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Figure .3

GROWTH OF ATMOSPHERIC CO2 AND AVERAGE. GLOBAL
TEMPERATURE ]NCBEASE AS A FUNCTION OF TIME
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Fl.gure 5
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Figure 5

Estimates of the Chaage in Global Average Surface Tenperature
Due to Various Changes I-n CO2 Concentratioa.' Shading Shows

Present Range of Natural Fluctuatioas
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Hajor Research PrograBs Under$ay

the DepartEent of Energy (DOE) whlch ls actlng as a focal polnt for the u.s.
governEeDt tn thls area ls plannlng to lssue tHo reports to the sclentlfle
iooounity and lo pollcy Eakers. I?re ftrst one, sle6arlzlng- five years of
study is due ln 1984, and th. secoBd oDe tn 1989. the current plan 18 to
lnvest approrlnately 1O years of research and assessBent prlor to recoEoendlng
polley declslon3 1n lhls area *h1ch lDpac! Sreatly on tbe energy Deeds and

ic"naitos for the U.S. and the rprld.' I?te strateglc eleuents of thc Unlted
Ststes netional tota). COz PrograE are suonarl zed ln Flgure 8.

uucb of the goverruoeBt sponsored effort to date bas focused oa dellneatlng
tlre research needed to enhance our understandlng of bhe PoteltXal problens.
AccordlDgly, a nuEber of rDrkshoPs and s)'lPosla uere held to th13 end' Itre
consensui of the key research needs ls suonarized ln Flgure_ 8 under the
headlng nResearch PrograD Rerul.ts. n To date, Eost of the research effort hat
been concentraged on the f!rs! t$o research categortes. It shoul.d be noted'
hoHever, that lbls research started ln 19?9 and tbere'are few results to
report. the Eost aabltlous proJect belng conducted at thls tlae ts calIed
iSianslent Tracer ln the Ocean (TTO).tt Thls researcb' Jolntly funded by the
DOE and the Nalional Sclence Foundatlon (ISF) ' ls a 4H$ ProJect to lnvestlgate
ocean nixlng processes in order to enhance the ulderstandlng of hott surfacc
nater CO- ls olred 1n0o lhe dFFp ocean"^ Tracers noroally found ln the
ocean. s6ch as t*c, 5H, 5He, o'Kr and J'Ar, are oonltored 14 the North
Atlantic Ocean froB oceanographl'c veasels.

In addltlon to tbe E1:lng of surface uaters lnto the botton layers, carbon can

be added to deep uaters by lbe olldatloD of organlc Batter and tbe dissolutlon
of cal.clun carbonatr. In order to seParate these three processes and deter-
ulne thetr.relatlve slgnlflcance, prectse total, carbon dtoxlde' al.k3llBlty.
and calclun concentratloa data aie needed to construct and gest natheoatlcal
oodels. Prellninary analysls of the 1lD1!ed dala lndlcates that (l) lateral
processes dor0lnale the dlstrl.butlon of calcltu and lnor8anic carbon ln thc
i""p o"""o" array fron the polar reglons, (2) the anount of caleltu carbonate
dissoclated ln lhe deep oceans ls only a fractlon of tbe prevlously esttDated
value, and (3) the excess COr Day havc penetrated farther lnto tbe deep

oceans tban the currently avElfable Dodels predlct.

u1tlEate1y. CO^ ln the a1r should flnd lls nay lnto tbe deep ocean sedl-
uents. As'curFently underslood, lhe deeper sedl.ents have thus far been

l1ttIe affected by tbe fossil fuel era because of the slor B1xln8 of the
ocean. A group of sclentlsts exaolned.the contentlon that sotoe shalloH $ater
sedloents eoulb no11 be dissolvlng and thUs provldl.ng a sink for atoosphertc
CO^, and concluded tha! the extent of dl'ssolutton ls not great enough to
hafe a large effect on the 81oba1 carbon cycle.

It nould bd helpful lf rellable estinates of the CO, concentratlon ln the alr
could be obtatned for the yesrs Prlor Eo 1957, wtren-the Dodern Deasurerents

EC-11-5/ 412
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aslnllarveintdethanelsprluarllyeDl.ttedtotheetDospherevlathe
anaeroUfc ferointatlon of oiganlc Daterlal. The contrlbutlon of anthropogenlc
actlvltles (rnlnlng, tnduElrlal processes, and coubustton) are lt to 101 of tbe
iot"f "t o"pherlc Eethane sourcls. lbe atoospberlc destructlon of nethane ls
iore rapla tnan that of co' and tends to yle1d CO, water vagor and fornalde-
tia.. i1so. Dethane ls Uefleved to contrlbute to tropospherlc ozone foreatton
ly-oifaf"fni to COr. Ihe CO tn the atnosphere can be traced to anthopogenlc

;";;;;-ito-a 6vll and to the atnospherl- oxidatlon of nethane (30f). ltre
iailr co sfnk 1s orldation (?o to 90t) to Cor' -One-can lher:.fore conslder
CO-anO nettrane as prdcursors to COr. Aecordingly, CO and nethane ultlnately
contriUute Co eJ,lnagologlcal effec€s as part of atEospherlc CO2. fre-Nrg' 

-
ontheotherhand,EaynotbedtrectlyrelatedtofossllfuelEolbustloE.()nc
siiouia cuestron rhetnir the other ngreenhouser Sases should be consldered part
ii tir. iO^ orobleo ln vtex of the uncertalnttes regardlng tbelr conncctlon

l" "i."gvtu'"". 
rt ls not clear, at tlris tlDe, irhether thetr- effect crould be

addltlve ra C0 Z.

Forecast Based Fuel Exxonrs Long R ook

as part of the Exxon 2l3t centurv studv, ttte-rat".3f l:::.1I-1!:] 99a.""i*
"ioi" 

,"" esttualed ln late 1981. sPeclfl'ca1ly, the 'HtEh Casen volunetric
a"i"-p"""la"O by the Corporate Plannlng DePartr1ent htas used to estlr.ate tbe
pot"nif"f growtfi of atuospherlp CO^. The volleetrlc data.Has con-verted to
;;-;;;;;t iasts (Quaas/a = 1o') st6lvear) using 5'55 HBtu/B for q's" 5'64
frit"Te lor canaaa and 5.85 llBtujfB for alf otber countrles. In addltlon' a

shale proc"sslng loss r,as added .uslng a consgant rate of 27.51 ot the prbary

"n""gv-oon"urptron 
froo sha1e. tbl.s t|as based on the assueptton thst above

;;ili ;;;;;aing of relatlvelv hlslr qualitv oif share ()30 gallons/lon) rourd

iL- i"oo"et"a dih a thernal elftclency of 801, and 1n-sl!u recovery of rela-
;i";it-;;; oti sbale (>15 sallons/ron) rould be aecouplished vtbh a rhet'nar

"irioi"iroy 
ot 651. These efflctencles were averaged over the U.S. resource

;;;;tb arrr"e at ?e.5t. Table 1 suogarizes the Prl&ary energy consuDPtlon of
fossll fuels.

The lotal carbon dlorlde that can be eBltted frou prioary fossll fuels rns
estlnated uslng the followlng factors:

Ot1 = 1?0 lb COrlHBtu = 21-0 l'ltCr/Qtrad.

cas = 115 lb CO^/llBtu = 14.2 HtC/Quad.
z.

Coal = 20? lb COrlMBtu = 25.6 l{lClQuad.

In addltion, ttte quantlty of carbon dloxide that could be eoltted froe the
deconposltlon of carbonate Blnerals ln processlng U.S. o11 shale was estlnated
Uy avlraglng thls potentlally large CO, source over the GreeD Rlver foroa-
tion resource base. It should be nobei that Poorer shale resources tend to

mtffiI-ru on netrlc tons of carbon.

EC-11-5/A15



PRIMARY ENERGY CONSUMPTION OT' FOSSIL FUELS
, 2lst CENTURY STUDY--HIGH cAsE

Quads,/a

1979 1990 . 2000 201s 2030 2050Year

oil :.-lT.s. 32.09 33.32 ,. 32.01 35.35 36.35 36.80Canada 4 . 06 4 .30 4 .7L 5.62 6.09 5.g7others 96.62 111.93 12S.16 139.63 t4B.5Z L3Z.7S
i

Totar L37 -77 14 9 . 55 164 . ag rB0. 60 r9t.0t Lls.sz
Gas--T.s. 20.95 17.93 17.24 .15.98 t6.g7 L7.42Canada 1.83 2.5L" 2.88 3.49 4 .38 4.73others 30.88 55.54 74 .95: 96.24 99.65 log .68

Total 53.66 75.88 95.07 lo5.7o 120.90 130.83 ,!oCoal ,-- u.s. 14.69 2O.L4 29.66 32.19 43,12 55.10Canada 0.80 I.37 1.90 2.72 3.62 5.3Sothers 60.17 81.44 103.90 125;55 1?5.55 261.14

Total 75.66 102.95 134.54 ', 165.41 222.54 321 .59
I

Fossil Fuels

Iworld Total 267.09 328.38 3g4.4.g ' 45r.?1 534.45 62i.g4

Rate t/a 1.90 1.85 9.91 1.I3' 0.81



-21 -

eEit tluch more CO^ fro! cerbonate loinerals than tbe loore deslrable hlgh
quality resources for the saDe quantlty of shale o11 produced. It lfas further
assuned that 65t of tbe carbonate ldneral's decoDPose durlng processlng. ftls
very conseryatlve assuEptlon ls based on the average.of 1001 decooPositlon
that Eay occur ln thot spotsn during ln-situ recovery and 3Qt decoBPosltlon
tbat ls generally observed ln above ground retortlnE. lable 2 stnoarlzes the
total CO- produced Ln GEC/a, Please note that CO, eDlsslons resultlng
fron Co^'nlxed wlth natural 8as ln producing we113 can be substantlal' but
due Lo €he unavallablltty of quantltative data thts factor l{as assuled to
contrlbute about 5t addltlonal CO^ currently rislng to 151 ln the year 2050.
Thls trend of C0, eontaninatlon of natural 8as ls cooslstent with recent Euon
exper1'ence.

The contributions of sbale o11 to prluary fossiL fl)el energy and prlBary
fossll fuel carbon are sunDarlzed ln Teble 3. lttls !ab1e shot s that the
fractlon of shale o11 C0, euisslons to total C0, ls greater.'than the
corresponding contrlbutlSn of shale o11 energy €o total energy. Table 3 also
indlcales the breakdoHn between co, generated in Produblng and consuning
shale o11, and that due to carbonaEe olneral decouposltlon.

Table 4 presents the. estiEated total quantities of Cor eEltted to the
environnent as G!C, the grorbh of C0. 14 the atnospheFe ln ppn (v) ' and
average g1obal tenperaLure lncreare !n "C over 19?9 as the base year. In
order to estlEate the bulldup of atBosPherlc Coo, tt r.ra 3 essuned ttlat tbeuI ugl 99 4.e we--esl, v. i'rYYt..Y. -Y vY,Jt

average atoospherlc COo eonc-atratlon ras 33? pFE ln 19?9. f?re fractton of
io^' "I.*uf "teo 

tn ttrezatoosphet':e vag asstned !o be 0.535 of the total fossll'
fu6t CO-. Thts nuDber 1s derlved fron tbe observed hlstorlc ratlo of total'

2

"ii"""i3ir"-io^ ;;;i"i rossu fuel. Co.. rnheren! ln thls nrnber ls the

"""rrbtion tha€ bioaass and ceuen! prod6ctlon did not contrlbute to st4ospberlc
cO^. It should be noted. hoHever, that thls Dethod of calculatlon Hould
te6a to predic! total dnlhroPogenlc CO, as ]ong 8s the ratto of blonass and
cenent roanufecture to fossll fuel cons8nption reoalns constant. ltre average
teEperalure lncrease since 1979 nas estlEated, assullng Chat a doubltnS of
CO. nould cause an average g1oba1 tenperature lncrease of 3.0- 3 1.5-C. It nas
a16o assuned that fosEll fuel carbon Hould SroH at a rate of 0.87/a betneen
2050 ana 2080. r.trich ls a reasonable decrease froo tbe 0.977/a rate Projecled
betxeen 2030 and 2050. fhe fo oi lng section analyzes the lnpllcatlons of tfie
lenierature rise due to COA doubllng wlth resPect to lnltiaL detectlon of a
greenhouse effect.

one variatlon of the Hlgh-Case scenarlo nas considered. It lras assuEed that
adequate quantttles of o11 and gas $ould be dlseovered to exactly natch those
estioated to be produced froa synthetlc fuels ln the Hlgh Case scenarlo. and
thus balance the prlnary energy needs of the 21st Century Study. Ibe net
quantlty of carbon that woul.d be saved ls s"nrrrarlzed ln Table 5. Itre lnpllea-
tlons of the syofuel losses are conpared Hitb the Hl.gh Case ln Figure 3. I?re
overall lnp.act Ls rel.attvely nlnor.

EC-11-5/ A'-t6



Year

Total O11

Gas

oil
.aInorganrc

Carbon

. TABLE2, !

t.

PRIMARY CARB9N DIOXIDE'(AS CARBON} FORMATION FROM FOSSIL TUELS

. .21SC CENTURY STUDY_-HIGH CASE

Gtcr/a

L979 1990 2000 2015 2030 2050

2.90 3.15 3.47 . 3.79 4.0I ' ' 3.69

0.01 0.05 0.19 0.2'l 0.40

2.9O 3. L6 3 .5? 3 .98 4 .28 4. 09

0.76 l.0g 1.35 1.50 L;72 1.86
I

N
N
ICO- in Gas 0.04 0.l1 0.L5 O.18 O.22 0.28z

Tota1 Gas 0,80 l. Ig I .50 r .68 I .94 2.L4

Total CoaI 1.93 2.64 3.45 4.24 5.70 8.24
?l

World Tota1 5.63 7.00 8.47 9.90 11.92 L4.47

Rate l/a 2.00 L.92 1. 05 L.25 0.97 0.80



U.S. Shaler Quads/a

Other Shale

Total

TABLE 3

OIL SHAIJE I'IQUID FUELS
PRIMARY ENERGY CONSUMPtTON EUO

CARBON DIOXIDE (ES CARBON} PRODUCTION
21st CENTURY STUDY--HIGH CASE

Year L979 1990 2000 2015 2030 20s0

-- l.0I 3.65 L4 .38 , 20.66 30.79

0.2I L.49 2.56 5.55 1I.10

,.,-- 1.21 5.14 16.94 26.2L 41. g9

t Prlnary Shale EnergylPrlmary. 0.35 t.3O 3.?5 {.90 5.6tFoaall Fuels Energy 
,s

shale Carbon, ctc,/A . O.O3 O.I1 0.36 0.55 0.88 ?
Carbonate carbon 0.01 0.05 0.19 O.27 0.10

.Toral o.o4 0.15 0.55 0.82 1.28

t Prlnary Shale Carbon/Prfunary 0.55 I.89_ 5.55 S.gZ , 8.05FoBsll Fuel Carbon

I



TADLE 4

ESTIMATED ATMOSPIIERIC CO2 CONCENTRATION AND
AVERAGE IrEMPERATURE INCREASE
2lst CENTURY STUDY--}IIGH CASE

Year
Emitted, GtC Stored in Atmosphere,.GtC

Incremental Cummulative

Atmospheric
Concentration, ppm j.

L979

1990

2000

20L5

2030

2050

2080

2090

69.3

77 .2

137.5

153.3

263 .5

490.6

191.3

6g.3

146.5

284.0

447 .3

710. B

120r.4

L392.7

37.1

41.3

73.6

87 .4

14L.0

262 .5

102.3

7L5

7s2

793

857

954

109s

t35B

'ire o

17.5

19.5

34.7

4L.2

65.5

L23.7

48.2

337

355

374

409

450

s16

640

588

Average
'fempem ture

Increase, oC

0

0 .22

0.{5

0. 8r'

L.25

1. B4

2.78

3.09

IN
F,
I



Year

Shale Loss
Carbonate DecomPositlon

Total Stale

r Coal Loge

Total Synfuele !,,oaa

Rate t,/a

Incremental CO.r' GtCz

CummulatLve CO,', GtCz

' o;00{ 0.025 0.069 0.114 0.18r
0 . 0I3 0. 04 7 0. r8 6 9.2Q7 0.39I

"ry *ry 0;235 offi 6m
OIS 0.067 0.135 0.276 0.s35

0.03s 0.139 0.391 0.657 1.114'

' l{.8 7.1 3.5 2.7 2-O

- 0.80 3.73 7.73 .1?-38 45.79 r
Nl,l

- o.8o 4.53 L2.26 29.64 75.43 |

TABLE 5

' ESTIMATED INCREMENTAL CO2 CONTRIBUTION FROM

SvNTHETTC FUELS TO ATMOSPHERTC coi coNcENTRATToN
AND AVERAGE GLOBAL TEMPERATURE INIEETgE

Gtc/a

1990 2ooo ?!!! 2o3o 20s0 2080

Incremental Atmospher!.c Corr PPm 0.2 0.9 I'9 4'4 II'5

Cummulative AtmospherLc Co2, PFm - 0.2 i'L 3'1 7'5 , 19

Net Atmospheric COzr PPm 3ss 37 4 407 .446 506 616

Average Temperature Increase, oC 0.22 0.45 0.82 1.21 1.75 2.6L
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Detection of a C02 Greenhouse Effect

It ls antlcipated by uost. seientlstt that a general cgnsenaus reSardlng the
llkelihood e;d teplicatlons of a CO' lnduced greenhouse effeCt 11.llL not be

reaehed untl1 sucl tlne as a slgnlflcant leBperature lncrease can be detected.
above tbe natural randoD teEperature flucluatlons ln average global cllBate.
These flucluatlons are assured to be !0.5"C. the earllest that such dls-
creet slgnals w111 be able to be nea l-red ls oae of the DaJor uncertalnties of
the C0, lssue.

a nuEber of clfuoatologlsls c1aln that they are currently Beasurlng a teopera-
ture sl.gnal (above cllnate noise) due to a c02 induced gtreenhouse effect.
rh1le the EaJorlty do not expect such a slgnai to be detectable before the
year 2OOO. In order to quantlfy the lnpllcatlons of detectlng a greenhouse

iffecl nor, as opposed to the year 2000, estlEales nere uade on te&perature
projections as a functlon of tbe co" concentration .that exlsted Prlor to the
inaugtr:.al Revolutlon. Avallable d5ta on CO, concentratlon Prlor to ttle
Induslrla1 Revolution tend to faI1 lnto bwo -goups: 260 Lo 270 pP@ or 290 to

. 
3OO ppB. In Table 6, Posslble teloperature lncreases Here estlBated as a

i,rnoiion of lnltial co^ concentratlons of 265 and 295 PPe. Teoperatules
- were proJected for th;3"-;;;;,'"i".1-crj a-teoperaluri-lncreasl of 3oc. obcur! ii current CO^ concentratlon doubles. (2) the greenhouse effect ts

debectable non (19?9f, and (3) the greenhouse affect 1s deteqted ln the year

2000.

One can see in Table 6 that lf a doubllng of at6ospheric CO2 ttll1 cause a 3oC

r13e ln tenperature, then ne should ltave seen a teEPerature-increase above

cllnate noi;e lf lnltlal CO^ coneentratlon nas 265 ppu' or be on the lhreshold
of delecllng such an effect<non. tf the inltial coDcentratlon r,as 295 ppo. If
He assuDe lhat we are on the threshold of detectlng a greenhPuse effect' tben
the average ieoperaLure due !o a^doubllng of C02 1111 be 1.9-C for an lnltlal
CO^ concentration of 265, ot 3.1'c for an 1nlt151 concentratlon of 295 Ppo.
F16aI1y, lf ttre greenhouse effect ls detected 1n the year 2000, tben tbe
doubltnr teupeiaiure for lnitlal C0^ concentratlons of 265 and 295 Ppo 11111 be
,t.3o anJ 1.?oC, respectively. Base6 on these estl6ates, one concludes that a

aouultng of current concentratlons of co2 n*u Probably not cause- an average
global ienperabure rlse Euch ln excess of 3'C, or the effect should be

Jeteeiable a! tbe present tlae. Alternatlvely, 1f the Sreenhouse effect ls
not detected untll ?000, then the tenperature due !o a c0' doubllng wlll
probably be under 2aC. Uslng the Exxon 21st Century Stud! as a basls for
fossll fuel growth patterns, the everaSe global te8perature increases due to
co- rrould ranre between 0.8 and 1.6'C by 2030. A doubllng of at'Eospherlc C02

rofrfa U" extr;polated froo the fosslI fuel consuroPtlon rates of the 21st CenEury

studv to occur at abgut the year 2O9O ulth the t€Eperature lncrease ranglng
u.t"u"n 1.3o and 3.1oC. The proJected range Presented6above ls eonsiderably
lower than. the generally accepted range of 1.5" to 4.5-C. Flgure 9 lllustrates

EC-1'-t-5/417



TABLE 6

EFFECT OF PRE'INDUSTRIAL
GLOBAT, AVERAGE

ATMOSPHERIC CO2 CONCENTRATION
TEMPERATURE INCREASE

ON

llemperature, oC

Atmospherlc Co2
Concentration, PPm

1,000

800

674 (Doubling)

451

375

33? (Current)

295

265

'rtme
(InBtantaneous
Equll lbr lum)

65
DE EEC-aef 295

,v2L4O

p2LlO

-2090
2030

2000

1979

^rl8 5 0

-I850

4.3

3.6

3.0

1.7

1.1

0.8

0.3

0

4.4

3.6

3.0

1.5

0.9

0.5

0

2.8

2.3

1.9

1.1

o.7

0.5 ,

0.2

0

4.6

3.7

3.1

1.6

0.9

0.5

0

1.9

1.4

1.3

0.8

0.5

0.3

0.2

0

2;5

2.L

r.7

0.9

0.5

0.3

0
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the behavtor of the nean global tenperature froo 1850 to the present, contalned
rdthln an envelop scaled to lnclude the randgn tenpe5ature fluctuatlons, and
proJected lnto the t\rture to lnclude the 1.3- to 3.1'C range of uncertalnty
noted above for the CO, effect.

Dependtng on the actual global energy denand and supplY, 1t1-" po""fble tbat
sone of the eoncerns about CO, Erowtb due to fossll fuel conbustlon nay be
reduced lf foss1l fuel use lstdecreaseS due to hlgh prlee, scarclty,'and
unavallabll1ty.

The above dlscusslon assunes that an lnstantaneous cllnatlc resPonse results
froa an lncrease ln atrnosptrerlc GOo concentratlon. In actuallty' the
tenperabure effect nould llke1y Ia! the C0, change by about 20 years beeause

the oceans would tend to danp out tenperat[re changes"

Gtven the long tern nafure of the potentlal problen and the ulcertalntles
lnvo1ved, tt rould appear that there ls tlne for firther study and nonl'tortng
before speclflc acllons need be taken. At the present tl.ne, that actlon would
Itkely be curtallnent of fossll fuel consunptlon uhlch rculd undoubtedly
serlously inpact tlre worldts economles and socleties. Key Polnts needlng

.better deflnition lnclude the lnpact of fossll fuel conbuslon and the role of
-ttre oceans ln the carbon cycle and the lnteractlve effect of carbon dl'oxlde
and other trace atnospherlc gases on clluate-

EC-l1-5/A18
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