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Articles

Short-term Improvements In public health from global-climate 

policies on foeell-fuel combustion; an Interim report

Wertting Group or* Public HoalW ana Fossil-Fuai Combustion*

id Moat puMic-tieaith asMBSmenia of ctlmno-
controi polidea hav« rocusad on long-i«rm Impacts of 
global obango. Our Inteioiacipiinaiy working group 
aasAOaeo likely aho>t-lerm iiixpecla on public heallh.

mtattioda Wa combined models of energy consumption, 
carbon emissions, end sssaeisied atmospneric particulsto- 
matter (PM) concentration undor two dinOront forocasti'. 
businesa-as-usuai (Baui; and a nypotnancai cnmate-poiicy 
scenario, whcro dovoiopad and developing countries 
uiKlartoke slgnlflcani reductions in carbon emissions.

nndinga Wa predict that by 2020. 700000 ovoidabie 
deaths (dotl Cl 365000-1034000) win occur annually es 
a result of additional PM osposure under the BAU 
forecasts wnan compared with the cllmataH>d>icy scenario. 
From 2000 10 2020. the Cumulative Impact on public 
health related to the difference In PM exposure could total 
8 million deaths globally (90% Cl 4'4-ll-9 mimor^). In the 
USA stone, the avoidable number of annual deaths from PM 
exposure in 2020 (without ciimaiachange-control policy) 
would eoual In magnitude deaths associated with human 
immunodehciency diseases or an liver diseases in 1995.
Intafprautian I ha mortality esilmaias are indicative of the 
magnitude of the likely health benefits of the climate-policy 
acenerio examined and are not precisa predictions of 

.avoioaolo oaatns. Whiia characterised by considerable 
uncertainty, the snort-term publlc-nealtn impacts of 
reduced PM exposures assodatod with greenhouso-gas 
rsductions are likoly to bo substantial even under the most 
cenaonrathre set of assumptions.
Lancet 1997; 3SO: 1341-49

-HlveSlIgMOrs iiMaa oi ond or paper
Oeneepeadaaee to; Dr Oevro U« Oavia, World Reaeutoai InUiIuta. 
1709 Ne» Vork A>«nua. NW. Waxhlr^glurr. OC 20000. USA.

iHtroduetlon
Since tbc indumul revoludon. the oomxibuoon of 
antlMopogenic sources of greenhouw gescs to the gtobsl 
environinenc hea inoeosed significantly.' Aimoiphenc 
concentrstioDs of greenhouse gases, ncluding ceibon 
dioxide (COJ, methane (CHJ, end nitrous oxide (N.O), 
ere of greater importance today than at any other time in 
huroon history. These trends can be largely etiribuied to 
huoMO eciivitici, prioterily fossil-fuel combuitiou, 
Clisiiae ill UiiiJ use awl Sut'icullui'al (iniclicaa. In the 
absence of eCEons to reduce greenhouse gases, Ihe 
ooncenoaiions of these gases are expected to grow 
ligniAcsntly throughout the next century. The mid-tsnge 
estimate from the luotgo«onunenial Panel on Climate 
Change (IPCC) is that human-induced clunste-ehange 
will increexe surface lempemtures by about 2*C by the 
year 2100/many unceralndet cxin about Oils pre)ecUon.

In in eifon to protect the globtl-dimatc system for 
future generatinns, nver ISO nailnns signed the UN 
Framework Convention on Climate Changa (UNFCCC) 
in June, 1992.’ The UNPCCC established die objective 
<if aiubilising uimuspheric grv«nhoust-gas cuncentrations 
at kivuls lira* wwuM uviiiil Juixeiuus MuUin^ugcnic 
intsifarsnca widi iht globAl-dimets syatam. Signatory 
countries will, be considering options to control 
greenhouse gates at the third coDibreace of paitiei in 
Kyoto, Japan, in December, 1997.

Shon-tenn public-health impacts have generally not 
been considered in aisMtacno of global-climate ctunge. 
Two studies,” tor example, have projected that well Into 
die next century, weather petierna rcsuldng from dimate 
change are expected to affect the health of fttcure 
genendons. Heat-«clatcd metnlitias and iDneaaes, 
physical and psycholugicBl traumas, and changea la 
vecior-bome and infectious dlseaset. food luppKet, and 
coastal sea-lcvcls arc expeaed to become evident. With 
various models, w« onimeie likely public-health benefits 
of current and future globol-climate-changc miilption 
policies in the firat two decades of the 2lst century in 
developed and developing countries.

Many uf the fonil-fiid combustion processes that 
produce CU, and odter greenhouse gases alto produce a 
host of air pollutants such ai particulate matter (PM), 
vulphate, oxooc, and other poUuianis, all of which have 
sbori-icim advene efftcis on public health. We use PM 
as t sentinel a(r pollutant because It Is commonly 
associated wiiii fossil-fuel oumbustion. Extamive public- 
bealtli literature in several cnunliies has shown that both 
momlity and morbidity arc signiflcanily astoclated with 
exposure to PM.” Most air polltitants from fossil fuels 
have local impacts hui some airborne pollutants (eg, tine 
particulates) can be trantpoitod thousands of miles and 
have global Impacts.'

ViJ ttO - NowniWi a. IWT 1341
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coniun^O"

Air ponui:* Jf- ■
' OrMAInlutO-iOS 

WMamuns

ConcwUMioo* ^j^licwiBl# ihatlw

Human'exposures
«

Puti<lc-h«wth lm(Wct9

i: uMd lit ••tlmflb
M oanaumptlM •»« public hnHh

«tba dobal Imf Mt of «Mc»-

oombiacd antlysM from tevcial indcptndeiu 
modalt of energy consumpiion (lO provide a fint 
approximation ot UKaly CO. cmiitloni), associated 
coocanixaiiona of PM* and probable incxeatci in 
moitalicy aisodated solely with PM by ihe year 2020 
Cfiguie 1). This analyiU pretenu a tcanario-baiad order- 
of-ougDitiide caomatc of the possible size of the sir> 
pollution impocit on populations in developed and 
doveloplng counoica.

*5^

aomcnelaturc). Avoidable detiht refers to the eedmated 
aiuiual premeiute roonality awociated with PM from 
modoUed tosslUuel combuspon (ie, anribuiaWo rlik) that

Sconpr/o davn/opmont
Eitunilion of the consequences for public health of 
projected global cventt requires the development of 
loantiio-baaed impact aiscssmcnt that relies on complex 
models of eneitonmemal change.' Our study develops 
two possible CO, emission scenarios; a businass-asr-usual 
(BAU) scenano which updates IPCCs 1992 analysis of 
oqsec^ trends in energy coiuumptlon and asaociated 
CO, cmitsioni;’* and a hypoihetical climate-policy 
Mciurio. which considen die stated incenduns uf the 
European Union regarding proposed leducuons In CO, 
cmisiioiu lor developed counoica," coupled wldi 
addidonal measures by developing countries. Under our 

'^poihetiscd clbnatc-policy scenario, developed counuict

iPoaoiiOQ to»it"iuci MnnpiMwiicould be avoided by adopting the hypothesised cUmate- 
polky socnario. Because the aerodynamic stse of die 
particles produced is of ^at Importanea, our modal 
asumaict iha amission* and eonoantraiicsna of pattldcs 
that are less than 10 pm (PM,,) and line partlclei of laaa 
than 2-5 pro (PM, J. A host of other adverse acute and 
chronic health effecu ate also associated with PM and 
oiher air pollutant*, but are not analysed here.'’-'*

«»o«ld undertake conccned and binding efforts to reduce 
aneiiy-rclaud CO, emistiotu li% below 1990 levels by 
the year 2010. Voder ihia same cllinaie-policy scenario, 
devdoping oountiies ara assumad to reduce their 
emissions 10% below their levels of greenhouse-gas 
amlsilons forecast for 2010—that b, 10% below what 
would otherwise be their BAU acocb by 2010. This w 
consistent with sgreemanis made by developing countries 
under the Berlin Mandate to advance implemenutlnn of 
asdating commiimcnis to promote technologies, 
practices, and proceatet that reduce greenhouse-gar 
cmiuiont.

/ Both these scenarios assume tltat total energy use and 
cfficlancsos in the developing countries continue to 
locteaac to meet the needs of economic growth. The

^dUlbrences between them lie in dte rates of growth in 
energy use. the fuel mbrer. and tbeir combustion and
end-uae cfliciencies. Under each of these scenarios, 
amitalons of PM an taken as representative of general 
ambient air pollution associated with fossil-fuel 
eombuation and CO, emission*. Based on projected 
icobcantranons of PM. wc estimate annual and 
cumulatlva numben of avoidable deaths in the years 
2010 and 2020 among adulu aged over 30 yean and 
ItJhnis of up re 1 year in developed (annex I) and 
developing (non-annex 1) countries (UKPCCC

Fossii-rudi consumption ana cofOon emissions 
Putute fbtsil-hiel consumption and ntultiog omueions of 
greenhouse gases and other air poUutanu retleci complex 
interactions of several key variables, including oconomic 
activity, rranspoitahon modes, demographic ucrtds. the 
rate and nature of technological innovations, and energy 
prices. The IPCC devised six well-documented 
projcciiona of greanhousa-gas omissions in 1992.** The 
fPCC used the Atmospheric Stabilisation Ftamcwoik 
(ASF) model to relate SMoeconomic scenarios to carbon 
embsion trajectories. The ASF model contains detailed 
tcpretetuaiiont offossU-Aid consumption for Amu sectors 
(electric utility, reMdenrial/commarcIal, industrial, and 
transportation) for nine global tagiom.

All CO, cmiailon estimatet in thh paper refer w 
amissions attribuublo to the combustion of fossil Aieb, 
which represeni about 75% of current global andiropo- 
genic embsious of CO,." Tie CO, emission ptojactions 
presented in this paper laU within the range of other 
emitilon pTojcctians documented in the Uteraiure. The 
»-3 billion metric tonnes of carbon (BMTC) fcom fossil- 
fud uuitiLusliuii presvuled iu lliis papas fui 2010 u 
slightly towel than the estimate of tt'O BMTC os 
predicted by Energy Infornwtion Adminbtradon." Our 
2020 prolcction of 10-7 BMTC b higher than the 
HASA/WEC prujeoiiun of O'4 BMTC” and similar to tbe 
Shell Oil tusoined-growth scenario eaiiiDalc of 10-5 
BMTC.’

Tbe Input In thb study has bean updated to reflect 
more taceni population projaciious, Ihe breakup of 
former Soviet Union, and lower amlclpaicd Ibsall-Aicl 
prices. The model asteiios CO, croission-reduciion goab, 
by choosing the most efficient and lent cost eouaiion- 
reduciioa uppuiUittiucs availalile in aacli rexion. ami

IU
.\3.rN

k

5^'

recognises efficiency iroptovements in many~dcvaloping 
countrim'' The gioba^populaiioa data used Ibr thcac 
aceiurlos are consiitmir^th aie woriiTTi.pfc’a ry«4i»m. 
growth assumptions.** Tha gross national pcodua (CNF) 
grawOi assumed for the BAU scesiario b lUghily higher 
than the one used in the IS92a scenario, tvhich reflects 
several ecunumic, energy, and cUmate-chonge-relaied 
studies.'*-*

Table 1 and flgure 2 InrUcate several aenda and 
sssocladont of fossil-Aiel consumption patienu medalled 
under both the HAU and eliinata-poliey scanarios. In 
1990, detpite having only 24% of the world’s population, 
annex 1 counirics accounted for 70% of global fossil- 
energy consumption and 68% of caibon emiasiont from 
foMil flieb. Under BAU, awetall growdi in CO,amissions 
from annex I cmintrics is relatively moderate through Uic/ 
projection period, 1990-2020, rbing by only 17-9% 
through 2020. Thu moderate growth nuy be explained 
by current ueud* uf fussit-lUel consumption pattenu in 
RuHia and the fnnncr Soviet Union. These icgiona

I.VI2 V.vl i'-rX. IW
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markedly did'er ftvm oihcr annex 1 coivnoict, in chac 
ilitrii declines in eneigy consumptioD uc nvi assumed tu 
rmch 1900 levels again before 2020. At a consequence, 
filluie iucicmcB in ciiiimiMUiK in annex I cuuiilnec under 
the BAU secnaho are masked by dicM reduced 
coniumpilon pauems in Russia and the counliics of the 
fotmet Soviet Union.

The expected growth in cneicy'relaced CO, omiiiions 
(•r imii-annex I couniricB Under BAU by 2020 exceeds 
ilic iwlal level of enuBsiuiu uf annex I cuunoics in 1990. 
Muu-auuex 1 couiiui«K* vurlnui «nii4si«iiK iwAiliing fnnii 
coilsuuipliuii uf fossil fuels are expevlcd tu rise friiiii I -V 
OMTC in 1990 to 4-1 BMTC in 2010, a ll(i% iuavasv 
over 10 years. In 1990, annex 1 councrict produced 69% 
and non-annex ) couniries produced only 32% of total 
global carbon emiiiiont. Under the BAD scenarin, by 
the years 2010 and 2020, non-annex I reglnn’s isrojecied 
ooncrlbutiona will be 4-1 and 6 BMTC, respectively. On 
the other hand, if the cliraata-pulicy acaouiiu b 
implctncntod, by the yBon 2010 and 2020, non-annex 1 
region's proiecicd carbon ctnistiona could be reduced to 
3-7 and 5-4 RMTC, respectively. Ptguic 2 shuwi the 
icladve contributions of developed and developing 
countries to foaiil-flicl use for the ytoia 1990, 2010, and 
2020 under both Kcnatios. The global fosiil-hKl 
oonauinpiinn hi expected tu be leas under the dimaic 
policy Kenario, which reflects increased fuel-combustion 

'efficicncka, coiuecvadon measures, and improved 
technologies. W< aaaume that there is no cross-border 
trading of greenliouse gases. Under the climate-policy 
Kohiuio, CO. cniiuionT decrease more than foasil-fuel 
consumption as counales switch sway from coal to leu 
polluting fuels, such as naninl gas.

^oiiutent ons/ss/ons and concontratlons 
The following discussion outlines the modelling protocol 
followed bi dlls study alraig with a brief descripiion of key 
assumptions and sensitivity analyses.

A PM auurcc-tcccptor itutM” was used to derive 
concemraiion pauems for PM„ and PM,, per unit of 
energy use for each of the four sectors and three fbuil- 
ftiel types (coal, oil, and naiuml gas). The suunx-receptnr 
ooefficicna were calculated wiili largc-aca|e air-dispciaion 
models diat were based on emission invemoriec calibrated 
with and matched to anansive monitoring dau in USA 
for 1990 1994.*' In addition to calculation of 
concanuadons of primary paixiclea (dio»e emiued diioctly 
by sources), ihc model also iocotpoiaccs the accuiidary 
convcnion of gaseous pracunors (SO, and NUJ to fine 
particulates os they an: uinsponed through the lower 
aonotphere. Tlie source-rcccpior-ffistrlx model yields

smoothed, area-wide averages of PM„ and PM,, 
concenaailons for each IPCC region and does not 
csiimaic local airbomo-pollutant levels ai specilic itccptur 
tiles-, the latter sir-pollutani estimates art ■aoerally 
calculated with Gaussian air-drspcnion models that 
incoepotate only local eminion Inventories ' and 
mtinorological data. To do this analysis, we assume that 
aitfaocne flnt paidclet bxvel hundreds of miles tfainugh 
the aDnospbere and their estimated icgional 
conccnaations ate not very sensitive to the detaib of die 
modelling matrix. This contrasts with the wefl-known 
difficulty of modeUing for shon-ienn oxona aplsodcs over 
a smnll geographic araa. Evidence suppotdog the long- 
range cranspon of fine particles can also be found—eg, in-
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(he repott of «bc M.-cond World Mereorologic»l
Uiguuztdon meeiing of experu to •(«€«« the retpontc lo 
•nd aunoiplMfic effect* of the Kuweit oil flros .”

Applying *uch a >uKe>«calc oii-diipeniion model cetrie* 
with it jcvcral •wumpiions ihti could rciuli In • 
mUetdmadon of actual PM coacenttation*. In tlio 
abicnce of data on typical chimney heighu in other pan* 
of the world, for cxaniplc. we have aiiumcd that the 
diaoibution of chimney heights in the USA u 
tepieaeniative of that fbund clacwherc. Should average 
heights of chimney* in a given region he lower than In the 
USA, the likely oonseQuence would be higher local 
concenvaiions of particles and ihelr precunon, and 
lower conceniratloiu at Breatet distances downwind. 
Coavetscly, higher chimney* could yield lower 
concenmuon* near a given source but higher 
oonccnaationa Ainhci downwind. A second key 
assumption is (hat ihe spaiial association between 
ealiaion tourcas and population densities In the USA ts 
Rprcientativt of dte rest of the world. Id some 
davaloping ragion*. wch a$ iha mega-ciilat of Souiheoa 
Aalo, whose population pattems arc more geographically 
denae, this approach is likely to underestimate actual 
human enpotuita to aitbome polluttmc. Also, the source* 
Rcapior>mauix model makes no estimates of Indoor air- 
pollutant exposure* to FM from eoal or biomas* u«ed for 
cooking and heating. Such exposures are known to be 
vary hi^ in several developing regions, such as China, 
Africa, and India."

Our modelling indicates that concentrations of PM 
from a fixed quantity of emission* in hot and dry regions 
■re about one-third of what would be expected from 
those tame cmisiions under most other climaiic 
conditiona. The likely rcatona for this are; higher 
ambient temperatures coincide with greater mixing 
heigho, hcncc a gteatcr volume of ait for dispersion^ and 
die conversion of gaseous TM precursoit such as SO, 
into intarmediate products (sulphuric acid) requiras the 
presence of waur vapour. Where lea* water vapour is 
available, conversion rates are slower and oonveiaion 
lakca place over longer distances. Therefore, regional 
levels of PM are expected lo be lower in dtyer climate*.

To capture these influences of climate on PM 
concentrations, ihe USA was divided into (our roughly 
equal geo^phlc zones based on long-ietm cliinaiic data: 
hot/diy, hoi/wci, cold/diy, and coldAvci. Unique source 
ftraagihs for each tactor/fiial were derived for each zone. 
Similar climatic data for each of die remauung eight 
gtobal regions w^rc lucd along with data on populauon 
denateka to obuin the appiopiiatc, representative 
weighting among USA climate zones •• eg, 90V. of the 
populadoD of the Southeast Asia group wo* found to 
resida In a climate which mosi closely resemble* the 
hot/wet detiffnadon, while 10% resides in a hoi/diy 
grouping; none wat in the eold/diy or cold/wei zone*. To 
dcilvt an overall Soutbcait Asia enimate, die source. 
receptor aaaociation for the hoiAvct USA zone was 
weighicd 90%, and the hot/dty zone 10%. Had wc not 
adiuttad the source-raceptor matrix lo account lor 
regional diffaicncat for climate, and instead used the 
USA ulimeic u u pnwy for die real uf the worM, then the 
mudeUed cunccotianona of PM would have been from 
10% (climate policy Asia) to 130% (climate policy 
Europe) lower.

Thli anaiyais projected foiure global pauems of energy 
comumpnon and adjusted the overall USA aource-

raeapior oesocialion lo account for elii«a«e diffacanee* in 
Other global region*. To project likely changea in 
conccnintion* of PM, h 1* alao neccaaary to estimate 
hiiutc cflSciencics of puUubon-oonirui ^uipment and 
pokeie* unrelated to cUmaie-comrol mitigatl^ In our 

'aokiysts, two altcmadvc poUuuon-condvl lu'auwO* wore 
asaumed to occur, in developed and developing region*. ,
'fhe USA Organisation lor Economic Co-operation and ^ 
Development (OECD)-Wesr and OECD-Aaian countries 
were assumed to use USA controls, including SO, and 
NO. controls oudlned In dte USA, 1990, Clean Air Act.
■nteae do not reflect control* that mdivwlual state* of the 
USA might adopt as a result of recent tcvisioiis tv oxone 
and PM National Ambiem Air QuaUly Sundard*, witicii 
ate not expected to go into effect until after the adoption 
of climaic-chaDge mldgarton strategies. All other regloniT 
were asaumed to *tan wiih no conuols in the year 2000. [
By the year 2020, theac other regions were assumed to 7M' 
attain 1990 USA control tawaU tor transportadon-teUted V ' t^r 
emission* and 1970 USA control levels for poinwouice J ^ 
amissions.

Our results arc sensidve to the estimation of poUudon- 
control efficiencies for fuel combusdon because emigiion 
rate* chattgc in relauon lo thesa values. This is especially 
true for situation* where high level* of control arc 
eiiimaicd, because the difference between 90% and 99% 
control is a tea-fold difference in emissions. For countries 
that may have more stringent control programmes than 
the USA (eg, certain lacton in Japan), use of USA 
standards as a proxy may overtadmate future PM 
conccniraiions. It U also possible that our asaumprions 
about future polluiion-confrol efficiencies are too 
optimisiic for developing countrica; if »o, then we will 
have underestimated emUtions and associated health 
effecu of the control socnarios. The sensidviiy of the 
analysis to assumed control level* wat evaluated by 
calculating PM conceniraiiont in non-annex 1 icgiont 
and Eastern Europe and former Soviet Union, which 
would result in the absence of conirult. Analysit for 2020 
showed that removing oontrolt would yield PM^ and 
PM,, concentradoni of 65% and 32% hitter, 
respectively, than the values calculated in (he BAU 
analyus.

Further leflncmem* to nnspottadon-rclatcd onUiioni 
In all non-USA regions were made to account for die 
much higher reliance on diesel foci In most of the world 
than in the USA."'" The fraction of the energy censumed 
in the uanspoiuiiiou sccior whidi U diesel fuel b dUToeni 
In each country (eg, 60% In Larin America, 20% in the 
USA) and the fracdon ii assumed to remain coostam 
throughout the study period. These refincmema also 
assum* 0 steady reduction in use of lead in petrol iiardna 
from present levels in the year 2000 to zero in 2010.
Increased use of canlydc convenen to control vehklc- 
exhaust pollutaius will eccompany phase-out of lead.

In th* USA, dau indicate that ambient PM„ 
concentrsdop* are on average 65% of toul suspended 
pardaUatc conceniratioiu; PM,j concemndon* are on an 
average about 30% of PM,, concontraiions; snd fossil- 
foel combustion accounts for abouz 49% of meaiutcd 
PM,, ooncenu-auunN.'*'** T'o valtdaie modelled PM 
concenuadops, ambient monitoring data were gaUteicd 
for about 40 cousories. Virtually oU of the date, however, 
were for total suspended particulate and no dau were 
found which established the ffocdonal contribudon from 
fostJl-foel combusdon. If one sure to usume that the

1394 Vol no • t. |0«r
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p«rMRUlg« of total autpandad paiticuUta that i» 
contributed by fticl-combuirlon suurun in ilic USA hold* 
duougbout (DC woild, (Den esdinated KM concenunDont 
iDould be two to ten dmet hi(^ier than khote developed in 
thic itudy. In our iud^nacni, ii» highly unlikely (hat other 
i^ioni ocpcricnoc long-tcnn avorage PM concenirationi 
bum foaail-fUcI combustion (bat approach »uch levcto. 
Total auapended paniculate conccnoradona in raoa of the 
world arc at least twice aa high as those in the Uh'Aj this 
It likely due (o rketott tuch at mud) higher contribudon 
to (he coana' linciion (>2-S hju) Iron) aucl) aouroea aa 
wind-blown duai (eg. Middle Bait) as well aa a higher 
W ftncDon (<2-S (un) contribudoo from touicet such at 
biemati buzning from heating, cooking, and foten 
dealing (eg, Soudieaar Asia).

Hen/(Mmpact nnfimntna
Ementive public-health literature in several countnes 
ahowi that both mortality and inoriddiiy are rngniricamly 
aaaodated with exposure lo PM.** ^idee moiteliiy, 
uudiet In tmral countrice hava attodaiad PM with 
cardiovaaculai and roipicataiy moebldiiy (eg, inertared 
hofpital adnttwluna and emergency-room viaits for acute 
and chronic pulmonaiy cfilecu, Including bronchitis, 
aathma, cough and wheexe).*-'-” Litde is known about the 
mechanism of action of PM. Some uudcologlcal inidles 
have produced brondutic Tcspontcs,” anbyihnuas," and 
«xac«^uuun wf pucuiuoiiM in tau" from capusurc w line 
pArtlelct, wiiicli are tiiuilMc tu diMw obeerveiJ in 
epidemiological atudiea. It has been found that tiny 
itlpirsblc particles or airborne aerotola can Interfere 
directly with puhnonaty function bihI plasma visunily in 

end human beings.*'-” Monality efleett have 
Cooiinently been sisocuted with shon-iarm and long- 
tenn exposure to PM in more than 40 studies done in 
ovar tan countries.*'’'” ”

The ahon-tenn exposure studies use daily timc-scrica 
anaiytis to aucas changes in mortality in the general 
population that ora oasociattd with changes in doily 
conecnoretions of PM. Long*term exposure studies of 
PM hove used a prospcaive cohort design, which allowi 
the adjuatment of potential oonibundcra in (he 
aaaessmem of the association batwaan PM and monaliiy.

Health bcnefiia from reductions in PM have been 
denved previously from epidemiological studies done In 
the USA and in Buropc.**'*-'* Long-tenn exposure studies 
wcK used 01 the hasie for the quaniiuiivc anatysls 
bceausc die results from those onalytat have followed 
single cohorts and adiuered for imponant confounders. 
Theta analyses suggested mortality elfeca from both 
long-term and ahon-term exposure to PM.*'*'*' 
Ej^dcmiological acudies were chosen for this quantitative 

\anatysu only if they reported die relaiive riak (RK) as a 
Imonotonic funaion of PM cunoenmtiona. The two age 
'group* for which RR has baeii estimated in long-term 
•tudici are adult* aged over 30 yean and infants aged 
between 1 month and 1 year. To evaluate the impact of 
PM concentrations on adult mortality, die papar by Pope 
and colleagues was selected at the basis for quaniiuiive 
analysis.** For Inlhnt mottaliiy, we used a study by 
Woodruff and colleague**' dur reported RR a* a 
oontinuoui monuionlc function of PM concenaatiops. 
Pope and colleagues found that a 24-3 pg^m' increase in 
PM,, b assodaud wim a 1 17 (45% CJ 1-04-1-26) 
increasa in RR of total inorTaliiy for adults over 30 years 
Woodrttff and colleagues, found liui for a 10 Mgm’

incfeaie in PM» aa odd* ratio of 1-04 (M% Cl 
102-1 07) for increase* In total infant mortality bseween 
1 month and 1 ytar associated with inaeaiet in PM,, 
concentrations. .

Wo assumo that (he assocuBon b the aame m tbt rest 
of the world at it is in the USA. Epidemiologteal iiudiet 
have found a relatively contlttent aaeociatlon between 
thon-term exposures to KM and mortality tai many 
OOUnirics, including Chilv, Blexil, »ud Wesuim Europe.*■” 
given the relatively coiMutEnt usociation found between 
^ort-tcim exposure . to PM and monality actoaa 
couniries. it b reasonable to assume that the health 
effects from long-term exponues to PM in other regions
of the world pavallel those of the U^.*

The association between change in PM„ and PMj, qnd 
change in mortality riik b modelled as an exponential 
function. The frinctional form for the RR.
comes from the specificatioa of the logistic icgrasion 
model used in die study by Woodruff and concoguet. and 
the Cox’s proportional hazard model used in the Pope 
study for evalualiuu of lha associatiott beiwecu PM aiul 
mottafity. In this model, the RR attodircd with a PM 
change of h PM it:
RR (PM) = exp (I» A PM)
The slope coefficient, u detivod from the chronio- 
exposure epidemiological studies selected for use in this 
anaiytis, and A PM u the incremental dhangc in the 
annua) mean (or mediaiO PM concenttation, hod a 
policy-based scenario not been adopted. The risk 
reduction associated with adoption of (he policy ia:
[exp 0 A PM)-I].
The citimatod regional iocidcnca of avoided prematuta 
motaliiy it;
A mort*lity=(RR (A KM]-I) (mortaUiy rate) (population), 
where die mortality rate and population are die adult or 
posT-neoiuial regional eatiinaies, denvod from ptoiactiont 
of population by age and Infant mortality rates by 
country. These Were obtained fitrni the Bureau of Census 
(USA) inteinatioiul database and aggregated (O a 
regional level. The pnticcied baseline age-adimted 
regional adult (>30 years) mortality catca were calculated 

, from individual country population projectioni (by 5-year 
age group), adjuated for immigration and emigration with 
World-Bank prolected uei-mlgntioa taiac. /

The souxce-receptor-maote ostimates annual mean PM 
concentrations. The RRa in the Pope study are bated on 
the medbo of dally PM ooncenizatioot, which b
unially lower than the mean for air-poUution 
concentranont.** PM data, from the USA, tuggciis chat a 
y diaenbutiun beat dcaciibei (he obierved akewed 
^tfibuilon of daily PM kveli.” Aaiuming a y 
dutiibuiion, an estimated modiaa can be derived from 
the mean' and an estimated maximum daily level. 
Observed population-weighted pcak-to-mcan ratios from 
four USA geographic zones arc applied to the source- 
receptor utocistion. A maximum likelihood toutiitc was 
used for uadi regiun in ihs climste-irolicy scenario-to 
estimate the y dbuibuuun willi tiw nliuutlnl uitfau and 
maximum daily i*v*l.

RMiilto
The Koiarlot Uisi form the baiu for tbu exetcioe rest on 
oompUa. models of energy-use trend*, estimated 
cmiwMm* of carbon, ptO)octad Icveb of PM, and 
astoebtod Impicct on mortality. Each of those models
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neceioanly baa aevtral asiumpliony and includes many 
uncmaintiet. Of the many limiiaaont of this <iren:i«e, 
(WO stand out; we have only calculated monaliiy impacts 
of PM for adults ovci age JU and Infann of age I momh 
tu I year; and we do nut provide estimates of laorbidiiie* 
lalatcd to air pollutants from fustil-ruel combustion. Ibc 
quantiutive eadmatev of public-health Impacts generated 
througli this astessment should be understood as a fim 
appradmabun of the likely magnitude of the effeui and 
not os (apiwantini precise prediciions of avoided 
mortalities.

With these caveats in mind, if the climate-policy 
icanatio were to be Implemented, aubsiamisl
impiovemenu in hiel efficiency would be realised by 
2020, and maiur icductioiiN in PM pollution would be 
achieved. By tlie «uJ uf the sueund decade of the ne« 
century, the policy we have outlined here would avoid 
about 700000 deaths annually (90% Q
W OOO'l 034 000), uf wliiJi^CS 000 (309 000-831 000) 
and 136 000 (76000-20.3000^ would occur in non-annex 

^ 1 (developing) end annex 1 (developed) countries,
riespectively (uble 2). Note that rlw a only reflects 
L.uncenainties in the epidemiological studies. If BAU 

cUmato policies continue, the greaicsi impacts will occut 
ia developing countries.

We ettimate that implementation uf the climaia-pnlicy 
acenario could prevent up to B million deaths (90% Cl 
4<4-ll‘9 million) worldwide during the firai 20 years of 
the next ccniviyi corresponding to 1-67 million (0 9-2-5 
mllUoe) and 6-34 million C3-5-9-4 million) avnided 
deaths in developed and developing countries, 
rcapcccively. Tltere are higher expected deaths in 
daeoloping countries compared with developed cuuniiics 
because of die Itighcr prapottiontl expected changes in 
PM concentrations under ^c climatc-poIicy scenario.

To aisest the sensiilviiy of the numbers to certain key 
aasiimpriuns in the cstimarion of PM concentrations, we 
eonsidcred two analyses. Tlte first assesses die effect of 
assuming that the USA climate it representative of that in 
each of the other global regions examined. The second 
aiieties the effeen of assuming that there it no change in 
cmistioD-control levels in the BAU baseline for the non- 
annex 1 oounorics and in Eastam Europe and the former 
Soviet Union. Table 3 preseni* ihe reeulta for the

1 • 1 SXttwMM TSUI

cmaoo 1700000 SOOPOOO

Notfia vwWvies th-we sstinws 
•SwvMtMXSUSK

laooono 1200000 saaoooo

■awm i—iaai" esnsa >swis
COlUltie b, lit. S«U s> NA t Ml
(■atsmlusat

rtooow ITOOOOO >500000

ToBiv 3: 
petoy;*8Mta2020

I ««narid.
■Mvfty aiwlyalt af ewMabie Aaalha fmei aiimato

cumulative number of deaths avoided under each of ditse 
scenarios. If we assume that the cUmaw in die USA is die 
aamc in the rest of the world, this results in fewer 
catlmatcd avoidable deaths than our primary liealdi 
•naiysia between 2000 and 2020 in both non-onnex I 
countries (3 B million « 6- J million in our primary 
ano^ls) "ind annex 1 counuie* (1-2 million vs 1-7 
mfflion). The aUernaiive asiumpoon, about control levels 
in the BAU baseline, rwults in more ettiinaied avoidable 
deaths in non-annex 1 countries (7 6 million s« 6-3 
million).

MaeuMlon
One of the most critical set of assumptions in *is 
scenario assessment is that present levels of PM are 
causutg adverse eflecia on mortality of the mapsitude 
ttponed by Pope and cotleaguea. The assumpdoa that 
fine panicles arc the direct cause of these effects, and not 
merely correlated with them it alio critical to our analyais. 
It is these fine partscles that c«n be tranaported globally 
because they are not trapped by conventional paiticulata- 
control technologies, are buoyant, and can travel 
thousands of miles through the air befotc they ore 
deposited. Tine PM can produee effects on health In 
diiiani countries.

The climatc-policy scenario that we uac makes aeverii 
■■sumptions that affect the estimates of the public-health 
impact of improved policiw for elimatc Crmtral. We 
aesume sn ambitioiu ohase-in of noUution-ctwtttol 
equipment lit d^cleping countries from policies 
unrelated tu the (jim.sre-«Aanac-mltigation scenariot. If 
countries tail to use such pollution-control cquipmmt, 
air-pollutant amissions will increwc, and associatod 
deaths and illnvtscs will be higher than those estiiiuied 
under the BAU scenario, as seen in the scnsiiivuy 
analyais. The effectiveness of poUdei to reduce 
peenbouso gas in the climate policy scenario would bt 
even greater. Second, the air-quality modelling protocol 
we use assume* that the USA diuribution of chimney 
heights is rcpreienudve of that throughout the world. 
Many developing countries have lower chimneys for 
power plants and industrial boilcra and greater population 
dentloes auirounding induiuial facilitiea, ao ihii 
assumption probably causes an undeieiiimotion of 
avoided deailsa from greenltousc-gas reduction in the 
Don-annex I countries. However, if populaouna are 
concentrated at greater diitancc downwind, than lower 
chimney heights would probably yield lower FM 
exposure* and result m an eivcrcitimatioB of avoidod 
dcadis. Third, the anolysii does not include reducriona in 
morbidity due to lower PM, or ceduedoni in morbidity 
from other polluteuts.

There arc several uncertainties atsociaud with the uis 
rtf (he pnnpcclive cvlion siudfos for eailmsdon of 
monality effect* from PM exposure worldwide. While the
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pmpecdvc cohon unuUca have anemptcd to accouni bit 
all iinp«iTUm L'onfoumlcni, Mime poiCfMial cwnfounderv 
may not hav« been coiwidciod. Howevei, lentitlvity 
analyses done in the study by Pope and colleaguos found 
that the attociaiion between PM and mortality wa* 
relatively iraeniitive to leveral imponani poiendal 
oonfeundets, Including occupational exposure «nd 
smoking, ^is analysis also assumos ifacic It a 
oonsisiouly inccc^slng association between h>nc>tcn& 
exposure to PM and increased mortality risks, which is 
dte tame In the rest of die worid as it u in the USA. In 
most davtlopiog oountrias, aaposure to PM it an ordar of 
magnitude or more highet than that in the USA. 
Addltioaal uicicaia in moitality risks could rttmtnlsB as 
exposurea approach a saturation level. If (he exposure 
response It not the same at these higher dosos, then 
exmpolation of die USA ettimaccs to developing 
oountries may overettiinate the avoided deaths in non- 
annex 1 counirioa. The rasulu ftom the Pope tiudy, of 
adult monality, probably reflect both the effccB of long- 
lann and short-term exposure to PM, end there is 

' possibly tome overetdmstion of the annuel avoided 
monaliiy aisociatcd with estimated annual decreaienit in 
PM. Another [actor that could lead to ovcrcsomadon is 
that PM levels in the USA have generally improved over 
die paat lew decades, especially Ibr coanw pardculate 
levefai. If the preinaiurc moiuliiy eflccu are related to 
cumuladvo expoeure over a long period, then the 
obacived clTecta in the Pope study could be associaied 
with a larger PM change than observed (leading to a 
imallcT risk per unit change;.

Our analysis accounts for the age-distribution of the 
populationt aflitcted. If the RR. it higher fbi older people, 
then the analysis could ovctcsiimatc mortality effects in 
noB-annex 1 countries. However, the younger 
populations of developing countries must often conflront 
Diner health direatening conditions (eg. malnutrition), 
which may faicreaie their vulnerabUiiy to pollutanii. 
Badmatea of the percentage of cardiorespiratory deaths in 
non-annex 1 countriai (except for iribSahaian AMca) is 
aimUar to that in annex 1 countriei. indicating that k it 

' reasonable to apply PM ataoclauona found In the USA to 
other countries. 'VhJe wc arc not aware of any anempe to 
replicate the study by Woodruff and colleagues, similar 
results of infant mortaUty associated with PM have been 
found in the Oeech Republic.*'

The quantification of mortality benefitt derived ftom 
out analysis only oooiiden outdoor sources of PM from 
fosslPfuel cembusiion. For many countries around the 
world, burning biomass mdoors can also be an important 
source of PM. For example, in China, households hum 
about )uu railtloa tons of biomais Ateh for cooking and 
heating each year.** The aiupended PM in Chinese 
household* often exceeds recommended air-quality 

. fiiideUnct by WHO by more titan tenfold.** For most of 
the Chinese population, the health impacts from indoor 
opoiure to air pollutams greatly exceed ihae of 
wortplaGe or outdoor exposure. Data ftom a series of 
studies and official disease mtistics suggest diar air 
pollution from both faidtiorv and ouuloors is responsible 
for more than 1 million deaths pet year in China, or 
about ona in every eight doadu nationwide.** ^

In I MO, tower-rcapiratory-infeebona were ihe leading 
oomponema of dbiblluy adjusted Uto yean.*' hy 2020,

' icspiratoiy-rvlated diaeaac* ate proiected to tank amoog 
die top ten causal of poor health In the world. The total

number of annual deaths that could be evoided under the 
diuialc-jjolicy aecnariu in 2020 in »uua» of the dcveloiMi 
worid almost equals the prolccicd number oftkial ln)urlaa 
caused by automobile aoc^ents.** In the USA, by the 
year 2020, at least 33U00 deeifai e year could be avoided 
from implementarioA of the climatc-policy eccnorio. Thii 
pipKctcd number of avoidable deaiha in the USA is of 
the same order of m^ilude as cunendy oeeura aa a 
reauh of several maior dnues of death bom ittnenea, each . 
of which is subject to major public-policy Intcrventionc, 
Induding human ioununodcficieocy and chronic liver . 
dkaaaec. ^

Newspaper reporu this year ftom Sumatra. Borneo, 
and other rcgloot" Indicate that meaiured Irvcta of ak 
poUutlon associated both with bumiog foicats and air 
pollution from energy production sometimes exceed the 
larets jncasuMtl in London during the IdUsc fog of 1952. 
This episode of elevated pollution in London was 

. associated swOi nearly 3000 excen deaths in 1 week.** 
Health pattonu in any region icflcci an iniricate 

combination of taciors: poverty, nuixiiioA, populaoon 
density, housing and sanitation, smoking, and workplace 
and environmental focton. While environmental foctoia 
cannot account for all these patiemt, they are important 
because dwy can be dtanged by public policy. Psttenu of 
rapid gmsvth and development in emtrghi mcga-citica of 
the developing svoild can impose sipaificant iiivoluinaiy 
risks ftom elr pollution on large proponlont of ihek 
populaiion.”-** Control oc prevention of (bis exposure 
needs to be recogniicd as orhical to the devclopmoit of 
envitonmemsl and pubhe-healih policy. Bwen If 
eovitonnienul Jkctois pose rciaoively small risks of 
common ailmcno, but die expoeure it widespread and 
vulnerable groups exiti in the exposed population, the 
publio4ieal(h impact of ait poUurion can be ri^Ucant.

. Where exposure is univcnal and where die populaooo is 
vulnenble the marginal contribution of air pollution can 
be significant.”

' conclusion
Regardleu of hoev or when graaohouse gmi alter 
climate,” retmeing them now snU save Uvea woridwidc by 
Inscuiug particulate air puUuliuu. The beoeCciai effects 
of reduced particulate potludon appear to be far greteei 
In rapidly developing countries than In developed 
coumiias, siihmigh they are subsundal in both regions. 
The ovetafl scientific challenge is to discen eaou^ ftom 
present and pssi trends lu reduce unccriainlics, sw iImI on 
ints^tsd impact assasimenT con yield usaftil results. Otir 
analyais should not be misoonatiued as precise 
prediciiont, but at relsdvr indicatora of the magnitude of 
the effects that ate likely to arise under conditions that we 
have specified in diete climate-fcktcd soenaiios.

The tronsdisciplinsiy activity pursued In this 
aaseument provider a systematic framework for the 
asumaiion of potcarially far^ranglng and aubataniial 
health impscu in on unocnain fiuurc world- This 
animate looks beyond the itvtricwd view of
environmcnul health as a local problem,’* raoogniiing ths 
truly global reach of Climate poUclct. There b a dynamic 
between being able to predict future impacts and being 
able to affect policiet to avoid ihoic potandol impaett. In 
me Iffth ocnniiT, the philoaopher Saint-Simaa noted 
“savolr pour prevoir” and *^r«voit pour pouvoit*. With 
knowledge cumes the ablUiy to predicc With the ability to 
predict, comes the power to chenge ihote predictions.
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Ancillary environmental beneHts of cap and trade for developing countries

The reduction of greenhouse gas emissions achieved by developing countries under a cap and 
trade system will simultaneously reduce the concentrations of numerous other hazardous 
emissions, producing ancillary environmental and human health benefits. The environmental and 
health benefits to those developing counties are unlikely to be offset by decreases in 
environmental quality in the United States because of our strict health-based air quality standards. 
Thus, in accepting growth targets and emissions trading, developing countries gain not only 
economically but environmentally — even with caps at BAU.

As cited in Katie McGinty’s post-Kyoto testimony, a recent study in the journal Lancet by Devra 
Lee Davis examines one pollutant that is reduced along with carbon emissions: airborne 
particulate matter (PM). The study projects that by 2020, a climate change policy scenario in 
which developing countries reduce emissions to 10% below their BAU and developed countries 
reduce emissions to 15% below their 1990 levels could produce an annual reduction of 700,000 
deaths due to PM exposures. Non-Annex I countries experience 563,000 of those avoided 
deaths. Over the first 20 years of the study’s scenario of climate change mitigation, deaths 
avoided in developing countries total over 6.3 million.

The analysis below adapts the estimations in the Lancet study to estimate the deaths avoided 
generated by participation of three key developing countries (China, India, and Mexico) in a cap 
and trade system. The calculations take as given the reductions from BAU that developing 
countries experience as predicted by the SGM model.

Trading
country

Predicted % 
Carbon
Reduction from 
BAU

Share of 
non-Annex I 
Pop in 2010

Annual deaths 
avoided 2010

Share of 
non-Annex 1 
pop 2020

Annual
deaths
avoided
2020

Cumulative 
deaths 
avoided by 
2020

China 20% 23.7% 136,700 22.2% 250,500 2,820,000

India 18% 20.3% 105,300 19.8% 201,000 2,264,000

Mexico 19% 2% 19,700 2% 20,900 235,000

Caveats

The Lancet study required heroic assumptions too numerous to mention to derive from LDC 
targets of 10% below BAU, the resulting fuel use changes, PM and other emissions reductions, 
PM concentration changes, reduced exposures, and finally, avoided deaths. The analysis above 
makes several more heroic assumptions:

Deaths avoided in each non-Annex I country are proportional to the country’s share of
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non-Annex I population. For example, since China is about 24% of the non-Annex I 
population in 2010, we assume China will experience 24% of the deaths avoided. 
Emissions reductions below 10% of BAU result in the same incremental avoidance of 
deaths. For example, we assume that a 20% departure from BAU has double the effect of 
a 10% departure.

The mortality decreases for developing countries that derived from their departure from 
BAU do not depend on the targets attained by developed countries. The Lancet model 
assumed that Annex I countries would achieve targets 15% below 1990 emissions levels 
rather than the targets in the Protocol. Here we assume that difference does not affect the 
developing country mortality reductions.

The timing of emissions reductions is consistent with the timing of reductions modeled in 
the Lancet article. This timing probably differs from timing predicted by SGM.



Party

Australia
Austria
Belgium
Bulgaria*
Canada
Croatia*
Czech Republic*
Denmark
Estonia*
European Community
Finland
France
Germany
Greece
Hungary*
Iceland
Ireland
Italy
Japan
Latvia*
Liechtenstein 
Lithuania* 
Luxembourg 

t Monaco

Annex B

(^inL]\j(ks AM Netherlands

New Zealand

U> i’ .. J

Norway
Poland*
Portugal
Romania*
Russian Federation*
Slovakia*
Slovenia*
Spain
Sweden
Switzerland
Ukraine*
United Kingdom of Great Britain and Northern Ireland 
United States of America

ified emission limitation or
reduction commitment
(percentage of base year or period)

108
92
92
92
94
95 
92 
92 
92 
92 
92 
92 
92 
92 
94

110
92
92
94
92
92
92
92
92
92

100.
lOf
94
92
92

100
92
92
92
92
92

100
92
93

* Countries that are undergoing the process of transition to a market economy.
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Country Pop in 2010 Pop in 2020 Share of non-Annex E Share of non-Annex E
in 2010 in 2020

China
India
Mexico
Korea
Brazil

1,388,474
1,189,082

117,651
50,764

199,327

1,488,075 
1,327,110 

130,645 
53,293 

220,567

23.7%
20.3%

2.0%
0.9%
3.4%

22.2%
19.8%
2.0%
0.8%
3.3%

isJ.iA rat-tfr ShfUJ
ff. S<^
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Proposal for Developing Countries:
To Cap and Trade Carbon Emissions Permits

I. The best form of participation by developing countries in the Kyoto Protocol 
would be a) acceptance of binding caps slightly below business as usual and b) 
agreement to trade emission permits internationally. Therefore such participation 
should be our top priority in international negotiations.

A. The economic rationale for such participation includes

» Greater cost savings to the U.S.: Participation by developing countries in
international permit markets would greatly lower the costs to the U S. of meeting 
the Kyoto cap (as CEA testimony showed). In particular, costs would be lower 
than with trading among only Annex I countries, and even lower than with such 
trading and the intrinsically less efficient project-by-project approach of COM.

• Greater environmental benefits: Caps slightly below business as usual would 
lower global emissions, and provide environmental benefits not achievable by 
pursuing CDM, which only redistributes emissions geographically.

• Greater economic benefits to developing countries: With targets slightly below 
BAU, developing countries would enjoy net gains of many billions of dollars 
through the international sale of emission reductions achieved at lower cost than 
the world price. Moreover, an emissions permit market would yield greater gains 
than are available through CDM.

B. Non economic rationales include the long-run benefits of including developing 
countries into global negotiations, and greater compliance with the Byrd-Hagel resolution.
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n. Problem: To persuade a developing country voluntarily to adopt a cap and then to 
trade permits internationally, international agreements must be structured to reduce the 
risk of inadvertent stringency and in particular to reduce the possibility of a cap so 
stringent as to cause economic losses to the developing country.

Proposed Solution: Negotiations should focus on slight reductions from the business 
as usual emissions level, where this level is expressed in a way that depends on the 
future values of economic variables.

Rationale: Such caps would avoid the risk of inadvertent stringency associated with higher 
than projected economic growth between now and the beginning of the commitment 
period in 2008. Developing countries would face only the much smaller risk that emissions 
would be higher than expected given the economic conditions realized in 2007.

Basic principles for implementing such an approach are:

• Reasonable Forecasts: The relationship between the cap (ignoring any real 
reductions in emissions) and the values of economic variables, when applied to 
emissions and such variables during recent years, should predict emissions 
reasonably well (and be without demonstrable statistical bias). Relationships that 
give reasonably precise predictions reduce the risk of both inadvertent stringency 
and paper tons which could increase global emissions.

• Predetermined Caps: The cap should not depend on contemporaneous values of 
economic variables, so as to avoid uncertainty during the commitment period about 
the country’s cap. For example, the cap should not vary with 2008 or 2010 GDP 
levels, although it may vary with 2007 GDP.

• No Perverse Incentives: The cap should depend on values of economic variables 
only indirectly related to emissions, to avoid creating perverse incentives for 
developing countries to increase emissions so as to have higher caps in the 
commitment periods. For example, the cap should not depend on energy 
consumption in 2007.



Preliminary Draft, Close Hold, Do Not Cite, March 13, 1998

Illustration: One sensible way of implementing the solution is described below. Other 
ways of implementing the solution may work as well or better. The conclusions are stated 
below and the details of our work follows

• Defining the business as usual level for a developing country as a function of its 
lagged GDP and lagged population and setting the emissions cap at that level yields 
a negligible risk of leaving the developing country worse off under cap and trade 
because of inadvertent stringency. A cap slightly below BAU would also yield 
negligible risk of leaving the developing country worse off.

• Emissions caps for developing countries set below their business as usual emission 
level will result in lower gains from trade but provide environmental benefits. The 
higher costs of a cap set below BAU are borne by both the developing countries 
and the Annex I countries.

There are significant gains from trade for large developing countries and large cost-savings 
to the U.S. if just one developing country accepts an emissions cap at BAU and 
participates in emissions trading. The following table illustrates these gains from trade 
from a baseline of full Annex I trading.

Trading Scenario Country Permit Price 
(97$/ton)

Gains from Trade

Annex I only United States $54 not applicable

Annex I + China China $26 $3.6 billion/year

Annex I + China United States $11.6 billion/year'

Annex I + India India $47 $1.6 billion/year

Annex I + Mexico Mexico $51 $0.9 billion/year
' Gains from trade for the U.S. are estimated based on the reduction in 
cost to the US of trading in Annex I plus China.
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China's 2010 Marginal Abatement Cost Curve

Gains from trade 
with cap at BAU:
~ $3.6 billion/year

Emissions abated are 
about 20% of BAU

Carbon Dioxide Emissions Reductions (MMTCE)
Source; SGM

India's 2010 Marginal Abatement Cost Curve

Gains from trade: 
~ $1.6 billion/year

Emissions abated are 
about 18% of BAU

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Carbon Dioxide Emissions Reductions (MMTCE)

Source: SGM
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Mexico's 2010 Marginal Abatement Cost Curve

Gains from trade: 
- $0 9 billion

Emissions abated are 
about 19% of BAU

Carbon Dioxide Emission Reductions (MMTCE)
Source: SGM
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Summary of Analysis:

A. Data

We have compiled data on 3 variables: emissions of carbon dioxide, GDP, and population 
for 117 countries for the time period 1970-1992. The carbon dioxide emissions data, 
measured in millions of metric tons of carbon, are from the Carbon Dioxide Information 
Analysis Center (Oak Ridge National Laboratory, DOE). The GDP data, measured in 
1987 U.S. dollars, are from the World Bank. The population data, measured in thousands 
of individuals, are from the United Nations Population Division.

B. Methods

We have estimated a fixed effects linear regression on the logs of these variables, for the 
countries in our data set, excluding those listed in Annex I. Our regression uses four non­
overlapping 5 year intervals for each country. The residuals exhibit slight serial correlation 
(estimated first order serial correlation » .15). Our forecasts include the country specific 
constants.

C. Results

The fixed effects regression we estimated is

Emissions = a GDP,., + b GDP,_2 + c Population,., + y trend

Emissions are the natural logarithm of the five year non-overlapping average of carbon 
emissions. All independent variables are lagged. GDP,., is the log of the gross domestic 
product in the year prior to the first year in the emissions variable, GDP,.2 is GDP in the 
year two years prior to the first year included in the emissions variable, and population,., is 
the country’s population in the year prior to first year included in the emissions variable. 
Trend is one in the first 5 year period, and 2, 3 and 4 respectively in the subsequent 5 year 
periods. The useable data included 376 cross-section time series observations. The fixed 
effects regression used 98 degrees of freedom. The R squared was in excess of 0.99.
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Model I Results

Variable Name Coefficient Estimate Standard Error

GDP... 0.9501823 0.2443047

GDP,.2 -0.411297 0.23894

Population,., 0.4836006 0.2055439

trend 0.0073712 0.0310638

As one illustration of the model’s accuracy in predicting emissions, consider the chart 
below that maps actual and predicted emissions using within sample data for ten selected 
developing countries. The predicted value is never more than 1/4 of one percent away 
from the actual emissions average for any of the five year intervals.

Error in Model I Prediction as a Fraction of Actual Emissions
0.25%

0.00%

-0.25%
73-77 78-82 83-87 88-92

China Mexico India Brazil Chile
X 5*5 ■ ♦ ♦

Argentina Israel S. Africa Costa Rica S. Korea
0 □ + 0
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To forecast emissions for the five year period beginning in 2008 using the results of this 
regression we input the World Bank forecasts of GDP for the years 2007 and 2006, and 
the United Nations forecasts of 2007 population. The forecasts of emissions for the 
budget period and the confidence intervals around these forecasts conditional on the 
assumed 2006 and 2007 values are described in the table below.

Country 2006 GDP 
(1987$, billions)

2007 GDP 
(1987$, billions)

2007
Population

Predicted
Average
Emissions,
2008-2012

China 1,385.8 1,493.5 1,357,627,00
0

2092 MMTC 
SE: 1.37 MMTC

India 752.1 799.7 1,140,563,00
0

345 MMTC 
SE; 1.34 MMTC

Mexico 268.2 282.7 113,385,000 157 MMTC 
SE: 1.33 MMTC

The 95 percent confidence interval around the predicted emissions is approximately 
± two standard errors. As shown above, these developing countries would incur net costs 
of a cap and trade only if the cap were about 9 to 10 percent below BAU. Since such 
reductions from BAU are more than 10 times greater than the standard error, the risk of 
net costs is negligible.
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How Far Below BAU Should the Developing Countries’ Caps Be Set?

The answer to this question has many dimensions. Most commonly discussed is the issue 
of fairness: what commitments to reduce emissions should be made by countries whose 
economic resources differ substantially? Generally neglected but discussed below is the 
issue of efficiency. In particular, what are the implications for U.S. costs of increasingly 
more stringent caps on emissions from key developing countries?

More stringent developing country caps raise U.S. costs by restricting the supply of 
permits in world markets and so raising the price of permits. To assess the magnitude of 
this effect consider the cap which just leaves a country no better off than no cap at all.
This “indifference” cap is where the costs of meeting the cap just equal the net gains from 
selling permits in world markets. In the figure on the next page illustrates gains from trade 
for a small country. For a cap that is equivalent to a reduction from BAU of 138 
MMTCE, net foreign exports are B, and the cost of meeting the cap is C. Since B=C in 
this example, the net gains from trade are nil.

Imposing this “indifference” cap on China, given that its participation does affect world 
permit prices leads to the following conclusions.

1) An indifference cap for China increases annual U.S. costs by $4.5 billion or 33% 
relative to a BAU cap for China.

2) The cost to the U.S. per ton of Chinese emissions reduced is $26 on average. (The 
marginal cost effectiveness is likely to be higher.) This is not the average cost of a ton of 
emissions purchased from China, but the average cost to the U.S. of China complying with 
a more stringent cap.

Thus developing country participation in the form of acceptance of caps significantly more 
stringent than business as usual will raise costs to the U.S.
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Illustrative 2010 Marginal Abatement Cost Curve

Carbon Dioxide Emissions Reductions (MMTCE)
Source: SGM



Share of non-Annex E Deaths avoided Share of non-Annex E Deaths avoided
in 2010 in 2010 in 2020 in 2020

0.23723 136644 0.22243 250453
0.20316 105319 0.19837 201026
0.02010 10999 0.01953 20889
0.00867 4996 0.00797 8970
0.03406 19616 0.03297 37123
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BODY:
Summary

Background Most public-health assessments of climate-control policies have 
focused on long-term impacts of global change. Our interdisciplinary working 
group assesses likely short-term impacts on public health.

Methods We combined models of energy consumption, carbon emissions, and 
associated atmospheric particulate- matter (PM) concentration under two dif­
ferent forecasts: business-as-usual (BAU); and a hypothetical climate-policy 
scenario, where developed and developing countries undertake significant 
reductions in carbon emissions.

Findings We predict that by 2020, 700000 avoidable deaths (90% Cl 
385000-1034000) will occur annually as a result of additional PM exposure under 
the BAU forecasts when compared with the climate-policy scenario. From 2000 to 
2020, the cumulative impact on public health related to the difference in PM 
exposure could total 8 million deaths globally (90% Cl 44-119 million). In the 
USA alone, the avoidable number of annual deaths from PM exposure in 2020 
(without climate-change-control policy) would equal in magnitude deaths 
associated with human immunodeficiency diseases or all liver diseases in 1995.

Interpretation The mortality estimates are indicative of the magnitude of the 
likely health benefits of the climate-policy scenario examined and are not 
precise predictions of avoidable deaths. While characterised by considerable 
uncertainty, the short-term public-health impacts of reduced PM exposures 
associated with greenhouse-gas reductions are likely to be substantial even 
under the most conservative set of assumptions.

Introduction

Since the industrial revolution, the contribution of anthropogenic sources of 
greenhouse gases to the global environment has increased significantly.1 
Atmospheric concentrations of greenhouse gases, including carbon dioxide (C02),
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methane (CH4), and nitrous oxide (N20), are of greater importance today than at 
any other time in human history. These trends can be largely attributed to human 
activities, primarily fossil-fuel combustion, and change in land use and 
agricultural practices. In the absence of efforts to reduce greenhouse gases, 

the concentrations of these gases are expected to grow sig- nificantly 
throughout the next century. The mid-range estimate from the Intergovernmental 
Panel on Climate Change (IPCC) is that human-induced climate-change will 
increase surface temperatures by about 20C by the year 2100;2 many uncertainties 
exist about this projection.

In an effort to protect the global-climate system for future generations, 
over 150 nations signed the UN Framework Convention on Climate Change (UNFCCC) 
in June, 1992.3 The UNFCCC established the objective of stabilising atmospheric 
greenhouse-gas concentrations at levels that would avoid dangerous anthropogenic 
interference with the global-climate system. Signatory countries will be 
considering options to control greenhouse gases at the third con- ference of 
parties in Kyoto, Japan, in December, 1997.

Short-term public-health impacts have generally not been considered in 
assess- ments of global-climate change. Two studies,4,5 for example, have 
projected that well into the next century, weather patterns resulting from 
climate change are expected to affect the health of future generations. 
Heat-related mortalities and illnesses, physical and psychological traumas, and 
changes in vector-borne and infectious diseases, food supplies, and coastal 
sea-levels are expected to become evident. With various models, we estimate 
likely public-health benefits of current and future global-climate-change 
mitigation policies in the first two decades of the 21st century in developed 
and developing countries.

Many of the fossil-fuel combustion processes that produce C02 and other 
green- house gases also produce a host of air pollutants such as particulate 
matter (PM), sulphate, ozone, and other pollutants, all of which have short-term 
adverse effects on public health. We use PM as a sentinel air pollutant because 
it is commonly associated with fossil-fuel combustion. Extensive public-health 
literature in several countries has shown that both mortality and morbidity are 
significantly associated with exposure to PM.6,7 Most air pollutants from fossil 
fuels have local impacts but some airborne pollutants (eg, fine particulates) 
can be transported thousands of miles and have global impacts.8

We combined analyses from several independent models of energy consumption 
(to provide a first approximation of likely C02 emissions), associated 
concentre- tions of PM, and probable increases in mortality associated solely 
with PM by the year 2020 (figure 1). This analysis presents a scenario-based 
order-of-magnitude estimate of the possible size of the air-pollution impacts on 
populations in developed and developing countries.

Methods

Scenario development

Estimation of the consequences for public health of projected global events 
requires the development of scenario-based impact assessment that relies on 
complex models of environmental change.9 Our study develops two possible C02 
emission scenarios: a business-as-usual (BAU) scenario which updates IPCC's 1992
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analysis of expected trends in energy consumption and associated C02 
emissions;10 and a hypothetical climate-policy scenario, which considers the 
stated intentions of the European Union regarding proposed reductions in C02 
emissions for developed countries,11 coupled with additional measures by 
developing countries. Under our hypothesised climate-policy scenario, developed 

countries would undertake concerted and binding efforts to reduce energy-related 
C02 emissions 15% below 1990 levels by the year 2010. Under this same 
climate-policy scenario, developing countries are assumed to reduce their 
emissions 10% below their levels of greenhouse-gas emissions forecast for 
2010--that is, 10% below what would otherwise be their BAU trends by 2010. This 
is consistent with agreements made by developing countries under the Ber- lin 
Mandate to advance implementation of existing commitments to promote tech­
nologies, practices, and processes that reduce greenhouse-gas emissions.

Both these scenarios assume that total energy use and efficiencies in the 
developing countries continue to increase to meet the needs of economic growth. 
The differences between them lie in the rates of growth in energy use, the fuel 
mixes, and their combustion and end-use efficiencies. Under each of these 
scenarios, emissions of PM are taken as representative of general ambient air 
pollution associated with fossil-fuel combustion and C02 emis- sions. Based on 
projected concentrations of PM, we estimate annual and cumula- tive numbers of 
avoidable deaths in the years 2010 and 2020 among adults aged over 30 years and 
infants of up to 1 year in developed (annex 1) and develop- ing (non-annex 1) 
countries (UNFCCC nomenclature). Avoidable deaths refers to the estimated annual 
premature mortality associated with PM from modelled fos- sil-fuel combustion 
(ie, attributable risk) that could be avoided by adopting the hypothesised 
climate-policy scenario. Because the aerodynamic size of the particles produced 
is of great importance, our model estimates the emissions and concentrations of 
particles that are less than 10 m (PMIO) and fine particles of less than 25 m 
(PM25). A host of other adverse acute and chronic health effects are also 
associated with PM and other air pollutants, but are not analysed here.12,13

Fossil-fuel consumption and carbon emissions

Future fossil-fuel consumption and resulting emissions of greenhouse gases 
and other air pollutants reflect complex interactions of several key variables, 
including economic activity, transportation modes, demographic trends, the rate 
and nature of technological innovations, and energy prices. The IPCC devised six 
well-documented projections of greenhouse-gas emissions in 1992.14 The IPCC used 
the Atmospheric Stabilisation Framework (ASF) model to relate socioeconomic 
scenarios to carbon emission trajectories. The ASF model con- tains detailed 
representations of fossil-fuel consumption for four sectors (electric utility, 
residential/commercial, industrial, and transportation) for nine global regions.

All C02 emission estimates in this paper refer to emissions attributable to 
the combustion of fossil fuels, which represent about 75% of current global 
anthropo-genic emissions of C02.15 The C02 emission projections presented in 
this paper fall within the range of other emission projections documented in the 
literature. The 83 billion metric tonnes of carbon (BMTC) from fossil-fuel 
combustion presented in this paper for 2010 is slightly lower than the estimate 
of 88 BMTC as predicted by Energy Information Administration.16 Our 2020 
projection of 107 BMTC is higher than the IIASA/WEC projection of 84 BMTC17 and 
similar to the Shell Oil sustained-growth scenario estimate of 105 BMTC.18
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The input in this study has been updated to reflect more recent population 
projections, the breakup of former Soviet Union, and lower anticipated fos­
sil-fuel prices. The model assesses C02 emission-reduction goals, by choosing 
the most efficient and least cost emission- reduction opportunities available in 
each region, and recognises efficiency improvements in many developing 
covintries.19 The global-population data used for these scenarios are con­

sistent with the World Bank's medium-growth assumptions.20 The gross national 
product (GNP) growth assumed for the BAU scenario is slightly higher than the 
one used in the IS92a scenario, which reflects several economic, energy, and 
climate-change-related studies.21,22

Table 1 and figure 2 indicate several trends and associations of fossil-fuel 
consumption patterns modelled under both the BAU and climate-policy scenarios.
In 1990, despite having only 24% of the world's population, annex 1 countries 
accounted for 70% of global fossil-energy consumption and 68% of carbon emis­
sions from fossil fuels. Under BAU, overall growth in C02 emissions from annex 1 
countries is relatively moderate through the projection period, 1990-2020, 
rising by only 175% through 2020. This moderate growth may be explained by 
current trends of fossil-fuel consumption patterns in Russia and the former 
Soviet Union. These regions markedly differ from other annex 1 countries, in 
that sharp declines in energy consumption are not assumed to reach 1990 levels 
again before 2020. As a consequence, future increases in emissions in annex 1 
countries imder the BAU scenario are masked by these reduced consumption pat­
terns in Russia and the countries of the former Soviet Union.

The expected growth in energy-related C02 emissions of non-annex 1 countries 
under BAU by 2020 exceeds the total level of emissions of annex 1 countries in 
1990. Non-annex 1 countries' carbon emissions resulting from consumption of 
fossil fuels are expected to rise from 19 BMTC in 1990 to 41 BMTC in 2010, a 
116% increase over 30 years. In 1990, annex 1 countries produced 68% and 
non-annex 1 countries produced only 32% of total global carbon emissions. Under 
the BAU scenario, by the years 2010 and 2020, non-annex 1 region's projected 
contributions will be 41 and 6 BMTC, respectively. On the other hand, if the 
climate-policy scenario is implemented, by the years 2010 and 2020, non-annex 1 
region's projected carbon emissions could be reduced to 37 and 54 BMTC, 
respectively. Figure 2 shows the relative contributions of developed and 
developing countries to fossil-fuel use for the years 1990, 2010, and 2020 under 
both scenarios. The global fossil-fuel consumption is expected to be less under 
the climate policy scenario, which reflects increased fuel-combustion 
efficiencies, conservation measures, and improved technologies. We assume that 
there is no cross-border trading of greenhouse gases. Under the climate-policy 
scenario, C02 emissions decrease more than fossil-fuel consumption as countries 
switch away from coal to less polluting fuels, such as natural gas.

Pollutant emissions and concentrations

The following discussion outlines the modelling protocol followed in this 
study along with a brief description of key assumptions and sensitivity 
analyses.

A PM source-receptor matrix23 was used to derive concentration patterns for 
PMIO and PM25 per unit of energy use for each of the four sectors and three 
fossil-fuel types (coal, oil, and natural gas). The source-receptor coeffi­
cients were calculated with large-scale air-dispersion models that were based on
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emission inventories calibrated with and matched to extensive monitoring data in 
USA for 1990-1994.24 In addition to calculation of concentrations of primary 
particles (those emitted directly by sources), the model also incorporates the 
secondary conversion of gaseous precursors (S02 and NOx) to fine particulates as 
they are transported through the lower atmosphere. The source-receptor-matrix 
model yields smoothed, area-wide averages of PMIO and PM25 concentrations for 

each IPCC region and does not estimate local air- borne-pollutant levels at 
specific receptor sites; the latter air-pollutant estimates are generally 
calculated with Gaussian air-dispersion models that incorporate only local 
emission inventories and meteorological data. To do this analysis, we assume 
that airborne fine particles travel hiindreds of miles through the atmosphere and 
their estimated regional concentrations are not very sensitive to the details of 
the modelling matrix. This contrasts with the well-known difficulty of modelling 
for short-term ozone episodes over a small geographic area. Evidence supporting 
the long-range transport of fine particles can also be found--eg, in the report 
of the second World Meteorological Organization meeting of experts to assess the 
response to and atmospheric effects of the Kuwait oil fires.25

Applying such a large-scale air-dispersion model carries with it several 
assumptions that could result in a misestimation of actual PM concentrations. In 
the absence of data on typical chimney heights in other parts of the world, for 
example, we have assumed that the distribution of chimney heights in the USA is 
representative of that found elsewhere. Should average heights of chim- neys in 
a given region be lower than in the USA, the likely consequence would be higher 
local concentrations of particles and their precursors, and lower concentrations 
at greater distances downwind. Conversely, higher chimneys could yield lower 
concentrations near a given source but higher concentrations further downwind. A 
second key assumption is that the spatial association between emission sources 
and population densities in the USA is representative of the rest of the world. 
In some developing regions, such as the mega-cities of Southeast Asia, whose 
population patterns are more geographically dense, this approach is likely to 
underestimate actual human exposures to airborne pollutants. Also, the 
source-receptor-matrix model makes no estimates of indoor air-pollutant 
exposures to PM from coal or biomass used for cooking and heating. Such 
exposures are known to be very high in several developing regions, such as 
China, Africa, and India.26

Our modelling indicates that concentrations of PM from a fixed quantity of 
emissions in hot and dry regions are about one-third of what would be expected 
from those same emissions under most other climatic conditions. The likely 
reasons for this are: higher ambient temperatures coincide with greater mixing 
heights, hence a greater volume of air for dispersion; and the conversion of 
gaseous PM precursors such as S02 into intermediate products (sulphuric acid) 
requires the presence of water vapour. Where less water vapour is available, 
conversion rates are slower and conversion takes place over longer distances. 
Therefore, regional levels of PM are expected to be lower in dryer climates.

To capture these influences of climate on PM concentrations, the USA was 
divided into four roughly equal geographic zones based on long-term climatic 
data: hot/dry, hot/wet, cold/dry, and cold/wet. Unique source strengths for each 
sector/fuel were derived for each zone. Similar climatic data for each of the 
remaining eight global regions were used along with data on population densities 
to obtain the appropriate, representative weighting among USA climate zones--eg, 
90% of the population of the Southeast Asia group was found to reside in a
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climate which most closely resembles the hot/wet designation, while 10% resides 
in a hot/dry grouping; none was in the cold/dry or cold/wet zones. To derive an 
overall Southeast Asia estimate, the source-receptor association for the hot/wet 
USA zone was weighted 90%, and the hot/dry zone 10%. Had we not adjusted the 
source-receptor matrix to account for regional differences for climate, and 
instead used the USA climate as a proxy for the rest of the world, then the 
modelled concentrations of PM would have been from 16% (climate policy Asia) 
to 130% (climate policy Europe) lower.

This analysis projected future global patterns of energy consumption and 
adjusted the overall USA source-receptor association to account for climate 
differences in other global regions. To project li)cely changes in concentra­
tions of PM, it is also necessary to estimate future efficiencies of pol­
lution-control equipment and policies unrelated to climate-control mitigation.
In our analysis, two alternative pollution-control strategies were assumed to 
occur, in developed and developing regions. The USA Organisation for Economic 
Co-operation and Development (OECD)-West and OECD-Asian countries were assumed 
to use USA controls, including S02 and NOx controls outlined in the USA, 1990, 
Clean Air Act. These do not reflect controls that individual states of the USA 
might adopt as a result of recent revisions to ozone and PM National Ambient Air 
Quality Standards, which are not expected to go into effect \intil after the 
adoption of climate-change mitigation strategies. All other regions were assumed 
to start with no controls in the year 2000. By the year 2020, these other 
regions were assumed to attain 1990 USA control levels for
transportation-related emissions and 1970 USA control levels for point-source 
emissions.

Our results are sensitive to the estimation of pollution-control efficiencies 
for fuel combustion because emission rates change in relation to these values. 
This is especially true for situations where high levels of control are 
estimated, because the difference between 90% and 99% control is a ten-fold 
difference in emissions. For countries that may have more stringent control 
programmes than the USA (eg, certain sectors in Japan), use of USA standards as 
a proxy may overestimate future PM concentrations. It is also possible that our 
assumptions about future pollution-control efficiencies are too optimistic for 
developing co\intries; if so, then we will have underestimated emissions and 
associated health effects of the control scenarios. The sensitivity of the 
analysis to assumed control levels was evaluated by calculating PM concentra­
tions in non-annex 1 regions and Eastern Europe and former Soviet Union, which 
would result in the absence of controls. Analysis for 2020 showed that remov­
ing controls would yield PMIO and PM25 concentrations of 65% and 32% higher, 
respectively, than the values calculated in the BAU analysis.

Further refinements to transportation-related emissions in all non-USA 
regions were made to account for the much higher reliance on diesel fuel in most 
of the world than in the USA.27,28 The fraction of the energy consumed in the 
transportation sector which is diesel fuel is different in each country (eg, 60% 
in Latin America, 20% in the USA) and the fraction is assumed to remain constant 
throughout the study period. These refinements also assume a steady reduction in 
use of lead in petrol starting from present levels in the year 2000 to zero in 
2010. Increased use of catalytic converters to control vehicle-exhaust 
pollutants will accompany phase-out of lead.

In the USA, data indicate that ambient PMIO concentrations are on average 65%
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of total suspended particulate concentrations; PM25 concentrations are on an 
average about 50% of PMIO concentrations; and fossil-fuel combustion accounts 
for about 45% of measured PM25 concentrations.23,24 To validate modelled PM 
concentrations, ambient monitoring data were gathered for about 40 countries. 
Virtually all of the data, however, were for total suspended particulate and no 
data were found which established the fractional contribution from fos- sil-fuel 
combustion. If one were to assume that the percentage of total suspended 
particulate that is contributed by fuel-combustion sources in the USA holds 
throughout the world, then estimated PM concentrations should be two to ten 

times higher than those developed in this study. In our judgment, it is highly 
unlikely that other regions experience long-term average PM concentre- tions 
from fossil-fuel combustion that approach such levels. Total suspended 
particulate concentrations in most of the world are at least twice as high as 
those in the USA; this is likely due to factors such as much higher contribu­
tion to the coarser fraction (>25 m) from such sources as wind-blown dust (eg. 
Middle East) as well as a higher fine fraction (<25 m) contribution from sources 
such as biomass burning from heating, cooking, and forest clearing (eg.
Southeast Asia).

Health-impact estimates

Extensive p\iblic-health literature in several countries shows that both 
mortality and morbidity are significantly associated with exposure to PM.6,7 
Besides mortality, studies in several cotintries have associated PM with car­
diovascular and respiratory morbidity (eg, increased hospital admissions and 
emergency-room visits for acute and chronic pulmonary effects, including bron­
chitis, asthma, cough and wheeze).6,7,29 Little is known about the mechanism of 
action of PM. Some toxicological studies have produced bronchitic responses,30 
arrhythmias,31 and exacerbation of pneumonia in rats33 from exposure to fine 
particles, which are similar to those observed in epidemiological studies. It 
has been found that tiny respirable particles or airborne aerosols can interfere 
directly with pulmonary function and plasma viscosity in animals and human 
beings.33-35 Mortality effects have con- sistently been associated with 
short-term and long-term exposure to PM in more than 40 studies done in over ten 
countries.6,7,36-38

The short-term exposure studies use daily time-series analysis to assess 
changes in mortality in the general population that are associated with changes 
in daily concentrations of PM. Long-term exposure studies of PM have used a 
prospective cohort design, which allows the adjustment of potential confounders 
in the assessment of the association between PM and mortality.

Health benefits from reductions in PM have been derived previously from 
epidemiological studies done in the USA and in Europe.29,38,39 Long-term 
exposure studies were used as the basis for the quantitative analysis because 
the results from these analyses have followed single cohorts and adjusted for 
important confounders. These analyses suggested mortality effects from both 
long-term and short-term exposure to PM.6,7,41 Epidemiological studies were 
chosen for this quantitative analysis only if they reported the relative risk 
(RR) as a monotonic function of PM concentrations. The two age groups for which 

RR has been estimated in long-term studies are adults aged over 30 years and 
infants aged between 1 month and 1 year. To evaluate the impact of PM con­
centrations on adult mortality, the paper by Pope and colleagues was selected as 
the basis for quantitative analysis.42 For infant mortality, we used a study by
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Woodruff and colleagues43 that reported RR as a continuous monotonic function of 
PM concentrations. Pope and colleagues found that a 245 g/m3 increase in PM25 is 
associated with a 117 (95% Cl 109-126) increase in RR of total mortality for 
adults over 30 years. Woodruff and colleagues, foimd that for a 10 g/m3 increase 
in PMIO, an odds ratio of 104 (95% Cl 102-107) for increases in total infant 
mortality between 1 month and 1 year associated with increases in PMIO 
concentrations.

We assume that the association is the same in the rest of the world as it is 
in the USA. Epidemiological studies have found a relatively consistent 
association between short-term exposures to PM and mortality in many countries, 
including Chile, Brazil, and Western Europe.6,37 Given the relatively consistent 
association found between short-term exposure to PM and mortality across 
countries, it is reasonable to assume that the health effects from long-term 
exposures to PM in other regions of the world parallel those of the USA.6 The 
association between change in PM25 and PMIO and change in mortality rislc is 
modelled as an exponential function. The exponential func- tional form for the 
RR comes from the specification of the logistic regression model used in the 
study by Woodruff and colleagues, and the Cox's proportional hazard model used 
in the Pope study for evaluation of the association between PM and mortality. In 
this model, the RR associated with a PM change of D PM is:

RR (PM) = exp (b D PM)

The slope coefficient, b, is derived from the chronic-exposure 
epidemiological studies selected for use in this analysis, and D PM is the 
incremental change in the annual mean (or median) PM concentration, had a 
policy-based scenario not been adopted. The ris)c reduction associated with 
adoption of the policy is:

[exp (b D PM)-1].

The estimated regional incidence of avoided premature morality is:

D mortallty=(RR [D PM]-1) (mortality rate) (population), where the 
mortality rate and population are the adult or post-neonatal regional estimates, 
derived from projections of population by age and infant mortality rates by 
country. These were obtained from the Bureau of Census (USA) international 
database and aggregated to a regional level. The projected baseline age-adjusted 
regional adult (>30 years) mortality rates were calculated from individual 
country population projections (by 5-year age group), adjusted for immigration 
and emigration with World-Bank projected net-migration rates.

The source-receptor-matrix estimates annual mean PM concentrations. The RRs 
in the Pope study are based on the annual median of daily PM concentrations, 
which is usually lower than the mean for air-pollution concentrations.42 PM 
data, from the USA, suggests that a g distribution best describes the observed 
skewed distribution of daily PM levels.39 Assuming a g distribution, an 
estimated median can be derived from the mean and an estimated maximum daily 
level. Observed population-weighted peak-to-mean ratios from four USA geographic 
zones are applied to the source-receptor association. A maximum likelihood 
routine was used for each region in the climate-policy scenario to estimate the 
g distribution with the estimated mean and maximum daily level.
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Results

The scenarios that form the basis for this exercise rest on complex models of 
energy-use trends, estimated emissions of carbon, projected levels of PM, and 
associated impacts on mortality. Each of these models necessarily has several 
assumptions and includes many uncertainties. Of the many limitations of this 
exercise, two stand out: we have only calculated mortality impacts of PM for 
adults over age 30 and infants of age 1 month to 1 year; and we do not provide 
estimates of morbidities related to air pollutants from fossil-fuel combus­
tion. The quantitative estimates of pviblic-health impacts generated through 

this
assessment should be understood as a first approximation of the likely magnitude 
of the effect, and not as representing precise predictions of avoided
mortalities.

With these caveats in mind, if the climate-policy scenario were to be imple­
mented, s\abstantial improvements in fuel efficiency would be realised by 2020, 
and major reductions in PM pollution would be achieved. By the end of the sec­
ond decade of the next century, the policy we have outlined here would avoid 
about 700000 deaths annually (90% Cl 385000-1034000), of which 563000 
(309000-831000) and 138 000 (76000-203000) would occur in non-annex 1 
(developing) and annex 1 (developed) countries, respectively (table 2). Note 
that the Cl only reflects vincertainties in the epidemiological studies. If BAU 
climate policies continue, the greatest impacts will occur in developing 
countries.

We estimate that implementation of the climate-policy scenario could prevent 
up to 8 million deaths (90% Cl 44-119 million) worldwide during the first 20 
years of the next century, corresponding to 167 million (09-25 million) and 634 
million (35-94 million) avoided deaths in developed and developing countries, 
respectively. There are higher expected deaths in developing countries compared 
with developed countries because of the higher proportional expected changes in 
PM concentrations under the climate-policy scenario.

To assess the sensitivity of the numbers to certain key assumptions in the 
estimation of PM concentrations, we considered two analyses. The first assesses 
the effect of assuming that the USA climate is representative of that in each of 
the other global regions examined. The second assesses the effects of assuming 
that there is no change in emission-control levels in the BAU baseline for the 
non-annex 1 countries and in Eastern Europe and the former Soviet Union. Table 3 
presents the results for the cumulative number of deaths avoided under each of 
these scenarios. If we assume that the climate in the USA is the same in the 
rest of the world, this results in fewer estimated avoidable deaths than our 
primary health analysis between 2000 and 2020 in both non-annex 1 countries (38 
million vs 63 million in our primary analysis) and annex 1 countries (12 million 
vs 17 million). The alternative assumption, about control levels in the BAU 
baseline, results in more estimated avoidable deaths in non-annex 1 countries 
(76 million vs 63 million).

Discussion

One of the most critical set of assumptions in this scenario assessment is 
that present levels of PM are causing adverse effects on mortality of the mag­
nitude reported by Pope and colleagues. The assumption that fine particles are
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the direct cause of these effects, and not merely correlated with them is also 
critical to our analysis. It is these fine particles that can be transported 
globally because they are not trapped by conventional particulate-control 
technologies, are buoyant, and can travel thousands of miles through the air 
before they are deposited. Fine PM can produce effects on health in distant 
countries.

The climate-policy scenario that we use makes several assumptions that affect 
the estimates of the public-health impact of improved policies for climate 
control. We assume an ambitious phase-in of pollution-control equipment in 
developing countries from policies unrelated to the climate-change-mitigation 
scenarios. If countries fail to use such pollution-control equipment, 

air-pollutant emissions will increase, and associated deaths and illnesses will 
be higher than those estimated under the BAU scenario, as seen in the 
sensitivity analysis. The effectiveness of policies to reduce greenhouse gas in 
the climate-policy scenario would be even greater. Second, the air-quality 
modelling protocol we use assumes that the USA distribution of chimney heights 
is representative of that throughout the world. Many developing countries have 
lower chimneys for power plants and industrial boilers and greater population 
densities surrounding industrial facilities, so this assumption probably causes 
an underestimation of avoided deaths from greenhouse-gas reduction in the 
non-annex 1 countries. However, if populations are concentrated at greater 
distance downwind, then lower chimney heights would probably yield lower PM 
exposures and result in an overestimation of avoided deaths. Third, the analysis 
does not include reductions in morbidity due to lower PM, or reduc- tions in 
morbidity from other pollutants.

There are several uncertainties associated with the use of the prospective 
cohort studies for estimation of mortality effects from PM exposure worldwide. 
While the prospective cohort studies have attempted to account for all important 
confounders, some potential confounders may not have been con- sidered. However, 
sensitivity analyses done in the study by Pope and col- leagues foiind that the 
association between PM and mortality was relatively insensitive to several 
important potential confounders, including occupational exposure and smoking. 
This analysis also assumes there is a consistently increasing association 
between long-term exposure to PM and increased mortality risks, which is the 
same in the rest of the world as it is in the USA. In most developing countries, 
exposure to PM is an order of magnitude or more higher than that in the USA. 
Additional increases in mortality risks could diminish as exposures approach a 
saturation level. If the exposure response is not the same at these higher 
doses, then extrapolation of the USA estimates to developing countries may 
overestimate the avoided deaths in non-annex 1 coiintries. The results from the 
Pope study, of adult mortality, probably reflect both the effects of long-term 
and short-term exposure to PM, and there is possibly some overestimation of the 
annual avoided mortality associated with estimated annual decrements in PM. 
Another factor that could lead to overestimation is that PM levels in the USA 
have generally improved over the past few decades, especially for coarse 
particulate levels. If the premature mortality effects are related to cumulative 
exposure over a long period, then the observed effects in the Pope study could 
be associated with a larger PM change than observed (leading to a smaller risk 
per unit change).

Our analysis accoiints for the age-distribution of the populations affected.
If the RR is higher for older people, then the analysis could overestimate
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siortallty effects in non-annex 1 countries. However, the yoimger populations of 
developing countries must often confront other health threatening condi- tions 
(eg, malnutrition), which may increase their vulnerability to pol- lutants. 
Estimates of the percentage of cardiorespiratory deaths in non-annex 1 countries 
(except for subSaharan Africa) is similar to that in annex 1 countries, 
indicating that it is reasonable to apply PM associations found in the USA to 
other countries. While we are not aware of any attempt to replicate the study by 
Woodruff and colleagues, similar results of infant mortality associated with PM 
have been found in the Czech Rep\iblic.40

The quantification of mortality benefits derived from our analysis only con­
siders outdoor sources of PM from fossil-fuel combustion. For many countries 
aroimd the world, burning biomass indoors can also be an important source of 

PM.
For example, in China, households burn about 500 million tons of biomass fuels 
for cooking and heating each year.44 The suspended PM in Chinese households 
often exceeds recommended air-quality guidelines by WHO by more than tenfold.45 
For most of the Chinese population, the health impacts from indoor exposure to 
air pollutants greatly exceed that of workplace or outdoor exposure. Data from a 
series of studies and official disease statistics sug- gest that air pollution 
from both indoors and outdoors is responsible for more than 1 million deaths per 
year in China, or about one in every eight deaths nationwide.46

In 1990, lower-respiratory-infections were the leading components of dis­
ability adjusted life years.47 By 2020, respiratory-related diseases are 
projected to rank among the top ten causes of poor health in the world. The 
total number of annual deaths that could be avoided under the climate-policy 
scenario in 2020 in much of the developed world almost equals the projected 
number of fatal injuries caused by automobile accidents.48 In the USA, by the 
year 2020, at least 33000 deaths a year could be avoided from implementation of 
the climate-policy scenario. This projected number of avoidable deaths in the 
USA is of the same order of magnitude as currently occurs as a result of several 
major causes of death from illnesses, each of which is subject to major 
public-policy interventions, including human immunodeficiency and chronic liver 
diseases.

Newspaper reports this year from Sumatra, Borneo, and other regions49 
indicate that measured levels of air pollution associated both with burning 
forests and air pollution from energy production sometimes exceed the levels 
measured in London during the killer fog of 1952. This episode of elevated 
pollution in London was associated with nearly 3000 excess deaths in 1 week.50

Health patterns in any region reflect an intricate combination of factors: 
poverty, nutrition, population density, housing and sanitation, smoking, and 
workplace and environmental factors. While environmental factors cannot account 
for all these patterns, they are important because they can be changed by public 
policy. Patterns of rapid growth and development in emerging mega-cities of the 
developing world can impose significant involuntary risks from air pollution on 
large proportions of their population.51,52 Control or prevention of this 
exposure needs to be recognised as critical to the develop- ment of 
environmental and public-health policy. Even if environmental factors pose 
relatively small risks of common ailments, but the exposure is widespread and 
vulnerable groups exist in the exposed population, the public-health impact of 
air pollution can be significant. Where exposure is universal and where the
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population is vulnerable the marginal contribution of air pollution can be 
significant.53

Conclusion

Regardless of how or when greenhouse gases alter climate,54 reducing them now 
will save lives worldwide by lessening particulate air pollution. The benefi­
cial effects of reduced particulate pollution appear to be far greater in 
rapidly developing countries than in developed countries, although they are 
substantial in both regions. The overall scientific challenge is to discern 
enough from present and past trends to reduce uncertainties, so that an 
integrated impact assessment can yield useful results. Our analysis should not 
be misconstrued as precise predictions, but as relative indicators of the mag­
nitude of the effects that are likely to arise under conditions that we have 
specified in these climate-related scenarios.

The transdisciplinary activity pursued in this assessment provides a 
systematic framework for the estimation of potentially far-ranging and sub­
stantial health impacts in an uncertain future world. This estimate looks beyond 
the restricted view of environmental health as a local problem,55 recognising 
the truly global reach of climate policies. There is a dynamic between being 
able to predict future impacts and being able to affect policies to avoid those 
potential impacts. In the 18th century, the philosopher Saint-Simon noted 
"savoir pour prevoir” and "prevoir pour pouvoir". With knowledge comes the 
ability to predict. With the ability to predict, comes the power to change those 
predictions.
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Ancillary benefits of non-Annex I cap and trade

The reduction of greenhouse gas emissions achieved by developing countries under a cap and 
trade system will reduce simultaneously the concentrations of numerous other hazardous air 
pollutants, producing ancillary environmental and human health benefits. A recent study in the 
journal Lancet projects that by 2020, a climate change policy scenario in which developing 
countries reduce emissions to 10% below their BAU and developed countries reduce emissions to 
15% below their 1990 levels could produce an annual reduction of 700,000 deaths by reducing 
airborne particulate matter (PM). Non-Annex I countries experience 563,000 of those avoided 
deaths. The estimations in the Lancet study can be adapted to estimate the deaths avoided by the 
emissions reductions charted in this paper.

Key as.siimptions in Lancet:
Earlier estimates of mortality risk associated with PM are correct.
Mortality risk associated with PM is the same around the world as it is in US.
PM reductions are proportional to emissions reductions.

Key assumptions here-
All net DC emissions reductions are from reduction in gross emissions, not increases in sinks. 
Deaths avoided in a particular developing countries is equal to the total non-Annex I deaths 
avoided multiplied by its share of the non-Annex I population.

Trading
Scenario

U.S.
MMTCE
reduction

U.S. PM
deaths
avoided

LDC % 
reduction 
from BAU

LDC population LDC
MMTCE
reduced

LDC PM 
deaths avoided

Annex I 
only

0% 0 0

Annex I + 
China

20% 1,357,627,000 276

Annex I + 
India

18% 1,140,563,000 65

Annex I + 
Mexico

19% 113,385,000 34.5
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A B C D E F
1 Scenario Permit Price C02 Reductions (MMTC)
2 97$ 92$ US W'ern Eur E'ern Eur
3 A1 54 48 202 97 31
4 A1+China 26 23 101 49 15
5 A1+lndia 47 42 178 84 27
6 A1+Mexico 51 45 191 91 29
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G H 1 J K L
1
2 FSU Canada Japan Australia China India
3 189 15 24 12
4 108 8 12 7 276
5 169 13 21 11 66
6 179 14 23 12
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A Proposal for Developing Countries: c(.CVl^^t d(ity'
Participation in a “Target and Trade” System jJ'j-S . ol( ^

I. As the U.S. moves ahead in the post-Kyoto process, and seeks to elicit developing 
country participation, we must identify leading opportunities for construgfive—^

^ '-engagement. To that end, this analysis demonstrates that,^^tfdeveropmg^untrie^t(^ 
accept landing targets at or slightly helow their business agju^al (BAU) emissions 
levels, and (b) trade from their respective targets<Cthe gainTwill be suBstantfri^

o.

Developing countries will benefit from additional inc^e, tHe u.l>. (and otherAnnex I 

countries) will benefit from lower costs, and the environment will benefit from further 
reductions in emissions. The strongest case for eliciting developing country 
participation may be found, ultimately, in persuading them of the substance of the gains 
from trade. To the extent that we can convince them that they will beneflt from 
participating in a “target and trade” system, we can better draw them into the 
post-Kyoto process. We believe that participation in a “target and trade” system should 
be the cornerstone of our international negotiations.

The economic and environmental rationale for such participation includes
ocl

• Greater economic benefits to developing countries: With targets^only slightly 
below BAU, developing countries would enjoy net gains of many billions of dollars 
through the international sale of emission reductions achieved at lower cost than the 
world price.

• Greater cost savings to the U.S.: Participation by developing countries in 
international permit markets would greatly lower the costs to the U.S. of meeting its 
Kyoto target (as CEA testimony showed). In particular, costs would be lower than with 
trading among only Annex I countries.

• Greater environmental benefits: Targets slightly below business as usual would 
lower global emissions relative to a world with only Annex I targets,^d hfost
impoitantij^would re^e the potential for emissions leakage asSo5Rrted'with low^ 
world oil price^ Further, reducing carbon dioxide emissions generates ancillary air 
quality benefitsWough lower particulate matter, sulfur dioxide, and nitrogen oxides

emissions.
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Target and trade yields greater benefits than CDM: While the Clean Development 
Mechanism will likely result in cost s^in^o the U.S. relative to a world with only 
Annex I tradings a system including arget^d trade of developing countries’ emissions 
would yief^^eSer cost savings to the U.S. and greater gains to developing countries than 

CDM. Further, target and trade could achieve environmental benefits not achievable by 
pursuing CDM, which only redistributes emissions geographically.

^ i-
Other rational^nclude the long-run benefits of including developing countries into global 

negotiations, for example, as recognized by the Byrd-Hagel resolution. By establishing 
participation now, further commitments might be feasible in future periods.

1. Problem: To persuade a developing country voluntarily to adopt a target and then to trade 
permits internationally, international agreements must be structured to reduce the risk of 
inadvertent stringency and in particular to reduce the possibility of a target so stringent as to 
cause large economic losses to the developing country.

/.
Proposed Solution: Negotiations should focus on ^ti^iff^^pIilftionSi^ojh the estimated ^

business as usual emissions level, where this level is expressed in a way that depends on
the future values of economic variables, such as GDP. "

Rationale: Such targets would avoid the risk of inadvertent stringency associated with higheh^^ 'r 
. than projected economic growth between now and the beginning of the commitment period in\3

-fw ' <^^2008. (Developing countries would face only the much smaller risk that emissions would be \
C T higher than expected, given the economic conditions realized in 2007.

Basic principles for implementing such an approach are:

Reasonable Forecasts: The relationship between the target (i^eang any real 
reductions in emissions) and the values of economic variables, when applied to emissions 
and such variables during recent years, should predict emissions reasonably well ||hnd be 
without demonstrable statistical bia^. Relationships that give reasonably reliable 
predictions reduce the risk of either inadvertent stringency^or paper tons which could 
increase global emission^.
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Predetermined Targ(^
economic variables,

& target sliould-aot-depend oiLgontemporaneous values of 
avoid uncertainty during the commitmentpefiod~abuul Llie~^

count's target yFofexample, the target should not vary with 2008 or 2010 GDP level^ 
butratherwIth^OT GDP.

No Perverse Incentives: The target should depend on values of economic variables 
only indirectly related to emissions, to avoid creating perverse incentives for developing 
countries to increase emissions so as to have higher targets in the commitment periods. 
For example, the target should not depend on energy consumption in 2007, but could 
reflect pre-Kyot^)^vels.

III. Illustration: One way of implementingThe solution is descnbed below. Other ways of 
implementing the solution may work as well or better. The conclusions are stated below, aijd
the details of our work follo\y^

• Defining the business as usual level for a developing country as a function of its GDP
. . V^nd population in earlier years and setting the emissions target at that level yields a

risk of leaving the developing country worse off under target and trade because 
^ 1 inadvertent stringency. target slightly below BAU would also yield nagH^le i <

^ risk of leaving the developirk country worse off.

• Emisj^ons t^ets for developing counmys^et below their business ^s^usual emission 
level would/rlisuK in gains from trade IflesS^than with a BAU target, tho^n providing 
environmental benefits. The higher costs of a target set below BAU are borne by both the 
developing countries and the Annex I countries.

There are significant gains from trade for developing countries and large cost-savings to the 
U.Siqrevetroiie laige'develObing'cbuntr^ccepts an emissions target at BAU and participates 
i^missions trading. Table 1 and Charts 1 through 3 illustrate these gains from trade from a 

Daseline of full Annex I trading.

/

Ok ^\fcovtv^ 0,1 c|e|bc/^
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Table 1. Illustrative Gains from Trade with Developing Countries that Target and Trade
Trading Scenario Permit Price 1 

(1997$/ton)
Country
Gaining

Gains from Trade with 
Developing Countries

Armex I only $54 United States not applicable
Annex I + China $26 China $3.6 billion/year

United States $11.6 billion/year2
Annex I + India $47 India $1.6 billion/year

United States $2.5 billion/year2
Annex I +
Mexico

$51 Mexico $0.9 billion/year

United States $ 1.2 billion/year2

1 These scenarios do not account for the cost savings available through the Clean 
Development Mechanism and carbon sinks.
2 Gains from trade for the U.S. are estimated as the change in the U.S. total cost of complying 
with the Kyoto Protocol relative to an Annex I only trading regime.
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Chart 1. China’s 2010 Marginal Abatement Cost Curve and Gains from Trade

Chart 2. India’s 2010 Marginal Abatement Cost Curve and Gains from Trade
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Chart 3. Mexico’s 2010 Marginal Abatement Cost Curve and Gains from Trade
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The answer to this question has many dimensions. Most commonly^isctlss^ is the issue of 
fairness: what commitments to reduce emissions should be made @ countries whose 
economic resources differ substantially? Generally neglected^but discussed below, is the issue 
of efficiency. In particular, what are the implications for U.S. costs of increasingly more 
stringent targets on emissions from key developing countries?
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/ More stringent developing country targets raise U.S. costs by restricting the supply of permits 
in world markets and so raising the price of permits. Ijp assess the magnitude of this effect q> 
consider the target which just leaves a country no better off than no target at all. This 
“indifference” target is where the costs of meeting the target just equal the net gains from 
selling permits in world markets. Chart 4 illustrates gains from trade for a small country. For 
a target that is equivalent to a reduction from BAU of 17 MMTC, net gains from foreign 
exports are B, and the cost of meeting the target is C. Since B = C in this example, the net 
gains from trade are nil.

Chart 4. Illustrative 2010 Marginal Abatement Cost Curve and Indifference Target
‘mssmmmssm

Po/' OivpiC'Wy
Notej/rhis indifference target is illustrated for a country whose participation in world 

permit markets does not affect world permit prices.
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Table 2 provides an illustration of the effects of emissions targets more stringent than BAU 
on China with Annex I plus China trading. Note that a small reduction below BAU has no 
real effect on the Annex I trading price, and thus no economic effects on the U.S. However, 
as the target becomes more stringent, the Annex I trading price increases, resulting in higher 
total costs of compliance for the U.S. If China accepts a target below BAU, the cost of this 
additional stringency to the U.S. - essentially, the cost of supplying the environmental 
benefits associated with these emissions reductions - can become significant. Thus 
developing country participation in the form of acceptance of targets more stringent than 
business as usual will raise costs to the U.S.



L.DCC&T9.WPD Page 10

Table 2. Ef ects of Various Chinese Emissions Targets with Annex I Trading
Emissions 
Target 1

Permit
Price
(1997$/
ton)

Chinese
Emissions
Reductions
(MMTC)

Chinese
Emissions
Sales
(MMTC)2

Total Cost to
U.S. of
Complying with 
Kyoto

Cost to U.S. 
of Additional 
Stringency

BAU $26 276 276 $13.4 b not
applicable

BAU - 1% $26 276 262 $13.4 b ~$0
BAU- 5% $29 304 235 $14.9 b $22/ton
Indifference $36 343 172 $17.9 b $26/ton

1 We employ the SGM BAU for China for the purposes of these calculations.
2 Reductions in Chinese emissions less Chinese emissions sales yields net global reductions.

Imposing this “indifference” target on China, given that its participation lowers world permit
prices, leads to the following conclusions.

• An indifference target for China increases annual U.S. costs by $4.5 billion or 33% 
relative to a BAU target for China.

• If China accepts an emissions target requiring reductions of approximately 170 
MMTC below BAU, the average cost to the U.S. would be $26/ton. This is not the 
average cost of a ton of emissions purchased from China, but the average cost to the U.S. 
of the environmental benefits associated with China complying with a more stringent

i< Cat of (fK-i loo?-ieii) , iWt. —- "

/V (C "L V. Ancillary Environmental Benefits of Target and Trade in Developing Countries cif

C6l>'

The voluntary reduction of greenhouse gas emissions by developing countries under a target 
and trade, system will simultaneously reduce emissions of several pollutants, producing.
^ciliary emdi^imenFal and human health benefit^. Tfe^vironmental and health ben^its 
that accrue^to-\hose developing counties aa^^ikfilyJo ^SmiiHtiy/decreases m 
environmental quality in the United States^ecause of our strict heaJth-ba§ed^airquality
standards. woulct WwyCit"' 

<5fr-S?.T l-Y TV\r (I »(W/1 I'o >\ is
_-ro

A recent study in Lancet examines the emissions of one pollutant that are reduced along with 
carbon emissions: airborne particulate matter (PM). The study projects that by 2020, a 
climate change policy scenario in which developing countries reduce emissions to 10% below 

\their BAU could produce an annual reduction of 563,000 statistical deaths^ ^ ■' ? ]

, nie'MaysiFbelow adapts the predictions in the Lancet study to estimate the mo^ity risk
^ reduced from participation by three developing countries (China, India, and Mexico) in a

/target and trade system. These illustrative calculations take as given the emissions reductions 

from BAU resulting from permit sales that are predicted by SGM. It suggests that significant

•' " of

tV'*’
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public health gains could result from developing country participation in international carbon 
permit markets.

Table 3. The Effects of International Carbon Permit Trading on Mortality Risk Associated
with Particulate flatter Emissions

Country Predicted carbon Share of Annual PM statistical
emissions reduction non-Annex I deaths avoided in 2010 by
from international population in international carbon permit
permit sales 2010 trading

China 20% 23.7% 136,700
India 18% 20.3% 105,300
Mexico 19% 2.0% 19,700

Note that for most developing countries, adopting a carbon target more stringent than BAU 
and participating in international trade does not yield any additional ancillary benefits than a 
BAU target.V'"' 

^ o‘
Caveats

Major assumptions beyond those in the Lancet article include;

• Deaths avoided in each non-Annex I country are proportional to the country’s share of 
non-Annex I population.

• Deaths avoided are proportional to carbon emissions reductions.

• Each key developing country is the sole non-Annex I country to adopt a target and 
participate in international trading.
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Summary of Analysis

A. Data

We have compiled data on 3 variables: emissions of carbon dioxide, GDP, and population for 
117 countries for the time period 1970-1992. The carbon dioxide emissions data, measured 
in millions of metric tons of carbon, are from the Carbon Dioxide Information Analysis 
Center (Oak Ridge National Laboratory, DOE). The GDP data, measured in 1987 U.S. 
dollars, are from the World Bank. The population data, measured in thousands of 
individuals, are from the United Nations Population Division.

B. Methods

We have estimated a fixed effects linear regression on the logs of these variables, for the 
countries in our data set, excluding those listed in Annex I. Our regression uses four 
non-overlapping 5 year intervals for each country. Our forecasts include the country specific 
constants.

C. Results

The fixed effects regression we estimated is
h <7^-

/ P. 1 < 7

Emissions = a GDPt-1 + ^DPt-1 + c Populationt-1 + y trend

Emissions are the natural fogSrithm of the five year non-overlapping average of carbon 
emissions. All independent variables are lagged. GDPt-1 is the log of the gross domestic 
product in the year prior to the first year in the emissions variable, GDPt-2 is GDP in the year 
two years prior to the first year included in the emissions variable, and populationt-1 is the 
country’s population in the year prior to first year included in the emissions variable. Trend 
is one in the first 5 year period, and 2, 3, and 4 respectively in the subsequent 5 year periods.
The useable data included 376 cross-section tijpe-series_Qbservatmns. The fixed effects 
regression used 98 degrees of freedom. squared was in excess of 0.99x
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Table 4. Model I Results
Variable Name Coefficient Estimate Standard Error
GDPt-1 0.9501823 0.2443047
GDPt-2 -0.411297 0.23894
Populationt-1 0.4836006 0.2055439
trend 0.0073712 0.0310638

As one illustration of the model’s accuracy in predicting emissions, consider the chart below 
that maps actual and predicted emissions using within sample data for ten selected developing 
countries. The predicted value is never more than 1/4 of one percent away from the actual 
emissions average for any of the five year intervals.

Chart 5. Error in Model I Prediction as a Fraction of Actual Emissions
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A Proposal for Developing Countries:
Participation in a “Target and Trade” System

I. As the U.S. moves ahead in the post-Kyoto process, and seeks to elicit developing 
country participation, we must identify leading opportunities for constructive 
engagement. To that end, this analysis demonstrates that, if developing countries (a) 
accept binding targets at or slightly below their business as usual (BAU) emissions 
levels, and (b) trade from their respective targets, the gains will be substantial. 
Developing countries will benefit from additional income, the U.S. (and other Annex 
I countries) will benefit from lower costs, and the environment will benefit from 
further reductions in emissions. The strongest case for eliciting developing country 
participation may be found, ultimately, in persuading them of the substance of the 
gains from trade. To the extent that we can convince them that they will benefit 
from participating in a “target and trade” system, we can better draw them into the 
post-Kyoto process. We believe that participation in a “target and trade” system 
should be the cornerstone of our international negotiations.

A. The economic and environmental rationale for such participation includes

• Greater economic benefits to developing countries: With targets only slightly 
below BAU, developing countries would enjoy net gains of many billions of dollars 
through the international sale of emission reductions achieved at lower cost than 

the world price.

• Greater cost savings to the U.S.: Participation by developing countries in 
international permit markets would greatly lower the costs to the U.S. of meeting 
its Kyoto target (as CEA testimony showed). In particular, costs would be lower 
than with trading among only Annex I countries.

• Greater environmental benefits: Targets slightly below business as usual would 
lower global emissions relative to a world with only Annex I targets, and most 
importantly, would reduce the potential for emissions leakage associated with 

lower world oil prices.
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• Target and trade yields greater beneHts than CDM: While the Clean
Development Mechanism will likely result in cost savings to the U.S. relative to a 
world with only Annex I trading, a system including target and trade of developing 
countries’ emissions would yield greater cost savings to the U.S. and greater gains 
to developing countries than CDM. Further, target and trade could achieve 
environmental benefits not achievable by pursuing CDM, which only redistributes 

emissions geographically.

B. Other rationale include the long-run benefits of including developing countries into 
global negotiations, for example, as recognized by the Byrd-Hagel resolution. By 
establishing participation now, further commitments might be feasible in future periods.

n. Problem: To persuade a developing country voluntarily to adopt a target and then to 
trade permits internationally, international agreements must be structured to reduce the 
risk of inadvertent stringency and in particular to reduce the possibility of a target so 
stringent as to cause large economic losses to the developing country.

Proposed Solution: Negotiations should focus on slight reductions from the 
estimated business as usual emissions level, where this level is expressed in a way 
that depends on the future values of economic variables, such as GDP.

Rationale; Such targets would avoid the risk of inadvertent stringency associated with 
higher than projected economic growth between now and the beginning of the 
commitment period in 2008. Developing countries would face only the much smaller risk 
that emissions would be higher than expected, given the economic conditions realized in 

2007. —

Basic principles for implementing such an approach are;

• Reasonable Forecasts; The relationship between the target (ignoring any real 
reductions in emissions) and the values of economic variables, when applied to 
emissions and such variables during recent years, should predict emissions 
reasonably well (and be without demonstrable statistical bias). Relationships that 
give reasonably reliable predictions reduce the risk of either inadvertent stringency 
or paper tons which could increase global emissions.
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Predetermined Targets: The target should not depend on contemporaneous 
values of economic variables, so as to avoid uncertainty during the commitment 
period about the country’s target. For example, the target should not vary with 
2008 or 2010 GDP levels, but rather with 2007 GDP.

No Perverse Incentives: The target should depend on values of economic 
variables only indirectly related to emissions, to avoid creating perverse incentives 
for developing countries to increase emissions so as to have higher targets in the 
commitment periods. For example, the target should not depend on energy 
consumption in 2007, but could reflect pre-Kyoto levels.

III. Illustration: One way of implementing the solution is described below. Other ways of 
implementing the solution may work as well or better. The conclusions are stated below 
and the details of our work follow.

• Defining the business as usual level for a developing country as a function of its 
GDP and population in earlier years and setting the emissions target at that level 
yields a negligible risk of leaving the developing country worse off under target and 
trade because of inadvertent stringency. A target only slightly below BAU would 
also yield negligible risk of leaving the developing country worse off.

• Emissions targets for developing countries set below their business as usual 
emission level would result in gains from trade lower than with a BAU target, 
though providing environmental benefits. The higher costs of a target set below 
BAU are borne by both the developing countries and the Annex I countries.

There are significant gains from trade for developing countries and large cost-savings to 
the U.S. if even one large developing country accepts an emissions target at BAU and 
participates in emissions trading. Table 1 and Charts 1 through 3 illustrate these gains 
from trade from a baseline of full Annex I trading.
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Table 1. Illustrative Gains from Trade with Developing Countries that Target and Trade

Trading Scenario Permit Price* 
(1997$/ton)

Country
Gaining

Gains from Trade with 
Developing Countries

Annex I only $54 United States not applicable

Annex I + China $26 China $3.6 billion/year

United States $11.6 billion/year^

Annex I + India $47 India $1.6 billion/year

United States $2.5 billion/year^

Annex I +
Mexico

$51 Mexico $0.9 billion/year

United States $1.2 billion/year^
‘ These scenarios do not account for the cost savings available through the Clean 
Development Mechanism and carbon sinks.
^ Gains from trade for the U.S. are estimated as the change in the U.S. total cost of 
complying with the Kyoto Protocol relative to an Annex I only trading regime.
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Chart 1. China’s 2010 Marginal Abatement Cost Curve and Gains from Trade

Gains from trade 
with cap at BAU:
~ $3.6 billion/year

Emissions abated are 
about 20% of BAU

100 150 200 250 300 350 400
Carbon Dioxide Emissions Reductions (MMTCE)

Source: SGM

Chart 2. India’s 2010 Marginal Abatement Cost Curve and Gains from Trade

Gains from trade 
with cap at BAU:
~ $1.6 billion/year

Emissions abated are 
about 18% of BAU

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Carbon Dioxide Emissions Reductions (MMTCE)

Source: SGM
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Chart 3. Mexico’s 2010 Marginal Abatement Cost Curve and Gains from Trade

Gains from trade 
with cap at BAD: 
- $0.9 billion

Emissions abated are 
aboU 19% of BAU

5 10 15 20 25 30 35 40 45 50
Carbon Dioxide Emission Reductions (MMTCE)

Source: SGM

rv. How Far Below BAU Should the Developing Countries’ Targets Be Set?

The answer to this question has many dimensions. Most commonly discussed is the issue 
of fairness: what commitments to reduce emissions should be made by countries whose 
economic resources differ substantially? Generally neglected but discussed below is the 
issue of efficiency. In particular, what are the implications for U.S. costs of increasingly 
more stringent targets on emissions from key developing countries?

More stringent developing country targets raise U.S. costs by restricting the supply of 
permits in world markets and so raising the price of permits. To assess the magnitude of 
this effect consider the target which just leaves a country no better off than no target at all. 
This “indifference” target is where the costs of meeting the target just equal the net gains 
from selling permits in world markets. Chart 4 illustrates gains from trade for a small 
country. For a target that is equivalent to a reduction from BAU of 17 MMTC, net gains 
from foreign exports are B, and the cost of meeting the target is C. Since B = C in this 
example, the net gains from trade are nil.
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Chart 4. Illustrative 2010 Marginal Abatement Cost Curve and Indifference Target

Indifference Cap

5 10 15 20 25 30 35 40 45 50
Carbon Dioxide Emission Reductions (MMTCE)

Note: This indifference target is illustrated for a country whose participation in 
world permit markets does not affect world permit prices.

Table 2 provides an illustration of the effects of emissions targets more stringent than BAU 
on China with Annex I plus China trading. Note that a small reduction below BAU has no 
real effect on the Annex I trading price, and thus no economic effects on the U.S.
However, as the target becomes more stringent, the Annex I trading price increases, 
resulting in higher total costs of compliance for the U.S. If China accepts a target below 
BAU, the cost of this additional stringency to the U.S. -- essentially, the cost of supplying 
the environmental benefits associated with these emissions reductions — can become 
significant. Thus developing country participation in the form of acceptance of targets 
more stringent than business as usual will raise costs to the U.S.
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Emissions
Target'

Permit
Price
(1997$/
ton)

Chinese
Emissions
Reductions
(MMTC)

Chinese
Emissions
Sales
(MMTC)'

Total Cost to
U.S. of
Complying with 
Kyoto

Cost to U.S. 
of Additional 
Stringency

BAU $26 276 276 $13.4b not
applicable

BAU- 1% $26 276 262 $13.4b ~$0

BAU- 5% $29 304 235 $14.9 b $22/ton

Indifference $36 343 172 $17.9b $26/ton
• We employ the SGM BAU for China for the purposes of these calculations.
^ Reductions in Chinese emissions less Chinese emissions sales yields net global reductions.

Imposing this “indifference” target on China, given that its participation lowers world
permit prices, leads to the following conclusions.

• An indifference target for China increases annual U.S. costs by $4.5 billion or 33% 
relative to a BAU target for China.

• If China accepts an emissions target requiring reductions of approximately 170 
MMTC below BAU, the average cost to the U.S. would be $26/ton. This is no! 
the average cost of a ton of emissions purchased from China, but the average cost 
to the U.S. of the environmental benefits associated with China complying with a 

more stringent target.
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Summary of Analysis

A. Data

We have compiled data on 3 variables: emissions of carbon dioxide, GDP, and population 
for 117 countries for the time period 1970-1992. The carbon dioxide emissions data, 
measured in millions of metric tons of carbon, are from the Carbon Dioxide Information 
Analysis Center (Oak Ridge National Laboratory, DOE). The GDP data, measured in 
1987 U.S. dollars, are from the World Bank. The population data, measured in thousands 
of individuals, are from the United Nations Population Division.

B. Methods

We have estimated a fixed effects linear regression on the logs of these variables, for the 
countries in our data set, excluding those listed in Annex 1. Our regression uses four non­
overlapping 5 year intervals for each country. Our forecasts include the country specific 

constants.

C. Results

The fixed effects regression we estimated is

Emissions = a GDP,.i + b GDP,.2 + c Population,., + y trend

Emissions are the natural logarithm ofthe five year non-overlapping average of carbon 
emissions. All independent variables are lagged. GDP,., is the log of the gross domestic 
product in the year prior to the first year in the emissions variable, GDP,.2 is GDP in the 
year two years prior to the first year included in the emissions variable, and population,., is 
the country’s population in the year prior to first year included in the emissions variable. 
Trend is one in the first 5 year period, and 2, 3, and 4 respectively in the subsequent 5 year 
periods. The useable data included 376 cross-section time series observations. The fixed 
effects regression used 98 degrees of freedom. The R squared was in excess of 0.99.
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Table 3. Model I Results

Variable Name Coefficient Estimate Standard Error

GDP,., 0.9501823 0.2443047

GDP,., -0.411297 0.23894

Population,., 0.4836006 0.2055439

trend 0.0073712 0.0310638

As one illustration of the model’s accuracy in predicting emissions, consider the chart 
below that maps actual and predicted emissions using within sample data for ten selected 
developing countries. The predicted value is never more than 1/4 of one percent away 
from the actual emissions average for any of the five year intervals.

Chart 5. Error in Model I Prediction as a Fraction of Actual Emissions
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To forecast emissions for the five year period beginning in 2008 using the results of this 
regression we input the World Bank forecasts of GDP for the years 2007 and 2006, and 
the United Nations forecasts of 2007 population. The forecasts of emissions for the 
budget period and the confidence intervals around these forecasts conditional on the 
assumed 2006 and 2007 values are described in the table below.

Country 2006 GDP 
(1987$, billions)

2007 GDP 
(1987$, billions)

2007
Population

Predicted
Average
Emissions,
2008-2012

China 1,385.8 1,493.5 1,357,627,00
0

2092 MMTC
SE: 1.37 MMTC

India 752.1 799.7 1,140,563,00
0

345 MMTC
SE: 1.34 MMTC

Mexico 268.2 282.7 113,385,000 157 MMTC
SE: 1.33 MMTC

The 95 percent confidence interval around the predicted emissions is approximately 
± two standard errors. As shown in figure 1, these developing countries would incur net 
costs of a target and trade only if the target were about half the reduction needed to raise 
the marginal cost of abatement to the world price. Given figures 2-4, these levels are 
about 9 to 10 percent below BAU. Since such reductions from BAU are more than 10 
times greater than the standard error, the risk of net costs is negligible, given the model.


