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Note (o (Ac icidcr hom Iht UNU

Fulute Otobjl Chinge ind Modelling (i an ongoing pfog/imnie that aimt to have the 
United Naliona Univenily lerve ai a foium on the mcgaliend of global change and 
Jifuciuial Kaoifomiallon. Thia peogramme (i a nipooie to the need to evaluate 
leccnl chaogei In the perceplion and iKuctute of the «»iWa polilica, economla. 
demography, technology, ecology, and ethlci. Piactilloncii offututei iceeaicA have,' 
over the pail few dccadai, developed an aiity of lyitcmallc aod poweiful melhod- 
ologlci In an efforl to undeiitand the range and ptobabllilici of hiiuie global kc- 
naiioe. The UNU bilngi together Ihii inlerntllSnal community of icholari to under­
take luturca iluJica of global change and Inooipoiale a wide range of varlablea and 
niclliodologiei to Incrtaie both the early warning and longer-term planning capacl- 
llui of the UN ayaiem and policy maVeia in general.

Thli book it bated on Ihe firal of a teriet of UNU conferenoca on Fbture Global 
Chinge aod Modelling held In Tokyo In October 1991. Scholara and reprcienlitlves 
from varloua UN agencfei and leading rciearch inillluliona from 17 counlriei dit- 
cuited Immediate and long-term world probicmi wllh ilmulallon inalyala by varfout 
model lyalema, Subaequenl UNU oonlerencti held under Ihli programme Include 
Armi Rtducllon: Economic impilealioni In Ibe Pool-Cold War lira, and Global En- 
vitonmcnl. Energy, and Economic Development.

Edited by Lawrence R. Klein and 
Fu-chen Lo

United Nations 
University Press
lorro-HiwronK'fAiiS
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sicnie anti did no( go furihcr lo exploit ihc poicniial at Ihe simple 
bill dilTcrcniialcd enough model. Thus, for example, it might be 
tiilcrcsiing lo analyse (he cffccls of various asymmetric policies in 
which various couiiUics would face different target levels, or (he po- 
teiiiiiil use of compensation schemes to induce les? dcvclo()ed coun­
tries to introduce abatcniciit measures. For it is highly probable that 
concerted inlcrnalional measures will be hindered by Ihe pressing 
iiccds for development and economic rcsirucluring of the less or me­
dium tievelopcdcuunirics, who on Ihc other hand arc emitting a signif­
icant nmouni of greenhouse gases leading to global consequences.

licrcTClICCS

ll..nJ.m.H-n. A.. ,nJ II. Vennemo. IVVI. A Climjlu- Cun».nlinn ,nnJ Ihc No,«x- 
CMII l-.c.imiin)r; A CXJG A»«ciimcnl. pjpci piciciiicd il Ihc hoiinh IIaSA Taik 
d'l'liij Ilcfc»(cli IJcpjtlmcnl. Ccnlul Uurciu ol Slj-

nc«lnp,„cnu lo, Ihc
MUMS Medium Itim Enetty Modclllni PiojccI at Ihe EEC The Encigy Supply

CoiitcicMCC Pjpci.

"r'’ in I mmillon:
Tiudc Adju.lincm Polltici (or llungjiy. F.pci picMnIcd at Ihc PouMh IIASA
raik l ofcc nicelln, on AOEM. Mimeo.

husri. II E. |./73. T/IC Compnt.iivn of Ecunowic Evnilibih. »,,h ,hc Cvlhbuiultun uf

hlZoXh W.
Taylor L l»J5. ••Thccielic.l roundirioni ind Technical Impliralioni.- In; C. Dlil 

imivcriily'pjec”"”"'* /for/rE an./ Peotlopmini Planning. Oatord: Oxioid

^'a Mndc'rs bibcralhalion;- Lcoon. tram
A MftJcl SimuUiion. A{)LA\ Sotiny onH economy, I3(2J: 69-80.

P

Modelling future greenhouse 

gas emissions: The second 

generation model description
J.A. Edmonds, H.M. Pileber, D. narn.s, U. lliirnn nnd 
M.A. Wise

29^ ■c'

Iniroduclion

The analysis of greenhouse gas emissions has made enormous prog­
ress during Ihe course of (he past decade.' Analysis has progressed 
from Ihe use of simple limc-licnd cxirapolaiions lo ihc analysis of 
emissions of several gtccnhousc gases with parallel bill indcpcndcnl 
behavioural and optimization models of energy, nianufacluiing, agri­
culture, and land-use sysicms. Bui our abilily lo examine poleniijl 
future scenarios of greenhouse gas emissions is limited beenuse 
modelling tools adequate to Ihe task of integrating analyses of tech­
nologies and human aclivilies on a global scale with regional detail, 
including energy p/oduclion and consumption, agriculture, manufac­
ture, capital formation, and land-use, along with the interdependencies 
between these categories, do not yet exist.

The first generation of models were specially models wliicli fucused 
on a particular aspect of Ihe emissions problem without regard lo 
bow that activity interacted with other human and natural aclivilies. 
ITic Edmonds-Reilly model (ERM) (Edmunds und Reilly 19H5). fur 
example, is a global energy model in which Ihc produciiun of cum 
mcrcial biomass has no inleraclion willi ilie agriculture sccinr or land- 
use In general. The Global 2100, Mamie and Riclicis (1990:1,1),c.d,

r
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lyjl) is a compuluhlc general eqiiilib(tuin model, hul is limileU in i(s 
app eabiliiy beyond cnergy-relulcd isiuct. Olhcr campulable general 
equilibrium models such as Jorgenson and Wileoxen (1990a b) focus 
exclusively on national issues. Ollier modelling systems such as

(ASF) (Lashof and Tlrpak 
1989), utilize a system of models that provide global coverage of 
all emissions pnciating human aciivliici. but do nol provide a con- 
slslent analysis system In which the interaction between human 
activities can be analysed. The number of models in use to analyse 
greenhouse gas emissions reductions is large and growing, Including 
bw example: Nordhaui and Yohe (1983); Fossil2. ARS (1986. 1991)- 
OREON, Burniaux ct al. (1991). OECD (1991); CETA. Peek and 
Tcisberg (1991); GEMINI. Schcraga el al. (1991); and IMAGE 
Rolnian cl al. (1989).

The current stale of uiidcrslandiiig of ibe nalural science ol ibe 
glotsal environmental change issue indicates lhal a varicly of gases 
arc .nssocialed with polciilial changes in ibe radiative conipnsilimi 
III Ibe alnicisplicrc. These gases include: CO^. Clt<, CO. NiO NO 
SO,. VOCs. chlorofluorocarbons (CFCi) and CFG subsli’iules. These 
gases arc released in the process of a wide varicly of human acliv 
ilics including: fossil fuel pioduclion. transfer and oxidation, land-use 
change, silvacullurc. the application of some fertilizers to crops the 
husbandry of ruminant livestock, the cultivation of wetland rice, and 
specinc manufacturing processes such as cement manufacture, nylon 
rnanufaclure. and chemical manufacture. Moreover, though local air 
chemislry plays an important role with regard to very slioiMived' 
gases, it is the sum of all releases and absorptions of all gases by 
all human aclivilies that governs the ihorl-lcrm' rate of change of 
the atmospheric composition of radialively Important gases, and the 
earth’s atmospheric radiation profile. In addilion. the human acliv- 

.U!C£J^!.,gqyera_CDUfiioi’!.!I5jn|crl!R«'idenl. Thai is aclions lhal 
are taken in one segment of ihc economyVfifeYriiiher segments of the 
economy. These inicracllons are likely to become extremely impor- 
lanl II policies are undertaken to reduce poleniial future emissions.
I or example, carbon taxes raise great quantities of revenue. While 
the disposition of lax revenue can generally be assumed to be unim­
portant to the scale of macroeconomic activity, this is certainly not 
the case, with carbon laxes (Bradley el al. 1991; Brinncr ei al 1991- 
and Schcraga et al. 1991). Olhcr potential policy actions such as tree 
planting to enhance ihe carbon sink andfor Ihc extensive develop- 
nienl ol potential biomass resources to replace foisil fuel energy
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sources, can have suhslanlial inipnLti on hmd-use, Miirhmil (19HK), 
Kinsman and Mailatid (1989), Sedjo and Solomon (1989), Muullon 
and Richards (1990), Adams el al. (1991). Bradley cl al. (1991). and 
Barfield et al. (1991). Finally, it is essentia) lhal llic rdali(mslii|) 
between technology, inslilulions, economics, and human activity he 
explicitly represented.

No currently existing model is cnpable uf assessing the ylubul 
emissions from all human activities and ilic major direct and indirect 
consequences of potential policies to reduce emissions. Future anal­
ysis requires a more sophisticated suite of models. The new suite of 
models must Include both a global inlcp.mling niodcj and cnnipalililc 
r^gfonal/nalional models. These new models must he capable of 
analysing Ihe emissions of all greenhouse gases frnm all stiurtes, 
including both those of nalural and human origin, and |imviilc an 
analysis of the Inicr-play between Ihe varicly of huiimii and nnlural 
aclivilies responsible for greenhouse gas emissioni.

The purpose of this paper is lo describe Ihe design of a inndel. cm ■ 
renlly under dcvelopnicnl, whieli is capable of addressing greenhouse 
gas emissions and Ihc polciilial consequences of nllcrnalivc policy 
options. Wc reler lo this model as the stcoiulgeneration nimlel (SGM).

Paradigms for Ihe SGM

The development of SGMs will bcnelil greatly from the applicaiimi 
of three simple principles: problem oriciilalion, minimum modelling, 
and parametric modelling. The overriding design principle is lhal Ihe 
model should bcCprobtem grt'eriierDThal is, the design of Ihc model 
should be derived from an analysis of the underlying problem. Model 
design cannot begin with Ihe set of available models and then Iry lo 
make ihe problem til exiiling model charactcrislics. For grccnhuiuc 
gases, Ihe Issues to be addressed arc: What are global emissions of 
greenhouse gases likely lo be over the course of Ihc next five to 100 
years by region and human activity? What effect will the exercise of 
policy insirumenis lo control emissions have and what will they coslV 
Whal effect will new technologies have on emissions?

Beginning wllh the problem and working lo Ihc design ut ihc 
model allows Ihc Impicmenlaiion of the second design principle, 

(mininriim moriellingi)M'\nimum mndclling means lhal ihc model con- 
lains all ol Ihe inlormalion pertinent lo answer the research question, 
bul no extraneous Information. If chemical manufacture of CFCs is 
an important acllvily in determining the role and liming of climaic
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Moreover, (he moHcl should b<^- IS. ihc model should uliliru a daiabasc in whIcXil 
p.ir.uiiclcs arc open lo cxaminoli,iii und change by Hie user. In nddi- 
linn (he model should be an open modW. The purpose a[ Ihe model is 
nol 10 provide a one-paw foiecail of (he future. Where complex hu- 
lan aciiviiies subjccl lo public policy action are involved, (he fulure 

n ' v?de T"‘ unprcdiclable. The purpose of a formal model is lo 
provide 0 consisieni, reproducible framework in which lo examine
brind IhaTiT'"*' 1 reproduc
.V L i Pa^mcler, be available lor Inspcclion and alleralion 
y model users. Finally, given Ihe complexity of the model, it is im-

v?.h 1 (ttvelopmcu process beginning

ouldn'In'’principles, it Is necessary lo begin by 
outlining the perlinent dimensions of the greenhouse gas emiMions 
phenomenon. The crilical fcolures as.oclaled with the emissilLs of 
t.ididlively Iriiporlonl gases are as follows;
'' vlnrlH^'i emi«ions from all sources in all regions of the

world determine total atmospheric change;

'laniporlalion, manufacture, services, and land-use-
4. tmisiions depend vpon jiwMp/e 7eioiirces and ^(hnologles in-

6. factors 3. 4. and 5 depend upon riisri/„/fo/ui/arrnn^.,

The second generation model

In l^hl ol the above discussion we have undertaken Ibe design of ihc 
SOM incorpoialmg the above-listed criteria into the model archi-
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lecture. The model is global in scope, with live-year linic steps and :i 
horizon 0121011. All Ihc major snuiecs ol greenhouse gii.ses, ns well as 
SO2 will he modelled. 'ITiu economic model is a nienilier of llic elass 
referred (o as computable general equilibrium mudcis. It contains 
scclotal detail on households, government, agriculluic, energy, and 
other products activities. Capital slocks arc kept by vintage, with 
economic retirement and retrolit options available. Dcpieialile and 
renewable resources are tracked in addition lo land-use. Fxronomic 
decision maken include households, government, and producers. The 
model is regionally disaggregated, with key countries rcprcseiiied 
individually, Trade between the regions occurs in energy, agriciiliore, 
ond other products.

Model overview

At base Ihe SGM is a very simple model, l-lgurc I depicts the Irjsie 
structure and flows of goods and services within (lie 8GM version 0O. 
At the core of Ihe model are three pcoduclivu sccims: agticulliite.- 
energy, and other products. These, ns we will discuss, are disiiggre- 
galcd into 10 sectors in SGM version 0.0. The greatest disaggrega­
tion, eighi lectors, is found in the energy seclor. Tlie central focus on 
energy reliects Ihc central role energy issues play in dclcrntiiting the 
future release of tadiailvely irnporlani gases into the uimospliere. 
Agriculture is similarly handled separately due to the iinportanec of 
agriculture and land-use issues in determining emissions. All oilier 
production is aggregated Into a single seclor, other products, in SOM 
version 0.0.

The three produclive sectors use llirec primary (actors of (itn- 
duclion; land, labour, and capital, in combination with produced lac- 
lot-s: energy, agticullurc, and other products, to produce final output. 
Note that Iwo aspects of land-use are considered: surface land re­
sources, and sub-surface resources, for example, energy resources.

Tile household seclor Is assumed lo own land, labour, and private 
capital. The demographic character of Ihe society is determined 
within this seclor. Household supplies of land and labour arc de­
termined on the basts of Ihe price of these faclort. which in turn 
determine, with distributed corporate profits, taxes, and subsidies, the 
income of the household seclor. Household savings arc also deter­
mined in this seclor and vary with Ihc inicrcil rale. This seclor also 
delcrrniiics the mix of final producls lo consume.
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Finally, Ihc governmcnl aeclor obtains tax revenues from other 
purls of Ihc economy which are either uugincnicci hy liorrowing 
(or reduced by government savings). There revenues go to produce 
three government services; general government, national defence, 
and education.

The SQM version 0.0 is a self-consistent dynamic model of Ihc re­
lationship between these six general human activities.

Emissions coelhcicnls are applied to each sector's associaicd sub­
sector and technology activity rales to derive sectoral, regional, and 
global emissions of radiatively important gases.

Model development strategy

To reflect the current understanding of anthropogenic sources nnd 
sinks for radiatively important gates, and to anticipate (he polenlial 
for new sources, Ihc model has been designed with a generic struc­
ture. This structure allows for a flexible number of production acliv- 
iilcs, consumption activities, and maikcls. Tlie implementation of this 
model ulllrzct the sequential model development principle. That is, 
Ihc initial model version will be much simpler Ihan Ihc intended llnal 
version. Two model versions arc currenlly identified; SGM version 
0.0 and SGM version 1.0. SGM version 0.0 Is Intended to provide a 
proof in principle for Ihc modelling system. SGM vcisi'on 1.0 is in­
tended to provide the first full Implementation of (he SQM system. 
SGM version i.O will be distributed to the public and have a compluic 
documentation set including: theoretical model description, database 
description, software descilplion, and user's guide.

For both SGM version 0.0 and SGM version 1.0, the energy pro­
duction, transformation, and coniumpliun activities will utilize data­
bases developed in support of Ihc BRM, Odmonds and Reilly (I9H5), 
Edmonds cl al. (1986), Edmonds and Barns (1990; 1991). In addition 
to the energy structure of Ihc ERM, two producing sectors, agri­
culture and other products have been added for SGM version 0.0. For 
SGM version 1.0, the number of sectors will be inaeased to include 
expanded government, Iransporlalion, other producU, and agricul­
tural activities. Pinal demand sectors for investment, government, 
and households have been developed. Model development Is antici­
pated to proceed beyond SGM veriion 1.0, but such model designs tic 
beyond (he present planning horizon.
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Overview of (he SGM structure

Any dynamic model hat two problems (hat il must address. It mujl 
describe where the system is at any moment in lime and il must de- 
scr.be the process by which it evolves. The SGM is a h<;bgvin..r»l 
mo^l. That IS. )| nllen>E!.s_lo describe how economic syslcms bThTve
i!Jii!^!L£Pl[nii*iG«J!!£il£l.'T‘KrjircrT:ncV$“bTrWeVn'7h^^
pT^es are not as great empirically at one might expect.- Nevep 
cnlVr' behavioural approach lo developing (he
SOM for two reasons. Fl„t. several extremely Interesting questions 
can be addressed m a non-optimizing. Imperfect foresight analysis 
Irnnicwnrlc. Fnr. example, the importance of allcrnotivc cxncciaiinn 
fomnithin l.ypothescs can be Icsicd. 'I hat is. there it no reason to 
believe Ihul energy sector decision makers have perfect foresight In 
fncl the immediately precjcding quarter century of energy history 
would support the allcmalive hypotheiis. that is that energy decision 
milkers liavc very imperfect foresight about key future energy pa- 
riimelcrs such ut price. In addition, the behavioural models arc com- 
puliitlonnily simpler in that present behaviour is assumed to be in- 
depcridcnl of actual future events and decisions. This is of course the 
domain in which actual decision makers operate. However, the model 
and Its assumed behaviour docs depend on anticipated future events 
nnd decisions.’

Sectors, subsectors, technologies, markets, and accounting

At any rnomcnl in lime a set of relationships between economic ac 
tors can be summarized in a set of accounts that arc refened to as an 
jnpul-mitput framework. Il is Imporiaiu to eniphasite that the SGM is 
iiilla iradilionalMaSnnput-oulpul model. The use ol inpul-outpul 
accounting idenliUcs to describe economic interrelationships at a 
point in lime docs not mean that the SQM simply uses a set of static 
inpul-oulpul coefficienu Ihat are assumed lo remain fixed for an 
mdcrinilc penod in the future lo determine production levels and 
demands. Rather, the simultaneous determination of these inm.i- 
oi^l^Mcincicnls Inlonju^llon~5^ a cinsisl^ni s“eTof pnTesl7ihc 

problem facmiji canrpulable:g~cnc?ai:eqUil[fe:7^dcl
hkc the SOM.
^"AFTnpuToulpul table shows the relationship between the produc- 

lion, disiribuiion, and use of goods and services in an economy A 
row-column entry shows the quanlily of a good or service associated
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with a row by the sector designated by the column. If a good or 
service is produced in the economy, it will have both a row and 
column associated with il. Some sectors, for example, households, 
invesimeni, and government, may be assumed lo consume new final 
goods and services, but lo provide no net output lor the rest of the 
economy. Some factors al production, fnr example, land, labour, and 
capllal, may be utilized for production in a given period, but arc nut 
produced using current flows of goods and services.

GNP actounling: The accounting framework for the SGM relies on 
simple economic relationships. For example, v/e can define ONP fm 
any region (note we drop the regional subscript lo simplify llic nuln- 
liim} os the prlcc-weighlcd sum of net pmdueliim nf all pinduels,

GNP = £/*rfj^/- EAiA = + C, + /, + liX, - IM,).

i-l \ /-I / <•!

where ONP is the Gross National Product; Xi is the gross domestic 
production of product /; Ay is the domestic use of product t in llic 
production of product /; Pi is the price of product r; N is the number 
of product; C,- is the domestic consumption by households of product 
r; Cl is the domestic consumption by government of product /; I, is 
the domestic invesimeni uses of product /; EX; is (he gross expmis of 
produci f; atid IM; is Ihe gross imparls of proUuci /, which in turn is 
equal lo Ihe disposition nf net output among final demand scctuis. 
Alternatively, the GNP can be expressed as llic sum of payiociili lo 
the factors of production.

N / N \
GNP=X]

1=1 \ /-I /

ivt*r
[TXibi, t n,+ ^ P,A/,i 

l-l \ /->//! I
(2)

where TXibl; is the indirect business taxes; n/ is the profits including 
net interest and capital consumption allowances; and M is the number 
of primary factors of production (c.g. labour and land).

Tlifi_£uj](i3rp.?nlaLi}/oJ^lcm ihat the model must addri;SLiL|ioding 
a set of prices that arc cpQsisicnj wilfLdc.rfi.anrijLby.prqdiice/t_and 
consumcis for ggp_ds, services, gnei primary factors of pj^duciinp. 
The major behavioural components of the model descrihe Ihe rcla-

31)3

nID

O)
CD

Q
cn
CO
(S
n:j
CD
n
-I
mr“
f"
m
(M
m
o

\(ii
a I



c
Filmunih tl nl.

lionship between prices, production, and coniumplion of goods and 
services.

Ucjitiiin; secluts, siibsevloii, ledinologiu, uiid markets: For ttic 
purposes of SGM documentation we have chosen to use several 
terms in a specific manner.

Sectors
.Sct;iurs represent liuman activities that produce or consume goods 
and services. There are two lypes of sectors, producing sectors and 
final demand sectors;

Proiluciiig sectors
Tniduci’ng stCTWa combine factors of production, including the prod­
ucts of other producing sectors and primary factors of production, to 
produce net output. For example, agriculture, energy, and other 
products arc sectors in SGM version 0.0;

/•Vrinf demand sectors
(•'iiial Ucmaiid^icctors provide final demunds for final goods and 
services, nnd include households, government, investment, and net 
exports in SGM version 0.0;

Morkelsjfactor Inputs
Markets and factor inputs ate inlimalcly related in the SOM. A mar­
ket exists in the SOM wiicnever production and consumption deci­
sions arc determined separately in llic model. Each traded good is 
also potentially a factor of produclinn, although a product may or 
may not be used In the production process in the Implemented model. 
For example there may be no net demand for agricultural products 
by any producing secfois. Nevertheless, there will always exist a row 
entry in the SGM input-output accounting struclure even if the-elc- 
ment entered there is leio. Markets define the primary level of ag­
gregation in the model. That is, all subsectors and technologies (see 
descriptions below) in a sector/market produce a single homogeneous 
commodity. Markets are defined for each producing sector plus for 
cuch primary factor of production, for example, agriculture, energy, 
and other products plus labour and land in SGM version 0.0;

Subsectors
A subsector exists in the SGM whenever two human aciivities pro­
duce the same output. All subsectors within a sector face the same

31M
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price for outputs, but would be expected to huve differunt pmducii.u. 
Lclions. for example the production of electricity using oil, gas 
coal, hydroelectric power, nuclear power, or sular power. SuIisllU 
may be defined for both producing sectors and finul-dcmand sectors,

aflivitfe, an additional level of disa^regalioo is 
useful. Whereas, the number of subsectors for an individual sector m 
a specific region would not be expected to change from analysis to 
analysis, there will be limes in which multiple, non-mutually exclu­
sive. technology options should be considered. These options have 
Ihc.same output price as the subsectors and sector, but would have 
individual production functions.

SGM sectors, subsraors. technologies, and markets 
For SGM version 0.0 sectors, subsectors, and maikcls have l.cco 
identified and are listed in table I. The technology level of the model 
has not been separately identified hero as there is only one technol­
ogy for c-ach subsector io version tl.tl.

Economic sectors
There arc eight energy sectors and two non-cnergy production sec 
lots in SGM version 0.0. Data for the energy sectors is argely drawn 
from Ihc ERM model, Edmonds and Reilly (19«5) and Ednionds el 
al (1986) as updated for Edmonds and Herns (1991). The nmi-energy 
sector of Ihc economy will be Ihc primary focus of efforls 
SOM version 0.0 and SGM version I.O. Table 2 the additional
sectors to be added to SGM version 0.0 to create SOM version 1.0. 
Producing sectors can be roughly categorized as being either agricul­
tural, energy, or other-products related. The level of disaggregation 
in each area is driven by the need Io understand factors afTcctmg po­
tential future emissions of greenhouse gases and the potential con­
sequences of policy actions to reduce potential future greenhouse gas 
emissions.

The agriculture sector produces food, fibre, and forest products. In 
version 0.0. there will be only a single aggregate agricultural com­
modity. In version 1.0 there will be nine outputs, disaggregated pri­
marily on the basis of greenhouse gas emissions. T he three sectors
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liilili: I i'CM iKlun, lubftclof i, ind mtiktit modtl viiilan 0,0

•Sci'lnr MjiIicI Suhivcliir

«. liKid houiihold lubiulofi icpicKM mijor dertjfoni nud« ihc l»u«hDld xclor
ultKf thin lubjulor 4i uitd intht pibtt M<iati.S<e icciion ‘Houichtddj'bploK fur fuiOxf 
dciiili.

Ttbk- 1 
1.0

(ireiilliiiiite )'iit riiiu.tfniu

Sccloii and lubicdoif added lu !><iM vtiiinn 0.0 lu iii-elc M(.'M ti itlnii

Nil. Nil. Sector No. Suhicclor name
t 1 A|flculiuic 1 Asliculiure
2 7 Ciudc oil pioJuclion l-tu Ciude utl pfoducUon by %rnk.

Euh rvjouuc iraiic it mod­
elled u a ruhucloi.J J Oit it'finini t ConvenikMial oil icIiAins

1 Coal licjocficlion
3 OlnniJii liqucficiioni Nilunt |ai i-to Nalunl gj) production byfioducliiin

gride. Eii^h icsuurtc grade li
. modelled \i a lubiccior.5 S Naluiil |ii Hint- 1

Cunvrnllonal gii2 Coal gajl/)c4tiai\
3 BIiiitiii] satidcalion6 0 Co«l producllun l-IO Coal producilon by gride. Each

ictource glide b modelkd
i tubaeelor.7 7 nioraiM pruJuclion 1 TriJilinnil blofnaii2

Biomtu wuie3
Blocnui faimiH H Uimium piodiuiioA . l-IO Uranium prodociion and ptoc

and icrtncrntnl rtiing by grade, Eich re-
louK'C giaJe if moJelU'J it a
lubicciof.

9 9 EIccirJc pow<« sen- 1 Oil
aiatlon 2 Qai

J Coal

< Dlumaii
5 Nufleii
6 Sulii/fuiioA

^7 ll)di«
lU 10 Oihcr pfodudien 1

Other pioduciiunM
n a,

lfo\u«holdi* 1
ConiufTHr dernaAd

2 Dcmogiaphici
3 Landsirpply
4 i-abour lupply
5 Savinfi

U n.i. Qovcmmtni 1
Ocncial fovcinmeni

2 Educaliun '
3 ifalinnil defence

n a. 11 l^bovf
A 1. n.a.

n.i. 12 Und n.a. n,a.
A.«. 13 Savinpy{nv‘<r1m«nl

n a. n.i.

J06

Sector SGM vcrilon 0 0 Scuois SQM vciifun t.O Subu'CiiMi

Agilcultuic Rice

Other griini Other gruins
KuminanI livcitoelt Ruminanl ItvcRucIc
Other livcstocit Other Uvcslocl
Other food Other fuod
Fibre Kihre
Kotcils Forckls

Pulp and piper Pulp anU (Kijicr
Wood and wood piuJiieti Wood anJ hiukJ |triii]mla
Proceilcd foudi PrrKcaJcJ foinJi

Other production Manutacluring M^iciials inicniivc
Other nianufncluiitiy

Paucngc-r Iranspciil Rail
Air
Hoi
Other-

Freight tranipiiit Rail
Air
Truck
Other

Service I 1 (luIiIi unJ (illier
services

9. PsiiCD|cr ivilomoblU in houKhofd Kcloi.

closely associated with greenhouse gas emissions arc rice (principally 
CHs), ruminanl livestock (princifrally CH*), and (orcstry (principally 
COi). All seclots are associated with N|0 emissions Ihruugii the aji- 
pli'calion oncrtiliaer. Significant quantities of greenhouse gases arc 
also associated with traditional agricultural technology, in pariiculnr 
the practice of slash and burn. The principal inputs in version 0.(1 will 
be land, labour, and energy. In version 1.0 these will be cipanded lo 
include fertiliser and materials and land will potentially be disag- 
grcgaled into multiple categories in accordance with soil types and 
climate.

Energy
There will be eight energy sectors in the model. Dach of these will 
have subseclors as dclailed in table 1 lo allow the competing methods 
(or producing the product in question to be accurately modelled.
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Two lypcs of energy lechnologiet will be Idcnlified, ihosc auo- 
cialed wilh ^pjclable retourcet and those associaled with ryiewaye 
resources. All energy technologies will be associated wilh a resource 
conslraiiil. A distinction will be made between .reserves and re­
sources. Reserves are those resources where Iwo types ol energy 
have 'been idenlified and whose location is known and which arc 
knov/ii to be producible under present and anticipated economic 
conditions. Reserves are depleted over time as Ihcy are produced. 
Total reserves are augmented by additions from the resouioe base, 
Tlie additions to reserves ate determined by grade structure of 
resources and technologies available to extract them. Renewable 
resources arc handled In a manner similar to dcpielable resources 
except that the capacity to produce persists beyond the point of pro­
duction. Solar energy is an example of a renewable energy resource. 
A renev/ahlc resource may be degraded by production, however. 
Agriculture, for example, may deplete soils unless investments arc 
made to maintain soil quality.

Ollier proiliicis
In version 0.0, the other products sector will include everything wliich 
is neither agriculture nor energy. In version 1.0, the other products 
sector will be broken down inlo manufacturing, passenger and freight 
transportation, and health and other services. There is the possibility 
of further splitting manufacturing into materials and other manu- 
faclurlng. Inputs will be capital, labour, and energy in version 0.0 
wilh materials being added in SGM version 1.0. The principal sectors 
are further disaggregated Inlo subseclorf on the basis of their im­
portance to the greenhouse Issue, either because Ihcy are major en­
ergy users, or because they arc direct cmillers or sinks for a grecn- 
liouse gas.

Regions

SOM version 0.0 has 11 regions while SGM version 1.0 will have 20 
regions as shown in table 3.

Policy options

Dccuusc of the pervasive nature of aclivilics that generate green- 
houic gases, a wide variely of policy options needs to be Included in 
the model. Making provision to model these options has had a sig-
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Tabic 3 Rt|loni In SCM modi) vcnloni 0.0 and 1.0

SOM vtriion ttO SGM version l.tl

Cl) USA 1. USA
2. Canidi 2. Cansda
3. Weittin Europe 3. Eurnpears Communlly

^^Japin

y Auitfj|lj/New 21e»-
4. Olhct Weilcm Europe
5. lapan

land 6. Auslralis/Ncw Zealjnd
6. Eastern Europe and 7. Caticrn Europe

Itusile 8. Itussia
China and other 9. China
planned Aria 10. Ccnirally planned Asia

8. Mid Exit It. Mexico
9. Afrka .42. Braiil

to. S. tL E. Asia 13. Olher Lalin America
It. Laltn America 14. Indnriesia

15. India
16. I‘liilippinv<
17. Suulh Korea
18. Olher S. ii E. Asia
19. Middle Earl
20. Alrlca
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nihcunl impact on the structure of the niodel. In addiiiun to the usuul 
tax and regulatory options, provisions have been made in the SGM 
structure to model such slialegies as carbon sequcslralioti by relor- 
esialion and afforeslalioti, and biomass energy production, and man­
dated technologies and pricllces. The SOM is also designed to ex­
plore the consequences of changes In real government expenrliiurc 
pallcins/or complementary reductions in non-greenhouse taxes.

Tlieorelical ilrudure of Ihe model

The SGM employs a generic produclion-cosi structure to facilitate 
the continued development of Ihe model wilh a minimum of code 
changes and a flexible modelling response to the wide variety of po­
tential analyses (hat may be required. The core of the model is the 
description of production aclivilics. Ihese aciivillei arc described 
by. a generic production-coji relationship. This relationship utilizes 
the theory ol duality to deiciibe production functions alternately in 
physical or finandal terms. .
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The generic produclion/cosl relationship

The jieneric produclion/cosl fGPQ relationship uses infonnalion 
about prices, technology, and previous investments to compute levels 
of production and consumption of commodities as well as demands 
fur investment in new capital slock. Productive activities are de­
scribed by functional relationships in the SGM which are referred to 
hereafter as technologies. The term technology is used here to cover 
0 broad array of activities including everything from the production 
of iron and steel to the production of rice. Technologies, as described 
enriier. are the fundamental unit of disaggregation - in the model. 
Hach sector contains at least one subscelnr and each subieclor con­
tains ol least one technology. Por SOM version 0.0, there is only one 
sector, market, subsector, and technology for the production of agri­
cultural output. For the production of electricity, there arc seven 
siihsccinrs each of which can potentially ulilizc multiple technology 
options. The SGM keeps all of its information on praduciive capacity 
at the technology level of detail.

The SGM uses a vinlaeed descrinlion of tcchnoloeics. Iliis has a 
nuniher of Imporlanl implicalinns. First, il means thal hislory rnnllcrs. 
When u lechnology is installed il remains in existence and can he 
operated until ils rclircmcnl. New Icchnologies affect productivity 
piimatily a( the margim They can only aitecl Msioncai decisionr if 
they arc so atiraclive (unallraclivc) that Ihey force prices down to llie 
point where exitling technologies are retired early (undergo life ex­
tension). Another important implication Is lhal once inslallcd. capital 
slock Is nol malleable; It cannot be shifted around from one scctoi 
of the economy to another. InTfct, once inslallcd, capital costs no 
lunger matter. In other words, once the lechnology is installed the 
decision lo operate or idle a technology depends solely on the ability 
of the lechnology lu recover its current operating expenses plus [axes 
and'less subsidies.

A lechnology is described by an array of characleiislics including:
1. produclion funclion parameters;
2. emissions coeOidenIs;
3. capital investment parameters;
4. installalion paramcleis (e.g. dale of first availability, dale of re­

moval from Ihe list of options, nominal lifelimc, length of installa­
tion period); and

5. vintage.
A lechnology option can be described by Ihe information contained 
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In parameter sets 1,2, 3, and 4. Once installed, the operating cliat- 
aclerislics of a technology can he described by parnmcler sets I. 2, 
and 6.

Within the GPC relationship, the pmdiicing sectors all fcdlow the 
same general structure. There are, of course, some char.iclefisiics 
that arc specific lo a sector or apply only to a subset of sectors. 
However, the basic model structure is sufilcicnlly general lo uccom- 
modalc the produclion/cosl and operating characieri.slics of llie vati 
ous producing sectors in ils parameter set.

The sectors represent Ihe highest level of aggregation ol pro­
duction characteristics in the GPC. Within the GPC framework, these 
production sectors arc disaggregated into nnc or more production/ 
erssi subsectors. All sectors, subsectors, and Icchnologies produce ;i 
common output and face a common cxlerniil niatkcl price for pro 
duced output. The OPC structure allneotes inyeslinenl^o lecliiiol 
ogiej based..QD. prh).i relative proliinbilijyr
using a logit rriarket-shart allocation scheme^

As afT example ol this scclor-siihseclnr liierntchy, considei an 
electricity produclion sector with subsectors for coal. nil. naiutril gas, 
biomass, nuclear, and hydrodeciric power. These suhseelor.s all pro­
duce eicciricity, and Ihey all receive the same price lor the eleclricily 
Ihey generate. These subsectors do, however, have quite different 
operating and inpul requirements for producing electricity, which will 
in turn affect their relative profitabilities. The allocation of invest­
ment among these subsectors in Ihe GPC will reflect these ditfercnccs 
in profitability.

Each lechnology is represented by a vintage-dated, cunslanl etas- 
licily of substitution (CES) production/cosi funclion (one for each 
vintage of capital slock in opcrallon). For ciKh ^chnnlngy.vlcchno) 

vjdgical chang^hrough lime can he captured in flic morn-TlTirougli ihe 
CES production funclion parameter set. In SGM version 0.0 both^ • 
initial sel and a terminal set of CHS cpcfTicicnls or parameters is 
specified for each producing subscclor. For any future vintage, the 
CES coefficients used are a time-dependent interpolation bchyeen jhe 
initjal and terminal values. Differenl lechnological change scenarios 
can thus be modelled in each subscclor by varying the terminal co­
efficient values and Ihe lime required lo reach there terminal values.

The gi:ncral execution path fur the OPC Is In (I) delertnine desired 
levels of inveslmenl in new capacity, (2) operate the new capacity, 
(3) retrofit existing capital slocks, and (4) operate or retire existing 
capital slocks. .
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The CES produclion/coil-funclion 

I'hc CES produclion funclion can.be wrillcn,

Xs = (to
/ H \

\i-i /

where Xi is Ihe gross oulpul of (he process; Xi is Ihe use of input 
(actor /; o<> is Ihe scale coeBicicnl; «/ is the individual factor co­
efficients; and p is Ihe elaslicily o( substitution parameter.

Profit maximization implies that,

Pi = Po
dXt
dX,' 1=

where P/ is the price of rlh input; Pp is Ihe price of oulpul; fV - Af is 
the number of variable factors; and M is the number of fixed factors.^ 

I‘riilils can be written as,

ti-ti
n = PoXt - Y, Pi^i- (5)

r-r

Oy judicious application of algebra, and equation (4), profits can be 
expressed as a function of price and Ihe quantities of A/ non-variable 
(actors of production via,

It = troPp

where

/N-At Nl-(Ppao)''^ay'>Pr" E
\ r-i /J /

i -p'

(6)

(7)

ll is well known that (he patlial derivative of this expression with re­
spect to the price of Ihe rlh input is Ihe negative of Ihe total factor 
demand, that is

~ = -Xi. (8)

Gfttiilwinc 1(01 ciiiiiiiDiii

The demand for the flh (actor input to the production process c.in 
therefore he calculated directly ax.

/■= l,...W-Af,

where

T= E
l-N-AUI

(10)

and

/N-AI
Z = 1 - (npPo)' Enf'-P,-

V i-i
(II)

The above equations can be used to model both operational decision 
making and investment determination.

Expected future profits from Ihe operation of a technology which 
employs

X* = {Xf(^m\,...,Xn)

fixed factors over the course of T years of operation is simply.

(12)

where n(xj,/) is Ihe profit rale consisleni with expected future prices 
in future period / and dis is the discount rale.

Investment and operafing decisions

Once a technology has been installed, operation is determined by the 
sel of factor prices for variable factors of pioduclion, and the quantity 
of the fixed factor employed. The determination of factor demands is 
therefore a relatively simple mailer. Investment decisions however 
are not so simple, These are determined both by Ihe present set ^f
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fiitiiir pfictfs und (he icl of expected future factor prices extending 
out ov-er the expected lifclinte of the invciirncnt. In the SGM, there 
nro two types of investments, investments in new capacity and in- 
vexiniunts in existing capacity, in the foim of relrolil and renovation 
(life extension) investments. The existence of retrofit and renovation 
(life extension) investment alternatives means that present oper­
ations arc never simple, and that the technology chosen for an addi­
tion to new capacity may he .substantiaily nllcred before its ultimate 
retirement. The analysis of investment alternatives requires a mech­
anism (or the dcicrmiriation of expectations regarding future prices 
and taxes.

Future price and lax rale expcclalions

In each sector. Investments ate allocated among subsectors on the 
basis of their relative expected profitabililies. 'nicrcforc, invciimcnl 
decisions for ench suhseclnr require expected ptoni rale cnlenlntions, 
which require expected prices imd taxes for all inputs. For an open 
economy the purchase price of the good produced by the itli sector in 
region "I" is given by;

Fi.t = -F ^uTr,)tXB(, + ixbj,,). (13)

v/iiere a,j is an adjustment factor to reflect markups and intra- 
regionai transport costs; Tr/ is the import Irnnsporlation costs for tlic 
rtli good; 6, i is a logic driven parameter whose value is 0 if the leginn 
is 0 net exporter, and I olhetwisi,'txa/., is the proportional tax on the 
(th product in region I; and txb,./ is the additive tax on the iih prod­
uct in region I.

Obviously, the price received by the producer of the /|h good is 
simply.

F.v = F((l + <5uTr,). (H)

1 he direct compulation of n,(/o) is cumbersome. An approximation 
of this value can be obtained by substituting a set of present dis­
counted prices directly into the prolll function, 'niis yields an exact 
solution when ji =• 1 (see equation |71). The present discounted price 
for product / (cither an input or an output), Fcy, is calculated by,

Cieeiiliuiiie gns eiiiiyiiiiin

(15)

where T„p is Ihe nominal life of the iiivcslmunt; q is the rate of 
expected price change; and'disy is the discount rate for that sub 
sector.

As noted above, the nominal life of the investment is a parameter 
of the technology. This parameter value may be different from the 
maximum potential life n( Ihe technology. Tlic lax rale lx is an exog­
enous variable. Both' Ihe rate of expected price change /y and Ihe 
discount rate dis are behavioural variables. Expectations of fuiuie 
price and lax rale expectations are assumed to be farmed in one of 
two ways. Either they are given exogenously, and assumed known, nr 
they arc formed on the basis of prior experience. This yields lour al­
ternative formation assumptions for future prices nod taxes of inputs 
and outputs which can be created by combining assumptions I, 2. 3. 
nnd 4 from the following matrix:

Formed on the 
assumption that 

previous B periods 
rate of change will 

continue indelinitcly

Given exogenously

Prices

Taxes

1 3

2 4

Note that whenever price of tax expectations are formed on the Irasis 
of prior experience, the period of prior experience, ti, must also be 
specified. For fl ■= 0, present prices or taxes arc assumed to remain 
constant indefinitely. Furlhermorc, il is possible to run Ihe model in 
an iterative sequence to develop a pcricct forcsighi $cl of exoge­
nously specified set of prices. This would be accomplished by speci­
fying prior solution prices as the set of expected future prices and 
iterating until slabilily Is reached.

We feel that Ihc abilily to model behaviour in which price expect­
ations arc formed on Ihe basis of Imperfect forcsighi is impoilant. 
The period of time bcivreen iy7ll and Ihc prcrcnl is marked liy 
decision-making on Ihc basis of Hawed furesiglil in energy niutkels.
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Furlhcimore, (he efTeclivencu of lax and rcgulalory policies may in 
fnci depend on Ihc cxpcciallons formed wilh regard to long-term 
cnniDiilmcnl.

The rcislionship between the discount and interest rates

Tlic discount rale and Ihc real interest rale need not be the same. A 
great deal of behavioural literature suggests that these rales may in 
fact be slgniticanlly ditrcrenl from each other, Lind (1983), Meier and 
Whittier (1983), Hausman (1979), and Oatcly (1980). To renect this 
phenomenon, the discount rate, dis, will be linked to the interest rale 
calculated in the niodcl, interest, by a constant factor of addition, 
fac,. The sectnr-specifle discount rate for retrofit investments, will 
Ihercfurc be given by,

dis, = inleicst -|- fac,. (16)

The add-on factor for retrofit investments need not be Ihc same as 
the add-on factor for new investments.

The expected future profit rale for a capacity increasing 
technology

The expected profit rate relative to the capital cost, K, denoted as n,, 
is given by.

NH,
(17)

and

NR,
■■ uoPeo

V M
(!-;>)//>

/ H \ '

E\i.«-sr+i /
(I-tx). (18)

where NReh Ihc expected net revenue, lx is Ihc profits lax rate, there" 
lire M fixed factors, and the other N — M factors arc variable factors.

.116
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In version 0.0 there is only one fixed factor and the fixed foclor leriii 

reduces to

When investments in new capacity occur over more than 
one period

For most inveslmenls the decision to Invest and the initiation of op­
eration can be assumed to iKCur svilhin a single five-year time s ep. 
This is not always the ease. For example. Ihe construction of nuclear 
electric power plants may require more than five years from “at' 
consIrucJtion to first production. Forestry similarly requires mo,c than 
five years between the lime of initial invcslmcnl and the time o 
harvest. Each of these circumstances requites a somewhat difrcrcni 
approach.

Extended consirucllon lime
When the txmsIrucHon lime for an addition to capacity extends over 

periods then there is an evaluation of the investment in each 
of these periods under the assumption that the fraction of total in- 
veilmcnl required in each period is equal, lliai is, if the total invest­
ment in the new capacity Is taken to be K. and Ihe cunsiruclion lime 
Is T,„„„rxi. >h=o in each period an invcslmcnl of

Kf «

is assumed to be made. If Ihc invcslmcnl is expected to be profiiQblc 
in Ihe first period, then construction begins. The present discoiinicd 
value of the investment requirement is then.

f K >
\ -I-dis

/= (19)

where, r is the investment period in which Ihc investment dec.s.on is 
being made. / = 1,... and .re is an index of periods of tn^
vestment remaining, f = 1....... T„«i™ci- Note that as
conslniction passes, the expected profit rale will rise, other things 
being equal, because previous period investments become sunk cosli.

Expected net revenues from operation of the investment must also 
be discounted by a factor,
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The sroivili lmrveJl JecLimi
■J hc growlh-harvc5t dcciiion probleni doct noi occur in SOM version 
o.n. as all agriculiural aclividcs are aggiega(c. In SGM version 1.0, a 
forcsiry sector will be disaggregated and this problem will occur. In 
this case an Invcslmenl occurs in period /u. but no revenue is received 
until 7r,,„rti. But 7hin«»< is not predetermined. For growth-harvest 
production functions the production function given by equation (3) 
nnd

"II = “(C/. C,-i, Atmos,, Atmos,.i.r -ro), (21)

where a is now a function of a vector of climate and atmospheric state 
yniinhies, and the amount of lime that has elapsed between the initial 
itivestmeni, /n, and the pieseni period i, C, is a vector of climate vari­
ables such as for example, temperature, precipitation, soil moisture, 
nnd cvapotraniplrallon. for / = /,/- I; and Atmos, is a vector of 
atmospheric state variables such as for example the concentration of 
atmospheric COi, for/«/,/-I.

■Plie expected profit rate for an Investment in a growth-liarvcsi ac­
tivity is determined by equations (18) and (21) using the expected 
price vector for the potential harvest periods in the future*
and discounted by the value.

discountfactiir = (—!—^ .
^ \1 +di$y (22)

The value of n, can be computed for any two potential harvest peri­
ods, and 7^,,,,^,-f 1, denoted respectively n,(rh,n„,) and
>Sr(7hiimi + 1). The maximum potential value for n, can be estimated 
by beginning with Tu„„[ = 1. and increasing the value of 
whenever,

Aiai.tii -F I) i n,(Tr„,,ni).

Inveslmcnts with a maximum value for n, > 0 are included in the 
poi)l of sector specific competing investments.

3IK
■t
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Resource constrained technologies

Many economic acliviiics lake place against a background of re­
source constraints. This is of particular interest in the field of energy 
economics, but is in no way limited to the energy sector. For example, 
the resource base for conventional oil is ullirnalcly finite, and cumu­
lative production fipin that resource buse may potentially appiox- 
imatc the total resource over Ihe period of analysis. Fossil fuels arc 
an example of a dcpielabic resource. Renewable rcsouices. such as 
solar, wind, tidal, and ocean thermal energy conversion also exist. 
For renewable resources Ihe lesouicc is available in each period in­
dependent of consumption during the previous period. We will dctine 
dciiletahle and icncwahle resources us follows:
- Depleiable resources: A depiclahle resource is one in which the

consumption of the resource in one period affects potential con­
sumption in the next period. • . ,

- Henewable resources: A renewable resource is one in which the 
consumption of the resource in one period does not affect potential 
consumption ol the resource in the next period.

Describing the relationship between resources and proJiiclioii is 
important for such activities.

Depleiable resources
For depleiable rcsouiccs Ihe lolai resource available for consumption 
over all periods is the sum of the resource available in each grade ol 
NG grades,

(23)

where R( is the total amount of resource of type / which could l.e 
potentially recovered under any possible conditions; and is the 
total amount resource of type /, found in conceniraliun c, or higher 
up to C|_rundcr any possible conditions. TTic resource base can be 
partitioned into discovered and undiscovered resources, Discovered 
resources arc made up of extracted resources. RE. and reserves, FF. 
Undiscoveicd resources arc denoted as RU. Tlius,

R, = RE,+ RU, + RVi, 
Ri., = R£/,i +

(24)
(25) 

t
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Ill llu: miiJcl cadi sicclor that prutiuccj ii cJcpIclabIc re^-ouicc has 
u dilfercnl luhjcclor for eadi grade ol the rciourcc. For a given 
Icdinoingy, the grade o( the resource is redccled in the value of 
Oil •- o,i.j. in the production function. Desired extraction from each 
rc.simrcc griidc is determined by Ihc expected rate of proniahility. 
The production function implicitly includes the cosi of converting 
undiscovered resources Into reserves. Production occurs out of re­
serves ns determined hy profit maximixation subject to Ihc constraint 
imposed by total Investment in each vintage's productive capacity, 
niic prnduclion activity occurs only from reserves, and shifu re­
sources from Ihc reserve category to the extracted category.

llecausc of the multiplicity of resource grades and the existence of 
.Mihsliliiles. there Is no gimr.inleu Ihnl the price of ;i deplelnhlc re- 
.soiiree will rise at a rule c(|uol to the rale ol interest, the ‘holclling' 
tresull.

Cnmpelilion among capacity increasing investments 
wiiliiii it sector

Ax discussed earlier, Ihc sector is Ihc highest level of aggregation in 
Ihc model. Subsectors arc assumed to produce an essentially homo; 
geneous product within the sector. For example, in SOM version 1.0 
it is expected that there will be four diffcicnl types of freight Irans- 
poil: rail, air, truck, and other. Dach will produce a common unit 
of output, tonne kilometres of freight transport. Obviously, this 
assumption violates physical reality. Nevertheless, it Is intended to 
capture the essence of the sysIcth.'For each subseclor. there also ex­
ists an iiddilional level of disaggregation, which wc refer to as the 
technology level. Technologies compete within Ihc confines of an in­
dividual suhseetor. and in turn determine Ihc overall profitability of 
the subsector. A logit function is used to determine the share of total 
sectoral investment each technology obtains. That share is given by:

•^r.lrth '
NO '

/•I

(26)

where is a metric of the characteristic upon which competition 
IS based for technology, tech, in suhscclor i. N„ is the miinher of

32U
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subsectors, Ihc number of lecliiiulugies eomiieling in siili-
sector f, a is a sensitivity parameter, and

NO (27)

The logit function Is homogeneous of degree zero. That is, any sciiler 
change in Ihc values of all lenvci the vnlues of all Ji,„h iin
changed, f-or values of a cijual to zcri), j/ = l/{/V„fV,„iJ. If grenler 
values of enhance market share, then Ihc value of a is inken to 
be non-negative. (If greater values of m.uch diminish market share, 
then the value of a is taken to be negative.) As the value of u np- 
pronehes oo, approaches one for the Inrge.si vidiie ol

In this model, we will use the logit funcliuii to determine Ihe 
share of a sector's total invcsimeiil spending that is allocated lo 
each subsector, that is to say each ruinipcling technology option. 'I'lie 
independent variables (hen arc Ihe prafil talc values of n ohiained 
earlier. In general Ihe value of a will he set lo rcOecI existing markel 
sensilivily.

Aggrcgale seclor invcslmcnl in new capacily

Aggregate regional seclor investment levels are determined by using 
an accelerator from Ihc previous periods total investment. Specifically.

= /^'loi,-baseialeHi /lcxp(r»,,,)|. (28)

where /fun is (he total new invcslmcnl in sector /, in period r ^ I; 
baseratc is Ihe base rate of growth nf investment; and /(cxp(n)) is a 
function of Ihe expected profit rale, csp(n).

We do not prejudice the detemiinalion of cither baseratc or the 
function /(exp(n)). For present model development wc use,

base rale,.(1
tol,.,

(29)

The expected rale of profit is taken lo be Itic average expected profit 
rale which is given by.

/NO
e*P(n/ri) = S/tt

\i-l /

(]0)
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wluMc n,., is; llic profit rate fot the ?lh Icchnology (taken over all 
MilwectOTs). in period i. Thi» derivation it given in Clarke (lyyi). T'or 
SOM vcfiion 0.1) we use,

: (31)

where a is n sensitivity parameter.

Reliolil iimJ renovation iiivcslmcnl dcci.sions and the 
operation of existing technology vintages

existing technotogics, or technologies with capacity already in 
ptnee, there arc four pouible outcomes in any period:
1. Operwre without cliange,
2. lUtrnJil und operate,
J. /<//e the capiicily, but do nut iclirc,
■1. Uflift the technology.
■flic dcicrnihiaiion of n|>erailng mode depends upon the behavioural 
nssuniptions. Given the five-year lime step in the model, it hat been 
decided to eliminate option 3. In other words, producers will eitlier 
iiperutc a vintage in the current period nr retire tliat vintage.

l-or market economies prolit maximi/allon is the hchaviourul 
paradigm. For investment decisiont this meant that NR is maximized. 
That is, existing technologies will continue to be operated as Jong as 
current operating cosit can be covered, unless olheiv/itc prevented 
from doing so. Iliey will add rctroTii technologies either if tlicy arc 
required ni if they add to profitability. The behaviour of command 
economies is similar, except that (1) substantial subsidies, in both the 
cost of input factors and direct subsidies to total operating costs; and 
(2) idlocollon schemes where adininlslcred prices do not elc;ir mar­
kets arc an important determinant of economic behaviour.

Reirofil let hnuhglej
Retrofit technologies are the principal complicating factor in the 
analysis of existing technology operations. The level of operation of 
tlic technology is assumed to be identical to the parent lechnology. 
The additional capital cost, relative to the original capital cost, is a 
technology parameter. The presence or lack of presence of rc'trofii 
options does not affect the. base production or cost functions.

(Iri-eiiliiiiiM; gii\ r//iiv.w'u/rv

New retrofit options can he incorpiiruled inlu the opcraling sitiie- 
lure of the technology if they either arc required or ore dciemiined to 
be profitable. If retrofit technologies arc not ret|uited, then it must lie 
determined if the base lechnology will continue to be operated. II 
the base technology can covet curicnl costs, it will continue to be 
operated, even if its present discounted expected future revenues ate 
negative. If it cannorcover present operating cissls, then the techuof 
ogy will he retired unless some rcirolil package can priidace a ptesenl 
discounted expected future profit.

Under some circumstances the present technology may eeuse to lie 
an option because a relrofiUechnoIngy must he applied. In such cases 
the Icchnulogy will be retired unless sumc rclrofli package cun pro­
duce a present discounted expected future profit just as if llie tiasc 
technology had been unprofitable in llie current period.

To evaluate retrofit technologies we make the following calcu­
lations. Consider an existing technology of vintage k', installed in 
period F, with nominal lirelime T, In existence in (leriod /. To de­
termine (he piofitabilily of rctrofil oplion.s for lliar tcclmology, we 
begin by computing.

/-= I....... N. (12)

Note that a set of expected future prices for rctiofil tcclinologics may 
be different from the set of expected future prices for the tiasc tech­
nology due to difTcrcnl discount rates for llie two activities. Tlnit is. 
sonte firms may have u higher discount rale for reliofii leclwinhigics 
than for new base load investments.

Because each retrofit Icclinology can affect (he original technology 
is a wide variety of ways, the total Icclinology, llinl is iiicimliiig liolh 
iJie base technology and a package of rctrofil options, is given by a 
separate CES production function wliosc net additional capital cost is 
some fraction of the original capital invcsimcnl, and wliose lifetime is 
the expected lifetime remaining on the original technology.

The general foimulalton for profit with u fixed factor CEii pro­
duction function, as given by equation (6), is used to compute a value 
of 1*1(110(11 fof lechnology with a retrofit option. Note that for 
retrofit = 0, the expected future profit lor the base lechnology is 
given. If any retrofit lechnology has a positive present discounted
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Lxpcc(cd p/oHl higher than Ihc bsie technology, then the retrofit 
technology package with the highest expected future profit rate is 
irlecicd. If expected profits arc negative no retrofit technology is 
adopted, and if either Ihc base technology is unable to cover present 
operating costs, or is no longer available due to mandated retrofit 
actions, then Ihc technology is retired.

/ItJioyniion
Renovation is a special case of the general invcsimenl/ielrofit prob­
lem. At the end of r„p years of service the technology must cither be 
retired or renovated. Renovation lakes the form of a one-time capital 
investment, that occurs In the T„pth year of service. In effect, how­
ever, the retrofit option can be thought of as competing with other 
new investment opportunities with Ihc production function coefii- 
cienls of Ihc original technology, a capital cost of and
yuurs of expected life. The profit rate is computed using equation (15) 
and expected future prices based on an expected technology life of 

years. Of course, more than one life-extension technology op­
tion is possible. In the case where multiple options arc available, Ihc 
technology with the highest expected profit rate is chosen.

The present operating profitability, A'f?, is still computed from 
equation (6). The operation, retirement and retrofit logic diagram is 
given below:

AfR>0 m<o
* > 0 

n < 0

Operate and 
Relrofih-

Retire

Retire Retire

^at is. Ihc technology will be retired unless it both can make money 
in the immediate period and is expected to add to Ihc wealth of the 
sector over its expected lifetime.

Greenhouse gas emissions

As discussed earlier, the greenhouse issue is complicated by Ihc fact 
that a wide stray of gases are asrodaled with the effect. We make no 
attempt to discuss either the nature or the extent of the effect various

Cfcenhume gus emiyiioiis

gases have on the radiative balance of the earth/atmosphcrc energy 
balance, but simply note that the following suite of gases will be 
considered.
- CO2 emissions from fossile fuel and biomass combuilion processes.
- VOC emissions resulting from energy production processes, selected 

manufacturing processes, some combustion processcj (mainly of 
petroleum based fuel in internal combustion engines), and from 
selected natural processes.

- CFC emissions from losses from rcfrigeralinn and uir cnmliiinning 
equipmeni, foam blowing, aerosol propellants, cleaning solvents, 
and fire cxiinguisheri.

- CH< emissions which emanate from Ihc produclinn and disiriltu- 
lion of natural gas, mining of coal, from the raising of ruminant 
animals, the growing of rice, from sanitary landfills, and from 
combustion processes (principally biomass burning).

- CO emissions, most of which emanate from incomplete conil)uslion 
of carbon-based fuels, principully in the (ransporisliun sector.

- NjO emissions from combustion processes, fertilizer use, and se­
lected iiBlural sources.

- NO, emissions from combustion processus - especiully front elec­
trical power generation and in internal combustion engines.

- SO] emissions and conicqueni sulphate transfoimations so Itinl 
albedo changes can be monitored.
Greenhouse gas emissions cucfiicienls will be included with eacli 

technology description. Omissions will be assumed Id be proportional 
to either the scale of input iililizaWon or output of the technology. 

Omissions can be calculated simply as,

WS WSi(/.l)W,.,((.i..l) , Nl

= E EEr=i i.T-1 i«K>i r~y, 1-1
(^m.r.il.lciti./^r.w.uch,/, I.K+Zm./, u, (d J)

v/herc, <m,/,M,i«b,/ is the technology specific emission coefficient for 
emission r»i, in sector 1, subsector ss, using technology lech, with input 
j: i«h,A 1,1- i» Ihc input demand for factor/by sector /, subsector sj.
using technology lech, of vintage v. in region I; /n.o.,c«K,/ is iht; 
technology specific emission cocf/iclenl for emission rii, in stctoi 
r, subsector jj, using technology lech, (irodudng output /; and

r
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is ihc oulpul of good /' by sector /, subsector si, using 
technology lech, of vintage v, in region 1.

When emissions are released costlessly into the atmosphere they 
h:ive no effect on either the cost of production or the optimum dc- 
mimd for investment goods. Releuses need not be costless. Like other 
inputs uiid outputs from the technology, emissions may be priced, 
limissions coefficients have been related to individual technologies. 
This is because the determinants of enussions can be relatively com- 
plex. This is even Ihc case for emissions as simple as fossil fuel com- 
bustiim ciirhon emissions. In general the release of carbon to Ihc 
iilniosplicrc is considered to he prupnriional to the energy content of 
the specilie fuel by a fixed rulto and llicrcfore largely independent of 
Ihc technsilugy in which Ihc fossil fuel form is combusted. This need 
not be the case. Emissions capture Icchnologies exist, and the rale of 
releo.'ie of carhun to be atmosphere per uoil of fossil fuel energy 
ciinihiisled may Iherefnrc vary by technology.

On the presumption that emissions can be measured and therefore 
costs can be assucialed with them, emissions fees would a/Teci the 
cost Ilf production. The effeel of fees will he refiecied in a mod- 
ilicaiioii to equations (13) and (N). For consumers of ihc /ih product 
in the ilh sector the cost would become,

fM

(34)

where I = Ihc price of grmd / consumed in sector f, sul)-
sector ss, using technology tcch, ih region 1. For producers, the 
income from Ihc sale of the /'Ih product produced in sector i is,

fir
/'r.o.i«h./,i = P.0 + <5;,I Tn) - X)y:„.r.„.i.cN.y (35)

m j I

Final demand sectors

In addition to the sectors that produce goods and services, there arc 
three final dehiand sectors, households, goyernmcni. and foreign. As 
is the case with Ihc directly productive sectors, final demand sectors

(Ireenliiwie gi/j tiiiiviiiiin

have demands for goods and services and can produce goods nnd 
services. We begin with Ihc govcrnmcnl sector, not because llie 
analysis of llic behaviour of the govcrnmcnl sector is simpler itiim 
that of the household, but rather because our modelling approach to 
this sector is simpler than that nl llie hnuschold sector.

Government

Expenditures by Ihc budget of the government seelor most satisfy the 
following identity:

7'A'ioi — — TRfov d 5 (3(.)

where 7'A",oi is the total of all ncl lax revenues, where sidisiJics arc 
measured is Ihc net government savings, or (or negative values 
equni* ncl government borrowing, niid TR^„ = is transfer p.iymcni.s 
by Ihc government.

In SGM version 0.0,' is assumed to be ccro. in SOM Version 
l.f) (his assumption will be relaxed.

In SGM version 0.0 transfer paynienix arc assumed to be a lunclion 
ol demographics.

fPOVii. + POP,u\''
POP,,

)'■( Tpciion»l\

POPl.J ' 
(37)

where POP,., Is the total population; POP|,. is the population undei 
age 15; POP*5^ is the population over age 65; POPuxy Is Ihc pop­
ulation whose pcrsonil income Is 25% or less than the mean;

is personal income; and /I, is llic appropriate empiri­
cally determined coefficients.
. The government is modelled as producing services. In .SGM ver­
sion 0.0 there arc three services produced. In SGM version 1.0 this 
will be expanded to five. These are given in l.ihle 4.

The demand for goods and services hy the government lecinr is 
modelled as a constrained oplimicalion problem. Government max-
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Tuhk- 4 SCM foirtinnicnl lubicrion rcnlDti 0.0 and vifilon 1.0

SOM rcritoa 0.0 SCM version 1.0

(ienciul. Njiiunal Defence, Eduuiion Gcncrsl. Ntliansl Dtfenrc. (Mueallon, 
Infrasrruclure, KiD

inii/c* a ulilily function, presumed to be CES in SGM version 0.0, 
delined over llie three subsectors (general government, national de­
fence, and cduealion), and subject to the net income given by equa­
tion (36). This can be represented as,

/NOS \

\‘-i /
(38)

where G is the government ulilily. an unobservable variable; G„ it 
the production of government service aj; 6„ is a scale parameter; Is 
an elasticity paiameler; and AfGS is the number of services produced 
by the government.

Government services arc assumed to be produced with lixed input- 
output cocOicienti. Thus the cost of an additional unit of government 
service, type sj, can be computed as simply,

fJ

I-1
(39)

where is the cost of the next unit of government service sr, that 
is Pi Is the price of input / in the production process; and is the 
amount of input / required to produce government service from gov­
ernment subseclorsj.

Because the coil of producing (he next unit of government service 
is constant for any set Pj,’ Ihe delemiinalion of government demands 
for goods and services it greatly simpiiAed. 'niis problem can be 
staled as one of maximizing ulilily subject to a budget constraint, 
equation (36), maximize G(G,,..., G,,cs). subject to

~ S/a, — P0. (40)

32H
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This problem has a simple solution.

G,i — (TXibI — •9|«y
/NCS -I

\*i-i
(41)

where <= 6,’'^*'' and y = p/(/i - 1).'“

Households

A great number of decisions are canied out in the household icctot. 
These include the following;
1. Demographics
2. Labour supply
3. Land supply
4. Household savings
5. Household demand for final products

In SGM version 0.0 the delcrminalioh of the demographic ch.Trac- 
tcristics of each region's population, and its supplies of labour, lam), 
and savings are handled sequentially. Only the composition of de­
mand for final goods and services Is handled in a holistic ulilily max­
imization framework. Because Ihe demographic characteristics of a 
region’s population arc an important determinant of other household 
behaviour wc discuu this element of Ihe model first. We then con­
sider labour, land, and savings supplies. These factors determine dis­
posable personal income allocated lo consumption. Finally, we de­
scribe the determination of final demand for goods and services.

Demographics
The demographic component of Ihe household sector determines 
population in a region by employing assumptions with regard to three 
characteristics: survival rates, fertility rates, and migration rates. For 
any period, /, total population is given by.

NACBPOP,„; = E + rOP.,^r<™.ici,

■ fC«|

(42)

where rOP„y,„,k, is the males In age group age; POP„, /,^.i., is the 
females in age group age; and NAGE is the number of age groups 
defined.
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I■■|lr Iho youngcil age group, age = I,

KAnH

* gender = male, female. (43)

wlicrc it Ihc populalion in the youngest age group,
age - I, hy gender, in period t\is (he fertility rale for females in 
age group, age, in period r; and gjj,.(cnjci is the fraction of births by 
gender, with gj^.i + g,,c.i = 1, and for other age groups, populalion is 
determined liy survival via,

1*0P<n-s'AU*>.* “‘^H,(c_j,nV««.iPOP,^c-i.uendcr.)-1 + POPmig,^,_j,„j,,,,

■<r = 2....,NACn. (44)

where it (he survival rale by gender from age group age
to nge + I; POPmigj^_|_,„j„_, it Ihc net immigration of populalion 
into the region in age group, age = I.

At this point, fertility rates, survival rales, and migration ratet 
:ire deicnnined exogenously, with (he exception that net migration 
summed over all legloni is always xero for each age and gender.

Labnitr supply
Thc-sopply of labour is determined by Ihc working age population, 
rale of labour force participation, and Ihc wage rale.

(<niiU UAOH , ..
Affjbaui — y ^ “i|«.t<«(l*iPOP,|<_,,n(»<i

male a|(>t

where /’(,u>w is the wage late for labour; «4,,.„ndt( is a scale cocOicicnl 
for Ihc supply ol labour, by age and gender; is the price
elasticity ol supply of labour by age and gender, and ixa,Lxb arc pro­
portional and additive (ax rates, respectively.

/-mid supply -
In version 0.0, land supply is total land area in Ihc region. All land 
services arc sold on the domestic market. Households supply land on 
the basis of Ihc rental rale via

3311
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(4(1)-Viind = LAND,oiai,„j(l - exp(//|,»j/’iunj)|,

where LAND,,., is the total surlacc iitcii poicntiully nvuilolilc fur 
allocation; ai,i.d is Ihc maximum potential share of lund supplied to 
Ihc market; p,„i is a land supply price responsiveness cocnicicni; and 
Pi,^d is the rental rale on a unit of land.

In SGM version .1.0, the land supply sector will become much 
richer. One of the potentially most important determinations is the 
representation of Ihc character of land, and its poleiiliul supply and 
use, and the potential changes to land character ns it is affected hy 
hunmn activity. To he most useful, the model of Innd must be c.tpnhie 
of explaining both the present allocation und use of land, how ihnt 
allocation and use changes with time, end Ihc consequences of land- 
use for greenhouse gas emissions. Furthermore, the characleri/Jliun 
must also be capable of providing a framework for assessing Ihc 
consequences of potential changes in atmosphere and climate, and of 
changes in sea level. Several allemalivc specifications arc being con­
sidered. A description of land use in SOM version l.tl will he the 
subject of future model development reports.

Peisiiiinl iiicuiiie
Personal income can be computed from Ihc infotmalion already de­
veloped via the equation.

Y = A'litovr iupplr|f*|tb<iui(l “ rjtfltibeui) ~ Af'l*r>ouij

T ^iind l«ppljr|f*I,Bd(l — tX'rTliftj) rxb|,nj)

+ n(oi(l — Lr« - r») + T/?,o, (47)

where Y is Ihc disposable personal income; n,„, is Ihc total net profits 
from the operation of all enterprises; rx, is the profits lax rate; j. is 
the rale of retained corporate earnings; and uy = income lax rule.

Sayings supply
SGM version 0.0 represents savings as a function of present income 
and Ihc fnlcresl rale.

•^rih = OMiunHfl - exp(^fj,„,..(interest -1- faci,h)|l (4K)

where J'm, is the total supply of savings by households; a,,K,.,, is ihc- 
maximum potential household savings talc; /Vk,,,. u the price sensi-
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tivicy of household* (o ihe available ln(ercsl rale; and faci.,, Ii an ad- 
jiislmenl faclor linking Ihe markel inlcresl rale lo (be inicrcsi rale 
avuilable lo households.

VVhilc ii is usual for a general equilibrium model lo maximize a 
ulilily funclion lo determine household behaviour, version 0.0 does 
nol do Ihls. The developmeni of a more sophisiicaied description of 
aggregate household behaviour Is a development task.

/lotiseliold demand for final p/oducls
Own demands for faclor Inputs labour and land arc computed sepa- 
ruicly from demonds for other goods and services.

Tlic own demand for land is a funclion of the number of house- 
bolds.

/NACE .
NIIH= POP... (49)

where NHH is Ihe number of households; and is Ihe. average 
number of people per household.

Thcrefotc,

'''i.nd.hh “ NMH (50)

where ai.„„^s Is Ihe household land inicnsity faclor; and is Ihe
price elaslidiy of demand by households for land.

Tlic household demand for labour is a funclion of the price of 
labour,

^liboiu.Mi = ■^libour®liSoui,Sk/’|Jj^“, (51)

where auboui.aii i* Ihe household labour demand intensity factor; and 
flubtui.hb i* Ih® price elaslicily of demand by households for labour. 

The total value of consumption can then be calculated by difference

~ '^l.i.a.Mif’lind - -V'ub.g,.M,/’l,kou,. (52)

Consumplion of any final product can (hen he computed using 
piicc and Income elasticities and an income expenditure normal- 
Izulioii via.

“l.hK = n/,hh ■G)'
(litenhoim: j;iiy ciiiiiiiinii

(«)

where A'd/.hh is Ihe demand for good i by the household sector; a,j,h is 
Ihe household demand intensity faclor for good /; /l,^^ is the price 
elaslicily of demand by households for good /; and y^^,, is Ihe income 
elasticity of demand by households for good /, and

2 - (54)
(-1

Each consumplion good, which in version O.tl is identical lo a pro­
duced commodity in the OPC, is assumed lo have an income and u 
price elasticity of demand.

Ill version 1.0, Ihe plan is lo embed the houseluiM decisinii iiiakini; 
process in a cohesive intertemporal decisiun-making piucess which 
includes consumplion, savings, and education. Education is importaol 
because, al least in the United Stales, it is the mosi important deter­
minant of lifc-cycic laliour-forcc participation. In addition, the sub­
sector structure in the model will be used lo expand Ihe number of 
demographic groups. The numbet nf such groups has mil yet been 
determined bul will reflect signihcanl differences wilh respect lo sav­
ings and education decisions. In version I.O consumplion categurics 
will probably be different from production categories, implying the 
need for a Iranslallun matrix from consumplion lo production com- 
modiliet. Compulationally more vctsalile forms for Itic labour and 
land supplies will also be explored.
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General equilibrium

As noted earlier, markets arc defined (or each of the 10 producing 
sectors in SOM version 0.0 plus one for each of the three piimary 
factors of production; land, labour, and capital." There arc al least 
13 markets for Ihe model to clear even when only a single region is 
being considered. When multiple regions arc being considered simul­
taneously, Ihe number of maikels will expand. Land and labour 
markets are considered lo be closed. This Increases Ihe number of 
markets from 13 lo 11 +2NL, where NL is Ihe numbet of regions. 
If capital markeU are closed this number Increases to IO + 3A/f.." 
In addition, Ihe model user can open or citiic any market in any
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'I'Hblc i An tiimplt of mdlng l(l■Uonlhlp liblc

(‘iijiiinnJjly
Region 
I 2

1. Agii.
2. CtiiJoiiil 
J. Oil icl.
•I. Nal. gill 
i. NjI. g»i Ir
6. Coil piutl.
7. Iliomuu 
K Illinium 
V. Nee.

III. Olhirr 
II. l .-ihiiiir 
17. I.nml 
1.7. S;i»/iiiv

I
I
I
I
I
I
I
I
0
II 
U

I
1
2 
I 
I 
I
1
2 
I
n
0
0

I
1
1
2 
I 
1 
I 
I
0
I
n
n
0

I
I
I
I
I
I
1
2 
I
0
n
0

0
I
0
0
0

rL-glon rt'lalivc »o Ihe rejl of ihc world, and Itius create Irading 
grnupj. This it indicalcd Ihrough a variable, Mkllink defined over 
legions: uud commodilics, where if for one of the IJ conimodilics and 
11 regions,

Mkllink =0 indicales lhal region L is pcrmanenlly closed lo trade 
in commodily /Af, For example, all regions are closed 
lo trade in land in liie above maliix;

Mkllink > 0 indicales lhal llic region Irodes willi oil oilier regions 
with similar Mkllihk values for lhal commodity.'’

An example of a Irading rclaliunship lable is given in table 5.
The number of markets will also vary during Ihc execution of the 

model. This occurs because transportation costs involved in interna­
tional trade are nnn-lrivial. It is easily possible to encounter a case in 
which a region would desire lo export a good if Ihc region is Healed 
as an importing region and domestic producers are assumed lo be 
able lo obtain Ihc world price of the commodity plus the cost of 
Iranspoilallon. On Ihe other hand. If Ihe region is iicatcd as an cx- 
)mrling rcgiiin, in whicli domestic producers can obtain only the 
world price of Ihe commodily, Ihe quantity of the product demanded 
by Ihe region Incicascs and Ihe quantity supplied decreases lo the 
point where Ihc region would desire lo import Ihc good. Under such

0'ri!eillliillie nils i iiiiiu'iiiiy

circumstances, the model will ireal lhal legion/commodily combina­
tion as if il were lemporaiily closed.'^

For each region/commodily combination, on excess demand can

be calculated by

Ni Wui. Wioctu I...

j«| ji»| luch-l

wlieie e/,; «= excess demand for commodity i in region j.
Consider for a moment Ihc simplest case in which nil commoJiiies 

urc traded inlcrnalionally. For any period, eqiiililuiuni exists when a 
set of prices, /’ = (F........ ... can he found for which

HI. (56)

(57)

5])fu = 0, r■= 1...... N.

This scl of prices is not unique. W;ilros*s law, 

w ^1.

l-l /*!

which holds as an identity, and guarantees that if an equilibrium set 
of prices exists, that any positive scalai multiple of those prices is also 
an equilibrium set of prices. Any commtidiiy can be chosen ns a 
numeraire and its price determined arbitrarily, scl fnr example to 
one. The number of independent market prices is always one less 
than the number of markets.

Similarly, since the unit of measure chosen for commodities is also 
arbitrary, units can be chosen such lhal all equilibrium prices are 
unity in one period.

Solving the SGM

The BKM first generation model, used a Newton search procedure in 
an claslicily metric. Elasticities were computed numerically by per­
turbing each market price slightly and re-evnlualing Ihc model. ITis 
required NmkI-rl evaluations for each search step. It also created 
a Nmkl’ matrix of partial derivatives, which needed lo be inverted. 
With 42 independent markets, this procedure requires a matrix o(
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I.7M d.nifi.U- lohc inverled. The EUM ulso incorporalcd a variety 
of p ocedurcs to be invoked in the even. <h,( no change in a di,- 
cquilibnum of price* could be idenlified. .h.nugh .he New.on

Increasing Ihe number of markcli to 42 In SGM version 0.0 in- 
ciuuses Ihc ccmploxily of .he problem of finding numerical solulionr 
lo lhc n'odc Uc SOM will employ an even more diverse se. ofsol-

dihon .0 he sel of search techniques is Ihc Gauw-Scidel procedure. 
This solution algorithm begins vvilh an inilial price vccior, and Ihen 
updates each element of the price vector individually.'*

Concluding remarks

This pope, dcscrit.es a new model under development, a second 
generation model of global energy and other human acliviiies and 
greenhouse gas emisirons. The model addresses .he problem of ihc' 
rclmionship between human activities In a wide array of domains 
nd their effect on Ihe emissions of radiatively important gases, and

I in, and r "f «=hanges in Ihe atmospheric composi-
(mu and climate on those human activities. To address Ihe extrcLlv 
broad scope implied by Ihcic objectives, we have begun Ihe deveh
mo^vid' ° * ! Sencral equilibrium model, which
hbr.um nmd'^l 1."°' Independent market equi-
■brium mode Is. I ,s also designed to address a specific problem Its

oroblemT'' and disaggregation reflects the characicr of ihai 
Piernh moilJmporlanl human aclivily affecting
In the rodel *"'n(ion
issu« Zrf ' d"* next most important
issues and receive greater attention than, for example, their value-
^or^orr 'h-=y warrant. Other sec-

The mode will be exercised for both legional/nalional economies
o'^^od't 'economy, and as a world model. Projects

(o model the Untied Stales. Chinese, and former Soviet Union arc
Thesr„?nr al»'er institutions in China and Russia,

projects are anticipateJ to produce results during 1992 This
roliXTr...of > "e soL gi^;;
model. Progress on these endeavours will be the subject of future

3.1 f. •.T /
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Notes.

1. rric lUlhoil would likt Id tipicit ippicrlilion lo Ihu Unilr J SUIvi Dtpulitunl iit lintiux. 
OSko oI Enc/|r Ratiich ond lh« OOtoc ol PoMcr. Phnnln|. ind Anilxili, irul lu 
Unilcd SitUi Envlionminul P/oiccllon Agtncf, for luppoil la ihc cunduii ul ihli ic- 
tench. The lulhoii would ilio like lo ciprut ippicclcliivi lu Yoichl Ktri, NcH'i. 
frnurlf. Klill Ptrikh, Yumrihcni luiii. Rtil likknun. <mJ Ken RulTint Ini ihiii Ihimphl 
lul commcnli on to citllci ditfl ol iMi pipei.

2. Ouct wilh ibiiicliilllle c foldini ol tir(rt|c moleculn lilclinu cjiuct nl leu ihtn III 
rein.

1. Ccnlvry lime Klitt.
4. pof (Iinplc. coiiIidI nJDi mint Ihc EHM lod ni.UUAI. riUU mujcli xTelJ renitikniilr 

jimllir reiulli when tiindied inumplloni ire employed In hnih enodcli. 1hh It deipile ihe 
liel IhtI Ihe ERhl It i hehivlovitl mndel ind QirkRAI. IluO ii i Jynttnic nfiiniln’ni 
model.

). Il b tlwip poiilble lo eccail t nUHicI lueh >i llic SliM whhiii ihc Uyncink i.plin.i/.mi.ui 
niib peilta (oeeiI|hl puidiim.

A, Cuioptrcd lu cumpelifli Icchnolntiet.
7. Note Ihal Ihc piiec leecivcel bf Iht peudueeee. I*c. kl ee^utl lu Ihc I u.li. pike. The pii.vs puij 

hy pioduocii MIC cquil lu Ihs f o b. prioc pTui itici tad niiikujn. 
b. Nulc Ihil In iMi cjia ihc perioU-spccifte ctpecicd pikx vccini leplteci ihc pteieni u.i 

counicd price vcclof iWeo by cqutilon (N).
9. Hole Ihil Ihil properly ll chirie(ctiilic of iny pioduclinn luncehin wliUhiihomntciveciuiiil 

de|ie* one, lueh ■! lot ciimple Ihc CES. end not simply ihc Leonilef ipeeiriciiiun 
10. To ICC (hit Hole Ihil Aiil oedcr eonJiiioni lequirc ihil

"cs„p;,„.

».htie d b t Liirtnflin mullipllcl. Foe convcnicnoc dellne.

end role Ihil
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SuUliiutc (IJ Inlo (2) to yield,
/A'Ct

Rf lobililulini (}J lolo (1) flvci Uic hntl leiulL
II. RcetU Ihil Ihc capllil raiikcl li • miikcl lor uringf tad Inteiimcnl. II Uoti nci illixuic 

ctbUni ctpiul ilocii.Thotc tre quul Aicd u t vinlitcd ciptltl Hack.
17. 17i« rcluillon of Ibe loumplloo IhtI ctpllil miikcU tic eteued iiqulrci Iht cicillea of in 

inycilmcnl vehicle. Thb cooM be uconipbibed by ihe netUon ol in Inleinillonil bond. 
Tbii bond would Imply i fulurc lelum dow'or retauicvt In cicbjn|c for iirin|i. tlci in- 
icfcil p4ym<AU irould be iddcd (o UNP ind houKhold dtipaibU Irbcomc, luumini 
bou«hoWi bold the bondi.

IJ. No(« i>ul While model logic will nol be iITccIcd, iheic JhowlJ he at Usil iwii ic|li»m
Inrolvcd lo » UidJng gfoirp for uch commodiiy. The value of ihc Mkilink viriihlc givci a 
icfucnoc rcfloo whou f.ab. pilex ol cummodily /A/ dclcrmincj Ihc l.o.b. pike foi Ihji 
commodilf In all other rcgfoiu In ihc iriJing groiifa. Krw eiample, fn ihc mjnU above, all

C
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tifiiini. v'lrvpl Chlm. me Ihe f.nh. pifcv uf tKilcullvial p;i>Jutiv In ihc llniud Xiuui 
{return I) m a uaiinan Kicrcnrc l.n.li. piic\:.

fhe nine u»*l in Mkllink ihiiuM n/ve/j me ilie liiweil ie(l.in inikj nunil>ei n( nny 
iMeinhei i.| ||,c j,oup. Vm climple when ifjl.mi 1 inJ b iomi in tUlilcliy lu Jlnj
|im/p. b.ilh nicfflixri um ihe numbti ) iui Ihcii Mkllink YilutJ.

Wt nalc Ihii i teflon cjnool be open lu liadr In only out coenmadlly.
14. When a cetlon ii Icmpoiaiily licalcil es II il *-ei« clixcd lo liadc In a piiiJcutii commodiiy.

IKe value ul Mkllink U eel lo Ihe ne|allve of lha iclercnco |ioup number.
Ii. Till! pimeduie haa an eapcclej lalvlion rale ol belMcen iNmkI and lONmkI model e«l- 

uaiinni. I| It ihui cumpiilallooally very cmelent. 1110 order lo wMih ihe Oiuii-Seldel il|o- 
rilhm opuiilca may be Impoilinl. Foe caample, we may wlih lo i<il>e Ihe mnld nuikcl. 
ihen ileraie lo ihe ie|lunal taboui and land maikcli, and then lelum lo Ihe world miikti. 
inme ihoucM necdi lo be liuen lo iclliny appropiiaie oulpul and liaekini Ihe aolulion 
pr.iceia wllh an eye lo Impiouing 111 elheiency.
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Comments on chapter 9

1. Nebojsa Nakicenovic

Tlie dciign and Implemenlalion of Ihc "tecond gcneiaiion" model 
for analyiis offulure grccnhouic gas emissions is Indeed a forniiJabic 
lask. Edmonds el al. (1992) scl (he goals of such a model well beyond 
Ihc stale of (he art by specifying lha( i( should be "capable of ana­
lysing (he emissions of all greenhouse gates from all sources, includ­
ing boih (hose of nalural and human origin, lo provide an anulysis of 
(he interplay between the variety of human and nalural aclivillcj re- 
sponsible for greenhouse gas emission." Clearly, such models cur- 
renlly do not exist that are capable of "assessing emissions from all 
human activities and major direct and indirect consequences of po- 
Icnlial policies lo reduce emission." There are many models llial 
already address some specific parts of the problem, e.g., carbon di­
oxide erninions associated with energy use or models lhai cover 
all anthropogenic sources of emissions and resulting almosphcric 
concentrations (e.g. EPA’s Atmospheric Stabilization Framework, 
Ushof and Tirpak 1989). They are. of course, still very far from 
Ihc comprehensive approach suggested by Edmonds cl al. Hence, (lie 
development of llie second generation model of (he type proposed by
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litJnumds c( ;il. ii> certainly a most welcome cfToil, iillhnugh a very 
nmhiltniij iitic.

UmJeniahly, much could he leurned l>y the niodclliiig cojnmunily 
hum the excrriie propojcd by Edmonds cl al. In particular, the 
cffnilai suceesled to endogcni^_ detnographje and Icchnological 
cliangcTjiwril pafjkul^r. pffliss.und allention. However, wTtliiri a 
policy context there it alto the iwue of how tuch a model can help 
reduce the uncertainties inherep) jp otfidflluiC-jlfil'lLchaOif- 
~X1IcihiilivcTy"hbw enn the modelling cxcrcite make more trant- 
patent and explicit the uncertainties stemming eitlicr from our in- 
sutlicicnt understanding of natural and social phenomena or their 
inadequate abstraction (modelling)? Therefore, a word of caution 
may Ite in order. The ptilicy dimension of global warming must con­
front simultaneously the problems of exlieme uncertainty, both in the 
causes and consequences of global wnrrning, and in the future con­
texts within which policies related to global warming will operate. 
Thus, there is a need for great flexiltility in policy measures since the 
socio-economic and icchnoingical conlcxls within wliich any ghibnl 
cliiinge policy is situated will clearly vnry nnd alter. Wo are conlrnnl- 
iog policy choices reltilod to a global environmental issue wliose 
effects will be measured in decades and centuries. To illustrate the 
dirncully of this task, imagine confronting similar issues a century 
before, say in 1692. Al that lime, cleciricily did not have a sigilificatit 
role, the motor cat had just been invented, the aeroplane was un­
known except as a concept, and nuclear weapons were unlliinkuhle 
due to the lack of Itasic physics, while major urban problems were 
particulates from coal and dung from horses. Thus, it should he clear 
tli.-il it is unlikely we will forcCnt the future evolution of energy sys­
tems, technologies, or its social contexts over the next 100 years any 
more accurately today than if we had pciformcd the same exercise a 
century ago. Yet, modelling and assessment of strategics for miti­
gation of climate change require a very long-term view, one which 
extends far beyond normal planning iiorizons.

In view of the large and still unresolved scientific unccrlainly.sur- 
rounding greenhouse gas emissions, their sources and sinks, the con­
sequences such as adverse and irreversible climate change and possi­
ble response strategies, the development of the second generation 
model of.the parametric type proposed by Edmonds el al. is a very 
useful effort since it will allow the testing of different hypotheses 
conccining future energy and greenhouse gas emissions.

In lliis shoil commentary we will discuss a few of the salient cliar-

( 'iiiiwh'lili <‘M i liiil'd'f

acteristics of such u model that iippear to he retpliicd if it is In fullil 
the expectations of its authors, hut we will not rai.se the spctHic 
leclmical questions that would need to he resolved before llie tiindel 
can actually be built. The technical questions include, for example, 
the problem of iiitcgraling Ihe glohul wtirtning potenlial of emission 
and coneenlralion of mullipic greenhouse gases, nr how to nLumni 
for hislorical and current N/O emissions from human ociivilies and 
natural sources, or how to rcconslrucl llie cnpilal vintage sliuclure 
for economies in Iransilfon bnd devclnpiog eouoUies. 1 hese que,s- 
lions arc far from being resolved bul arc llie sultjecl of a numlier of 
research activities and international efforts from which the proposed 
modelling exercise could henefil. Lcl us nssumc that these uncer­
tainties and unknowns can be resolved by a pnramcliic modelling

appioach. . .
We now return to Ihe discussion of imponuol model eliaiuclcfisins 

which (in order to be brief) we will limit to four issues: (1) population 
dynamics. (2) endogenicalion of lechnohigy, (3) socio eultufHl aspecls 
and (•<) piovisinn of energy services. They arc iniporiniil l>ecaiise 
they ure all linked to the rcquireiiienl of ndupliiig u very long Imie 
horizon for model applications, which extends to the end of the next 
century. The authors arc to he complimented for taking Ihe loiig icim 
and global view. Models that focus on time scales of two to three 
decades can be based on many sialic assumptions due to Ihe relative 
stability of demographic trends, social and cullursl relations, and the 
Iccliiiology base over such periods. Conversely, exlen.dno of llie time 
horizon well into Ihe nexi century means that many of these lung 
term processes will become fluid and can no longer he itealed as 
constants nr "slow variables."

I. Populofion dynamics

In a century global population could ilabilire hut during the next few 
decades it will certainly continue to grow at rales lairly close lo the 
current 1.7 per coni per year. In fael, Ihe monicnium heliind gl.ihijl 
populalion growlh is indeed very large. Even if we assume an iibrupi 
change in fertility throughout the world down lo or even below ll.e 
replacemcnl levels of aboul 2.2 children per woman, as it now pre­
vails in most of Ihe West European counliies (and will thus result in a 
significant populalion decline), the glnbnl populalinn would coiilinuc 
lo grow lor a few decades as illustrated in ligure I. 'I bus. the demo- 
graphic Iransilion is an imporlanl issue if a long lime lion/on is
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adoplcd. 1( is of paramount importance whclhor Iho glol)al pop­
ulation will reach 10 billion or grow beyond. Wliat is almost certain it 
that it can be expected to double during the next lull yonis.

The objective to "endogenizc" population growth in llic nc»i 
model version is to be welcomed. The actual problem is how in im 
plemenl the link between development and population: is the demo­
graphic transition a'prcrequisitc for rapid development or the oilier 
way around? How lo account for the diverse cx]iericnces among 
countries and regions with respect to the demographic Iraiisiiion? A 
critical impasse is how lo model these theoretically poorly under­
stood linkages at the global oiid regional level. Tor the lime being 
Gdnionds el al. plan lo include assumptions concerning survival, 
fertility, and migration rales for individual regions over the time 
horizon, fluwever, increasing the number of exogenously tissnntcd 
driving variables dues not necessarily lead towards a lieiler under­
standing of the complex issues between development and denui- 
graphics. II might, therefore, be simpler and also more Iranspatciil to 
assume dilTercnl population-growth scenarios exogenously as dime by 
lire United Nhlions population forecasts Ibal nre the standard reler- 
cnce in this held (UN I99fl). I'ersonally I see little merit in making 
numerous assumptions in a model without ex()licilly desertbiitg ilie 
linkages between the variables. The approach leaves u false inrpres- 
ston of certainly and accuracy that docs not actually exist. This ctil- 
ically affects particularly the liealmenl of migralioit in the proposed 
model. Clearly, emissions will depend on trade and .migration pai- 
Icrns but the problem is that Ihciu is no obvious way lo mitdel inter­
national migration, especially the large movements of people Ibal 
might be caused by the adverse ePecIs of climate change. Lurv |io|i 
ulation growth rales and high levels of aOluence in some ports ul 
the world can also be expected lo attract adtiilional migration and, 
this again is a possible linkage between dcvciopntcnl and pn|iuljiion 
issues.
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n. Bndogenizfliton of lechnology

One of the important shortcomings of many energy models is that 
resource scarcity Is one of the central driving forces of future energy 
development. Once the cheap and clean sources of energy ire cx 
hausled, the models “dig deeper" into dirtier and costlier opiions. 
This is close lo the Malthusian concept ul limited resources and lias 
by and large been historically falsified for most factor Inputs including
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cilcrgy. ininerali. or land. I( lurnr out lhal in ilie long run (ech- 
nologicul change leads lo pioduclion of more with less ralher lhan of 
less wirh more. And yet Icchniilogical change Is still a sialic concept 
entirely nhseiil in most models. Fossil energy resources remain static, 
pi)lenlhil.s for technnlogicnl improvements arc ignored, etc. Yet alone 
■since the energy crises of the 1970s the discoveries of additional fossil 
energy reserves have outpaced their consumption. The resource base 
eontinue.s to increase. Table 1 shows that the known global fossil en­
ergy resources are cquivaleiil lo about 3,1)00 gigalons of carboni The 
carbon content of the atmosphere is in comparison small with about 
7611 gigiilnns of carbon. If the current concerns regarding prospects of 
global wiirmiog nre conlirmed in the future, it is probnhic that most 
of this carbon will temiilh in the ground. The point here is that Icch- 
iiologietd progress and development ure exogenous parameters; as 
■soon os some of these cxicrnulilics are endogenived, decarbun- 
irnlioii strategies will he economically more allraclive and less costly 
Ih.iii ’•dirtier" options. In retrospect, we no longer consider techno­
logies Ihni are hazardous to human health as "cheaper" options, but 
rather as nnn options. Therefore, the model needs a "dynamic base" 
ralher than the planned sialic concept of dcplctablc and degradable 
lesourccs.

The adoption of a capital vintage approach to endogenizing tech- 
nnlogical change by Edmonds ct al. represents a significant improve­
ment and will undoubtedly produce most valuable insights, as dem-

•fahlu 1 Kunll rnciur cuiuumpllun, icitivct und icjoutcri (Cl C)

IKMMVa?
IVIO
Hdtrvci
nesourcu

Aitdilinnit occuiioncct

Oil Ciai Tiilul

IHir 5«.7 74 5 197.6
7.5 7.x l.O 3.9

3V1.6 97.1 38.5 547 7771(9 622 >115 3076
>J51X) >1000 >700 >5200

Hnu-: Accuunllni for huloilnl, prtuni. iiid pulirifil ruiuie ciibon cmliitoni fiom foittl tutl 
u« in ilsiti.ni ciibun. Iliilarial (lgS0-lfS7; ind picMiil (Hn) cirbon cml.iUHii from Iwiil 
furl UK by Uiurcr out oibon omicnl in idtnliricJ, uontHiilully Koovtiible toull tucl ic 
leivci. ioiDuioci (IJtnIIAcd ijuinliilci wilh unotrloln pioipocli of economic rocaviribllily), 
inJ >ilJlliiin>l oceuiicaru (i<tdillo«j| infcticd tram |iulnilc.l Intonnaliun but »ilb

lmbnlf»l inij cconiimlv piiicnililj. CuoipmcJ (o hiilniicil tiuiil fuel lut, |K< to. 
ni.iintii* lokiniicei In the yruonii icpitu-nt t (pcihipo cxn fir loo line) "ceiboii tndtwmerr 
»Mfh It more lliin i lieloi 10 is liifc ii Ihc lolil ciilinn pool In ilie iimoipbeic uf aiound 740 
lU ^ ■* • Pro«nl CO) OMii rnlrilinn iilc of iboul Hn ppm) (OiUhUr ind Ni-
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onslralcd by similar models for anolysing ecmiuniic sirueiuriil change. 
The capital vintage approach can help lo model technological change 
hy the introduction of learning and econuniics-nf-scalc cITccis into 
new additions to the capital slock and the resource base. Nevcrllie- 
less. the assumplion of sialic resources (even if total polenlially re­
coverable resources arc subdivided into reserves and undiscovered 
resources) over a period of 1011 years is indeed a very restrictive 
constraint lhal will, no doubt, almost "aulomniically" lead lo high 
carbon emissions (since cheap and low carbon options ure exhausted 
and renewables and nuclear limited hy olhci "euiistraints"). For in­
stance. only 10 years ago the existence of methiine claihrales was 
largely unknown. Will they he ineluded us a polenltal retinuree base 
in the model ond how is the resource base going to change with the 
availability i*f new technologies?

Duiing the next century many new energy systems can also lie ex- 
peeled lo be introduced that may help avoid the aslionotnical levels 
of greenhouse emissions envisaged in many bitsiness tis-usoal sce­
narios (c.g., see IPCC 1990). Figure 2 illustrates llml even al liisinr- 
ical dilfusion rales new energy systems can he expected to reach high 
market shares doting Ihc next ccntuiy. Such systems mny inclotlc 
completely new technologies such as carbon removal, and deposition 
(c.g. into Ihc deep ocean) but they will most certainly he also bused 
on improvements and refinements of cuiieni technologies such as the 
electric or hydrogen cat (Nakiicnovir* 1992; Nakiccnovic and John 
1991). But even these more evolutionary options will need cnoliling 
systems and technologies such as new ballciics und luci cells. Hie 
diffusion of whole families of new technologies needs lo tic modelled 
both within the energy system and other .sectors of Ihc economy. It t.s 
not clear how this will be handled in Ihc .second gcncrotiim niottd. 
although it is clearly ciucial for the understanding of the niiligalttin 
and adoption potential offered by new, less carlion intensive and 
carbon-ficc technologies.

ni, Soclo-culluraJ aspecLs

Socio cultural determinants of future greenhouse gas emissions arc 
also important at all scales but become especially dinicolt to model 
when the lime horizon is extended In 100 years in the future. Is there 
cultuial convergence over such long periods, especially if Ilie world 
actually becomes "smaller" through more inicr.ielion. glolial coni-
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n\unicaliun. and mobilily? Al ihc olhcf cxlrcnu;, :i diviirguncu could 
be auumed wi(h more helcrogcncily and divursily in (lie v/oild. In 
fuel, (hit wai Ihc hisloiical experience during the lujl eenlnry lo 
illusiraled in figure 3 for carbon inlensily of value added. In coniruki. 
many of Ihc devclopmenl slralegicx nnd jccnnrii) (rajeclnrie.>i imply 
a common global palh, c.g., univcrsul udopliun of Icchnotoglej; loid 
Iheir Iranifcr dcipilc diverse inslUulional and regional chaiacicr- 
islics, and iriespeclive of Ihc aclual iipproprinlcncss of Ihese sysleni-t 
in a given case. The second generation model can he cxpccied (o help 
identify some of Ihc linkages among these issues, but Ihe real prob­
lem occurs with Ihe treatment of these social nnd eullurnl deiei- 
minanls. For Ihe lime being, socio cultural variables have «ldined 
(|unnlificaliont in most global models and ul best have lieen included 
as residual values (e.g., derived from general production funclion 
apprnachci). Even if these vutialilcs ciinnol he modelled in the sense 
of formal abstractions tionr causality relations, it will be ioipoduoi 
to make explicit assumptions and scenutios in Ihe model cuncerniog 
sucio-culiural development. This it a pnlcnliul advantage of a )>arj- 
metric approach.

At anolher example, is it really reusotiahic to assume ii geoeiul 
equilibrium approach and market-clearing mechanism for aoidysiog 
Ihc fong-lcrm future, when market-clearing mechanism imperfections 
and regulatory mechanisms are a prevailing characlerisiic r>f the 
world economy rather than an exception? Transfer of ••sensitive" 
technologies is explicitly blocked, diffusion and adoption of leeli- 
nologies can be bjocked by local cultures or regulations, and sn nn. 
The examples are so plentiful (hat it is difncuil to construct a list of 
competitive inicmallonal markets. There arc, of course, many mcili- 
odological reasons for adopting a generni eqiiililiriuni a(iproaeli, Iml 
Ihc question is whether loo much Is assumed uway by that uppiouLli 
in a model that otherwise includes so much detail, in more aggregate 
models this might Indeed be a very viable and appropriate sim­
plification but in a complex model such as Ihc one proposed it is not 
clear how to balance detail in some areas against simplistic assump­
tions in others. In any case, this approach makes (he analysis of major 
and revolutionary changes impossible. Adjustment paths to u low- 
emissions future is by design al best gradual and excludes socio­
cultural diversity. All regions arc ussumed to have markc(-l)nscd 
economies and rational, utility maxiiniring agents (envisaged for ver­
sion 1.0).
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IV. Provision of energy servieoi

flilionalUy of agcnls ij in gciicrnl u very sticky sulijeci when it ctiines 
to dojcribing actual energy consumption and cnd usc fiehaviours. 
Conservation and efficiency lag behind what appears to he rational. 
Often efficiency improvements arc offset by incrcD.scd energy ser­
vices. For example, new cars are on overage more efficient lliaii (lie 
old ones in Germany, but they consume more fuel because they are 
larger, faster, more powerful, comfortable, and safer. Demand for 
mote comfort at home has also increased due to older iigc structure, 
smaller family sire, and larger dwellings per liousehuld. leading again 
to higher energy services. Figure 4 shows that longer life expectancy 
and shorter working time have over the last |t)U years reversed Ibc 
share of life spent at work compared to leisure aclivilics from about 
80 per cent to about 20 per cent luday. This results in more travel, 
leisure activities, and lime spent at liomc. All of these (ihenonieiia are 
also linked to economic structural changes, |irndueiiviiy increases, mid 
evolving socio-cullural patterns. The ptnhicm nrises when changes in 
the end use are observed at the maern-lcvcl and explained only by 
price mechanisms (e g., elasticities) rather than by changes in human 
behaviour and social patterns. In those ca.ses fallacies can ncenr. I•■|lr 
example, the price of motor fuel increases lint consiinieis |iiircliase 
cars that consume more fuel even though they may be more cflicieiil. 
Perhaps many of these considerations arc marginal on a UK) year 
lime-scale. Tlic salient question lor personal mobility in the world is 
rather whether car ownership will diffuse Ihroughoiii the world to the 
degree it has in the Indusirialired countries. Today there are over 4l)fi 
million cats in the world. Whether this number doubles or incrcuses 
tenfold during the next decades will liave b larger clfcci llian any 
model variations In the price elasticity of motor fuels. Another ex­
ample given In figure 5 shows that must of the cars are owned tiy the 
male population in Germany, while only a few, mostly young, women 
own automobiles. Should the ownership rates converge in lire future 
this could almost double the fleet size.

These examples illustrate that the long-time horizon nlnmst in­
herently demands an Interdisciplinary approach in evaluating green 
house-gas emission mitigation and response strategies, liconcimic 
mechanisms alone will not do nor will engineering perspeeiives. 'I'lie 
complex fabric of many dimensions has to be integrated into more 
holistic approaches for analysing alternative development pallis, 
those that lead to high emissions and Ihmc that ore responsive^ to
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Fig. 4 FfiriloQ of dUpoiiblc ll/cllmc tpiil i( Mroik ind oon-noik of rficilc, mile, 
• nd oiritift noiklng popalirion. UK Ildd-IMI. FlrurtJ iit dcri*«d 6y rompufog 
llfu huuij of Mork ts loUl dbpoiibic, irUtc non noik boon for idoJU. Dlipixibic 
hnutj lit calculiftd bj iublnittln| 10 ytin for tbildhood ind fini tJcratnliry tdo- 
ritlon ind lUo icipilitd <'ph)riloliiglr^l" limt, t.g, rime required for eltep, eellag, 
end pftionil hygiene, eiiuracd nn iTctigc lo imouaf lo IB houn pir dty. For the 
■ renge Mutking puputidoi In Ibe United Kfngdoni, notlilDg houri dcaiejtd from 
eboul 124,000 lo 69,000 honn belwctD 1S56 end 1961, nblli el (be euoe tint dU- 
poiible llfellrac hour* inaeued frora 292,000 lo 376,000 boin.Tbui, Doo-noiklng 
houn laniiied Irnn iboul 118,000 to 267,000 houn orer i Uredoie. On ircnge 
o»er 60 per rent of the dtipoieble llfetfru of mile idulU hii iptnl troiking to 1854, 
Ibli percinlige bii fellin fo Itu thin'20 per ecol el prcicnl (Sourre: Auubcl end 
OrObIrr 1990).

climale change. Perhaps crcalivc scenario wriling would even furlhcr 
enhance ihc value of models such as Ihe one proposed by Edmonds 
el al.

The ullimale question is whal is Ihe appropriate model scale (e.g., 
number of sectors, equations, variables) that is required lo capture 
some of these characicrisllcs? 1l is cJcaily undesirable to have a high 
degree of cornplexily in treating problems that are poorly undenlood 
such as the effect of global warming on inlernaliunal migralion pal- 
Icrns. It is belter instead lo treat with higher accuracy those things 
that are well known such as Ihe effect of urbanization, mobility, or

Ciiniiiitiiii oil olmiiKt 9

Mil, I""''*

Fig 3 Uimogripbla of cir omenhlp lo Cerniiny (only lornitr FRG lenllnt)f) In
1969 rereillng ilf»t8cuil lalttgenenHoail lod pndet dllftrinca In or ormenMp. 
Combined nflb demogrepblf projtrlloiu oooorloj of fulort at o«ntr»blp .it it- 

1 ^1 A r a 1___^ MnaflAi of cbanici of lUCCCMlrc <<>•
borti titering drivlog tge Contenrly Ihe onm.nhip for non-ottm/ihlp) pitinw ol 
older gen.reboBl ttt louined lo rtoiihi rtlillrely iHbli, cx.nilrt.nl wtlh hUlorlcI 
(rpiritort (Sourtei BBIbitf md GrOblri 1991).

geography and climale on energy end-use pallerns. I( is a disbenefil 
lo know Ihe magnitude of ihc global warming poleniial of mulliple 
gases if carbon dioxide cffecls and emissions ate known with great 
accuracy while direct and Indirect effects of melhane and lU enits 
slons arc very uncertain. In this case, ll would be belter to know the 
almosphciic concentrations of these two gases individually The sec­
ond generation model can help and Improve Ihe analysis of many o 
these issues piovidcd it Is "scaled" appropriately lo answer Ihc posed^
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quesiions - (o use (he words of Edmonds el al., il should be problem- 
uficnled and involve minimum modelling. I hope (hal (hey will sue- 
iccd. The proof of (he pudding will come in ealing il - in (hit case v/e 
will have III he paiicnl and wail for Ihe firsi model implemenlalion 
iind rcsulli. In any cosc, Ihe aulhors musi he complimcnicd on Iheir 
nmhilious and couiageous undertaking.
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2. Kirlf S. Pariith

Al the ouisel, Id nte say lhal Ihis is an cxiremcly ambitious clTorl. Il 
IS uven iTioie ambilious than Ihc one upon which wc embarked al ihe 
Inlcrnalional Inslilulc for Applied Systems Analysis (IIASA) in 1976

T Ciiiiiiiii-Iilj on iliiipicr V

in ils Food and Agriculture PrograrTtme (FAP). We built whtit wc 
called a Basic Linked System (DLS) of National Food and Agticul- 
lural Policy Models.' The nalional models arc applied general equi­
librium models with a general equilibrium linkage, l ltc sysictn Ims 
some 34 models, 20 referring to specilic countries or groups of coun- 
iries having a common agricullUfal policy and 14 models rcprescniing 
countries of the rest of Ihe world from different regions, grouped ac­
cording lo Ihe similarity of Iheir likely behaviour on the inlcrnalional 
market. The models dislinguish 10 dificicnl commodilics al ihc in- 
Icrnaliunal level (more domestically), of which nine wcic agricullural 
commudilius and Ihc luiilh was a non-agrlcullitial sccltir lu tlnse the 
system. The parameleis of Ihe models were empirically cslinialed 
from lime-series data. Empirical esiimulion as opposed lo licncli- 
maiking was considered cssenlial if Ihc model system were In de- 
sciihc Ihc world wilh some measuic of atiifidcncc. 11 look some 201) 
person years iif efforl. The llrsl domonslitilitm ver.sion of Ihe iitinJel 
was ready in 1980. A usable one bccumc available in 1984.

However, lhal was In 1976. Today, il is 1991 and Ihc progieis that 
has been made over these years in computers, algoriihms, cimimuni- 

. cation nclwoiks, dais availahllily, and Ihe experience ohiitiiied with 
general equilibrium modelling, should make the proposed effort ul 
Edmonds cl al. succeed within a reasonable lenglh of lime. Wilhoui 
Ihe Killy Hawk of Ihc WiighI brothers, 707s would noi have come 
about when they did. Wilh our and similai cfTorls on building applied 
general equilibrium-based linked syilems, such an anibiliitus ellorl 
could now be conceived and launched.

My comments on ihc paper arc grouped under difTcrcnl litad- 
ings. First, I would cxtmmeni on Ils approsch, then on ils scope, Iiml- 
lalions, and piobicm-orlenlulion. These will be followed by vciriie 
suggestions.

The approach

The approach is a bollom-up approach and ihc model provides 
enormous details. Wilh any model lhal you use, the users always de­
mand more delails lhan what is incoiporaled inlo Ihc model. I can 
confirm lhal from my personal experience. The model of India lhal 
wc developed at a pail of Ihc llASA Basic Linked System was one of 
Ihe more detailed models of Ihe syslem. I have been using Ihis model 
lor policy analysis and I often find lhal quetlions are asked lhal Ihc 
model cannot answer wilhoui Incorporating more details or greater^
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For example, Ihc developing counliic;.- do nol feel reipotisilde fcjr Hie 
curreni greenhouse problem. Their emissions of COj are less Ihan 311 
per oeni of Ihe lolal greenhouse gas emissions in Ihe world, even 
though they constitute nearly 80 per cent of Ihc world's popululion. 
Many of these countries fucc suveru environmental stress in their 
urban arca.s due to air pollution, poor sanilulion, eniigcsiion in .sliinis, 
use of dirty fuels-in poorly ventiluted kitchens, and crowded settle 
mentx. These environmental Issues affect the welfare of their pop 
ulalions in a much more direct way than Ihc cunscrjucnces of Ihc 
greenhouse effect. These countries, therefore, rightly feel that they 
should tackle these local cnvirunntciilol pmhieins before lliey spend 
any resources for global enviroonieiilnl problems ihiil in nny erne 
they themselves have nol created. Dul, to explore such Irude-olfs. one 
needs to incorporate into Ihc model Ihe deluils of Income disiriliuilnn 
across different groups in rural and urban areas as mentioned curlier.

To do policy analysis with a model means to conipiirc ulteriiaiive 
situations. Some form of comparison of weltnrc in nlicrnulive siliin- 
lions is inescnpable. The Edmunds e( at. model does not sli|nilnle no 
jnlcgrable demand system without which welfare comparisons would 
be extremely difficult to make. A consistent inlegtalilc denimid sys­
tem is quite essential for such a model. Here, I may also point out 
llial to estimate a consilient demand system that remains mean­
ingful over long periods and large changes in income levels is dilliculi. 
Recently, 1 liad occasion to project food demand for Ihc year 21)51) 
Wlicn I used claslicilles, or a simple linear expenditure system to 
project these, 1 got absurd results. The calorie intake Implied in these 
projections was sometimes as liigti as 10,000 Kcal ficr day. I liii it 
clearly not a feasible intake level. One needs to find an alternative 
demand system. Here, what wc did In the flASA model is wurili 
noting. Wc had cilimalcd a separate demand function for eucli cum- 
modily as a function of income and own price. Wc had also estimated 
a separate relationship between per capita calorie intake and per 
capita income. This relationship was asymptotic of what one might 
consider Ihe physiological limit, For a given target price vector and 
Income level, we estimate an initial vector of demand using each of 
these Individual demand functions. Then wc find a vector point Ihol is 
close to this vector agd Is such that it saliincs Ihe adding up properly 
as well as nieels the aggregate caloric Intake conilrainl. Ainunil Ihc 
new vector point v/c then conilrucl a linear expenditure system. Such 
a procedure was repealed at each lime period in IIASA's RLS models. 
The resulting system can be considered as a local approximation ^o
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mi iiiidL-flyiiij; iKiliiy runLlioii and can he vliuwn to he conki^lenl. Such 
a luncediirc gave sensible projections foi 21)50, which were also much 
more robust to changes in income levels. While the caloric constraint 
was B logical constraint to impose when dealing with food demand as 
we were doing in the DLS, it Is not adequate for the proposed model, 
which has many other non-sgricultural commodities. It may be nec­
essary to impose some other natural constraint. Perhaps one could 
impose a constraint on the lime required for alternative consumption 
activities and on the total lime available to consume the various 
commodities. Such a constraint might make the demand system be­
have sensibly.

It is important that a model does provide insights into iradc-oCfs 
hetween alicrnBlive development paths, between consumption pat­
terns, between production structures, and across lime. Even a long­
term model must address some short-term policy issues and the issues 
of resulting trunsilinn costs. If a model does not provide any guidance 
on what we do now. the model is in some sense useless.

Some points of detail

■flieic ate some poiiiu of detail which need to be mentioned. First, it 
is vital to maintain common units lor trade of commodities among 
countries. This is a critical problem and requires much care and daia- 
gruhbing work. From the description of the model, I am not sure how 
these problems are to be handled and how units arc going to he kept 
consistent across difTcrenl couniries.

Secondly, an observation Is made in the paper that cojiilal slock 
data can be “relatively easy to observe." Tliii is not so, as capital 
slock data are notoriously diOlcull lo obtain. Estimates of total factor 
productivity growth in Indian industries based on the same data 
source by two different researchers arrive at two completely contrary 
results; one saying that factor productivity in India has grown, the 
other saying that it has not. The difference can be largely ascribed to 
the way capital Hock data arc pul together from information on the 
limu-seiles of Investment ul current prices by assuming certain rates 
of real depreciation. Unfortunately, the depreciation rales are not 
observed and a seemingly small change in the rale of deprcclaUon 
whether it is .3 or 4 per cent per year can make a difference as lo 
whether total factor productivity grew or not.

Thirdly, the model seems lo assume that governments do not own 
luiid. However, governmenls can and do own land and substantial
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amounts of it in many couniries. Thus. que.Mions of .......................... .
land markets cannol be adequately deoil with without brmgmg m 
povcrnmenl behaviour in the land market. Neither do I sec hshe.y 
mentioned anywhere, and consequences for oceans seem to he leii 
out of the model, hopefully only for Ihc moment.

Some suggeifloni
1 would like to make a couple of suggestions. It seems lo.nic iluil ihe 
agticuliural sector model ol UASA’s BLS would provide a very good 
starling point for this modelling work and the authors might explore 
the possibility of using this model lor the agricultural sector. In addi­
tion; the algorithm development lor NASA's system has proved over 
the years lo be robust and efflcienr even when dealing with policy 
regimes with quotas. They might also explore the possibility of using 
the algorithm that was developed by Michiel Keyzei using the 
Kanlarovlch lemma.Finidly I would like lo emphasi/e Hull in using the model, one 
should keep in mind lhal no model can address ihc imporlani ques 
lion of welfare disiriliulhiii oiid re.xponslIiMilies. We liuve to keep Ibis 
earth functioning and we must lliiiik In terms of n meehunlsm. a sys­
tem lhal is lair and feasible. I suggest lhal we Ihmk m Icinu o 
using market-friendly approaches towards niainlaming Ihc global 
commons at the desired level by giving tradable emission quoins to 
different countries. Initial allocation of these slinuld be consistent 
with the canying capacity of the earth and should he done laiily. 
lueeesl (hat Ihc allocation based on population would be a fair way. 
In mder not to encourage people lo Increase ibeir pnpul.ilons wc 
may keep the allocations to Ihc populations of a past year, say 19^1). 
hope this model would give us insights Into alternative ways of pre­
serving Ihc global commons, of enhancing local environment, and of 
improving the quality of life for all persons on earth. I congraluloie 
the modellers on Iheir ambitious project and wish them luck.
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3. Yiiongzheng l.uo

Many o/ Ihc poinU laken up In the paper are of interest to me and I 
have yet to digest them. I cannot agree more svilh the view expressed 
in that paper that in the process of designing, a new model should be 
pmblcm-orienlcd. Wc should not lapse into the practice of making 
the problem fit the model. That would be repealing the mistake of the 
foul in the Chinese fable who chopped off part of his feet so that they 
could III Ihc shoes.

In their reconstruction and economic development after World 
War II. Europe and Japan did not pay due attention to the Issue 
of environmental pollution. Thus it went unheeded until the 1960s 
when it became an explosive issue. How to control environmental 
pollution and maintain Ihc ecological balance became a great concern 
of the United Nations and governments around the world. To this 
end the United Nations set up the Environmental Council under the 
Economic and Social Council (ECOSOC). China began to lake part 
in Ihc Council’s work in the 1970s. The developed countries have 
designed a number of models on environmental pollution in addition 
to formulating relevant policies and legislation. These have proven 
through practice to be elTecIlve in bringing environmental pollution 
under control step by step. However, from Ihc global perspective, Ihc 
problem ul environmental pollution has not been solved. The global 
environmental issue has been aggravated as a result of the accel­
erated transfer by the industrialiied countries since the 1980s of 
highly polluting and energy-guzzling labour-intensive industries to 
lire developing countries and also as a result of the industrial devel­
opment of Ihc developing courMrles Ihcmielvcs. Moreover, the emis­
sion of greenhouse gases and the depletion of Ihc ozone layer led to 
global environmental waiming. People ate becoming increasingly 
concerned about such global environmental issues. The developing 
countries have come to see lhal prevention is beller than “cure." But 
it must be pointed out lhal the industrialized countries should bear 
Ihc main responsibility for global environmental pollution and |hc 
degradation of Ihc environment. While they seek lo protect the en­
vironment in their own counliies, the industrialized countries must 
transfer environmenlally sound technologies lo the developing coun­
tries, increase aid lo them for environmental protection, and pul an 
end to Ihc itanifcr to developing countries of Indusltics lhal pollute 
the environment.

Great strides have been made In environmental protection since
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ABSTRACT

The Second Generation Model (SGM) is employed to examine four hypothetical agreements to 
reduce emissions in Annex I nations (OECD nations plus most of the nations of Eastern Europe 
and the former Soviet Union) to levels in the neighborhood of those which existed in 1990, with 
obligations taking effect in the year 2010. We estimate the cost to the United States of complying 
with such agreements under three distinct conditions; no trading of emissions rights, trading of 
emissions rights only among Annex I nations, and a fully global trading regime.

We find that the cost of returning to 1990 emissions levels in the United States in the absence of 
trading opportunities is approximately $108 per metric ton carbon in 2010. The total cost in that 
year is approximately 0.2 percent of GDP. Emissions reductions are accomplished via energy 
conservation across a broad range of residential, commercial, industrial and transportation 
activities and by replacing coal fired power stations with natural gas facilities.

International trade in emissions permits lowers the cost of achieving any mitigation objective by 
equalizing the marginal cost of carbon mitigation among countries. This is sometimes referred to 
as “where” flexibility. “Where” flexibility allows least expensive emissions reductions to be 
undertaken first, regardless of where they occur among trade participants.

For the four mitigation scenarios in this study, economic costs to the United States rema'm below 
1% of GDP through at least the year 2020. This was the case even in the scenarios where the 
United States met its mitigation targets without international trading of carbon permits.
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More than 160 nations have signed the Framework Convention on Climate Change (FCCC). That 
agreement required Annex I nations,' the developed nations of the world plus economies of the 
Former Soviet Union and Eastern Europe, to undertake measures to return emissions to 1990 levels 
or below in the year 2000. The parties to the FCCC met in Berlin in the Spring of 1995 and 
determined that additional measures were required to implement the ultimate objective of the 
FCCC, “to stabilize the concentration of greenhouse gases in the atmosphere at a level which 
would prevent dangerous anthropogenic interference with the climate system:'

Subsequent to the Berlin discussions, nations of the world have begun to consider measures that 
would set quantifiable emissions limitation requirements in the post-2000 period for Annex I 
nations. Various measures have been considered. The purpose of this paper is to explore the 
economic consequences of efficient policy instruments—carbon taxes or tradable emissions ^ 
permits—which might be employed to achieve a variety of targets in the post-2000 time fiame. 
Using the Second Generation Model (SGM), we estimate the costs to the United States of 
complying with of four Annex I mitigation scenanos under three permit trading regimes. 
Specifically, we examine the carbon taxes required for emissions mitigation and provide measures 

of the costs of mitigation.

We begin by describing the variety of policy options to be considered and our general approach to 
modeling those policies. We then review some of the necessary assumptions for this exercise, as 
well as the structure and calibration of the SGM. Finally, we discuss the results of our analysis, 
including time paths of emissions and measures of cost.

' Australia, Austria, Belarus, Belgium, Bulgaria, Canada, Czechoslovakia, Denmark, European Economic 
Community, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, Ireland, Italy, Japan, Latvia, 
Lithuania, Luxembourg, Netherlands, New Zealand, Norway, Poland, Portugal, Romama, Russian 
Federation, Spain, Sweden, Switzerland, Turkey, Ukraine, United Kingdom of Great Britain and Northern 

Ireland, and the United States.
^ In the United States, efforts were undertaken by the Interagency Analytical Team (lAT), and results were 
summarized in United States Government (1997). The Second Generation Modeling team was one of 
three modeling teams that participated in the evaluation of potential emission mitigation measures under 
discussion. Note that the results presented in this paper differ from SGM results presented under the 
auspices of the lAT. The lAT effort assumed higher rates of technical change induced by a response to 
policy implementation. This study does not make the same assumptions.
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APPROACH

The SGM was used to simulate the impact of mitigation policies on the United States economy. 
The SGM is a computable general equilibrium economic model that projects economic activity, 

•gy consumption, and carbon emissions for the United States and 11 other world regions. A
ener:more complete description of the SGM follows in the next section.

Four scenarios were constructed that reduce carbon dioxide emissions in Annex I countries by 
2010. The four policies, designated ‘MJ. are listed below. Figure 1 shows United States 
emissions paths for the four scenarios and the reference case in million metric tons of carbon 
(MMTC). The reference case is a business-as-usual scenano, or what we project will happen in 
the absence of a mitigation policy. In each mitigation scenario, allowable emissions are reduced 
linearly from the reference level in 2000 to the emissions target in 2010.

M1990 Emissions from Annex I regions must be no greater than 1990 emissions levels
beginning in the year 2010.

M1990+10% Emissions from Annex I regions must be no greater than 10% above 1990 
emissions levels, beginning in the year 2010.

M1990-10% Emissions from Annex I regions must be no greater than 10% below 1990 
emissions levels, beginning in the year 2010.

Ml995 Emissions from Annex I regions must be no greater than 1995 emissions levels
beginning in the year 2010.

[Figure 1. Carbon Dioxide Emissions Scenarios for the United States]

The four emissions mitigation scenarios each define a set of emissions rights for the Annex 1 
regions. In a mitigation scenario, regions must possess permits, or rights 1» emit, for every million 
metric ton of domestic carbon dioxide emissions. Three emissions perniittrading re^es were 
modeled under each mitigation poUcy: independent emissions mitigation. Annex I joint mitigation, 
and Annex I mitigation with global permit trading. The 12 SGM regions listed in Table 1 provide 
the necessary global coverage to simulate these trading systems. Carbon taxes were used to 
constrain emissions for each of the policy-trade combinations.

Table 1. Regions in the SGM

;• •

Annex I Non-Annex I
United States China

Canada India
Western Europe Mexico

Japan South Korea
Australia Rest of World'

' The Rest of World includes Latin America, Afnca, and other Asian countries.
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Former Soviet Union
Eastern Europe

In the independent mitigation case, each Annex I region must mdividually meet required 
emissions targets without any trading of permits across regions. A time senes of carbon taxes is 
determined for each region to reduce emissions to be equal to its allocated emissions rights.

With Annex I joint mitigation, a common carbon tax is applied to all Annex I regions to meet the 
overall Annex I emissions target. However, regions are allowed to trade permits amongst 
themselves so long as the total constraint is met in each time period. Redons may only emit more 
carbon than their allocated emissions rights allow if another Annex I region is willing to sell a 
corresponding number of its permits, thereby forcing the seller region to reduce its domestic 

emissions beyond the required target.

In the global trading case, emissions rights are allocated to Annex I regions at the same levels as in 
the Annex I trading case. Under global trading, however, the Annex I regions are allowed to 
purchase permits from each other and from non-Annex I regions so long as the global emissions 
constraint is met. The global constraint in each period is composed of the Annex I constramt and 
the sum of the non-Annex I regions’ reference level emissions in that penod. The SGM is used to 
determine a global carbon tax just large enough to meet the global emissions target.

In none of the above scenarios and trading combinations are non-Annex I regions forced to 
constrain their emissions below reference levels. No mitigation targets or emissions trajectones are 
imposed on those regions. Under the global permit trading regime, non-Annex I regions participate 
in the market for carbon permits only when it is to their economic benefit to do so. These regions 
are allocated permits equal to their projected reference emissions, so they are only required to 
reduce their emissions by an amount equal to the number of permits they wish to sell.

W'

Eastern Europe and Former Soviet Union Permit Allocations

While carbon dioxide emissions in most regions are anticipated to continu^ly increase over time 
beyond 1990 levels, this is not true for the Eastern Europe and Former Soviet Umon regions. 
Emissions in these regions have declined since 1990. Their reference case emissions trajectones 
reflect this decline from 1990 to 1995 and then increase slowly from 1995 onward. The downturn 
in emissions poses a special problem when allocating emissions rights. Two approaches to permit 
allocations for the regions have been discussed in recent months. The first allocates permits based 
on the stated policy scenario (e.g., M1990 allocates permits based on 1990 emissions level) so that 
permits are allocated to them in the same way as they are to other Annex I regions. Because of the 
decline in emissions in those regions from 1990 to 1995, however, this approach results in 
emissions permits being granted to Eastern Europe and the Former Soviet Union in the policy years 
that are greater than their reference level enussions. These ‘paper credits’ are equal to the 
difference between the lower post-1990 emissions and the policy-level (i.e., 1990) emissions, or 
example, the Former Soviet Union’s reference emissions level in 2010 is 836 TgC, significantly 
lower than its 1990 emissions of 1050 TgC. If granted permits equal to its 1990 emissions, it 
would receive 214 TgC worth of permits more in 2010 than its projected emissions, givmg it 214 
TgC worth of permits to sell without incurring any emissions reductions of its own.
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The second approach to allocating permits to Eastern Europe and the Former Soviet Union is to 
grant permits equal to reference level emissions in each period until the projected path is 
constrained by the policy. For example, in the Ml990 case, the Former Soviet Union would be 
granted permits equal to its projected reference emissions through 2020 because emissions in the 
policy years never recover to 1990 levels.

For the purpose of this exercise, we chose to emphasize the latter approach in allocating emissions 
to Eastern Europe and the Former Soviet Union. This reference allocation scheme ensures that die 
stated Annex I emissions targets are achieved in both the independent mitigation and permit trading 
scenarios. Because a final decision on the permit allocation method has yet to be made, however, 
we have also mcluded a discussion of the impacts of the mitigation policies utilizing the first 
approach.

MODEL OVERVIEW

The SGM is designed specifically to address issues associated with global change. The model is 
designed to perform the following types of analysis:

1. Provide estimates of future time paths of environmentally important emissions associated 
with economic activity.

2. Provide estimates of the economic cost of actions to reduce greenhouse gas emissions.

Sectors

The SGM has nine producing sectors and twelve inputs to production. The inputs are land, labor, 
capital, and the nine produced goods. Economic detail is maintained in the energy supply and 
transformation sectors that are important for greenhouse gas emissions projections, but aggregated 
elsewhere into one large “everything else” sector.

t

Five different fuels are used for producing electricity, resulting in five subsectors for the electric 
generating sector. A separate economic production function, of the constant elasticity of 
substitution (CES) functional form, is used for each sector or subsector. Capital investment 
decisions depend on an assumed lifetime of capital for each sector or subsector. Capital lifetimes 
range fi"om 15 years in the oil, gas, and coal production sectors to 70 years for hydroelectric 
power. The relative size of each production sector and subsector is shown in Table 2.
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Table 2. Producing Sectors in the SGM

Producing Sector
Gross Output in 1985 
(millions of 1985 $)

1 Agriculture 468,618
2 Everything Else 5,086,486
3 Oil Production 64,171
4 Gas Production 45,804
5 Coal Production 20,006
6 Uranium Processing 2,195
7 Electricity Generation 165,800

a. oil 10,959
b. gas 34,152
c. coal 85,930
d. nuclear 21,370
e. hydro 13,389

8 Petroleum Refining ' 145,015
9 Gas Transmission and Distribution 105,330

Market Clearing

In the SGM, markets are said to clear. In other words, the SGM solves for the set of prices for all 
markets (or sectors) in the modeled economy so that demands and supplies of each market are in 
equilibrium. The set of prices in which the equilibrium holds is called the market-clearing price 
set. In an equilibrium model like the SGM, markets are linked to other markets through the 
market-clearing process. For example, a change in the demand for coal will have an effect on not 
just the price of coal, but also the prices of oil, gas, and, at least indirectly, the prices of all markets 
in the economy.

Carbon permit prices and taxes are also solved by the SGM as part of the market equilibrium. 
Specifically, the SGM finds the carbon price such that the amount of carbon emitted is just equal 
to the carbon constraint of the region or group of regions under a carbon emissions limitation 
constraint.

Carbon Taxes and Revenue Recycling

The SGM uses a carbon tax within each region to provide an economic incentive for the economy 
to substitute away from carbon. Revenues obtained from the carbon tax can be very large, and 
how the revenues are recycled, or redistributed to the economy, makes a difference in the final 
economic cost. For this exercise, we assume that all carbon tax revenues are recycled back to 
consumers through a lump-sum government transfer.

For the cases where emissions rights are traded between countries, each SGM region is allocated 
an initial number of carbon emissions permits based on the stated mitigation policy (e.g., 1990 
emissions levels for the Ml990 scenario). Carbon permits can then be traded between countries at 
a price that clears the global market in these permits.
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Modes of Operation

All of the SGM regions were initially developed as single-region models with a base year of 1985. 
Each regional model operates in five-year time steps generally through 2030, 2050, or 2100. Most 
of the single-region m^els were developed in collaboration with experts fi-om that country. It is 
possible to run all of the regions individually or simultaneously in a global model with international 
trade. The three modes of operation for the SGM are;

1. Single Region
2. Global with Partial Market Clearing
3. Global with Full Market Clearing

Single-region operation. For each SGM region, all produced goods are classified as being 
tradable, nontradable, or traded at a fixed quantity. When SGM regions are operated 
independently, a fixed world price is assumed for certain tradable goods; regions may import or 
export as much of that good as desired at that fixed world price, subject to an overall balance of 
payments constraint. For all nontradable goods, the quantity of trade is fixed in advance. The 
following assignments are used when the United States model is operated independently;

Numeraire Sector;

Fixed World Price; 

Fixed Trade Quantities; 

Nontradables;

everything else (price always equals 1) 

crude oil

agriculture, coal, nuclear fuel, refined petroleum, electricity 

distributed gas, land, labor

For each region, the large ‘everything else’ sector is the numeraire, with its price fixed at 1 for all 
time periods. The prices of the other sectors in the economy are reported relative to this fixed 
value. The ‘everything else’ good is a tradable good for all regions. An exbgenous balance-of- 
payments constraint is specified in advance for each region. Most regions'are assumed to move 
linearly firom a historical trade balance in 1985 to balanced trade by 2005.

Given a trial set of prices, the SGM computes supply and demand for all producing sectors and 
primary factors of production. Markets for the nontradables and goods traded at fixed quantities 
are brought into equilibrium by searching for a set of prices that equate supply and demand. Prices 
are adjusted until supply and demand are within 0.01% of each other.

Global model with partial market clearing. The global version of the SGM is used when there is 
at least one market that must clear globally. For the scenarios described in this paper, that market 
is tradable carbon emission permits. The model searches for a global carbon tax, which can be 
interpreted as a world carbon permit price, that clears the market for permits.

Each region is initially allocated a number of carbon permits and may trade those permits at the 
world permit price. Some regions will be sellers of permits and some will be buyers. After trading 
permits, all regions must hold permits equal to the domestic level of carbon eniissions.
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All regions are still subject to a period-by-period balance of payments constraint. The model does 
not allow borrowing to pay for carbon emissions permits. Imports of permits must be paid for with 
exports of some other good.

Global model with full market clearing. There are no longer any markets with a fixed world 
price. A set of world prices is found that clears all world markets. Also, world markets can be 
created for goods that were traded in fixed quantities in the single-region model.

All of the scenarios described in this paper were run in the second mode, global with partial market 
clearing. This mode was chosen for two reasons. The first is that we chose to adopt a fixed time 
path of world oil prices for SGM model runs that were completed for the United States 
Government during the spring of 1997. This meant that the world oil market would not be allowed 
to clear in the model. The second reason is that model results are often easier to interpret when 
some variables in the model remain predetermined over time.

Data Requirements

Three types of data are used to construct and cahbrate each region of the SGM;

1. Economic and Demographic Data
2. Energy Balances
3. Technology Descriptions

Economic data include input-output tables and supplemental information from the national income 
accounts. Population projections were obtained from the World Bank. Energy balance tables were 
obtained either from the International Energy Agency or from government agencies within a region.

Input-output tables describe, in value terms, the flow of goods between industries and consumers in 
an economy. However, a model concerned with quantities of carbon emissions must also be 
concerned with quantities of energy. An input-output table alone is not sufBcient to determine the 
quantities of oil, gas, coal, electricity, and refined petroleum that are produced and consumed. 
Supplemental information on energy quantities is required to map currency units from an input- 
output table to energy units needed to calculate levels of carbon emissions. We combine economic 
input-output tables with energy balance tables to create a hybrid input-output table with units of 
joules for energy products and real dollars for all other products. Miller and Blair (1985) provide 
a general description of and the motivation for using, hybrid input-output tables.

Individual energy technologies are characterized by the annualized cost of providing an energy 
service. Data needed to determine the annualized cost include capital cost, equipment lifetime, 
annual fuel requirements, the interest rate, and other annual maintenance and operating costs.

REFERENCE CASE AND CALIBRATION

The cost of reducing greenhouse gas emissions is dependent on the reference case. The higher the 
growth rate of emissions in the reference case, the greater the cost of returning to 1990 emissions. 
Therefore, much effort is expended to create an acceptable reference case before running any of the 
mitigation scenarios.
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Results for this study are reported for the years 1990 through 2020. The United States reference 
c<ise was closely calibrated to the Annual Energy Outlook 1997 (.AE097). Since AE097 projects 
only up to the year 2015, projections beyond 2015 are SGM model results and are not calibrated to 
any other established projections. Projections of carbon emissions, population, gross domestic 
product (GDP), energy consumption, and electricity generation for the United States are described 
below.

For the other global regions, economic and energy consumption growth rates were roughly 
calibrated to regional projections from the World Energy Outlook 1996 (WE096). For the Eastern 
Europe and Former Soviet Union regions, projected energy consumption levels were adjusted 
downward from the WE096 projection to reflect recent events. Population projections for all 
regions with the exception of the United States were set exogenously based on the World 
Population Projections 1994-1995, published by the World Bank. The United States population 
projection was set according to AE097 projections. As mentioned earlier, the international crude 
oil price trajectory was also taken from the AE097. Prices for all other fuels and goods in the 
model were determined endogenously.

The general calibration procedure was to first match GDP growth by adjusting parameters that 
control total factor productivity in the ‘everything else’ sector. Then energy consumption by fuel 
Wcis calibrated by adjusting input-specific technical change parameters. Carbon emissions are an 
output of the model derived directly from primary energy consumption by applying fuel-specific 
emission factors.

Carbon Emissions

In 1990, total carbon dioxide emissions from the combustion of fossil fuels in the United States 
were 1,350 million metric tons of carbon. Model results show that total carbon dioxide emissions 
continue to rise as fossil fuel consumption increases and emissions reach 1,871 million metric tons 
by 2020. This amounts to a 39 percent increase m total emissions and an emissions growth rate of 
1.1 percent per year. Reference case carbon emissions were shown earlier in Figure 1.

Gross Domestic Product

The two most important determinants of GDP are population growth and rates of change in 
productivity. Total population levels for the United States were taken directly from AE097. 
United States population grows from 250 million m 1990 to 323 million in 2020. This represents 
an annual population growth rate of 0.85 percent per year.

GDP for the United States was matched to AE097 projections by changing the total factor 
productivity parameter for the ‘everything else’ sector. Beginning with the 1990 GDP of 6.1 
trillion dollars, the economy grows at nearly 2 percent annually to reach 10.6 trillion dollars by 
2020.

Energy Consumption
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Total energy consumption from 1990 to 2015 was calibrated to within 2 percent of projections 
from AE097. Energy consumption by fuel is shown for the United States in Figure 2. Total 
consumption increases from 86 EJ in 1990 to 118 EJ in 2020. This increase represents an average 
annual growth rate of 1.1 percent over that period. The annual growth rate in energy consumption 
declines over time and by 2020 decreases to 0.5 percent per year.

Petroleum remains the major source of energy through 2020, but its share of total consumption 
declines over time, giving way to natural gas and, to a lesser extent, renewable energy sources. 
Coal is the third largest source of energy and its consumption grows steadily at slightly less than 1 
percent per year. Nuclear energy’s contribution to energy consumption declines over time.

[Figure 2. Energy Consumption - United States Reference Case]

Energy consumption does not grow as fast as GDP, which results in the energy-GDP ratio falling 
over time at an average annual rate of 1.0 percent per year. Figure 3 shows the energy-GDP ratio 
generated by the SGM for the United States reference case.

}

[Figure 3. Energy-GDP Ratio - United States Reference Case]

Electricity Generation

Projections of electricity generation are similar to those of the AE097. SGM total electricity 
generation results are higher than the AE097 projections by approximately 10 percent. Electricity 
generation from natural gas is the reason for the higher result. Total electricity generated in 1990 
is nearly 11 EJ, which grows at 1.5 percent per year and expands to 17 EJ by 2020. The major 
source of electricity is the combustion of coal; however, electricity generation from natural gas 
plays a sigmficantly larger role with time. In 1990, electricity generation from coal contributed 53 
percent of the total generation, while that from natural gas combustion ccftitributed 17 percent of 
the total. By 2020, the shares of electricity generation from coal and natural gas are closer. 
Electricity generation from coal and natural gas comprise 44 and 34 percent shares of the total, 
respectively. Highly eflBcient and low-cost natural gas combined cycle power plants incorporated 
into the SGM contribute to the growth of natural gas as the choice fuel for electricity generation. 
Nuclear power’s contribution to the overall demand for electricity declines with time as existing 
power plants are retired and no new additional plants are constructed.^ Renewable energy sources 
for electricity generation include hydroelectricity, solar photovoltaics and others. Generation of 
electricity from renewable sources increases slightly from 1990 to 2020; however, renewable 
energy’s share of total electricity remains below 10 percent of the total.

COST OF EMISSIONS MITIGATION

The assumption of no new starts reflects a de facto nuclear moratorium. Were nuclear power to be 
allowed to compete against other energy forms on the basis of price alone, the model would continue to 
build new facilities.
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Although this exercise employed the 12-region version of the SGM, discussion of results in this 
paper will focus on the United States. The SGM provides output on regional GDP and its 
components and a detailed description of the composition of energy supply. In this analysis, we 
focus on the broad economic impacts to the economy. Specifically, we discuss the permit prices 
required to meet the various mitigation requirements and the costs to the United States economy of 
undertaking such policies. We also discuss the impacts of the domestic carbon taxes on energy 
consumption.

Permit Prices

i

Table 3 shows the permit prices by trading regime required for the United States to meet its 
emissions targets under the four mitigation scenarios. Permit prices in the United States must 
reach $108 per metric ton of carbon to reduce United States emissions to 1990 levels in 2010 in the 
independent mitigation case. This price mcreases significantly with the tighter constraint imposed 
under the M1990-10% case. Permit prices in the M1995 and M1990+10% scenarios are very 
similar as only 5 TgC separate the constraints in the two cases in 2010.

Table 3. United States Carbon Taxes Required to Meet Policy Goal 
Eastern Europe & FSU Allocated Reference Case Permits 

(1992 USS per Metric Ton of Carbon)

Indepf
Mitie

indent
ation

Annex I Joint Mitigation Annex I Mitigation with 
Global Trade

2010 2020 2010 2020 2010 2020
M1990 - 108 170 72 87 26 27

M199{H-10% 60 no 42 58 16 18
M1990-10% 173 260 109 122 38 36

M1995 61 112 70 106 . 26 32

Permit prices fell as more regions are included in the market for carbon permits. In the 
independent emissions mitigation case, carbon emitters in the United States may undertake 
emissions mitigation options available only within the United States. In the Annex I joint and 
global permit cases, however, regions are included that have mitigation options with significantly 
lower costs, thereby lowering the marginal cost to the carbon permit market of meeting the desired 
emissions targets. As we will discuss, this ‘where’ flexibility in meeting emissions targets has a 
significant impact on costs as well as permit prices.

A fixed emissions level and an increasing reference case emissions level imply both a rising 
percentage emissions reduction and a rising price of meeting the fixed emissions target. Increasing 
population m the United States, and the economic growth that accompanies it, put upward pressure 
on emissions that, in turn, forces larger shifts away from coal toward natural gas and renewable 
energy sources. The availability of relatively inexpensive abatement options in the developing 
world allows the permit price to remain relatively constant over time in those cases.
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As the permit prices decrease across trading regimes, the United States purchases increasing 
quantities of permits from abroad, thereby enabling it to emit more than its allocated permits alone 
would allow. Figure 4 shows United States emissions for the Ml990 case across the three trading 
regimes. Under the independent emissions mitigation regime, the United States is limited to 
emitting only what it is allocated under the scenario, its 1990 emissions level. With Annex I 
trading, however, the United States purchases 209 TgC worth of permits in 2010 and 244 TgC in 
2020 from the Former Soviet Union and Eastern Europe. The purchases increase to 316 TgC and 
436 TgC in 2010 and 2020, respectively, under the global trading regime. Again, ‘where’ 
flexibility reduces the amount by which a permit-buying region must reduce its emissions and, 
therefore, reduces the cost to the region.

[Figure 4, United States Carbon Emissions - Ml990 Cases]

The Ml995 Aimex I trading case is the only case in which the United States sells permits to other 
regions. The permit price under independent mitigation in 2010, as shown in Table 3, is less than 
that shown under Annex I trading. Because the United States can mitigate emissions less 
expensively in 2010 than other Annex 1 regions, it reduces its emissions beyond the required 1995 
target and sells permits to other Annex I regions. By 2020, however, the United States begins to 
purchase permits from Eastern Europe and the Former Soviet Union.

Energy Consumption

Emissions mitigation is achieved primarily through two mechanisms: energy conservation - 
reduction in total energy consumption - and replacement of coaJ-fired capacity with less carbon­
intensive fuels such as natural gas and renewables in the electricity sector. In the no-trading cases, 
fuel switching from coal to natural gas and renewable fuels in the electricity generation sector 
accounts for roughly 60 percent of the reduction in total emissions. Energy conservation makes up 
the remaining 40 percent of the reduction! The domestic carbon tax of $108 in 2010 in the M1990 
case results in a reduction of total energy consumption by 14 percent reladve to the reference case. 
Consumption of coal drops by 57 percent while consumption of petroleum drops by 7 percent. 
Consumption of natural gas, however, increases by 4 percent due to fuel switching. Figure 5 
shows energy consumption by fuel m the year 2010 for the four mitigation scenarios. Note that 
even when emissions are returned to 1990 levels, the scale of the total energy system is not. The 
fuel switching mentioned above allows the emissions targets to be met without reducing total 
consumption by the same percentage as the required reduction in emissions.

[Figure 5. United States Energy Consumption in 2010]

Fuel substitution in the electricity sector results in the share of electricity generated from coal 
dropping from 45 percent in the reference case to 20 percent in the Ml990 case. The reduction in 
electricity generation from coal is compensated for by increased generation from natural gas. The 
share of electricity generation from natural gas increases from 29 percent in the reference case to 
51 percent Ml990 case.
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As discussed above, the domestic cost of stabilizing emissions at 1990 levels in 2010 without trade 
is $108 per metric ton carbon. This cost roughly reflects the cost of abandoning existing coal-fired 
power generation capacity and replacing it with a new combined-cycle natural gas-fired unit. A 
$108 per metric ton tax adds approximately $0.02 per kilowatt-hour to the operations and 
maintenance (O&M) cost of power generation in a coal-fired plant. This additional cost makes the 
O&M cost of the coal plant higher than the levelized cost of installing a new gas-fired combined- 
cycle unit, roughly $0.05 per kilowatt-hour. The $108 tax, therefore, provides an emissions 
mitigation plateau for permit prices that is not exceeded until most of the existing coal capacity is 

replaced.

Certain caveats apply to the discussion above concerning the marginal cost of substituting natural 
gas-fired electricity generation capacity for existing coal-fired capacity. The cost analysis requires 
that the tax be levied indefinitely. If the tax policy is believed to be only temporary, the amount of 
substitution is likely to be much less substantial and the tax level required for stabilizing emissions 
could be higher. The tax level required for mitigation also depends on the cost of developing the 
infiastructure necessary to supply natural gas to potential new users. Extending pipelines to 
particular areas, for example, might increase the cost of gas enough so as to discourage switching 
from coal-fired plants in those areas.

Cost Calculations

A very convenient way to characterize the response of any SGM region to a carbon tax is by 
constructing a marginal cost of carbon curve. Figure 6 is a scatter plot of various carbon taxes 
applied to the United States economy and the corresponding reduction in carbon emissions. Data 
points plotted in Figure 6 are from the four independent mitigation scenarios for the United States. 
Note that a positive tax is required to achieve any reductions in carbon emissions.

[Figure 6. Marginal Cost of Carbon]

*
V

The marginal cost curve is used to calculate one measure of cost that we will call the direct cost. 
For any level of carbon emissions mitigation, the direct cost is defined as the area under the 
marginal cost curve up to that amount of mitigation.* While the first units of emissions reductions 
are very inexpensive; successive units become more and more expensive. So, as the constraints on 
emissions become tighter across cases and over time, the cost of mitigation increases. Figure 7 
shows the direct costs for the United States for the four independent mitigation scenarios. Direct 
costs are shown at 5-year intervals through 2020 as a percentage of GDP. These costs are plotted 

as negative numbers.

[Figure 7. Cost of Emissions Mitigation - No Trading]

-Z

* Note tliat these costs do not include the costs of establishing a domestic or international permit trading 
system nor do they include the transaction costs associated with permit trading among firms and/or
regions.
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Figure 8 focuses on the Ml990 case and shows how costs to the United Sates are reduced with 
trade in emissions permits between countries. The ‘independent’ cost line shown in Figure 8 is the 
same as the M1990 cost line in Figure 7. In 2010, costs are reduced somewhat with Annex I 
trading and reduced by about one-half with global trading. In later years, the flexibility in where 
emissions reductions are undertaken impacts mitigation costs even more significantly.

[Figure 8. Illustration of ‘Where’ Flexibility - Costs for Ml990 Cases]

Cost calculations for the emissions trading cases are different than in the independent case. Costs 
for the trading case take into account the value of permits traded. For a buyer of permits, such as 
the United States, net cost includes the direct cost plus expenditures on carbon permits. A 
breakdown of these two cost components is shown for the Ml 990 Annex I trading case in Figure 9. 
Direct cost is roughly half of the net cost. The remaining cost, the difference between the ‘direct 
cost’ and ‘net cost’ lines in Figure 9, is the value of emissions permits that would be purchased 
from other Annex I countries.

[Figure 9. Cost Breakdown - M1990 Annex I Trading Case]

I Impact of Alternative Permit Allocation Approach

The results discussed thus far have been based on the assumption that Eastern Europe and the 
Former Soviet Union are allocated permits equal to the minimum of their reference-level emissions 
and the policy-level emissions. This section will discuss the impacts of an alternative permit 
allocation method in which Eastern Europe and the Former Soviet Union are granted permits equal 
to their policy-level emissions in every period. Recall that ‘policy-level’ refers to the emissions 
target set by the chosen mitigation policy. For example, the policy-level emissions in the M1990 
case would be 1990 level emissions starting in 2010, and for the M1995 c^e they would be 1995 
level emissions beginning in 2010. This assumption results in the ‘paper dredits’ discussed earlier 
that significantly impact the permit prices required to meet Annex I emissions targets in the Annex 
I and global trading cases.

Table 4 shows the permit prices required to meet the policy goal under the policy-level permit 
allocation approach. The prices required for independent mitigation in the United States do not 
change from Table 3 above because the paper credits in those cases are not available for purchase 
outside Eastern Europe and the Former Soviet Union. Permit prices also remain unchanged under 
the Ml995 case because by that time the two regions have already suffered the worst of their 
economic downturns so that emissions levels are at their lowest point in the 1990 to 2020 time 
frnme. The permit prices under the other trading scenarios are significantly less under this 
^location approach, however, because the regions are able to sell the paper credits without 
mcurring any cost domestically. In the Ml990 case in 2010, the paper credits allocated to Eastern 
Europe and the Former Soviet Union account for 37 percent of the emissions reductions necessary 
for the remaining Annex I regions to meet their target emissions. This addition of permits available 
for purchase reduces the permit price by $33, or by 46 percent, relative to the permit price under 
the reference-level allocation approach. Figure 10 shows the difference in permit prices for the 
Ml990 case with Annex I trading between the two permit allocation approaches in 2010 and 2020.
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Note that the difference decreases over time as emissions in Eastern Europe and the Former Soviet 
Union approach the policy goal.

Table 4. United States Carbon Taxes Required to Meet Policy Goal 
Eastern Europe & FSU Allocated Policy-level Permits 

(1992 US$ per Metric Ton of Carbon)

Independent
Mitigation

Annex I Joint Mitigation Annex I Mitigation with 
Global Trade

2010 2020 2010 2020 2010 2020
M1990 108 170

M1990+10% 110
M1990-10% 260 88 124

M1995 106

[Figure 10. Permit Prices under Alternative Permit Allocation Methods for EE & FSU - Ml990 
Annex I Trading Case]

The lower permit prices under the policy-level approach result in lower total costs of emissions 
mitigation to the United States. In the M1990 Annex I trading case, costs as a percentage of GDP 
are reduced from 0.18 percent under the reference-level allocation approach to 0.12 percent under 
the policy-level approach in 2010. Figure 11 shows costs as a percentage of GDP for the Ml 990 
Annex I trading case for both allocation methods.

[Figure 11. Cost of Emissions Mitigation under Alternative Permit Allocation Methods for EE & 
FSU - M1990 Annex I Trading Case]

DISCUSSION

In this section, we summarize some of the insights gained from our modeling activities using the 
SGM. First, economic costs depend a great deal on our assumptions about future carbon 
emissions. Second, several measures of cost are available from the SGM. Third, the distribution 
of costs among countries in a system of global permit trading is sensitive to assumptions on 
exchange rates as well as the initial allocation of permits. Fourth, any system of global trade in 
carbon permits implies potentially large transfers of wealth from one region to another. Finally, we 
discuss how some of our assumptions affect the results on costs.

Role of Reference Emissions in Shaping Marginal Mitigation Costs

All of tlie results in this study depend on assumptions used to create a reference emissions scenario 
from the present to 2020. The amount of mitigation required to return to 1990 levels depends
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directly on reference case emissions for each region. In the Annex I trading cases, carbon permit 
prices are particularly sensitive to reference scenarios for potential sellers of permits, especially 
Eastern Europe and the Former Soviet Union.

Among the Annex I countries, projecting future carbon emissions is especially unceruin for 
Eastern Europe and the Former Soviet Union. Of particular importance is when emissions in these 
regions will once again reach 1990 levels. If this point is reached before 2010, then we model EE 
and FSU just as any other Annex I country. If this point is reached after 2010, then emissions 
restrictions are not binding in EE and FSU until that point in time.

Measuring and Reporting Costs

At least two measures of cost are available from the SGM and from other models as well. The 
first measure, which we call the direct cost, can be thought of as either a deadweight loss or.the 
integral under the marginal cost curve for carbon. Using either approach, direct cost is 
approximately equal to one-half of the carbon tax (or permit price) times the reduction in carbon 
emissions. For the permit trading cases, direct costs are then adjusted by the value of transfer 
payments required to purchase or sell permits. This measure of net cost is simple to construct and 
is comparable across models.

Of ultimate interest, however, is the net impact on some broader measure of economic activity 
(such as GDP) or on economic welfare (such as real consumption). There are many reasons why 
the change in GDP (or real consumption) is different than direct cost net of transfer payments. 
These other components of cost include the effects of pre-existing distonionary taxes, changes in 
terms of trade, and how tax revenues are recycled. In addition, measurement of GDP (or real 
consumption) depends on the choice of index and base year used to construct that index. This 
reflects real-world problems in constructing a quantity index for GDP when relative prices are 
changing.

Foreign Exchange Rates

Permit prices for the global permit trading cases are very sensitive to assumptions about exchange 
rates. And while the United States follows a Itugcly free market approach to exchange rates, most 
developing nations do not. Therefore it may be perfectly reasonable to assume that over the long­
term the United States exchange rate with other free maricet trading partners would tend toward the 
purchasing power parity rate, this assumption is questionable with other partners. This is 
particularly true for developing countries where market exchange rates, in local currency per U.S. 
dollcir, can be three to five times the corresponding exchange rate based on purchasing power 
parity. A global permit price of $100 per metric ton translates, at market exchange rates, into a 
much higher relative price in the developing countries than in the United States.

Exchange rates based on purchasing power parity are usually used to compare income levels 
between countries, but market exchange rates must be used for goods actually traded between 
countries. This creates a potential problem for developing countries considering participation in a 
global permit trading program; carbon permits would be traded at market exchange rates, while 
GDP losses are better measured using purchasing power parity. For developing countries, losses 
in GDP could be greater than the value of carbon permits sold.
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International Transfer Payments

We have modeled an international system of carbon permit trading that implies potentially large 
wealth transfers from buyers to sellers of permits. These transfers also change the pattern of other 
goods traded internationally. For a buyer of permits, this annual transfer of wealth is equal to the 
annual quantity of permits purchased times the world market price of the permits. The size of 
these transfers depends directly on the initial allocation of permits between countries. The initial 
allocation determines not only the amount of permits traded by each country, but also whether a 
country is a buyer or seller of permits.

For this study, the initial allocation of permits among Annex I countries is simply the emissions 
targets defined by the four mitigation scenarios. Non-Annex I regions were allocated permits equal 
to reference case emissions. These four mitigation scenarios represent only a few of the many 
possible ways of setting global emissions limits and allocating emissions rights among countries to 
meet those limits. Each allocation implies a different pattern of wealth transfers among countries.

Each region in the SGM is assigned a period-by-period balance of payments constraint. Buyers of 
carbon permits must, therefore, export more of other traded goods than otherwise to pay for the 
purchased permits. Conversely, sellers of permits use the permit revenues to increase imports of 
other goods.

Sensitivity of Costs to Model Assumptions

Economic costs reported by the SGM for the United States are sensitive to many of the model 
inputs. These include the choice of exchange rate, the inclusion of paper permits, and the method 
of revenue recycling.

If purchasing power parity exchange rates were used instead of market exchange rates for the 
developing countries, then any given world permit price would translate into a lower carbon tax in 
that country’s local currency. For global trading cases, this would increase the global permit price 
needed to meet a global emissions limit, and the SGM would report higher costs for the United 
States.

For Eastern Europe and the Former Soviet Union, carbon permits were allocated based on their 
reference case, and not on 1990 emissions. If we had allocated permits based on 1990 levels, these 
extra ‘paper credits’ would create a less-stringent Annex I target. The model would then report a 
lower permit price for the trading cases, and a lower cost to the United States.

In this study, we assumed that all revenues from a carbon tax would be recycled as a lump sum to 
consumers. Another option is to use the carbon tax revenues to offset other taxes. This has the 
potential to reduce overall costs, since carbon tax revenues would displace other distortionary 
taxes.

KEY OBSERVATIONS
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Economic costs are reduced with a permit-trading program that equalizes the marginal cost of 
carbon between countries. The least expensive emissions reductions are taken first, regardless of 
where they occur. Costs shown in Figure 8 provide a good example of the importance of this 
‘where’ flexibility.

For the four mitigation scenarios in this study, economic costs to the United States remain below 
1% of GDP through at least the year 2020. This was the case even in the scenarios where the 
United States met its mitigation targets without mtemational trading of carbon permits.

Each region in the SGM can be characterized by a marginal cost of carbon curve, as was shown in 
Figure 6. This shows the approximate carbon tax required for any given level of carbon emissions 
reduction. For the amount of emissions reductions needed in 2010 to return to 1990 levels, a 
carbon tax of $108 per metric ton of carbon is required.

•• . /
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Impacts of Climate Change Mitigation 

on Other Environmental Problems

Mitigation policies for reducing the risks of climate change may have a variety 
of other effects on the environment. For example, policies to promote energy 
efficiency also are likely to reduce pollution associated with energy use, which 
can improve air quality and reduce harmful water pollution. Some effects could 
prove harmful, such as an increase in exposure to indoor radon from tighter 
buildings that may be constructed to improve energy eflBciency or to avoid the 
effects of climate change. Similarly, wetlands could be damaged from the 
construction of floodwalls. Climate change may also alter baseline conditions 
for pollution risks -- that is, a warmer climate could enhance the formation of 
harmful pollutants under some conditions.

Building on recent research that has assessed pollution rates for specific 
industries and established the importance of regional characteristics in factoring 
the impact and costs of pollution, researchers at Resources for the Future 
(RFF) are examining this issue of co-control benefits. They are analyzing 
changes in the structure and regulation of the electric utility industry to provide 
a more comprehensive characterization of the benefits of different policies.

Several recent studies have employed dynamic computable general equilibrium 
models of the United States economy to estimate the compliance costs of 
various to reduce carbon dioxide (CO2) emissions. An important aspect of
these policies, says RFF's Dallas Burtraw, project coordinator, is the 
non-climate change benefits that may result. Preliniinary research has looked at 
how these mitigation policies could affect emissions of pollutants other than 
CO2 as well as possible economic benefits. But, says Burtraw, it has not
accounted for regional profiles of emissions and their associated environmental 
impacts.

In the project's first phase, researchers are investigating how emissions of 

NO^* and sulfur dioxide (SO2) and concentrations of related pollutants 

associated with different CO2 control policies are affected by restructuring in
the U.S. electric industry. They are using the regional power trading and 
reduced form atmospheric transport components of PREMIERE (Primary 
Regional Environmental Model in Electricity Restructuring), a model 
developed at RFF to analyze the effects of increased inter-region power trading 
on regional air pollution as a result of restructuring.

In the project's next phase, researchers are creating a simulation model that
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takes selected results from CGE models, and adds a state or regional profile for 
projected changes in economic activity and associated emissions. This revised 
model will also include a library that shows geographic and demographic 
changes in population that are expected over time, and a reduced form 
atmospheric transport model to track concentrations of various pollutants 
similar to the one constructed in PREMIERE.

Finally, researchers will use this model to incorporate RFF's health benefits 
model and other environmental models to construct a geographic and temporal 
profile of co-control benefits. Uncertainty will be explicitly modeled using a 
Monte Carlo analysis. The model will then be used in subsequent phases to 
investigate a variety of climate-related policy instruments. They seek to 
estimate their nonclimate-related benefits and test the validity of average 
estimates for economic benefits that have been used in previous studies. 
Researchers will pay special attention to co-control benefits in an international 
context, and, where possible, will develop new "rules of thumb" for transferring 
benefit estimates to other venues.

The project is part of RFF's Climate Economics and Policy Program, which 
aims to increase understanding and knowledge of the complex issues that must 
be addressed to design appropriate domestic and international climate change 
policies that are reliable and efficient.

###

* Many discussions of nitrogen-based air pollution refer to nitric oxide (NO) 
and nitrogen dioxide (NO2) together as nitrogen oxides (NO^). NO2 is a
brownish gas which is produced when NO emitted from power plants combines 
with oxygen already in the atmosphere. In the presence of sunlight and volatile 
organic compounds, NO2 can contribute to the formation of ground-level
ozone, or smog. NO^ can transform to nitrates in the atmosphere which, as a
fine particulate, has effects on human health. Of the three electricity-related 
pollutants most responsible for current environmental damage -- NO^^,
particulates, and sulfur dioxide — NO^^ currently merit the most immediate 

policy attention because emissions of NO^^ are neither capped by environmental 
regulation nor controlled as effectively as particulates with current technology.

# # #

Research Contact: 
Dallas Burtraw 
(202)328-5087 
burtraw@rflforg
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The Kyoto Protocol: 

Unresolved Issues

By Raymond J. Kopp. Richard D. Morqenstern 
and Michael A. Toman

JANUARY 8, 1998 -- On December 10 1997, 160 nations 
reached an historic agreement in Kyoto, Japan on limiting 
emissions of carbon dioxide and other "greenhouse gases." The 
Kyoto Protocol calls for the industrialized nations — the so-called 
Annex I countries - to reduce their average national emissions 
over the period 2008-2012 to about five percent below 1990 
levels. The U.S. pledged to reduce its emissions by seven percent 
below 1990, slightly less than the European Union and slightly 
more than Japan. The Protocol permits some industrialized 
nations to modestly increase their emissions and makes special 
provisions for the members of the former Soviet Bloc. None of 
the developing countries, including those with large and growing 
emissions such as India and China, is required to limit its 
emissions.

The protocol is broader than previous agreements in that it 
includes all the major greenhouse gases and takes into account 
emission changes resulting fi-om changes in forest and land use 
patterns. The Protocol also contains the elements of a program for 
international trading of greenhouse gas emissions. Such trading 
would employ market incentives to help ensure that the 
lowest-cost opportunities for emissions reductions are pursued.

The Kyoto agreement is a significant victory for advocates who 
have sought to convince world leaders to address climate change. 
It is intended to signal to governments, businesses, and 
households that limits will be placed on future emissions of 
greenhouse gases, and that now is the time to begin developing 
the necessary technologies. Advocates also express the hope that ' 
acceptance by industrialized countries of binding emission limits 
would make developing countries more willing to take 
emissions-limiting actions appropriate to their own circumstances.

■,r

!a

?

A protocol that is both workable in practice and capable of being 
ratified by the Senate must come to grips with three basic
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questions:

Does it represent a sound framework for attaining long term 
global emission-reduction goals, and is it clear enough to 
serve as a sort of international contract to which parties can 
commit?

How costly are the targets and timetables for greenhouse 
gas reduction agreed to by the U.S. and other Annex 1 
countries - are they as affordable as the Administration 
says, or as burdensome as the fossil fuel industry has 
asserted?

What measures would the U.S. deploy in order to achieve 
the goals laid out in the Protocol?

As we discuss in the balance of the article, the Protocol itself has 
significant gaps; the costs of meeting the stipulated targets are not 
tremendous but not trivial either; and there is a great deal still to 
settle with respect to the domestic policy agenda.

Unresolved Issues with the Protocol

.....

The negotiators deferred action on several important but 
controversial elements to a subsequent meeting scheduled for the 
Buenos Aires in the fall of 1998. President Clinton has indicated 
that he will not send the Protocol to the U.S. Senate for 
ratification until more progress is made on these issues. We 
believe that, at a minimum, several issues must be addressed 
before ratification and implementation can occur:

The rules and institutions that will'govern international 
trading of greenhouse gas emissions among Annex I countries 
must be better established. Article 6 of the Protocol provides 
for emissions trading, but only in the vaguest of terms. How the 
trading program is carried out greatly affects the capacity to hold 
down compliance costs. A program that establishes a freely 
functioning, largely private market in emissions permits, where 
private entities may execute trades with minimal bureaucratic red 
tape, will be the most efficient and will lead to the greatest cost 
savings. In contrast, a market permitting only trades by 
goverrunents, or a market where private trades are hamstrung by 
overly restrictive mles, will sap the cost savings.

The rules and institutions governing joint implementation 
(the so-called Clean Development Mechanism) must be 
developed in detail. Under Article 12 of the Protocol, Annex I 
countries can jointly undertake projects with developing countries



Tlie Kyoto Protocol: Unresolved Issues http;//www.weatherv:anc.rff.org/featurcs/featurc026.html

to reduce emissions in the latter countries, and count those 
reductions toward compliance with their own commitments, 
where it is possible to establish meaningful baselines against which 
reductions can be measured. Again, however, the Protocol does 
not address how such projects can be undertaken. A well 
supervised, but freely functioning market combined with credible 
certification and enforcement of reductions would yield real 
greenhouse gas reductions at lower cost. An overly restrictive and 
bureaucratic system would sap possible gains.

The criteria used to judge compliance, and any penalties for 
noncompliance, must be clearly articulated. The protocol 
contains a number of technical provisions for assessing national 
performance in measuring emissions and meeting emissions 
control objectives. These provisions build on previous efforts 
under the Framework Convention but are complicated by the 
more comprehensive nature of the new protocol. Beyond these 
technical questions, the fundamental issue is what actions, if any, 
would be taken if a country was found not to be in compliance. 
The emissions goals of Aimex I countries are taken to be binding 
under international law, but the protocol itself contains no 
stipulations for sanctions in the event of noncompliance.

A binding agreement on the part of the major developing 
countries to limit their emissions at some specified point in 
the future must be obtained. The Framework Convention 
clearly states that developing countries do not bear the same 
obligations as developed nations for emissions control in the short 
term. Nevertheless, the Protocol could and should contain 
commitments from developing countries to limit their emissions 
growth. This can be achieved through the pursuit of "no regrets" 
measures that would be prudent to undertake in any case, and 
agreements to eventually cap emissions as countries’ economic 
circumstances improve in exchange for assistance in adopting 
clean technologies. The lack of any early commitment by 
developing countries not only aggravates short-term concerns in 
the U.S. and other industrial countries about international 
competitiveness, but also raises the specter of developing 
countries becoming "locked in" to more fossil-fliel-intensive 
technologies.

To make longer-term objectives more credible, moderate but 
specific near-term goals should be set for Annex I countries 
and these countries should be able to use early emissions 
reductions to meet longer-term requirements. Other than a 
passing reference in Article 3 to the need for "demonstrable 
progress" in achieving commitments by 2005, the Protocol is 
silent on interim measures. Yet, without interim targets, prospects 
for achieving more ambitious longer-term goals become
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problematic, and the incentives to engage in long-term 
investments in new capital and technology are undercut. 
Incentives for cost-effective reductions before 2008 to meet 
long-term requirements also are limited since the Protocol makes 
no provision for emitters to "bank" such reductions.

Raymond J. Kopp directs RFF's Quality of the Environment Division, where 
Richard D. Morgenstern is a visiting scholar on leave from the U.S. 
Environmental Protection Agency. Michael A. Toman directs RFF’s Energy 
and Natural Resources Division.
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The Kyoto Protocol:
The Realities of Implementation

By Raymond J, Kopp. Richard D. Moraenstem 
and Michael A. Toman

On December 10 1997, 160 nations reached a historic agreement 
in Kyoto, Japan on limiting emissions of carbon dioxide and 
other "greenhouse gases." The Kyoto Protocol calls for the 
industrialized nations — the so-called Annex I countries — to 
reduce their average national emissions over the period 
2008-2012 to about five percent below 1990 levels. The US. 
pledged to reduce its emissions by seven percent below 1990, 
slightly less than the European Union and slightly more than 
Japan. The Protocol permits some industrialized nations to 
modestly increase their emissions and makes special provisions 
for the members of the former Soviet Bloc. None of the 
developing countries, including those with large and growing 
emissions such as India and China, is required to limit its 
emissions.

•JANUARY 15, 1998 — In the runup to Kyoto, a number of 
experts pointed out that both the environment and the economy 
might be served by following a slower path to emissions control 
than the Protocol stipulates, while developing the technologies for 
more aggressive and affordable emissions reductions later. Others 
disputed this view. In any event, the agreement reached in Kyoto 
sets the stage for discussion and for future debate in the Senate.

Some partisans have claimed that meeting the Protocol’s targets 
ultimately will be inexpensive or even free because there is a large 
untapped reservoir of cheap energy-efficiency opportunities 
available today and new technologies will materialize in the near 
future. Other partisans predict economic collapse. ^

In our judgment, while neither extreme view is correct, there is a 
substantial likelihood that the proposed target and timetable will 
impose significant costs on the U.S. and the global economy, even 
after accounting for new technology stimulated by domestic 
policies. The limit agreed to by the U.S. implies a reduction of 
about one-third compared to what the U.S. Department of Energy 
estimates carbon dioxide emissions will be by the end of the next
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decade. Even with the flexibility to reduce emissions of other 
gases, achieving emissions reductions of such magnitudes in at 
most 15 years will lead to higher energy prices and thus costs that 
will be borne throughout the economy. These costs in turn will 
also give rise to serious debates about fairness. Recent public 
opinion polling indicates increased concern about climate change 
and some willingness to shoulder burdens to curb greenhouse gas 
emissions, but there is no compelling evidence that the public is 
ready to accept significant increases in energy prices or other 
costs. In light of these costs, it is an open question whether the 
Senate is willing to ratify the target and timetable stipulated in the 
Protocol.

A First Step Toward Implementation:
Understand the Benefits and Costs

An important first step in fostering a productive debate nationally 
and in the Senate over the Protocol is better understanding of its 
benefits and costs. Advocates should dispense with the pretense 
that emissions reductions of the scale and speed proposed can be 
achieved at negligible or even negative cost, or that reductions 
necessarily doom the economy. To shine a brighter light on the 
costs and consequences of the Protocol requires an investment in 
better and more inclusive analysis and review of estimates, so that 
competing claims can be adjudicated and new ideas introduced.

Even after questions about the Protocol itself are settled, domestic 
policy options for achieving the targets and timetables require 
more thorough consideration. The U.S. deserves credit for 
advancing some specific measures. Still, the proposal the 
Administration offered in October - $5 billion in incentives for 
new technology - will not be enough-to move the economy from 
where it is today to where it needs to be to meet the Kyoto goals.

Ultimately, if the U.S. is to even approach the Kyoto goals, 
energy prices must rise enough - especially for coal, the most 
carbon-rich fossil fuel - to induce enough conservation, energy 
efiflciency, fuel switching, and the development and deployment of 
new technologies and energy forms. How large this price rise will 
have to be depends on what domestic policies are used. No 
agreement yet exists on this policy menu. Even if an eflflcient 
mechanism like emissions trading is used within the U.S., 
important questions of who gains and loses fi-om the policy remain 
to be settled.
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The Key to Cost-Effective Climate Policy:
Market Incentives

To meet the Kyoto goals as cost-effectively as possible, the 
ainton Administration should commit itself to the use of 
incentive-based market policies for domestic emissions control. 
Well-intentioned but costly proposals to mandate energy 
eflBciency through rigid command-and-control measures must be 
avoided. In addition, policies aimed at encouraging the 
development and dissemination of low-emissions technology need 
careful scrutiny to avoid waste (for example, through an 
ill-focussed subsidy policy).

The institution of some modest interim measures to limit 
greenhouse gases would be important for establishing the 
credibility of longer-term reduction goals. A domestic emissions 
trading program with looser controls than are required by the 
Protocol is one example. Such a program would be combined 
with a "safety valve" that would cap the price of a tradable 
emissions permit at some prespecified level which would rise over 
time, with the government offering additional emissions permits as 
needed to maintain the price caps.

Such an approach is complementary to the policies the 
Administration already has announced and would provide valuable 
information about how emissions control policies work as well as 
their costs to the economy. It also would offer such near-term 
benefits as improved air quality from reduced conventional air 
pollutants and encouragement for the development of 
lower-emissions technologies. Even stronger incentives for early 
demonstrable progress would be provided if any early emissions 
reductions below an established baseline (for example, actual 1997 
emssions levels) could be banked for use in meeting subsequent 
binding constraints.

■ -y-...
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R<pmond J. Kopp directs RTF’s Quality of the Environment Division, where 
Richard D. Morgenstern is a visiting scholar on leave from the U.S. 
Environmental Protection Agency. Michael A. Toman directs RFF's Energy 
and Natural Resources Division.
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ANNEX 1 CARBON EMISSIONS (million metric tons)

United States

1990 emissions 

i;337

2010 emissions

DEVELOPING COUNTRIES (million metric tons)

Former Soviet Union 1,029 mWestern Europe 1,016 1,208
Eastern Europe 309 306
Japan 308 466
Canada 137 182
Australia/ New Zealand 100 127
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1990 emissions 2010 emissions /--

All other 904 1,811
China 625 1,523
India 159 421
Mexico 87 163
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Converting carbon value to energy price increases
Coal-fired*

Natural Gas Gasoline Coal electricity
Carbon "Value” (mcf) (Rallon) (ton)------ ($/kwh2

Total*
electricity

($/kwh)

Total**
electricity

($/kwh)

10.00
10.00

i20.00
>30.00
$40.00
$50.00
$60.00
$70.00
$80.00
$90.00
$100.00
$110.00
$120.00

$0.00
$0T5
$0,30
$0.45
$0.60
$0.75
$0.89
$1.04
$1.19
$1.34
$1.49
$1.64
$1.79

$0.00
$0.02
$0.05
$0.07
$0.10
$0.12
$0.15
$0.17
$0.19
$0.22
$0.24
$0.27
$0.29

$0.00

$10.92y
‘fl6T8
$21.84
$27.30
$32.76
$38.22
$43.68
$49.14
$54.60
$60.06
$65.52

$0.0000
$0.0026
$0.0053
$0.0079
$0.0106
$0.0132
$0.0158
$0.0185
$0.0211
$0.0238
$0.0264
$0.0290
$0.0317

$0.0000 
$0.0016 

' $0.0033 
$0.0049 
$0.0066 
$0.0082 
$0.0099 
$0.0115 
$0.0131 
$0.0148 
$0.0164 
$0.0181 
$0.0197

$0.0000
$0.0017
$0.0034
$0.0050
$0.0067
$0.0084
$0.0101
$0,011
$0.0135
$0.0151
$0.0168
$0.0185
$0.0202

Calculauon based on 1995 electricity generation, excluding Cogen. 
Calculation based on 1995 electricity Sales.

1995 Price and Consumption of Natural gas. Gasoline. Coal, and Elec^ciQf^

Natural Gas ($/mcf at wellhead, tef) 
Gasoline ($/gallon, mmbd/day)
Coal($/lon at electric utiUties, mil short ton)
Electricitv($/kwh end-use, bkwh) 3,008^

Price Quankity P*Q
($biUion)

$1.61 22.2 $35-71
$1.15 7.8 $137.45

$22.88 
$213.57

October 9.1997
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Why 7% below Kyoto's "1990 levels" is no more than 

3% below the President's proposal: a calculation

This paper compares the carbon numbers associated with the United States 
emissions commitment under the Kyoto Protocol with the commitment the 
President made in his October speech. The Kyoto Protocol and the President's 
speech differ both in the emissions budget and in the emissions accounting system 
that will determine the emissions that must be below the budget for compliance 
with the treaty, so the targets cannot be compared directly. The most significant 
differences between the two commitments arel;

(1) Under the Kyoto Protocol, each party has its choice of 1 990 or 1995 as a 
base year for emissions of three greenhouse gases: MFC, PFC, and SF6. The 
U.S. had 1 3 MMTCE more emissions of these gases in 1 995 than in 1990, 
making the option of a 1995 base year less restrictive.

(2) Under the Kyoto Protocol, the emissions budget is based only on gross 
emissions, not counting the carbon sequestered by forests in the base year 
(1 990), the "sinks." The effect of this difference is to make the Kyoto 
budget less strict than it would have been using the President's assumption 
that the budget would be based on net emissions.

(3) Under the Kyoto Protocol, the emissions accounting system includes only 
certain land use changes and forestry activities in its calculation of sinks, 
rather than the carbon activity in all U.S. forests. The effect of this provision 
relative to the President's plan depends on the methodology developed to 
account for sinks under the Kyoto agreement. 2

The Kyoto Protocol

(A) The Kyoto Target
Emissions budget = 5 years x (1990 Emissions of C02, CH4, N20 + 1995

Emissions of HFC, PFC, and SF6) x 93%
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1 990 Emissions of C02, CH4, N20 = 1 559 MMTCE
1995 Emissions of HFC, RFC, and SF6 = 37 MMTCE
Total baseline emissions = 1596 MMTCE

Kyoto Emissions Budget, total for first budget period = 5 years x (1596) x 93%
= 7421 MMTCE

Annual Average Budget in 2008-2012 = 1484 
MMTCE

(B) The Kyoto Accounting System

2008-2012 emissions = [Total emissions of C02, CH4, N20, HFC, RFC, SF6]
- [net changes of carbon stocks "from direct human-induced 
land-use change and forestry activities, limited to afforestation, 
reforestation, and deforestation since 1990, measured as 
verifiable changes in stocks in each commitment period" ]

The President's Announcement 

(A) The President's October Target

Under the President's October plan, the emissions target for the United States 
would be written:

Emissions Budget = 5 years x [(1990 Emissions of C02, CH4, N20 and HFC,
RFC, and SF6) - (net changes carbon stocks from all forests, including forest 
soils]

Note that the budget equation includes sinks, which all else equal makes the budget 
tighter for the United States, which experienced positive sequestration in forests in 
1990.

1990 Emissions of C02, CH4, N20 
1990 Emissions of HFC, RFC, and SF6 
Carbon activity in forests (sequestration) 
Net emissions

= 1559 MMTCE 
= 24 MMTCE
= -282 MMTCE 
= 1301 MMTCE

President's Plan Emissions Budget = 5 years x (1301) = 6505 MMTCE

Annual Average Budget in 2008-2012 = 1301 
MMTCE
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(B) The President's October Accounting System

2008-2012 Emissions Calculation = [Total emissions of C02, CH4, N20, HFC, 
PFC, SF6 2] - [net changes of carbon stocks from all U.S. forests]

Comparison: How much lower is the Kyoto target than the President's 

plan?

Recall that the two plans entail different accounting systems for the emissions that 
must be within budget, so the budgets of the two commitments (1484 and 1301) 
are not directly comparable.

The Kyoto commitment:
[Total emissions of all six gases] - [net changes of carbon stocks from certain 
activities ] < 1484

Since the sink accounting system under the Kyoto Protocol is not yet 
determined, we must make an assumption about the net changes of carbon 
stocks from the activities specified in the treaty. The U.S. has said that the 
accounting system for carbon sinks will not increase the emissions 
calculation under the Protocol, and may in fact offset our emissions. If we 
assume that sinks are zero, that is they neither offset U.S. emissions nor 
contribute to them, then the Kyoto commitment is:

[Total emissions of all six gases] - 0 < 1484

President's plan:
[Total emissions of all six gases] - [net changes of carbon stocks from all 
U.S. forests] < 1301

The change in carbon stocks from all U.S. forests in 2010 is estimated by 
USDA and EPA to be about 227 MMTCE. If that figure is about average for 
the budget period, the President's commitment would be equivalent to:

[Total emissions of all six gases] - 227 < 1301, or equivalently,
[Total emissions of all six gases] < 1528 (the total of the budget plus 

offsets by sinks)

Then the comparison question is: how much lower is 1484 than 1538?

Algebraically, the percentage difference, x, can be expressed: 1484 = (1-x)1538 
= > X = 1 - 1484/1538 = .03 
= > 1484 is 3% below 1538.

What if accounting for sinks under the Protocol offsets our emissions, as we expect



i^NKzfoa.WP Page 4

they may do? Then the total emissions of all six gases can be higher than 1484 by 
the amount of carbon sequestered in the eligible land use activities. That makes 
the Kyoto Protocol even less than 3% more stringent than the President's plan.
Conclusion: The Kyoto agreement is no more than 3% more stringent than the 
Presidents plan. __________________________________________
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Trends in Energy-Related Carbon Dioxide Emissions
To assess the implications of Kyoto on global greenhouse gas emissions, we had to make 
two simplifying assumptions because of data limitations. First, we assumed that energy- 
related carbon dioxide emissions could serve as an adequate proxy for greenhouse gas 
emissions (in the U.S., energy-related carbon dioxide emissions are more than 97% of all 
carbon dioxide emissions). Second, we assumed that Annex I countries will reduce their 
energy-related carbon dioxide emissions by the percentage cuts stipulated in Annex B of 
the Kyoto Protocol (in effect, we ignore any opportunities for what flexibility).

Chart 1 illustrates the trend in world emissions under BAU and under two scenarios of 
Annex I emissions reductions. One scenario assumes no trading of emissions rights, 
which has lower total Annex I emissions because countries with paper tons would not be 
able to sell their excess rights. The other scenario assumes trading of emissions rights, so 
total Annex I emissions are higher.

In 2010, both Kyoto scenarios have emissions slightly below 2005 BAU and a little more 
than 10% below global 2010 BAU. Because of the substantial growth in non-Annex I 
emissions, global emissions in 2010 under both Kyoto scenarios are approximately 30% 
above the global 1990 level.

Charts 2 and 3 illustrate the breakdown of emissions between Annex I and non-Annex I. 
Without international trading, non-Annex I emissions will surpass Annex I emissions in 
2010. With international trading, non-Annex I emissions are slightly lower than Annex I 
emissions, but would likely pass Annex I emissions by the end of the first commitment 
period.

Chart 1; Trend in Global Energy-Related C02 Emissions
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Chart 2: Trend in Energy-Related C02 Emissions Assuming Annex I Trading
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Chart 3: Trend in Energy-Related C02 Emissions Assuming No Annex I Trading
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The Structure of the Kyoto Protocol: 
US Efforts Needed to Meet Commitments

In October 1997, President Clinton proposed to return greenhouse gas net emissions to 1990 
levels in 2008-2012. This target was premised on the long-standing US position of , 
comprehensive coverage of all greenhouse gases (C02, CH4, N20, PFCs, MFCs, and SF6) and 
all sectors (including land use and forestry systems). Although comprehensiveness increased the 
tonnes of US reductions required to meet a given numerical target, we have pushed for it because 
it provides greater cost-effectiveness and increases the industrial support for the agreement,. The 
EU Or Japanese wanted to exclude the synthetic gases and land use and forestry, making their 
targets several percentage points “easier” to achieve than if their proposals had been ' 
comprehensive.

The Kyoto Protocol assigns the US a 7% reduction below base period emissions. The U.S. 
accepted changes in calculation of the obligation for synthetic gases, forests and land use change 
that allowed the US to deepen its numerical target for the same level of effort. These changes 
simultaneously increased the level of effort required by the EU and Japan.

The U.S. also agreed to increase the strength of its obligation. The total of the accounting 
changes and increased strength result in the change of target to 7% below base period levels. 
Despite the accounting changes, the U.S. gained virtually comprehensive coverage during the 
commitment period of 2008 to 2012.

Synthetic Gases (HFC/PFC/SF6)<_,^

The President’s proposal included the rapidly growing synthetic gases, using a base year of 1990. 
The US won inclusion of these gases, and accepted a 1995 base year for calculation of the 
commitmenL The recalculation of base period emissions allowed the U.S. to adjust downward 
its numerical target by roughly 13 MMTCE, the'amount by which the synthetic greenhouse gases 
grew between 1990 and 1995 (about 1% of the U.S. commitment). For the EU and Japan, which 
had not counted synthetic gases in their proposals, the broader coverage made their targets more 
difiRculL ' i

Exclusion of Forest and Land Use Change Category.

Forest carbon sequestration is a large, hut declining offset to US emissions. U.S. estimates, 
using 1996 IPCC guidelines adopted by the Parties, indicate that US forest carbon sequestration 
is expected to decline by 55 MMTCE between 1990 and 2010.' Unlike emissions from energy 
use, emissions or removals in the base period cannot be continued indefinitely; emissions decline 
as available land is exhausted and removals decline as forest systems mature. Therefore,

' The US Climate Action Report estimated that US forest sinks would decline by 16 MMTCE. This 
estimate was updated to include soil carbon, to conform with the 1996 IPCC guidelines and the U.S. goal of 
comprehensive coverage. ’



including this sector in calculation of the GHG obligation penalizes those Parties with net 
removals in the base period and rewards Parties with net emissions. The Kyoto Protocol 
therefore, as standard practice, excludes LUCF from the base period emissions on which the 
GHG obligation is based, eliminating the “penalty” in the President’s proposed target of 55 
MMTCE of carbon (slightly more than 3% of our overall commitment)., It had no effect on the 
EU or Japan, which had excluded the category from their target proposals.

In addition, the U.S. gained crediting of specific forest activities, limited to: afforestation, 
reforestation, and deforestation since 1990. While the U.S. was initially opposed to this approach 
due to its inherent accounting imcertainty, we believe that these credits may further reduce the 
level of effort needed for a given target by a significant but as yet unquantified amount

Additional Reductions

The US accepted an additional -3 percentage points of real effort in order to get agreement with 
the European Union, Japan, and the G-:77. The U.S. reached a target 7% below the base period 
emissions by combining the two changes in calculation of base period emissions, which made the 
President’s proposal equivalent to -1 percentage points for synthetic gases plus -3 percentage 
points for forests and land use change, with the -3 percentage points of additional reductions.
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The Parties to this Protocol,

Being Parties to the United Nations Framework convention on Climate Change, 
hereinafter referred to as "the Convention",

In pursuit of the ultimate objective of the Convention as stated in its Article 2, 

Recalling the provisions of the Convention,

Being guided by Article 3 of the Convention,

Pursuant to the Berlin Mandate adopted by decision 1/CP. 1 of the Conference 
of the Parties to the Convention at its first session.

Have agreed as follows:

Article 1

For the purposes of this Protocol, the definitions contained in Article 1 of the 
convention shall apply. In addition:

1. "Conference of the Parties" means the Conference of the Parties to the
Convention. j

2. "Convention" means the United Nations Framework Convention on Climate 
Change, adopted in New York on 9 May 1992.

3. "Intergovernmental Panel on Climate Change" means the Intergovernmental 
Panel on Climate Change established in 1988 jointly by the World 
Meteorological Organization and the United Nations Environment Programme.

_____



4. "Montreal Protocol" means the Montreal Protocol on Substances that 
Deplete the Ozone Layer, adopted in Montreal on 16 September 1987 and as 
subsequently adjusted and amended.

5. "Parties present and voting" means Parties present and casting an 
affirmative or negative vote.

6. "Party" means, unless the context otherwise indicates, a Party to this 
Protocol.

7. "Party included in Annex I" means a Party included in Annex I to the 
Convention, as may be amended, or a Party which has made a notification 
under Article 4, paragraph 2(g), of the Convention.

Article 2

1. Each Party included in Annex I in achieving its quantified emission limitation 
and reduction commitments under Article 3, in order to promote sustainable 
development, shall:

(a) Implement and/or further elaborate policies and measures in accordance 
with its national circumstances, such as:

(i) Enhancement of energy efficiency in relevant sectors of the national 
economy;

(ii) Protection and enhancement of sinks and reservoirs of greenhouse gases 
not controlled by the Montreal Protocol, taking into account its commitments 
under relevant international environmental agreements; promotion of 
sustainable forest management practices, afforestation and reforestation;

(iii) Promotion of sustainable forms of agriculture in light of climate change 
considerations;

(iv) Promotion, research, development and increased use of new and renewable 
forms of energy, of carbon dioxide-sequestration technologies and of advanced 
and innovative environmentally sound technologies;

«•
(v) Progressive reduction or phasing out of market imperfections, fiscal 
incentives, tax and duty exemptions and subsidies in all greenhouse gas 
emitting sectors Jhat run counter to the objective of the Convention and apply 
market instruments;

(vi) Encouragement of appropriate reforms in relevant sectors aimed at 
promoting policies and measures which limit or reduce emissions of 
greenhouse gases not controlled by the Montreal Protocol;

(vii) Measures to limit and/or reduce emissions of greenhouse gases not 
controlled by the Montreal Protocol in the transport sector;

(viii) Limitation and/or reduction of methane through recovery and use in waste 
management, as well as in the production, transport and distribution of energy;

(b) Cooperate with other such Parties to enhance the individual and combined 
effectiveness of their policies and measures adopted under this Article,



pursuant to Article 4, paragraph 2(e)(i), of the Convention. To this end, these 
Parties shall take steps to share their experience and exchange information on 
such policies and measures, including developing ways of improving their 
comparability, transparency and effectiveness. The Conference of the Parties 
serving as the meeting of the Parties to this Protocol shall, at its first session 
or as soon as practicable thereafter, consider ways to facilitate such 
cooperation, taking into account all relevant information.

2. The Parties included in Annex I shall pursue limitation or reduction of 
emissions of greenhouse gases not controlled by the Montreal Protocol firom 
aviation and marine bunker fuels, working through the International Civil Aviation 
Organization and the International Maritime Organization, respectively.

3. The Parties included in Annex I shall strive to implement policies and 
measures under this Article in such a way as to minimize adverse effects, 
including the adverse effects of climate change, effects on international trade, 
and social, environmental and economic impacts on other Parties, especially 
developing country Parties and in particular those identified in Article 4, 
paragraphs 8 and 9 of the Convention, taking into account Article 3 of the 
Convention. The Conference of the Parties serving as the meeting of the Parties 
to this Protocol may take further action, as appropriate, to promote the 
implementation of the provisions of this paragraph.

4. The Conference of the Parties serving as the meeting of the Parties to this 
Protocol, if it decides that it would be beneficial to coordinate any of the 
policies and measures in paragraph 1 (a) above, taking into account different 
national circumstances and potential effects, shall consider ways and means 
to elaborate the coordination of such policies and measures.

Article 3

1. The Parties included in Annex I shall, individually or jointly, ensure that their 
aggregate anthropogenic carbon dioxide equivalent emissions of the 
greenhouse gases listed in Annex A do not exceed their assigned amounts, 
calculated pursuant tO their quantified emission limitation and reduction 
commitments inscribed in Annex B and in accordance with the provisions of 
this Article, with a view to reducing their overall emissions of such gases by six 
per cent below 1990 levels in the commitment period 2008 to 2012.

2. Each Party included in Annex I shall, by 2005, have made demonstrable 
progress in achieving its commitments under this Protocol.

3. The net changes in greenhouse gas emissions fi"om sources and removals
by sinks resulting firom direct human-induced land-use change and forestry ,
activities, limited to afforestation, reforestation, and deforestation since 1990, •
measured as verifiable changes in stocks in each commitment period shall be^ 
used to meet the'commitmeiits in this Article ot each Party mcTuded in Annex 
I. The greenhouse gas emissions fi-om sources and removals by sinks 
associated with those activities shall be reported in a transparent and verifiable 
maimer and reviewed in accordance with Articles 7 and 8.

4. Prior to the first session of the Conference of the Parties serving as the 
meeting of the Parties to this Protocol, each Party included in Annex I shall 
provide for consideration by the Subsidiary Body for Scientific and 
Technological Advice data to establish its level of carbon stocks in 1990 and to

i'a, 2oo^, t 7
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enable an estimate to be made of its changes in carbon stocks in subsequent 
years. The Conference of the Parties serving as the meeting of the Parties to 
this Protocol shall, at its first session or as soon as practicable thereafter, 
decide upon modalities, rules and guidelines as to how and which additional 
human-induced activities related to changes in greenhouse gas emissions and 
removals in the agricultural soil and land-use change and forestry categories, 
shall be added to, or subtracted firom, the assigned amount for Parties included 
in Annex I, taking into account uncertainties, transparency in reporting, 
verifiability, the methodological work of the Intergovernmental Panel on Climate 
Change, the advice provided by the Subsidiary Body for Scientific and 
Technological Advice in accordance with Article 5 and the decisions of the 
Conference of the Parties. Such a decision shall apply in the second and 
subsequent commitment periods.

5. The Parties included in Annex I undergoing the process of transition to a 
market economy whose base year or period was established pursuant to 
decision 9/CP.2 of the Conference of the Parties at its second session, shall 
use that base year or period for the implementation of their commitments under 
this Article. Any other Party included in Annex I undergoing the process of 
transition to a market economy which has not yet submitted its first national 
communication under Article 12 of the Convention may also notify the 
Conference of the Parties serving as the meeting of the Parties to this Protocol 
that it intends to use a historical base year or period other than 1990 for the 
implementation of its commitments under this Article. The Conference of the 
Parties serving as the meeting of the Parties to this Protocol shall decide on 
the acceptance of such notification.

6. Taking into account Article 4, paragraph 6, of the Convention, in the 
implementation of their commitments under this Protocol other than those in 
this Article, a certain degree of flexibility shall be allowed by the Conference of 
the Parties serving as the meeting of the Parties to this Protocol to the Parties 
included in Annex I undergoing the process of transition to a market economy.

7. In the first quantified emission limitation and reduction commitment period, 
fi~om 2008 to 2012, the assigned amoirnTforeaclrPartyincIudedlirAnnex I 
shall be equal to the percentage inscribed for it in Annex B of its aggregate 
anthropogenic carbon dioxide equivalent emissions of the greenhouse gases 
listed in Ann^x A m 1990, or the base year or period determined in accordance 
with paragraph 5 above, multiplied by five.

8. Any Party included in Annex I may use 1995 as its base year for 
hydrofluorocarbons, perfluorocarbons and sulphur hexafluoride, for the purposes 
of the calculation referred to in paragraph 7 above.

9. Commitments for subsequent periods for Parties included in Annex I shall be 
established in amendments to Annex B to this Protocol, which shall be 
adopted in accordance with the provisions of Article 21. The Conference of the 
Parties serving as the meeting of the Parties to this Protocol shall initiate the 
consideration of such commitments at least seven years before the end of the 
first commitment period mentioned in paragraph 7 above.

10. For the purpose of meeting its commitments xmder this Article, any Party 
included in Annex I may participate in emissionsftading. The Conference of the 
Parties shall define the relevant rules and guidelines for verification, reporting 
and accounfability. Such trading shalfbelupplemental to domestic actions for
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the purpose of meeting its commitments.

11. Any part of an assigned amount, or any emission reduction units, which a 
Party acquires from another Party in accordance with the provisions of 
paragraph 10 above or Article 6 shall be added to the assigned amount for that 
Party.

12. Any part of an assigned amount, or any emission reduction units, which a 
Party transfers to another Party in accordance with the provisions of paragraph 
10 above or Article 6 shall be subtracted from the assigned amount for that 
Party.

13. Any certified emission reductions which a Party acquires from another 
Party in accordance with the provisions of Article 13 shall be added to the 
assigned amount for that Party.

14. If the emissions of a Party included in Annex I during a commitment period 
are less than its assigned amount under this Article, this difference shall, on 
request of that Party, be added to the assigned amount for that Party for 
subsequent commitment periods.

15. Each Party included in Annex I shall strive to implement the commitments 
mentioned in paragraph 1 above in such a way as to minimize adverse social, 
environment and economic impacts on developing country Parties, particularly 
those identified in Article 4, paragraphs 8 and 9, of the Convention. In line with 
relevant decisions of the Conference of the Parties on the implementation of 
those paragraphs, the Conference of the Parties serving as the meeting of the 
Parties to this Protocol shall, at its first session, consider what actions are 
necessary to minimize the adverse effects of climate change and/or the 
impacts of response measures on Parties referred to in those paragraphs.
Among the issues to be considered shall be the establishment of funding, 
insurance and transfer of technology.

Article 4

1. Any Parties included in Annex I that have agreed to jointly fulfil their 
commitments under Article 3 shall be deemed to have met those cblhinitments 
provided that their total combined aggregate anthropogenic carbon dioxide 
equivalent emissions of the greenhouse gases listed in Annex A do not exceed 
their assigned amounts calculated pursuant to their quantified emission 
limitation and reduction commitments inscribed in Annex B and in accordance 
with the provisions of Article 3. The respective emission level allocated to each 
of the Parties to the agreement shall be set out in that agreement.

2. The Parties to any such agreement shall notify the secretariat of the terms 
of the agreement on the date of deposit of their instruments of ratification, 
acceptance, approval or accession. The secretariat shall in turn inform the 
Parties and signatories to the Convention of the terms of the agreement.

3. The agreement shall remain in operation for the duration of the commitment 
period specified in Article 3, paragraph 7.

4. If Parties acting jointly do so in the framework of, and together with, a 
regional economic integration organization, any alteration in the composition of 
the organization after adoption of this Protocol shall not affect existing
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\ j / commitments under this Protocol. Any alteration in the composition of the 
organization shall only apply for the purpose of those commitments under 
Article 3 that are adopted subsequent to that revision.

5. In the event of failure by the Parties to such an agreement to achieve their 
total combined level of emission reductions, each Party to such an agreement 
shall be responsible for its own level of emissions set out in the agreement

6. If Parties acting jointly do so in the framework of, and together with, a 
regional economic integration organization which is itself a Party to this 
Protocol, each member State of that regional economic integration organization 
individually, and together with the regional economic integration organization 
acting in accordance with Article 24, shall, in the event of failure to achieve the 
total combined level of emission reductions, be responsible for its level of 
emissions as notified in accordance with this Article.

Article 5

1. Each Party included in Annex I shall have in place, no later than one year 
prior to the start of the first commitment period, a national system for the 
estimation of anthropogenic emissions by sources and removals by sinks of all 
greenhouse gases not controlled by the Montreal Protocol. Guidelines for such 
national systems, which shall incorporate the methodologies specified in 
paragraph 2 below, shall be decided upon by the Conference of the Parties 
serving as the meeting of the Parties to his Protocol at is first session.

2. Methodologies for estimating anthropologic emissions by sources and 
removals by sinks of all greenhouse gases not controlled by the Montreal 
Protocol shall be those be those accepted by the Intergovernmental Panel on 
Climate Change and agreed upon by the Conference of the Parties at its third 
session. Where such methodologies are not used, appropriate adjustments 
shall be applied according to methodologies agreed upon by the Conference of 
the Parties serving as the meeting of the Parties to this Protocol at its first 
session. Based on the work of, inter alia, the Intergovernmental Panel on 
Climate Change and advice provided by the Subsidiary Body for Scientific and 
Technological Advice, the Conference of the Parties serving as the meeting of 
the parties to this Protocol shall regularly review and, as appropriate, revise 
such methodologies and adjustments, taking fully into account any relevant 
decisions by the Conference of the Parties. Any revision to methodologies or 
adjustments shall be used only for the purposes of ascertaining compliance 
with commitments under Article 3 in respect of any commitment period 
adopted subsequent to that revision

3. The global wanning potentials used to calculate the carbon dioxide 
equivalence ot anthropogemc emissions by sources andTemovals by sinks of 
greenhouse gases not controlled by the Montreal Protocol listed in Annex A 
shall be those accepted by the Intergovernmental Panel on Climate Change 
and agreed upon"by the Conference of the Partieslirits third session. Based 
on the work of, inter alia, the Intergovernmental Panel on Climate Change and 
advice provided by the Subsidiary Body for Scientific and Technological Advice, 
the Conference of the Parties serving as the meeting of the Parties to this 
Protocol shall regularly review and, as appropriate, revise the global warming 
potential of each greenhouse gas, taking fully into account any relevant 
decisions by the Conference of the Parties. Any revision to a global warming 
potential shall apply only to those commitments under Article 3 in respect of
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any commitment period adopted subsequent to that revision.

Article 6

1. For the purpose of meeting its commitments under Article 3, any Party 
included in Annex I may transfer to, oxjcquira&osi, any other sych Party 
emission reduction uniGTesuIGng"fltsnrpf^KSl^ed at reducing 
anthropogenic emissions by so or enhancing anthropogenic removals by sinks 
of greenhouse gases in any sector of the economy, provided that:

(a) Any such project has the approval of the Parties involved;

(b) Any such project provides a reduction in emissions by sources, or an 
enhancement of removals by sinks, that is additional to any that would 
otherwise occur;

(c) It does not acquire any emission reduction units if it is not in compliance 
with its obligations under Articles 5 and 7; and

(d) The acquisition of omission reduction units shall be supplemental to 
domestic actions for the purposes of meeting commitments under Article 3.

2. The Conference of the Parties serving as the meeting of the Parties to this 
Protocol may, at its first session or as soon as practicable thereafter, further 
elaborate guidelines for the implementation of this Article for verification and 
reporting.

3. A Party included in Annex I may authorize legal entities to participate, under 
its responsibility, in actions leading to the generation, transfer or acquisition of 
this Article of emission reduction units.

4. If a question of implementation by a Party included in Annex I of the 
requirements referred to in this paragraph is identified in accordance with the 
relevant provisions of Article 8, transfers and acquisitions of emission reduction 
units may continue to be made after the question has been identified, provided 
that any such units may not be used by a Party to meet its commitments
under Article 3 until any issue of compliance is resolved.

Article 7

1. Each Party included in Annex I shall incorporate in its annual inventory of 
anthropogenic emissions by sources and removals by sinks of greenhouse 
gases not controlled by the Montreal Protocol, submitted in accordance with 
the relevant decisions of the Conference of the Parties, the necessary 
supplementary information for the purposes of ensuring compliance vrith Article 
3, to be determined in accordance vrith paragraph 4 below.

2. Each Party included in Aimex I shall incorporate in its national 
communication, submitted under Article 12 of the Convention, the 
supplementary information necessary to demonstrate compliance with its 
commitments under this Protocol, to be determined in accordance with 
paragraph 4 below.

3. Each Party included in Aimex I shall submit the information required under 
paragraph I above annually, beginning with the first inventory due under the



Convention for the first year of the commitment period after this Protocol has 
entered into force for it. Each such Party shall submit the information required 
under paragraph 2 above as part of the first national communication due under 
the Convention after this Protocol has entered into force for it and after the 
adoption of guidelines as provided for in paragraph 4 below. The frequency of 
subsequent submission of information required under this Article shall be 
determined by the Conference of the Parties serving as the meeting of the 
Parties to this Protocol, taking into account any timetable for the submission of 
national communications decided upon by the Conference of the Parties.

4. The Conference of the Parties serving as the meeting of the Parties to this 
Protocol shall adopt at its first session, and review periodically thereafter, 
guidelines for the preparation of the information required under this Article, 
taking into account guidelines for the preparation of national communications 
by Parties included in Aimex I adopted by the Conference of the Parties. The 
Conference of the Parties serving as the meeting of the Parties to this Protocol 
shall also, prior to the first commitment period, decide upon modalities for the 
accounting of assigned amounts.

Article 8

1. The information submitted under Article 7 by each Party included in Annex I 
shall be reviewed by expert review teams pursuant to the relevant decisions of 
the Conference of the Parties serving as the meeting of the Parties to this 
Protocol under paragraph 4 below. The information submitted under Article 7, 
paragraph 1, by each Party included in Annex I shall be reviewed as part of the 
aimual compilation and accounting of emissions inventories and assigned 
amounts. Additionally, the information submitted under Article 7, paragraph 2, 
by each Party included in Annex I shall be reviewed as part of the review of 
communications.

2. Expert review teams shall be coordinated by the secretariat and shall be
composed of experts selected firom those nominated by Parties to the 
Convention and, as appropriate, by intergovernmental organizations, in 
accordance with guidance provided for this purpose by the Conference of the 
P’arties. ----

3. The review process shall provide a thorough and comprehensive technical 
assessment of all aspects of the implementation by a Party of this protocol.
The expert review teams shall prepare a report to the Conference of the Parties 
serving as the meeting of the Parties to this Protocol, assessing the 
implementation of the commitments of the Party and identifying any potential 
problems in, and factors influencing, the fulfilment of commitments. Such 
reports shall be circulated by the secretariat to all Parties to the Convention. 
The secretariat shall list those questions of implementation indicated in such 
reports for further consideration by the Conference of the Parties serving as the 
meeting of the Parties to this Protocol.

4. The Conference of the Parties serving as the meeting of the Parties to this 
Protocol shall adopt at its first session, and review periodically thereafter, 
guidelines for the review of implementation by expert review teams taking into 
account the relevant decisions of the Conference of the Parties.

5. The Conference of the Parties serving as the meeting of the Parties to this 
Protocol shall, with the assistance of the Subsidiary Body for Implementation
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and, as appropriate, the Subsidiary Body for Scientific and Technological 
Advice, consider:

(a) The information submitted by the Parties under Article 7 and the reports of 
the expert reviews thereon conducted under this Article; and

(b) Those questions of implementation listed by the secretariat under paragraph 
3 above, a well as any questions raised by Parties.

6. Pursuant to its consideration of the information referred to in paragraph 5 
above, the Conference of the Parties serving as the meeting of the Parties to 
this Protocol shall take decisions on any matter required for the 
implementation of this Protocol.

Article 9

1. Any signatory or Party to this Protocol not included in Annex I may, at any 
timeTnofi]^ the Depositary that it has opted to be bound by this Article. The 
Depositary shall inform the other signatories and Parties of any such 
notification.

2. Such notification, supported by an inventory of emissions of greenhouse
\ gases not controlled by the Montreal Protocol, including for the historical base 

year or period chosen under subparagraph (a) below, and a projection of future 
^ emissions, shall include a formal declaration on the following points:

/ (a) Its chosen historical base year or period for the implementation of 
subparagraph (b'j below; and

(b) The level of limitation or reduction of anthropogenic emissions of 
greenhouse gases listed~m~Annex-A, as a basket, it is ready to undertake.

3. Where a notification has been made pursuant to paragraphs 1 and 2 above, 
the secretariat shall include it in the agenda for the following session of the 
Conference of the Parties serving as the meeting of the Parties to this Protocol 
which shall decide on the acceptance of such notification.

4. After its acceptance by the Conference of the Parties serving as the meeting 
of the Parties to this Protocol, a notification by a signatory shall enter into force 
on the date of entry into force of this Protocol for that State, and a notification 
by a Party to this Protocol shall enter into force on the ninetieth day after the

. acceptance of such notification. The commitment under paragraph 2(b) above 
of Parties acting under this Article shall be inscribed in Annex B.

Article 10

1. The Conference of the Parties serving as the meeting of the Parties to this 
Protocol shall periodically review this Protocol in the light of the best available 
scientific information and assessments on climate change and its impacts, as 
well as relevant technical, social and economic information. Such reviews shall 
be coordinated with pertinent reviews under the Convention, in particular those 
required by Article 4, paragraph 2(d), and Article 7, paragraph 2(a), of the 
Convention. Based on these reviews, the Conference of the Parties serving as 
the meeting of the Parties to this Protocol shall take appropriate action.
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2. The first review shall take place at the second session of the Conference of 
the Parties serving as the meeting of the Parties to this Protocol. Further 
reviews shall take place at regular intervals and in a timely manner.

Article 11

All Parties, taking into account their common but differentiated responsibilities 
and their specific national and regional development priorities, objectives and 
circumstances, without introducing any new commitments for Parties not 
included in Annex I, but reaffirming existing commitments in Article 4, 
paragraph 1, of the Convention, and continuing to advance the implementation 
of these commitments in order to achieve sustainable development, taking into 
account Article 4, paragraphs 3, 5 and 7, of the Convention, shall;

(a) Formulate, where relevant and to the extent possible, cost-effective national, 
and where appropriate regional programmes to improve the quality of local 
emission factors, activity data and/or models which reflect the socio-economic 
conditions of each Party for the preparation and periodic updating of national 
inventories of anthropogenic emissions by sources and removals by sinks of all 
greenhouse gases not controlled by the Montreal Protocol, using comparable 
methodologies to be agreed upon by the Conference of the Parties, and 
consistent with the guidelines for national communications adopted by the 
Conference of the Parties;

Alternative A

(b) Formulate, implement, publish and regularly update national and, where 
appropriate, regional programmes containing measures to mitigate climate 
change and measures to facilitate adequate adaptation to climate change;

(i) The programmes containing measures shall, inter alia, and to the extent 
possible and relevant, remove obstacles to the limitation or the abatement of 
increase of anthropogenic emissions by sources and to the enhancement of 
removals by sinks, enhance energy efficiency, emphasize market-oriented 
pricing, as appropriate encourage reforms in the energy sector and regulatory 
regimes, increase the use of renewable energy, make improvements in the 
transport and industrial sectors, promote the development and sustainable 
management of greenhouse gas sinks and reservoirs, improve the integration of 
climate change considerations into the agriculture and waste management 
sectors, promote voluntary arrangements with industry, and generally take 
actions to address climate change that, in the context of their national 
priorities, objectives and circumstances, are economically justified and can 
help address other environmental problems; and

(ii) The programmes containing measures shall, inter alia, and to the extent 
possible and relevant, deploy adaptation technologies and know-how, develop 
and implement integrated mountain area plans, develop and implement 
integrated coastal zone management plans, develop research on impacts of, 
and adaptation to, climate change, develop and implement related technical 
capacity building and awareness raising measures promote sustainable 
management plans for the conservation and enhancement of sinks and 
reservoirs and ecosystems and develop and implement plans for water 
resources and agriculture, particularly for countries affected by drought and 
desertification;



Alternative B

(b) Each developed country Party and each other developed Party included in 
Annex II to the Convention shall incorporate into its national programmes the 
quantified emission limitation and reduction objectives and related policies and 
measures under this Protocol, including details of measures undertaken by 
them to promote, facilitate and finance transfer of technology, provide new and 
additional financial resources and assist in meeting costs of adaptation in 
developing countries. Each developing country Party shall seek to include in its 
nationd communication, as appropriate, information on programmes which 
contain measures that the Party believes contribute to addressing climate 
change and its adverse impacts, including the abatement of increase in 
greenhouse gas emissions, and enhancement of and removals by sinks, 
capacity building and adaptation measures;

(c) Cooperate in the promotion of effective modalities for the development, 
application and diffusion of, and take all practicable steps to promote, facilitate 
and finance, as appropriate, the transfer of, or access to, environmentally 
sound technologies, Imow-how, practices and processes pertinent to climate 
change, in particular to developing countries, including the formulation of 
policies and programmes for the effective transfer of environmentally sound 
technologies that are publicly owned or in the public domain and the creation of 
an enabling environment for the private sector, to promote and enhance access 
to, and transfer of, environmentally sound technologies;

(d) Cooperate in scientific and technical research and promote the 
maintenance and the development of systematic observation systems and 
development of data archives to reduce uncertainties related to the climate 
system, the adverse impacts of climate change and the economic and social 
consequences of various response strategies, and promote the development 
and strengthening of endogenous capacities and capabilities to participate in 
international and intergovernmental efforts, programmes and networks on 
research and systematic observation, taking into account Article 5 of the 
Convention;

(c) Cooperate in and promote at the international level, and, where appropriate, 
using existing bodies, the development and implementation of education and 
training programmes, including the strengthening of national capacity building, 
in particular human and institutional capacities and the exchange or 
secondment of personnel to train experts in this field, in particular for 
developing countries, and facilitate at the national level public awareness and 
public access to information on climate change. Suitable modalities should be 
developed to implement these activities through the relevant bodies of the 
Convention taking into account Article 6 of the Convention;

(f) Include in their national communications information on programmes and 
activities undertaken pursuant to this Article in accordance with relevant 
decisions of the Conference of the Parties; and

(g) Give full consideration, in implementing the commitments in this Article, to 
Article 4, paragraph 8, of the Convention.

Article 12

1. In the implementation of Article 11, Parties shall take into account the
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provisions of Article 4, paragraphs 4, 5,7,8 and 9 of the Convention.

2. In the context of the implementation of Article 4, paragraph 1, of the 
Convention, in accordance with the provisions of Article 4, paragraph 3, and 
Article 11 of the Convention, and through the operating entity or entities of the 
financial mechanism of the Convention, the developed country Parties and 
other developed Parties included in Annex II to the Convention shall:

fa) Provide new and additional financial resources to meet the agreed full costs 
mcurrgd~by~developmg country t^artiesuTadvancing the implementation of 
existing commitments under Article 4, paragraph 1 (a), of the Convention that 
are covered in Article 11, subparagraph (a); and

(b) Also provide such financial resources, including for the transfer of 
technology, needed by the developing country Parties to meet the agreed full 
incremental costs of advancing the implementation of existing commitments in 
Article 4, paragraph 1, of the Convention that are covered by Article 11 and that 
are agreed between a developing country Party and the international entity or 
entities referred to in Article 11 of the Convention, in accordance with that 
Article.

The implementation of these existing commitments shall take into account the 
need for adequacy and predictability in the flow of funds and the importance of 
appropriate burden sharing among developed country Parties. The guidance to 
the financial mechanism of the Convention in relevant decisions of the 
Conference of the Parties, including those agreed before the adoption of this 
Protocol, shall apply mutatis mutandis to the provisions of this paragraph.

3. The developed country Parties and other developed Parties in Annex II to the 
Convention may also provide, and developing country Parties avail themselves 
of, financial resources for the implementation of Article 11, through bilateral, 
regional and other multilateral charmels.

Article 13
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1. A clean development mechanism is hereby defined.

2. The purpose of the clean development mechanism shall be to assist Parties 
not included in Annex I in achieving sustainable development and in 
contributing to the ultimate objective of the Convention, and to assist Parties 
included in Annex I in achieving compliance with their quantified emission 
limitation and reduction commitments under Article 3.

r.

3. Under the clean development mechanism;

(a) Parties not included in Annex I will benefit fi'om project activities resulting in 
certified emission reductions; and

(b) Parties included in Annex I mav-use-the certified emission reductions 
arrming fi-nm «nif;h project activities to Contribute to compliance with part of 
their quantified emis.sion limitation and reduction commitments under Article 3, 
as determined by the Conference of the Parties serving as the meeting of the 
Parties to this Protocol.

4. The clean development mechanism shall be subject to the authority and



guidance of the Conference of the Parties serving as the meeting of the Parties 
to this Protocol and be supervised by an executive board of the Parties.

5. Emission reductions resulting from each project activity shall be certified by 
operational entities to be designated by the Conference of the Parties serving 
as the meeting of the Parties to this Protocol, on the basis of:

(a) Voluntary participation approved by each Party involved;

(b) Real, measurable, and long-term benefits related to the mitigation of climate 
change; and

(c) Reductions in emissions that are additional to any that would occur in the 
absence of the certified project activity.

6. The clean development mechanism shall assist in arranging funding of 
certified project activities as necessary.

7. The Conference of Parties serving as the meeting of the Parties to this 
Protocol shall, at its first session, elaborate modalities and procedures with the 
objective of ensuring transparency, efiBciency and accountability through 
independent auditing and verification of project activities.

8. A share of the proceeds from certified project activities shall be used to 
cover administrative expenses as well as assist developing country Parties that 
are particularly vulnerable to the adverse effects of climate change to meet the 
costs of adaptation.

9. Participation under the clean development mechanism, including in activities 
mentioned in paragraph 3(a) above and acquisition of certified emission 
reductions, may involve private and/or public entities, and is to be subject to 
whatever guidance may be provided by the executive board of the clean 
development mechanism.

10. Certified emission reductions obtained during the period from the year 2000 
up to the beginning of the first commitment period can be used to assist in 
achieving compliance in the first commitment period.

Article 14

1. The Conference of the Parties, the supreme body of the Convention, shall 
Serve as the meeting of the Parties to this Protocol.

2. Parties to the Convention that are not Parties to this Protocol may 
participate as observers in the proceedings of any session of the Conference of 
the Parties serving as the meeting of the Parties to this Protocol. When the 
Conference of the Parties serves as the meeting of the Parties to this Protocol, 
decisions under this Protocol shall be taken only by those that are Parties to
it.

3. When the Conference of the Parties serves as the meeting of the Parties to 
this Protocol, any member of the Bureau of the Conference of the Parties 
representing a Party to the Convention but, at that time, not a Party to this 
Protocol, shall be substituted by an additional member to be elected by and 
from amongst the Parties to this Protocol.



4. The Conference of the Parties serving as the meeting of the Parties to this 
Protocol shall keep under regular review the implementation of this Protocol 
and shall make, within its mandate, the decisions necessary to promote its 
effective implementation. It shall perform the functions assigned to it by this 
Protocol and shall;

(a) Assess, on the basis of all information made available to it in accordance 
with the provisions of this Protocol, the implementation of this Protocol by the 
Parties, the overall effects of the measures taken pursuant to this Protocol, in 
particular environmental, economic and social effects as well as their 
cumulative impacts and the extent to which progress towards the objective of 
the Convention is being achieved;

(b) Periodically examine the obligations of the Parties under this Protocol, 
giving due consideration to any reviews required by Article 4, paragraph 2(d), 
and Article 7, paragraph 2, of the Convention, in the light of the objective of the 
Convention, the experience gained in its implementation and the evolution of 
scientific and technological knowledge, and in this respect consider and adopt 
regular reports on the implementation of this Protocol;

(c) Promote and facilitate the exchange of infonnation on measures adopted by 
the Parties to address climate change and its effects, taking into account the 
differing circumstances, responsibilities and capabilities of the Parties and then- 
respective commitments under this Protocol;

(d) Facilitate, at the request of two or more Parties, the coordination of 
measures adopted by them to address climate change and its effects, taking 
into account the differing circumstances, responsibilities and capabilities of the 
Parties and their respective commitments under this Protocol;

(e) Promote and guide, in accordance with the objective of the Convention and 
the provisions of this Protocol, and taking fully into account the relevant 
decisions by the Conference of the Parties, the development and periodic 
refinement of comparable methodologies for the effective implementation of this 
Protocol, to be agreed on by the Conference of the Parties serving as the 
meeting of the Parties to this Protocol;

(f) Make recommendations on any matters necessary for the implementation of 
this Protocol;

(g) Seek to mobilize additional financial resources in accordance with Article 
12, paragraph 2;

(h) Establish such subsidiary bodies as are deemed necessary for the 
implementation of this Protocol;

(i) Seek and utilize, where appropriate, the services and cooperation of, and 
information provided by, competent international organizations and 
intergovernmental and non-govemmental bodies; and

0 Exercise such other functions as may be required for the implementation of 
this Protocol, and consider any assignment resulting from a decision by the 
Conference of the Parties.

5. The rules of procedure of the Conference of the Parties and financial



procedures of the Convention shall be applied mutatis mutandis under this 
Protocol, except as may be otherwise decided by consensus by the 
Conference of the Parties serving as the meeting of the Parties to this Protocol.

6. The first session of the Conference of the Parties serving as the meeting of 
the Parties to this Protocol shall be convened by the secretariat in conjunction 
with the first session of the Conference of the Parties that is scheduled after 
the date of the entry into force of this Protocol. Subsequent ordinary sessions 
of the Conference of the Parties serving as the meeting of the Parties to this 
Protocol shall be held every year and in conjunction with ordinary sessions of 
the Conference of the Parties unless otherwise decided by the Conference of 
the Parties serving as the meeting of the Parties to this Protocol.

7. Extraordinary sessions of the Conference of the Parties serving as the 
meeting of the Parties to this Protocol shall be held at such other times as 
may be deemed necessary by the Conference of the Parties serving as the 
meeting of the Parties to this Protocol, or at the written request of any Party, 
provided that, within six months of the request being communicated to the 
Parties by the secretariat, it is supported by at least one third of the Parties.

8. The United Nations, its specialized agencies and the International Atomic 
Energy Agency, as well as any State member thereof of observers thereto not 
party to the Convention, may be represented at sessions of the Conference of 
the Parties serving as the meeting of the Parties to this Protocol as observers. 
Any body or agency, whether national or international, governmental or 
non-governmental, which is qualified in matters covered by this Protocol and 
which has irftbrmed the secretariat of its wish to be represented at a session of 
the Conference of the Parties serving as the meeting of the Parties to this 
Protocol as an observer, may be so admitted unless at least one third of the 
Parties present object. The admission and participation of observers shall be 
subject to the rules of procedure, as referred to in paragraph 5 above.

Article 15

1. The secretariat established by Article 8 of the Convention shall serve as the
secretariat of this Protocol. ----

2. Article 8, paragraph 2, of the Convention on the functions of the secretoat, 
and Article 8. paragraph 3, of the Convention on arrangements made for the 
functioning of the secretariat, shall apply mutatis mutandis to this Protocol. 
The secretariat shall, in addition, exercise the functions assigned to it under 
this Protocol.

Article 16

1. The Subsidiary Body for Scientific and Technological Advice and the 
Subsidiary Body for Implementation established by Articles 9 and 10 of the 
Convention shall serve as, respectively, the Subsidiary Body for Scientific and 
Technologial Advice and the Subsidiary Body for Implementation of this 
Protocol. The provisions relating to the functioning of these two bodies under 
the Convention shall apply mutatis mutandis to this Protocol. Sessions of the 
meetings of the Subsidiary Body for Scientific and Technological Advice and 
the Subsidiary Body for Implementation of this Protocol shall be held in 
conjunction with the meetings of, respectively, the Subsidiary Body for 
Scientific and Technological Advice and the Subsidiary Body for



Implementation of this Convention.

2. Parties to the Convention that are not Parties to this Protocol may 
participate as observers in the proceedings of any session of the subsidiary 
bodies. When the subsidiary bodies serve as the subsidiary bodies of this 
Protocol, decisions under this Protocol shall be taken only by the Parties to 
this Protocol.

3. When the subsidiary bodies established by Articles 9 and 10 of the 
Convention exercise their functions with regard to matters concerning this 
Protocol, any member of the Bureaux of those subsidiary bodies representing a 
Party to the Convention but, at that time, not a party to this Protocol, shall be 
substituted by an additional member to be elected by and from amongst the 
Parties to this Protocol.

Article 17

The Conference of the Parties serving as the meeting of the Parties to this 
Protocol shall, as soon as practicable, consider the application to this Protocol 
of, and modify as appropriate, the multilateral consultative process referred to 
in Article 13 of the Convention, in the light of any relevant decisions that may 
be taken by the Conference of the Parties. Any multilateral consultative 
process that may be applied to this Protocol shall operate without prejudice to 
the procedures and mechanisms established in accordance with Article 18.

Article 18

The Conference of the Parties serving as the meeting of the Parties to this 
Protocol shall, at its first session, approve appropriate and effective procedures 
and mechanisms to determine and to address cases of non-compliance with 
the provisions of this Protocol, including through the development of an 
indicative list of consequences, taking into account the cause, type, degree 
and frequency of non-compliance. Any procedures and mechanisms under this 
Article entailing binding consequences shall be adopted by means of an 
amendment to this Protocol.

Article 19

The provision of Article 14 of the Convention on settlement of disputes shall 
apply mutatis mutandis to this Protocol.

Article 20

1. Any party may propose amendments to this Protocol.

2. Amendments to this Protocol shall be adopted at an ordinary session of the 
Conference of the Parties serving as the meeting of the Parties to this Protocol. 
The text of any proposed amendment to this Protocol shall be communicated 
to the Parties by the secretariat at least six months before the meeting at 
which it is proposed for adoption. The secretariat shall also communicate the 
text of any proposed amendments to the Parties and signatories to the 
Convention and, for information, to the Depositary.

3. The Parties shall make every effort to reach agreement on any proposed 
amendment to this Protocol by consensus. If all efforts at consensus have



been exhausted, and no agreement reached, the amendment shall as a last 
resort be adopted by a three-fourths majority vote of the Parties present and 
voting at the meeting. The adopted amendment shall be communicated by the 
secretariat to the Depositary, who shall circulate it to all Parties for their 
acceptance.

4. Instruments of acceptance in respect of an amendment shall be deposited 
with the Depositary. An amendment adopted in accordance with paragraph 3 
above shall enter into force for those Parties having accepted it on the ninetieth 
day after the date of receipt by the Depositary of an instrument of acceptance 
by at least three fourths of the Parties to this Protocol.

5. The amendment shall enter into force for any other Party on the ninetieth 
day after the date on which that Party deposits with the Depositary its 
instrument of acceptance of the said amendment

Article 21

1. Annexes to this Protocol shall form an integral part thereof and, unless 
otherwise expressly provided, a reference to this Protocol constitutes at the 
same time a reference to any annexes thereto. Any armexes adopted after the 
entry into force of this Protocol shall be restricted to lists, forms and any other 
material of a descriptive nature that is of a scientific, technical, procedural or 
administrative character.

2. Any Party may make proposals for an annex to this Protocol and may 
propose amendments to armexes to this Protocol.

3. Armexes to this Protocol and amendments to armexes to this Protocol shall 
be adopted at an ordinary session of the Conference of the Parties serving as 
the meeting of the Parties to this Protocol. The text of any proposed annex or 
amendment to an annex shall be communicated to the Parties by the 
secretariat at least six months before the meeting at which it is proposed for 
adoption. The secretariat shall also communicate the text of any proposed 
annex or amendment to an rpiex to the Parties and signatories to the 
Convention and, for information, to the Depositary.

4. The Parties shall make every ejQFort to reach agreement on any proposed 
armex or amendment to an atmex by consensus. If all efibrts at consensus 
have been exhausted, and no agreement reached, the annex or amendment to 
an annex shall as a last resort be adopted by a three-fourths majority vote of 
the Parties present and voting at the meeting. The adopted annex or 
amendment to an armex shall be communicated by the secretariat to the 
Depositary, who shall circulate it to all Parties for their acceptance.

5. An armex, other than Armex A or B, that has been adopted or amended in 
accordance with paragraphs 3 and 4 above shall enter into force for all Parties 
to this Protocol six months after the date of the communication by the 
Depositary to such Parties of the adoption or amendment of the armex, except 
for those Parties that have notified the Depositary in writing within that period of 
their non-acceptance of the annex or amendment to the annex. The annex or 
amendment to an annex shall enter into force for Parties which withdraw their 
notification of non-acceptance on the ninetieth day after the date on which 
withdrawal of such notification has been received by the Depositary.



6. If the adoption of an annex or an amendment to an annex involves an 
amendment to this Protocol, that annex or amendment to an aimex shall not 
enter into force imtil such time as the amendment to this Protocol enters into 
force.

7. Amendments to Annexes A and B to this Protocol shall be adopted and 
enter into force in accordance with the procedure set out in Article 20, provided 
that any amendments to Annex B shall be adopted only with the written 
consent of the Party concerned.

Article 22

1. Each Party shall have one vote, except as provided for in Paragraph 2 below.

2. Regional economic integration organizations, in matters within their 
competence, shall exercise their right to vote with a number of votes equal to 
the number of their member States which are Parties to this Protocol. Such an 
organization shall not exercise its right to vote if any of its member States 
exercises its right, and vice versa.

Article 23

The Secretary-Generl of the United Nations shall be the Depositary of this 
Protocol.

-S/1«

Article 24

1. This Protocol shall be open for signature and subject to ratification, 
acceptance or approval by States and regional economic integration 
organizations which are Parties to the Convention. It shall be open for signature 
at United Nations Headquarters in New York from 16 March 1998 to 15 March 
1999. This Protocol shall be open for accession from the day after the date on 
which it is closed for signature. Instruments of ratification, acceptance, 
approval or accession shall be deposited with the Depositary.

2. Any regional economic integration organization which-becomes a Party to 
this Protocol without any of its member States being a Party shall be bound by 
all the obligations under this Protocol. In the case of such organizations, one or 
more of whose member States is a Party to this Protocol, the organization and 
its member States shall decide on their respective responsibilities for the 
performance of their obligations under this Protocol. In such cases, the 
organization and the member States shall not be entitled to exercise rights 
under this Protocol concurrently.

3. In their instruments of ratification, acceptance, approval or accession, 
regional economic integration organizations shall declare the extent of their 
competence with respect to the matters governed by this Protocol. These 
organizations shall also inform the Depositary, who shall in turn inform the 
Parties, of any substantial modification in the extent of their competence.

Article 25

1. this Protocol shall enter into force on the ninetieth day after the date on 
which not less than 55 Parties to the Convention, incorporating Parties 
included in Annex I which accounted in total for at least 55 per cent of the total



carbon dioxide emissions for 1990 of the Parties included in Annex I, have 
deposited tKeiTinMruments ot ratification, acceptance.'approval'Or accession.

2. For the purposes of this Article, "the total carbon dioxide emissions for 1990 
of the Parties included in Annex I" means the amount communicated on or 
before the date of adoption of this Protocol by the Parties included in Annex I in 
their first national communications submitted in accordance with Article 12 of 
the Convention.

3. For each State or regional economic integration organization that ratifies, 
accepts or approves this Protocol or accedes thereto after the conditions set
out in paragraph 1 above for the entry into force have been fulfilled, this Protocol 
shall enter into force on the ninetieth day following the date of deposit of its 
instrument of ratification, acceptance, approval or accession.

4. For the purposes of this Article, any instrument deposited by a regional 
economic integration organization shall not be counted as additional to those 
deposited by States members of the organization.

Article 26

No reservations may be made to this Protocol.

Article 27

1. At any time after three years fi-om the date on which this Protocol has 
entered into force for a Party, that Party may withdraw fi-om this Protocol by 
giving written notification to the Depositary.

2. Any such withdrawal shall take effect upon expiry of one year firom the date 
of receipt by the Depositary of the notification of withdrawal, o on such later 
date as may be specified in the notification of withdrawal.

3. Any Party that withdraws fi-om the Convention shall be considered as also 
having withdrawn firom this Protocol.

Article 28

The original of this Protocol, of which the Arabic, Chinese, English, French, 
Russian and Spanish texts are equally authentic, shall be deposited with the 
Secretary-General of the United Nations.

Done at Kyoto this tenth day of December one thousand nine hundred 
and ninety-seven.

Annex A

Greenhouse gases 

Carbon dioxide (C02) 

Methane (CH4) 

Nitrous oxide (N20)



Hydrofluorocarbons (HFCs)

Perfluorocarbons (PFCs)

Sulphur hexafluoride (SF6)

Sectors/source categories 

Energy

Fuel combustion 

Energy industries

Manufacturing industries and construction

Transport

Other sectors

Other

Fugitive emissions from fuels 

Solid fuels 

Oil and natural gas 

Other

Industrial processes 

Mineral products 

Chemical industry 

Metal production 

Other production

Production of halocarbons and sulphur hexafluoride 

Consumption of halocarbons and sulphur hexafluoride 

Other

Solvent and other product use 

Agriculture

Enteric fermentation 

Manure management 

Rice cultivation



Agricultural soils 

Prescribed burning of savannas 

Field burning of agricultural residues 

Other 

Waste

Solid waste disposal on land 

Wastewater handling 

Waste incineration 

Other 

AnnexB

Party Quantified emission 
limitation or reduction 

commitments (percentage change 
from 1990)

Australia
(to be completed)

Austria
Belgium
Bulgaria*
Canada
Croatia*
Czech Republic*
Denmark
Estonia*
European Community
Finland
France
Germany
Greece
Hungary*
Iceland
Ireland
Italy
Japan
Latvia*
Liechtenstein
Lithuania*
Luxembourg
Monaco
Netherlands
New Zealand
Norway
Poland*
Portgual
Romania*



Russian Federation*
Slovakia*
Slovenia*
Spain
Sweden
Switzerland
Ukraine*
United Kingdom of Great Britain and 
Northern Ireland 
United States of America
* Countries that are undergoing the process of transition to a market 
economy.
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FAO PRODUCTION YEARBOOK
LAND USE Land Use Country Notes
IRRIGATION 1 Specific Country Notes

General Country Notes

Land use (land cover)

It should be borne in mind that definitions used by reporting countries vary considerably and items 
classified under the same category often relate to greatly differing kinds of land.

Definitions of land use (land cover) categories are as follows:

11 Total Area lOOOha:
the total area of the country, including area under inland water bodies. Data in this category are 
obtained mainly from the United Nations Statistical Division, New York. Possible variations in 
the data may be due to updating and revisions of the country data and not necessarily to any 
change of area.

31 Land Area lOOOha:
total area excluding area under inland water bodies. The definition of inland water bodies 
generally includes major rivers and lakes. Data in this category are obtained mainly from the 
United Nations Statistical Division, New York. Possible variations in the data may be due to 
updating and revisions of the country data and not necessarily to any change of area.

51 Agricultural Area 1 OOOha:
up to 1994, this element shows total of data under Elements 061 (Arable land and Permanent 
crops) and 131 (Permanent pastures).

61 Arable and Permanent Crops lOOOha:
Arable land and land under permanent crops shows the total of data in Elements 071 (Arable land) 
and 121 (Permanent crops).

71 Arable Land lOOOha:
land under temporary crops (double-cropped areas are counted only once), temporary meadows 
for mowing or pasture, land under market and kitchen gardens and land temporarily fallow (less 
than five years). The abandoned land resulting from shifting cultivation is not included in this 
category. Data for "Arable land" are not meant to indicate the amount of land that is potentially 
cultivable.

121 Permanent Crops lOOOha:land cultivated with crops that occupy the land for long periods and need not be replanted after 
each harvest, such as cocoa, coffee and rubber; this category includes land under flowering shrubs, 
fruit trees, nut trees and vines, but excludes land under trees grown for wood or timber.

131 Permanent Pasture 1 OOOha:
land used permanently (five years or more) for herbaceous forage crops, either cultivated or 
grovvdng wild (wild prairie or grazing land). The dividing line between this category and the 
category "Forests and woodland"; is rather indefinite, especially in the case of shrubs, savannah, 
etc., which may have been reported under either of these two categories. In the year 1995 and 
onward there will be no data for this element.

141 Forests and Woodland lOOOha:
land under natural or planted stands of trees, whether productive or not. This category includes 
land from which forests have been cleared but that will be reforested in the foreseeable future, but 
it excludes woodland or forest used only for recreation purposes. The question of shrub land, 
savannah, etc. raises the same problem as in the category "Permanent meadows and pastures". In 
the year 1995 and onward there will be no data for this element.

181 All Other Land lOOOha:
up to 1994, this category includes any other land not specifically listed under elements 051
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(Agricultural land) and 141 (Forests and Woodland). This element includes: built-on areas roads 
barren land, etc. for which no specific data are available. ’ ’

191 Non arable and permanent crops lOOOha:
from 1995 this element includes any other land not specifically listed under elements 061 (Arable 
land and Permanent crops) i.e.: permanent pastures, forests and woodland, built on areas, roads, 
barren lands, etc.

LAND USE COUNTRY NOTES

The following are specific country notes pertaining to land-use (land-cover) categories:

Australia: Data on arable land include about 27 million hectares of cultivated grassland.

Greenland: "Total area" refers to area free from ice.

Mauritius: Data on total area exclude dependencies.

Russian Federation: Data on total area exclude the portion of land under the White Sea and the Azov 
Sea.

Switzerland: Data from 1992, with the exception of "Total area" are not comparable with those of the 
previous years because of a new statistical method recently applied by the country.

Ukraine: Data on total area exclude the portion of land under the Azov Sea.

USSR: Data on total area include the White Sea (9 million hec tares) and the Azov Sea (3.73 million 
hectares). Data on ^able land and land under permanent crops and on permanent meadows and pastures 
refer to the land being used by agricul tural undertakings and farms, i.e. excluding State land reserves 
and areas belonging to nonagricultural undertakings.

Irrigation

051 Irrigated Area lOOOha:
Data on irrigation relate to areas equipped to provide water to the crops. These include areas 
equipped for full and partial control irrigation, spate irrigation areas, and equipped wetland or 
inland valley bottoms.

The following are specific country notes:

Cuba: Data refer to State sector only.

Hungary: Data exclude complementary farm plots and individual farms.

Japan; Korea, Republic of; Sri Lanka: Data refer to irrigated rice only.

GENERAL COUNTRY NOTES
Anguilla

Data for Anguilla are included with those of Saint Kitts and Nevis.
China

Data for China generally include those for Taiwan (Province of China).
Cyprus

As a result of the present situation in Cyprus, data refer to the govemmentcontrolled area only, 
except for total area and Population where data refer to all Cyprus.
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Czech Republic, Slovakia ■
Starting in 1993, these independent republics, formerly Czecho Slovakia, are shown separately. 

East Timor
Most data for recent years are included in those of Indonesia.

Eritrea, Ethiopia
Starting in 1993, Eritrea and Ethiopia, formerly Ethiopia PDR, are shown separately.

Independent republics of the USSR
Starting in 1992, the independent republics Armenia, Azerbaijan, Georgia, Kazakhstan, 
Kyrgyzstan, Tajikistan, Turkmenistan and Uzbekistan are shown separately in Asia, wWle 
Belarus, Estonia, Latvia, Lithuania, Moldov^ the Russian Federation and Ukraine are shown 
separately in Europe. However, they are not included in the continental totals. Data before 1992 
are shown under USSR.

Independent republics of Yugoslavia SFR
Starting in 1992, the independent republics Bosnia and Herzegovina, Croatia, the former Yugoslav 
Republic of Macedonia, Slovenia, and the Federal Republic of Yugoslavia (Serbia and 
Montenegro) are shown separately. Data for the years prior to 1992 are shown under Yugoslavia 
SFR.

India and Pakistan
Data relating to KashmirJammu, whose final status has not yet been determined, are generally 
included under India and excluded from figures for Pakistan. Data for Sikkim are included under 
India.

Pacific Islands
This heading includes data for the Republic of the Marshall Islands, the Commonwealth of the 
Northern Mariana Islands, the Federated States of Micronesia and the Republic of Palau.

Saint Helena
Data for Saint Helena include those for Ascension and Tristan da Cunha.

Yemen
Data for the former Yemen Arab Republic and the former Yemen, Democratic, have been 
combined.
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528 Records © Copyright FAO 1990-1997
LAISD USE Year

LAND AREA (lOOOHA) 1990 1991 1992 1993 1994 1995
ALBANIA 2,740 2,740 2,740 2,740 2,740 2,740
AUSTRALIA 768,230 768,230 768,230 768,230 768,230 768,230
AUSTRIA 8,273 8,273 8,273 8,273 8,273 8,273
BEL-LUX 3,282 3,282 3,282 3,282 3,282 3,282
BULGARIA 11,055 11,055 11,055 11,055 11,055 11,055
CANADA 922,097 922,097 922,097 922,097 922,097 922,097
CZECHOSLOVAK 12,536 12,536 12,536
DENMARK 4,239 4,239 4,243 4,243 4,243 4,243
ESTONIA 4,227 4,227 4,227 4,227
FINLAND 30,459 30,459 30,459| 30,459 30,459 30,459
FRANCE 55,010 55,010 55,010 55,010 55,010 55,010
GERMANY 34,927 34,927 34,927 34,927 34,927 34,927
BOSNIA HERZG 5,100 5,100 5,100 5,100
GREECE 12,890 12,890 12,890 12,890 12,890 12,890
HUNGARY 9,234 9,234 9,234 9,234 9,234 9,234
CROATIA 5,592 5,592 5,592 5,592
ICELAND 10,025 10,025 10,025 10,025 10,025 10,025
IRELAND 6,889 6,889 6,889 6,889 6,889 6,889
ITALY 29,406 29,406 29,406 29,406 29,406 29,406
JAPAN 37,652 37,652 37,652 37,652 37,652 37,652
LATVIA 6,205| 6,205 6,205 6,205
LIECHTENSTEN------------------------------------------------- 1) 16 16 16 16 16 16
LITHUANIA ^ 6,480 6,480 6,480 6,480
NETHERLANDS 3,392 3,392 3,392 3,392 3,392 3,392
MACEDONIA 2,543 2,543 2,543 2,543
NEW ZEALAND 26,799 26,799 26,799 26,799 26,799 26,799
Norway 1 30,683 30,683 30,683 30,683 30,683 30,683

. CZECH REP 1 7,728 7,728 7,728
POLAND 30,442 30,442 30,442 30,442 30,442 30,442

.PORTUGAL 9,150 9,150 9,150 97150 9,150 9,150
ROMANIA 23,034 23,034 23,034 23,034 23,034 23,034
RUSSIAN FED 1,688,850 1,688,850 1,688,850 1,688,850
YUGOSLAVIA 10,200 10,200 10,200 10,200
SLOVENIA 2,012 2,012 2,012 2,012

- SLOVAKIA 4,808 4,808 4,808
SPAIN 49,944 49,944 49,944 49,944 49,944 49,944
jSWEDEN 41,162 41,162 41,162 41,162 41,162 41,162
Switzerland 3,955 3,955 3,955 3,955 ! 3,955 1 3,955
UK 24,160 24,160 24,160 24,160 24,160 24,160
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JUKRAINE 57,935 57,935 57,935 57,935
, USA 915,912 915,912 915,912 915,912 915,912 915,912

YUGOSLAV SLR 25,540 25,540
EC (15) 313,183 313,183 313,187 313,187 313,187 313,187
E EUROPE 114,581 114,581 114,488 114,488 114,488 114,488

LAND USE Year
FOREST&WOOD (lOOOHA) 1990 1991 1992 1993 1994 1995
ALBANIA 1,045 1,050 1,051 1,048 1,048 0
AUSTRALIA 145,613 145,000| 145,000 145,000 145,000
AUSTRIA 3,227| 3,227 3,218 3,240 3,240 0
BEL-LUX 709 709 709 709 709| 0
BULGARIA 3,345 3,348 3,348 3,348 3,348 0
CANADA 453,300 453,300 453,300 453,300 453,300 0
CZECHOSLOVAK 4,618 4,619 4,618
DENMARK 417 417 417 417 417 0
ESTONIA 2,016 2,022 2,017 0
FINLAND 23,373 23,222 23,186 23,186 23,186 0
FRANCE 14,811 14,850 14,872 14,931 15,012 0
GERMANY 10,735 10,700 10,700 10,700 10,700 0
BOSNIA HERZG 2,100 2,000 2,000 0
GREECE 2,620 2,620 2,620 2,620 2,620 0
HUNGARY 1,675 1,701 1,712 1,719 1,719 0
CROATIA 2,074 2,076 2,076 0
ICELAND 123 120 120 120 120 0
IRELAND 500 570 570 570 570 0
ITALY 6,760 6,764 6,772 1 6,800 6,809 0
JAPAN 25,105 25,230 25,230 25,100 25,000 0
LATVIA 2,815 2,839 2,870 0
LIECHTENSTEN 3 3 3 3 3 0
LITHUANIA 1,983 1,983 1,983 0
NETHERLANDS 334 1 334 334 334| 334 0
MACEDONIA 1,066 1,020 1,020 0
NEW ZEALAND 7,667 7,667 7,667 7,667 7,667 0
NORWAY 8,330 8,330 8,330 8,330 8,330 0
CZECH REP 2,629 2,629 0
POLAND 8,672 8,732 8,732 8,732 8,732 0
PORTUGAL 3,102 3,102 3,102 3,102 1 3,102 0
ROMANIA 6,685 6,680 6,682 6,682 6,680 0
RUSSIAN FED ! 767,693 768,436 765,912| 0
YUGOSLAVIA 1,769 1,769 1,769 0
SLOVENIA 1 1,077 1,077 1,077 0
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1 1,9891 1,989 0
SPAIIN 15,807 15,858 15,915 16,137 16,137 0
SWEDEN 28,025 28,025 28,025 28,025 28,025 0
SWITZERLAND 1,186 1,186 1,186 1,186 1,186 0
UK 2,326 2,390 2,390 2,390 2,390 0

9,239 9,239 9,239 0
USA 295,990 295,990 295,990| 295,990 295,990 0
YUGOSLAV SFR 9,118 9,120 1
EC (15) 112,746 112,788 112,830 113,161 113,251 (^1
E EUROPE 35,158 35,250 34,229 34,089| 34,087 0
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Calibration of the second generation model

Methods and tools used to calibrate specific computable general equilibrium models (CGEMs) 
have been extensively documented in recent years (e.g. Mansur and Whalley (1984), and Ballard 
et al. (1985)). Many embodiments of CGEMs have sufficiently similar properties that relatively 
standard techniques can be employed to implement them. When model design departs 
substantially from the norm, existing methods must be extended and new methods developed.

The second generation model (SGM) is a CGEM which was designed specifically to address 
issues associated with global change. As a consequence, the model embodies characters which 
are novel and interesting. A theoretical description of the model is contained in Edmonds et al 
(1993). Because the model must be capable of addressing major issues associated with both the 
emission of radiatively important gases and the potential consequences of atmosphereZ-climate 
change, the model was designed to perform three tasks:

1. Provides estimates of environmentally important emissions associated with human 
activities,

2. Provides estimates of the consequences of global environmental change, with particular 
emphasis on human activities, and

3. Provides estimates of the economic consequences of actions to mitigate and adapt to 
global environmental change.

Further, the nature of the global change problem dictates that the SGM reflect the following 
characteristics:

1. The issue is global, emissions from all sources in all regions of the world determine total 
atmospheric change,

2. Anticipated changes in the greenhouse effect result from the emission of a number of 
gases including: CO2, CH4, CO, N20, NOx, SO2, VOCs, CFCs, and CFC substitutes,

3. Many human activities are involved in both emissions and impacts including: 
Agriculture and Forestry, Energy Production and Consumption, Transportation, 
Manufacture, Services, Coastal Zone Settlement, Health Care, Water Use, and Land Use,

4. Emissions and impacts depend upon multiple resources and technologies including: 
Managed and Unmanaged Ecosystems, Capital Stocks, and Labor,

5. Emissions and impacts also depend on international trade patterns, and possibly, 
migration patterns,

6. Factors 3,4, and 5 depend upon institutional arrangements,

7. Policy analysis requires both mid-term (5-year) and long-term (100 year) time horizons.

. . i As a consequence, the SGM differs from other CGEMs in that it includes:
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1. an energy/agriculture focus;
2. a puTty-clay vintaged representation of capital;
3. land as a factor of production;
4. depletable natural resources;
5. competition among technologies; and
6. sector- and subsector-level investment decisions.

This paper provides a complete description of how the SGM was calibrated including the 
methods and tools from existing literature which were applied and the calibration methods which 
were developed to handle the unique features of the SGM. In addition, the important underlying 
assumptions and procedures used to produce a data set consistent with the general theoretic 
principles of the SGM are presented.

L CALIBRATION VS. MACROECONOMIC PRACTICE

An essential step in applying general equilibrium analysis is the construction of a benchmark data 
set for the base year of simulation. Contrary to standard macroeconomic models, which are 
estimated econometrically from time-series data, parameters for most computable general 
equilibrium models (CGEMs) are not estimated with econometric techniques 1. From a practical 
standpoint, this can easily be explained by the number of parameters involved. More 
importantly, however, is the absence of input-output time series data vvith satisfactory levels of 
disaggregation which makes econometric estimations of some model parameters virtually 
impossible. Although Chipman [1991] demonstrates that the number of observations does not 
have to be greater than the number of parameters to be estimated in a CGEM, the number of 
parameters requiring estimation within the SGM is too large for econometric estimation to be a 
feasible option. This is largely due to the SGM's requirement of 6-digit input-output Ubles to 
describe the economy in appropriate detail when, as is the case with the U.S., such data 
requirements are only published every 5 years^. In addition to the problems of data availability, 
parameters estimated econometrically over 5, 10, or 20 years can be questionable when used for 
long-term projections^. As a result of these data constraints, the method of calibration, described 
as the process of choosing model parameters to exactly reproduce observations in a given base 
year, is widely used by developers of CGEMs.

As with econometric estimation, calibration also has its limitations. The method of calibration 
not only assumes that benchmark year data reflect an economy in equilibrium, it also assumes 
that the benchmark equilibriiun is representative of a "normal" growth path. Input-output tables 
and national accounts are well suited for use in general equilibrium analysis since they reflect an 
economy where supply equals demand (including trade). Budget constraints for the government 
and household sectors, however, are not explicitly reflected in input-output tables, thus requiring 
some work to reconcile input-output observations with these constraints.

' The Jorgenson/Wilcoxen [1990] model is an exception lo diis rule.
* Chipman [1991] shows that to econometrically estimate a linear approximation of a CGEM with 10,000 
parameters, a minimum of 8 years of quarterly observations (25 observations) are required.
^ Reliability, however, can be enhanced with the use of elasticities given by the literature and a 
comprehensive sensitivity analysis.
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The objective of calibration, as previously mentioned, is to choose model parameters so as to 
exactly reproduce data observations in the chosen base year. Essentially, the calibration process 
consists of translating available data into a problem-oriented data set which is used not only to 
reproduce observations in the benchmark years, but also to make long-term projections. A set of 
appropriate input-output tables (e.g., the 6-digit level 1982 benchmark tables for the US, 
published by the US Department of Commerce), and the national accounts are the basis for the 
calibration of the SGM. Other data sources include: 1) time series data on gross capital stocks 
and discards for each major industry and service, 2) energy data, and 3) input-output tables and 
national accounts for 1985, the actual benchmark year of the model. Key-parameters, such as 
elasticities of substitution in production, and income and price elasticities of final demand 
sectors, were obtained from existing literature.

n.a. Intermediate Production

In order to acquire the model parameters necessary to estimate intermediate production by SGM 
industry, data are required on the use of factors by industry, and input-output transactions. The 
"use" and "make" tables of the input-output accounts published by the Bureau of Economic 
Analysis (Department of Commerce, BEA 1982) provide the necessary data on factor 
requirements, value-added, and final demand to develop most of these model parameters. The 
"use" table provides the value of (1) each industry's consumption of commodities as factors of 
production, (2) each industry's value-added components (i.e., labor expenditures, indirect 
business taxes, and other value-added components), and (3) final demands for commodities.

Each column in the interindustry portion of the "use" table describes production within a specific 
industry while the row values pertain to the amount consumed of each commodity as input to the 
industry's production process. Therefore, the "use" table dimensions of commodity-by-industry. 
Because of joint production (i.e., multiple commodities produced in a single industry), output by 
industry is different than output by commodity; hence, row sums do not equal column sums m the 
"use" table. This presents a problem when using these data to calibrate production functions 
within a CGE modeling framework where single commodity production is assumed.

In order to produce an "use" table where row sums equal column sums, the construction of a 
commodity-by-commodity or industry-by-industry "use" table is required. A commodity-by­
commodity table was constructed for the SGM since the units of output pertain to actual 
commodity units and not to a mix of commodities as is the case with an industry-by-industry 
table. This commodity-by-commodity table was constructed by combining data from the "use" 
table with data from the "make" table. The "make" table provides a distribution of commodity 
production across industries. Each row in the "make" table pertains to a single industry and gives 
the amount produced of each commodity within that industry. Thus, the dimensions of the 
"make" table are industry-by-commodity. By normalizing this "make" table and post-multiplying 
it with the "use" table (i.e., "use" table X normalized "make" table), a commodity-by-commodity 
"use" table is obtained.
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Before the "use" and "make" tables can be combined, however, translation of the more 
disaggregate BEA industry categories to SGM categories is required. The BEA publishes two 
types of input-output accounts; the "benchmark" I-O accounts and the annual I-O accounts. The 
benchmark 1-0 accounts are published for economic census years and therefore include more 
detailed data than are available on an annual basis. Annual I-O accounts, although published 
more frequently, include 85 industry categories while the benchmark I-O accounts include 500 
industry categories. Although the base year of the SGM is 1985, data from the 1985 annual I-O 
accounts are not used directly to calibrate the SGM; rather these data are used to project 
observations of the 1982 benchmark I-O accounts to 1985 levels. This is due to the energy sector 
detail required in the SGM which is only available in benchmark years.

Table 1 provides a mapping of BEA's 1982 benchmark I-O industry categories to SGM 
categories. Although most SGM categories are aggregations of BEA categories, a few SGM 
categories are actually portions of more aggregate BEA categories. In particular, the SGM Crude 
Oil Extraction and Natural Gas Extraction categories were created by separating the two from the 
more aggregate BEA category, Crude Oil and Natural Gas Extraction. To separate the two 
industries, it was assumed that (1) all crude oil and natural gas demand from the Oil Refining 
industry is actually only crude oil, and (2) all crude oil and natural gas demand from the Gas 
Transmission and Distribution industry is actually natural gas.

The SGM industry "Uranium Mining and Processing" also required some manipulation of the I-O 
accounts data. Through discussions with BEA staff, values of uranium mining and uranium 
processing were determined and extracted from the more aggregate BEA categories of 
"Nonferrous Metal Ores Mining" and "Industrial Inorganic Chemicals n.e.c".

Table 1

SGM Industry BEA Standard BEA
Category Category Industrial

Classification
Classification

Agriculture Agriculture, Forestry 01 - 09,20 01-04,14
and Fishing; Food and 
Kindred Products

Crude Oil Crude Petroleum & 13 08
Extraction Natural Gas*

Natural Gats Crude Petroleum & 13 08
Extraction Natural Gas*

Coal Mining Coal Mining 12 07

Uranium Mining Nonferrous Metal Ores 1094 0602
and Processing Mining, except Copper*
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Industrial Inorganic 
Chemicals n.e.C*

2819 270104

Electricity Private Electric 4911 6801
Generation,
Transmission &

Services (Utilities)

7802Distribution Federal Electric
Utilities

State & Local
Electric Utilities

7902

Oil Refining Petroleum Refining 2911 310101

Products of Petroleum
Sc Coal n.e.c.

2999 310103

Gas Transmission
Sc Distribution (utilities)

Private Gas Production 492 - 6802

Other Products All other industries
Part of this industry category.

Upon completion of the commodity-by-commodity (CXC) "use" table, values are adjusted to 
1985 levels by using data obtained from the 1985 input-output accounts. Industry output and 
intermediate consumption totals in 1985 for each of the SGM commodities are estimated using 
the 19851-O data. Using these totals, CXC table values are then adjusted using the RAS (row 
and column sum) adjustment procedure developed by Michael Bacharach [1971]'^. Other 
adjustments to the CXC table include industry-specific data reconciliation; for example, splitting 
crude oil from natural gas and ensuring that uranium is only consumed by the electric generation, 
and defense industries.

n.b. Industry Value Added

Once completed, this CXC table provides the necessary information on the use of produced 
commodities in the production of other commodities which will be used in the computation of 
each industry's production fiinction coefficients. Before these coefficients can be estimated, 
however, information on the use of non-produced factors of production (i.e., land and labor) is 
required. Each industry's land and labor expenditures are included in the value added portion of 
the 1-0 accounts. For benchmark years (e.g., 1982), the value added portion of the I-O accounts 
included the following components: (1) "compensation of employees" (labor expenditures), (2) 
"indirect business taxes" (e.g., sales taxes, excise taxes, property taxes, import taxes (duties)), (3)

* This procedure adjusts the values within the matrix so that the row and column sums equal the 1985 
estimated totals.
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"other value added” (e.g., profits, land rents). In order to obtain information on land and labor 
expenditures in the form required by the SGM, some adjustments to the data provided in the I-O 

accounts are necessary.

Land

In the I-O accounts, the real estate industry includes rents for buildings but not for land. Land 
rents paid by each industry is included in the "other value added" component of value added in 
the I-O accounts. A separate land component is imperative for the SGM to study the effects of 
greenhouse gas emissions on land use; particularly for the Agriculture sector. The land 
component for each SGM industry was separated from the "other value added” component by 
estimating each industry's expenditures on land. Land rents by SGM industry were estimated by 
applying an average cost of agricultural land (based on data obtained from the U.S. Department 
of Agriculture) to land use data from the "Statistical Abstract of the U.S." published by the 
Department of Commerce^. These estimates of land rents for each SGM industry are added as a 
separate component to each industry’s value added and accounted for by subtracting an equal 
value from the "other value added" component of value added.

Labor

Industry labor expenditures are given in the "use" table of the I-O accounts as a component of 
value added called "compensation of employees". These data are aggregated to SGM industries 
at the same time as intermediate production. The only adjustment to the industry labor 
component is the extraction of labor used for government services from the "Other Products" 
industry sector. Prior to SGM industry aggregation, the industrial production component of the I- 
O accounts includes a "Government Industry" which contains labor as its only input to 
production. (This industry was added to the "Other Products" industry during SGM industry 
aggregation). Since the calibration of the government services' utility function (discussed in 
Section Ill.d. below) is conducted separately from industrial production, government labor 
expenditures need to be included with other government expenditures in the final demand portion 
of the I-O accounts. Therefore, government services labor expenditures are extracted from the 
"Other Products" sector and added as another component of the government’s final demand.

Corporate Retained Earnings

Included in the total amount of savings available for investment is corporate retained earnings; 
the amount of corporate profits retained for investment purposes. The SGM estimates the 
corporate retained earnings rate (the percentage of corporate profits retained) for each sector as 
follows:

RE, = a, (1 - )
where

* An average agricultural land rental price was used on the assumption that (1) agricultural land makes up 
the majority of total usable land area and (2) the differential from urban land prices Nvill be reflected in die 
constant terni of the production function.
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corporate retained earnings rate of sector i;
the maximum potential retained earnings rate;
the real market interest rate; and
the retained earnings sensitivity to the real interest
rate.

Although separate retained earnings rates are defined for each sector, an average retained 
earnings rate over all sectors was applied to each. To calibrate equation (1) to the 1985 base year 
it is necessary to first calculate an actual retained earnings rate over all sectors for 1985 by 
dividing 1985 total corporate retained earnings by 1985 total corporate profits obtained from the 
"Economic Report of the President, 1992". Next, the maximum potential retained earnings rate 
was estimated from historical data to be 0.60 (i.e., the percentage of corporate profits retained 
would never expect to be higher than 60%). Last, assuming a real market interest rate of 3%, the 
sensitivity parameter (bi) can be directly calculated from equation (1).

1

ILc. Capital Inputs

In addition to the factor inputs described in the I-O accounts, data on the underlying capital stock 
used in production are also required to compute each industry's production function coefficients. 
The SGM requires productive capital stock of each industry to be divided into "vintages" 
corresponding to the 5-year period in which the capital was initially purchased. "Vintaged" 
capital stock allows for improvements in production efficiency (e.g., as a result of technological 
change) within an industry. The SGM also assumes capital to be a fixed factor of production and 
to be completely productive until its average lifetime is reached^. The SGM assumes that at any 
period of time, an industry produces using capital stock from the number of vintages equal to the 
average lifetime of capital in that industry divided by 5 (length of a SGM time step (period)). For 
example, in period 1 (which includes the years 1986 to 1990) an industry with an average capital 
lifetime of 20 years would have four vintages of capital stock: (1) capital stock purchased during 
the period 1971-1975, (2) capital stock purchased during the period 1976-1980, (3) capital stock 
purchased during the period 1981-1985, and (4) capital stock purchased in the current period 
1986-1990. Each of these capital stocks would be used to produce output in period 1.

Annual equipment and structures capital stock data were obtained from the "Fixed Reproducible 
Tangible Wealth in the United States" published by the BEA and are consistent with the national 
income and product accounts (NIPA). These data include annua] values by BEA industry 
category for gross capital stock, capital inputs, net capital stock, depreciation, and discards. As 
with the I-O tables, these data require conversion from BEA industries to SGM industries.

To calculate capitd stock by vintage for each SGM industry, it is necessary to first calculate 
annual investment by industry as the difference between the industry's current year’s gross capital 
stock and last year's gross capital stock plus the current year's discards. Capital stock by vintage 
is calculated by taking the sum of investment over the vintage's corresponding 5-year period and 
subtracting the "vintage" discards which are calculated on the basis of lifetimes of equipment and 
structures, and annual investment numbers^.

‘ This differs from typical accounting methods in which capital is depreciated overtime.
’’ Note: Since the BEA capital stock data includes actual discards which do not always occur at the exact 
end of the capital's lifetime (some capital could have been discarded before or after the capital’s average
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As discussed previously, the production function for each industry is the sum of separate CES 
production functions for each vintage. For example, an industry with an average capital lifetime 
of 20 years would have the following production function in Period 0;

where a. <lc,s + ?■/,. + 9-;,. +

Qo,s
qv,s

total production of commodity s in period 0; and 
output of commodity s produced with vintage v capital 
stock (based on a CES production function).

This specification allows for improvements in productivity (e.g., technological change) over time. 
This improvement in productivity is based on the Hicks-neutral technological change rate which 
consists of a percentage rate of change in production efficiency incorporated into the scale factor 
(aO) of each vintage's CES production function. Table 2 presents the average capital lifetimes 
and the historical rate of Hick's-neutral technological change assumption for each SGM sector. 
These rates were calculated based on historical data on the use of factor inputs in production, and 
are applied only to historical vintages in the SGM (i.e., vintages prior to period 0). Future 
productivity growth assumptions were determined separately and are documented in Fisher- 
Vanden, et. al. [1993].

)
Table 2

SGM Industry
Category

Average Capital 
Lifetime (in years)

Rate of Hick's-neutral 
Technological Change 
(in %)*

Elasticity of 
Substitution in 
Production

Agriculture 20 0 0.4
Crude Oil Extraction IS 1.5 0.5
Natural Gas
Extraction

15 1.5 0.5

Coal Mining 15 2.5 0.5
Uranium Mining and 
Processing

15 1.0 0.5

V•Hi.

lifetime), adjustments to the capital stock data are needed to reflect the SGM assumption that discards 
occur at the time the capital's lifetime has been reached. This is done by summing annual investment 
values (the difference between the current year's gross capital stock and last year's gross capital stock plus 
the current year's annual discards value given by the BEA) over the 5-year vintage period and adding a 
"vintage" discards value which is calculated based on the SGM capital retirement assumption. By 
calculating vintage capital stock this way, the only discards taken into account are those based on the SGM 
assumption; BEA discards are not included. Since capital stock values include equipment and structures, 
"vintage" discards in these benchmark data will only exist in cases where either an industry's equipment or 
structure lifetime is less that the average lifetime for both equipment and structures. This is done only for 
benchmarking purposes only, and once in the SGM, equipment and structures are combined and retired at 
the average lifetime of both.



FlB l<i kJD • dbHPl dH I i c-i_i_c. C-31-I

Electricity 
Generation, 
Transmission, and 
Distribution

1.0

Oil Refining 30 0.1
Gas Transmission and 
Distribution

0.15

Everything Else 0.5 0.5
* Applied to vintages prior to period 0.
■** Incept for hydroelectric power plants (65 years).

n.d. Subsectors

In order to fully understand the effects of certain economic activities on potential greenhouse gas 
emissions and to adequately address the consequences of certain policy actions to reduce 
greenhouse gas emissions on these activities, some further disaggregation of SGM industries is 
necessary. In this version of the SGM, the following disaggregation of particular SGM industries 
was done; (1) the Crude Oil Extraction sector was disaggregated into three subsectors each 
representing a different "grade" of crude oil; (2) the Natural Gas Extraction sector was also 
disaggregated into three subsectors each representing a different "grade" of natural gas; and (3) 
the Electricity Generation sector was disaggregated into six subsectors each representing a 
different method of electricity generation (e.g., oil-fired electricity generation).

"Grades" of crude oil and natural gas pertain to different levels of extraction costs^. For 
example, grade 1 of crude oil has the lowest cost of extraction which could represent the process 
of extracting oil close to the earth's surface. Grade 3, on the other hand, would have the highest 
cost of extraction and could represent extraction which requires much more extensive drilling 
procedures. Due to the different method of extraction associated with each "grade", a different 
production function specification is required for each grade. Using assumptions based on the 
cost of extraction for each grade, the I-O accounts and capital stock data for both tlie Crude Oil 
Extraction sector and Natural Gas Extraction sector are partitioned into different grades. It is 
important to note that although each grade has an associated method of extraction, the output 
produced is assumed to be homogeneous; thus, unlike seaors within the SGM, each grade faces a 
common output price of either crude oil or natural gas. Therefore, the likely outcome of the 
model would be that more of the "cheapest" grade (i.e., the grade with the lowest cost of 
extraction) would be produced relative to other grades.

The Electricity Generation sector was disaggregated into the following six subsectors based on 
the method of generation; (1) oil-fired electricity generation; (2) natural gas-fired electricity 
generation; (3) coal-fired electricity generation; (4) biomass-fired electricity generation; (5) 
nuclear electricity generation; and (6) hydro or solar electricity generation^. Data on annual net 
electricity generation by energy source and associated costs in addition to assumptions on capital 
intensity were used to separate the I-O accounts and capital stock data of the Electricity

* In the SGM, “grades” do not refer to the quality of crude oil extraaed, but rather to the cost of extraction.
* Capital purchased in this subsertor prior to 1991 is assumed to be used in hydroelectric generation. 
Subsequent purchases of capita] are assumed to be used in solar electricity generation. Different "vintage" 
production functions are used to reflect this separation.
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Generation sector into these six subsectors. As with Crude Oil and Natural Gas Extraction, these 
Hatn are used to create production functions for each subsector and each subsector faces a 
common price of output (i.e., the price of electricity).

n.e. Elasticities of Substitution in Production

The final items necessary to estimate production function parameters for each sector (or 
subsector) are assumptions on the elasticities of substitution among factors of production. 
Although m most cases elasticities of substitution for each production function were obtained 
from existing literature (e.g., Ballard et al [1985]), some were estimated based on the underlying 
assumptions of the SGM. For instance, since activities at a lower level of aggregation are being 
described within the electricity sector, a lower level of substitutability among factors is implied. 
Therefore, a quasi-Leontif production function (i.e., a CES production function with an elasticity 
of substitution vedue close to 0) was assumed for the electricity subsectors. Table 2 provides the 
elasticity of substitution values chosen for each sector in the SGM.

IIL ESTIMATION OF MODEL PARAMETERS

nLa. Calibration of the CES Production Functions

As previously discussed, each SGM sector and subsector has associated with it a unique 
production function in order to reflect differences in production processes. As shown in equation 
(2) above, total production in each sector and subsector is the sum of vintage production (i.e., 
output associated with each vintage capital stock). Each vintage production is described by the 
following CES production function:

I
^ ~p

= cr,,v Cv = -V,...0) (3)

where

•■■■ri. . i

qy 5 = output of commodity s produced with vintage v capital stock;
“0,s,v = scale coefficient in vintage v's production of commodity s;
aj^s = fartor intensity of the ith mput in the production of 

commodity s;
N-1 - number of variable inputs (N = total number of inputs; 1 refers to the number

of fixed factors (i.e., capital) in Version 0.0);
^i,s,v = demand for input i in vintage v's production of commodity s;
cqq s ~ factor intensity of the capital input (input N) in the production of commodity 

s;
^N,s,v = demand for the capital input (input N) in vintage v's production of 

. commodity s;
p = elasticity of substitution parameter; and
- Vj = oldest vintage capital stock for industry s (equal to the negative of the

average lifetime of capital for industry s divided by the length of a period 
(i.e., 5 years) plus 1)
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As evident from equations (2) and (3), Version 0.0 of the SGM assumes that relative production 
fraction factor intensities do not differ between vintages. The difference in production between 
vintages is due to the overall efficiency of all inputs; not to the efficiencies (or inefficiencies) of 
individual inputs to production. Therefore, Version 0.0 of the SGM assumes that the factor 
intensity parameters of each vintage production function (within a sector or subsector) differ only 
by a scalar (reflerted in the scale parameter (ao^s,v))- This scalar comprises the Hick's-neutral 
technological change parameter; a parameter which reflects the overall production efficiency of 
the vintage. The relative factor intensity parameters, therefore, do not differ between vintages 
within a sector or subsector and the scale parameters of each vintage production differ only by 
the rate of Hick's-neutral technological change.

As previously discussed, the following seven data items are required to estimate each sector's 
production fraction coefficients: (1) intermediate production data (based on the I-O accounts) by 
sector and subsector; (2) industry value-added data (also based on the I-O accounts) by sector 
and subsector; (3) final demand sector and subsector data; (4) capital stock data by sector and 
subsector and vintage; (5) assumptions on the lifetimes of each sector's capital stock; (6) 
assumptions on the rate of Hick's-neutral technological change; and (7) assumptions on the 
elasticities of substitution in production. Once these (^ta are compiled, a method to compute 
CES production function coefficients is applied. This method was specially developed for the 
SGM in order to handle vintaged capital stock in production. The steps involved in the 
computation of these coefficients are as follows;

1. Except for land and labor, set all 1985 input prices 10 equal to 1. Compute the price of land 
and labor as follows 11:

Piunj —
TEland

Total Land

where

P labor
TElabo

Total Labor

TEland ~ 
TEjabor “ 
Total Land = 
Total Labor =

Total land expenditures in 1985 (discussed in Section 3.2.2). 
Total labor expenditures in 1985 (based on I-O accounts). 
Total U.S. managed land in 1985 (in 1000 km^).
Total U.S. employed population in 1985 (in 1000 persons).

2. Compute the output price of a commodity as.

'* Setting an input price to 1 is interpreting the unit good as the quantity of the input which can be 
purchased in 1985 with 1 million 1982 dollars (since the data of the SGM are in millions of 1982 dollars). 
" Since the price of land is obtained by dividing 1985 total land expenditures (in millions of 1982 dollars) 
by total managed land (in 1000 km2), the price of land can be interpreted as the millions of 1982 dollars 
required to purchase 1000 km2 of land in 1985. Similar to the interpretation of the price of land, the price 
of labor can be interpreted as the millions of 1982 dollars required to hire 1000 workers annually.
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TO - IBT

where

Pq = Output price of the commodityl^ (in millions of 1982 dollars).
TO = Tot^ output ofthe commodity (in millions of 1982 dollars).
IBT = Total indirect business taxes paid in 1985 associated with the production of 

the commodity (in millions of 1982 dollars).

3. As discussed above, relative factor intensities within a sector or subsector do not differ. 
Therefore, factor intensity parameters for the variable inputs can be calculated based on the 
assumption that total output is produced from one vintage (i.e., total production can be described 
by one CES production function rather than a summation of multiple CES production function 
(as in equation (2)). The production function factor intensity parameters for the variable inputs 
are computed using the following equation which is a direct result of the SGM's profit- 
maximizing assumption:

■X i,other P O.other
i = J...N-l

where.

)

aij = factor intensity of the ith input in the production of commodity),
Xjj = total demand for the ith input in the production of commodity),
Xi,other = total demand for the ith input in the production of the "other products"

commodity,
Pqj = output price ("price received") of commodity),
P0,other = output price ("price received") of the "other products" commodity, 
p = elasticity of substitution parameter,
^ = P/(P-1),
N-1 = number of variable inputs.

Derivation of Equation (7)

Hotelling's Lemma states that the partial derivative of the profit function with respect to the price 
of the ith input results in the negative profit-maximizing total factor demand for that input; i.e.,

d^Ts

dPij
- Xu

where

total profit in the production of commodity s; i.e.,

*- This price refers to the price received by this sector. The price paid is set to 1 (as mentioned in the input 
price discussion previously) and is the same as the input price for the commodity produced in this sector. 
As implied, the price received by producers of a commodity is less than the price paid by purchasers of the 
commodity as long as IBT is positive (i.e., taxes paid in a sector is less than subsides received).



FEB 12 '98 05:28Hn BhNt.Li_L t.bu r.iD^ OU

~ ^IPij XI'.i (9)

i=i

where

r*0,s “ output price (price received) of commodity s,
Pj 5 = input price (price paid) of the ith commodity in the production of commodity

Xj^s “ demand of the ith input in the production of commodity s, 
qs = total output of commodity s,
N = number of inputs to production,
N-1 = number of variable inputs to production (since there is only one fixed factor

(capital)).

Evaluating equation (8) using equation (9) and the "single vintage" CES production function 
defined as,

~ CCa.x (OCi.i'Xf,, + CCfi^fX^s) 
J-I

(10)

the demand for the ith factor input to the production process can be directly calculated as,

^ LXi, = (ao,Po.^f (\f i = L..N-]
“u Z

(11)

where, assuming capital is the only fixed factor.

Y = anjX^Nj (12)

and
/V "J

(13)

1

Equation (7) is the result of normalizing Xi,s in equation (11) by dividing by the factor input 
demand equation for the "Other Products" sector. Note: the aothier,s parameter is assumed to be 
equal to 1 in order to obtain the aj^s parameters in relative terms.

4. As discussed in Step 3, the vintage capital structure of the SGM does not affect the calculation 
of factor intensity parameters for variable inputs. This vintage capital structure, as designed in 
Version 0.0 of the SGM, allows for overall efficiency gains in the production process. These 
overall efficiency gains are mcorporated into the scale factor for each vintage, defined as.
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(14)
where

''

tto.s.v = scale factor in vintage v's production of commodity s;
3o,s ^ overall scale factor in the production of commodity s (constant between

vintages);
gs = Hick's-neutral techological change rate in the production of commodity s;
V = vintage (e.g.,v = -3...0 for a sector or subsector whose capital lifetime equals

20 years).

In addition to the calculation of the scale parameter (ao,s,v ), "vintaging" also affects the 
calculation of the capital intensity parameter (a^^s )• As previously discussed, total output in a 
sector or subsector is described as the summation of vintage production (equations (2) and (3) 
above). Capital is entered into the production process as separate vintage capital stock; not as a 
total annualized cost as with the variable inputs to production. Although the capital intensity 
parameter does not differ between vintages (similar to the variable inputs), due to the vintage 
capital structure of the SGM, the capital intensity parameter cannot be calculated similar to the 
variable inputs.

From equation (14), the vintage scale parameter (ao,s,v ) can be determined given the Hick’s- 
neutral technological change rate and the overall scale factor (po^s )• Therefore, upon completion 
of Steps 1 through 3, two parameters still need to be estimated—the overall scale factor (Po^s ) 
and the capital intensity parameter (ajq 5 ). Due to the vintage structure of the production 
process, these parameters cannot be directly determined; therefore, an iterative process must be 
applied to solve for po,s ®N,s-

The steps involved in this iterative process are as follows;

(1) Choose an initial value for Pq 5.
(2) For each variable factor input, compute X[ 5 as the total expenditure for the ith input 

factor in the production of commodity s (value from the lO table) divided by the factor 
input price ("price paid")13.

(3) For each variable factor input, calculate using equation (7).
(4) Solve for using equation (2) with equation (3); the variables determined in Steps (1) 

through (3); and assumptions on the elasticity of substitution parameter.
(5) Compute the difference between the actual and estimated inpur demand for the "other 

products" commodity in the production of commodity s. The estimated input demand for 
the "other products” commodity in the production of commodity s is defined as,

V

~ ^ Xother, (15)

where

Mother,s = estimated input demand for the "other products" commodity in the
production of commodity s;

Except for land and labor, input price (price paid) should be equal to 1 in the benchmark year (as 
previously explained).
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-V,

^othe;ir,s,v

oldest vintage capital stock for industry s (equal to the negative of the 
average lifetime of capital for industry s divided by the length of a period 
(i.e., 5 years) plus 1); and
estimated input demand for the "other products" commodity in vintage 
v's production of commodity s defined as,

where
y = atijXuj..

(16)

(17)

J-!
(18)

(6) If the difference computed in Step (5) is sufficiently close to zero (less than a specified 
convergence criterion), a solution is obtained; otherwise, a search procedure is applied to 
adjust Po,s and Steps (1) through (5) are repeated until a solution is reached.

(7) Once a solution has been found, the factor intensity parameters for each sector are 
normalized to sum to 100 in order to compare relative intensities between sectors. In 
addition, estimated production levels and profit rates are verified with actual data from 
the 10 table.

(8) Steps (1) - (7) are repeated for each SGM sector and subsector.

ICLb. Computation of Reserves

Upon completion of the CES production function calibration, reserves of depletable resources by 
vintage for the base year (period 0) are calculated based on estimated levels of production in the 
depletable resource sectors. Actual total reserves produced in the base year (1985) is available 
from existing sources, but due to the vintage production structure of the SGM, reserves produced 
by each vintage need to be estimated. The ratio of actual energy extracted to actual levels of 
production was used to obtain estimated energy extracted (reserves) from estimated levels of 
production. The following equation was used to determine vintage reserves of depletable 
resources produced by each vintage in period 0:

. j

PRDEN,Reservesj,r = Qj/Lj + 5*v)~- ' v = 0...-3
rKJJj

(19)

where

Reservesj yl^= reserves (in exajoules) of depletable resource j produced by vintage v; 
Qj,v = output (in $) of depletable resource sector j produced from vintage v;

Vintage 0 reserves pertain to the amount of resources which will be transferred to reserves in period 0.
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4PRDENj

PRDi

lifetime of capital stock in sectorj;
total depletable resource extracted of commodity j (exajoules) in 
period 0^5;
actual total production of commodity j (in $ - from 10 tables).

nLc. Calibration of the Investment Function

Annual aggregate investment levels in each sector of the SGM is represented by the following 
functional relationship which is essentially an accelerator from the previous period's total 
investment levels:

ao l,.,Jbaserate,f'f (expf (20)

where

It^5 = annual level of investment in sector s at time t;
^t+l,s " annual level of investment in sector s at time t+1;
baserate^ = underlying growth in the economy affecting investment; 
f(exp(7it^s)) = 3 fimction of the expected profit rate;
ao = scale coefficient; and
ai,a2 = sensitivity parameters.

In version 0.0 of the SGM, the baserate variable is represented by the growth in potential 
employment (labor supply) and growth in lagged productivity; specifically,

(—)

baserate, = (21)

where

PE = potential employment (population ages 15 to 64);
GNP = gross national product;
E = total employment; and
(GNP/E)t-1 = gnp per worker (productivity) at timet-1.

In version 0.0 of the SGM, the function of expected profit is defined as the growth in expected 
profit; specifically,

' i

f(QX^(7Vj) =

where
exp(7tt,s )

expr^,./J

the expected profit rate in sector s at time t.

(22a)

These data were obtained from the Annual Energy Review 1985.
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The expected rate of profit can be interpreted as the present value of an average profit rate 
occuring at the middle of each year for the lifetime of the capital investment; specifically,

f(txp( JT,J) I(I + r + wJ (1 + r + wJ (22b)

where

)

lifetimes

= the real interest rate (assumed to be 3% in the baseyear);
= the sector-specific interest rate wedge (representing the additional 

interest rate risk associated with sector s);
= sector-specific lifetime of capital investment; and 
= sector-specific profit rate at time t.

Calibration to the base year

Calibrating sector level investment to the base year involves a two step process. First, in order to 
obtain the scale and sensitivity parameters (ao, 02) an aggregate investment function 
(described by equation (20)) was econometrically estimated on the macroeconomy level. Next, 
these scale and sensitivity parameters were used in each sector-specific investment equation 
(equation (20) for each sector) to determine sector level investment in the base year. Estimated 
seCTor-specific investment levels in period 0 were reconciled with actual investment levels by 
adjusting the investment wedge parameter for each seaor and subsector.

Investment levels at the subsector level are determined separately from sector-level investment. 
For each sector without subsectors, the investment equation given in equation (20) was calibrated 
by using the scale and sensitivity parameters which were estimated on an economy-wide scale 
and adjusting each sector's interest rate wedge until its base year investment level is achieved. 
Sector-specific variables in the investment equation include lagged investment and the e.xpected 
profit rate. The base rate variable and the scale and sensitivity parameters are identical across 
sectors.

In the SGM, investment is determined at the sertor level; therefore, investment equations only 
exist for sectors and not subsectors. Within a sector, investment for each subsector is determined 
by allocating sector level investment using the following logit share equation;

where

Share,----------- (23)

u
Sharotjss = Share of total sector investment allocated to subsector iss; 
E’^t,iss “ expected profit rate for subsector iss at time t; and 
p = sensitivity parameter.



In order to calibrate the investment equation for a sector with subsectors, aggregate values for the 
sector-specific variables (i.e., lagged investment and the expected profit rate) within the 
investment equation are required. Lagged investment at the sector. level is obtained by 
aggregating subsector lagged investment.

As previously stated, once all other variables and parameters in the sector-level investment 
equation are determined, the sector-specific interest rate wedge was adjusted to reconcile 
estimated investment with actual investment. To accomplish this task for a sector with 
subsectors, calibration of the logit share equation was required, from the investment equation, 
the sector-level expected profit rate was determined directly since all other variables and 
parameters are known. This sector-level expected profit rate is essentially the denominator of the 
logit share equation raised to the sensitivity parameter. Since the share of sector investment for 
each subsector and the sensitivity parameter were known for the baseyear, subsector-specific 
investment rate wedges are calculated directly from the logit share equation.

ULd. Calibration of Final Demands

The SGM comprises three final demand sectors - government, households, and trade. These final 
demand sectors consume commodities produced in the nine producing sectors of the SGM and 
are not producers of any market commodity^ 6. Input-output accounting ensures that the amount 
of commodities produced by the producing sectors is equal to the amount of commodities 
consumed by the producing and final demand sectors. Calibration of the final demand sectors is 
performed to ensure equilibrium by choosing final demand parameters which result in an exact 
replication of the final demand values provided in the baseyear input-output accounts. Details of 
each final demand sector’s calibration process is provided below.

Government Final Demand

Commodities and primary factors of production (e.g., labor, land) are consumed by the 
government final demand in order to provide government services. Within the SGM, three 
government services comprise the government final demand sector - education, national defense, 
and general government which encompasses all other government services. Government 
expenditures must satisy the following identity:

where

TXtot - S, + (24)

TX^ot = total net tax revenues
Sgov “ net government savings or, for negative values, net government 

borrowing;
TRgov = transfer payment by the government;

The government final demand seaor produces ■’government services" which are provided "free of 
charge” to all sectors of the economy. Therefore, although the government final demand sector produces 
services, it is not a producer of any market commodity as is the case with producing sectors.

Subsidies are measured as negative taxes.
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Pi
Xi,gov

= price paid for input i; and 
= government demand for input i.

Equation (24) states that government expenditures (right side of the equation) should not exceed 
the government's budget constraint (left side of the equation).

Net tax revenue

Net tax revenue in the SGM comprises tax revenue from the follovv'ing four sources: indirect 
business tax; corporate income tax; social security tax; and personal income tax. The SGM 
interprets indirect business tax as the difference between price paid (by consumers of a 
commodity) and price received (by the producer of a commodity)!^. Indirect business tax 
expenditures for each producing sector is provided by the input-output accounts in industry 
value-added. The SGM calculates indirect business tax revenue by applying an indirect business 
tax rate to the value of production of each commodity. The following equation is used to 
calculate the indirect business tax rate for each commodity

JBTrate,
IBTtotj

TOi-lBTtot, (25)

where

IBTratej = indirect business tax rate for commodity i;
IBTtotj = total indirect business tax expenditures in the production of commodity i; 
TO = total output of commodity i.

Combining Equations (6) and (25),

IBTratei - 1 (26)

Corporate income tax is a tax on corporate profits. The SGM applies an average corporate 
income tax rate to all producing sectors. This average corporate income tax rate was determined 
by solving for CITR in the following equation:

t!
Total Corporate Taxes = ^IBTi + '^CJfTR*Profit.

i-i
(27)

where

IBTj = total indirect business taxes paid by sector i;
CITR = average corporate income tax rate;
Profitj = total profits of sector i ("other value added” in the I/O accounts); and 
N = number of producing sectors.

Q '* For all practical purposes, indirea business tax can be imerprcred as a sales tax.
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Total corporate tax expenditures in 1985 was obtained from the "Economic Report of the 
President - 1990" and, as previously mentioned, total indirect business tax expenditures and 
profits for each producing sector was estimated from the 1985 input-output accounts. With 
knowledge of these data, an average corporate income tax rate can be determined directly from 
equation (27).

Social security tax is a tax on labor of which half is paid by employers as a tax on labor 
expenditures while the other half is paid by employees as a tax on earnings. For employers, the 
social security tax rate was determined using the following equation:

SSTRcmploytr
TLE

(TLE-TSS/2) - I (28)

where

SSTRemployer = social security tax rate for employers (applied to each employer’s 
labor expenditure);

TLE = total labor expenditures across all sectors; and
TSS = total social security tax expenditures across all sectors.

The social security tax rate for both employers and employees was assumed to be equal; 
therefore, the social security tax rate computed in equation (28) was assumed to be ±e social 
security tax rate charged to employees also.

Lastly, the personal income tax is a tax on income earned by consumers. This income includes: 
(1) labor income after taxes, (2) income from land rents (all land is assumed to be owned by 
consumers), and (3) corporate profits net of taxes and retained earnings (corporations are 
assumed to be owned by consumers (i.e., shareholders)). Both total personal income tax paid by 
consumers and total personal income for 1985 were obtained from the "Economic Report of the 
President - 1990" allowing an average personal income tax rate to be determined.

Government transfer payments

It was determined that a significant linear relationship exists between total government transfer 
payments and population. Therefore, a linear regression was conducted on the following 
equation using total population and total government transfers time series;

where
Total government transfers = GO Population + G1 

GO, G1 = appropriate empirically determined coefficients.

(29)

Government demand for goods and services

The demand for goods and services by the government sector is modeled in the SGM as a 
constrained optimization problem. Instead of maximizing profit subject to a budget constraint (as 
is the case with the producing sectors), the objective of the government is to maximize utility
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subject to the government’s budget constraint defined in equation (24). The following CES utility 
function defined over the three government services is used:

Nas <i/m)

where

GU
Gss
5ss

NGS

GU =

government utility, an unobservable variable; 
the production of government service ss; 
distribution parameter for service ss; 
elasticity parameter (equal to -0.5); and
number of government services (equal to 3 in SGM Version 0.0).

(30)

As discussed in Edmonds, ct. al. [1991], the goal of the government sector is to maximize utility 
(Equation (30)) subject to its budget constraint (Equation (24)). The utility-maximizing 
production of government service ss is described as:

where

W5

OJ=/
(31)

)

Pss = 5ss(-l/(m-D);
Y = p/(p-l); and

(32)

y

where

PgjSS “ ‘^ost of the next unit of government service ss;
P( = the price of input i in the production process; and
2i,g,ss ^ Oie amount of input i required to produce government service ss.

The government utility function was calibrated to the base year as follows. First, the otj^g^ss 
parameters are defmed as the ratio of the quantity of input i used in the production of service ss. 
Therefore, these parameters can be calculated using the input-output account values of each input 
in the production of government service ss, and the assumed base year prices of these inputs; i.e.,

' p, ^
SIS

H

(33)
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where

•^i,g.ss

)

Pi
NIN

value of input i used in the production of government service ss (from 
the input-output accounts); 
price of input i ("price paid"); and 
number of inputs.

These aj^g^ss are then used in equation (32) to obtain the value of Pg^ss for sach government 
service ss. Once the values of Pg^ss are determined, the 855 parameters in equation (31) can be 
estimated using an interative process. This process involves minimizing the sum of squared 
differences between the aCTuaJ and estimated production of each government service (Gxx) by 
choosing values for the parameters 855 (substituting for Pss equation (31)).

Note: As discussed in Section ll.b. above, since the final demand sectors of the I/O table do not 
include "value added", labor expenditures of the government final demand sectors are found in 
the row component titled "Government Industry" of the I/O tables. This industry would be 
included in the SGM "Other Products" sector; therefore, the 1985 "Government Industry" values 
was separated from government's consumption of the "Other Products" commodity and 
considered labor expenditures for each of the government final demand sectors.

Similar to the process used to estimate land e.xpenditures for each SGM industry (discussed in 
Section Il.b.), government land expenditures were estimated by applying an average cost of 
agricultural Izmd to the amount of land used for defense and education obtained from the 
"Statistical Abstract of the U.S., 1992" published by the Department of Commerce. These land 
expenditures were then subtracted from government's consumption of the "Other Products" 
commodity in order to guarantee data consistency.

Net government savings

If positive, net government savings is subtracted from total net tax revenues to obtain the 
government's budget constraint. In the year 1985, the government (federal, state and local 
together) ran a budget deficit (implying net government borrowing); therefore, this value would 
be added to total net tax revenues to obtain the government's budget constraint. Net government 
savings is calculated for the 1985 base year by subtracting 1985 total government expenditures 
from total net tax revenue (discussed above). To fund this government deficit, total savings 
(including personal savings and corporate retained earnings) less total investment was used. 
Since this amount is not adequate to cover the total government deficit in 1985, the excess was 
assumed to be funded through a foreign supply of capital. Since this version of the SGM is a 
closed economy (except for crude oil), the amount of foreign capital supplied was specified 
exogenously in the SGM's trade component as an import of capital in the base year and is 
constant through future periods. Since the SGM assumes market equilibrium, no govenunent 
deficit will exist in future years; but m order to calibrate the SGM to the base year, this 
exogenous supply of foreign capital is necessary.

Household Final Demand

The SGM assumes that a portion of the households' budget (personal income) is allocated to 
personal savings while the remainder is used to purchase produced commodities and primary
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factors of production. Disposable personal income consists of income from wages less taxes on 
labor; land rents (consumers are assumed to own all usable land) less taxes on land; corporate 
profits less profits tax and retained earnings; and government transfer payments.

Labor Supply

Household labor supply is estimated in the SGM using the following equation:

Xu,,or = (34)
where

WaP = total working age population (ages 15 to 64);
'^labor = maximum potential share of working age population employed in any

given year,
Plabor “ ® labor supply price responsiveness coefficient; and 
Pjabor = an average annual wage rate ($M per 1000 persons).

The following steps were taken to calibrate equation (34) to the base year; (1) the total working 
age population in 1985 was obtained from the "Statistical Abstract of the U.S."; (2) an average 
annual wage rate was calculated by dividing total labor expenditures (less amount paid in social 
security tax) in 1985 by total employment in 1985 (in thousands of persons); (3) the maximum 
potential share of working age population employed in any year was estimated to be 0.90 (or 90% 
of working age population) which assumes that in any given year 10 percent of the working age 
population cannot be employed; and (4) the labor supply price responsiveness coefficient was 
directly calculated from equation (34) given the information in (1) through (3).

Land Supply

Land supply is estimated in the SGM using the following equation;

(35)

where

TLA
•^land
3land
Pland

total surface area potentially available for allocation; .
the maximum potential share of land supplied to the market;
a land supply price responsiveness coefficient; and
an average annual rental rate on a unit of land ($M per 1000 km^).

The following steps were taken to calibrate equation (35) to the base year: (1) total usable 
surface area (which excludes unusable land such as deserts, marshes, rock, etc) was obtained 
from the "Statistical Abstract of the U.S." (equal to 8313 km2); (2) an average annual land rental 
rate was calculated by dividing total land expenditures in 1985 by total usable land area (in 
thousands of km2); (3) the maximum potential share of land supplied to the market was estimated 
to be 1 (or 100% of TLA) since TLA represents total usable land area; and (4) the land supply



price responsiveness coefficient was directly calculated from equation (35) given the information 
in (1) through (3).

Household Savings Supply

The following equation is used in the SGM to estimate the supply of household savings;

5m = (36)

)

where

Y = disposable personal income;
tthhsave “ maximum potential savings rate;
Shhsave == a scale parameter;
Phhsave = P*"'®® sensitivity of households to the available interest rate; and
r = the real market interest rate.

Equation (36) was calibrated by first assuming that the maximum potential savings rate for the 
U.S. is equal to 0.20 (i.e., 20% of total disposable personal income) and the real market interest 
rate is equal to 0.03 (i.e., 3%). With these assumptions and knowledge of the 1985 values for 
disposable personal income and total personal savings, equation (36) can be written in terms of 
Shhsave and Phhsave-

= (1-
Y*a.

-)e
hliiofc

In addition, the interest elasticity of savings was assumed to be equal to 0.40. The equation for 
the interest elastiticity of savings is defined as:

^ 5m ' (38)

Combining equations (37) and (38), values for dhhsave and bhhsave can be determined. 

Household Demand for Final Products

Household demand for the primary factors land and labor are computed separately from demands 
for other goods and services. Household demand for land is defined as:

'V- .
■7

where
^landJtM ~~ NHH CCigmlJth P land

ttiand,hh = fo® household land intensity factor;

(39)
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Pland
NHH

the price of land; and
the number of households (in 1000s) which is defined as,

-

NHH =
TOTPOP

(40)

where

TOTPOP = total population (in 1000s); and
Phh “ average number of people per household.

Equation (40) was calibrated to the base year (1985) by solving for Phh using 1985 actual values 
for NHH and TOTPOP. Similarly, equation (39) was calibrated to the base year by solving for 
aland,hh using estimated 1985 household demand for land (discussed in Section Il.b.); 1985 
price of land (discussed in Section Ill.a.); and the estimated 1985 value for NHH from equation 
(40).

Similar to the process used to estimate land expenditures for each SGM industry (discussed in 
Section Il.b.), household land expenditures were estimated by applying an average cost of 
agricultural land to a portion (assumed to be 75%) of urban and transportation land obtained from 
the "Statistical Abstract of the U.S., 1992" published by the Department of Commerce. These 
land expenditures were then subtracted from household's consumption of the "Other Products" 
commodity in order to guarantee data consistency.

Household demand for labor is defined as:

laborJih N tabor CClahor,hh P tabor (41)
where

aiabor,hh ~ household labor intensity factor,
^labor “ the price of labor, and 
^labor “ total labor supply (in 1000s).

Equation (41) was calibrated to the base year by solving for aigbor.hh using estimated 1985 
household demand for labor, 1985 price of labor (discussed in Section Ill.a.); and the estimated 
1985 total labor supply from equation (34).

Since the final demand sectors of the I/O table do not include "value added", labor expenditures 
of the household final demand sector is found in the row component titled "Household Industry" 
of the I/O tables. This industry would be included in the SGM Everything Else sector; therefore, 
the 1985 "Household Industry" value was separated from household's consumption of the 
Everything Else commodity and considered labor expenditures for the household final demand 
sector.

Household demand for other goods and services are estimated as follows:
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xdu„ = a,,H “ yr'“ (j) (42)

Ye Y - Shh ~ X lunJ^h P land ~ Xlaborfth P labor (43)

where

Xdi,hh
“i,hh
Pi,hh
Yc
Yi,hh

household demand for good i;
the household demand intensity factor for good i;
the household price elasticity of demand for good i;
total value of consumption which is defined as,
the household income elasticity of demand for good i; and

NS

/=/
(44)

Table 3 contains the household price and income elasticities used in the SGM which were 
obtained from existing literature.

Table 3

' X
Price Elasticity Income Elasticity

Agriculmre -0.28 0.30
Everything Else -1.00 1.10
Crude Oil N/A N/A
Natural Gas N/A N/A
Coal -0.82 0.89
Biomass N/A N/A
Uranium N/A N/A
Electricity -0.82 0.89
Refined Oil -0.82 0.89
GasT&D -0.82 0.89
N/A: commodity not consumed by the household sector.

Except for values of aj^hh . 1985 values of all the variables in equation (41) were determined as 
follows; (1) 1985 household demand for each good was obtained from the input-output accounts; 
(2) as previously discussed, all prices (except land and labor) were assumed to be 1 in the base 
year; (3) Since the 1985 values all of the components of equation (43) are either known or have 
been previously calculated, the total value of consumption (Yc) can be determined. With these 
values determined, the values of aj^hh can be calculated from equation (42).



Trade

As previously discussed, Version 0.0 of the SGM assumes a closed economy (i.e. zero trade) for 
all goods except crude oil. For calibration purposes, it is necessary to exogenously add 1985 net 
exports to demand and supply in order to replicate the 1985 base year values. Net exports for all 
tradeable commodities(except Crude Oil and Other Products) are held constant at 1985 values 
for each period in the model. Net exports in the Crude Oil sector are set at 1985 values from the 
I/O tables for the base year, but are allowed to change in future periods; making up for the 
difference in domestic excess demand for crude oil. The SGM assumes balanced trade and 
implements this constraint by making up for any trade imbalances in the Other Products sector; 
therefore, a trade deficit would be set to zero by an equal amount in export demand for the Other 
Products commodity.

%
I

In the SGM, '‘tradeable" commodities refer to those commodities which could be traded and in Version 
0.0 include all commodities except electricity, land, and labor.
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