra tospheric aeroso ls Ba lloons in the
stra tosphere

O cean fertiliza tion O cean fertiliza tion
with iron phospha te

High Stra tospheric S O 2  —  —

Political Considerations
The card ina l po litica l rea lity of geoeng ineering is tha t unlike other responses to clima te
change (e . g. , aba tement or adapta tion), geoeng ineering could be imp lemented by one or
a few countries acting a lone .  Various po litica l concerns arise from this fact with respect to
security, sovere ignty, and liab ility; they are briefly summarized be low.

Some geoeng ineering schemes ra ise d irect security concerns; so lar shie lds, for examp le ,
m ight be used as offensive weapons.  A more subtle but perhaps more important security
concern arises from the growing links between environmenta l change and security.  Whether
or not they were actua lly responsib le , the opera tors of a  geoeng ineering pro ject could be
b lamed for harmful clima tic events tha t could p lausib ly be a ttributed — by an aggrieved
party — to the geoeng ineering.  G iven the current po litica l d isputes arising from issues such
as the dep letion of fisheries and aquifers, it seems p lausib le tha t a  unila tera l geoeng ineering
pro ject could lead to significant po litica l tension.

In genera l, interna tiona l law has little bearing on geoeng ineering.  However, Bodansky
(1996) po ints out tha t severa l specific proposa ls may be covered by existing laws; for ex-
amp le , the fertiliza tion of Antarctic wa ters would fa ll under the Antarctic Trea ty System , and
the use of space-based shie lds would fa ll under the O uter Space Trea ty of 1967 .
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As in the current nego tia tions under the Framework C onven tion on C lima te C hange ,
geoeng ineering would ra ise questions of equity.  In this case , geoeng ineering m ight simp lify
the po litics.  As Tom Sche lling (1996) po ints out, geoeng ineering “… tota lly transforms the
greenhouse issue from an exceed ing ly comp lica ted regula tory reg ime to a simp le — not
necessarily easy, but simp le — prob lem in interna tiona l cost sharing.”  O ne must note tha t
not a ll geoeng ineering schemes are amenab le to centra lized imp lementa tion.  For examp le ,
carbon management requires d iffuse imp lementa tion a t the manifo ld sources of fossil fue l
combustion.

Ethics
D iscussion of geoeng ineering commonly e licits strong nega tive reactions.  W ithin the po licy
ana lysis community, for examp le , there has been vigorous deba te about whether d iscussion
of geoeng ineering should be included in pub lic reports tha t outline possib le responses to
clima te change .  Fears have been vo iced tha t its inclusion in such reports could influence
po licymakers to take it too seriously, and perhaps to defer action on aba tement g iven knowl-
edge of geoeng ineering as an a lterna tive (see Schne ider, 1996 for d iscussion of the deba te
over geoeng ineering in the 1992 N a tiona l Academy of Sciences pane l).  While these con-
cerns are undoubted ly serious and substantive , it is d ifficult to d isentang le the ir various roots
and , in particular, to separa te pragma tic from ethica l concerns.

Many of the ob jections to geoeng ineering tha t are cited as “ethica l” have an essentia lly
pragma tic basis.  Three common ones are:

The Slippery Slope Argument:  If we choose geoeng ineering so lutions to counter
anthropogenic clima te change , we open the door to future efforts to systema tica lly a lter
the g loba l environment to suit humans.  This is a  pragma tic argument, because in the
future we will be as free as we are now to choose to wha t extent we wish to geoeng ineer.
An ethica l argument must define why such large-sca le environmenta l manipula tion is
bad , and how it d iffers from wha t humanity is a lready do ing.
The Kluge Argument:  G eoeng ineering is a  technica l fix, kluge , or end-of-p ipe so lu-
tion.  Ra ther than a ttacking the prob lems caused by fossil fue l combustion a t the ir source ,
geoeng ineering a ims to add new techno logy to counter the ir side-effects.  Such so lutions
are commonly viewed as inherently undesirab le , but not for ethica l reasons.
The Unpredictability Argument:  G eoeng ineering enta ils messing with a comp lex,
poorly understood system; since we cannot re liab ly pred ict results, it ’s uneth ica l to
geoeng ineer.  Because we are a lready perturb ing the clima te system with consequences
tha t are unpred ictab le , this argument depends on the notion tha t intentiona l manipula-
tion is inherently worse than manipula tion tha t occurs as a  side-effect.

O ne may ana lyze geoeng ineering using common ethica l norms; for examp le , one could
consider the effects of geoeng ineering on intergenera tiona l equity, or on the rights of m i-
norities (e . g., the inhab itants of low-lying countries).  However, these modes of ana lysis say
nothing unique about geoeng ineering, and could be app lied in a sim ilar manner to many
other techno log ica l cho ices.  Some peop le would argue tha t such ana lysis fa ils to address a
particular ethica l abhorrence they fee l about geoeng ineering and tha t we should look for an
ethica l ana lysis tha t addresses geoeng ineering in particular; e . g., an environmenta l ethic.
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The simp lest formula tions of environmenta l ethics proceed by extension of common ethica l
princip les tha t app ly between humans.  A result is “ anima l rights” in one of its variants; e . g.,
Regan (The C ase for Anima l Rights, University of C a lifornia Press, Berke ley, 1983).  Such
formula tions loca te “rights” or “mora l va lue” in ind ividua ls.  When app lied to a large-sca le
decision such as geoeng ineering, an ethica l ana lysis based on ind ividua ls reduces to a
prob lem of we ighing conflicting rights or utility.  As with ana lyses tha t are based on more
trad itiona l ethica l norms, such ana lysis has no specific bearing on geoeng ineering.  A lterna-
tive , and more controversia l formula tions of environmenta l ethics loca te mora l va lue in
systems of ind ividua ls, such as a  species or a b iotic community (see for examp le C a llicott, In
defense of the Land Ethic, Sta te University of New York Press, A lbany, 1989).  It is p lausib le
tha t such a formula tion of environmenta l ethics could more d irectly address the ethics of
geoeng ineering.
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D avid Ke ith describes a  geoeng ineering option .
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Prospects for Ultra-High
Resolution Climate
Simulation in the
Next Five Years
C. F. “Chick” Keller
Institute of G eophysics and Planetary Physics
Earth and Environmenta l Science D ivision
Los A lamos N a tiona l Labora tory
Los A lamos, New Mexico

O ne of the most important prob lems confronting the g loba l society is whether introduction
of anthropogenic greenhouse gases (A G H G s) into the a tmosphere will cause significant
warm ing and re la ted adverse impacts.  To da te , the ba lance of evidence suggests tha t this is
the case , but considerab le controversy surrounds this find ing, and it is genera lly agreed tha t
more deta iled study is needed to reduce uncerta inties further before the broader community
becomes convinced of the prob lem and until the prob lem itse lf is sufficiently we ll understood
to d irect m itiga tion actions if needed .  There is considerab le urgency to get answers to these
questions since pro jections suggest tha t early action to reduce AG H G s is warranted .  In
add ition, societa l p lanning needs better understand ing (and pred ictab ility) of the present
clima te regard less of the ultima te magnitude of anthropogenic warm ing.  O ne of the ma jor
roadb locks to acquiring this understand ing is tha t computer mode ls, on which many pro jec-
tions are based , have been grea tly hampered by lack of requisite computer power to study
the prob lem a t sufficiently high reso lution and with sufficiently deta iled process descriptions.
An opportunity has arisen to provide this bad ly needed computer power and the a ttendant
expertise to use it efficiently.

Duplication of the DOE’s Accelerated Strategic
Computing Initiative  (ASCI) for Climate Study
In response to the urgent need to rep lace nuclear weapon fie ld testing expertise (which is
rap id ly be ing lost) with high performance computer mode ling, the Department of Energy’s
Defense Pro jects office initia ted the ASC I, which p lans to construct within the next five years
a computer capab le of 100 tera-opera tions per second (tera- O PS).  This initia tive is we ll
a long in its deve lopment and provides an unpara lle led opportunity to provide a sim ilar
capab ility to study g loba l clima te change .  This has resulted in a proposa l to essentia lly
dup lica te the ASC I computer architecture a t an ASC I site (to accrue the advantages of sca le ,
expertise and experience).

This p lan would provide a computer capab le of up to 40 tera- O PS, a llowing routine simula-
tions of the g loba l clima te over multi-decada l times a t reso lutions of 30 km horizonta l in the
a tmosphere and 10 km in the ocean.  C omb ined with requisite improvements in essentia l
physica l processes (such as cloud processes, turbulence , etc.), the ultra-high resolution would
a llow d irect simula tion of the sma ll, but important current edd ies in the ocean, inclusion of
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important deta ils of orographic topography over the land as we ll as deta iled land and
vegeta tion informa tion, and make possib le determ ina tion of impacts of snow and sea ice on
the clima te energy budget.  Such a machine would , of course , a lso provide grea tly improved
capab ility to hand le the massive da ta sets necessary for mode l va lida tion and , converse ly,
for whose understand ing such mode ls will be required .  This D O E activity has been desig-
na ted the Acce lera ted C lima te Pred iction Initia tive (ACPI).  It would provide the 40 tera- O PS
machine in less than 5 years, effective ly acce lera ting deve lopment and use of the above-
described clima te mode ls by 5-10 years.

Elements of the ACPI
ACPI recognizes tha t the expertise to provide the machine , re la ted computer support, theory
and numerica l methods, and code deve lopment resides a t the ASC I N a tiona l Labora tories,
but tha t the N a tiona l C enter for Atmospheric Research (N C AR) represents a  ma jor source of
sim ilar expertise and experience .  In add ition, experience with clima te prob lems and exper-
tise in ana lyzing both da ta sets and computer results a lso resides outside the ASC I Labs.
O ver the past ten years or more there has been increasing experience in fruitful co llabora-
tions among representa tives of these comp lementary research communities.  Thus, ACPI
would support a  large co llabora tive program of invo lvement among these overlapp ing re-
search communities which include university faculty, students, post docs and researchers
from other federa l organiza tions.

The ma in goa l would be to deve lop , test, and use severa l g loba l clima te codes which coup le
oceans, a tmosphere , sea ice , and land mode ls.  C onsiderab le emphasis will be p laced on:

improving process mode ls such as those for clouds, rad ia tion, boundary layer physics,
turbulence , etc.;
increasing understand ing of clima te pred ictab ility;
coup ling to even higher reso lution reg iona l and loca l mode ls.

A Recent Examp le of O cean Mode ling a t the Required Spa tia l Reso lution
The prospects for benefit from ultra-high reso lution simula tions of the oceans and a tmo-
sphere are not based entire ly on conjecture .  A lready, in a highly successful test case , we
have simula ted the North Atlantic O cean with the Los A lamos Para lle l O cean Program (P O P)
a t the ultima te reso lution p lanned for the future coup led code , i. e . , 10 km . horizonta l and
40 vertica l levels.  Recently developed from an earlier code by Bert Semtner and Bob Chervin,
P O P has seen considerab le renova tion, and now is capab le of rea listic topography, sea
surface he ight varia tion (which compares extreme ly we ll with sa te llite-TO PEX-P O SEID O N-
da ta), d isp laced north po lar grid , etc.  The zoning in this run was sufficiently fine to simula te
a ll ma jor energy carrying edd ies, and to include tide-pulsed exchange with the Med iterra-
nean Sea .

Figure 20 shows the doma in extent of the ca lcula tion in a sea surface tempera ture (SST),
co lor-coded representa tion (where red is warm and b lue is co ld).  Figure 21 shows part of
tha t reg ion in a comparison with a NASA sa te llite SST p lot.  The agreement is remarkab le ,
particularly in eddy size , shape , and d istribution.  The P O P simula tion is driven by da ily
winds, and seasona l tempera ture is input.  The resulting SSTs result from advection of hea t
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Figure 20
The domain extent of the calculation in a sea surface temperature (SST),
color-coded representation (where red is warm and blue is cold).

Figure 21
Sea Surface Temperature: Gulf Stream
Part of tha t reg ion in a comparison with a N ASA sa te llite SST p lot.  The agreement is remarkab le ,
particularly in eddy size , shape , and d istribution .  The P O P simula tion is driven by da ily winds, and
seasona l tempera ture is input.  The resulting SSTs result from advection of hea t via the wind-driven
ocean currents.  The simula tion reproduces observed south-north hea t transport, and reproduces the
thermoha line vertica l circula tion .
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via the wind-driven ocean currents.  The simula tion reproduces observed south-north hea t
transport, and reproduces the thermoha line vertica l circula tion.

This examp le serves to show the benefits tha t result from adequa te ly gridd ing the ocean
mode l (with a ttendant improvements in physica l processes and numerica l methods), and
g ives support to the concept tha t proper co llabora tion among the ASC I labs and clima te
researchers from other institutions centered around an ACPI computer, supported with the
expertise resident a t an ASC I Labora tory can indeed provide the opportunity for drama tic
increases in our understand ing of the Earth’s dynam ic clima te system .
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Re-Engineering Fission:
Reactors for Safe, Globally
Sustainable, Proliferation-
Resistant, and Cost
Effective Nuclear Power?
Robert A. Krakowski
Systems Eng ineering and Integra tion Group
Techno logy and Sa fety Assessment D ivision
Los A lamos N a tiona l Labora tory
Los A lamos, New Mexico

Attracted by an abundant, inexpensive , and clean-burning fue l, energy from nuclear fission
in the 2-3 decades fo llowing World War II saw enormous growth in commercia l app lica tion;
the worldwide ra te of add itions in nuclear-e lectric capacity reached ~ 30 g igawa tts per year
(G We/yr) in the m id-1980s.  Tha t growth has decreased to a trickle of a  few G We/yr, with
ma jor industria l countries e ither experiencing stagna tion, p lanned phasing out, or outright
mora toria on the use of nuclear power.  The uranium tha t feeds the nuclear fue l cycle is
more abundant than first thought and rema ins inexpensive because of d im inished demand
re la tive to earlier expecta tions.  The costs of build ing cap ita l p lant needed to convert this
re la tive ly inexpensive fue l have increased , while both fue l and cap ita l costs of the fossil-fue l
competition have d im inished .

Add itiona lly, the image of pristine conversion of nuclear energy into clean e lectricity has
been dulled by the prospects/risks of accidenta l re leases of dangerous ma teria ls tha t in (a
portion of) the pub lic’s eye links civilian nuclear energy to the m ilitary dark side of things
nuclear.  Furthermore , civilian nuclear energy genera tes by-product ma teria ls of m ilitary
interest, a  situa tion tha t draws further a ttention to tha t dark side .  Lastly, the longevity of the
hazards associa ted with wastes crea ted as a  by-product of nuclear fission, and the ina tten-
tion g iven so far to the long-term imp lica tions of tha t waste steam , have added further force
to tilt the sca les by which the pub lic assays cost versus benefit.  A lthough a few energy-
strapped industria lized countries continue to susta in the meager worldwide growth in nuclear
energy, the four card ina l issues — waste , pro lifera tion, cost, and sa fety — loom large ,
interm ixed and unquantified in key pub lic decision processes tha t determ ine from whence
the next exa joule of primary energy will come .

The large comb ina toria l of ma teria ls and configura tions ava ilab le to perform essentia l func-
tions in a nuclear power p lant (e . g. , efficient stewardship of neutrons susta ining the cha in
reaction, neutron modera tion required of therma l-spectrum configura tions, coo lants, struc-
tura l a lloys, etc.) offers a  rich array of options to harness nuclear energy sa fe ly and eco-
nom ica lly.  A lthough approaches to nuclear power p lants have narrowed significantly over
the last three decades, options rema in ava ilab le to provide eng ineering reso lution to the
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a forementioned four card ina l issues.  C an commercia l approaches to nuclear energy be
“re-eng ineered” in ways tha t lead to sa fer, g loba lly susta inab le , pro lifera tion-resistant, and
cost-effective nuclear power p lants?  C erta inly yes.  W ill such “re-eng ineered” nuclear power
p lants be rece ived by increased pub lic acceptance?  Probab ly not.

Current Types of Commercial Nuclear Fission Plants
BWR Bo iling Wa ter Reactor
G CR G as- C oo led Reactor
LWR Light-Wa ter (fission) Reactor

PHWR Pressurized Heavy-Wa ter Reactor
PWR Pressurized-Wa ter Reactor (LWR)

Current Status
Introduced over four decades ago into the commercia l e lectricity market, nuclear energy
(NE) presently provides 18% of g loba l e lectrica l energy supp ly — ~ 8% of tota l primary
energy.  A tota l capacity of 351 G We is genera ted in 442 nuclear power p lants (NPPs)
opera ted in 32 countries.  The m ix of these reactors (in 1993) includes PWRs (55%), BWRs
(21%, PWR/BWR =  2 .7%), G CRs (9%), PHWRs (7%), wa ter-coo led /graphite-modera ted re-
actors (4 .5%, a ll in the former Soviet Union), and other kinds of reactors (3 .5%).  NE pro-
vides over 40% of the e lectricity to 9 countries and 20-40% of the e lectricity supp ly in 10
countries.  The 1 ,118 TWh of e lectricity genera ted by NPPs in 1995 avo ided approxima te ly
8% of g loba l carbon em issions.  NE was introduced rap id ly in the 1960s and 1970s.  No
new orders for NPPs have been p laced in the United Sta tes since 1978 , lead ing to tha t
capacity be ing pegged a t 98 .8 G We .  Figure 22 ind ica tes the impact of a  40-year p lant-life
license exp ira tion schedule for key NE countries.  Under cond itions of capacity rep lacement
coup led with a med ium NE growth ra te , Figure 23 illustra tes the leve l of new NE capacity
add ition under cond itions of modera te growth.

Figure 22
Expira tion schedule for existing NPPs with capacity in excess of 500 MWe and for a 40-year plant lifetime.
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Figure 23
N ew NPP capacity add itions required accord ing to one Med ium Variant scenario .

While variab le from reg ion to reg ion, the overa ll opera tiona l and econom ic performances
of NPPs have improved over the last few decades, as measured in terms of: a) co llective
rad ia tion dose per unit of genera ted e lectrica l energy; b) the drama tic decrease in rad ioac-
tive liquid re leases (without tritium) per unit of energy genera ted; and c) the number of
accidents with significant rad io log ica l consequences per unit of genera ted energy.  The eco-
nom ic performance of NE a lso varies somewha t from country to country.  A recent survey of
15 O rgan iza tion for Econom ic C oopera tion Deve lopment ( O EC D) countries (Be lg ium ,
C anada , Denmark, Finland , France , Hungary, Ita ly, Japan , the Repub lic of Korea , the Neth-
erlands, Portuga l, Spa in, Turkey, the United Kingdom , and the United Sta tes) and 5 non-
O EC D countries (Brazil, China , Ind ia , Romania , and Russia) on the cost of e lectricity gen-
era tion from nuclear, coa l, gas, b iomass, so lar (photovo lta ic), and wind ind ica te tha t NE is
competitive a t a  (bussbar) cost of e lectricity of 0 .032 $ /kWh .  Sim ilar results have been
reported for U. S. opera ting and ma intenance ( O &M) and production cost trends for NE,
which show both decreasing over the last decade , with NE production costs (not includ ing
annua l changes re la ted to cap ita l costs and interest during construction) be ing competitive .

The world Proven Reserves of uranium correspond to 1 .5 MtonneU, Reasonab ly Assured
Reserves are 4 .0 MtonneU, and Tota l Resources and Reserves equa l 18 .5 MtonneU (exclud-
ing recoverab le low-concentra tion uranium in granite and seawa ter).  C omp lete fissioning
of a ll 235U in the tota l reserves and resources (18 .4 Mtonne) represents an energy resource
of ~ 10 ,766  EJ (1 .5 * 106 EJ if a ll uranium were fissioned).  Includ ing the less-known
thorium (233U) resource would increase the 1 .5 * 106 EJ by a factor of 2-3 .  C ompared to the
fossil-energy resource , the tota l uranium and fossil (includ ing o il sha le and cla thera ted
methane) resources are comparab le (e .g . , 1 .5 * 106 versus 1 .0 * 106 EJ for tota l uranium
versus tota l fossil), but the ra tio of uranium to fossil without o il sha le and cla thera tes (97 ,892
EJ) amounts to ~ 15 .3 .  The present world demands for tota l primary energy and for nuclear
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energy (350 G We , ~ 70% p lant ava ilab ility, 35% therma l-to-e lectric conversion efficiency)
amounts to 360 EJ/yr and 22 EJ/yr, respective ly.  At the present NE demand ra te , most
(90 .7%) of the 235U in the Reasonab ly Assured Reserve ca tegory (4 .0 Mtonne) would be
consumed in a once-through (no p lutonium recycle) fue l cycle by the year 2100 .  A linear
increase in NE capacity to 2 ,000 G We would increase this 100-year uran ium requirement
by a factor of 2 .7 (9 .8 Mtonne), which amounts to approxima te ly ha lf of the 235U in the Tota l
Reserves and Resource ca tegory.

Prospects
The rap id growth of NE in the 1960s and 1970s has d im inished considerab ly.  The ma in
growth and prospects for growth in NE are occurring in East and South Asia , with Western
industria lized countries experiencing a period of stagna tion.  A number of recent stud ies
address a  range of NE futures.  A quantita tive p icture of NE competing in a chang ing e lec-
tric-supp ly-industry market is g iven in Beck, 1994 , where in increased cost transparency,
increased (short-term) market d iscip line , and the reduction of po licy per se to a vestig ia l ro le
crea tes an environment tha t is very d ifferent from tha t into which NE entered over two de-
cades ago .

Using a more quantita tive approach than tha t used in Beck, 1994 , the three NE scenarios
dep icted in Figure 24 derive from Wagner, 1997 .  These scenarios were adopted from the
1995 World Energy C ouncil / Interna tiona l Institute for App lied Systems Ana lysis (WEC / IIASA)
study to suggest three possib le NE growth scenarios.  The H igh Variant (HV) assumes a  high
overa ll growth in G DP and energy consumption, no lim its to human techno log ica l ingenuity,
no environmenta l (e . g. , G H G  em issions) constra ints, and large-sca le use of renewab le
energy (RE) and NE resources; by the year 2100 , the HV scenario has a lmost equa l re liance
on NE , na tura l gas, b iomass, and RE (ma inly so lar, with some wind and “new ” RE).  The
Med ium Variant (MV) case is an eco log ica lly driven scenario based on less (than HV) amb i-
tious econom ic growth and the use of both NE and RE to achieve susta inab le growth in a ll
reg ions of the world by 2100 (includ ing deve lop ing countries).  The Low Variant (LV) case is
sim ilar to the MV case , but with a po litica lly driven phase-out of NE .  The phase-out LV case
is less aggressive in reducing the ro le of NE than the heuristic approach used in Beck, 1994 .
None of the cases dep icted in Figure 24 require the introduction of breeder reactors prior to
2050 , and only the HV case suggests such a resource-driven need near the end of the year
2100 .

A 1998 Nuclear Energy Agency (NEA)/ O EC D study suggested the three a lterna tive NE de-
ve lopment pa ths dep icted in Figure 25: Variant I assumes continued NE growth lead ing to
1 ,120- G We NE capacity by 2050; Variant II is a  phase-out scenario where in power genera-
tion from NE would comp lete ly cease by 2045; and Variant III suggests an initia l period of
stagna tion and possib le reduction (driven by early retirement of NPPs), tha t is fo llowed by a
reviva l of NE in ~ 2020 , which a lso leads to a NE capacity of 1 ,120 G We by the year 2050 .
In terms of construction ra te , financing, siting and land requirements, and uranium re-
sources, each of the variants considered by the NEA/ O EC D study would present feasib le
cha llenges to the NE industria l sector.  Improved econom ic competitiveness and increasing
pub lic acceptance represent the ma in cha llenges for Variant I.  The ma intenance of infra-
structure effectiveness during the lengthy NPP decomm issioning process and fina l waste
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d isposa l tha t are required in Variant II present key cha llenges, while non-NE sources must
dea l with increased problems of energy and environmenta l security; Krakowski, 1998 , elabo-
ra tes on concerns associa ted with any NE phase-out scenario .  The ma in cha llenges associ-
a ted with Variant III are reflected in the 75 G We/yr construction ra te required a fter the year
2035 (compared to 20 G We/yr for Variant I), with this increased construction ra te of ad-
vanced NPPs (e . g . , econom ica lly competitive with advanced fossil fue l and RE genera tion
sta tions while dea ling sa tisfactory with the waste , pro lifera tion, and sa fety issues) occurring
a fter a two-decade period of stagna tion in the NE sector.

Figure 24
World NPP capacity (A) and genera tion (B) for three scenario variants.
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Figure 25
World NPP capacity (A) and genera tion (B) for three scenario variants.

Nuclear Legacy and Public Acceptance
The pa th taken by NE , as described by the lim iting scenarios dep icted in Figures 24 and 25 ,
will be determ ined by the way in which the nuclear legacy is reso lved for (by) the genera l
pub lic.  Techno-econom ic so lutions and “re-eng ineering” approaches to waste , pro lifera-
tion, cost, and sa fety are insufficient to impact the sing le e lement tha t will determ ine the fa te
of nuclear power — pub lic concerns/ fears tha t have d im inished acceptance of NE.  The
pub lic acceptance issue is defined under a societa l-cultura l parad igm ra ther than in terms of
a technologica l-economic one.  The introduction of nuclear energy simultaneously with nuclear
weapons crea ted a kind of pub lic schizophrenia tha t comb ined tota l acceptance of the new
source of energy and comp lete fear of its m ilitary dark side .  This separa tion d isso lved as: a)
the econom ic benefits portended by NE advoca tes d im inished with increased deve lopment
and commercia liza tion; b) sa fety concerns became better quantified and ultima te ly were
rea lized; c) the fear of nuclear ho locaust grew with the increasing nuclear arsena ls; d) and
the leve l of pub lic trust and cred ib ility in governing and regula ting institutions p lummeted .
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NE in its re la tive commercia l infancy has suffered reduced pub lic acceptance , and without
pub lic acceptance , this techno logy cannot advance , even if technica l so lutions to the four
card ina l issues emerge .  Key societa l vectors associa ted with pub lic concern are: a) the
na ture of risk perception by the pub lic; b) the legacy of fear; c) the perception of benefit; d)
va lue conflicts and shifting cultura l settings; and e) d im inished institutiona l cred ib ility and
trust.  The m igra tion of pub lic op inion over the earlier years (1975-96) of commercia l NE in
the U. S.  has shown a strong shift from the favorab le to the opposed .  Results from a more
recent (1995-98) survey of U. S. pub lic a ttitudes towards nuclear power, however, ind ica te
not only a significant shift towards a  more positive d isposition, but a lso tha t those expressing
favorab le op inions thought (m istakenly) tha t the ma jority of the U. S. pub lic he ld nega tive
views.

In the context of the existing societa l /cultura l parad igm , the fo llowing multip le pa thways to
increased pub lic acceptance of NE have been identified:

Demonstra te a record of sa fe opera tion of present NPPs;
C onta in the potentia l for ca tastrophic risk:
— continue to improve present NPPs;
— deve lop new, reduced-risk and standard ized NPPs;
Separa te NE from nuclear weapons;
Red iscover the benefits of NE to:
— reduce impacts of future o il price shocks/ increase energy security;
— m itiga te greenhouse gas em issions;
— improve price competitiveness;
Steady progress on waste management, lead ing to susta inab le NE:
— beg in with specific waste facilities (repositories, Monitored Retrievab le Storage [MRS]);
— close the fue l cycle;
— p lan, deve lop , imp lement no-actinide , m inimum-(long-lived)- fission-product systems
Crea te and imp lement fa ir, open, equitab le institutions for the adm inistra tion of NE.

This approach to dea ling with the a ll-determ ining pub lic-acceptance issue revo lves around
adhering to a ded ica ted p lan for breaking with the past to open new pa thways to the reso-
lution of socia l-cultura l barriers tha t impede techno log ica l-econom ic advancements.

Nuclear Energy Technology Futures
Where needed , a  rich array of technica l so lutions to the four card ina l issues can be identi-
fied .  This richness of technica l so lution and innova tion is reflected in the large comb ina to-
ria l of ma teria ls ava ilab le to perform the essentia l /basic functions needed to genera te ther-
ma l and /or e lectrica l energy from nuclear fission: fue ls sources (uranium , thorium), fue l
types (233U, 235U, 239 ,241Pu), fue l forms (meta l a lloys, oxides, carb ides, n itrides, fluids),
neutronica lly compa tib le (in terms of neutron economy, ma teria l longevity, and waste gen-
era tion) structura l ma teria ls, coo lants (wa ters, liquid meta ls, gases), and neutron modera-
tors (if needed , wa ters, graphite).  Furthermore , nuclear reactors are “tunab le” to crea te
ma teria ls, destroy ma teria ls, provide process or space hea t, etc. , simultaneously with the
genera tion of e lectrica l power.  The ma teria l and inte llectua l resources needed to re-eng i-
neer fission to be sa fe , susta inab le , pro lifera tion-resistant, and cost-effective are not in short

Key societa l vectors

associa ted with public

concern are: the

na ture of risk

perception by the

public; the legacy

of fear; the perception

of benefit; va lue

conflicts and shifting

cultura l settings;

and diminished

institutiona l credibility

and trust.



S E S S I  O  N   1

Innova tive Energy Stra teg ies for C O 2 Stab iliza tion 101

S E S S I O  N  1

supp ly.  A three-stage growth scenario for NE can be imp lemented using some of these
resources:

Phase I
Secure existing NPPs (ma inly LWRs) through license renewa ls (pressure-vesse l life , sma ll-
component rep lacement); increased O &M effectiveness and associa ted cost reductions
(robotics, remote-monitoring, coo lant chem istry contro l, waste and dose reduction, va li-
da ted re liab ility); and reduce cha llenges to sa fety systems (optim ized ba lance between
passive contro l and opera tor intervention in ma tters of p lant sa fety); and (beg in) ga ining
contro l of the waste issue [initia te a system of Interna tiona l Monitored Retrievab le Sur-
face Storage (IMRSS) systems for used fue ls in prepara tion for Phase III activities]; beg in
reduction of separa ted , inadequa te ly-secured p lutonium inventories;
Phase II
Bridge to the future though the continued deve lopment and dep loyment of evo lutionary
LWRs [economica lly competitive , sa fer, standardized , flexible capacities, simplified , (fewer
va lves, fewer pumps, reduced p ip ing, less HVAC ducting, reduced se ism ic build ing vo l-
ume , less contro l cab le) etc.]; meet key life-cycle requirements (close the fue l cycle under
cond itions required prior to a tta ining susta inab ility (e .g . , fissile fue l breed ing); optim ize
ba lance between passive and active sa fety systems; address d iseconom ies-of-sca le is-
sues on a per-reg ion/ app lica tion basis [ ~ 600 MWe and expandab le , grid ma tching,
size versus configura tion versus coo lab ility, fission-product quantity versus number of
sites, reduce (insta lled) cap ita l costs, modularity (factory versus site fabrica tion, site ca-
pacity)];
Phase III
Enter into techno log ies required for a competitive ly susta inab le NE future tha t includes
pro lifera tion-resistant breed ing of fissile fue ls from the world’s uranium and thorium
resources; non-e lectric app lica tions (if competitive); and e ither d irect or support facilities
tha t e lim ina te a ll actinides and long-lived fission products (LLFPs) from passing through
to the externa lities in which Phase III opera tions will be conducted .

Specific a ttributes and e lements of each of these three Phases are e labora ted in Krakowski,
1998 , which focuses on a number of approaches to Phase III tha t emphasize both actinide
and LLFP contro l; this emphasis is essentia l to dea ling with two of the more crucia l of the
four card ina l issues — waste and pro lifera tion.  It rema ins for the techno log ist to assure tha t
reso lutions of these key issues are presented while assuring good progress on the rema ining
two (cost and sa fety).

Possible Future Nuclear Technologies
ALMR Advanced Liquid-Meta l Reactor

FSB Fast-Spectrum Burner
IFR Integra l Fast Reactor

MHTG R Modular H igh-Tempera ture G as (C oo led) Reactor
M O X Mixed (Plutonium , Uranium) O xide Fission Fue l

OT/LWR O nce-Through Light Wa ter Reactor
PUREX Plutonium-Uranium Recovery Extraction

SC NES Se lf- C onsistent Nuclear Energy Systems
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Five potentia l (and incomp lete) approaches to a nuclear future are:
a) O nce-Through LWRs ( OT/LWR);
b) M O X recycle in LWRs (M O X/LWRs);
c) actinide (and possib ly Long-Lived Fission Products [LLFP]) destruction in ALMR/ IFRs;
d) IFR-based SC NES tha t perm it no actinide or LLFPs to leave the reactor site;
e) Acce lera tor-Driven Systems for actinide fissioning and LLFP transmuta tion; and
f) enriched-uranium (20%) driven thorium b lankets assemb led into existing LWRs

(Radkowsky Thorium Reactor).

These genera lly partia l / incomp lete concepts, however, (with the exception of the stand-a lone
OT/LWRs and M O X/LWRs) have the fo llowing common goa ls:

e lim ina te present stocks of separa ted p lutonium through the genera tion of energy there-
from , and to prevent the accumula tion of future stocks of separa ted p lutonium;
keep a ll but opera tiona lly necessary M O X inventories in strong intrinsic (fission products)
and protecting rad ia tion fie lds during a ll fue l cycle opera tions;
reduce or e lim ina te the flow of:
— a ll actinides from the fue l cycle to the repository;
— a ll LLFP from the fue l cycle to the repository.

These goa ls represent stra teg ic e lements of an architecture tha t offers a  means to bridge to
the susta inab le future for nuclear power illustra ted in Figure 26 .

Impacts /Trade-offs
The behaviora l econom ics (“top-down”) ERB mode l of Edmonds, Re illy and Barns was used
to perform impact and trade-off stud ies exam ining (primarily) the flows and inventories of
civilian p lutonium , and (secondarily) the ro les and lim ita tions of NE in m itiga ting the em is-
sion of greenhouse gases (G H G s).  This computer mode l provides a  d iscip line and consis-
tency to the crea tion of long-term future scenarios describ ing possib le interactions between
reg iona l and g loba l issues concerning nuclear energy and nuclear ma teria ls.

The influences of supp ly-side and demand-side forces on the app lica tion of NE to reg iona l
and g loba l energy m ixes, and the econom ic (G DP) and environmenta l impacts tha t result
are exam ined .  Supp ly-side forces are simula ted through the surroga te of carbon taxes
imposed a t varying ra tes, C -TAX($ / tonneC /15yr).  Demand-side forces are modeled through
non-priced driven improvements in the efficiency with which secondary energy (gases, liq-
uids, so lids, and e lectricities) is used to provide energy services to the residentia l /commer-
cia l, industria l, and transporta tion sectors — the Autonomous Energy Efficiency Improve-
ment (AEEI).  Results are reported for nom ina lly “ business-as-usua l” (BAU) cond itions, which
are expressed in terms of a  Basis Scenario .  The Basis Scenario used for most these illustra-
tions assumes: a) a  world popula tion in the year 2 ,100 of ~ 11 .7 b illions; no carbon taxa-
tion; non-price (AEEI-like) improvements of εk =  0 .0100 /yr; and an annua l increase in
productivity tha t varies over the range 0 .3-2 .0 %/yr, depend ing on time and reg ion.  Many
of these input assumptions have been sub ject to parametric sensitivity, which in add ition to
C -TAX and AEEI varia tions reports on the sensitivities of NEs ro le in m itiga ting greenhouse
gas em ission to carbon taxa tion mode (e .g . , coup ling back to the reg iona l econom ies vis à
vis G DPs) and the cost of NPPs.  Figure 27 ind ica tes an approxima te trade-off between
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supp ly-side (C -TAX) drivers and demand-side (εk) drivers in m itiga ting the impacts of g loba l
warm ing, as computed from accumula tions of a tmospheric C O 2 in the form of the average
g loba l surface tempera ture response .

Figure 26
One possible bridge to a sustainable future for nuclear power

Summary and Conclusions
Key find ings from this synthesis and ana lysis are:

The e lectric supp ly industry is the only market for civilian nuclear energy and in this
regard the nuclear industry is on tap , but not on top .
Pub lic response to nuclear energy is va lue-laden and cultura l in context; this cond ition
has far-reaching imp lica tions for efforts to win grea ter acceptance of this techno logy.
The forces shap ing pub lic a ttitudes towards nuclear power are socia l-cultura l in na ture ,
and are not (d irectly) reso lved within a techno log ica l-econom ic parad igm; these forces
are re la ted to:
— no perce ived urgency (for new e lectric genera tion capacity);
— perce ived as more costly than a lterna tives;
— concerns of not sufficiently sa fe;
— little trust in governmenta l or industria l advoca tes;
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— concerns about hea lth effects of low-leve l rad ia tion;
— concerns tha t means for dea ling with high-leve l rad ioactive waste do not exist;
— pro lifera tion of nuclear weapons through the civilian nuclear fue l cycle .

•

Figure 27
Impact of carbon-tax-induced increase in nuclear energy, NETOT, on reduced (fina l-year, 2095) average
g loba l surface tempera ture rise , DT(K); impact of increasing AEEI (Autonomous Energy Efficiency Im-
provement) parameter, ek (1 /yr), from Basis Scenario va lue (ek =  0 .0100 1 /yr) is a lso shown .

While important in dea ling with the four card ina l issues for nuclear energy (waste , pro lif-
era tion, cost, sa fety), “re-eng ineering” of nuclear systems a lone will be ineffective in
recovering pub lic acceptance of this techno logy; Pa thways for increased pub lic accep-
tance include:
— demonstra ted record of sa fe opera tion of a ll nuclear facilities;
— conta inment of ca tastrophic risk potentia l;
— tota l separa tion of nuclear energy from nuclear weapons;
— re-d iscover the benefits of nuclear energy;
— dea l sa tisfactory with the waste;
— re-estab lish fa ir, equitab le , open institutions;
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— to the extent necessary for opening the above pa thways, break with the past.
Bridg ing to a nuclear-energy future requires tha t:
— existing NPPs be secured through license renewa l, continued reductions in O &M costs,

and reduced demands on sa fety systems, and;
— evo lutionary LWRs continue towards sa fer and more competitive systems;
— substantia l progress be made on the techno log ies required to assure tha t prior to the

year 2100:
— a ll but the opera tiona lly m inima l stocks of separa ted p lutonium be e lim ina ted;
— a ll inventoried p lutonium rema ins unsepara ted and iso la ted by a high rad ia tion

barrier;
— a ll waste d irect to repository be free of both actinides and long-lived fission prod

ucts to the maximum extent practicab le;
— the world NPPs opera ted with the m inimum inventories of p lutonium in a ll forms.

G iven tha t a  bridge (e . g. Figure 26) to a viab le nuclear-energy future can be estab-
lished , a  range of techno log ies rema in to be exp lored and deve loped tha t assure: a) fully
m inim ize separa ted / accessib le fissile ma teria l; and b) waste streams emana ting from
the NE fue l cycles of the future conta in ne ither actinides nor long-lived fission products:
— the stewardship philosophies embod ied in the Se lf-C onsistent Nuclear Energy

Systems (SC NES) or the Integra ted Actinide C onversion System (IACS) concepts should
be transla ted into technica l rea lities;

— the rea lity of any viab le NE future will depend on lim its to growth as estab lished by: a)
ra te a t which barriers to pub lic acceptance of this techno logy is lowered; b) energy
demand shifts and growths; c) econom ic (financing) lim ita tions; d) fue l resource lim i
ta tions;

— within the ground rules and rea lity checks listed above , the fo llowing approaches to a
long-term NE future should be exp lored:
— the long-term need for and econom ics of fissile-fue l breeders versus uranium-from-

seawa ter/ IACS (p lutonium burning);
— use of the thorium resource vis à  vis the RTR.

G iven tha t a bridge to a viable NE future cannot be constructed, the technologica l,(nuclear-
ma teria ls) inventory, and overa ll infrastructura l  implica tions of a nuclear phase out should
be exp lored on both reg iona l and g loba l leve ls.
Nuclear energy can make an important contribution to m itiga ting greenhouse gas em is-
sions, but only by occupying market shares vaca ted by a more expensive (e . g . , taxed)
fossil fue l; stab iliza tion to present C O 2 em ission ra tes will require:
— NPP capacities of 4 ,500-5 ,000 G We by the year 2 ,100 , correspond ing to dep loyment

ra tes of 80-90 G We/yr a fter ~ 2030;
— depend ing on uranium resource assumptions, breeder reactors will have to be

dep loyed sometime around 2050 a t a  ra te large ly determ ined by the ava ilab ility of
startup p lutonium;

— equa lly substantia l increases in renewab le energy sources, particularly so lar, will be
needed .
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Mining the Sky:
Resources of Asteroids
John S. Lewis
Lunar & Planetary Labora tory
University of Arizona
Tucson, Arizona

Space science and techno logy can be app lied to the prob lem of supp lying the future energy
needs of humankind .  Here I consider the use of the ma teria l resources of near-Earth space
to build So lar Power Sa te llite conste lla tions in orb it around Earth; and the extraction and
retrieva l of he lium-3 from non-terrestria l sources for use in he lium-3 /deuterium fusion reac-
tors on or near Earth.

The log istica l a ttractiveness and grea t wea lth of resources conta ined in near-Earth astero ids
make them the most desirab le targets of future efforts for space resource utiliza tion.  Near-
Earth astero ids are “p laying on the freeway” in Earth’s orb it; one-third will eventua lly hit
Earth.  Current pro jections suggest tha t there are roughly 2 ,000 astero ids in near-Earth orb it
with d iameters grea ter than one kilometer, p lus 1 ,000 comets.  Another 565 ,000 near-Earth
astero ids are thought to be larger than 100 meters (0 .1 km) in d iameter.  About 23 known
near-Earth astero ids and a pro jected 380 would be energetica lly easier to reach than the
Moon.  While it is unlike ly to be worthwhile to m ine cheap ma teria ls, such as iron, in space ,
it is conce ivab le tha t we m ight econom ica lly import such va luab le resources as coba lt and
p la tinum from astero ids.

The composition of astero ids is inferred from labora tory study of meteorites and a lso from
spectra l reflectivity stud ies of astero ids a t ultravio let, visib le and near-infrared wave lengths.
The near-Earth astero ids are very d iverse in the ir spectra l properties, rang ing from meta llic
iron (M-type) to very b lack (C -type) ma teria l.  C arbonaceous or C  type astero ids are be-
lieved to make up about 50% of the kilometer-sized near-Earth astero id popula tion.  They
are rich in carbon compounds (0 .2 to 4% carbon) and wa ter (5 to 20% chem ica lly-bound
wa ter) and are a potentia l source of hydrogen and oxygen prope llants; they are sim ilar to o il
sha le in composition.  These vo la tile-rich bod ies have enormous resource interests.

Solar Power Satellites
Ferrous meta ls retrieved from near-Earth astero ids could make So lar Power Sa te llites (SPSs)
econom ica lly competitive with any known source of e lectric power for future use on Earth’s
surface .  The high-techno logy components of the SPSs, such as guidance , contro l, commu-
nica tions, power conversion, and microwave transmission systems would be lifted from Earth,
while the low-tech, massive components of the system , such as wires, cab les, g irders, bo lts,
fixtures, sta tion-keep ing prope llants, and silicon so lar ce lls, would be manufactured in space
from astero ida l ma teria ls.  Such a scheme reduces the tota l mass tha t must be launched out
of Earth’s deep gravity we ll during SPS construction by severa l-fo ld .
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SPS conste lla tions built high in Earth orb it from astero ida l ma teria ls have a number of im-
portant criteria of merit includ ing: low Earth launch energy requirements, low return energy
requirements, resource richness and physica l sta te , and the ava ilab ility of needed techno lo-
g ies for extraction, processing, transport, and fabrica tion.  There are a number of potentia l
sources for ma teria ls (Earth, Moon, near-Earth astero ids, Phobos and De imos) and a num-
ber of possib ilities for construction sites.  O utbound launch energy requirements p lace the
best near-Earth orb its ahead of the Moon for any potentia l construction site in Earth orb it.

The resources of the Astero id Be lt are enormous, dwarfing those of Earth’s crust.  The near-
Earth astero ids provide idea l sites for re-launch to the Astero id Be lt; the energy and wa ter
usage would be about the same from Earth to a near-Earth astero id as from the near-Earth
astero id to the Astero id Be lt.

Economics
The most important sing le factor governing the cost of future space activities is the cost of
launch from Earth.  G overnmenta l monopo lies of launch services, and the perpetua tion of
launch vehicles based on the propulsion techno log ies of the 1950s and 1960s, have not
only made it very d ifficult to reduce launch costs appreciab ly, but a lso left the responsib le
launch agencies with little or no incentive to seek ways to reduce costs.  These agencies are
a lso unwilling to incur the deve lopmenta l risks and costs associa ted with putting advanced
techno log ies into service .  But app lica tion of advanced rocket techno logy to commercia l,
competitive launch services ho lds an immed ia te prom ise of reducing launch costs per kilo-
gram by a factor of ten, with further cost reductions of another factor of ten like ly as com-
p lete ly reusab le boosters, opera ted like commercia l a irlines, become ava ilab le over the next
few years.

A mass payback ra tio of 100:1 means tha t each ton of equipment sent from Earth retrieves
about 100 tons of astero ida l ma teria l over its opera tiona l lifetime .  C a lcula tions suggest tha t
mass payback ra tios will typ ica lly be 16:1 to 25:1 a fter 3 round trips and considerab ly
higher therea fter.  We can expect this to increase to nearly 100:1 when vehicle lifetimes
reach 15 to 16 years of opera tion.  H aving peop le on launch vehicles is not recommended
because it grea tly ra ises the costs.  At some po int, techno log ies tha t enab le massive reduc-
tions in the cost of manned m issions may make it cost-effective to have human visits to m ine
sites to d iagnose , upgrade and repa ir equipment.

Helium-3 for Use in Fusion Reactors
C lean fusion energy, fue led by he lium and deuterium , invo lving far fewer neutrons than
current fusion techno log ies, could become a rea lity.  He lium-3 is a  neg lig ib le resource on
Earth, since it escapes read ily from the upper a tmosphere .  Tritium decay in fusion warheads
provides far too little inventory to justify a large-sca le power genera tion program .  He lium-
3 is, however, a  universa l constituent of the Sun and gas-g iant p lanets.  There are two
p lausib le sources for extra terrestria l he lium-3: the so lar-wind-imp lanted gases in the lunar
rego lith (the layer of so il and loose rock overlaying so lid rock), wher the best concentra tions
can be found a t low la titude on the dark side , and Uranus.  Stud ies suggest tha t the a tmo-
sphere of Uranus would be the preferab le source , bea ting he lium-3 from the moon in en-
ergy payback by 1000 to 1 because the concentra tion is so much grea ter.  Some new tech-
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no log ies would be required to retrieve he lium-3 from Uranus, notab ly an advanced gas-
processing refrigera tion system and a liquid-core nuclear rocket more powerful than cur-
rently ava ilab le .

Propellants from Space
Space resources are vast.  The energy and ma teria l resources of nearby space exceed those
of Earth’s crust by a factor of about 100 ,000 ,000 .  Declining launch costs will make these
resources econom ica lly accessib le in the near future .  The large ma jority of the mass launch
on amb itious space pro jects is prope llant.  The raw ma teria ls of prope llants (wa ter and
carbon) are common on most bod ies nearby in space .  Missions on the moon rest on a
surface with a 40% oxygen content; m issions on the surface of Mars are embedded in C O 2

gas; about ha lf of a ll near-Earth astero ids are ice-bearing extinct comet cores — a ll of these
are prope llant sources.  The most accessib le so lar system bod ies, both for land ings and
round-trip m issions, are near-Earth astero ids and Phobos/ De imos, many of which are pro-
pe llant-rich.  Space-derived prope llants g ive enormous payback, often reaching factor of
100 improvements over prope llants transported from Earth.
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Energy Efficiency and
Climate Change:
Making Sense and
Making Money
Amory B. Lovins
Rocky Mounta in Institute
Snowmass, C o lorado

The clima te deba te should be recast: clima te protection is not costly, but profitab le , because
saving energy saves money.  Enough energy can be saved quickly to protect the clima te if we
remove the barriers tha t keep the market from working.  This is very d ifferent from the
obso lete view tha t clima te protection requires ruinously high energy prices which will de-
press the economy and constra in lifestyles.  It is this pa inful scenario which has led to action
be ing de layed and the focus be ing p laced on deba ting scientific uncerta inties.  In the new
view of the clima te deba te , the scientific uncerta inties don’t ma tter because saving energy
strengthens the economy and incidenta lly so lves the clima te prob lem (whether or not it
needs so lving).  There are no sacrifices to be d istributed , only profits.

There are three basic princip les for such profitab le clima te protection:
1) D isp lacing carbon and using energy efficiently are profitab le because saving fue l costs

less than buying it (ignoring any environmenta l benefits of not burning it).
2) Huge opportunities for profitab le energy efficiency rema in unbought because of dozens

of specific barriers tha t keep the market from working.
3) Turning each of these obstacles into a business opportunity can save vast amounts of

energy very quickly even a t today’s energy prices.

C lima te po licy has been he ld hostage to a tacit presumption tha t if saving a lot more energy
were possib le a t an a ffordab le price , it would a lready have been imp lemented .  Tha t ’s like
not p icking up a $100 b ill from the sidewa lk because if it were rea l, someone would have
previously p icked it up .  The mode ls tha t drive po licy are based on this fa lse assumption and
ignore rea l-world cond itions.  Most econom ic mode ls ca lcula te large costs for m itiga ting
clima te change because they assume rig id , constra ined , and uninte lligent responses to eco-
nom ic signa ls.

Barriers to Energy Efficiency
If such large savings are both feasib le and profitab le , why haven’t they a ll been pursued
a lready?  Because the free market is burdened with subtle imperfections tha t can be classi-
fied into e ight ca tegories:
1) C ap ita l Misa lloca tion:  Energy is only 1-2% of most industries’ costs, and most managers

pay little a ttention to seem ing ly sma ll line items, forgetting tha t overhead savings go
stra ight to the bottom line .  Further, d iscount ra tes, cashflow and payback criteria are not
properly assessed , lead ing to large d iscrepancies between criteria for energy supp ly
options versus efficiency.
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2) O rganiza tiona l Fa ilures:  O ld hab its d ie hard .  Scheduling constra ints take precedence
over sensib le design.  Few firms carefully measure how the ir build ings and designs actu-
a lly work, leaving the ir assumptions untested and often incorrect; no measurement, no
improvement.  Departments often don’t or can’t coopera te .  Rewards for saving are rare;
if you save , your budget may just be cut.

3) Regula tory Fa ilures:  Regula ted utilities are genera lly rewarded for se lling more energy.
Standards intended to be floors are m isinterpreted as be ing ce ilings or econom ic opti-
mums (e . g., in a typ ica l lighting circuit, the next larger wire size yie lds about a  169% per
year a fter-tax return; but an e lectrician who uses tha t wire loses the b id which is judged
on first cost).  Heavily subsid ized sectors, such as transporta tion, d istort the market se-
vere ly, lead ing to bad decisions.

4) Informa tiona l Fa ilures:  Most peop le do not know where to get wha t they’d need to
optim ize the ir energy use , how to shop for it, how to get it properly insta lled , and who
would stand behind it.  Peop le a lso don’t know how much energy the ir existing equip-
ment uses or how much they pay for a unit of energy.

5) Risks to Manufacturers and D istributors:  Industry has lim ited confidence tha t consumers
will buy unconventiona l products due to the other market fa ilures d iscussed here .  Effi-
cient equipment often is not ava ilab le when and where it ’s needed , especia lly on short
notice .

6) Perverse Incentives:  C ompensa tion to architects and eng ineers is based on a percentage
of the cost of build ing or equipment specified .  Designers who e lim ina te costly equip-
ment (such as a  hea ting or coo ling system) are therefore pena lized ra ther than rewarded .
Sp lit incentives are widespread , in which one party (e . g. , the builder) se lects the techno l-
ogy based on lowest first cost, while another pays its lifetime energy costs.  O wners and
renters have sim ilar sp lit incentives.

7) Fa lse or Absent Price Signa ls:  Energy prices are often bad ly d istorted by subsid ies or
uncounted externa l costs.  Energy price signa ls are d iluted by other costs, e . g. , the cost
of gaso line in the U. S. is only one-e ighth the cost of driving; why buy a 50- instead of a
20-mpg car when both cost about the same per m ile to own and run?  Customers are
not g iven informa tion tha t links costs to specific devices.  Many firms never even see the ir
energy b ills, which are sent to a remote accounting department for payment.  Tax asym-
metries d istort cho ices, e . g. , energy purchases are deductib le business expenses while
investments to save energy are cap ita lized .

8) Incomp lete Markets and Property Rights:  There is currently no market in saved energy; it
cannot be bought, so ld or traded .  Property rights need to be vested in resource dep le-
tion avo idance and po llution avo idance .

C orrecting these barriers should top the po licy agenda .  C omb ining barrier-busting with
desubsid izing the energy sector and interna lizing externa lities would yie ld the fastest pos-
sib le energy savings.

Even Cheap Energy Can Be Saved Quickly
The experience of the “energy crisis” in the U. S. in the 1970s and 80s demonstra ted tha t
energy efficiency could increase rap id ly; from 1973 to 1986 , U. S. energy consumption
rema ined constant a t about 74 quads while G NP grew by 35%.  But this was forced by high
energy prices.  Is the only way to return to high ra tes of efficiency improvement to have high
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energy prices aga in?  Price is not the only too l ava ilab le .  We can substitute rising skill and
a ttention focused by po litica l leadership , pub lic concern, competitive pressures, and priva te
sector leadership .

For examp le , from 1990-1996 , utility facilita tion by Sea ttle C ity Light enab led e lectric cus-
tomers in Sea ttle (with the cheapest e lectricity of any ma jor U. S. city) to save e lectric load
nearly 12 times as fast as those in Chicago , and e lectric energy more than 3 ,600 times as
fast, even though Sea ttle’s e lectricity prices are about ha lf of Chicago’s.  This shows tha t
crea ting an informed , effective , and efficient market in energy-saving devices and practices
can substitute for a bare price signa l, and indeed can influence energy-saving cho ices even
more than can price a lone .  Tha t is, peop le and firms can save energy faster if they have
extensive ab ility to respond to a weak price signa l than if they have little ab ility to respond to
a strong one .

Conclusions
The uncerta inties in clima te science don’t rea lly ma tter because we should be taking the
same actions in any case: purchasing energy efficiency to save money.  Whoever goes first
will ga in the most benefit so why wa it?  There should be no argument about sharing the
burdens — this is about who gets the profits.  C arbon taxes may be he lpful and appropria te
but present prices are amp le to e licit a ll the energy savings we need , if we just get serious
about vaulting the barriers tha t keep the market from working properly.

Reference
Lovins, Amory B. , and L. Hunter Lovins (1997 , 1998).  C lima te: Making Sense and Making
Money, Rocky Mounta in Institute, Snowmass, Colorado.  Ava ilable on the web a t www.rmi.org/
ca ta log/clima te .htm
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Exploring a Technology
Strategy for Stabilizing
Atmospheric CO2

Christopher N. MacCracken
Jae Edmonds and Marsha ll W ise
Environmenta l and Hea lth Sciences D ivision
Ba tte lle Pacific Northwest N a tiona l Labora tory
Washington, D C

The goa l of the Framework C onvention on C lima te Change (FC C C) is to stab ilize the con-
centra tion of greenhouse gases in the a tmosphere a t leve ls which avo id dangerous anthro-
pogenic interference with the clima te (United N a tions, 1992).  Work by the Intergovernmen-
ta l Pane l on C lima te Change  (IPC C , 1995; W G 1) and others (W ig ley et a l. , 1996; WRE)
have exp lored the issue of stab ilizing the concentra tion of a tmospheric C O 2 .  This work
deve loped em issions tra jectories consistent with various a tmospheric concentra tion ce ilings.
Since an em issions pa th is not unique ly prescribed by a concentra tion ce iling, various crite-
ria have been added to shape tra jectories, includ ing imp lied clima te impacts and costs.

The a ttraction of efficient instruments for achieving a tmospheric stab iliza tion is grea t, and
most of the ana lysis to da te has focused on e ither tradab le perm its or taxes as the instru-
ments of imp lementa tion (Hourcade et a l., 1996).  C learly, efficient instruments are a first-
best a lterna tive for achieving any em issions m itiga tion ob jective .  But they are not without
the ir own d ifficulties, not the least of which is the income d istribution prob lem .

We exam ined the performance and cost characteristics of an a lterna tive , techno logy-based
po licy instrument.  Such instruments are of interest because they potentia lly offer a stra tegy
for stab ilizing the a tmosphere , while requiring re la tive ly m inor financia l transfers and a llow-
ing econom ic deve lopment to proceed .  They accomp lish these goa ls a t the expense of
econom ic efficiency, a lthough our study shows the effect of the econom ic inefficiency is
lim ited to approxima te ly 30%.  O n the other hand , a  techno logy stra tegy approach can offer
wide techno log ica l flexib ility in meeting the performance standard .

The techno logy protoco l we study here requires new powerp lant and coa l-based synthetic
fue ls capacity to scrub carbon from the waste gas stream in Annex I na tions, and provides a
mechanism by which non-Annex I na tions can gradua te into ob liga tions.  We exam ine this
protoco l under two a lterna tive reference energy futures: one dom ina ted by coa l and the
other dom ina ted by unconventiona l o il and gas.

We show tha t under the coa l dom ina ted reference future (CBF) the simp le protoco l effec-
tive ly stab ilizes the concentra tion of C O 2 in the a tmosphere .  If the protoco l is initia ted in the
year 2020 the a tmosphere stab ilizes a t approxima te ly 510 ppmv, less than doub le the pre-
industria l concentra tion.  Under the unconventiona l o il and gas dom ina ted reference future
( O G F) the simp le protoco l ho lds concentra tions to approxima te ly doub le the pre-industria l
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leve l, but the a tmosphere is not stab ilized .  Em issions are rising a t the end of the century
(Figure 28).

Figure 28
CBF: Global Carbon Emissions and CO2 Concentrations
CBF reference carbon em issions and concentra tions are shown .  Em issions increase throughout the
next century, rising to more than 20 Pg C /yr and continuing to rise in the year 2095 .  As a  consequence
C O 2 concentra tions rise above 700 ppmv, with concentra tions continuing to increase in the year 2095 .

Atmospheric stab iliza tion under the O G F requires a  second stage to the protoco l beg inning
30 years a fter the initia tion of the simp le protoco l (Figure 29); the second stage would
require tha t new refining and processing capacity remove a ll carbon from the fue l stream in
Annex I na tions, with imports of refined and process fue ls phased out over a 45-year period ,
and the same gradua tion mechanism for non-Annex I na tions as in the simp le protoco l.  The
imposition of this second stage leads to the crea tion of an energy system utilizing hydrogen
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and e lectricity in end-use app lica tions and enforces a tmospheric stab iliza tion in the O G F as
we ll as the CBF.

Figure 29
O G F: G loba l C arbon Em issions and C O 2 C oncentra tions

The da te a t which the protoco l goes into effect strong ly influences the concentra tion in the
year 2100 .  From this study, we found the year 2100 concentra tion of C O 2 approxima te ly a
linear function of the da te a t which the protoco l is initia ted in Annex I na tions.  Starting in
2005 g ives a  lower bound of C O 2 concentra tion leve ls reachab le under the protoco l, a  leve l
near 450 ppmv.  Keep ing the concentra tion of C O 2 be low 550 ppmv requires tha t the first
stage of the protoco l be initia ted between 2030 and 2040 , depend ing on fossil energy
techno logy deve lopments.
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The cost inefficiency pena lty associa ted with the techno logy protoco l varies with time (Figure
30).  Initia lly, annua l costs under the protoco l are higher than an equiva lent efficient po licy.
As the second stage of the protoco l becomes effective in the la ter years, the inefficiency of
the protoco l d im inishes.  However, the present d iscounted costs of the techno logy protoco ls
are about 30% higher than efficient costs when summed over the next century.  The inclusion
of jo int imp lementa tion mechanisms could reduce the cost pena lty of the hypothetica l proto-
co l and is a  prom ising avenue for further work.

Figure 30
C omparison of Techno logy Protoco l to Efficient Mitiga tion: G loba l Annua l C osts.  This figure shows
annua l costs for the protoco l and the efficient cases under the CBF and O G F futures.  O ver the first ha lf
of the next century, the correspond ing efficient cases are less expensive than the techno logy protoco l by
approxima te ly 50 to 25%.  During the second ha lf of the next century, as na tions come under the
second stage of the protoco l, the cost profiles for the protoco ls and the efficient cases tend to converge .
This convergence is not surprising since the second stage of the protoco l a ffects a ll fossil fue l carbon
em issions, much like an idea lly efficient mechanism would .  A lso note tha t in year 2080 the efficient
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cases show slightly higher costs.  A lthough this result is counterintuitive from a sta tic ana lysis, it arises
from the dynam ics of higher costs in the earlier years of the protoco l cases shifting investment away
from fossil fue l production .
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The Contribution of
Biomass Energy Systems
to the Global
Carbon Balance
Gregg Marland
and Bernhard Schlamad inger
Environmenta l Sciences D ivision
O ak Ridge N a tiona l Labora tory
O ak Ridge , Tennessee

In the search for energy systems tha t have m inimum impact on the concentra tion of green-
house gases in the a tmosphere , b iomass fue ls appear to offer a carbon neutra l, renewab le
source of energy.  Plants extract carbon d ioxide from the a tmosphere during photosynthesis
and re lease carbon d ioxide back to the a tmosphere during combustion.

To g ive perspective to the ro le tha t b iomass fue ls m ight p lay in m itiga ting the increasing
concentra tion of carbon d ioxide in the a tmosphere , we ra ise three fundamenta l questions:
1) how much energy do b iofue ls supp ly now, 2) how much energy m ight they supp ly in the
future , and 3) wha t is the true reduction in carbon em issions from the use of b iomass en-
ergy?  We briefly d iscuss questions one and three and carefully avo id specula tion on ques-
tion two .

Question 1
The contribution of b iomass fue ls to the current world energy system is not we ll documented
nor we ll understood , large ly because much of the fue l is not traded in forma l markets.  Best
estima tes suggest tha t biofuels currently provide energy a t a ra te of approxima tely 50 exa joules
per year, some 14% of world primary energy use (Woods and H a ll, 1993).  Most of this
consumption occurs in deve lop ing countries, where b iofue ls provide 38% of tota l primary
energy on average and over 95% of tota l primary energy in countries like Nepa l, Chad , and
Tanzania .

Bioenergy provides a  sma ller fraction of tota l primary energy in most deve loped countries.
Use of b ioenergy in countries like the US and Austria , for examp les, amounts to about 4%
and 10% of tota l primary energy use , respective ly, a lthough consumption of about 13 G j per
cap ita in both countries is comparab le to tha t in many deve lop ing countries (Schlamad inger
and Marland , 1996).  Biofue ls are used very d ifferently in d ifferent countries.  In deve lop ing
countries b iomass fue ls are used primarily in the househo ld sector for hea ting and cooking
whereas in Austria and Sweden , for examp le , they have found wide app lica tion in d istrict
hea ting p lants, and in the US they are used primarily for industria l app lica tions in the forest
products sector.
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Question 3
It is often perce ived tha t b iofue ls are neutra l with respect to em ission of the greenhouse gas
carbon d ioxide because the C O 2 re leased during combustion is subsequently withdrawn
from the a tmosphere when the b iomass is regrown .  Idea lly this is a  renewab le , so lar energy
system where photosynthesis produces a  fue l tha t is easily stored and used , and the carbon
d ioxide em issions are recycled in a susta inab ly managed production system .  If we exam ine
the full system, however, we find tha t production, harvest, transport, and conversion of biofuels
requires significant input of energy and tha t this energy is genera lly provided by fossil fue ls.
These fue l inputs could be supp lied with b iofue ls but the net effect would be to reduce the net
ava ilab le production of b iofue ls on a parce l of land .  The lim iting resource defining the
potentia l of b iofue ls for greenhouse gas m itiga tion is then the land tha t is ava ilab le , p lus the
net fue l production possib le per unit of land and the opportunity to use tha t land in other
ways (e . g., reforesta tion).

We find tha t if the productivity of land is high, if b iomass is produced and used efficiently,
and if one has a  long time perspective , then there is large per-hectare potentia l to use
b iofue ls to d isp lace fossil fue ls and reduce net C O 2 em issions, and b iofue ls production will
yie ld grea ter carbon benefits than other land uses such as reforesta tion.  If productivity is
lim ited and/or b iomass is produced and used with low efficiency, then production of b iofue ls
is like ly to produce less benefit (with respect to net C O 2 em issions) per hectare than other
land-use a lterna tives.

It is worth noting tha t the Kyoto Protoco l to the Framework C onvention on C lima te Change
trea ts b iofue ls in such a way tha t there are no reportab le carbon d ioxide em issions from a
susta inab le system .  The Protoco l  provides tha t C O 2 em issions from b iomass be reported as
changes in carbon stocks.  This approach effective ly recognizes the link between the fue l
source and the po int of combustion so tha t there are no C O 2 em issions a t the po int of
combustion but net em issions will be captured a t the forest if the fue l is not produced
susta inab ly and there is a  net loss of forest.

In Figure 31 we use our carbon accounting mode l, G O RC AM , to illustra te the net effect on
C O 2 em issions to the a tmosphere when 1 hectare of land is used to produce a woody fue l
on a short harvest-rota tion cycle and the fue l is used to d isp lace coa l in an e lectric power
p lant.  The d iagram shows tota l savings in em issions of C O 2 to the a tmosphere because
carbon is sequestered in the b iosphere and because fossil fue l is d isp laced by the b iofue l.
The numeric deta ils of the scenario shown are less important than the demonstra tion of
princip les and re la tionships, but the parameter va lues used here suggest wha t is possib le
with modern techno logy on highly productive land in the U. S. (see Schlamad inger and
Marland , 1996 , for deta ils).

Note tha t the top line in the figure shows the gross fue l d isp lacement, but the line just be low
it, marked with the arrow, shows net fuel d isp lacement when we acknowledge tha t the b iofuel
system would require more input of fossil fue ls for opera tion of the fue l cycle than would the
coa l-based system it d isp laces.  Schlamad inger and Marland (1996) show tha t the C O 2

benefit per hectare is much sma ller for a system based on producing ethano l fue l from corn
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because of the large energy input required by corn and the large energy losses in conversion
to a liquid fue l.

       

Figure 31
The net effect on C O 2 em issions when 1 hectare of land is used to produce a woody fue l which is then
used to d isp lace coa l in an e lectric power p lant.  N ote tha t the top line in the figure shows the gross fue l
d isp lacement, but the line just be low it, marked with the arrow, shows net fue l d isp lacement when we
acknowledge tha t the b iofue l system would require more input of fossil fue ls for opera tion of the fue l
cycle than would the coa l-based system it d isp laces.

As noted above , when considering how to use land to m itiga te the a tmospheric increase in
C O 2 there are tradeoffs between d ifferent land uses and between storage of carbon on site
and d isp lacement of carbon em issions through the use of b iomass products.  Ana lysis of full
systems suggests tha t forest management cho ices can a ffect the g loba l carbon cycle by
a ffecting the carbon stored in the forest, the carbon stored in wood products, the extent of
d irect fossil fue l d isp lacement, and the extent to which forest products substitute for a lterna te
products with d ifferent leve ls of energy required for the ir production and use .

Many view the va lue of d isp laced fossil carbon to be grea ter than the va lue of sequestered
b iomass carbon .  Underlying reasons are tha t: a ) it is argued tha t em issions from fossil fue ls
can be measured and verified more easily than changes in the carbon stocks in b iomass
and so ils, b) reductions in fossil-fue l em issions in one year are not a t risk of be ing reversed
a t some la ter time whereas some b iotic carbon stocks m ight be lost to the a tmosphere a t a
la ter time , and c) carbon sequestra tion is a  one-time option whereas b iofue ls can produce
G H G  benefits by d isp lacing fossil fue ls on a continua l basis.  The Kyoto Protoco l (an interna-
tiona l trea ty intended to reduce net em issions of greenhouse gases to the a tmosphere – see
U N , 1997), for examp le , does not trea t a ll carbon the same .  Whereas d isp lacement of fossil
fue l em issions, e . g., through use of b iofue ls, would produce cred its under the Kyoto Protoco l
by reducing na tiona l C O 2 em issions, removing carbon from the a tmosphere in growing
b iomass would produce cred its in only lim ited and prescribed circumstances (Schlamad inger
and Marland , 1998).
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Question 2
The bottom line is tha t b iofue ls can d isp lace fossil fue ls and can yie ld net benefits in terms of
C O 2 em issions to the a tmosphere .  The magnitude of the net benefit will be determ ined by
the amount of highly productive land ava ilab le and on the incrementa l benefit of using the
land for fue l production ra ther than for other purposes.  Wright and Hughes (1993) have
suggested tha t the land ava ilab le for b iofue ls in the U. S. may be as much as 28 x 106 ha
and tha t this could eventua lly reduce U. S. fossil-fue l C O 2 em ission by an amount equiva lent
to 20% of the 1990 tota l.  The potentia l g loba l contribution of b ioenergy has been estima ted
to be between 60 and 145 EJ in 2025 , and between 95 and 280 EJ by 2050 (various
sources cited in H a ll and Scrase , 1998).
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Energy, Economic
Development and
Carbon Emissions in China
Michael May
C enter for Interna tiona l Security & C oopera tion
Stanford University
Stanford , C a lifornia

In this paper, first some of the numbers characterizing energy, econom ic deve lopment and
carbon em issions are briefly reviewed .  Next, some conclusions from past experience with
China and interna tiona l environmenta l agreements are noted .  Fina lly, some a lterna tives
are g iven for estab lishing base lines to be used under the C lean Deve lopment Mechanism
(C DM) provision of the Kyoto Protoco l.

Some Numbers: GDP Growth in China [1]
Annua l G DP growth ra te in China measured a t exchange ra tes has varied from 7 to 12% in
past decade .  The Purchasing Power Parity (PPP) ad justment is large , averag ing around 4%
now, and varies with time , sector of the economy and reg ion.  Chinese G DP measurement is
fraught with both theoretica l and practica l uncerta inties.  O n the theoretica l side , with about
ha lf of economy sta te-owned and many prices regula ted , includ ing some o il and e lectricity,
the prices to be assigned to much fina l production are uncerta in.  This factor a lone has led
to informed estima tes as low as 5-7 .5%.  O n the practica l side , the accuracy of sta tistica l
reporting varies with year and with reg ions.

The usua l G DP growth forecasts assume a continued favorab le environment for growth:  no
war or large-sca le domestic unrest, no world depression, continued market libera liza tion.
As a  result, they are p lausib le upper lim its ra ther than pred ictions, with annua l growth num-
bers like 7-10% usua lly quoted for the near term .  In the long run, G DP growth is more like ly
to average 4% annua lly.

Some Numbers: Energy Consumption Growth in China
Energy consumption and production growth have ranged around 5% per year over the past
decades.  This growth ra te may be somewha t less uncerta in than the G DP growth ra te since
the theoretica l basis is firmer.  Many of the same practica l uncerta inties a ffect both however.
Aga in forecasts, which usua lly pro ject the past 5% average forward for the near term should
be considered as p lausib le upper lim its.

Energy intensity (energy use E per unit G DP Y, I = E/Y) is higher in China than in deve loped
countries, ma inly owing to Chinese poverty.  Energy intensity decreases if wea lth grows
faster than energy consumption, as it has in China .  The decrease , g iven the uncerta inties in
both energy use and G DP, may have ranged between 2% and 5% per year.  China as a
who le uses about ha lf as much energy as the U. S. (1 /10 U. S. energy per cap ita) and has
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about a  tenth the income (1 /50 per cap ita) a t exchange ra tes, lead ing to a ra tio in energy
intensity of 5 .  Much of this d isparity vanishes when a PPP ad justment is made .

The energy e lasticity with G DP, defined as:
ε = (δΕ/Ε)/(δY/Y)

is a  somewha t more stab le ind ica tor than intensity to which it is re la ted by
ε = 1 + (δΙ/Ι)/(δY/Y).

In the equa tion: ε = (δΕ/Ε)/(δY/Y)
Ε = energy consumption (of a  country, industry, sector, person)
δΕ = change per annum of tha t consumption in a g iven year
Y = gross econom ic product (of tha t country, industry, sector, person)
δY = change per annum of tha t product in tha t same year
If the energy intensity Ι is defined by Ι =  Ε/Y
and δΙ = change per annum in Ι,  then the equa tion:
ε = 1 + (δΙ/Ι)/(δY/Y) fo llows.

Energy e lasticity in China has been 0 .5-0 .7 most of the past two decades, much lower than
it was earlier, and much lower than the va lues in most deve lop ing countries, which are
above unity [2].  The decrease is ascribed by most researchers to both efficiency improve-
ments and sectora l production shifts [3].  By comparison, energy e lasticity in the U. S. is
around 0 .4 , ind ica tive of U. S. econom ic growth be ing ma inly in low-energy consumption
sectors such as hea lth and other services, and high techno logy products.

Composition of Commercial Energy Use and Energy Resources in China
C oa l provides over 70% of energy used in China (worldwide average 30%), o il about 20%
(worldwide average 40%), hydroe lectric power about 7% (a  quarter of e lectricity, which ac-
counts for about a  third of tota l energy use and is growing re la tive ly), na tura l gas about 2%,
nuclear less than 1%.  C oa l consumption pa ttern is unusua l in tha t, not only does coa l
provide about 70% or more of e lectricity (versus 56% for the U. S. for instance), but it a lso
provides much more of the industria l, commercia l and residentia l energy than is the norm
worldwide .  Non-commercia l energy, ma inly b iomass, is not included in the above sta tistics.
Estima tes of its contribution are even more uncerta in than estima tes of commercia l energy,
rang ing from 10 to 20% or more by hea ting va lue .

C oa l will continue to dom ina te supp ly for severa l decades if not longer.  China has over 100
years of coa l supp ly a t foreseeab le ra tes of use , more than ha lf of it low sulfur, higher
grades, but those resources are loca ted in the North, far from the centers of energy use .
Efficiency is low in a ll app lica tions except the most modern e lectric power p lants, but has
been stead ily improving.

O il use has been growing from a low base somewha t faster than overa ll energy use (6%).
O il is cheap now.  China provides most (about 80%) of its own o il.  Present known reserves
are peaking, as is the case throughout East Asia and perhaps e lsewhere .  Tota l o il resources
in China , as in the world a t large , are poorly known, but could be quite large .  Future
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Chinese o il use will depend on price and on infrastructure cho ices.  There are agreements
and p lans for o il p ipe lines from C entra l Asia into China , but so far none of them is funded .

N a tura l gas usage in China is much lower than e lsewhere in East Asia , desp ite the probab ly
presence of large resources.  Ma inly for reasons of bureaucra tic organiza tion, gas exp lora-
tion has not been g iven priority adequa te to its potentia l va lue .  This may be in the course of
be ing remed ied .  N a tura l gas has more potentia l for making inroads into coa l use and
reducing coa l po llution than any other fue l in the next two decades.  Investment in p ipe lines,
both domestic and between East and C entra l Asia , is needed .  Aga in, p lans have been
made but fund ing is for the most part not identified .

Nuclear power use in China is a lso low, with two opera ting 900 MWe Frama tom reactors
and one domestica lly built 300 MWe unit.  Eight more reactors (to be built by France, C anada ,
Russia and domestica lly) are a t various stages of negotia tion and construction.  About 150
G We of nuclear capacity is p lanned for 2050 .  If rea lized , tha t would constitute perhaps 15-
20% of pro jected e lectricity capacity then , versus upwards of 40% for the rest of East Asia .
Nuclear p lants in China to da te have a good sa fety and capacity factor record .

By most estima tes, hydroe lectric power will grow in step with overa ll e lectric power over the
next few decades.  Some of tha t growth, but by no means the ma jority, is sla ted to come
from the Three G orges D ams.  China has the largest hydroe lectric potentia l resource in the
world (over 300 G We) but it is mostly in remote areas.

Recent and Future Carbon Emissions in China
C arbon em issions in China are estima ted to have grown a t about 4% in the past decade ,
somewha t less than tota l energy consumption.

1989 1 .22% 1993 5 .52%
1990 0 .00% 1994 6 .70%
1991 4 .59% 1995 4 .27%
1992 3 .44% 1996 1 .57%

Source:  D O E Energy Informa tion Adm inistra tion

C arbon intensity of energy consumption is defined as tonnes of carbon emitted C  per exa joule
of energy consumed E .  In 1995 ,

C /EC H = 23    C /EUS = 16  C /EW O RLD = 15
Not surprising ly, China’s energy use is more carbon intensive than tha t of the U. S. or the
world .  Neverthe less, China’s carbon intensity is decreasing.
A carbon (or G H G) e lasticity of energy consumption may be defined as:

K=(δΧ/Χ)/(δE/E)
Averaged over the years 1992-96:

KC H = 0 .9 KUS = 1 .8 KW O RLD = 0 .4

The decrease in carbon intensity is ma inly due to gradua l increase in the proportion of
modern turb ines used in e lectricity genera tion, and other improvement in utiliza tion of coa l,
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starting from a very low base .  The cavea ts g iven above regard ing the accuracy of estima tes
app ly here a lso .  Most pro jections aga in are essentia lly linear extrapo la tions of the past
record .  Here , as with energy use and G DP, growth ra tes vary by a factor of a t least three
among various geographic reg ions and various sectors of the economy.

For the future , it is p lausib le tha t, if econom ic growth and market libera liza tion continue ,
efficiency ga ins will continue to be made and bring continued decarboniza tion.  In China as
e lsewhere , there is considerab le room for cost-effective improvement in end-use efficiency
as we ll as efficiencies in production and intermed ia te processes, includ ing transporta tion,
a lthough the deta ils of these improvements will be d ifferent from the deta ils in deve loped
countries.

Decarboniza tion owing to fue l switching, principa lly to na tura l gas and , on a slower time
sca le , nuclear power and some renewab les to the extent they become cost-competitive , will
depend on investment cho ices by a m ix of centra l and loca l government authorities and the
priva te and sem i-priva te sectors.  At present, the centra l government, or a t least some of its
m inistries and centers of authority, may have a longer and more positive view of the desir-
ab ility of investing in na tura l gas and nuclear energy than do loca l governments and others,
but this conclusion is tenta tive and needs supporting research.  The motiva tion is stra teg ic
security of energy supp ly and loca l po llution aba tement ra ther than decarboniza tion per se .

China and Environmental Agreements
C h ina’s experience with exist ing environmenta l agreements to wh ich it is party leads
O ksenberg and Economy [4] to the fo llowing conclusions:

Short-term benefits are needed.  This is like ly to be particularly true in the case of
any future agreement to reduce carbon em issions, where benefits, if any, are d istant and
g loba l.
The accession stage, lead actors and dynamics among these actors affect the
implementation.  An accura te understand ing of the governmenta l, sem i-governmen-
ta l and priva te entities invo lved in imp lementa tion, together with the ir ob jectives and the
constra ints acting upon them , is needed if imp lementa tion is to be successful.
Throwing money at the implementing agency does not help.
Expected necessary equipment, technology, training and financing must be
provided over a protracted period.  The pro ject cannot simp ly be started and then
left to loca l authorities.  In genera l, tra ining and financing must be p lanned and carried
out over severa l years.

As a  result of this experience , institutiona l deve lopment a t the loca l and provincia l leve ls is
essentia l.  The lead agency in the centra l government by itse lf lacks the power to ensure
comp liance .  However, the centra l government reta ins the power to mob ilize the bureau-
cracy and the popula tion on beha lf of certa in goa ls and , in particular, to ra te loca l officia ls
and to a degree contro l the ir advancement.  Chinese officia ls a t a ll leve ls are ra ted for
performance and promotion by certa in criteria .  Criterion # 1 everywhere is contro l of popu-
la tion growth.  Criterion # 2 is growth of output, measured by jobs and per cap ita “prosper-
ity.”  Improving the environment accounts for only a sma ll percent of eva lua tion today,
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a lthough tha t percentage is sla ted to increase in areas of high loca l po llution and conse-
quent damage to hea lth, crops and other essentia ls.

It cannot be overemphasized tha t China is chang ing.  Many of the components of change ,
such as priva tiza tion, decentra liza tion, price reforms, etc., will have ambiguous consequences
for enforcing environmenta l regula tions.  In add ition, cond itions in China are extreme ly
varied , rang ing from extreme poverty and re la tive backwardness to compara tive prosperity
and a sophistica ted industria l base .  Wha t will prove feasib le po litica lly and desirab le eco-
nom ica lly in one reg ion will not in another reg ion.

Kyoto Article 12, Clean Development Mechanism and Baselines
Under Article 12 of the Kyoto Protoco l signed in December 1997 (but not ra tified by any
sta te to da te , and forma lly re jected by the U. S. Sena te), Annex I countries can get em ission
cred its toward meeting the ir ob liga tions by investing in Non-Annex I country pro jects result-
ing in “certified em ission reductions.”  Reductions will be certified on the basis of “rea l,
measurab le , and long-term benefits re la ted to the m itiga tion of clima te change .”  These
certified reductions must be “ add itiona l to any tha t would occur in the absence of the certi-
fied pro ject.”  This is the C lean Deve lopment Mechanism (C DM).

While pre lim inary assessments show tha t em issions trad ing in genera l and use of the C DM
in particular can significantly lower the cost or increase the benefits to Annex I countries of
meeting Kyoto protoco l ob liga tions (assum ing these ob liga tions are ever undertaken), nev-
erthe less the C DM brings up serious questions, some of which are:

No one knows how to define “rea l, measurab le , and long-term benefits re la ted to the
m itiga tion of clima te change .”  The usua lly accepted proxy is G H G  em issions, usua lly
carbon em issions.  If this is to be a va lid proxy for m itiga tion of clima te change (leaving
aside questions of wha t m itiga tion of clima te change is), the net effect of a  pro ject on the
em issions of the entire system connected with it, from production to end-use , must be
ca lcula ted .
Use of the C DM requires add itiona lity, as noted above , and therefore base line em ission
pro jections.  Base lines may be defined for a country, a  sector, a  loca lity or a pro ject, each
with its own pros and cons.  They may assume the app lica tion of a ll or some laws,
po licies, econom ica lly warranted improvements, etc.  Base lines will evo lve in time and
will be sub ject to ups and downs of econom ic deve lopment.
Non-Annex I countries assume no ob liga tions or caps on the ir em issions under the pro-
toco l.  In the absence of caps or other ob liga tions, there will rema in questions about
leakage , mora l hazard , adverse se lection of pro jects.  How serious any of these ques-
tions is will be a ffected by the particular cho ice of base lines, but it is like ly tha t no cho ice
can e lim ina te them entire ly.  The author and his co lleagues are undertaking further
research on this issue .

A Tentative Conclusion Regarding China
China a lready spends roughly 2% of its G DP on environment, the same percentage as the
U. S. and some deve loped na tions do .  The actua l sum is much lower, of course , and the
Chinese prob lems are often much worse .  Po llution aba tement is m inima l, focusing ma inly
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on particula tes from large insta lla tions.  Hea lth, agricultura l and other consequences of
po llution from coa l use are extreme ly serious, costing  perhaps a  tenth of G DP and form ing
the ma in source of morta lity in certa in cities.  Po llution aba tement is now the ob ject of a
growing domestic government effort, though it is still in practice a lower priority than jobs
and increased wea lth.

Do ing more for the sake of lowering G H G  em issions is probab ly a non-starter for now, both
because there is no money and because this is fe lt to be a d istant prob lem a t best.  O n the
other hand , there are efficiency improvements a t a ll stages of energy production, transpor-
ta tion and consumption which would be econom ica l in the loca l situa tion and which would
significantly lower carbon em issions.  If China is go ing to he lp dea l with the G H G  prob lem ,
such cost-effective G H G  reductions are like ly to provide the only way to do it.
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Fusion Energy:
The Ultimate Energy
Source or God’s Little Joke?
L. John Perkins
Lawrence Livermore N a tiona l Labora tory
Livermore , C a lifornia

Fusion, the re lease of nuclear b ind ing energy from the light nucle i and its practica l exp lo ita-
tion, has been a ma jor world research d iscip line for the past four decades.  Fusion prom ises
an energy resource capab le of indefinite ly susta ining humanity under a ll conce ivab le sce-
narios of popula tion growth and energy demand .  In fact, it is the only energy source ind ig-
enous to the Earth tha t will last as long as the Earth exists.  However, a lthough we have made
enormous progress in the scientific understand ing and deve lopment of this fie ld , we have ,
as yet, no clearly identified route to an a ttractive commercia l fusion power p lant tha t will se ll
in the energy marketp lace of the 21st century and beyond .  Arguab ly, this situa tion has been
exacerba ted by the prema ture concentra tion on a sing le route to fusion power.  Because we
are still a t a  re la tive ly early stage of fusion deve lopment, it is essentia l to strive for a d iversi-
fied program tha t is robust to the physics and techno log ica l uncerta inties tha t accompany
any sing le class of fusion reactor concepts.

It is commonly asked whether there will be a need for fusion energy in the next century.  Here
a t least there is an answer.  Electrica l power genera tion in the 21st century will be a forty-
trillion-do llar industry with an assured and significant growth in demand from the deve lop-
ing world .  Thus, wha t we are rea lly asking is: Do we have a sufficiently a ttractive fusion
reactor product tha t will compete in this marketp lace?  If we do , then fusion will be “needed .”

Fundamenta lly, therefore , the future viab ility of fusion energy comes down to the question of
the competition: Wha t e lse is out there?  In the near term , the answer is fossil fue ls in genera l
and na tura l gas in particular.  However, once our access to such fossil fue ls has been fore-
closed due to e ither exhaustion, environmenta l constra ints or sequestering for other, more
critica l needs, there rema in only two ind igenous energy sources tha t are capab le of fully
susta ining humanity for the foreseeab le future .  These are fission and fusion.  Therefore , a
primary question is: How does our ultima te conception of a  fusion reactor compare with
fission?

Both fission and fusion are forms of nuclear energy but can be d ifferentia ted by various
a ttributes includ ing cap ita l costs, sa fety, environmenta l issues, nuclear weapons pro lifera-
tion, and fue l ava ilab ility.  The presently known reserves of fission fue ls, if required to susta in
the full e lectrica l energy needs of future popula tions, would like ly last around a century or
less if utilized in conventiona l therma l reactors with a “once-through” fue l cycle .  Such re-
serves could , however, be extended to thousands of years if efficiently utilized in breeder
reactors with a reprocessed fue l cycle .  Uranium could a lso , in princip le , be extracted from
sea wa ter but with as yet unknown techno logy or costs.  By contrast, lithium , the primary fue l
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for first genera tion deuterium-tritium fusion reactors is significantly more abundant in the
earth’s crust than e ither of the primary fission fue ls, uranium or thorium , and is about fifty
times more abundant than uranium in sea wa ter.  Deuterium , arguab ly the ultima te fusion
fue l for subsequent genera tion deuterium-deuterium fusion, comprises 0 .015 a tom ic-% of
a ll hydrogen on Earth.  Thus, (deuterium) fusion a t least is a  fue l reserve tha t will be ava il-
ab le to us for as long as the Earth continues to exist.

In regard to sa fety and the environment, the stored energy in the fue l of a  fission core is
sufficient for approxima te ly two years of opera tion.  Therefore , a lthough adequa te ly sa fe
fission reactors probab ly can be designed , this source term for a severe accident rema ins a t
some leve l.  By contrast, the amount of fue l present in the core of a  fusion reactor of any
class we can conce ive of today is sufficient, a t most, for only a few seconds of opera tion and
would be continua lly rep lenished .  Second ly, a t the end of the ir life , the fue l rods in a fission
core conta in g igacuries of rad ioactivity in the form of fission products and actinides, some
with ha lf-lives extend ing from hundreds to m illions of years, and necessita ting d isposa l in a
secure ly-guarded , deep geo log ic repository.  By contrast, the ma in potentia l for genera ting
rad ioactive waste in fusion comes from neutron activa tion of the surround ing structura l
ma teria ls.  C onsequently, a  jud icious cho ice of such ma teria ls can reduce fusion’s b io log ica l
hazard potentia l by many orders of magnitude re la tive to spent fission fue l.

Perhaps most importantly, with regard to the weapons pro lifera tion issue , we must recognize
tha t the necessary exp lo ita tion of breeder reactors to extend the fission fue l reserves of
uranium and/or thorium beyond the next century will result in a significant reprocessing
tra ffic of 239Pu and/or 233U.  While interna tiona l sa feguards and security can no doubt be
imp lemented , the d iversion and exp lo ita tion of only a few kilograms of e ither of these fissile
ma teria ls would be a severe test of the pub lic’s stam ina for this energy source .

We have made tremendous scientific progress in the world fusion program over the past
forty years.  Tha t is incontrovertib le .  O ur basic understand ing of the rich and comp lex
phenomena underlying p lasma physics has increased profound ly, as has our ab ility to con-
tro l these processes to our ends.  In particular, our achievement of the basic figure of merit
for magnetic confinement fusion — the product of the p lasma density, energy confinement
time and p lasma tempera ture , ntT — has increased by around six orders of magnitude over
this period and is now approaching the va lue required to rea lize a susta ined thermonuclear
burn from a m ixture of deuterium and tritium (d-t) fue l.

To da te , we have expended the ma jority of the world’s fusion research funds on the tokamak
approach.  Because of the tokamak’s capacity for holding hea t and its effectiveness in achiev-
ing the required magnetic fie ld configura tion, it has proved the best research too l so far for
achieving fusion cond itions in the labora tory.  In the near future , for examp le , the Jo int
European Torus (JET) tokamak a t Culham in the UK should approach, and hopefully exceed ,
“scientific break-even ,” whereby the output fusion energy exceeds the externa l energy in-
jected to drive the reaction.  So we have some confidence tha t the tokamak can conce ivab ly
produce a fusion power reactor tha t works.
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For these reasons, the Interna tiona l Thermonuclear Experimenta l Reactor (ITER) pro ject, a
current interna tiona l eng ineering design study of a  burning fusion p lasma experiment, has
focused on the tokamak as its vehicle of cho ice .  However, it is not clear tha t the conven-
tiona l tokamak approach will lead to a practicab le commercia l power p lant tha t anyone will
be interested in buying.  This is a  consequence of its pro jected low power density, high
cap ita l cost, high comp lexity, and expensive deve lopment pa th.  After a ll, the acid test for
fusion energy is, ultima te ly, not its scientific achievements but its adoption by the market-
p lace .  C erta inly, the tokamak is a  va luab le scientific research too l for studying high tem-
pera ture p lasma physics and must be continued to be supported to tha t end .  However, such
support should not, and must not, come a t the exclusion of other, potentia lly viab le routes.

It is beyond the scope of this summary to exam ine an exhaustive list of a lterna tive fusion
concepts but, fortuna te ly, a  number do exist a t varying stages of ma turity.  W ithin magnetic
confinement fusion, the spherica l torus, the spheromak and the fie ld-reversed configura tion
suggest the potentia l of a  significantly cheaper, more compact fusion power core and are
certa inly worth pursuing to the proof-of-princip le stage .  In particular, be low I offer a class of
fusion concepts which can be considered a step change in the ir manner of rea lizing fusion
energy.

In “ inertia l fusion” energy (IFE), a  m illimeter-size capsule of fusion fue l is compressed by an
energetic pulse of energy from a “driver,” typ ica lly a heavy-ion acce lera tor or laser (Figure
32).  The drive energy is de livered in a precise way to cause the fue l capsule to imp lode and ,
during the very short inertia l time before the target flies apart, crea tes the very high densities
and tempera tures necessary for fusion to occur.  Whereas both magnetic and inertia l fusion
are a t approxima te ly the same stage of scientific understand ing, the scientific and techno-
log ica l criteria by which these two d istinct approaches will succeed or fa il are very d ifferent.
In particular, IFE provides a  route to a fusion power p lant which is a  parad igm shift from tha t
of a  tokamak and indeed a ll other fusion concepts of the magnetic confinement class.  It
offers the potentia l for lifetime fusion chambers with renewab le liquid coo lants facing the
targets, instead of so lid , vacuum-tight wa lls tha t would suffer damage due to hea t and
rad ia tion.  Thus protected , a ll reactor structura l ma teria ls would be lifetime components and
the ir m inima l residua l rad ioactivity would qua lify them for near-surface , on-site buria l a t the
end of the fusion p lant life .  Use of such thick liquid protection probab ly a lso e lim ina tes the
need for an expensive R&D program on exotic, low-activa tion ma teria ls. Moreover, note tha t
IFE p lants are inherently modular in tha t severa l, independent fusion chambers could be
constructed around a sing le driver.  This provides opera tiona l redundancy and the option of
phased p lant expansion to ma tch demand growth, both important characteristics for future
multi- G We e lectrica l reserva tions.

The science of inertia l confinement fusion will be significantly advanced early in the next
century by the comp letion and opera tion of the “ N a tiona l Ignition Facility” (N IF) a t Lawrence
Livermore N a tiona l Labora tory in the U. S.  Indeed , N IF may be the first labora tory device to
rea lize fusion “ ignition.”  This is the process whereby the energy deposited by energetic
a lpha particles from the d-t fusion reaction promotes a  se lf-susta ining burn in the surround-
ing fue l, resulting in significant fusion energy ga in.
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Figure 32
X-ray image of a  thin wa ll, inertia l confinement fusion target illum ina ted by the N O VA laser.  Five laser
beams enter the sub-centimeter-size houlrahm case a t each end and are converted to X-rays in the
cavity.  The m illimeter-size fusion fue l pe llet (not visib le) would be conta ined inside this case . (Photo
courtesy of LLNL Laser Programs)

Conclusions
I contend tha t advances lead ing to a clearly econom ica l fusion reactor lie in the para lle l
investiga tion of a lterna tive approaches ra ther than simp ly in eng ineering the nuts and bo lts
for the present conventiona l approach.  This is particularly important for the U. S. where
fusion research budgets have declined in recent years and where a fresh, vigorous ra tiona le
is required .  Thus, the smartest investment of our world research budgets is to press for
innova tion and understand ing of the physics of various advanced concepts — because this
is where the grea test uncerta inties lie and where there is the grea test potentia l for improving
the econom ics of the ultima te fusion power p lant.  Note a lso tha t a lterna tive physics ap-
proaches are particularly important if we are ever to exp lo it the so-ca lled “ advanced” fusion
fue ls, such as d-d , d-3He , p-11B (see Tab le 8).

Such fue ls have severa l advantages over d-t — for examp le , lower or zero neutron output
and the potentia l to d irectly convert charged fusion products to e lectricity without need for a
conventiona l therma l cycle — but would require significantly higher p lasma densities and
tempera tures to rea lize even the same fusion power density.  As in cancer research, the
world fusion program has made enormous progress in the fundamenta l understand ing of
its fie ld .  However, a lso like cancer research, we have not yet arrived a t our ultima te goa l.
Therefore , because of the profound benefit to future humanity of the ultima te ly successful
end po int — a  lim itless energy source for a ll time — we must continue with an innova tive
and , most importantly, d iverse fusion research program until tha t goa l is accomp lished .
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Table 8
C and ida te fusion reactions with low-Z fue l nucle i.  First genera tion fusion reactors will probab ly emp loy
the d-t reaction .  Subsequent genera tion reactors may exp lo it the other, so-ca lled “ advanced” fusion
fue ls.

d-t: 2H +  3H ➔ 1n +  4He +  17 .6MeV

d-d: 2H +  2H ➔ 1H +  3H +  4 .0MeV

2H +  2H ➔ 1n +  3He +  3 .3MeV

d-3He: 2H +  3He ➔ 1H +  4He +  18 .7MeV

p-6Li: 1H +  6Li ➔ 3He +  4He +  3 .9MeV

d-6Li: 2H +  6Li ➔ 1H +  7Li +  4 .9MeV

p-11B: 1H +  11B ➔ 3 4He +  8 .7MeV
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H ad i Dowla tabad i, Bob Wa tts, Don Wuebb les, Marty Hoffert, and Greg Benford
in conversa tion a t AG C I.
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The Framework
Convention on
Climate Change: Rio,
Kyoto, and Beyond
Rick Piltz
U. S. G loba l Change Research Program C oord ina tion O ffice
Washington, D C

The Framework C onvention on C lima te Change , the trea ty tha t was agreed to a t the 1992
Earth Summ it in Rio de Jane iro and entered into force in 1994 , a long with the subsequent
1997 Kyoto Protoco l to the C lima te C onvention, form the centerp iece of the interna tiona l
po licy context for addressing the issues of g loba l clima te change .

In the C lima te C onvention the na tions of the world: (1) recognize tha t potentia l anthropo-
genic clima te change is a  prob lem tha t must be addressed; (2) recognize a need for deve l-
oped industria lized countries (“Annex I” parties in the terms of the trea ty) to take the lead in
m itiga tion; (3) acknowledge tha t the g loba l na ture of clima te change requires the widest
possib le participa tion and coopera tion by a ll countries, “ in accordance with the ir common
but d ifferentia ted responsib ilities and respective capab ilities and the ir socia l and econom ic
cond itions;” and (4) recognize tha t, in order for deve lop ing countries to progress toward the
goa l of susta inab le deve lopment, the ir energy use will need to grow, while taking into ac-
count the possib ilities for achieving grea ter energy efficiency and contro lling greenhouse
gases.

The 36 Parties included in Annex I to the C onvention made a somewha t ind irectly-worded
comm itment to the a im of returning the ir anthropogenic em issions of greenhouse gases
(those not a lready contro lled by the Montrea l Protoco l on the ozone layer) to the ir 1990
leve ls by the year 2000 , and agreed to review this comm itment and take appropria te action
a t the First C onference of the Parties.  In add ition, the 25 Parties included in Annex II (the
deve loped countries not includ ing the former Soviet Union and Soviet Bloc) agreed to pro-
vide new and add itiona l financia l resources to meet the costs incurred by deve lop ing coun-
tries in meeting the ir ob liga tions (e . g., na tiona l em issions inventories, na tiona l reports, and
p lanning for m itiga tion and adapta tion), and to facilita te and finance the transfer of envi-
ronmenta lly sound techno log ies.

The C lima te C onvention is a  step toward build ing institutions for g loba l governance in the
absence of a  g loba l government.  It crea tes a  framework for g loba l coopera tion and estab-
lishes a  process for taking future action on specific actions and comm itments.  It takes steps
tha t are genera lly agreed to make sense even in the context of scientific uncerta inties, while
encourag ing scientific research and na tiona l da ta co llection and p lanning.  It includes a
mechanism for being strengthened through the adoption of additiona l protocols and amend-
ments, as scientific understand ing and po licy making deve lop .
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Since the C lima te C onvention was negotia ted , most na tions’ em issions have continued to
increase .  The First C onference of the Parties (C O P-1), in 1995 , concluded tha t the vo luntary
actions be ing imp lemented under the C onvention were insufficient to move toward its sta ted
ultima te ob jective to achieve “stab iliza tion of greenhouse gas concentra tions in the a tmo-
sphere a t a  leve l tha t would prevent dangerous anthropogenic interference with the clima te
system .”  The Parties agreed to negotia te b ind ing targets and timetab les for reducing net
em issions.  This “Berlin Manda te” rea ffirmed the d istinction between Annex I and deve lop-
ing countries in setting comm itments.  Further negotia tions resulted in the Kyoto Protoco l,
agreed to a t C O P-3 in December 1997 .

The Kyoto Protoco l would require Annex I parties, ind ividua lly or jo intly, to ensure tha t the ir
aggrega te anthropogenic C O 2-equiva lent em issions of six greenhouse gases are reduced
by a t least 5% be low 1990 leve ls in the 2008-2012 time frame (i. e . , averag ing over those
five years).  The U. S. would be required to reduce em issions by 7% be low the 1990 leve l.
Parties could use net changes in em issions by sources and remova l by sinks resulting from
direct human-induced land-use change and forestry activities, measured as verifiable changes
in carbon stocks, in meeting the ir comm itments.  Decisions about methods for quantifying
net em issions were left for future meetings, as were decisions about comm itments in the
post-2012 period .

The Protoco l conta ins a  set of wha t have been ca lled “ flexib ility mechanisms” intended to
facilita te and cut the costs of em issions reductions.  These provisions include: (1) trad ing of
em issions a llowances among Annex I countries; (2) jo int imp lementa tion among Annex I
countries, in which Parties may transfer or acquire em issions reduction units in exchange for
imp lementing pro jects tha t reduce net em issions tha t are add itiona l to wha t would otherwise
occur; and (3) a C lean Deve lopment Mechanism , via which Annex I countries may use
certified em issions reductions from certified pro jects imp lemented in deve lop ing countries to
contribute to meeting the ir own requirements.  A ll specific procedures for imp lementing
these flexib ility mechanisms rema in to be estab lished by the Parties a t future meetings, as do
procedures and mechanisms to determ ine and address cases of noncomp liance with the
Protoco l.

The Protoco l’s “entry into force” would occur when 55 Parties to the C lima te C onvention,
includ ing Annex I parties tha t accounted in tota l for a t least 55% of the tota l Annex I C O 2

em issions in 1990 , have ra tified the Protoco l.  There are important d istinctions between the
na tions’ “ agreement ” to the Protoco l by d ip loma tic negotia tors in Kyoto , “signing” of the
Protoco l by heads of government or the ir representa tives, “ra tifica tion” of the Protoco l as law
in each of the signa tory countries (which, in the U. S. , requires a  vote in the Sena te), entry
into force a fter the requisite number of Parties have ra tified , agreement on specific proce-
dures for imp lementa tion, and the actua l imp lementa tion of the Protoco l by the Parties.  It is
unclear when and whether the Protoco l will enter into force , and it is not b ind ing in a forma l,
lega l sense on the Parties unless and until it does so .  As of la te November, 1998 , 64
countries had signed the Protoco l, but only the two Pacific island na tions of Fiji and Tuva lu
had ra tified it.  None of the Annex I countries have ra tified .  Theoretica lly, the Kyoto Protoco l
could enter into force without U. S. ra tifica tion, but po litica lly this may be unlike ly.
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In the meantime , the C lima te C onvention rema ins the only agreement in force .  The Fourth
C onference of the Parties (C O P-4) was he ld in Buenos A ires in November, 1998 .  The Parties
a t C O P-4 adopted the Buenos A ires Plan of Action, which is intended to prepare for the
future entry into force of the Kyoto Protoco l and to ma inta in po litica l momentum by continu-
ing the p lanning and negotia ting process on specific unreso lved issues in advance of future
C O Ps, with a comm itment to reach agreement on a number of key issues in time for C O P-
6 in the year 2000 .

The Kyoto Protoco l has crea ted a new e lement in the U. S. po licy process.  For the first time
since the potentia l for g loba l warm ing became a sa lient pub lic issue in the la te 1980s,
C ongress has been confronted with the possib ility of having to act on a ma jor controversia l
leg isla tive issue re la ted to clima te change .  In contrast to the C lima te C onvention, which the
Sena te ra tified without significant controversy in 1992 , ra tifica tion of the Protoco l would
enta il a  willingness to adopt a  lega lly b ind ing target and timetab le for significant reductions
in U. S. em issions of greenhouse gases.  A 7% reduction from the 1990 leve l by 2008-2012
would require on the order of a  30% reduction from the pro jected leve l of U. S. em issions in
tha t future time period .  There is considerab le controversy among ana lysts with varying
methods and assumptions about the potentia l econom ic imp lica tions of achieving this re-
duction.

In C ongress, prior to 1997 , clima te change tended to be of interest primarily to a sma ll
group of Members with a specia lized interest in scientific and environmenta l issues.  Most
Members had no clearly identifiab le position on clima te science and re la ted d ip loma tic
deve lopments, except tha t most tended , when ca lled upon , to line up e ither on a partisan
basis, for or aga inst the perce ived po licy of the current President, or in pred ictab le ways vis-
à-vis ma jor econom ic stakeho lders in the ir sta tes or d istricts.  The Kyoto Protoco l, on the
other hand , has brought into active p lay a number of Members who had not been associ-
a ted primarily with scientific and environmenta l issues in the past, and whose concerns have
been expressed primarily in terms of potentia l econom ic imp lica tions.  Much of the current
controversy in C ongress, which has he ld numerous hearings on the issues ra ised by the
Kyoto Protoco l, a lso has clear partisan overtones.

However, one key issue tha t has drawn b ipartisan support is about the ro le of the deve lop ing
countries.  In the summer of 1997 , the Sena te adopted unanimously the Byrd-H age l reso lu-
tion, which ca lled on the President to not agree to a Kyoto Protoco l unless it conta ined
“scheduled commitments to limit or reduce greenhouse gas emissions for Developing Country
Parties within the same comp liance period” as those for Annex I Parties.  The reso lution a lso
sta ted tha t subm ission of a  Protoco l for Sena te ra tifica tion should be accompanied by “ an
ana lysis of the deta iled financia l costs and other impacts on the U. S. economy tha t would be
incurred by imp lementa tion.”

The Sena te position expressed in this reso lution is a  key po litica l deve lopment.  O pponents
of the Kyoto Protoco l and a stronger U. S. m itiga tion po licy obta ined substantia l leverage
with the issue of d ifferentia l comm itments for Annex I and deve lop ing country parties, which
had not previously been controversia l.  The President has not subm itted the Protoco l to the
Sena te , where it would face decisive re jection a t this time , pend ing further d ip loma tic steps
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to secure a comm itment by deve lop ing countries to a more active ro le in constra ining the ir
em issions.  Further, the President prom ised to refra in from taking steps within the Executive
Branch to imp lement Kyoto Protoco l comm itments prior to Sena te ra tifica tion, and the C on-
gress re inforced this agreement through a number of actions during the FY 1999 appro-
pria tions and leg isla tive oversight processes.

While the Kyoto Protoco l presents a  number of issues tha t rema in unreso lved in negotia-
tions, the issue of deve lop ing country participa tion rema ins a  stumb ling b lock.  Most of the
“ G -77 / China” coa lition of deve lop ing countries has been opposed — with China and Ind ia
adamantly opposed — to add ing new requirements for deve lop ing countries, contend ing
instead tha t Annex I countries should focus on imp lementing the comm itments they have
a lready made .

The Kyoto Protoco l may be taken as a  signa l to governments, businesses, and citizens gen-
era lly tha t clima te change is a  serious po licy issue , tha t lim its will be required on future
em issions, and tha t now is the time to beg in deve lop ing the necessary techno log ies.  Some
governments and priva te sector firms may beg in to take actions to reduce em issions in
anticipa tion of more stringent requirements go ing into effect in the future .  Some may antici-
pa te ga ining an econom ic advantage from adopting or marketing techno log ies tha t reduce
em issions.  However, there is a  question whether vo luntary and market-driven actions a lone
will be sufficient to drive a transition to a susta inab le energy system tha t will he lp achieve the
ultima te ob jective of the C lima te C onvention, or whether strong na tiona l and interna tiona l
po licy comm itments will be necessary.  O n the other hand , there is a  question whether
d ip lomacy and po licy will be sufficient to effect a  transition unless a  compe lling pa th to
techno log ica l so lutions emerges.

Reference
The full text of the Framework C onvention on C lima te Change , the Kyoto Protoco l, a  “Pre-
lim inary Version of C O P 4 Decisions and Reso lutions” agreed to a t the Fourth C onference of
the Parties to the FC C C in Buenos A ires in November 1998 , and other re la ted documents,
are ava ilab le a t http: / /www.unfccc.de/ , the officia l web site of the C lima te Change Secre-
taria t.
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Exploratory Modeling,
Robust Adaptive-Decision
Strategies, and the
Impacts of Climate
Variability on Near-Term Policy Choices
Robert J. Lempert
RAN D
Santa Monica , C a lifornia

Michael E. Schlesinger (presenter)
Department of Atmospheric Sciences
University of Illino is a t Urbana-Champa ign
Urbana , Illino is

The key step in so lving a comp lex prob lem is often asking the right question.  We be lieve tha t
the proper question for the clima te-change prob lem is “wha t actions should we take , g iven
tha t we cannot pred ict the future course of clima te change nor the effort tha t may be re-
quired to prevent it?”  The answer is tha t society should seek stra teg ies tha t are robust
aga inst a  wide range of p lausib le clima te-change futures.  By definition, a  robust stra tegy is
insensitive to our uncerta inty about the future .  It would perform reasonab ly we ll, a t least
compared to the a lterna tives, even if confronted with surprises or ca tastrophes.  In add ition,
a robust stra tegy may provide a more so lid basis on which to build a consensus for po litica l
action among stakeho lders with d ifferent views of the future because a ll would agree it
would provide reasonab le outcomes no ma tter whose view proved correct.  C learly, a  robust
stra tegy for clima te change would be a good thing to pursue .  The question is, do such
stra teg ies exist and , if so , do we have the means to find and assess them?

Exploratory Modeling
O ver the last severa l years we have deve loped a set of computa tiona l methods for decision-
making under cond itions of extreme uncerta inty tha t are we ll-suited to find and assess ro-
bust stra teg ies for clima te change (Lempert, Schlesinger and Bankes (1996), henceforth
LSB; Lempert, Schlesinger, Bankes, and Andronova (Lempert et a l. 1999), henceforth, LSBA).
These methods, ca lled exp lora tory mode ling (Bankes 1993; Bankes and G illog ly 1994), are
designed to exp lo it the qua lita tive ly new capab ilities of modern computers, in particular,
large quantities of inexpensive memory; fast, networked processors; and powerful visua liza-
tion too ls.  Exp lora tory mode ling confronts uncerta inty by crea ting a large da tabase of p lau-
sib le futures tha t can be used to d istinguish among po licy cho ices.  As app lied to the cli-
ma te-change prob lem , these exp lora tory mode ling methods beg in with computer-simula-
tion mode ls tha t describes the clima te , econom ic, and re la ted systems.  Using time series
and other da ta to constra in the mode l inputs, we pro ject a  very large number of p lausib le
pa ths into the future , without necessarily assigning like lihoods to any of them .  Next, we
compare the performance of a  variety of a lterna tive stra teg ies aga inst this “ landscape of
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p lausib le futures” to crea te a large da tabase of scenarios.  We use one or more metrics to
d istinguish among those scenarios with desirab le and undesirab le outcomes.  We can then
use search techniques and visua liza tions to extract informa tion from this da tabase tha t can
d istinguish robust from non-robust stra teg ies.

A key idea behind exp lora tory mode ling – tha t we can regard the output of a  simula tion
mode l as a  large , multi-d imensiona l da taset – is useful for the clima te-change prob lem
because it a llows grea t flexib ility in the search for robust stra teg ies.  O n the one hand ,
trad itiona l optim iza tion techniques tha t provide a systema tic method for comparing a lterna-
tive stra teg ies, a lso impose strict constra ints on the types of feedbacks tha t can be included
in the underlying mode l.  Since prom ising cand ida tes for robust stra teg ies often emp loy
comp lex informa tion feedbacks, this grea tly lim its the types of stra teg ies tha t optim iza tion
methods can consider.  O n the other hand , many simula tion approaches tha t can trea t such
comp lex feedbacks emp loy something of a  “ flight simula tor” approach (Ho lland 1995) to
exam ining the consequences of d ifferent assumptions.  Tha t is, the ana lyst will persona lly
exam ine a sma ll number of potentia l pa ths into the future and report on those tha t seem
most interesting.  Such ana lyses offer scant basis on which to extrapo la te insights to the
cases not considered .

In contrast, exp lora tory-mode ling ana lyses a ttempt to make systema tic arguments from a
simula tion mode l by using the computer to search through a very large set of p lausib le runs
looking for cases tha t support or d isprove particular lines of argument.  This approach often
yie lds fruit because we often have a grea t dea l of informa tion about the future which, while
not capab le of supporting pred ictions, can he lp argue tha t one set of stra teg ies is more
robust than any proposed a lterna tives.  However, the flexib ility provided by regard ing the
mode l outputs as a  da tabase is important because it is not genera lly obvious, a  priori, wha t
stra teg ies the ava ilab le informa tion can d istinguish nor wha t criteria for robustness ought to
be used .  Ra ther, we must often work through an itera tive process – exp lore – looking for
arguments about stra teg ies tha t can be supported by the ava ilab le informa tion. W ith exp lor-
a tory mode ling one can return repea ted ly to the simula tion mode ls to genera te more da ta
po ints when tha t would prove useful.  In particular, the ana lyst can use interim results to
genera te new ideas for potentia l stra teg ies tha t m ight prove more robust than the ones
under considera tion.  For examp le , recognizing tha t  stra tegy A outperforms Stra tegy B in
some p lausib le futures but does poorly in others, an ana lyst m ight guess tha t a  particular
m ixture of A and B m ight perform reasonab le we ll across a ll futures, and could test this
hypothesis by running the new stra tegy aga inst the set of p lausib le futures.

Robust, Adaptive-Decision Strategies
The ana lytic ab ility to find robust stra teg ies does not, of course , guarantee tha t they exist.
O ur exp lora tory mode ling work on robust stra teg ies argues, however, tha t society can adopt
adaptive decision-stra teg ies as a  robust response to clima te change .  Such stra teg ies are
designed with the expecta tion tha t they will be ad justed in the future based on observa tions
of changes in the clima te and econom ic systems.  In LSB we compared the performance of
a very simp le adaptive-decision stra tegy with tha t of two sta tic a lterna tives, “Do-a-Little” and
“Em issions-Stab iliza tion,” commonly proposed in the po litica l deba te over clima te change .
As the names imp ly, the “Do-a-Little” po licy has no near-term em issions reductions and is
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sim ilar to tha t advoca ted by many opponents of the comm itments negotia ted a t the C onfer-
ence of Parties in Kyoto in December 1997 , while the “Em issions-Stab iliza tion” po licy returns
and ho lds g loba l em issions close to the ir 1990 leve ls through the m id-21st century and is
sim ilar to the po licies proposed by many advoca tes of the Kyoto agreement.  We compared
the performance of these three stra teg ies, using the present va lue of net costs and benefits
as the measure , aga inst a  broad range of p lausib le futures, includ ing ones in which dam-
ages due to clima te change turn out to be very large , futures where damages are very sma ll,
futures in which techno log ica l innova tion rad ica lly reduces the cost of greenhouse-gas-em is-
sions aba tement, and futures where it does not.  We compared the expected va lue of these
stra teg ies for a wide range of expecta tions about the like lihood of these a lterna tive futures,
and found tha t even a very simp le adaptive-decision stra tegy on average significantly out-
performs e ither of the best-estima te po licies unless society is highly certa in, on the order of
95%, tha t e ither “Do-a-Little” or “Em issions-Stab iliza tion” is the best po licy.

This result is not particularly surprising.  The “Do-a-Little” and “Emissions-Stabiliza tion” policies
perform we ll if the ir underlying assumptions turn out to be va lid , but can fa il severe ly in
those cases where the ir assumptions turn out to be wrong.  The adaptive-decision stra tegy
can make m idcourse corrections and avo id significant errors.  Furthermore , the search for
robust, adaptive-decision stra teg ies offers an important recasting of the clima te-change-
policy problem which may better address the needs of decision-makers than other approaches
such as optimum po licies based on sub jective probab ilities.

Nom ina lly, the focus of the interna tiona l po litica l process addressing clima te change is on
b ind ing targets and timetab les for the reduction of near-term greenhouse-gas em issions.
Ana lytic approaches tha t intrinsica lly assume tha t there is some optimum leve l of near-term
reductions, are na tura lly supportive of, and make it d ifficult to critique , this emphasis.  None-
the less, the output of the actua l negotia tions more close ly resemb les an evo lving set of
actions designed to shape the future po litica l landscape and influence priva te-sector invest-
ments than it does any consensus about the optimum leve l of em issions reductions. An
incrementa l approach is probab ly quite sensib le g iven the po litica l constra ints, but ra ises the
broader question of whether or not the current potpourri of actions is sufficiently robust.
Tha t is, are the world’s na tions taking a comb ina tion of actions tha t will avo id ma jor fa ilures
no ma tter wha t future comes our way?  G iven tha t po licy actions will change over time , is
society currently p lacing too little effort in some areas and too much in others?  And g iven
tha t there is a t present no way to determ ine wha t is the correct leve l of em issions reductions,
wha t ought to be to goa ls of clima te-change po licy?

An ana lytic approach tha t searches for robust, adaptive-decision stra teg ies offers a  frame-
work to address such questions.  As a  first step , our work suggests tha t clima te change ought
to be viewed more as a  contingency prob lem than an optim iza tion prob lem .  Either society
will have to make very large reductions in greenhouse-gas em issions over the course of the
next century or it will not.  Since society does not yet know which future will happen, it needs
to prepare for both.  Thus the most important near-term goa ls of clima te-change po licy may
be to: (i) reach consensus on the observa tions tha t will ind ica te a need for drastic action to
curta il greenhouse-gas em issions, (ii) take actions tha t will make large future reductions
more feasib le and less costly if, in fact, they are needed , and (iii) do this in such a way as to
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avo id over-a lloca ting resources to a prob lem tha t turns out to be m inor or insufficiently
preparing for wha t we d iscover is an emerg ing ca tastrophe .

The Impacts of Climate Variability on Near-Term Policy Choices
In our recent work we have made initia l forays into addressing these issues.  In LSBA we
exam ine the performance of adaptive-decision stra teg ies in the face of clima te variab ility.
This is a  key question because variab ility may reduce the benefits of such stra teg ies by
masking adverse trends until it is too la te to act or, converse ly, foo ling society into taking too-
strong actions.  We find tha t in most cases adaptive-decision stra teg ies are still robust even
with quite large leve ls of clima te variab ility.

In LSBA we consider a large number of a lterna tive adaptive-decision stra teg ies tha t d iffer in
the ra te of near-term em issions reductions, the confidence they demand tha t observed dam-
age trends are rea l before respond ing to them , and the aggressiveness with which they
respond to potentia l innova tions tha t could reduce the cost of greenhouse-gas reductions.
We find a set of robust, adaptive-decision stra teg ies as a  function of expecta tions about the
future of clima te change .  Tha t is, for each set of expecta tions of the future , we find the
adaptive-decision stra tegy tha t is close to the optimum for tha t set of expecta tions and a lso
performs we ll over a wide variety of other expecta tions.

Two interesting pa tterns emerge as one exam ines this set of robust stra teg ies as a  function of
expecta tions about the future .  First, there is a  tradeoff between the ra te of near-term em is-
sions reductions and the confidence one should require in observa tions of damage trends
before acting on them .  Tha t is, in the face of variab ility in the clima te system , po licy-makers
can choose a response thresho ld for observed damages tha t can compensa te , to a grea ter
or lesser extent, for any cho ice of near-term em issions-reduction target.  Second , the ra te of
near-term em issions reductions depends most sensitive ly on expecta tions about the future ,
while the aggressiveness with which society ought to respond to innova tions are the least
sensitive .  Tha t is, the po licy cho ice a t the foca l po int of the current negotia tions may be the
most controversia l component of a  robust stra tegy, in part because stakeho lders with d iffer-
ent expecta tions will have the most d ivergent views as to the proper target, while the least
controversia l components may be a t the periphery of the negotia tions.

Conclusion
It is of course a po litica l judgment as to whether or not the most controversia l e lements
ought to be a t the center or the periphery of d ip loma tic negotia tions.  The ro le of po licy
ana lysis, however, is to ensure tha t the decision space is clear. The search for robust, adap-
tive-decision stra teg ies suggests tha t a  robust response to clima te change should emp loy a
number of d ifferent types of government and priva te sector actions, from techno logy deve l-
opment to em issions trad ing, and tha t there is a  wide variety of reasonab le , and a wider
variety of unreasonab le , comb ina tions of such actions.  More broadly, it suggests that a cli-
mate-change strategy that puts more emphasis on policies such as establishing the physica l and
institutiona l capability to monitor the relevant climate and economic systems, establishing the
capability to effectively regulate greenhouse gases, and encouraging the use of new emissions-
reducing technologies (Jacoby et a l. 1998) would be at least as successful as the current declared
approach of meeting particular targets for reductions in greenhouse-gas emissions.
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In this work, per cap ita energy growth pa tterns were used to pro ject the growth of a tmo-
spheric C O 2.  Popula tion of less deve loped countries is pro jected to grow 2 .7 times from
50% to 67% of world popula tion from 1991 to 2100 .  O ver the same period , world popula-
tion is pro jected to grow from 5 .0 to 10 .3 b illion peop le , and energy use from 15 to 50 .7
terawa tts (TW).  Less deve loped country (LD C) energy use is pro jected to grow d ispropor-
tiona te ly faster, increasing from 20 to 46% of world energy, while the share of energy use in
industria lized countries is pro jected to decline from 30 to 22% of world energy.  It is antici-
pa ted tha t the g loba l standard of living will improve substantia lly while re la tive energy con-
sumption will decrease on the order of 1 .1% per year due to conserva tion and efficiency
improvements.  Non-fossil energy sources consisting mostly of nuclear energy are pro jected
to overtake fossil energy consisting mostly of coa l in the year 2075 .  The growth of C O 2

em issions from 6 to 18 .2 G t C /yr is pro jected to result in an average g loba l tempera ture
increase of 3 ˚ C  due to this source only.  However, C O 2 is only about ha lf the prob lem .
When a ll infrared absorb ing gases are considered , an average increase of 5 .6 ˚ C  is pro-
jected for 2100 .  This scenario is sim ilar to the IPC C scenario IS92a .

The a tmospheric monitoring program by Kee ling, et a l. (1997) shows tha t the leve l of car-
bon d ioxide in the a tmosphere has increased about 16% over the last 39 years and now
stands a t about 365 ppmv.  This observed increase is be lieved to be the continua tion of a
trend tha t began in the m idd le of the last century with the start of the Industria l Revo lution.
Fossil fue l combustion, cement manufacturing, and the clearing of virg in forests (deforesta-
tion) are considered to be the primary anthropogenic contributors, a lthough the re la tive
contribution of each is uncerta in because foresta tion changes appear to have been a net
source during some periods of time and a sink during other periods.

Pred ictions of the clima to log ica l impact of a  C O 2-induced greenhouse effect draw upon
various ma thema tica l mode ls to gauge the g loba l average tempera ture increase .  The sci-
entific community genera lly d iscusses the impact in terms of doub ling pre-industria l a tmo-
spheric C O 2 content in order to get beyond the norma l fluctua tions (no ise leve l) of clima te
da ta .  A scenario was built in the simp le spreadsheet mode ling study d iscussed in this paper
for pro jecting the a tmospheric concentra tion of C O 2 and the other infrared absorb ing trace
gases in order to estima te future g loba l average tempera tures.  The scenario is based on
da ta presented by Rogner (1986) on reg iona l energy consumption, g loba l energy require-
ments by H ä fe le (1981) with mod ifica tions from various industria l pro jections, growth pro-
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jections of C H4, N 2 O , CFC -11 , CFC -12 , and other CFCs by Ramana than (1985) and W ig ley
(1987) as summarized by Krause , et a l. , (IPSEP, 1989), and energy efficiency improvement
and conserva tion measures from various sources.  The scenario d iscussed here is sim ilar to
the business-as-usua l scenario IS92a in the IPC C study (Pepper, et a l., 1992).

Methodology
The impact of per cap ita energy growth pa tterns on future energy demand and growth of
a tmospheric carbon d ioxide was eva lua ted by subd ivid ing the g lobe into six reg ions.  W ithin
each of these reg ions, there are sim ilar sociopo litica l backgrounds and popula tion growth
ra tes.  The six reg ions considered are: (1) North America (U. S. and C anada) [NA], (2)
Midd le East (North Africa and  Persian G ulf Sta tes) [ME], (3) C ommonwea lth of Independent
Sta tes and Eastern Europe [C ISEE], (4) China and other centra lly p lanned Asia tic econom ies
[CPAE], (5) Industria lized C ountries (includ ing Western Europe , Austra lia , New Zea land ,
Israe l, Japan , and South Africa) [IC], (6) Less Deve loped C ountries (includ ing a ll of South
and C entra l America , C entra l Africa , and the rest of Asia) [LD C].

Population and Energy
A lthough econom ic considera tions are critica l in determ ining per cap ita energy use , this
study d id not independently eva lua te econom ics, but used the pro jections of Edmonds, et
a l., (1984).  It was found tha t 50% of the world’s popula tion currently resid ing in LD C will
grow to 67% by 2100 , while world popula tion will grow from 5 .0 to 10 .3 b illion peop le in
the year 2100 .  C onsequently, the world’s energy needs are pred icted to grow from 15 to
50 .7 TW (Figure 33) while the LD C needs will grow from 20 to 46%, and the IC needs are
pro jected to decrease from 41 to 22% (Figure 34).  The apparent decrease in energy de-
mand by the IC is not anticipa ted to a ffect the standard of living, because substantia l in-
creases in energy efficiency are expected to be imp lemented (e . g., power p lant efficiencies
are 45% in the year 2000 , 53% in 2050 , and 56% in 2100).

Figure 33
C omparison of Tota l Primary Fossil and N on-Fossil Energy Sources as pro jected by H . Shaw ’s mode l
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Figure 34
Tota l Primary Energy C omparison by Reg ion as pro jected by H . Shaw’s mode l

Per cap ita energy use is pro jected to decrease in NA as a  consequence of energy demand
reductions of about 30% by the year 2100 .  This corresponds to 1 .1% per year energy
decrease a fter considering the effect of increasing popula tion.  Sim ilar conserva tion and
efficiency improvements are pro jected worldwide .  Power p lant and automotive efficiency
improvements were exp licitly considered; other effects such as decreasing consumption of
e lectricity for lighting, hea ting, refrigera tion, and a ir cond itioning (with fluids other than
banned chlorofluorocarbons) were assumed as part of the mode l based on G e ller’s (1986)
pro jections and reasonab le market penetra tion and rep lacement ra tes.

Figure 35
Primary Fossil Energy Sources as pro jected by H . Shaw’s mode l
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Figure 36
Primary N on-Fossil Energy Sources as pro jected by H . Shaw’s mode l

Non-fossil energy sources are pro jected to grow faster than fossil fue ls and cross about the
year 2075 (Figure 33).  After 2025 , the predom inant fossil fue l is pro jected to be coa l
(Figure 35) and the predom inant non-fossil energy source , nuclear (fission, fusion or both)
(Figure 36).  The use of renewab le energy will grow exponentia lly, but is not pro jected to
dom ina te as a  non-fossil fue l source because it is very area intensive , thus conflicting with
popula tion growth.  It should a lso be noted tha t most of the fossil fue l energy will be used in
transporta tion and not for sta tionary power or other industria l energy uses.

Carbon Emissions
C arbon em issions are estima ted to grow from the current 6 to 18 .2 G t C /yr in 2100 (Figure
37).  Per cap ita em issions of carbon will decrease for NA and C ISEE , and increase for the
rest of the world .  But, the re la tive order for the six g loba l reg ions will rema in the same
between 1975 and 2100 .  It should be noted , however, tha t the percentage contribution
from the LD C and ME is pro jected to increase from 23 to 55% (Figure 38).

It is pro jected tha t the 1975 a tmospheric C O 2 concentra tion will doub le by 2100 , resulting
in an equilibrium g loba l average tempera ture increase of 3 ˚ C  due to this constituent only.
These results agree we ll with the Edmonds, et a l. , (1984) med ian case (B) pro jections, a lbe it
under d ifferent synthetic o il pro jections.  Another g loba l average tempera ture pro jection
due to C O 2 only can be made on the assumption tha t the equilibrium g loba l average tem-
pera ture exceeded the 0 .5 ˚ C  norma l tempera ture fluctua t ion leve l in 1980 ,  and the
pre industria l concentra tion was 280 ppm C O 2 .  The la tter pro jection pred icts a  tempera ture
increase of 2 .4 ˚ C  in 2100 .  When the other rad ia tive ly and chem ica lly active trace gases are
included in a mode l using the rad ia tive forcing constants for C O 2, C H4 , N 2 O , CFC -11 ,
CFC -12 , and a ll other CFCs, then one pred icts a  tempera ture increase of 5 .6 ˚ C  in 2100 .
These estima tes do not consider possib le nega tive feedback mechanisms such as high cloud
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forma tion.  The question of which pred ictions and which mode ls best simula te a carbon
d ioxide and other trace gas-induced clima te change is still be ing deba ted by the scientific
community.  The incrementa l tempera ture increase would not be uniform over Earth’s sur-
face .  The po les are like ly to see tempera ture increases on the order of 10 ˚ C  while there
may be little , if any, tempera ture increase a t the equa tor.

Figure 37
C omparison of C arbon Em issions by Source as pro jected by H. Shaw ’s mode l

Figure 38
C omparison of C arbon Em issions by Reg ion as pro jected by H. Shaw ’s mode l

Climate
The author of this study be lieves tha t there is currently no definitive scientific evidence tha t
the Earth is warm ing.  If the Earth is in a warm ing trend , we are not like ly to detect it
conclusive ly before the year 2000 .  This is about the earliest pro jection of when the tempera-
ture m ight rise above the 0 .5 ˚ C  needed to get beyond the range of norma l tempera ture
fluctua tions.  O n the other hand , if clima te mode ling uncerta inties have exaggera ted the
tempera ture rise , it is possib le tha t an enhanced greenhouse effect induced by infrared
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absorb ing gases may not be detected until 2020 a t the earliest.  It should be noted tha t the
equilibrium response of clima te , as estima ted by g loba l average tempera ture , lags the mea-
sured tempera ture by about two decades due to the therma l inertia of the oceans.

Further, it is this author’s op inion tha t the greenhouse effect is not like ly to cause substantia l
clima tic changes until the average g loba l tempera ture rises a t least 1 ˚ C  above today’s leve l.
This could occur in the first to second quarter of the next century.  However, there is concern
among some scientists tha t once the effects are measurab le , they m ight not be reversib le ,
and little could be done to correct the situa tion in the short term .  Therefore , some ca ll for
action now to prevent a  potentia lly undesirab le situa tion from deve lop ing in the future .

Mitiga tion of the greenhouse effect would require ma jor reductions in fossil fue l combustion.
Shifting between fossil fue ls is not a  feasib le a lterna tive because of lim ited long-term supp ly
ava ilab ility for certa in fue ls, a lthough o il does produce about 18% less carbon d ioxide per
kWh of hea t re leased than coa l, and gas about 32% less than o il.  The energy outlook
suggests synthetic fue ls will have a neg lig ib le impact, contributing less than 10% of the tota l
carbon d ioxide re leased from fossil fue l combustion by the year 2050 .  This low leve l in-
cludes the expected contribution from carbona te decomposition tha t occurs during sha le o il
recovery and assumes essentia lly no efficiency improvement in synthetic fuel processes above
those currently achievab le .  After 2050 , however, the contribution of carbona te decomposi-
tion may account for as much as ha lf the tota l carbon em itted from o il utiliza tion, and C O 2-
contam ina ted na tura l gas from remote deposits may account for ha lf the na tura l gas C O 2

em issions.

Conclusions
Based on the business-as-usua l mode l presented here , one can conclude tha t g loba l cli-
ma te mod ifica tions will not occur as rap id ly as pred icted in the early 1970s and still quoted
today.  C onsequently, time should be ava ilab le to reso lve uncerta inties regard ing the overa ll
carbon cycle and the contribution of fossil fue l combustion, as we ll as the ro le of the oceans
as a  reservo ir for both hea t and carbon d ioxide .  During this time , add itiona l research must
be conducted to better define the effect of carbon d ioxide and other infrared absorb ing
gases on clima te .  The mode l d iscussed in this paper can be used to eva lua te a lterna tive
scenarios dea ling with d ifferent popula tion growth ra tes, d istribution of primary energy
sources, sequestra tion of C O 2, and geoeng ineering approaches for m itiga ting g loba l cli-
ma te change .  The sim ilarity between the simp le spread sheet mode l presented here and the
IPC C IS92a mode l can facilita te rap id and inexpensive scenario comparisons.
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Renewable Energy:
How Much?  How Soon?
Walter Short
N a tiona l Renewab le Energy Labora tory
G o lden, C o lorado

There have been a number of recent estima tes made within the U. S. Department of Energy
of the potentia l for renewab le energy techno log ies to reduce U. S. em issions of greenhouse
gases (G H G).  These include the Annua l Energy O utlook 1998 (AE O 98), the “5 Lab report”
on Scenarios of U. S. C arbon Reductions, and the “11-Lab report ” on Techno logy O pportu-
nities to Reduce U. S. G reenhouse G as Em issions.  Each of these reports was designed for a
d ifferent purpose and with d ifferent assumptions, and the potentia l they show for renewab les
to reduce G H G s is notab ly d ifferent.  The AE O 98 takes a  conserva tive business-as-usua l
approach in the deve lopment of its reference case tha t shows non-hydro renewab les in-
creasing from 10 g igawa tts of e lectric energy (G We) in 1996 to 15 G We by 2020 , equiva-
lent to reducing carbon em issions by only approxima te ly 7 m illion metric tonnes of carbon
per year (MMTC /yr).

The Business-as-Usua l parad igm of the AE O 98 can be contrasted with the more optim istic
estima tes of the 11-Lab study.  The 11-Lab study estima tes tha t by 2020 , renewab les could
reduce U. S. carbon em issions by 30-60 MMTC /yr, contrasted with 7 MMTC in the AE O 98
reference case .  O nly a sma ll portion of this d ifference can be a ttributed to the fact tha t the
11-Lab study was designed to estima te potentia l, not market penetra tion as in the AE O 98 .
The vast ma jority of the d ifference can be a ttributed to d ifferences in assumptions as to
future improvements in renewab le energy techno log ies and the magnitude of the renewab le
resources themse lves.

The large amount of renewab les tha t m ight be dep loyed in a clima te change scenario will
require the use of resource sites tha t are not as a ttractive as the best sites ava ilab le today.
Typ ica lly, dep loyment of renewab les will occur first a t the most econom ic sites and la ter, a t
less a ttractive sites.  The va lue of a  site is determ ined by a host of factors, includ ing not only
the qua lity of the renewab le resource itse lf, but a lso physica l access to the site , transm ission
access, terra in considera tions in construction, etc.  The results shown be low for the potentia l
of renewab les to reduce U. S. G H G  em issions, consider both future RD&D-driven reductions
in the cost of renewab le energy and increases in the cost of renewab le energy as less a ttrac-
tive sites are used .

Approach of This Study
Unlike the AE O 98 and 11-Lab stud ies, we show be low (Figure 1) the amount of carbon
em issions tha t m ight be reduced as a  function of the cost of the reduction expressed in terms
of do llars per metric tonne of carbon .  Such a representa tion is comparab le to a standard
supp ly curve , but d iffers in tha t the axes are inverted and in tha t the curve represents the
supp ly of both renewab les and carbon-reduction opportunities.  For cases in which the
carbon reduction opportunities are lim ited , competition occurs not only with fossil fue ls, but
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a lso between the d ifferent renewab le energy forms.  The techno logy tha t can reduce carbon
em issions a t the lowest cost wins the competition, assum ing perfect markets with no market
fa ilures or barriers.  Actua l market penetra tion is expected to be considerab ly sma ller, and
will beg in to approach these estima tes of potentia l only with R&D success, expanded tech-
no logy transfer activities, and energy po licy tha t makes energy market transactions reflect
the full cost of energy use .

Figure 39
Renewab le Energy C arbon Reduction Supp ly Curve for the Year 2020

The supp ly curve of Figure 39 is for the year 2020 .  Separa te , na tiona l carbon reduction
supp ly curves have been deve loped for every five years from 2000 to 2020 .  Each sing le-
year curve represents a  snapshot of the econom ic potentia l of renewab les if the renewab le
techno log ies were insta lled instantaneously in tha t year.  Dep loyments would have to occur
over a longer period of time to come close to the potentia ls shown.  O f course , deve lop-
ments over a longer period of time would reflect dynam ic market cond itions, not the sta tic
cond itions assumed here for the particular year of each curve .  Each year’s curve assumes
fossil fue l prices and demand for energy in the U. S. grow in accord with the reference case
of the Annua l Energy O utlook 1998 (D O E/EIA 1997).  Demands, prices, and renewab le
resources are d isaggrega ted to the sta te and reg iona l leve l.

Not a ll renewab le energy forms are included .  The results shown are cumula tive with the
bottom curve representing geotherma l, and the d ifference between the bottom curve and
the next curve representing wind hybrid .  Subsequent curves represent wind , landfill gas,
ethano l, b iomass co-firing of coa l p lants, and photovo lta ics (PV) in build ings.  PV in build-
ings is assumed to compete aga inst reta il e lectricity ra tes, while a ll other renewab le e lectric
techno log ies compete aga inst e ither the full amortized cost of new comb ined-cycle na tura l
gas p lants, or the variab le opera ting costs of existing fossil-fue l-fired p lants.  Due to its
interm ittent ava ilab ility, wind a lone is restricted to no more than 15% of the namep la te
capacity in any reg ion.  However the 15% constra int does not app ly to the “wind hybrid”
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system which includes backup capacity in the form of a  combustion turb ine .  This concept is
a proxy for e ither a true hybrid with co-loca ted wind and gas p lants, or a contractua l repre-
senta tion promoted by a power marketer of wind and gas or wha tever power is ava ilab le on
the spot market.  Bioethano l competes a t the na tiona l leve l as an oxidant, a  b lended fue l,
and/or a nea t fue l.  C ompetition between b ioethano l and b iopower for the b iomass re-
source can lim it the dep loyment of these techno log ies.

The cost of carbon reduction by a renewab le energy techno logy is the d ifference between
the leve lized marg ina l cost of energy of the renewab le source and the cost of the fossil-
fue led competitor, d ivided by the d ifference in carbon em issions per unit energy between the
renewab le and the fossil techno log ies.  The cost of energy from a ll techno log ies is assumed
to decrease over time as shown in Figure 40 for the renewab le energy techno log ies.

Figure 40
Renewab le Energy C ost Pro jections (source: EPRI/ D O E)

Results
As shown in Figure 39 , the comb ina tion of geotherma l, wind , landfill gas, ethano l, b iomass
cofiring, and PV in build ings has the potentia l in 2020 to reduce U. S. carbon em issions by
as much as 200 MMTC /yr a t under $50 / tonne .  Most of the reductions are derived from
wind and b ioethano l as a  result of the cost reductions assumed for 2020 (D O E/EPRI 1997).
These reductions are equiva lent to 14% of the 1 ,463 MMTC em itted by the U. S. in 1996 .
They are a lso more than 40% of the reductions required of the U. S. in 2010 by the Kyoto
protoco l.  However, the potentia l for cost-effective reductions by renewab les in 2010 are
considerab ly less as shown in Figure 41 .  This is large ly because R&D efforts and industria l
learning are not expected to reduce the cost of energy from renewab les to competitive leve ls
until closer to 2020 .

While Figure 39 shows tha t renewab les can he lp the U. S. move towards the leve ls required
by the Kyoto Protoco l, it a lso shows tha t renewab les, as represented here , fa ll short in two
respects.  First, renewab le energy costs will not be wide ly competitive until a fter the Kyoto
Protoco l time frame of 2008 to 2012 .  Second , the deep reductions in greenhouse gases
required to arrest g loba l clima te changes (i. e . , beyond the Kyoto leve ls) can probab ly not be
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achieved with only this set of renewab le energy techno log ies and will certa inly require add i-
tiona l techno logy cost improvements.

Figure 41
Renewab le Energy C arbon Reduction Supp ly Curve for the Year 2010

There are severa l possib ilities for dea ling with these prob lems:
Further cost reductions in renewab le energy techno log ies are possib le beyond 2020 .
Such reductions should provide opportunities for other app lica tions of renewab les, e . g.,
centra l PV.
Second ly, renewab les can be comb ined with other techno log ies to e lim ina te U. S. carbon
em issions.  For examp le , we exam ined the possib ility of wind hybrid systems tha t in-
cluded gas combustion turb ines.  In add ition, advanced carbon separa tion and seques-
tra tion techno log ies could be emp loyed to prevent the combustion turb ine em issions
from entering the a tmosphere , or fue l ce lls could a lso be used in hybrid configura tions
with interm ittent renewab les.
Third , the scope of app lica tion of renewab le e lectric techno log ies could be expanded to
include transporta tion em issions through the deve lopment and dep loyment of advanced
techno log ies.  Electricity from renewab les could be used to e lectro lyze hydrogen from
wa ter to be used in vehicle-based fue l ce lls, or used to charge e lectric vehicles when
interm ittent renewab les are ava ilab le .
Fourth, superconducting transm ission lines could be comb ined with renewab les to over-
come both intermittency and non-uniform geographic dispersion of renewable resources.
Fina lly, advanced space-based so lar power systems could be deve loped to take advan-
tage of higher insola tion levels, continuous supply, and perhaps, even lunar-based manu-
facturing.

These add itiona l opportunities for renewab les need to be exp lored if the full potentia l of
renewab le energy is to be rea lized in a world forced to e lim ina te its voracious appetite for
fossil fue ls.
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Impacts of Energy Use
on Global Biospheric Cycles
Vaclav Smil
Department of G eography
University of Manitoba
W innipeg, Manitoba , C anada

C arbon , nitrogen and sulfur are the only three e lements — besides hydrogen and oxygen
whose rap id b iospheric turnover is assured by the wa ter cycle — tha t are cycled on time
sca les rang ing from m inutes to m illions of years and on spa tia l sca les extend ing from tiny
b its of so ils to the entire b iosphere .  These ranges are possib le because the three e lements
enter not only into a huge variety of wa ter so lub le organic and inorganic compounds but
because they a lso form stab le a tmospheric gases.  Unlike m inera l nutrients, which mere ly
p iggyback on the wa ter cycle , these doub ly mob ile e lements can be thus rap id ly transferred
over long d istances.

Possib ility of g loba l clima te change caused large ly by increasing leve ls of C O 2 has brought
an unprecedented degree of a ttention to the carbon cycle .  But significant as it is, our inter-
ference in the carbon cycle is re la tive ly sma ll: annua l em issions of about 8 G t C  (75% from
fossil fue ls, the rest from land use changes) are a sma ll part of the photosynthetic-resp ira tion
C flux or the a tmosphere-ocean C  exchange (both about 100 G t C /year in one d irection).
In contrast, annua l add itions of anthropogenic nitrogen are now about twice as large as a ll
na tura l N-fixa tion processes, and sulfur em issions are a t least 2 to 3 times as large as
na tura l inputs by b iota and vo lcanoes.

Re leases of both of these e lements are a lso d ifficult to contro l, and ecosystem ic d isturbance
caused by the ir increased flows will be with us for genera tions to come .  While most peop le
are aware tha t combustion of fossil fue ls is the sing le largest source of anthropogenic sulfur,
the ro le of high-energy civiliza tion in chang ing the b iospheric nitrogen cycle is much less
apprecia ted .

Human Alteration of the Nitrogen Cycle
App lica tions of nitrogen fertilizers are the largest anthropogenic input into the g loba l nitro-
gen cycle .  Even comp lete recycling of a ll organic wastes would not be sufficient to supp ly a ll
nitrogen needed by rising crop harvests required to feed today’s six b illion peop le .  H aber-
Bosch synthesis of ammonia , first demonstra ted on a commercia l sca le in 1913 , has re-
moved the nitrogen lim it on food production and modern civiliza tion now depends on this
synthesis more than it does on fossil fue ls; even if there would be no danger of g loba l
clima tic change fossil fue ls would eventua lly be d isp laced by non-fossil energ ies, but there is
no way to rep lace nitrogen in living mo lecules.

While it is conce ivab le to endow a ll non-legum inous p lants with nitrogen-fixing capacity, this
step goes far beyond a ltering or inserting a sing le gene , and it is a  sa fe bet tha t we will not
have such m iraculous p lants during the next genera tion or so .  And even success a t this
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endeavor would come a t a  high price: a ll N-fixing legum inous gra ins yie ld considerab ly less
(mostly between 1 and 2 .5 tonnes per hectare) than cerea l gra ins (2-8 t /ha for sma ll gra ins,
4-10 t /ha for corn).

C onsequently, modern civiliza tion is now critica lly dependent on constant flow of synthetic
nitrogenous fertilizers.  G loba l production of N H3 now amounts to about 110 Mt /year:
m isce llaneous uses and losses account for some 10 Mt, chem ica l syntheses consume 20 Mt,
and 80 Mt go for fertilizer (a m inority does so d irectly, the rest is used as a  feedstock for
synthesizing urea and other so lid or liquid fertilizers).  This enterprise has a  significant en-
ergy cost.  The best N H3 p lants need about 30 G J/ t of N H3-N , and production of urea
roughly doub les tha t tota l.  This means tha t the world’s N  fertilizer industry annua lly con-
sumes about 5 EJ of energy (about 115 Mtoe), mostly as na tura l gas and e lectricity, or about
1 .5% of a ll primary energy.

Much larger impacts on g loba l b iospheric cycles arise a fter the app lica tion of nitrogen fertil-
izers.  Crops typ ica lly take up no more than 50% of app lied nitrogen , with extremes as low
as 25% in some Asian rices and as high as 70% in whea ts grown in coo l and wet Northwest-
ern Europe .  The rema inder — tha t is some 40 Mt N  per year — enters the wa ters through
leaching, runoff and so il erosion, and the a tmosphere through nitrifica tion, denitrifica tion,
and vo la tiliza tion.  Losses to the a tmosphere — as N O X, N H3, and N 2 O  — account for
about ha lf of the tota l, or around 20 Mt N /year.  This means they are now somewha t sma ller
than the fixa tion of a tmospheric N 2 during high-tempera ture combustion in bo ilers of e lec-
tricity-genera ting sta tions, in gas turb ines and in interna l combustion eng ines.

N itrogen present in fossil fue ls produces only a sma ll part of this roughly 25 Mt N /year flux
which arises overwhe lm ing ly from high-tempera ture breakdown of N 2 and the subsequent
forma tion of N O  and N O 2.  A lthough we have been very successful in contro lling these N O X

em issions from cars by insta lling ca ta lytic converters (reductions of > 90% since the early
1970s in North America and Japan), increases in both numbers of vehicles and annua l
trave l per vehicle have resulted in virtua lly unchanged overa ll em issions, and in no , or only
marg ina l improvement in frequency and intensity of photochem ica l smog in large urban
areas.  C ontro ls of N O X from sta tionary sources have yet to be commercia lized on a large
sca le .

No ma tter where they come from , nitrogen oxides rap id ly form a tmospheric nitra tes which
are now a ma jor (in summer in some reg ions the most important) source of acid ifica tion, a
gradua l ecosystem ic change a ffecting pH-sensitive wa ter b iota , so ils and vegeta tion.  Atmo-
spheric deposition of reactive nitrogen (be it N O 3 or N H3) fertilizes na tura l ecosystems and
can promote , particularly when comb ined with higher C O 2 leve ls, higher ra tes of primary
productivity.  But N  deposition a lso leads to excessive leaching of the e lement as we ll as of
a lka line m icronutrients, and it can change species composition by b iofixa tion and by favor-
ing nitrophilic species.  Many surface and underground wa ters, in both intensive ly farmed
and highly industria lized areas, a lready have nitra te leve ls above the recommended hy-
g ienic lim it of 50 mg/L.  In add ition, increased denitrifica tion arising from fertilizer app lica-
tions and from a tmospheric deposition produces more N 2 O , a  greenhouse gas which ab-
sorbs outgo ing IR rad ia tion about 200 times as much as C O 2 does.
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Even if the world’s popula tion were to stab ilize a t around 10 b illion peop le and if the app li-
ca tion efficiencies of N  fertilizers were to increase appreciab ly, producing food for an add i-
tiona l 4 b illion peop le expecting a higher standard of living would require between a third
and a ha lf more fertilizer than used annua lly during the la te 1990s.  Increases of a t least
such a magnitude must be expected for the genera tion of therma l N O X.  Human interfer-
ence in the nitrogen cycle will thus inevitab ly intensify and we will have much to learn about
its comp lex environmenta l effects.

Human Alteration of the Sulfur Cycle
Human interference in the sulfur cycle peaked during the la te 1980s when about 100 Mt per
year of the e lement were re leased into the a tmosphere , about 90% from the combustion of
fossil fue ls, the rest large ly from sme lting of co lor meta ls (Cu, Zn, Pb) and from synthesis of
H2S O 4.  Progressing desulfuriza tion of flue gases (about two-thirds of large U. S. coa l-fired
power p lants now have this techno logy), drastic fa lls in energy use by the countries of the
former Soviet Union, and rising consumption of S-free na tura l gas have since reduced the
annua l S flux to just over 70 Mt /year.  Because a tmospheric S compounds usua lly rema in
a loft for only 30-40 hours before they are removed by wet or dry deposition, ecosystem ic
effects of intensifying S cycling are spa tia lly lim ited .

Acid deposition has been the most intensive ly stud ied ecosystem ic change caused by en-
hanced sulfur cycling: the N a tiona l Acid Precip ita tion Assessment Programme of the 1980s
cost the U. S. taxpayers more than a ha lf a  b illion do llars, and hundreds of m illions have
been spent on acid ifica tion research in Europe since the early 1970s.  The three reg ions
most a ffected by the process have been eastern North America , most of Europe , and East
Asia .  Lowered pH of lakes and streams lead ing to e lim ina tion or reduction of sensitive
aqua tic b iota , leaching of a lka line e lements from acid ifying so ils, and reduced growth of
forests have been the most pub licized consequences of acid deposition.  Fortuna te ly, aqua tic
acid ifica tion can be successfully managed by add ition of a lka line compounds, and research
has shown tha t the forest d ieback has a  multitude of causes (nitrogen deposition, ozone ,
drought, severe winters) and cannot be simp listica lly ascribed to acid ifica tion a lone .

Unfortuna te ly, the recent decline of g loba l S em issions is a  temporary phenomenon .  Rising
consumption of high-S Midd le Eastern o il in Asian econom ies and further increases in coa l
combustion in China and Ind ia will soon make Asia the continent with the largest S em is-
sions.  Presence of terrigenic a lka line dust in drier parts of the continent precludes acid ifica-
tion of large parts of the continent, but the comb ina tion of high-S coa ls and wet clima te has
a lready turned ra ins throughout most of South China as acid as those of the Western Europe
of the 1980s.  Westward transport of acid ifying compounds from China is a  growing con-
cern in South Korea and Japan .

European and North American S em issions in 2050 may be substantia lly lower than today,
a shift tha t m ight intensify a possib le warm ing trend on a reg iona l basis.  In contrast, East
Asia will a lmost certa inly have higher concentra tions of coo ling sulfa tes, and g loba l S em is-
sions will, once aga in, rise above 100 Mt a  year.  O nly an early and aggressive transition
from fossil fue ls to non-fossil energ ies would grea tly reduce future S em issions.
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Analysis of Cloud-
Radiation Interactions
Using Field Observations
and a Single-Column Model
Richard C. J. Somerville
and Sam F. Iacobe llis
Scripps Institution of O ceanography
University of C a lifornia , San D iego
La Jo lla , C a lifornia

In this study, observa tions are used to test the rea lism of results produced by various cloud
parameteriza tions.  The observa tions come from the Atmospheric Rad ia tion Measurement
(ARM) program of the U. S. Department of Energy, a t a  fie ld site in Kansas and O klahoma .
The primary too l used to compare the measurements with parameteriza tions is a  sing le-
co lumn mode l (SCM).  The cloud parameteriza tions tested d iffer with regard to the inclusion
of cloud liquid wa ter, the specifica tion of the effective cloud drop let rad ius, and the param-
eteriza tion of the cloud optica l properties (both so lar and terrestria l).  The SCM is a  d iagnos-
tic mode l resemb ling a sing le vertica l co lumn of a  3-d imensiona l genera l circula tion mode l
(G CM).  The one-d imensiona l SCM is forced with horizonta l advection terms derived from
e ither observa tions or numerica l wea ther pred iction ana lyses (Randa ll et a l. 1996).  In this
study, the horizonta l advective terms were derived from observa tions taken during the Sum-
mer 1995 (July 18-August 2) and Spring 1996 (April 16-May 5) Intensive O bserving Periods
(I O Ps) a t the ARM site .  This research is part of an ongo ing effort to improve the trea tment of
cloud-rad ia tion processes in clima te mode ls (Byrne et a l. 1996 , Lee and Somerville 1996 ,
Lee et a l. 1997 , Somerville et a l. 1996).

Parameterizations
Two basic approaches to the parameteriza tion prob lem were tested .  O ne is due to Slingo
(1987).  In this scheme , the stra tiform cloud amount depends upon the large-sca le re la tive
hum id ity, vertica l ve locity and sta tic stab ility, while convective cloud amount is parameter-
ized as a  function of convective mass flux.  The other is due to Tiedtke (1993).  This scheme
introduces two new prognostic equa tions for cloud liquid wa ter/ ice and cloud amount.  Terms
representing the forma tion of clouds and cloud wa ter/ ice due to convection, boundary layer
turbulence and stra tiform condensa tion processes are included in these equa tions.  C loud
wa ter/ ice is removed (and clouds are d issipa ted) through evapora tion and conversion of
cloud drop lets and ice to precip ita tion.  W ithin these two basic frameworks, the SCM was
run in the fo llowing three configura tions:

N O C W (no cloud wa ter): C loud amount is determ ined using the Slingo scheme while cloud
optica l thicknesses are parameterized using mode l tempera ture , hum id ity and pressure fo l-
lowing McFarlane et a l. (1992).

C WRF (cloud wa ter rad ia tive forcing): The parameteriza tion of Tiedtke (1993) is used to
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ca lcula te the cloud liquid wa ter/ ice and cloud amounts.  C loud optica l thickness is ca lcu-
la ted as a  function of the cloud wa ter pa th and effective cloud drop let rad ius using the
formula of Slingo (1989).  The cloud drop let rad ius is fixed a t 10 m icrons.

C WRI (cloud wa ter rad ia tive forcing with ice): This experiment is the same as C WRF except
tha t the effective cloud drop let rad ius is parameterized as a  function of the liquid wa ter
content for wa ter clouds (Bower et a l. 1994) and as a  function of cloud tempera ture (Suzuki
et a l. 1993) for ice clouds.

In a ll the experiments, cloud IR em issivity (e) was ca lcula ted using the formula of Pla tt and
H arshvardhan (1988) e = 1 .0 - exp (-0 .75 * TAU), where TAU is the cloud optica l thickness.
The SCM a lso emp loyed the cumulus convection scheme of Zhang and McFarlane (1995)
and the longwave and shortwave rad ia tion parameteriza tions of Morcrette (1990) and
Fouquart and Bonne l (1980), respective ly.  A vertica l reso lution of 19 layers (10 mb spacing
near the surface; 100 mb spacing in m id-troposphere) and a timestep of 7 .5 m inutes were
used in a ll the experiments.  The mode l configura tions are summarized in Tab le 9 .

Variab le N O C W C WRF C WRI

C loud scheme Slingo Tiedtke Tiedtke
C loud wa ter None Exp licit Exp licit
C loud optica l thickness Specified C a lcula ted C a lcula ted
Effective drop rad ius Not app licab le Fixed a t 10 m icrons C a lcula ted

Table 9
SCM Configurations

Results
Each of the three configura tions of the SCM were run using forcing da ta from an ob jective
ana lysis da ta set (derived from ARM measurements) for both the Summer 1995 and Spring
1996 I O P.  In these runs the mode l tempera ture and hum id ity were re laxed to observed
va lues using a time constant of 24 hours to avo id unacceptab le pred ictab ility error growth.

The mean downwe lling surface shortwave flux (DWSF), outgo ing longwave rad ia tion ( O LR)
and tota l cloud amount from runs with each mode l configura tion (N O C W, C WRF, and C WRI)
for both I O Ps (Summer-95 and Spring-96) are shown in Tab le 10 , together with correspond-
ing observed means.  The units for DWSF and O LR are wa tts per square meter.  The mode l
results show significant varia tion between the 3 configura tions.  However, based on these
lim ited da ta a lone , it is d ifficult to determ ine which of the mode l configura tions produces the
most rea listic results.  Neverthe less, one consistent fea ture seen in the mode l results from
both I O Ps is tha t larger va lues of DWSF and O LR are produced by configura tion C WRI
compared to C WRF.

The mean vertica l profile of cloud fraction, cloud IR em issivity and cloud extinction (cloud
optica l depth norma lized by layer depth) from the mode l runs during the Spring 1996 I O P
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were exam ined to understand the d ifferences noted in Tab le 10 .  A ll 3 mode l configura tions
produce maximum cloud iness in the upper troposphere a t approxima te ly 300 mb .  D iffer-
ences in the DWSF and O LR noted above are due to larger va lues of high cloud extinction
and high cloud em issivity in mode l configura tion C WRF compared to C WRI.  Future work is
p lanned to eva lua te the vertica l cloud properties with ARM observa tions when these mea-
surements become ava ilab le from future I O Ps.

Summer 1995 I O P DWSF O LR C loud fraction

N O C W 282 263 0 .43
C WRF 265 253 0 .42
C WRI 283 259 0 .42
O bserva tions 267 255 0 .49

Spring 1996 I O P DWSF O LR C loud fraction

N O C W 290 258 0 .29
C WRF 277 246 0 .41
C WRI 289 252 0 .40
O bserva tions 255 241 0 .49

Table 10
Time-averaged model results compared with observations

During our ana lysis a  systema tic deficiency in the mode l cloud results became apparent
when the time series of cloud fraction was compared to sa te llite observa tions from G O ES-8 .
During the Spring 1996 I O P, there were severa l events in which large increases in cloud
amount were observed .  In most instances, the mode l a lso produced an increase in cloud i-
ness.  However, the mode l clouds usua lly lagged the observa tions by severa l hours.  In some
instances, the mode l d id not produce any clouds a t a ll.

To better understand this mode l shortcom ing, a  short 48-hour segment (April 21-22) of the
Spring 1996 I O P was further ana lyzed .  The time-series of severa l quantities from this 48-hr
SCM run were exam ined a long with correspond ing observa tions.  O bserva tions from G O ES-
8 ind ica te significant cloud iness on April 20 while the mode l ma inta ins clear skies.  This
observed cloud iness is a lso apparent in concurrent decreases in the observed DWSF and
O LR and a concurrent increase in the downwe lling surface longwave flux.  A re la tive ly mod-
est reduction in the observed downwe lling surface shortwave flux and sma ll va lues of ob-
served liquid wa ter pa th ind ica te tha t these observed clouds are most like ly high optica lly
thin cirrus clouds.  It is interesting tha t cloud base he ight da ta from a Be lfort Laser C e ilome-
ter a t the ARM site ind ica ted no clouds on April 20 .  However, it is quite like ly tha t these
clouds were above the 7 .5 km range of this instrument.

In summary, using an interactive cloud drop let rad ius in the parameteriza tion decreases the
cloud optica l thickness and cloud IR em issivity of high clouds, which acts to increase the
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downwe lling surface shortwave flux and the outgo ing longwave rad ia tion.  It is d ifficult to
eva lua te the rea lism of the vertica l d istribution of mode l-produced cloud extinction, cloud
em issivity, cloud liquid wa ter content and effective cloud drop let rad ius, because observa-
tions of these quantities are not yet ava ilab le .  Future p lanned measurements of cloud m i-
crophysica l properties a t the ARM site will be an extreme ly va luab le too l to eva lua te and
improve cloud-rad ia tion parameteriza tions.  The tested cloud parameteriza tions often un-
derestima ted the observed cloud amount during the Spring 1996 I O P.  This underestima tion
may be due to the horizonta l advection of clouds into the mode l doma in.  Ana lysis of ARM
observa tions ind ica tes the presence of clouds a t times when the correspond ing maximum
re la tive hum id ity is less than 80%.  This imp lies tha t the underlying princip les of a  critica l
re la tive hum id ity o f around 80% for cloud forma tion , wh ich are used in many cloud
parameteriza tions, may deserve further critica l scrutiny.
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Evidence of Global
Climate Change
Karl E. Taylor
Program for C lima te Mode l D iagnosis and Intercomparison
Lawrence Livermore N a tiona l Labora tory
Livermore , C a lifornia

The evidence is growing tha t g loba l clima te is chang ing more rap id ly than is like ly exp la in-
ab le by na tura l variab ility a lone .  Some of this evidence will be briefly summarized here .
First I describe the historica lly measured surface tempera ture record and d iscuss how it
compares with the more recent record of lower tropospheric tempera ture inferred from m i-
crowaves measured by sa te llites.  Then I present results from clima te mode ls used to pred ict
pa tterns of clima te change by known human influences and show how these pred ictions
compare with observed changes.  Fina lly, I mention how evidence inferred from pa leoda ta
appears to be consistent with mode l pred ictions, provid ing grea ter confidence in the ir re-
sults.  I conclude by listing a few ma jor uncerta inties tha t provide focus for ongo ing re-
search.

G loba l mean surface tempera ture , derived from sta tion da ta on land and ship measure-
ments a t sea , has risen by about 0 .5°K over the last century, with slightly larger changes over
land than over ocean.  The record shows a  rise of a  few tenths of a  degree prior to 1940 ,
then a leve ling off or slight coo ling fo llowed by a sharper rise since about 1970 .  The first 6
months of the present year (1998) have been warmer than any on record with the recent El
N iño event certa inly contributing to this unprecedented warmth.

Tempera tures in the lower troposphere have been routine ly recorded with reasonab ly com-
p lete g loba l coverage only over about the last 40 years, and tempera tures derived from
m icrowave sound ing unit (MSU) da ta obta ined by sa te llites are ava ilab le since 1979 .  The
interannua l variab ility evident in these records of g loba l mean lower tropospheric tempera-
tures are genera lly consistent with the surface tempera ture record .  The warm ing trend since
1980 in surface tempera ture is not, however, seen in the lower tropospheric record , causing
some to question the re liab ility of the surface tempera ture record .  The apparent d iscrep-
ancy between these two records is the sub ject of ongo ing research concerning uncerta inties
in various corrections app lied to the da ta , d ifferences in da ta coverage , and the physics of
therma l coup ling between the surface and lower a tmosphere .  This work shows tha t there
may indeed be a slight d ifference in trends between tempera tures in the lower troposphere
and those a t the surface , but the inference tha t the surface tempera ture record must be
wrong is certa inly unwarranted .

G loba l warm ing of less than a degree over the last century may seem insignificant, but
pa leoda ta (primarily tree rings) ind ica te tha t it is now warmer than a t any other time during
the current m illenium .  A lthough the accuracy of pa leo-reconstructions rema ins uncerta in,
the current warm ing trend does in fact appear to be unusua l.  This fact a lone , however, does
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not a llow one to confidently conclude tha t recent warm ing is a ttributab le to anthropogenic
influences on clima te .  More compe lling evidence for a conclusion of this kind comes from
comparisons of mode l pred ictions with the observa tiona l record .

C lima te mode ls can be used to pred ict how clima te m ight respond to human influences.
Increases in greenhouse gases (notab ly carbon d ioxide , methane , ha locarbons, and nitrous
oxide) and increases in sulfa te aeroso ls a lter the incom ing and outgo ing rad ia tive energy,
d isturb ing the near ba lance necessary for stab le clima te .  C lima te mode ls have been run
with imposed increases in greenhouse gases and with representa tions of sulfa te aeroso ls
tha t correspond to changes over the last century and are a ttributab le to human activities (e .
g., fossil fue l burning).  The effect of increasing greenhouse gas concentra tion is to warm the
Earth (by “trapp ing” outgo ing infrared rad ia tion) and the effect of increases in sulfa te aero-
so ls is to coo l the earth (by sca ttering incom ing sunlight back to space).  Surface tempera-
ture response to these rad ia tive perturba tions is determ ined not only by the magnitude of the
forcing, but a lso the feedbacks within the system and the time de lay due to the therma l
inertia of the oceans.  Important feedbacks include wa ter vapor, snow and sea ice , and
probab ly clouds (a lthough the sign and magnitude of cloud feedbacks are unknown).  De-
pend ing on estima tes of these feedbacks, clima te sensitivity is currently uncerta in within a
factor of about three .  W ithin this factor of three it appears tha t the g loba l mean tempera ture
change over the last century is indeed consistent with mode l estima tes resulting from rea lis-
tica lly imposed increases in greenhouse gases and sulfa te aeroso ls.

This overa ll agreement between mode ls pred ictions and observed changes is not by itse lf
evidence enough to conclude tha t the recent warm ing must be a result of human activities.
There are , a fter a ll, other reasonab le exp lana tions, for examp le , an unusua l na tura l fluctua-
tion of the clima te system .  More compe lling evidence for an anthropogenic influence on
g loba l tempera ture is found in looking a t the pa tterns of change tha t have occurred histori-
ca lly.  Here we find tha t the Southern Hem isphere has warmed more than the Northern
Hem isphere and the warm ing in the troposphere is accompanied by coo ling in the stra to-
sphere .  This same large-sca le pa ttern of change is pred icted by mode ls: the stra tospheric
coo ling is wha t is expected when carbon d ioxide concentra tion increases; the d ifferentia l
ra te of warm ing of the two hem ispheres is found in mode l simula tions because sulfa te
aeroso ls are concentra ted over the popula ted reg ions of the north, tend ing to counteract
greenhouse warm ing there .

Sta tistica l ana lyses have been carried out tha t show an increasing correspondence between
the observed pa ttern of change and mode l-pred icted pa tterns of change (over the last 50
years in the case of surface tempera ture and over the last 25 years in the case of the vertica l
profile of tempera ture change).  Aga in it is possib le tha t this increasing corre la tion could
occur by chance , but it is impossib le to assess this possib ility based on the observa tiona l
record because tha t record is too short, comprising two independent samp les of trends of
appropria te dura tion.  A rigorous sta tistica l eva lua tion of the sta tistica l significance of the
apparent increasing corre la tion between observed and mode l-pred icted pa tterns of change
can be based on coup led a tmosphere-ocean clima te mode ls tha t have been run for long
periods of time without externa lly imposed forcing.  These mode ls simula te na tura lly occur-
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ring interna l variab ility within the clima te system tha t on decada l time-sca les appears to be
qua lita tive ly consistent with the observa tiona l record .  The thousand year runs of these mod-
e ls produce unforced clima te changes tha t represents “no ise” in the context of detecting
anthropogenic clima te change .  A ll stud ies to da te show tha t this “no ise” is not large enough
to exp la in the changes in clima te tha t have been observed .  This evidence augmented by
pa leoda ta tha t show tha t clima te mode ls probab ly have not grossly underpred icted clima te
sensitivity and other evidence led to the conclusion of the most recent Intergovernmenta l
Pane l on C lima te Change (IPC C) Assessment tha t “the ba lance of evidence suggests a  hu-
man influence on g loba l clima te .”

Because the a ttribution of observed clima te change to human influences is based most
convincing ly on mode l results, substantia l work is underway to eva lua te and improve those
mode ls.  Significant uncerta inties in cloud feedbacks, as simula ted by the mode ls, rema in.
Likewise , the accuracy with which coup led mode ls can simula te decada l and longer term
variab ility rema ins uncerta in.  Thus, the ob jective of severa l observa tiona l programs is to
improve clima te mode ls, and the systema tic eva lua tion of clima te mode ls is be ing encour-
aged through model intercomparison projects such as the Atmospheric Model Intercomparison
Pro ject (AMIP).The objective of
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What Nuclear Power
Can Accomplish to Reduce
CO2 Emissions
Richard Wilson
Department of Physics
H arvard University
C ambridge , Massachusetts

The U. S. now em its 11% more C O 2 than in 1990; and a t Kyoto we prom ised to reduce C O 2

em issions to 8% be low 1990 leve ls in 10 years for a decrease of 19% be low today’s leve ls.
If a ll the e lectricity now genera ted by nuclear power were to be genera ted by coa l tha t would
increase C O 2 another 8% making it more d ifficult to meet our comm itment if we abandon
nuclear power.  My purpose today is to exp la in to you tha t we could meet this comm itment,
or nearly so by a na tionwide , and of course hopefully worldwide decision to use nuclear
energy.  Nor should it be too expensive .

Electricity from nuclear energy has been both sa fe and cheap .  Twenty five years ago , Ma ine
Yankee nuclear power p lant had just been comp leted for $180 m illion, or $200 per kWe
insta lled capacity.  C onnecticut Yankee nuclear power p lant was producing e lectricity a t
0 .55 cents per kWh busbar cost, some part of which was paying off the mortgage .  The
opera ting cost was perhaps only 0 .4 cents per kWh.  Even a llowing for infla tion and taking
no cred it for learning, we could , if we decide to return to the optim ism and procedures of 25
years ago , do as we ll.

In 1975 to 1985 , five to ten nuclear power p lants were be ing comp leted in the U. S. every
year.  In 1980 to 1990 , five were be ing comp leted each year in France .  The fo llowing
countries now have the industria l capacity to build nuclear power p lants and have built large
fractions of them: U. S. , UK , C anada , France , G ermany, Sweden , Russia , China , Korea ,
Japan , and Ind ia .  Even a llowing for no more countries to enter the industria l race the world
could build 10 nuclear power p lants a  year.  This could only be a fter a de layed start of
perhaps 5 years.  The industry has wound down over the last 10 years and needs wind ing
up .  For examp le only one western country now makes large pressurized reactor vesse ls.
Nonethe less a  hundred large reactors a  year seems possib le for a tota l world wide insta lled
capacity of 3 ,000 kWe by 2030 . O n this scenario , the U. S. would m iss the Kyoto dead line
by about 10 years but be on the way to meeting future comm itments.

It is useful to remember tha t one can choose a lmost any m ixture of the fo llowing for a
reactor:

Fue l: 3% enriched U, pure 235U, N a tura l U, 233U, Thorium , 239Pu
Fue l Ma trix: sintered oxide , meta l, carb ide , pebb les
Modera tor: H2 O , D2 O , C , none

Hea t transfer med ium: H2 O , N a , Pb/Bi, C O 2, He
G enera tor: Steam Turb ine , G as Turb ine
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The present Light Wa ter Reactors use the first entry in each row and this cho ice was influ-
enced by success of the nava l reactors sponsored by Adm ira l Rickover — a lthough the
actua l deta iled designs are very d ifferent.   It would take a b illion or two do llars to deve lop
an a lterna te a lthough it is possib le tha t one or another m ight turn out to be a cheaper and /
or sa fer cho ice .

The Uranium Institute reports tha t we have about 18 m illion metric tons of uranium in ore ,
proven reserves and reasonab ly assured supp lies a t prices (up to $200 per kg) tha t we can
a fford .  This would produce in a light wa ter reactor system about 4 x 1015 kWh of e lectricity,
or enough for a century a t the postula ted year 2030 demand of 3 ,000 kW.  After perhaps
ha lf a  century it would be wise to reconsider a breeder reactor using fast neutrons.  Fast
neutron reactors have been built and do work.  The first nuclear powered e lectricity was from
the EBRI reactor in Idaho when a who le town was lit by this e lectricity as a  pub lic demonstra-
tion.  But the cost, even a fter some experience and learning, m ight be 20% higher than light
wa ter reactors.  Nonethe less, it should be competitive with other a lterna tives.  If we have a
breeder reactor system we can use a ll the 238U in the fue l and increase the effective fue l
supp ly a factor of 100; we can use thorium which is 5 times as p lentiful as uranium , and
since the utiliza tion of fue l is so much grea ter we can a fford to use more expensive fue l.  We
can, for examp le , take the uranium from fly-ash from coa l burning p lants, noting tha t there
is more ava ilab le energy from the uranium in coa l than from the carbon .  We m ight a lso
extract the uranium from sea wa ter.  A ll in a ll, a  factor of 1 ,000 increase in fue l supp ly seems
not unreasonab le .  It would be impudent to pro ject the existence of the human race beyond
the 100 ,000 years tha t this imp lies.

The present lim ita tion is pub lic acceptance which drives excessive regula tion, and increased
cost.  This increased cost often reaches a  factor of three even a fter correction for infla tion.
Sa fety in 1973 was probab ly better than for other comparab le industria l facilities, but it has
been improved since then .  It is important to rea lize tha t the sa fety improvements have
mostly come from improved ana lysis — which is cheap .  Many pub lic op inion po lls suggest
tha t the anti-nuclear groups are a m inority of the peop le .  I suggest tha t the ma jority could
then take action a long the fo llowing lines:

Education:  Exp la in, for examp le , tha t even the Chernobyl accident (which could not
happen in the light wa ter reactors d iscussed here) killed few peop le and even the num-
ber of ca lcula ted dea ths is exceeded by the number of resp ira tory dea ths, sim ilarly ca lcu-
la ted from one year of fossil fue l burning in the former USSR.
Proliferation:  Exp la in tha t nuclear power has not in the past been a ma jor eng ine
driving nuclear pro lifera tion and ensure tha t it is unlike ly to be so in the future .  The
South African experience shows, for examp le , how much easier it is to build a bomb
(using 235U separa ted with a Becker nozzle) than to build a power p lant.
Regulation: Demand tha t NRC use performance based regula tion instead of the pre-
scriptive regula tion tha t is now commonly used .  These should be based sound ly upon
the need to protect the hea lth of the pub lic and N OT to meet pub lic pressure .  Demand
for examp le tha t they mod ify the ir regula tions so tha t they do not demand the expend i-
ture to reduce rad ia tion exposure of more than the ir own guide line of $1 ,000 per Man
Rem .  This was estab lished by NRC rule making (RM-30-2) 23 years ago and has now
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been effective ly upda ted to $2 ,000 per person Rem .  Demand tha t no regula tion be
promulga ted , no o ld regula tion be enforced and no draconian action be taken aga inst a
utility company to reduce the frequency of core me lt be low the NRC guide line of 1 /
10 ,000 per year.
Public and legal action:  Repud ia te pub licly any person who ta lks nonsense in the
name of science .  Take action in the courts to oppose the use of junk science in the courts.
Support po litica lly, for examp le , those who active ly want nuclear waste in the ir own back-
yard , e . g., Ward Va lley, C a lifornia , and Skull Va lley Ind ian Reserva tion, U tah.

We can get close to meeting Kyoto if we wish.  But we must be active and not mere ly ta lk
about it.
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Geoengineering: Prospects for Physics-Based
Modulation of Climate
It has been suggested tha t large-sca le clima te changes due to a tmospheric injection of
greenhouse gases connected with fossil fue l-fired energy production, should be foresta lled
by interna tiona lly-agreed reductions in carbon em issions.  The potentia l econom ic impacts
of such lim ita tions are large .  We propose tha t for far sma ller costs, the mean therma l effects
of greenhouse gases may be obvia ted in any of severa l d istinct ways, some of them nove l.
These suggestions are a ll based on sca tterers tha t prevent a  sma ll fraction of so lar rad ia tion
from reaching a ll or part of the Earth.  We propose research d irected to quite near-term
rea liza tion of one or more of these inexpensive approaches to cance l the effects of green-
house gas injection.  While the magnitude of the clima tic impact of greenhouse gases is
currently uncerta in, the prospect of severe fa ilure of the clima te , for instance a t the onset of
the next Ice Age , is undeniab le .  The proposa ls in this paper may lead to quite practica l
methods to reduce or e lim ina te a ll clima te fa ilures.

Increases in average worldwide tempera ture of the magnitude currently pred icted can be
cance led by preventing about 1% of incom ing so lar rad ia tion (inso la tion) from reaching
Earth.  This could be done by sca ttering into space from the vicinity of Earth an appropria te ly
sma ll fraction of tota l insola tion.  Such opera tions would act like fa lse volcanoes, only cleaner.
If performed near-optima lly, we be lieve tha t the tota l cost of such an enhanced sca ttering
opera tion would probab ly be a t most $1 b illion per year, an expend iture two orders of
magnitude sma ller in econom ic terms than those underlying currently proposed lim ita tions
on fossil-fired energy production.  Some of these inso la tion-modula ting sca ttering systems
may be re-configured to effective ly increase inso la tion by an amount, perhaps 3%, sufficient
to prevent another Ice Age .

There are severa l types of sca tterers and severa l cho ices of sites for the ir dep loyment on
sca les of interest for inso la tion modula tion.  Earth’s stra tosphere is by far the least expensive
loca tion, but it is a  chem ica lly uncongenia l loca tion due to the high flux of ultravio let rad ia-
tion from the Sun and the presence of oxygen , particularly in the more reactive form of
ozone .  Dep loyment in low-Earth orb it is an obvious a lterna tive , one which offers potentia lly
very long term positiona l stab ility comb ined with exce llent durab ility of many ma teria ls.
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Techno log ies tha t could grea tly decrease the cost of space launch could make a te lling
d ifference in the practica lity of a ll types of space-dep loyed sca ttering systems of sca les ap-
propria te to inso la tion modula tion.  Light pressure arising from the momentum imparted to
the sca tterer by sunlight may significantly perturb the orb ita l e lements of the sca tterer, and
manag ing this momentum poses an add itiona l technica l cha llenge to sca tterers dep loyed in
low Earth orb it.

Three specific possibilities for modulating the tota l insolation of the Earth by about 1% follow.
Sub-Microscopic Oxide Particulates
During the present decade , the eruption of Mt. Pina tubo in the Philipp ines induced a
transient drop in the g loba l mean tempera ture of ~ 0 .5 ˚ K , apparently due to inso la tion
modula tion by vo lcanic particula tes.  It is be lieved tha t this coo ling was induced pre-
dom inantly by sca ttering of sunlight by S O 2-based particula tes of sub-m icron sca le , ones
which may have grown into more effective sca tterers by scaveng ing residua l stra tospheric
wa ter and ca tions, resulting in myriad still-sub-m icron drop lets of high-concentra tion
sulfur acids and sa lts.  It may we ll be feasib le to transport and d isperse enough S O 2 (or
S O 3 or H2S O 4) into the stra tosphere to produce the desired inso la tion modula tion effect.
It has a lso been suggested tha t a lum ina injected into the stra tosphere by the exhaust of
so lid-rocket motors m ight sca tter non-neg lig ib le amounts of sunlight.
Conducting Sheets
The reference 1% reduction in inso la tion m ight be obta ined by dep loying e lectrica lly-
conducting sheeting, e ither in the stra tosphere or in low-Earth orb it.  Three quite d ifferent
physica l mechanisms comprise the founda tions of the three d istinct approaches which
we consider.  In the first, m ixtures of suitab le meta ls are deposited in ultra-thin layers and
convenient area , and are then protective ly coa ted .  Pla te lets of such ma teria l are then
dep loyed in the stra tosphere , or perhaps in low-Earth orb it, and act to absorb sunlight by
the photoe lectric effect; the absorbed energy is then therma lly re-rad ia ted , with about
ha lf escap ing into space .  In the third , optim ized meta llic-wa lled ba lloons are se lf-de-
p loyed into the stra tosphere from ground leve l where they serve to sca tter inso la tion.
Quasi-Resonant Scatterers
A third approach invo lves the use of quasi-resonant sca tterers, a lso dep loyed in the
stra tosphere .  While the potentia l mass efficiency of this class of sca tterers is singularly
high, practica l considera tions centered on photochem ica l durab ility in the stra tosphere
ind ica te tha t tota l masses of 106 tons of ma teria l may have to be dep loyed but may only
have to be rep laced twice per decade .  For near-term , re la tively low-risk insola tion modu-
la tion stud ies, we propose the use of sub-m icroscop ic particula tes composed of frozen
perfluorohydrocarbon “nano-drop lets” loaded with embedded mo lecules of se lected
organic dyes.

Fine- Grained Insolation Modulation
We note technica l possibilities of modulating insolation in a latitude-dependent manner.  Consis-
tent with the slow latitudina l mixing time of the stratosphere well above the tropopause, different
amounts of scattering materia l might be deployed (e. g., at middle stratospheric a ltitudes, ~ 25
km) at different latitudes, so as to vary the magnitude of insolation modulation for relatively
narrow latitudina l bands around the Earth, e. g., to reduce heating in the tropics by preferentia l
loading of the mid-stratospheric tropica l reservoir with insolation scatterer.
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Indeed , sca tterers of sunlight could be dep loyed a t some la titudes to decrement inso la tion,
while sca tterers of Earth-em itted long-wave length infrared rad ia tion (LWIR, which effective ly
increment inso la tion) could be dep loyed a t other la titudes.  D ifferentia l coo ling and hea ting,
respective ly, of underlying land-and-ocean la titud ina l bands could thereby by accomp lished .
Furthermore , use of sca tterers of varying stra tospheric residence times to simultaneously
modula te inso la tion and LWIR rad ia tive losses in a specified la titude band m ight be em-
p loyed to fine-tune , e . g, d iurna l or seasona l tempera ture variab ility.

Conclusions
Two of the inso la tion modula tion systems we have considered in this study (quasi-resistant
sca tterers for intra-a tmospheric app lica tions and the sma ll-ang le-sca ttering system for deep
space use) are apparently nove l and invo lve 2 to 5 orders of magnitude less mass than tha t
of most interesting previous proposa ls.  We conclude tha t the inso la tion modula tion ap-
proach to prevention of clima te fa ilure is certa inly technica lly feasib le in princip le , and tha t
the tota l costs of its best examp les may be de minimis.

Nuclear Fission and Global Warming
Nuclear fission power reactors represent a  potentia l so lution to many aspects of g loba l
change possib ly induced by inputting of e ither particula te or carbon or sulfur oxides into
Earth’s a tmosphere .  O f proven techno log ica l feasib ility, they presently produce high-grade
hea t for large-sca le e lectricity genera tion, space hea ting and industria l process-energ izing
around the world , without em itting greenhouse gases or a tmospheric particula tes; impor-
tantly, e lectricity production costs from the best nuclear p lants presently are close ly compa-
rab le with those of the best fossil-fired p lants.

However, a  substantia l number of issues currently stand between nuclear power and wide-
spread substitution for large sta tionary fossil fue l-fired systems.  These include perceptua l
ones regard ing both long-term and acute opera tiona l sa fety, p lant decomm issioning, fue l
reprocessing, rad ioactive waste d isposa l, fissile ma teria ls d iversion to m ilitary purposes,
and read ily quantifiab le concerns regard ing long-term fue l supp ly and tota l unit e lectrica l
energy cost.  We sketch a road-map for proceed ing from the present situa tion toward a
nuclear power-intensive world , addressing each of the concerns which presently impede
widespread nuclear substitution for fossil fue ls, particularly for coa l in the most populous
and rap id ly deve lop ing portions of the world , e . g., China and Ind ia .

Features of Proposed 21st Century Nuclear Power Plants
Some of the key concerns about nuclear fission invo lve nuclear fue l, rad ioactive waste , p lant
sa fety, and econom ics.  W ith regard to fue l, any nuclear fue l chosen must be re liab ly ava il-
ab le in sufficient quantity a t reasonab le costs to g ive 10 b illion peop le a First World energy
standard-of-living for a t least a  century.  A ll the fue l a  power reactor needs during its entire
opera tiona l life (30 years a t full power) should be built into it as it is manufactured , e lim ina t-
ing refue ling opera tions.  Furthermore , an idea l reactor should be designed to be the long-
term-stab le buria l cask of a ll the rad ioactive waste products it genera tes throughout its life ,
so tha t once it is emp laced and its fue l charge ignited , it is not significantly d isturbed or
removed therea fter for tens of m illennia .
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W ith regard to opera tiona l sa fety, reactors should be designed to be incapab le of suffering
damage , no ma tter how seriously the ir contro ls m ight be m ishand led by opera tors.  They
should a lso be incapab le of damage due to loss-of-coo lant accidents, and highly immune
to sabotage .  As for econom ics, tota l unit energy costs of nuclear e lectricity should be re-
duced by a t least two-fo ld re la tive to classic light wa ter reactor va lues.  The costs of nuclear
e lectricity should not be significantly in excess of those a tta inab le from the best fossil fue l-
fired options.  Based on these requirements, four basic design considera tions emerge: life-
cycle-oriented design; inexpensive standard ized construction; m inimum-essentia l opera tor
contro ls; and underground siting.

Conclusions
Nuclear power systems ta ilored to loca l needs and interests and having a common ad-
vanced techno logy base could reduce present-day worldwide C O 2 em issions by two-fo ld , if
universa lly emp loyed .  By app lica tion to sma ll mob ile demands, a  second two-fo ld reduc-
tion night be a tta ined .  Even the first such ha lving of carbon intensity of sta tionary-source
energy production worldwide m ight perm it continued slow power-demand growth in the
highly deve loped countries and rap id deve lopment of the other 80% of the world , without
active governmenta l suppression of fossil fue l usage , while a lso stab ilizing ra tes of carbon
input into Earth’s a tmosphere .  The second two-fo ld reduction m ight obvia te most g loba l
warm ing concerns.
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Scenarios for Future
Levels of Carbon Dioxide
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The purpose of this presenta tion is to exam ine the ava ilab le ana lyses of pro jections of a tmo-
spheric concentra tions of carbon d ioxide .  This study draws heavily on the find ings of our
eva lua tion of the energy imp lica tions of such scenarios in Hoffert et a l. (1998).  In add ition,
we will exam ine the imp lica tions of the Kyoto Protoco l on future pro jections of carbon d iox-
ide .

Past Growth in Carbon Dioxide
Pub lished ana lyses of the d irect rad ia tive forcing on clima te due to the changes in green-
house gas concentra tions since the la te 1700s are genera lly in good agreement, g iving an
increase in rad ia tive forcing of about 2 .1 to 2 .6 Wm-2 (2 .45 Wm-2 in IPC C , 1995 , 1996a).
O f the 2 .45 Wm-2 change in rad ia tive forcing from greenhouse gases over the last two
centuries, approxima te ly 0 .5 Wm-2 has occurred within the last decade .  By far the largest
effect on rad ia tive forcing has been the increasing concentra tion of carbon d ioxide , ac-
counting for about 64% (1 .56 Wm-2) of the tota l change in forcing.  The change in concen-
tra tions of C H4 , N 2 O , and CFCs and other ha locarbons provide another 0 .9 Wm-2 .  Pro jec-
tions of greenhouse gas em issions into the future suggest tha t carbon d ioxide will become
an ever-increasing portion of the change in rad ia tive forcing.

Accura te measurements of a tmospheric C O 2  concentra tion began in 1958 a t the Mauna
Loa O bserva tory in H awa ii.  The annua lly averaged concentra tion of C O 2 in the a tmo-
sphere has risen from 316 ppmv (parts per m illion by vo lume) in 1959 to 364 ppmv in
1997 .  The C O 2 measurements exhib it a  seasona l cycle , which is ma inly caused by the
seasona l uptake and re lease of a tmospheric C O 2 by terrestria l ecosystems.  The average
annua l ra te of increase over the who le time period is about 1 .2 ppmv or 0 .4% per year, with
the ra te of increase over the last decade be ing about 1 .6 ppmv/year (IPC C , 1996).  Mea-
surements of C O 2 concentra tion in a ir trapped in ice cores ind ica te tha t the pre-industria l
concentra tion of C O 2 was approxima te ly 280 ppmv.  These da ta ind ica te tha t carbon d iox-
ide concentra tions fluctua ted by ± 10 ppmv around 280 ppmv for over a thousand years
until the recent increase to the current 360 +  ppmv, an increase of over 30%.

Why has the a tmospheric concentra tion of C O 2 increased so drama tica lly?  Ana lyses with
mode ls of the a tmosphere-ocean-b iosphere system of the carbon cycle ind ica te tha t human
activities are primarily responsib le for the increase in C O 2 .  Two types of human activities
are primarily responsib le for em issions of C O 2: fossil fue l use , which re leased about 6 .0
G t C into the a tmosphere in 1990 , and land use , includ ing deforesta tion and b iomass burn-
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ing, which may have contributed about 1 .6 ±  1 .0 G t C in add ition to tha t from fossil fue ls
(IPC C , 1995 , 1996a).

C arbon d ioxide is em itted when carbon-conta ining fossil fue ls are oxid ized by combustion.
C arbon d ioxide em issions depend on energy and carbon content, which ranges from 13 .6
to 14 .0 Mt C /EJ for na tura l gas, 19 .0 to 20 .3 for o il, and 23 .9 to 24 .5 for coa l.  O ther
energy sources such as hydro , nuclear, wind , and so lar have no d irect carbon em issions.
Biomass energy, however, is a  specia l case .  When b iomass is used as a  fue l, it re leases
carbon with a carbon-to-energy ra tio sim ilar to tha t of coa l.  However, the b iomass has
a lready absorbed an equa l amount of carbon from the a tmosphere prior to its em ission, so
tha t net em issions of carbon from b iomass fue ls are zero over its life cycle .

Anthropogenic em issions from fossil fue l use have been estima ted as far back as 1751 .
Before 1863 , em issions d id not exceed 0 .1 G t C /yr.  However, by 1995 they had reached 6 .5
G t C /yr, g iving an average em issions growth ra te slightly grea ter than 3% per year over the
last two and a ha lf centuries.  Recent growth ra tes have been significantly lower, a t 1 .8% per
year between 1970 and 1995 .  Em issions were initia lly dom ina ted by coa l.  Since 1985 ,
liquids have been the ma in source of em issions desp ite the ir lower carbon intensity.  The
reg iona l pa ttern of em issions has a lso changed .  O nce dom ina ted by Europe and North
America , deve lop ing na tions are provid ing an increasing share of em issions.  In 1995 , non-
Annex I (deve lop ing countries, includ ing China and Ind ia) na tions accounted for 48% of
g loba l em issions.

Future Projections of CO2

Since our current understand ing of the re la tionship between observed increases in a tmo-
spheric C O 2 and past fossil fue l em issions is imperfect, our ab ility to pro ject future C O 2

concentra tions is a lso in doubt.  However, a ll evidence ind ica tes tha t fossil fue l use can ra ise
C O 2 leve ls to twice the pre-industria l concentra tion over the next 50 years.  Drastic em is-
sions reductions would therefore be required in order to ho ld C O 2 constant.  Current mod-
e ls of carbon storage and exchange suggest tha t for a tmospheric concentra tions to stab ilize
be low 750 ppmv, human-re la ted em issions must eventua lly decline re la tive to today’s lev-
e ls.  Stab iliza tion a t 450 ppmv by 2100 would require reductions to about a  third of today’s
leve ls.  A ll of the mode ls used in recent IPC C (1995 , 1996a) stud ies ind ica te tha t ho ld ing
em issions constant a t 1990 leve ls would still result in increasing concentra tions of a tmo-
spheric C O 2 tha t would reach 500 ppmv around 2100 .

IPC C working groups deve loped six scenarios for greenhouse gas em issions based on so-
cioeconom ic pro jections.  Scenario IS92a incorpora ted wide ly accepted pro jections and the
then-current consensus on popula tion, econom ic deve lopment and energy techno logy to
genera te pro jections of greenhouse gas em issions for the 21st century assum ing “no new
clima te change po licies.”  This base line IS92a scenario has been dubbed “Business as Usua l
(BaU).”

Stab iliza tion of a tmospheric greenhouse gas concentra tions is often used as a  target aga inst
which to eva lua te the possib ility of em ission reductions, and estima te future concentra tions.
A variety of C O 2 concentra tion ce ilings and associa ted g loba l net em issions tra jectories
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have been considered .  Those of W ig ley et a l. (1996) are d isp layed in Figure 43 .  From these
figures, it is obvious tha t, regard less of ce iling, g loba l em issions initia lly increase , reach a
maximum some time in the next century, and eventua lly beg in a long-term decline tha t
continues through the rema inder of the ana lysis period out to 2300 .  While em issions must
eventua lly peak and decline , fossil fue l carbon need not.  Techno log ies tha t capture and
sequester carbon could provide a mechanism by which fossil fue ls could continue to p lay an
important ro le in future g loba l energy systems without concurrent em issions growth.

C a lcula tions of future concentra tions of greenhouse gases are presented based on mode l-
ing the processes tha t transform and remove the carbon d ioxide from the a tmosphere.
Here , future concentra tions of C O 2 are ca lcula ted with the carbon cycle mode l of Ja in et a l.
(1996), which takes into account exchanges of C O 2 between the a tmosphere , the oceans,
and the terrestria l b iosphere .

Figure 42
The Four Factors of the Kaya Identity Evaluated Globally from 1890-2100
Hoffert et a l. , 1998 .
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Energy Implications of Future CO2 Scenarios
Fo llowing Hoffert et a l. (1998), this section ana lyzes the required carbon-free energy in
order to meet the scenarios for C O 2 described above .  In genera l, the ra te of carbon em itted
(as C O 2) by energy production is g iven by the Kaya identity, expressing em issions as the
product of: (i) popula tion (N), (ii) per cap ita l gross domestic product (G DP/ N), (iii) primary
energy intensity (E/ G DP), and (iv) carbon intensity (C /E).  Here , we express the ra te of pri-
mary energy consumption from a ll fue l sources (the “ burn ra te”) in wa tts (W) and the gross
domestic product in do llars per year (1990 US $ yr-1) so the ir ra tio , the energy intensity,  has
units of W yr $-1.  C arbon intensity, the we ighted average of the carbon-to-energy em ission
factors of a ll energy sources, has the units  kg C  W–1 yr–1.  To illustra te the re la tive contribu-
tions of the factors historica lly and under IS92a , we eva lua ted each of them g loba lly over
the 210-year period from 1890 to 2100 (see Figure 42) from historica l da ta before 1990 ,
and from documents defining IPC C scenarios a fter 1990 .

Figure 43
Carbon Emissions,  Primary Power Levels, and Carbon-Free Primary
Power Required Over the 21st Century for IS92a and Various CO2
Stabilization Levels
Hoffert et a l. , 1998
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While illustra ting the b ig p icture , aggrega ting Kaya decomposition terms g loba lly can mask
reg iona l deve lopmenta l d ifferences.  D a ta for ind ividua l na tions ind ica te E/ G DP typ ica lly
increases during econom ic deve lopment, reaching a maximum as infrastructure investments
peak, and declines only a fter some lag as econom ic productivity rises and the economy
shifts structura lly to less energy intensive activities (e . g. , services).  Apparently declining,
energy intensities of Ind ia and China today are still 2 to 5 times the g loba l mean.  To focus
on energy supp ly issues we provisiona lly accept the IS92a pro jections of 1% yr-1 improve-
ment in g loba l E/ G DP, recognizing tha t achieving this will depend crucia lly on the techno l-
ogy and structura l changes adopted by deve lop ing na tions.

Another opportunity for em ission reductions is continua tion of the “decarboniza tion” of the
past hundred years reflected in decreasing carbon intensity of the g loba l energy m ix.  Under
IS92a , the g loba l mean C /E continues to decrease monotonica lly over the next century
(Figure 42D).  Indeed , the evo lving g loba l energy m ix based on assumed declining costs of
nuclear and carbon-free energy backstops re la tive to fossil fue ls has g loba l C /E dropp ing to
tha t of na tura l gas by 2030; and it declines even more therea fter.  Such rap id decarboniza-
tion is possib le only by the massive introduction of carbon-free power, ~ 10 TW by 2050 .
Even with this much carbon-free power and susta ined 1% yr–1 improvements in energy in-
tensity the net effect of the factors in the Kaya identity more than doub les 1990 em issions by
2050 .

Figure 43 shows (A) carbon em issions, (B) primary power leve ls and (C) carbon-free primary
power required over the twenty-first century for IS92a and C O 2 stab iliza tion scenarios.  Even
the optim istic decline of the last two factors in the Kaya identity cannot prevent em issions
from increasing from 6 G t C yr-1 in 1990 to ~ 20 G t C yr-1 by 2100 under BaU (Figure 43A).
A lso shown as d ifferently shaded zones are the re la tive contributions of na tura l gas, o il and
coa l to em issions.  A fea ture of IS92a worth noting is tha t the share of carbon-intensive coa l,
re la tive to less carbon-intensive na tura l gas and o il, rises a fter 2025 , but the carbon inten-
sity (C /E) of the fue l m ix declines overa ll, a  fea ture possib le only by the massive introduction
of carbon-free energy sources.

The curves in Figure 43A are a llowab le em ission leve ls over time which ultima te stab ilize
a tmospheric C O 2 a t 750 , 650 , 550 , 450 and 350 ppmv computed for the W ig ley, et a l.
(WRE) stab iliza tion pa ths.  These de layed stab iliza tion pa ths which fo llow IS92a em issions
early on, with large ro llbacks la ter (herea fter, WRE 350 , 450 , . . . , 750 scenarios), could buy
time to a tta in C O 2 stab iliza tion goa ls.  This is possib le because a g iven a tmospheric C O 2

concentra tion goa l depends roughly on cumula tive carbon emissions and can be approached
by an infinite number of pa ths, some of which constra in em issions early, some la ter.  How-
ever, WRE d id not consider whether the ir pa ths were a rea listic transition from the present
fossil fue l system .  They emphasized tha t the ir “results should not be interpreted as a  ‘do
nothing’ or ‘wa it and see’ po licy’” , ca lling for prompt and susta ined comm itment to re-
search, deve lopment and demonstra tion to insure tha t low-carbon and carbon-free energy
a lterna tives are ava ilab le when needed .

The thick b lack curve in Figure 43B shows the evo lution of tota l primary power required to
meet the econom ic goa ls of IS92a , with gas, o il, coa l, nuclear, and renewab le components
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shown as co lored areas.  A lso shown are a llowab le primary power leve ls from fossil fue l
sources computed for WRE stab iliza tion scenarios.  The d ifference between the IS92a tota l
primary power, , and fossil fue l power a llowab le for C O 2 stab iliza tion, f, must be provided by
carbon-free sources if the econom ic and “efficiency” assumptions of IPC C “Business as
Usua l” are ma inta ined; an increasing ly cha lleng ing goa l as the C O 2 concentra tion target is
lowered .

Figure 43 C  shows carbon-free power required for IS92a and for C O 2 stab iliza tion via WRE
350 through 750 pa ths in a world economy growing as IS92a and with the same improve-
ment ra te in / G DP.  In tha t case stab ilizing C O 2 concentra tions a t 1990 leve ls accord ing to
WRE 350 will require ~ 10 TW of carbon-free primary power by 2018 , equa l to the tota l
1990 primary power of the world economy.  WRE 550 , which leads to an approxima te
doub ling of pre-industria l a tmospheric C O 2, requires this much carbon-free power by 2035 .
These results imp ly a massive transition from the present fossil-fue l-dom ina ted energy infra-
structure to carbon-free sources in the com ing decades to stab ilize C O 2 a t reasonab le target
va lues.  Even IS92a requires ~ 10 TW of carbon-free power by 2050 .

Stab ilizing a tmospheric C O 2 a t twice pre-industria l leve ls while meeting the econom ic as-
sumptions of BaU imp lies a  massive transition to carbon-free power, particularly in deve lop-
ing na tions.  There are no energy systems techno log ica lly ready a t this time to produce the
required amounts of carbon-free power.  Some suggest the answer may be integra ted en-
ergy systems based on fossil fue ls in which carbon d ioxide or so lid carbon is sequestered in
reservoirs isola ted from the a tmosphere, or “geoengineering” compensa tory clima te changes.
Desp ite potentia lly serious environmenta l and cost prob lems, these approaches would a llow
fossil fue l, increasing ly coa l, to continue its historic rise as the primary energy source of the
next century.

It is time now to look hard a t the eng ineering feasib ility of transforma tive techno log ies tha t
can change the way primary energy itse lf is produced .  It is within the range of clima te
change and impact pro jections tha t stab iliza tion of a tmospheric C O 2 a t some leve l be low
the IS92a base line is necessary to m itiga te ma jor adverse effects on g loba l econom ies and
ecosystems.  In tha t case , a  massive infusion of new energy producing techno log ies a t the
required sca le could be needed to prevent “dangerous anthropogenic interference with the
clima te system .”

The Kyoto Protocol
The Framework C onvention on C lima te Change (see FC C C ; United N a tions, 1992), signed
by more than 155 na tions, has as its ultima te ob jective , “ ...stab iliza tion of greenhouse gas
concentra tions in the a tmosphere a t a leve l tha t would prevent dangerous anthropogenic
interference with the clima te system.”  (p .5).  This goa l leaves the precise concentra tion to be
defined a t a  la ter da te .  No concentra tion ob jective had been identified a fter the first three
meetings of the parties to the convention.

At the third conference of the parties to the FC C C in December 1997 , the Kyoto Protoco l was
negotia ted by over 130 na tions as a  response to the clima te change issue .  O ne of the most
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prom inent fea tures of the agreement is the ob liga tion of parties included in Annex B1 to
constra in the ir em issions of a  basket of greenhouse gases includ ing C O 2, C H4 , N 2 O , SF6,
HFCs, and PFCs.  In tota l, these na tions agreed to reduce the ir em issions to 5 .2% be low
1990 leve ls on average during the period 2008 to 2012 .  Should the Protoco l enter into
force , and even if its terms were renewed throughout the rema inder of the twenty-first cen-
tury, it would not achieve the goa l of the FC C C , i. e . , it would not stab ilize the concentra tion
of C O 2 .  The Protoco l would de lay the da te by which a concentra tion of 550 ppmv was
exceeded by less than a decade .  Results were presented based on the Ja in et a l. mode l tha t
demonstra ted tha t the Protoco l would reduce the year 2100 concentra tion by less than 55
ppmv.

Whether or not the Kyoto Protoco l ever enters into force , more will be needed to achieve the
ob jective of the FC C C .  The cost of em issions aba tement is a  ma jor considera tion in deter-
m ining the degree and tim ing of reg iona l and g loba l greenhouse gas em issions m itiga tion.
C onsiderab le work has been undertaken to exp lore the ma jor factors a ffecting costs of
achieving a lterna tive ob jectives.  C ost depends on a wide array of factors includ ing the
po licy instruments emp loyed , the degree of em issions m itiga tion required , and the tim ing
over which em issions m itiga tion must occur.
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Appendix A
Working Group Reports

Fo llowing the presenta tions summarized in this report, the meeting participants d ivided into
severa l working groups to review and assess the potentia l of various techno log ies to he lp
meet future energy requirements.  The groups addressed a set of questions for these se-
lected techno log ies (not intended to be exhaustive): nuclear fission, nuclear fusion, energy
efficiency, lunar-based so lar power systems, and Earth-based renewab le energy sources.
Representa tion of experts in the various top ics was uneven , and each group approached the
questions d ifferently.  The fo llowing is a  summary of the working groups’ de libera tions.  It is
important to note tha t the answers to many of these questions are sub jective and as such,
the answers reported here are based on the participants’ op inions as we ll as the ir knowl-
edge .  Further, they are lim ited to wha t was specifica lly d iscussed among those present in
each group .

Nuclear Fission
1 A. What is the total energy exploitable by this technology?
Tab le 11 shows the occurrences of na tura l uranium .  An add itiona l amount equa l to ap-
proxima te ly ten times Tota l Reserves and Resources (18 .5 Mtonne U) exists in the oceans.
Using 2 .57 G Wtyr/ tonne fissioned , the fissioning of the entire 18 .5 Mtonne U corresponds
to 1 .5x106 EJ (47 ,620 TWtyr).  O f this tota l uranium resource , 0 .7205% is comprised of the
235U isotope .  If used a t a  ra te of 20 TWt, the tota l and 235U resources would last 2 ,380 and
17 years respective ly.  The thorium resource is estima ted to be ~ 3 times tha t of uranium .

Table 11
Global Occurrences of Natural Uranium (Mtonne)(a)

Mtonne 1000 EJ (b)

Reasonab ly Assured C onventiona l Reserves ( < 80$ /kgU) 4 .0(c) 324
Und iscovered C onventiona l Resources (80-130$ /kgU) 2 .8 227
Specula tive C onventiona l Resources ( > 130$ /kgU) 2 .0 162
Specula tive Unconventiona l Resources (130-600$ /kgU) 9 .7 786
Total Reserves and Resources 18.5 1,500

(a) Uranium 1995: Resources, Production and Demand , O rganiza tion of Econom ic C oopera tion and
Deve lopment ( O EC D)/ Nuclear Energy Agency (NEA). Paris (1996)3

(b) Based on comp lete fissioning of a ll uranium of which 0 .7205% by a tom (0 .711% by mass) is 235U
(c) 1 .5 Mtonne (122 ,000 . EJ) Proven Reserves

1 B.  What is the maximum rate at which this energy can be exploited?
The ra te of exp lo ita tion is dependant on the ra te a t which 235U (light wa ter reactors, LWRs)
and /or 238U (liquid-meta l reactors, LMRs, which opera te on p lutonium genera ted by neu-
tron absorption in the abundant 238Us ) burners can be dep loyed .  G iven ~ 10 na tions
presently capab le of build ing LWRs, each producing 5 LWRs/yr, ~ 50 G We/yr could be pro-
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duced for these  ~ 1 G W units.  At ~ 2$ /We , the (tota l) cap ita l requirements amount to
100B$ /yr.  The dep loyment of LMRs is lim ited both by RD&D needs and the ava ilab ility of
p lutonium required for startup (30-40 tonnePu/ G We).  As seen in Figure 44 , ~ 2 ,000 tonne
Pu will be ava ilab le by the year 2010 for startup of LMRs g iven tha t the RD&D is comp leted
and tha t this LWR-genera ted p lutonium is not thrown away into repositories.

Figure 44
Plutonium Inventories Generated in Spent Fuel (SNF),
Separated and Recycled
Source: A . G loaguen , (1997), “Key Issues Paper N o , 2: Present Sta tus and Immed ia te Prospects of
Plutonium Management,” Interna tiona l Symposium on Nuclear Fue l Cycle and Reactor Stra teg ies: Ad-
justing to N ew Rea lities, Vienna , Austria (June , 1997), Interna tiona l Atom ic Energy Agency, Vienna .

A lso ~ 1 ,000 tonnes of highly enriched uranium (HEU) is ava ilab le from the nuclear weap-
ons programs.  Together, this ~ 3000 tonnes HEU and Pu could be used to startup ~ 100
LMRs ( ~ 1 G We each).  W ith a doub ling time of ~ 20 years, by the year 2050 ~ 400 G We of
LMRs could be dep loyed , with most of the world p lutonium inventory tied up as active inven-
tory within these LMRs.  Fina lly, a t an LWR dep loyment ra te of  ~ 50 G We/yr, the year 2050
would see 2 ,880 G We capacity and the genera tion of 1 .24 Mtonne of spent fue l conta ining
12 ,400 tonne of p lutonium and the use of 7 .44 Mtonne of na tura l uranium; integra ted over
this 2000-2050 period , the LWR-genera ted p lutonium could lead to a t least a  doub ling of
the LMR popula tion by the year 2050 to ≥  1 ,000 G We .  The tota l insta lled nuclear energy by
2050 could amount to ≤  50% of uranium resource , and the launching of an LMR economy
by 2050 tha t represents ≥  30% of the tota l nuclear energy capacity.  It should a lso be noted
tha t a t this po int 6 .2 Mtonne of dep leted uranium would be ava ilab le from the enrichment
p lants to feed the LMR breed ing b lankets for the production of fissile p lutonium .
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1 C. If exploited to its potential, how long would it take to deplete this
energy resource?
If fissioned a t a  ra te of 20 TWt, the 18 .5 Mtonne of na tura l uranium would be consumed (by
LMRs) in a period of 2 ,380 years; a ll the 235U would be fissioned in 17 years.  Use of the
thrice more p lentiful 232Th resource via 233U fission would g ive an added 3 x 2 ,380 or 7 ,140
years a t the fission ra te , for a tota l of 9 ,520 years.

1 D. Is this energy resource renewable naturally; if so, at what rate?
While not renewab le , a  dep letion horizon as described above , expandab le to ~ 30 ,940
years if the oceanic uranium resource , be lieved to be ten times as grea t, is tapped , makes
the renewab le issue irre levant.

2. Is there an Achilles’ Heel that could prevent the application
of this technology?
Yes.  The Achilles Hee l is embod ied in lack of pub lic acceptance .  The driving motives and
causes of this comp lex and evo lving issue are d iscussed by Krakowski and W ilson in this
vo lume .  In brief, this issue invo lves how risk/hazard is judged by the pub lic; fear tha t stems
from the nuclear-weapons/nuclear-energy connection; va lue conflicts such as the multi-
genera tiona l nuclear-waste burden; and institutiona l trust /cred ib ility issues.  Pa thways for
increasing pub lic acceptance would invo lve demonstra ting a record of sa fe opera tion; re-
ducing risk potentia l associa ted with ca tastrophic consequences of nuclear facilities acci-
dents by improving current p lants, deve lop ing new reduced-risk p lants, and standard izing;
increasing the separa tion of weapons and energy techno log ies; red iscovering benefits such
as reduced o il dependence and greenhouse-gas reduction; progress in waste management
lead ing to susta inab le nuclear energy by closing the nuclear fue l cycle; and re-estab lishing
fa ir, equitab le and open institutions responsib le for the deve lopment, dep loyment, and regu-
la tion of this techno logy.

3 A. What are the purely scientific /technological constraints?
The top-leve l scientific / techno log ica l constra ints dea l primarily with the RD&D needed to
imp lement this techno logy on a sca le and a t a  ra te suggested in the answer to question 1 D.
Examp les are:

C omp lete the process of “stab ilizing” techno log ies associa ted with the construction, op-
era tion, and decomm issioning of the existing LWRs and moving forward on the Evo lu-
tionary LWRs as e labora ted in Figure 26 , in Krakowski.  Evo lutionary deve lopment of
reactors is an ongo ing process and improvements can be expected in many areas in-
clud ing:

Increased use of passive sa fety systems (lead ing to optimum use of passive and
active system to maxim ize sa fety);
C ore and fue l designs to improve fue l integrity under accident cond itions and to
maxim ize the energy obta ined from the fissile ma teria l;
Advanced conta inment systems to provide better protection aga inst potentia l
re leases of rad ioactivity to the environment;
H igher p lant ava ilab ility and better load factors;
Lower cap ita l, opera ting and ma intenance costs;
Increased therma l efficiency;
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Improved load fo llowing capab ility;
H igh fue l burn (more energy per un it of fue l mass);
Shorter construction times supported by an improved licensing program .

(Source: D. Mene ley, (1997) “Key Issues Paper N o . 3: Future Fue l Cycle and Reactor Stra teg ies,” Inter-
na tiona l Symposium on Nuclear Fue l Cycle and Reactor Stra teg ies: Ad justing to N ew Rea lities, Vienna ,
Austria (June , 1997), Interna tiona l Atom ic Energy Agency, Vienna .)

Deve lop a “dry” (non-aqueous) processing scheme tha t g ives a  waste stream free of a ll
actinides and long-lived fission products (LLFPs) as e labora ted and suggested in Figures
45 and 46 be low:

Figure 45
Elaboration of Pyrochemical Processing Scheme Under Development for Use
with Fast-Spectrum Burner of Plutonium.
M . A . W illiamson , “ Chem istry Techno logy Base and Fue l Cycle of the Los A lamos Acce lora tor-Driven
Transmuta tion System ,” Proc. G loba l ‘97 C onf. I, 263 , Yokahama , Japan , O ctober 5-10 , 1997 .

Deve lop advanced thorium burner, as e labora ted in Figure 47 be low, tha t opens the full
thorium resource (estima ted to be about three times tha t of uranium) in a way tha t uses
existing techno log ies (LWRs) and dea ls with the pro lifera tion issue .
Develop the LMR as either a breeder or a burner using integrated processing (Figure 45).
Deve lop very high burn-up fue l forms.
Deve lop a fully integra ted process tha t bridges nuclear energy into a susta inab le future
tha t addresses the pub lic acceptance issues (Figure 26 in Krakowski, p . 103).
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Figure 46
Self-Consistent Nuclear-Energy System (SCNES)
N . Takaki, R. Takag i, and H . Sekimoto , “Effect of Decontam ina tion Factor of Recycled Actinide and FP
on the Character of SC NES,” Prog. in Nuclear Energy, 32 (3 /4):441 (1998).

4. What are the smallest and largest scales at which this technology might be
economically exploited?
Depend ing on e lectric-grid structure , this techno logy can be econom ica lly app lied in 0 .5-
1 .5 G We units.  Both front-end (m ining and fue l fabrica tion) and back-end (reprocessing,
Interim Monitored Retrievab le Surface Storage [IMRSS]) infrastructure is best suited to service
≥  5-10 of the basic genera tion units (i. e . , 5-10 G We); the used of advanced Fast Spectrum
Burner (fast-reactor or acce lera tor-based neutron transmutors of actinides and /or long-lived
fission products) would be most econom ica lly dep loyed accord ing to schedules tha t support
8-10 “client ” reactors.

5. What is the required infrastructure?
In add ition to the front-end , genera tion, and back-end infrastructure e lements described
above , the fo llowing infrastructure is crucia l to a g loba l nuclear energy system:

Educa tion and tra ining in nuclear sciences and techno log ies;
Standards promotion, upda ting, broadcasting, and enforcement;
Regula tory units includ ing reg iona l (sa fety) and g loba l (sa feguards);
Manufacturing to nuclear standards;
H azardous-ma teria l transport.

6 A. What could be the growth path for this technology if there were no social
or political constraints?
A number of growth scenarios can be envisaged for nuclear energy tha t must dea l with the
pub lic perception/ acceptance issue while facing econom ic and g loba l clima te change (e . g. ,
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need ing ~ 10TW by 2050?) constra ints.  These scenarios include:
LWRs with and without p lutonium recycle;
LWRs transiting to the thorium (Radkowsky Thorium Reactor, or re la ted concepts) fue l
cycle;
App lica tion of the Integra ted Actinide C onversion System (IACS, Figure 47) and /or the
Se lf- C onsistent Nuclear Energy System (SC NES, Figure 46) as a  bridge to a pub licly
acceptab le , susta inab le nuclear future;
C omb ina tion of above with a focus on the “classica l” LWR to LMBR scenario .

7. When would widespread application of this technology be feasible and
what are the preconditions and drivers that might make it feasible?
This techno logy is to beg in imp lementa tion now fo llowing a pa th sketched above .  The
RD&D outlined in answer to question 3A must be pursued immed ia te ly.

8. What is the expected cost-trend for this technology?
The LWR to Evolutionary LWR (short-term) scenario depicted in Figure 26 in Krakowski (p. 103)
has as a ma jor goa l a nuclear energy system that is cost-competitive (or better) with present
natura l gas-fired fossil fuel plants.  Cost-reducing design changes in the switch to advanced
passive LWRs include an estimated 60% fewer va lves, 35% fewer pumps, 75% less pipe, 80% less
heating, ventilating and cooling ducting, 50% less seismic building volume, and 80% less cable.
Deta iled conceptua l design studies indicate that a high-capacity LMR can be less expensive than
a current Pressurized Water Reactor (PWR).  Extensive standardization and massive deployment
should greatly reduce costs.  The added back-end costs associated with the IACS (Figure 47) or
the SC NES (Figure 46) rema in to be determined, but could be high.

Figure 47
Integrated Actinide Conversion System (IACS) Architecture
E . D. Arthur, P. T. Cunningham , and R. L. Wagner Jr. , An Architecture for Nuclear Energy in the 21st
C entury,” Los A lamos N a tiona l Labora tory, document LA-UR-98-1931 (June 29 , 1998).
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9. What would the social, environmental, political, biogeochemical, etc.
consequences of widespread exploitation of this technology be?
The socia l and po litica l consequences of adopting widespread nuclear power are re la ted to
the long-term infrastructure imp lica tion of working with a highly centra lized , hazardous,
large techno logy; centra l, long-term contro ls will be required .  G iven tha t schemes like IACS
(Figure 47) and /or SC NES (Figure 46), or a lterna tives are successful in genera ting an ac-
tinide-free and LLFP-free waste stream tha t in a period of a  few hundred years (i. e . , not
m illennia) will be reduced to a leve l of toxicity tha t d iffers little from the na tura l-uranium feed
stream , particularly of high-throughput “dry” processing schemes (Figure 45) are technica lly
and econom ica lly feasib le , the environmenta l and b iogeochem ica l impacts should be  low.;
note tha t simp ly achieving a waste stream tha t meets a  “na tura l-uranium” standard does not
transla te to a “return to initia l cond itions,” in tha t tha t ultima te cond ition does not equa te to
a pre-(uranium) m ining cond ition.

10. What are the misunderstandings about this technology commonly
encountered when communicating with the public, policymakers, media, etc.?
The na ture of risk/hazard is judged d ifferently by experts versus the genera l pub lic (the
pub lic tends to over-estima te low-probab ility potentia lly ca tastrophic events and to under-
estima te high-frequency, chronic d iseases).  A lso , a  fear factor exists tha t stems from the
nuclear energy/nuclear weapons connection.  Va lue conflicts a lso exist tha t can shift with
chang ing cultura l settings such as tha t invo lved in the multi-genera tiona l burden of nuclear
waste .  A lso , see answers to Q uestion 2 .

11. What are high priority R&D issues in this area?
These have been listed in the answer to Q uestion 3A .

12. What crises would cause a regime change for this technology (i. e.,
dramatically increase the need for, implementation rate of, etc., this
technology?
G iven tha t the a tmospheric accumula tion of anthropogenic G H G s are found to be driving
g loba l clima te change , and tha t nuclear energy is rea lized to be the only non-carbon tech-
no logy tha t is ava ilab le , opera ting, and capab le of large-sca le app lica tion in the m itiga tion
of G H G  em issions, a  new scenario will be needed , if indeed nuclear energy a t the 10-20
TWt power leve l is required by 2050 and susta ined therea fter.  For lower non-carbon capac-
ity requirements app lied on a more extended 2050-2100 time sca le , uranium resources are
adequa te , and the LWR to LMR scenario will not be required until a fter 2100 , if ever.  The
la tter cond ition app lies if the Radkowsky Thorium Reactor or re la ted schemes prove feasib le;
if IACS and/or SC NES schemes based on e ither an acce lera tor-driven or LMR(IFR)-driven
system prove feasib le / acceptab le and are imp lemented; and /or if the seawa ter uranium
resource can be tapped for unit costs be low ~ 100 $ /kgU (a long with means to contro l / lim it
the accumula tion of p lutonium and m inor actinides associa ted with pure uranium burning).
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Nuclear Fusion
1 A. What is the total energy exploitable by this technology?

Deuterium-tritium (DT):  lim ited by lithium (Li —> T conversion) resources, which corre-
sponds to roughly 1 ,000 years a t present world energy consumption.(a t a  use ra te of
360 EJ/yr, correspond ing to 11 ,430 TWyr for 7 .7 G Wyr/ tonneLi and 1 .5 Mtonne Li);

 Deuterium-he lium3 (D3He):  ava ilab le on the moon , in quantities thought to be approxi-
ma te ly equa l in potentia l energy output to Earth’s rema ining coa l resource (Proven +
Add itiona l Recoverab le , 37 ,930 EJ =  1 ,204 TWyr),

possib ly (infinite ly) large resource ava ilab le from Sa turn;
Deuterium-deuterium (DD): nearly infinite resource from Earth’s oceans (1 .8 * 1018 tonne
of ocean transla tes into 2 .78 * 1013 EJ or 8 .8 * 1011 TWyr).

1 B. What is the maximum rate at which this energy can be exploited?
The energy extraction ra te will be d icta ted more by physics/ techno logy progress than by the
ra te of fue l resource extraction.  C ompeting uses for lithium resource will p lay for the DT
fusion fue l cycle , which in terms of physics and techno logy is much easier to achieve .

1 C. If exploited to its potential, how long would it take to deplete this energy
resource (20 TWt)?

DT: 572 years
D3He(Lunar 2He): 60 years
DD: nearly infinite

1 D. Is this energy source renewed naturally; if so, at what rate?
Renewed a t a  very slow ra te (e . g. , rep lenishment of lunar 3He is a t an equiva lent ra te of
~ 200MWt.

2. Is there an Achilles’ Heel that could prevent application of this technology?
A lthough R&D in fusion has proceeded for ~ 5 decades, beset by advances and setbacks,
this techno logy rema ins large ly on paper in conceptua l design form , and success of fusion
technologies depends crucia lly on advances in physics of plasma hea ting/confinement /burn/
exhaust.  G eneric (e . g. , magnetic, inertia l, e lectrosta tic, comb ina tions) Achilles’ Hee ls for
fusion are:

Large, low-power density (MW/ tonneFPC , FPC =  Fusion Power Core encompassing plasma
chamber, vacuum system , b lanket, shie ld , magnetic co ils [if any], and re la ted support
structure and systems) systems tha t are costly to build and opera te and genera te large
vo lumes (a lbe it, re la tive ly low specific activity) of rad ioactive waste .
“ C onsumption” of large quantities of expensive eng ineering ma teria ls  (a lloys, coa ted
surfaces, etc.) through rad ia tion damage; potentia l for destroying and otherwise con-
sum ing large amounts of expensive ma teria ls/systems per unit of energy genera ted .
Potentia l for large fraction (15-20%) of net power genera ted be ing recycled to susta in
fusion process.
O verly comp lex/ frag ile (FPCs lead ing to a potentia l for unacceptab le p lant capacity fac-
tors (frequent FPC fa ilures, long repa ir times); inertia l confinement fusion (ICF) reduces
this prob lem (separa tes FPCs from drivers, etc., liquid (meta l, sa lt) wa lls.
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Need to operate high-heat flux surfaces > 5-10 MW/m2 under both norma l and off-norma l
conditions (e. g., plasma disruptions ) as well as large pulse eddy currents in structures.

3 A. What are the purely scientific /technological constraints?
Scientific constra ints: achieving a susta ined (or pulsed) p lasma fusion tha t yie lds ≥  30 times
more energy than required (from the “wa ll p lug”) to crea te /ma inta in the p lasma .  Some
techno log ica l constra ints are d iscussed above in the answer to question 2 .

3 B. What are the environmental /sociopolitical /economic /environmental
constraints?
Dea ling with the pub lic and the legendary axiom tha t “ fusion is a lways 30-50 years away”
while ma inta ining RD&D budgets; a lso dea ling with the oft-cited prom ise tha t fusion is a
“clean” energy source (i.e . , no dangerous rad ioactive products/wastes, when and if fusion is
brought to commercia l fruition; a lso , the accounting of ma teria l resources (as we ll as car-
bon/kWh) required of the ultima te fusion reactor embod iment may present a  cultura l con-
stra int /concern.  The constra ints can be summarized as fo llows:

Susta ining a perpetua l fusion energy R&D program;
Dea ling with environmenta l problems on both public and operationa l level (e. g., radiation
exposure, magnetic fields) as well as potentia l for large volumes of waste generation;
C ost /resource issues re la ted to low eng ineering power densities of some designs;
Reactor-site “ foot-print” and land-use issues;
D iscovery by the pub lic tha t fusion power is in fact a  “nuclear” energy source , with d iffer-
ent but re la ted opera tiona l (e .g. , a fterhea t and loss-of-coo lant concerns, occupa tiona l
and off-side rad ia tion exposure) and back-end (waste) prob lems, a long with fusion-
specific concerns (e .g. , strong magnetic fie lds, large stored energ ies, etc.).

3 C. How can these barriers be overcome?
Exp lore a variety of a lterna tive approaches to fusion tha t address the power density/cost
issues, while m itiga ted the prob lems/concerns listed above (e .g. , opera tiona l and back-
end);
Exp lore configura tions tha t are amenab le to dea ling with the significantly more d ifficult
physics and associa ted more d ifficult techno log ies (high-hea t-flux surfaces, hea ting effi-
ciency, etc.) tha t have been we ll-documented;
Be more frank with the pub lic; fusion is a  science program and , while ultima te ly an
energy program , cannot pro ject impacts until new physics emerges and new eng ineering
systems are fashioned around tha t physics;
Deve lop advanced ma teria ls tha t are low activa ting and compa tib le with the fusion envi-
ronment while not be ing expensive /exotic, and prom ising sufficient longevity in the harsh
fusion environment.

4. What are the smallest and largest scales at which this technology might be
economically applied?
Genera lly, the degree to which most fusion concepts “ beat” energy ba lance (i. e.,  achieve
acceptable engineering energy ga in Q E  =  net electric power/gross input power >  6-7) favors
larger systems, but the variability in size and energy ba lance is great among fusion concepts:
new approaches to beating this size/sca le issue need to be pursued more vigorously.
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5. What is the required infrastructure?
Except for p lasma physics/p lasma eng ineering, the infrastructure will sim ilar to tha t required
for other approaches to nuclear energy based on fission (see previous section); proper and
successful cho ice of advanced ma teria ls can go a long way in m itiga ting the long-term
rad ioactive waste prob lem tha t is inherent to fusion energy.

6 A. What could be the growth path for this technology if there were no social
or political constraints?
The definition/charting of required (and acceptab le) growth pa th(s) is nearly impossib le
without significant and new breakthroughs in the physics of fusion.  At present, only the
approaches to a new “growth pa th” can be charted , which should take advantage of  the
rich cache of approaches tha t heretofore have been stunted or killed by an over-zea lous
“conventiona l” tokamak program .  This range of “new ” physics should include representa-
tives from MFE (includ ing advanced tokamaks) and IFC , a ll of which offer rea l so lutions to
the we ll-documented prob lems identified for the “conventiona l”-tokamak route .

6 B. What could be the growth path for this technology taking social or
political constraints into account?
The present reassessment of the d irection taken by fusion energy in large part reflects the
impact of socia l /po litica l constra ints be ing imposed by the past, ITER-centric program tha t
was expensive ly go ing nowhere commercia lly towards a  viab le end product; hopefully the
richness of the fusion approaches tha t have and are be ing exam ined on sma ll sca le will
overcome the present “crisis” of re-d irection and a llow the quest for fusion energy to be
continued a long more prom ising lines, while (a t least) ma inta ining the inte llectua l infra-
structure tha t is vita l for needed advances on this prob lem .

7. When would widespread application of this technology be feasible, and
what are the pre-conditions and drivers that might make it feasible?
C ommercia l fusion rema ins ≥  50 years away  (compared to 20 years in the 1960s and 30-
40 years in the 1970-80; interesting ly, if one p lots these pro jections versus time of pro jec-
tion, commercia l fusion should have occurred in the la te 1940s!) and rema ins in the lands
of the muses; fundamenta l new physics ideas/ approaches are needed .

8. What is the expected cost-trend for this technology (up /down / level)?
While the (commercia l cost) targets are determ ined by known and/or pro jected competition,
ne ither the shooting position nor the moda lity are known; while the focus to da te has been
p lace large ly on fusion-e lectric power, other app lica tions of  this potentia lly prod ig ious neu-
tron source to dea l with some of the card ina l issues  listed above for fission energy (e .g. ,
waste , pro lifera tion, sa fety, and cost), with ro les to be p layed in the former two through
transmuta tion.

9. What would the social, environmental, political, biogeochemical, etc.,
consequences of adopting widespread exploitation of this technology?
A lthough d ifficult to assess in view of the vague sta te of a  commercia lized end-product tha t
m ight evo lve from this techno logy, based on the comp lex, nuclear (rad ioactive products),
large-sca le na ture of this techno logy, the answer to this question may not d iffer much from
tha t for nuclear fission energy.  The flexib ility of configura tiona l and ma teria l cho ices ava il-
ab le to fusion however, can in princip le reduce these impacts, lead ing to improved power
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systems, reduced costs and reduced rad ioactive wastes; whether a ll three of these desirab le
a ttributes can be achieved simultaneously rema ins to be determ ined by yet to be reso lved /
achieved physics.

10. What are the misunderstandings about this technology commonly encoun-
tered when communicating with the public, policymakers, media, etc.?
The pub lic /po licymakers, etc. are genera lly unaware of the nuclear na ture of fusion tech-
no log ies and re la ted hazards, a lthough the comp lexity and d ifficulty of app lying fusion prin-
cip les to commercia l power are be ing rea lized (particularly by po licymakers), as the prom-
ised da te for commercia liza tion is pushed further into the future .  G enera lly, an inab ility to
de liver a “green” fusion reactor (i. e . , no rad ioactive waste , no rad ioactive em issions, no
“me ltdown” risk, no pro lifera tion risk) to the pub lic will be very damag ing, if tha t pub lic still
ho lds tightly to apprehension/m istrust / etc. perceptions in re la tion to nuclear fission energy.
W ithin the energy community, however, fusion ho lds a  position somewhere between a sin-
cere hope and a susp icious joke .

11.  What are the high-priority R&D issues?
D irect the plasma physics program to examine more thoroughly configurations that address
the problems highlighted by three decades of trying to extend the “conventiona l” tokamak to
the status of an attractive commercia l energy system;  both MFE and ICF approaches, or
possible hybrids (e. g., magnetized target fusion, MTF) should be considered;
Better understand the way in which the physics drives the techno logy, and connect more
firm ly to end-product a ttractiveness a t opera tiona l, environmenta l, and econom ic leve ls;
Research and deve lop p lasma systems tha t in themse lves are endogenously responsib le
to the grea test extent possib le for basic p lasma functions (e . g. , hea ting, confinement,
burn contro l, current drive , fusion-ash remova l, etc.);
Deve lop ma teria ls better suited for opera tion in a fusion environment in terms of in-
creased longevity (under particle bombardment of a ll kinds) and decreased activa tion
(from waste , a fter-hea t, and ma intenance /recycle view po ints);
G enera lly, perform both physics, eng ineering, and ma teria ls research on commercia lly
appropria te configura tions tha t address the issues ra ised (in part) by the answers to
questions 2 and 3 above .

12. What crisis would cause a regime change?
It is not like ly tha t a  physics breakthrough of sufficient magnitude will occur tha t will lead to
a rap id commercia liza tion of fusion power; nor is such a breakthrough needed as too many
p lentiful (a lbe it, some may be or are environmenta lly hurtful) options for energy genera tion
are ava ilab le .  The use of less-efficient, low- Q E p lasma neutron sources, however, may find
a competitive niche if demands grow for m itiga ting e ither actinide/ fission-product waste
genera ted in a growing nuclear fission economy.  Fission/ fusion hybrids could a lso appear
much earlier than “pure” fusion reactors e ither to crea te fue l for a burgeoning Liquid Meta l
Fast Breeder economy (not enough p lutonium fue l to wa it for sa fety-re la ted intrinsica lly long
doub ling times), or as a  fission-amp lified power genera tor in its own right; e ither case g ives
fusion an important symb iotic ro le , with the vectors reversed in e ither case .  In any event,
such a crisis (e . g. , need to transmute LLFPs/ actinides, or genera te p lutonium fue l) could
cause an (earlier) reg ime change for fusion energy.
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Energy Efficiency
Introductory Comments
The ra te of energy efficiency improvement has an important bearing on the need for future
carbon-free power.  The energy intensity of an economy, tha t is how much energy is used to
produce a unit of G DP, is often used as an measure of aggrega te energy efficiency.  There
are many prob lems with this approach (see e . g. , Schipper, et a l. 1998).  Firstly, techno log i-
ca l parad igms change rad ica lly over long time horizons.  Second ly, there is grea t uncer-
ta inty as to whether energy efficiency is improving or econom ic output is increasing.  Third ly,
country comparisons are fraught with potentia l for m isinterpreta tion due to re liance on mea-
sures of market G DP instead of G DP a t purchasing power parity (PPP), and lack of knowl-
edge of country ’s energy use and econom ic performance .  Desp ite such prob lems, E/ G DP is
still the most wide ly used measure , though other methodo log ies are evo lving (see e . g. ,
Schipper, et a l. 1998).  (For a more comp lete d iscussion of this sub ject, see the energy
efficiency chapter by Susan J. H asso l and Ne il D. Strachan in the forthcom ing book Innova-
tive Energy Stra teg ies for C O 2 Stab iliza tion, ed ited by Robert Wa tts.)

Depend ing on the ra te of decrease in energy intensity, we may need as little as 5 TW of
carbon-free power in 100 years (ha lf as much tota l energy as the world uses today) or as
much as 90 TW.  In Figure 48 be low, Azar and Dowla tabad i (1998) estima te the amount of
carbon-free power needed in the future for a 450 ppmv C O 2 stab iliza tion target assum ing
energy intensity declines of 0%, 1% and 2% per year.  In Figure 49 , Hoffert et a l. (1998)
tackle the same issue .  Both stud ies ind ica te tha t susta ined efficiency improvements in the
range of 2% per year lead to modest requirements for carbon-free power in the com ing
century, while sma ller efficiency ga ins mean an increasing ly large need for such power.

Figure 48
Carbon Free Energy Needed to Meet a 450 ppm Carbon Dioxide Target
Mode l pred ictions of required carbon-free energy for d ifferent ra tes of energy intensity decline for a
450ppp C O 2 target.  Present tota l energy supp ly is ind ica ted by the dotted line .  Source: Azar and
Dowla tabad i (1999).  W ith perm ission from the Annua l Review of Energy and the Environment, Vo l. 24 , ©1999 by Annua l Reviews.
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Figure 49
Trade-off Between Carbon-free Power Required and Various Rates of Energy
Intensity Decline for a 2x Pre-Industrial CO2 target following the WRE550 Path
Hoffert et a l. , 1998

How much susta inab le energy-intensity decline can we expect?  The authors of the IPC C
centra l “Business-As-Usua l” scenario (IS92a) be lieved tha t an exponentia l improvement in
energy intensity of ~ 1% per year would be susta inab le over the next century.  Various stud ies
mode l or otherwise forecast long-term ra tes of energy intensity decline rang ing from less
than 1% per year to grea ter than 2% per year.  O thers po int to historica l precedents for even
more rap id improvement — ~ 3%/year in the U. S. from 1979-1986 — saying tha t a  con-
certed effort could mean even grea ter efficiency ga ins with wide co lla tera l benefits (e . g. ,
von We izsacker et a l. 1997 , Lovins, 1998).

Key factors d istinguishing high from low estima tes of future energy intensity are price and
po licy.  Simp ly put, when energy is cheap , there is little incentive to save it.  But price is not
the only factor.  Tax structure , RD&D investments, efficiency standards, and innova tive efforts
to commercia lize new techno log ies are a lso important po licy e lements.  Pub lic po licies tha t
correctly price energy by interna lizing externa lities (such as clima te-change impacts) and
he lp ing to overcome market fa ilures can go a long way towards leve ling the p laying fie ld for
efficiency improvements to compete with supp ly options.
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Energy prices in constant do llars have rema ined fla t for a t least a  genera tion.  In the current
U. S. po litica l clima te , it seems po litica lly untenab le to crea te meaningful price signa ls by, e .
g. , interna lizing externa l environmenta l costs.  Even extreme ly modest gaso line taxes have
been quickly re jected by C ongress.  In the absence of price signa ls, wha t can be done?
While no substitute for getting prices right, standards and other regula tions are proven
efficiency successes.  U. S. C orpora te Average Fue l Economy (C AFÉ) standards doub led
auto efficiency in ten years.  App liance standards tha t set m inimum efficiencies for refrigera-
tors have been sim ilarly successful, and standards are on the way for a variety of other
app liances as we ll as lighting.  Such standards should be revised and expanded so tha t, e .
g. ,  auto efficiency standards include Sport U tility Vehicles and other light trucks.

De-subsid izing the energy sector (or equa lizing subsid ies) would a lso go a long way toward
leve ling the p laying fie ld for efficiency to compete with supp ly options.  A recent study (A lli-
ance to Save Energy, 1993), documents tha t the federa l government provided $35 in subsi-
d ies to trad itiona l energy supp lies (coa l, petro leum , na tura l gas, and nuclear) for every $1
provided energy-efficient and renewab le energy sources.

In the U. S. , 1978-1985 saw a rap id increase in efficiency as energy prices rose .  But even
a fter prices co llapsed in 1985 , efficiency still continued to increase , particularly in the indus-
tria l sector.  Industry went up the learning curve quickly during the energy crisis and then
continued , as pro jects put in p lace continued to pay back, making money for chem ica l
refineries and other industries.  Add itiona l he lp may now come from the susta inab le deve l-
opment movement as we ll as IS O  14000 (Interna tiona l Standard O rganiza tion) certifica-
tion, under which more stringent interna tiona l efficiency standards are com ing into effect;
this is a  quiet revo lution, and companies who want to compete will have to comp ly.  The
industria l, commercia l, and agricultura l sectors are still increasing energy efficiency.  O n the
other hand , on the priva te d iscretionary (domestic, autos, etc.) front, we are losing overa ll
efficiency, large ly due to the popularity of Sport U tility Vehicles and larger houses with more
energy-consum ing devices.  We’ve gotten more efficient a t making less fue l-efficient cars, as
gaso line is cheaper than ever.  G a ins in eng ineering efficiency have gone to increase size ,
power and other fea tures, ra ther than getting more m iles to the ga llon.

For utilities, cap ita l costs of new p lant construction or refurb ishing are huge so it makes
sense for utilities to reduce demand through Demand-Side Management (DSM) programs
instead of build ing new p lants.  This incentive m ight decrease in another 50 years or so .
There has been a down turn in DSM due to deregula tion in the utility fie ld .  In terms of
econom ic efficiency, it makes sense for utilities to support energy efficiency, a lthough the
word “subsid ize” is a  m isnomer for such a practice .  In cases in which a utility would have to
build new capacity, it a lways makes sense for tha t utility to fund efficiency improvements.
This is true because if a  utility can reduce its demand by a kW, it can a fford to pay up to the
cap ita l recovery factor of tha t insta lled kW for the advantage of not putting the add itiona l
new capacity into its fue l charge .  Even in some cases where a utility has sufficient p lant, it is
sometimes cheaper to save energy than produce it.  If the efficiency improvement is lower in
cost than the average cap ita l recovery factor, then this is possib le .
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In add ition, since one of the prob lems with increasing penetra tion of efficiency techno log ies
is the issue of first cost, utilities can serve a useful ro le in simp ly financing efficiency improve-
ments.  This is a lso not rea lly a subsidy, as the power company can share in the savings
while provid ing positive cash flow to the ir customers.  If the financing required is less than
the cap ita l per unit power required for new capacity, then such financing makes econom ic
sense for the utility.  A lso , since the utility can borrow money a t a  lower interest ra te than the
ind ividua l consumer, it is econom ica lly efficient for the utility to do the financing.

Lack of informa tion and sp lit or otherwise perverse incentives are prob lema tic, and true
econom ic incentives must be in p lace .  Energy should be va lued as though each ind ividua l is
paying the b ill.  This will require changes in some institutiona l settings.  In add ition, design-
ers of build ings need incentives for making cho ices tha t will result in energy efficiency over
the lifetime of a  build ing.  At present, the builder’s incentive is to design and choose prod-
ucts for lowest first cost, with no regard for energy efficiency since he will not be paying the
utility b ills.  Changes in the incentive structure are needed to ensure , for examp le , tha t
lighting systems would be designed with motion sensors and other efficient techno log ies
with rap id paybacks.

Stud ies are ava ilab le tha t deta il how much energy we could rea listica lly save and a t wha t
costs (see e . g. , ASE, 1998; ASE, ACEEE, 1997).  There are free savings, like turning down
hot wa ter hea ter tempera tures and properly infla ting car tires.  There are very inexpensive
savings like increasing insula tion on wa ter hea ters and homes, and choosing low-em issivity
(low-e) windows.  Pa thways to making the economy more energy efficient have been out-
lined in a variety of stud ies by the American C ouncil for an Energy Efficient Economy, the
A lliance to Save Energy, and others.

Efficiency can make renewab les do-ab le — it is much easier to power a 10 TW world than a
30 TW world , with current renewab le energy techno logy.  We can get 2% per year efficiency
improvement by do ing things we should be do ing anyway for a variety of reasons from
econom ic to environmenta l.  The deve loped world should lead by examp le and he lp the
deve lop ing countries jo in in.  Fore ign a id could be tied to energy efficiency and deve lop ing
countries should transfer best techno logy to less-deve loped na tions.  The trend toward ur-
baniza tion in the deve lop ing world presents a  huge opportunity for energy efficiency.

Answers to the Questions Posed
1 A. What is the total energy exploitable by this technology?
We estima te 3 .6 TW g loba lly by ~ 2050 .

1 B. What is the maximum rate at which this energy can be exploited?
1 .5% ±  0 .5% per year is one reasonab le estima te; 2% ±  1% per year is another (see Figure
50); it is possib le to do more than this with po licies designed to maxim ize efficiency.  There
is a  wide variance of op inion on this top ic, however.

1 C. If exploited to its potential, how long would it take to deplete this energy
resource?
Not app licab le .
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Figure 50
An Estimate of the Range of Potential Energy Intensity Decline

1 D. Is this energy source renewed naturally; if so, at what rate?
H igher efficiencies emerge from human ingenuity and are only lim ited by physica l laws.

2. Is there an Achilles’ Heel that could prevent application of this technology?
No .

3 A. What are the purely scientific /technological constraints?
See 1B; C arnot cycle lim ita tion.

3 B. What are the environmental /sociopolitical /economic /environmental
constraints?

1) Inadequa te price signa ls
2) Perverse subsid ies
3) Pub lic apa thy
4) Perce ived futility of ind ividua l action
5) Incrementa l change not perce ived as important
6) Unfam iliarity and lack of informa tion
7) Upfront cap ita l a  constra int on sma ll sca le; perce ived investor risk a constra int on

large sca le

3 C. How can these barriers be overcome?
1) fix the constra ints in 3B, i. e . , get energy prices right (by includ ing externa lities, etc.),
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remove perverse subsid ies, provide informa tion, design financing options to over
come upfront cost issue; etc.

2) enlightenment (educa tion +  reversing apa thy)
3) participa tion of energy service organiza tions and utilities
4) po licies a t a ll leve ls to encourage energy efficiency (e . g. , econom ic incentives, etc.)
5) engag ing CE O ’s comm itment to increase energy efficiency (top-down effect)
6) IS O  14000

4. What are the smallest and largest scales at which this technology might be
economically applied?
 Sca le independent; app licab le a t a ll sca les.

5. What is the required infrastructure?
1) Physica lly, from none (e . g. , more efficient light bulbs) to extensive (e . g. , gas p ipe

lines, superconducting transm ission lines);
2) Econom ica lly, provide cap ita l to facilita te d iffusion of techno log ies;
3) C oa lition of interested peop le to promote the multifaceted benefits of more

enlightened/efficient use of energy.

6 A. What could be the growth path for this technology if there were no social
or political constraints?
See e . g., von We izsacker, et a l. (1997), for maximum technica l potentia l estima tes and
pa thways.  A lso see ASE, ACEEE (1997 , 1998).

6 B. What could be the growth path for this technology taking social or
political constraints into account?
see 1B

7. When would widespread application of this technology be feasible, and
what are the pre-conditions and drivers that might make it feasible?
App lica tion has been underway for about two centuries and it is very far from be ing fully
exp lo ited; much more widespread app lica tion is possib le .  As ind ica ted earlier, when energy
costs are high, increasing energy efficiency rece ives grea ter a ttention and then has effects
tha t persist even if prices subsequently decline .  A lso , see 3 C .

8. What is the expected cost-trend for this technology (up /down / level)?
C osts will decrease per unit energy.  Mass production will he lp reduce the cost of ind ividua l
techno log ies.

9. What would the social, environmental, political, biogeochemical, etc.,
consequences of adopting widespread exploitation of this technology?
The consequences are numerous and a ll positive .  See e . g. , ACEEE, ASE.

Socia l: increases emp loyment in manufacturing
Environmenta l: In add ition to reducing g loba l warm ing, energy efficiency improvements
reduce a ir, wa ter, so il, therma l po llution & degrada tion; a ll benefits ra ther than nega tive
impacts
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Po litica l: Improve independence & competitiveness; potentia l for improving interna tiona l
coopera tion
Biogeochem ica l: Every b iogeochem ica l cycle will improve due to reducing po lluting in-
puts.

10. What are the misunderstandings about this technology commonly encoun-
tered when communicating with the public, policy makers, media, etc.?
See 3B and 3 C .
Misconceptions include the notions tha t:

Energy-efficient techno log ies are expensive (life-cycle costs not understood);
Ind ividua l can make little or no d ifference;
Subsid ies to energy efficiency un-leve l the p laying fie ld; if it were good , it would thrive by
itse lf;
Med ia and pub lic perce ive energy efficiency as boring, incrementa l p lodd ing.

11. What are the high priority R&D issues in this area?
Need to expand R&D to include another D, dep loyment.  This is key for efficiency where
many techno log ies are under-dep loyed .

12. What crises would cause a regime change for this technology?
A susta inab le response , not a  crisis response is needed .  A crisis response could cause the
cho ice of not the least-cost so lution.  But a  crisis m ight speed-up dep loyment and have
residua l benefits.
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Lunar Solar Power System
1 A. What is the total energy exploitable by this technology?
The sun provides the energy.  Refer to 1(B) for the approxima te maximum flux.  The tota l net
new energy de livered to Earth increases with time .  A 20 ,000 G We system will de liver to
Earth within 100 years the tota l therma l energy used by humankind since the start of indus-
tria l era .

1 B.What is the maximum rate at which this energy can be exploited?
An add itiona l flux of m icrowave photons/ e lectric energy can be provided to Earth up to the
order of 100 ,000 G We-Years each year.  This leve l of high-qua lity m icrowave /e lectric en-
ergy can be off-set by reflecting to space an equa l flux of low-qua lity so lar photons each
year from the area of the rectennas.

Deve lopment of the Moon as a  centra l supp lier of commercia l-sca le power to Earth enab les
the rap id growth of ma teria l and service industries on the Moon , between the Earth and the
Moon (cis-lunar), the near-Earth astero ids, and beyond .  This will drama tica lly increase
humankind’s use so lar power.

1 C. If exploited to its potential, how long would it take to deplete this energy
resource?
Approxima te ly 5 b illion years.

1 D. Is this energy source renewed naturally; if so, at what rate?
The sun outputs approxima te ly 4*1019 G Wt.  The so lar hydrogen , he lium , carbon , nitrogen
and other e lements tha t participa te in fusion reactions in the sun will be converted to higher
mass nucle i over the rema ining 5 b illion years of the life of the sun.

2. Is there an Achilles’ Heel that could prevent application of this technology?
There are no obvious technica l “show-stoppers.”  If humankind refuses to expand past the
boundaries of Earth then utiliza tion of the Moon will be de layed or not occur.

3 A. What are the purely scientific /technological constraints?
Tota l power de livered to Earth will like ly be lim ited by the intensity-leve l of m icrowaves tha t
are sca ttered into the b iosphere from the power beams and the rerad ia tion from rectennas.
Severa l techniques have been proposed to lim it stray m icrowaves to a tiny fraction of the
transm itted power (higher frequencies, a irborne rectennas, others).

3 B. What are the environmental /sociopolitical /economic constraints,
Environmenta l – See 3(A).
Sociopo litica l – C oncerns over contro l of lunar resources and opera tiona l power sys-
tems; perce ived risks.
Econom ic – Initia l expend itures for R&D and commercia l sca le demonstra tions; who
pays, how much, and equity issues.

3 C. How can these barriers be overcome?
Environmenta l – There is rap id ly increasing use of m icrowaves within society.  Examp les
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include m icrowave ovens, ce llular te lephones, radar, FM rad io , and te levision.  IEEE and
other standards organiza tion support extensive and long-term stud ies of the sa fety of
m icrowave systems because the use of these systems is so important the world economy.

4. What are the smallest and largest scales at which this technology might be
economically applied?
LSP is pro jected to supp ly commercia l power a t leve ls as low as a  few hundred g igawa tts-
e lectric.  The maximum leve l is yet to be determ ined .  It is like ly between 20 ,000 to 100 ,000
G We .  U tiliza tion off-Earth can be many orders of magnitude larger.

5. What is the required infrastructure?
O n the Moon:   Mob il facilities to construct from lunar ma teria ls the so lar co llectors/
converters and m icrowave transm ission systems.
O n Earth:

Microwave rece ivers/rectifiers (rectennas) are needed on Earth.  The rectennas would
rece ive beams of 20 to 250 W/m2.  These lim its correspond to approxima te ly 2% to 20%
of the intensity of sunlight a t noon on a clear day.

Power storage must be provided on Earth if a  g iven rectenna rece ives a  power beam
only when the rectenna can view the Moon .  Approxima te ly 18 hr of power storage is
required .  Power storage increases the cost of load-fo llowing e lectric energy.
In orb it about Earth:  Load-fo llowing power is enab led by red irectors in orb it about Earth
to red irect beams from the Moon to rectennas on Earth tha t cannot d irectly view the
Moon.  Red irectors can, in princip le , e ither reflectors or retransm itter sa te llites.

6 A. What could be the growth path for this technology if there were no social
or political constraints?
Eng ineering and cost mode ls ind ica te tha t LSP can be insta lled a t ra tes in excess of 500
G We/Yr rece ived a t Earth a t a  tota l cost tha t is significantly less tha t a lterna tive power sys-
tems.

6 B. What could be the growth path for this technology taking social or
political constraints into account?
Tha t is not clear.

7. When would widespread application of this technology be feasible, and
what are the pre-conditions and drivers that might make it feasible?

The fundamenta l opera tiona l techno log ies have been feasib le since 1980 .  RDT&E on
the production techno log ies are needed .  The key production techno log ies can be fully
demonstra ted on Earth prior to dep loyment to the Moon .  Extensive techno logy bases
exist on the essentia l production techno log ies of excava tion, beneficia tion, g lass-form-
ing, chem ica l extraction, meta l-form ing, so lar ce ll production, e lectronic assemb ly, and
mob ility on the Moon .
Eng ineering and cost mode ls ind ica te tha t the LSP System can provide >  2 kWe/person
to everyone on Earth by 2050 a t a  lower cost per kWe-h than other systems.  The leve l of
power can decoup le the ma teria l needs (industria l goods, agricultura l products, fresh
wa ter) and services (transporta tion, commercia l and residentia l, etc.) of humankind from
the resources of the b iosphere and fossil fue ls.  Low cost and clean energy is needed
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world wide to enab le a rap id increase in g loba l prosperity.  Thus, the desire for prosper-
ity can drive the deve lopment of LSP.

8. What is the expected cost-trend for this technology (up /down / level)?
The long term trend is toward lower cost energy.  The LSP System is sim ilar to communica tion
sa te llites.  O nce the system is in p lace the power is continuously de livered with no add itiona l
costs except ma intenance .  There are no fue l or significant labor costs. The three ma jor
learning curves should progressive ly lead to lower costs as experience is ga ined in produc-
ing and ma intenance . They are:

Evo lving design and production experience on the Moon and via te leopera tions from
Earth;
Use of lunar ma teria ls in the log istics;
Use of lunar ma teria ls to build significant fractions of the lunar machines of production;
and
Production and emp lacement of rectennas on Earth.

9. What would the social, environmental, political, biogeochemical, etc.,
consequences of adopting widespread exploitation of this technology?

Socia l – Provide adequa te clean energy to remove energy supp ly as a  ma jor consider-
a tion in the growth and ma intenance of loca l, reg iona l, and g loba l econom ies.
Environmenta l – Net new clean energy would be ava ilab le to decoup le humankind’s
ma teria l and service needs from the b iosphere and remed ia te the damage tha t has been
done to the b iosphere .
Po litica l – The po litica l system can focus on clean econom ic growth and the expansion of
humanity to the Moon and beyond .
Biogeochem ica l – LSP System energy can enab ling clean recycling of ma teria ls, agricul-
tura l chem ica ls, and wa ter.

10. What are the misunderstandings about this technology commonly encoun-
tered when communicating with the public, policy makers, media, etc.?

Perce ived danger of m icrowave power beams.
H igh cost of returning to the Moon and constructing power co llectors and transm itters on
the Moon .
C omb ina tion of severa l techno log ies tha t are not linked into a sing le physica lly con-
nected system (ex.  compared to a coa l fired p lant connected by wires to your home or
factory).
It is not genera lly recognized tha t the properties of the common lunar ma teria ls and the
lunar environment are very we ll understood .
It is not recognized tha t the common lunar ma teria ls can be processed into power system
components using we ll understood terrestria l ma teria ls/ industria l techniques.

11. What are the high priority R&D issues in this area?
C onduct a  series of progressive ly larger and more rea listic demonstra tions of:

The Moon as a  p la tform for beam ing of m icrowave power to Earth (signa l leve l, sub-
commercia l leve l, commercia l leve l).
Transm ission of commercia l-leve l power beams from Earth to low orb it and back to a full
sca le rectenna on Earth.

O nce the lunar solar

power system is in

place the power is

continuously delivered

with no additiona l

costs except

ma intenance.

There are no fuel or

significant labor costs.



201

S E S S I  O  N   1

Innova tive Energy Stra teg ies for C O 2 Stab iliza tion

S E S  S I O  N  1

Demonstra tion of the production of key LSP lunar components (labora tory sca le , proto-
type sca le on Earth, and production-sca le on Earth and on the Moon).

12. What crises would force changes in human behavior toward development
of non-carbon fuel systems?

D isruptions of o il supp lies.
Another energy war.
Acce lera tion of C O 2 effects (g loba l warm ing, severe wea ther, etc.)
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Net new clean energy

would be ava ilable to

decouple humankind’s

ma teria l and service

needs from the

biosphere and

remedia te the damage

tha t has been done to

the biosphere.
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The Earth-based Renewab le Energy working group addressed issues for six renewab le tech-
no log ies.  The five issues they addressed are:

Lim iting Factors
Long Term C ost Trend
Technica l Feasib ility in 2050
Econom ic Feasib ility in 2050
Socia l Feasib ility in 2050

The six renewab le techno log ies are:
Hydroe lectric
G eotherma l
O cean Therma l
W ind
So lar Photovo lta ic
So lar Therma l

Some issues are not addressed for particular techno log ies because they are not app licab le
or because no informa tion was ava ilab le .

Hydroelectric
Limiting Factors

Environmenta l impact on se lected sites
H igh flow ra tes for peak e lectricity can have significant environmenta l impacts down-
stream
Lim ited sites (a lthough the use of sma ller genra ting p lants expands the number of ava il-
ab le sites)
Impact of froma tion of reservo ir on wild life , towns, etc.

Long Term Cost Trend
O nce very high up-front cap ita l costs are overcome , O &M costs should rema in steady

Technical Feasibility in 2050
Like ly to supp ly less than 10% of necessary power

Social Feasibility in 2050
Not like ly to be accepted on very large sca le because of potentia l environmenta l impacts
N IMBY (Not-in-my-backyard)

Geothermal
Limiting Factors

Loca l dep letion of energy source
Large sca le required because of high up-front exp lora tion costs
Lim ited hydrotherma l sites
Econom ics of hot dry rock sources (?)

Long Term Cost Trend
H igh up-front cap ita l and exp lora tion costs

A limiting factor for

hydroelectric is tha t

high flow ra tes for

peak electricity can

have significant

environmenta l

impacts downstream.
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Long-term costs will vary with improvements in turb ine techno logy

Technical Feasibility in 2050
Very large potentia l resource

Economic Feasibility in 2050
Not like ly

Social Feasibility in 2050
No significant socia l concerns

Ocean Thermal
Limiting Factors

Land-based sites lim ited by ava ilab le coastline areas tha t are constra ined because of
aesthetic and recrea tiona l concerns
C ost of ship- or p la tform-based OTEC facilities
Possib ility of large-sca le ocean tempera ture conversion

Long Term Cost Trend
Very high start-up costs to deve lop ship- and p la tform-based facilities
Land-based sites will become more expensive as supp ly becomes lim ited
Sea-based sites like ly to have steady costs

Technical Feasibility in 2050
H igh potentia l resource

Economic Feasibility in 2050
Not like ly because of high start-up costs

Social Feasibility in 2050
Positive benefits from aquaculture a t site
Nega tive impacts regard ing coasta l areas for aesthetic reasons

Wind
Limiting Factors

Interm ittency
Remote access to potentia l sites
Impact on b irds

Long Term Cost Trend
Decreasing due to technica l improvements
Site costs increase as best sites are used up

Technical Feasibility in 2050
H igh potentia l to sa tisfy a t least 10% of required energy

For wind power,

feasibility will increase

substantia lly with

increasing ability to

handle intermittency.
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Feasib ility increases substantia lly with increasing ab ility to hand le interm ittency

Social Feasibility in 2050
C oncerns about the dea th of b irds
Lim ited concern about the aesthetic va lue of windm ill-free hills

Solar Photovoltaic
Limiting Factors

Interm ittency

Long Term Cost Trend
Techno logy costs are decreasing over time
Input costs (silicone , etc.) may increase as sca le of production increases beyond current
leve ls

Technical Feasibility in 2050
Huge potentia l resource if d istribution and storage prob lems can be overcome

Economic Feasibility in 2050
C ompeting aga inst who lesa le price of other sources of e lectricity if used to supp ly grid
PV in build ings will compete aga inst reta il price of e lectricity and therefore may have
more potentia l

Social Feasibility in 2050
Desert aesthetics may p lay very sma ll ro le
Attitude genera lly positive – high-tech, quiet, clean, hidden in the desert, etc.

Solar Thermal
Limiting Factors

G eographic lim ita tions because of qua lity of sunlight required for opera tion (non-uni-
form d istribution of sites reg iona lly)
Large sca le

Long Term Cost Trend
H igh cap ita l cost
Lim ited potentia l for future improvement in costs – depends large ly on improvements in
turb ine techno logy

Technical Feasibility in 2050
Very large resource

Economic Feasibility in 2050
Not econom ica lly feasib le

PV in buildings will

compete aga inst

the reta il price of

electricity and

therefore may

have more

potentia l in 2050 .
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Social Feasibility in 2050
Socia lly acceptab le

Answers to the Questions Posed for the Six Technologies
Outlined Above:

1 A. What is the total energy exploitable by technology?
Hydroelectric

Theoretica l Potentia l of 44 ,000 TWh per year
Technica lly possib le amount of 20 ,000 TWh per year
Technica lly exp lo itab le amount of 15 ,000 TWh per year
1988 production of 2 ,000 TWh ,  0 .5 TW capacity

Geothermal
1024 joules within 5 km of the earth’s crust
Resources estima ted to be 1021 joules
Identified reserves of 1018 joules

Wind
Maximum estima ted potentia l, using 23% of the world’s land , is 500 ,000 TWh per year
Technica lly feasib le 53 ,000 TWh per year

1 B. What is the maximum rate of exploitation?
Not known.

1 C. If exploited to its potential. how long would it take to deplete this energy
resource?
Not app licab le .

1 D. Is this energy resource renewed naturally: if so, at what rate?
A ll six techno log ies are na tura lly renewed .

2. Is there an Achilles’ Heel that could prevent application of this technology?
Hydroelectric

Socia l resistance to deve lopment

Geothermal
Hydrotherma l: lim ited number of sites
Very large econom ies of sca le

Ocean Thermal
Lim ited qua lity of energy from sma ll tempera ture change

Wind
Interm ittency
Remote access

For wind, the

maximum estima ted

potentia l, using 23%

of the world’s land, is

500 ,000 TWh per

year.  It is technica lly

feasible to genera te

53 ,000 TWh per year.
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Solar Thermal
Q ua lity of sunlight required a t site
Large econom ies of sca le for power tower and trough systems

Solar Photovoltaic
Interm ittency
Remote access

3 A. What are the purely scientific /technological constraints?
Hydroelectric

Lim ited sites (a lthough the use of sma ller genera ting p lants expands the number of ava il-
ab le sites)

Geothermal
Loca l dep letion of energy source
Large sca le required because of high up-front exp lora tion costs
Lim ited hydrotherma l sites

Ocean Thermal
Land-based sites lim ited by ava ilab le coastline areas tha t are constra ined because of
aesthetic and recrea tiona l concerns
Possib ility of large-sca le ocean tempera ture conversion

Wind
Interm ittency
Remote access

Solar Thermal
G eographic lim ita tions because of qua lity of sunlight required for opera tion (non-uni-
form d istribution of sites reg iona lly)
Large sca le required

Solar Photovoltaic
Interm ittency
Remote access

3 B. What are the environmental /sociopolitical /economic constraints?
Hydroelectric

Environmenta l impact on se lected sites
H igh flow rates for peak electricity can have significant environmenta l impacts downstream
Impact of forma tion of reservo ir on wild life , towns, etc.

Geothermal
Econom ics of hot dry rock sources
Large econom ies of sca le

For ocean therma l,

land-based sites are

limited by ava ilable

coastline areas tha t

are constra ined

because of aesthetic

and recrea tiona l

concerns.



S E S S  I  O  N  1

A  S P  E  N    G  L O  B A  L   C  H  A N  G  E   I  N  S T I  T U  T  E

Element s o f Change 19 98208

Ocean Thermal
C ost of ship- or p la tform-based OTEC facilities

Wind
Impacts on loca l b ird popula tions
Reduced aesthetic va lue of sites

Solar Thermal
Large econom ies of sca le

Solar Photovoltaic
Reduced aesthetic va lue of sites

3 C. How can these barriers be overcome?
Hydroelectric

D ifficult to overcome barriers

Wind
Deve lopment of storage capab ility to address interm ittency
Improved T&D techno logy

Solar Thermal
D ifficult to overcome barriers

Solar Photovoltaic
Deve lopment of storage capab ility to address interm ittency
Improved T&D techno logy
R&D on improved film ma teria ls

4. What are the smallest and largest scales at which this technology might be
economically applied?
Hydroelectric

Large sca le systems currently with future emphasis on sma ller sca le systems

Geothermal
Large sca le only

Ocean Thermal
Large sca le only

Wind
Range of sca les feasib le

Solar Thermal
Large sca le only
D ish techno logy feasib le on sma ller sca le

For hydroelectric,

large sca le systems

are currently most

common, but future

emphasis should be

on sma ller sca le

systems.
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Solar Photovoltaic
Range of sca le feasib le

5. What is the required infrastructure?
Hydroelectric

Transm ission and d istribution from site to consumers or grid

Geothermal
Transm ission and d istribution from site to consumers or grid

Ocean Thermal
Transm ission and d istribution from site to consumers or grid
Ship- or p la tform-based OTEC systems

Wind
Transm ission and d istribution from site to consumers or grid
Storage or other means of producing e lectricity to cover interm ittency of supp ly

Solar Thermal
Transm ission and d istribution from site to consumers or grid

Solar Photovoltaic
Transm ission and d istribution from site to consumers or grid
Storage or other means of producing e lectricity to cover interm ittency of supp ly

6 A. What could be the growth path for technology if there were no social or
political constraints?
Solar Photovoltaic

D istribution of systems for use in areas without access to the grid
Penetra tion of PV in build ings linked to the grid
Penetra tion of hybrid PV and hydrogen (or other storage /genera tion options) systems
SPS or lunar-based systems used in conjunction with terrestria l systems

7. When would widespread application of this technology be feasible, and
what are the preconditions and drivers that might make it feasible?
Hydroelectric

Currently feasib le

Geothermal
Currently feasib le for large sca le opera tions

Wind
Currently technica lly feasib le

Solar Thermal
Currently technica lly feasib le for large sca le p lants

For a ll six renewable

technologies

addressed, the

required infra-

structure is for

transmission and

distribution from

the site to consumers

or grid.
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Solar Photovoltaic
Technica lly feasib le now, but not econom ica lly feasib le until 2030

8. What is the expected cost trend for this technology (up /down / level)?
Hydroelectric

O nce very high up-front cap ita l costs are overcome , O &M costs should rema in steady
Improvements in turb ine techno logy will decrease long-term costs

Geothermal
H igh up-front cap ita l and exp lora tion costs
Long-term costs will vary with improvements in turb ine techno logy

Ocean Thermal
Very high start-up costs to deve lop ship- and p la tform-based facilities
Land-based sites will become more expensive as supp ly becomes lim ited
Sea-based sites like ly to have steady costs

Wind
Decreasing due to technica l improvements
Site costs increase as best sites are used up

Solar Thermal
H igh cap ita l cost
Lim ited potentia l for future improvement in costs — depends large ly on improvements in
turb ine techno logy

Solar Photovoltaic
Techno logy costs are decreasing over time
Input costs (silicone , etc.) may increase as sca le of production increases beyond current
leve ls

9. What would be the social, environmental, political, biogeochemical, etc.
consequences of adopting widespread exploitation of this technology?
Hydroelectric

Environmenta l impacts: flooding of na tura l or developed areas to crea te reservoir, changes
in fish m igra tion, change in downstream supp ly of wa ter for agriculture , etc.
Socia l impacts: recrea tiona l benefits and costs, change in aesthetic va lue of area , re lo-
ca tion of dwe llings for crea tion of reservo ir, potentia l loss of life from dam fa ilure
Biogeochem ica l impacts: bacteria l decomposition of b iomass in flooded areas

Geothermal
Environmenta l impacts: d isruption of site to build facility
Socia l impacts: Neg lig ib le
Po litica l Impacts: Neg lig ib le
Biogeochem ica l impacts: Unknown

Improvements in

turbine technology

will decrease

long-term costs for

severa l renewable

technologies.
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Ocean Thermal
Environmenta l impacts: unknown impact on ocean popula tion, potentia l benefits from
aquaculture
Socia l impacts: Neg lig ib le
Po litica l Impacts: Neg lig ib le
Biogeochem ica l impacts: potentia l benefits from aquaculture , d isruption of ocean en-
ergy ba lance

Wind
Environmenta l impacts: nega tive impact on loca l b ird popula tions
Socia l impacts: slight reduction in aesthetic va lue of sites
Po litica l Impacts: Neg lig ib le
Biogeochem ica l impacts: Unknown

Solar Thermal
Environmenta l impacts: Neg lig ib le
Socia l impacts: reduction in aesthetic va lue of sites
Po litica l Impacts: Neg lig ib le
Biogeochem ica l impacts: Unknown

Solar Photovoltaic
Environmenta l impacts: land-use changes for so lar co llection sites
Socia l impacts: reduction in aesthetic va lue of sites
Po litica l Impacts: Neg lig ib le
Biogeochem ica l impacts: Unknown

10. What are the misunderstandings about this technology commonly encoun-
tered when communicating with the public, policymakers, media, etc.
Solar Thermal and Solar Photovoltaic

“So lar power is free .”

11. What are the high priority R&D issues?
Hydroelectric

Management of impact on fish popula tions

Geothermal
Reduction of exp lora tion  and drilling costs
Efficiency of conversion process

Wind
Improvements in variab le-speed opera tion
Efficiency of windm ills (number of b lades, etc.)

Solar Photovoltaic
Efficiency of film

A common

misunderstanding is

the idea tha t “solar

power is free.”
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12. What crises would cause a regime change?
For all six renewable technolgies

Loca l a ir qua lity issues
Fossil fue l resource dep letion
C lima te change impacts: tempera ture change , sea leve l rise , etc.

13. Resources
Source for # 1a : W illiams et a l. 1993 “Renewab le Energy: Sources for fue l and e lectricity.”
United N a tions.

IPC C 1992 , Working Group II

An environmenta l

impact of wind power

is a possible nega tive

effect on loca l bird

popula tions.

Bob Wa tts leads a  group d iscussion to p lan a forthcom ing book
on innova tive energy stra teg ies for C O 2 stab iliza tion .

Michae l Schlesinger d iscusses adaptive
decision-making stra teg ies.
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Appendix B
Options for Providing Future Energy
Options For Providing 20 TWe (=2kWe/person • 1010 people) or 60 TWt by 2050
©1999 D avid R. Criswe ll

Editor ’s Note
During this AG C I Workshop , the participants considered a broad range of g loba l primary
power sources.  The tab les on the fo llowing five pages are the result of the p ioneering work
of one partipant, D avid Criswe ll, to quantify the potentia l contributions of a  variety of energy
sources.  While this work should be regarded as pre lim inary, it does ind ica te the kind of
cross-cutting issues invo lved in g loba l energy systems.

Table B1
Mixed and carbon-based sources of thermal and electric power systems

1
Power System

1
Mixed System
Ref. 4, 5

2
Bio-resources

3
Peat

4
Coal

5
Oils/Gas

2
Maximum
energy inventory
on Earth
(TWt-y)

Non-renew
≤ 3,200
@ 2050

< 230
@ 2000

< 60
@ 2000

<4,500
@ 2000

<1,300
@ 2000

3
Annual
renewal rate
(TWt)

7.7
System output

< 50
(primarily wood)

~ 0

0

0

4
Key
non-technical
issues
@  ≤ 20 TWe

• All issues
    (#2-19)

• Cost
• Less biodiversity
• Political objections

• Destroy
    - wetlands
    - Agricultural uses

• Coal lost to future
• Land recovery
• Environ. impacts

• HCs lost to future
• CO2

5
Limiting
technological
factors
@  20 TWe

• All issues
    (#2 - 19)

• Supply
• Mass handling
• Nutrients
• Water
• Land Use

• Supply
• Transport
   (< 100 km)

• Supply
• Pollution control

• Supply

6
Deplete or
exhaust (Y)
@  20 TWe
or 60 TWt

<100
for coal @2050

≤  3

< 1

≤  100

≤  30

7
Pollution
products

• All issues
    (#2 - 19)

• Smoke
• Methane
• Diseases
• Erosion
• Increased CO2

• Dust
• Fire ash

• CO2

• Ash, acids,
    heavy metals
• Waste heat

• CO2, acids
• Waste heat

8
Long-term
trend of
total costs
@  20 TWe

• Rising
• All new systems
   by 2150

• NA
   (Not applicable)

• NA

• NA

• NA

9
Feasible
electric output
by 2050
in X • TWe

~11
Ref. 4 Case 2A used
in #1 - #19

< 0.2

~ 0

• ≤   4
Steady to decreasing

• ≤  8
Sharply decreasing
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Table B2
Renewable terrestrial systems in 2050

1
Power System

6
Hydroelectric

7
Tides

8
Waves

9
Ocean thermal

10
 Geothermal

11
Wind

2
Maximum energy
inventory
on Earth
(TWt-Y)

<14

0

0

~2 x 106

Perhaps ≤ 4,000
affordable to access

≤  9 x 106

(global in top 7 km)

0

3
Annual
renewal rate
(TWt)

<5

< 0.07
(tech. feasible)

1 to 10
(global deep waters)

~30

<30 global
Mostly low grade

< 100 on land
~ TBD off-shore

4
Key
non-technical
issues
@  ≤ 20 TWe

• Costs
• Multi-use - Site
    -  Fresh water

• Costs
• Shoreline effects

• Costs
• Shore processes
• Navigation

• Costs
• Oceans circulations
• Cooling surface
    waters

• Costs
• Geologic risks
• Reinjection effects?

• Costs
• Intrus-iveness
• Biota hazards

5
Limiting
technological
factors
@  20 TWe

• Sites
• Rainfall
• NSA
   (Not stand-alone)

• Sites
• Input
• NSA

• NSA
• Good sites

• Sites
• Low efficiency
• Bio-fowling
• Transmission
    to shore

• Local depletion
• Flow resistence
• Efficiency

• Diffuse & irregular
• NSA
• 10 MWe/ km2

    for wind farms

6
Deplete/
exhaust (Y)
@  20 TWe
or 60 TWt

< 1

< 0.01

< 0.1

< 200
@ 7% conv. effic.

< 1
@ 10%effic.

Ample global
supply

7
Pollution
products

• Sediment
• Flue water
• Dam failure

• Change local tides
• Fish kills?

• Transfer
    -  Gases
    -  Nutrients
    -  Heat
    -  Biota

• #7 above
• OTEC
    -  mass
    -  rusts
    -  fowling
• La Niña effects

• Waste
    -  heat
    -  minerals

• Land Use
• Noise
• Modify winds (?)
    -  local
    -  global

8
Long-term trend
of total costs
@  20TWe

• NA

• NA

• NA

• NA

• NA

• Possibly down
• Requires low
    cost storage
    & transmission

9
F e a s i b l e

electric
output by 2050
in X • TWe

< 1.6

≤  0.02

< 0.1
or much less

< 0.1

< 0.5
on continents
@ 10% effic.

≤  6
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Table B3
Terrestrial Solar Power Systems

1
Power System

12
Terrestrial
solar power
(thermal)
Ref. 4, Case C

13
Terrestrial
solar power
(photovoltaic)

2
Maximum
energy inventory
on Earth
(TWt-y)

0

0

3
Annual
renewal rate
(TWt)

≤  1 to 20 MWe/km2

output of
regional system

≤ 1 to 20 MWe/km2

output of
regional system

4
Key
non-technical
issues
@  ≤ 20 TWe

• Very high
    systems costs
• Local climate
    change
• Weather

• Very high
    systems costs
• Area climate
    change
• Weather

5
Limiting
technological
factors
@  20 TWe

• Irregular flux
• NSA

• Irregular flux
• NSA

6
Deplete or
exhaust (Y)
@  20 TWe
or 60 TWt

> 109

> 109

7
Pollution
products

• Waste heat
• Induced climates
• Production wastes
• Land use

• Waste heat
• Induced climates
• Production wastes
• Land use

8
Long-term
trend of
total costs
@  20 TWe

• Possibly down
• Slow learning

• Down
• Slow learning
    (50 Y for cost/10)

9
Feasible
electric output
by 2050
in X • TWe

< 3.3
• Sum of 12 & 13

• Above (#12)

References for Tables B1-B5
Ref. #1  Criswe ll, D. R. and Wa ldron, R. D. , 1991 , “Results of ana lysis of a  lunar-based
power system to supp ly Earth with 20 ,000 G W of e lectric power,” Proc. SPS’91 Power from
Space: 2nd Int. Symp ., pp . 186-193 .  A lso – in A G loba l Warming Forum:  Scientific, Eco-
nomic, and Lega l O verview,  G eyer, R. A . , (ed itor) CRC Press, Inc., 638 pp . , Chapter 5 , pp .
111-124 , 1991 .

Ref. #2  Criswe ll, D. R. , 1998 , So lar  power  system based on the Moon . In P. E . G laser et a l.
(Eds.), Solar Power Sa tellites: A Space Energy System for Earth. W iley-Praxis, Chichester, UK ,
pp . 599-621 .

Ref. #3  Criswe ll, D. R. , 1999 in prepara tion, Energy Prosperity W ithin the 21st C entury:
O ptions and the Unique Ro les of the Sun and the Moon , Robert Wa tts, ed itor,  based on the
1998 Aspen G loba l Change Institute Workshop on Innova tive Energy Systems for C O 2 Sta-
b iliza tion

Ref. #4  Nekicenovic, N . , A . G rub ler, and A . McDona ld (ed itors), 1998 , G loba l Energy
Perspectives, 299 pp . , C ambridge University Press.

Ref. #5  Trinnaman , J. and C larke , A . (ed itors), 1998 , Survey of Energy Resources 1998 ,
337 pp . , World Energy C ouncil, London .
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Table B4
Nuclear power systems

1
Power System

14
Nuclear fission
(No breeder)

15
Nuclear Breeder
(U238/Th)

16
Nuclear Breeder
(U in sea water)

17
Nuclear
fusion – fission
or accelerator
(D-T with U-Th)

18
Nuclear fusion
(D-T)

19
Nuclear fusion
(D-3He lunar)

2
Maximum
energy inventory
on Earth
(TWt-y)

< 430
@ < 130 $
per kg U

≤ 33,000

< 6*106

@ 3.3 ppb of U

< 1 x109

>>1 x 109

≤  100 to
1 x 105

3
Annual
renewal rate
(TWt)

0

0

0

0

0

~ 0
(9.5 kg/Yr)

4
Key
non-technical
issues
@  ≤ 20 TWe

• Full life cycle costs
• Political acceptance

• Above
• Prolif-eration

• Above
• Higher uses

• Above

• Above

• Lunar mining
• Gas releases

5
Limiting
technological
factors
@  20 TWe

• Wastes control
• Reactor life time

• Above

• Above

• Above
• Rate of fuel
    production per
    unit of power

• Practical fusion
• Reactor life time

• Above
• 3He inventory

6
Deplete or
exhaust (Y)
@  20 TWe
or 60 TWt

≤  7

≤  550

≤ 300,000

18,000

> 1*109

• Lithium limited
(tbd)

≤ 1 to 5,000

7
Pollution
products

• Radio-active
    - fuels
    - parts
    - wastes

• Above
• Weapons grade
    materials

• Above

• Above
• Radioactive
    (much lower)

• Above (#16)
• Tritium
• Waste heat

• Above

8
Long-term
trend of
total costs
@  20 TWe

• NA

• Perhaps constant
or decreasing

• Above (#14)

• Possibly
Decreasing

• TBD

• TBD

9
Feasible
electric output
by 2050
in X • TWe

< 1.5

• Contribution to 13

• Above

• Above

• 0 likely

• 0 likely
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Table B5
Space and lunar solar power systems

1
Power System

20
Geo-Solar
Power Sats
(from Earth)

21
LEO/MEO-
Solar Power Sats

22
Beyond-Geo
Solar Power Sats
(with lunar or
asteroidal
materials)

23
Lunar  Solar
Power System

2
Maximum
energy inventory
on Earth
(TWt-y)

• 0
    with power relay
    satellite
• ~ 0.01
    with storage

• 0 with sat
    to satellite
    re-beaming
• 0.01 – 0.05
    with storage

• 0 to 0.01
    with excess
    capacity in space

• 0 with EO
    beam redirectors
• .01 moon eclipse
• 0.04
No EOs

3
Annual
renewal rate
(TWt)

20 to 250 We/m2

times rectenna area

≤  250 •D We/m2

 times rectenna area

•D = duty cycle
.01 <D  <0.3

20 to 250 We/m2

 times rectenna area

20 to 250 We/m2

times rectenna area

4
Key
non-technical
issues
@  ≤ 20 TWe

• Life cycle costs
• Fleet
    - visible
    - variable
    - life
• System likely
    not NSA

• Life cycle costs
• Fleet
    -  visible
    -  variable
    -  life time
• NSA

• Life cycle costs
• Fleet life
• Potential for
    stand-alone system

• Life cycle costs

5
Limiting
technological
factors
@  20 TWe

• Geo-arc
• Managing
    - satellites
    - shadows
• Load following

•Managing
    -  satellites
    -  shadows
    -  debris
• Load following
• Microwave
    spectrum
    availability

• Very large
    deep space
    industry
• Power use on Earth

• Area of Moon
• EO beam redirector
    satellites
• Power use
    on Earth

6
Deplete or
exhaust (Y)
@  20 TWe
or 60 TWt

> 109

> 109

> 109

> 109

7
Pollution
products

• Shadowing Earth
• New sky objects
• Orbital debris
• Micro-wave noise
• Transport
    - noise
    - exhausts

• Orbital debris
• Earth
    - shadow
    - illuminate
• Micro-wave noise
• Transport
    - noise
    - exhausts

• New sky objects
• Micro-wave noise

• Debris of
    Redirectors
• Micro-wave noise

8
Long-term
trend of
total costs
@  20 TWe

NA
Down from very
high initial costs

• Up due to
    maintenance
    for debris

Down

• Potentially
~ 0.1 ¢/kWe-h

9
Feasible
electric output
by 2050
in X • TWe

≤  1 even with
~100 decrease in
Earth-to- oribt
transport costs

≤  0.1

<#20

≥  20
to ~1,000 in
22nd century
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