
FOIA Number: 2017-1095-F

FOIA
MARKER

This is not a textual record. This is used as an 

administrative marker by the William J. Clinton 

Presidential Library Staff.

Collection/Record Group: 

Subgroup/Office of Origin: 

Series/Staff Member: 

Subseries:

Clinton Presidential Records 

Council of Economic Advisers 

Michele John

OA/ID Number: 
FolderlD:

23919

Folder Title:
First Schaefer Request 4/17/98 - [Climate Change] [3]

Stack:

s
Row:

21
Section:

1
Shelf:

11
Position:

2



cN.

Not* to (Ac iccdcr hoin Ih* UNU

Future Globil Chjiixe ind Modelling it m ongoing programme that limt to have the 
United Nationt Univcnitjr serve as a iorum on the megatrend of global change and 
structural liaDiiormallon. Thii programme li a raipooie to the need to evaluate 
t^eccnl chsogei In the perception and structure of the norld'i politics, economics 
demography, technology, ecology, and ethics. Piaclilloncii of futures reresreh have' 
over the pail few decades, developed an array of tyalemallc aod powerful method' 
ologlf* In an effort to understand the range and probabilities of future global lee- 
nanoi. The UNU bslngt together this intesTTatlonal community of rcholara to under­
take fuluret studies of gtobat change and Inooipornte a wide range of variables and 
niclIi.Kfologies to Increase both the early warning and longer-term pt.nnlng capaci- 
iJc* o( ihe UN lystcm and poNcy makeij in |cneiil.

This book it based on Ihe Aral of a series of UNU conferences on Fblure Global 
Oiange and Modelling held in Tokyo in October IV91. Scholars and repreientilives 
from vylous UN agencies and Ueding research inillfuliana from 17 countries dii- 
cussed Immedtale and long-term world problems with simulation analysts by various 
rnodel tyalems. Subsequent UNU conlerenccs held under this piognmme Include 
Arms Reduclion: Economic Implications In the Post-Cold War Bra, and Global En­
vironment, Energy, and Economic Development.
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sicnte anti did no« go further to exploit the potential of the simple 
but difrcrciitialcd enough model. Thus, for example, it might be 
iiilcrcsiing to analyse the effects of various asymmetric policies, in 
which various countries would face different target levels, or the po- 
tcniijil use of compensation schemes to induce les? developed coun­
tries to introduce abatement mcasuccs. For it is highly probable that 
concerted inlernalional measures will be hindered by the pressing 
needs for development and economic restructuring of the less or me­
dium ilevciopcd countries, who on the other hand arc emitting a signif­
icant nmount of greenhouse gases leading to global consequences,
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Modelling future greenhouse 

gas emissions: The second 

generation model description
J.A. Edmonds, H.M. Pilcher, D. Iliirn.s, It. Ilaroii. mid 
M.A. Wise

29-1

Inirnduclion

The analysis of greenhouse gas emissions has made enormous prog­
ress during the course of the past decade.' Analysis has progressed 
from (he use of simple limc-licnd extrapolations to the analysis of 
emissions of several greenhouse gases with parallel but independent 
behavioural and optimization models of energy, nianufacturing, agri­
culture, and land-use systems. But our ability to examine pulenlial 
future scenarios of greenhouse gas emissions is limited because 
modelling tools adequate to Ihe task of integrating analyses of tech­
nologies and human activities on a global scale with regional detail, 
including energy production and consumption, agriculture, manufac­
ture, capital formation, and land-use, along with Ihc interdependencies 
between these categories, do not yet exist.

The first generation of models were specially models which focused 
on a particular aspect of (he emissions problem without regard to 
how that activity interacted with other human and natural activities. 
The Edmonds-Reilly model (ERM) (Edmonds und Reilly IVH5). fur 
example, is a global energy model in which Ihc pruducliun of com­
mercial biomass has no interaction with the agriculture sector or land- 
use In general. The Global 2100, Maoiic and Richcls (I990ii.b.c,d,

I
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I'jyi) is a co/npuluhlc general equilibrium model, but is limited in its 
iippl eabibiy beyond energy-related isiucs. Other computable general 
equilibrium models such as Jorgenson and Wilcoxen {I990a.b) focus 
exclusively on naliorial issues. Other modelling systems such as 
iQRo'^ Stabihzalion Framework (ASF) (Lashof and Tirpak
1989). uiilizc a system of models that provide global coverage of 
all cnussioris pneralmg human activiiici. but do nol provide a con­
sistent analyses system In which the interaction between human 
activiiiei can be analysed. The number of models in use to analyse 
greenhouse gas emissions reductions i, large and growing, including 
rronn^n' Nordhaus and Yohc (1983); Fossil2, AES (1986. 1991); 
GREEN, Burniaux et al. (1991). OECD (1991); CETA. Peck and

................... .

The current slate of understanding of the natural science of the 
filobal environmental change issue indicates that a variety of gases 
are .issociaied with potential changes in the radiative composition 
eo ' '"elude: CO^. CH<. CO. N,0. NO.,
SO,. VOCs, chloronuorocarhons (CFCs) and CFG lubsliluies These 
gases are released in the process of a wide variety of human acliv- 
rties including: fossil fuel production, 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 
specific manufacturing processes such as cement manufacture, nylon 

• rnanufacture. and chemical manufacture. Moreover, though local air 
chemistry plays an important role with regard to very shoil-livcd' 
gases, It IS the sum of all releases and absorptions of all gases by 
all human activities that governs the short term' rale of change of 
the atmospheric composition of radialively important gases, and the 
earth s almosphenc radiation profile. In addition, the human aniv. 

•U!C|^!..gqyenLj6imMiojis arcjiiter^pendenl. That is actions that 
are taken tn one segment of the economy'aife’crbiher segments of the 
economy. These interBclIons are likely to become extremely impor­
tant tf policies are undertaken to reduce potential future emissions.
I or enample. carbon taxes raise great quantities of revenue. While 
the disposition of lax revenue can generally be assumed to be unim­
portant to he scale of macroeconomic activity, this is certainly not 
the case with carbon taxes (Bradley el al. 1991; Brinncr el al. 1991; 
and Scheraga el al. 1991). Other potential policy actions such as tree 
plan mg to enhance the carbon sink and/or the extensive develop- 
mcnl of potential biomass resources to replace fossil fuel energy

■n
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sources, can have suhslanliul inipaels on hiiid-UNe, Miirlmnl (I9KK), 
Kinsman and Marland (1989), Sedju and Solomon (1989), Moulton 
and Richards (1990). Adams et al. (1991). Bradley cl al. (1991), and 
Barfield et al. (1991). Finally, it is essential that the relnlinnsliip 
between technology, institutions, economics, and hnniaii activity be 
explicitly represented.

No currently existing model is capable of assessing the glottal 
emissions from all human activities and the 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 integrating model and cnnipalibic 
reglonal/national models. These new models must be capable of 
analysing the emissions of all greenhouse gases from all sources, 
including both (hose of natural and human origin, and provide an 
analysis of the Interplay between the variety of hummi and natural 
activities responsible for greenhouse gas emissinns.

The purpose of (his paper is to describe (ho design of ii model, uir- 
rcnlly under development, which is capable of addressing greenhouse 
gas emissions and the potential consequences of alternative policy 
options. We refer to this model as the seroiulgenvraiion nuulvl {SGM).

Paradigms for flie SGM

The development of SGMs will bcnelil greatly from the applicaiioo 
of three simple principles: problem oricolalion. minimum modelling, 
and parametric modelling. The overriding design principle is that the 
model should bcCprobUm onenleB^Thii is, (he design uf the model 
should be derived from an analysis of the underlying problem. Model 
design cannot begin with the set of available models and iben try In 
make the problem fit existing model characteristics. For grccnhuiiic 
gases, (he Issues to be addressed arc: What are global emissions of 
greenhouse gases likely to be over the course of the next five to 100 
years by region and human activity? What cfTccI will the exercise of 
policy instruments to control emissions have and wlial will they cost? 
What effect will new technologies have on emissions?

Beginning with (he problem and working to the design uf the 
model allows the Implementation of the second design principle, 

(mininum mor/e//ing.)Minimum modelling means that the mndci con- 
tains all ol the inlorrnalion pertinent to answer the research question, 
but no extraneous information. If chemical manuraclurc of CFCs is 
an important activity in determining the role and liming of chmalc
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auU£l£uJThat IS. ihc model sliould uliliu a dalahnse in whlcVnll 
pa.;.mc,crs ore open .« cxomine.inn und chungc by ll.e u^cr In ndi" 
«ioii (lie model should be an opt,, ma,M. The purpose of Ihe modehs 
not 10 provide a one-poss foiecasi of ihe fulufc. Where complex hu-
is fuml ,*n“^'"‘involved, ihe fulure

1^10 sc^«r : ff»n«eworlc in which lo examine
h rin.l IK . ,1 « ''"POf'anI Him model resulls be rcproduc

h.il all of Ihe paramelcis be available for inspeclion and allermion
lorunf Ihe model, il is im-
r^K • I mm/ef dt„thp,nt,U ornr». beginnine

i' i* necessary lo begin by oullining Ihe I^Minenl dimensions of Ihe greenhouse gas cmiMions 
phenomenon. The crilical feolures usiocialed wiih Ihc emissions of 
ladialivcly imporloni gases arc as follows;

7*1 '*^2^ emissions from all sources in all regions of Ihc 
world deleimme total almospheric change;
' Ihe emission of ,mi/rm/e varer In-

isSie?" VOcTCFferf^rCPC
human acMtitz including: agricul- IraLmf energy produclioiT and consumption.

"aniporlation, manufacture, services, and land-use-
4. emisimns depend upon muliiple rtsourcu 

dud™,: m.u.„d .„d

6. faclois 3.4 and 5 depend upon msdhuional arronfftn,,..,..

■ ot^o'r.Zl'uu,.''”''' .u-rtu,.,.,™
The second gcncrallon model

In l^hl of Ihc above discussion we have undertaken Ihe desien of ihc 
SOM incorpoiaimg ihe abovc-lislcd ciiicria into the modtl alchi-

2y«
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lecture. The model is global in scope, with live-yc-ur lime slops und a 
horizon 012101). All Ihc major souiecs of greenhoii.\e gii.ses. n.s well as 
SO] will he modelled. '1310 economic model is a nienilier of Ihc class 
referred lo as computable general equilibrium models. Ii conlains 
lecloial detail on households, governmeni, agriculture, energy, and 
other products activilies. Capital slocks are kepi by vintage, with 
economic reltremeni and retrofit options ovailabic. Dcpiclalile and 
renewable resources are tracked in addition to Innd-usc. Bennomic 
decision mukers include households, governnieni, und piodneers. The 
model is regionally disaggregated, with key cnunirics rcpicsoiiled 
individually. Trade between the regions occurs in energy, agiicnlliire, 
ond iilhcr products.

Model overview

At base the SOM is a very simple model. I-lgurc I depicts the bjsic 
siruclure and Rows of goods and services within Ihe SOM version 0.0. 
Al Ihe cuic of Ihe model are three productive scclors; ugiicullure.' 
energy, and other products. These, us we will discuss, ore disuggie- 
gated into 10 sectors in SGM version 0.0. The gicatesl disaggrega­
tion, eight lectors, is found in the energy sector. The central focus on 
energy reflects Ihe cenlial role energy issues play in dcletniining the 
fulure release of radiatively iinpotlani gases into the ulmosphere. 
Agriculture is similarly handled separately due to Ihe iinpurlaiiLC of 
agiicultute and land-use issues in determining cmissinns. All other 
production is aggregated into a single scclur, other products, in SGM 
version 0.0.

The Ihtec productive sectors use three primacy factors of pro­
duction: land, labour, and capital, in combination with produced fac­
tors: energy, agriculture, and other products, to produce final output. 
Note that (wo aspects of land-uie arc considered: surface land re­
sources, and sub-surface resources, foi example, energy resources.

The household sector is assumed lo own land, labour, and private 
capital. The demographic character of Ihc society is dclcrniincd 
within this sector. Household supplies of land and labour arc de­
termined on Ihe basis of Ihc price of these factors, which in turn 
determine, with distributed corporalc profits, taxes, ond subsidies, the 
income of the tiousehold sector. Household savings arc also duier- 
mined in (his sector and vary with Ihc inic/csl rate. This sccliir also 
determines Ihe mix of final products lo consume.
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Finally, Ihe governmcnl aeclor obtains tax icvcnucs from other 
purls of Ihe economy which are eiiher uugincnicd hy lioirowing 
(or reduced by government savings). There revenues go to produce 
three governmcnl services: general governmcnl, national defence, 
and education.

The SOM version 0.0 is a self-consislenl dynamic model of Ihe re­
lationship between these six general human activities.

Emissions coefhcienls are applied to each sector's associated suh- 
sector and technology activity rales to derive seclontl, regional, and 
global emissions of radialively important gases.

Model development strategy

C3

CD
D

rrn
r^i
i/i
D

To rctlecl the current understanding of anlhropogenic sources and 
sinks for radiatively important gates, and to anticipate the polenltal 
for new sources, the model has been designed with a generic struc­
ture. This structure allows for a flexible number of production activ­
ities, consumption activities, and matkels. The implemenlalion of this 
model utilizes the sequential model development principle. That is, 
the initial model version will be much simpler than the intended linal 
version. Two model versions arc currently identified; SGM version 
0.0 and SGM version 1.0. SGM version 0.0 Is Intended to provide a 
proof in principle for the modelling system. SGM versibn 1.0 is in­
tended to provide the first full implementation of the SGM system. 
SGM version 1.0 will be distributed to the public and have a complete 
documentation set inctuding: theoretical model description, database 
description, software description, and user's guide.

For both SGM version 0.0 and SGM version 1.0, the energy pro­
duction, transformation, and consumption activities will utilize data­
bases developed in support of the ERM, Edmonds and Reilly (J985), 
Edmonds et al. (1986), Edmonds and Barns (1990; 1991). In addition 
to the energy structure of the ERM, two producing sectors, agri­
culture and other products have been added for SGM version 0.0. For 
SGM version l.O, Ihe number of sectors will be inaeased to include 
expanded government, transportation, other products, and agricul­
tural activities. Pinal demand sectors for investment, government, 
and households have been developed. Model development is antici­
pated to proceed beyond SGM version 1.0, but such model designs tic 
beyond Ihe present planning horizon.

o\u0

301



c
k'llmoiuly tl ol.

Ovcivicw of ihe SGM structure

Any dynamic model hat two problems that it musi address. It muti 
describe where the tyslcm is at any moment in lime and it mutt de- 
scr.be the process by wbicb it evolves. The SGM is a b.;beyin»,al 
mo^l. That is, j| ||||en]plsJo describe how economic systems behave. 
II IS not an optimizing modd.~TK^drfleTences between■tHeTeTwo’a^ 
proacbes are not as great empirically at one might expect.- Never-

behavioural approach to developing Ihe 
SOM fur Iwo leasons. First, several extremely interesling questions 
can be addressed in a non-optimiring. Imperfect foresight analysis 
Irmiiuwork. For. example, the iinporlunce of allernolive cxnccialinn 
formalion l.ypoiheses can he tested. That is, there is no reason to 
hclicvc Ihul energy sector decision makers have perfect foresight. Jn 
fncl ihu immediately preceding quarter century of energy history 
would support Ihe allcmative hypothesis, that is that energy decision 
makers have very imperfect foresight about key future energy pa­
rameters such us price. In oddilion, the behavioural models arc com- 
puliilionnlly simpler in that present behaviour is assumed to be in- 
depciidcnl of actual future events and decisions. This is of course the 
domain in which actual decision makers operate. However, Ihe model 
and Its assumed behaviour docs depend on anticipalcd future cvcnii 
and decisions.*

Sectors, subsectors, Icchnologics. markets, and accounting

At any inomcnl in lime a sel of relationships between economic ac 
tors can be summarized in a set of accounts that are referred to as an 
input-output framework. Ii is imporiaiti lo tmphasite (hal ihe SGM is 
nor a iradiiionaljMS-lnpui oulpiit model The use of input-output 
accounting idenlilics to describe economic interrelationships at a 
point in lime does nol mean that the SQM simply uses a sel of static 
input-output coefficients that are assumed lo remain fixed for an 
mderinite period in the future to determine production levels and 

..demands. Rather, the simultaneous determination of these inpui- 
lo.M^ul^cocmcienls in conjuMlion'^ a caniislini s“cTof pnTcslflhe 

^ HiElhe\sGM^“" ° compulable- general:eqUiH6numj^del

^A^Tlnpuroulput tabic shows the relationship between Ihe produc­
tion. distribution, and use of goods and services in an economy. A 
row-column entry shows Ihe quantity of a good or service associated
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with 8 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 it. Some sectors, for example, households, 
invesimeni, and government, may be assumed lo consume new final 
goods and services, but lo provide no nel output for Ihe rest of Ihe 
economy. Some factors of production, for example, land, labour, and 
capital, may be utilized for production in a given period, but arc not 
produced using current flows of goods and services.

GNPaccounling:7hc accounting framework for Ihe SGM relies on 
simple economic rclalionships. For example, v/c can define QNP for 
any region (note wc drop the regional subscript lo simplify the noln- 
lion) os Ihe prlcc-weighlcd sum of net production of iill pioducls,

« / N \ N
ONP = ~ yZ^-t- /(-f tiXf - IMj),

i-i V M ) (-1

where GNP is Ihe Gross National Product; Xi is the gross domestic 
production of product /; A(/ is the domestic use of product i in the 
production of product /; Pi is the price of product i; N is Ihe number 
of product: C, is Ihe domestic consumption by households of product 
/; C| is the domestic consumption by government of product r; f,- is 
the domestic investment uses of product /; EX; is the gross exports of 
product i\ atid IM; is the gross imports of product #. which in turn is 
equal lo Ihe disposition of net output among final demand sectois. 
Alternatively, the GNP can be expressed as the sum of payments lo 
the factors of production.

GNP =
N / N \ » / 'tti' ^'rXibl;+r.,-l- ^

jcl \ l-\ } /•! \ /-Wrl /

where TXibI; is the indirect business taxes; n; is the profits including 
net interest and capilal consumplion allowances; and M is Ihe number 
of primary factors of production (c.g. labour and land).

The fundamental problem that the model inusi addr«|js.finding 
a set of prices lhat arc.cpQsislenl willLdcfharidjlby.prqdpcc/s-and 
consumers for goo*. serviccSj.flnd.Pf|m?JY f.^lors of p^ucliop. 
The major behaviouraTcornponenls of Ihe model describe Ihe rela-
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liiinship between prlcej, production, and contumplion of goods and 
services.

Pcjiiiing seciuis, siibsetlors, leclitwlogits, and markets'. Por the 
purposes of SGM documenlalion we have chosen (o use several 
terms in a specific manner.

Sectors
.ScCiuts represent human activities that produce or consume goods 
and services. There are two types of sectors, producing sectors and 
finat demand sectors;

Produciiig sectors
Troducitif firnVTs 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;

_ Pinal ilL'iiiaiid sectors
h'iiial'dciiriaiul sectors provide final demunds lor final goods and 
services, nnd include households, government, investment, and net 
exports in SGM version 0.0;

Morkets/focior inpiiis
Markets and factor inputs are intimately related in the SGM. A mar­
ket exists in the SOM whenever production and consumption deci­
sions are determined separately in the model. Each traded good is 
also potentially a factor of production, 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 sectors. Nevertheless, there will always exist a row 
entry in the SGM inpul-output accounting structure even if Ihe clc- 
menl entered there is reto. Markets define the primary level of ag­
gregation in the model. That is, all subsectors and technologies (see 
descriptions below) in a sector/markel produce a single homogeneous 
commodity. Markets are defined for each producing sector plus for 
each 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 activities pro­
duce the same output. All subsectors within a sector face the same

3IN
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price for outputs, but would be expected to have dilTcrcnt pruducti.in 
functions, lor example the production of electricity using oil, gas. 
coal, hydroelectric power, nuclear power, or sulur power. Snhseelors 
may be defined lor both producing sectors and nnul-dcmand sectors;

IZ^somi'humart aptivitfes an additional level of disaggregation is 

useful. Whereas, the number of subsectors for an individual sectry in 
a specific region would not be expected to change front analysts to 
analysU, there will be limes in which multiple, non-mulually 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, subseaors, technologies, and markets 
For SOM version 0.0 sectors, subsectors, and markets have been 
identified and are listed in table I.The technology level of the model 
has not been separately identified here as there is only one technol­
ogy for each subsector in version tl.O.

Economic sectors

There arc eight energy sectors and two non-energy production sec­
tors in SGM version 0.0. Data for the energy sectors is afgely drawn 
from the ERM model. Edmonds and Reilly (IMS) and Edmonds el 
al. (1986) as updated for Edmonds and Earns (1991). 1 he nomenergy 
sector of the economy will be the primary focus of efforls betwecri 
SOM version 0.0 and SOM version 1.0. Table 2 *hov« the addilionul 
sectors to be added to SGM version 0.0 to create SOM version 1.0. 
Producing sectors can be roughly categoriied as being either agricul­
tural, energy, or other-products related. The level of disa«regation 
in each area is driven by the need to understand factors atfccimg 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 Mf'cuHural com­
modity. In version 1.0 there will be nine outputs, disaggregated pri­
marily^ on the basis of grccnhouie gas emiisions. 1 he three sectors
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liililc I tttlun, lubfcrloii, ind maikc(« model yctilan 0.0

•Si'i'liir Mjikcl
Nil. Nil. Sector

Suhuxliir
No. Subicclor n»me

t 1 A|ftcullui( I A|n<uliure
2 2 Ciudc oil pluJuCiWA l-lu
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iiitlon Gas

Coal
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Nuclear
Sular/fufioA
H)dio

lu 10 Olhcrpioduclion
Olher piodunioAM n.o. trouMhaldi'
ConiuriMi demand 
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Land supply
Lobour supply
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Table 2 Scrtoii ind >ubicrtaii idded lu SCM vciiinn O.U lu eieiil* M>M vi'ialini 
1.0

Scclur SGM vcrilon 0.0 Sectors SQM versiun t.O SubA.-cliiis

AtilcullUfC Rice

Olher giiins Other gruins
Kumininl liveslock Kumininl livcilock

' Olher livestock Other livestock
Other rood Olher luod
Fibre Kihie
Forests Fiircsli

Pulp and psper Pulp and pjper
Wood and wood pinduL-|s WntiJ and laiioj pnidiiili
Procesicd foods Piiiccsscd foods

Other production Manufacluting Mjiciials inleniive
Olher niinufocluiiiig

Psuenger Iranspnil Kail
Air
Dus
OthcF

Freight trariipiitl Rail
Air
Truck
Other

^H;rvicvt IlLultli and Hitler 
seiviccj

e. Piiicit|tr lulonoblle in houwheld Kctoi.

closely aisocialcd with greenhouse gas emissions are rice (principally 
CHr), ruminant liveslock (principally CH<). and fiircslry (principally 
COj). All seclors are associated with NiO emissions through Ihe ap- 
pli»lion or fertilizer. Significant quantities o( greenhouse gases arc 
also associated with traditional agricultural luchnuingy, in parliculnr 
(he practice of slash and burn. The principal inputs in version 0.0 will 
be land, labour, and energy. In version 1.0 Ihesc will be expanded to 
include feililizer and materials and land will potentially be disag­
gregated into multiple categories in accordance with soil types and 
climate.

Energy
There will be eight energy sectors in the model. Cach of these will 
have subsectors as detailed in table I to allow the competing methods 
for producing the product in question to be accurately modelled.
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Two lypM of energy (echnologies will be Idcntined, ihose a«o- 
cialcd wilh resources and Ihose associaled wllh r^newaye
resources. All energy technologies will be associated wilh a resource 
consiraiiii. A distinction will be made between .reserves and re­
sources. Reserves are Ihose resources where two types of energy 
have "been identified and whose location is known and which are 
knnv/ii to be producible under present and anticipated economic 
conditions. Reserves arc depleted over time as they are produced. 
Total reserves are augmented by additions from the resource base. 
The additions to reserves are 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. Solnr energy is an example of a renewable energy resource. 
A rcnev/ahic resource may be degraded by production, however. 
Agriculture, for example, may deplete soils unless investments are 
made to maintain soil quality.

Ollier proiliicls
In version 0.0, the other products sector will include everything which 
is neither agriculture nor energy. In version 1.0, the other products 
sector will be broken down into manufacturing, passenger and freight 
Iransporialion, and health and other services, iitcre is the possibility 
of further splitting manufacturing into materials and other manu­
facturing. Inputs will be capital, labour, and energy in version 0.0 
wilh materials being added in SCM version I.O. The principal sectors 
are further disaggregated into subsectors on the basis of their im­
portance to the greenhouse Issue, either because they are major en­
ergy users, or because they arc direct emitters or sinks for a green­
house 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

Dccausc of the pervasive nature of activities that generate green- 
houre gases, a wide variety of policy options needs to be Included in 
the model. Making provision to model these options has had a sig- ■
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Table 3 Rt|Iont In SCM raedil vcnioni 0.0 and 1.0

SGM vctlion 0.0 SOM version l.fl

Cb USA
7. Canids

1. USA
7. Canada

3. Wesron Europe 3. Eurnpeati Cummunliy
(^Japan

y Auilralla/New Zea­
4. Other Weilcm Europe
3. Japan

land 6. Auilralia/New Zcjloml
6. Eailcin Europe and 7. Eailern Europe

Rutile 8. Runia
China and other 9. China
planned Alia 10. Centrally planned. Alia

8. Mid Earl II. Meiico
9. Atrka 17. Brazil

10. S. &. E. Alia 1). Other Latin America
II. Latin Amenca 14. Indnneiia

15. India
16. I'hilippiiiet
17. Suulh Korea
18. Other S. it E. Alia
19. Middle Earl
20. Africa

g
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nihcanl impact on the structure of the model. In addition l«) the usuul 
lax and regulatory options, provisions have been made in the SGM 
structure to model such strategies as carbon sequestration by refor­
estation and afforestation, and biomass energy production, and man­
dated technologies and practices. The SOM is also designed to ex­
plore the consequences of changes In real government expenditure 
pallerns/or complementary reductions in non-greenhouse taxes.

Tbeorelicfll ilniciure of tbe model

The SGM employs a generic production-cost structure to facilitate 
Ihe continued development of the model wilh a minimum of code 
changes and a flexible modelling response to Ihe wide variety of po­
tential analyses that may be required. The core of Ihe model is the 
description of production activities. These activities are described 
by. a generic production-cost relationship. This relationship utilises 
Ihe theory of duality to describe production functions alternately in 
physical or hnancial terms. .
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The generic produclion/cosl relationship

The generic produciion/cost fGPC) relaiionthip uses inrormalion 
about prices, technology, and previous investments to compute levels 
of production and consumption of commodities as well as demands 
for investment in new capital stock. 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 
a broad array of activities including everything from the production 
of iron and steel to the production of rice. Technologies, as described 
enrlier, are the fundamental unit of disaggregation in the model. 
Each sector contains at least one subsector and each subiector con­
tains at least one technology. For SGM 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 
subsectors each of which can potentially utilize multiple technology 
options. The SGM keeps all of its information on productive capacity 
at the technology level of detail.

The SGM uses a vintap.ed descriniion of Icchnoloeics. This has a 
iiuniher of imporlani implicalinns. First, it means that history mailers. 
When u technology is installed it remains in existence and can he 
operated until its retirement. New technologies aflTccl productivity 
primarily at the margin.. They can only ailed nisioiicai decision^ if 
they arc so attractive (unatlraclivc) that they force prices down to the 
point where existing technologies are retired early (undergo life ex­
tension). Another imporlant implication is that once installed, canilai 
slack Is not malleable: It cannot be shifted around from one sector 
of the economy lo another. In‘fact, once installed, capital costs no 
lunger mailer. In other words, once the technology is installed the 
dccisinn lo operate or idle a tcchnulogy depends solely on the ability 
of the technology lo recover its current operating expenses plus taxes 
and'less subsidies.

A Icclmology it described by an array of characteristics including:
1. production function parameters;
2. emissions coeDicicnIs;
3. capital investment parameters;
4. installation paramelers (c.g. dale of first availability, dale of re­

moval from the list of options, nominal lifetime, length of installa­
tion period); and

5. vintage.
A technology option can be described by the infarmation contained
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In parameter sets I, 2, 3, and 4. Once installed, the operating ciiar- 
acleristics of a technology can he described by parameter sets I. 2, 
and 6.

Within the CPC relationship, the producing sectors all follow the 
same general slniclure. There are, of course, some charncterislics 
that ore specific lo a sector or apply only lo a subset of sectors. 
However, the basic model structure is suflicicnlly general li> ucconi- 
modale the producliun/cosi and operating characteristics of the vari­
ous producing sectors in its parameter set.

The sectors represent the highest level of aggregation of pro­
duction characteristics in the GPC. Within the GPC framework, these 
production sectors arc disaggregated into one or more production/ 
cost subsectors. All sectors, suhsectois, and Icchoologics produce u 
common output and face a common exlcrniil niiirkel price for pro­
duced output. The GPC struct^ allocates jny«lmenl li) lechnol- 
Pgics based. .QD. prior myciimcnl history and relative prnliiiihilijyl' 
using a logit markej-share aJIocatJon.scheme^

As lirT example of this seclor-siihseclor hicrnichy, consider <io 
electricity production sector with subsectors for coal, nil, natural gas. 
biomass, nuclear, and hydroelectric power. These suliseclor.s till pro­
duce electricity, and they all receive the same price for the electricity 
they gciierale. These subsectors do, however, have quite different 
operating and input requirements for producing electricity, which will 
in turn affect their relative profiiabiliiies. The allocation of invest­
ment among these subsectors in the GPC will reflect these differences 
in profitability.

Each Icclmology is represented by a viutage-Jaled, constant elas­
ticity of substitution (CES) production/cosi function (one for each 
vintage of coital stock in operation). For cijcli mchnology,*.lcchno) 

vjp^ca) chang^hrough lime can he captured in llic iruiileTl'hrougli ihe 
CES pro'diiciion function parameter set. In SGM version 0.0 both an • 
initial set and a terminal set of CES cpcfTicienls or parameters is 
specified for each producing subsector. For any future vintage, the 
CES coeffleienis used are a lime-dependent interpolation bcjween jhe 
iriitial and terminal values. Different technological change scenarios 
can ihiis be' modelled in each subsector by varying the leiminal co­
efficient values and the lime required lo leach these Icrminal values.

The general execution path for the GPC is to (I) determine desired 
levels of investment in new capacity, (2) operate Ihe new capacity, 
(3) retrofit existing capital slocks, and (4) operate or retire existing 
capital slocks. ,
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The CES produclion/cosl-runclion 

The CES produclion funclion can.be wriuen,

/ «
Xs — oo

\<«i

where Xs is Ihe gtoss output of the process; Xi is the use of Input 
factor /; »o is Ihc scale coeBicient; «/ is the individual factor co­
efficients; and p is Ihe elasticity of substitution parameter.

Profit maximization implies that,

Pi = Po
dXs
dxr

where P, is Ihe price of r'lh input; Pg is Ihe price of output; N - M \s 
Ihc number of variable factors; and M is the number of fixed factors.^ 

ITofils can be written as,

H-U

n = PoXs - P,X,. (5)
r-r

Oy judicious application of algebra, and equation (4), profiu can be 
expressed as a function of price and Ihe quantities of M non-variable 
factors of production via.

IT = tt^Pf)

where

'-1^'

fH-M \I - (Pooo)" £
\ t-l

•'/<’ / N > '/e
E

(6)

(7)

It is well known that Ihe partial derivative of this expression with re­
spect to Ihe price of Ihc rlh input is Ihc negative of the total factor 
demand, that is

dn

(tmtiilujine KOI ciiiiisiiiiix

The demand for Ihc flh factor input to the production process c;in 
therefore be calculated directly as.

/•= Af,

where

E “'^r-r-Ar-A/n
(10)

and

Z = 1 - (ooPo)"
/W-AI \

\ i-r /

(II)

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

Expected future profits from the operation of a technology which 
employs

X* = (A'//_m+I 1 • • ■ I Xu)

fixed factors over Ihc course of Tyears of operulion is simply.

(12)

where n(xr,i) is Ihe profit rate consistent with expected future prices 
in future period t and dis is Ihe discount rale.

Investment and operating decisions

Once a technology has been installed, operation is determined by the 
set of factor prices for variable factors of production, and Ihe quantity 
of Ihc 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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faciDr prices und (he icl of expected future factor prices extending 
out over the expected lifetime of the Invcilmcnt. In the SGM, there 
arc two types of investments, investments in new capacity and in­
vestments in existing capacity, in the foim ot relrolil and renovation 
(life extension) investments. The existence of rclroni 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 .substantially nllcred before its ultimate 
retirement. The analysis of investment alternatives requires a mech­
anism (or the determination of expectations regarding future prices 
and taxes.

Future price and lax rale expectations

In each sector, investments are allocated among subsectors on the 
basis of their relative expected prontabilities. Therefore, inveilmeni 
decisions for ench subsector require expected prnlit rale calcidolions, 
which rei|uirc expected prices and tuxes for all inputs. For an open 
ecimomy the purchase price of the good produced by the flh sector in 
region "I" is given by;

l\i = ai.(|/’r(l + ic/Tri)txar.( + txhj.,), (13)

v/liere aij is an adjustment factor to reflect markups and intra- 
rcgional transport cosU; Tr/ is the import transportation costs for the 
rth good; 6ij is a logic driven parameter whose value is 0 if the region 
is D net exporter, and 1 otherwise, txar., is the proportional tax on the 
ilh product in region 1; and Ixbi.j is the additive tax on the ith prod­
uct in region I.

Obviously, the price received by Ihe producer of the yth good is 
simply.

Pij = /’,(!+ 5,jTt,). (14)

1 he direct compulation of n,(ro) is cumbersome. An approximation 
of this value can be obtained by subsliluting a set of present dis­
counted pricM directly into the prohl function. This yields an exact 

.solution when yi = 1 (see equation (7|). The present discounted price 
for product / (cither an input or an output). Ft/, is calculated by.

Cfeeiilwiiie fits eiiiissinin

where 7„p is Ihe nominal life of the inveslmenl; ry is the rule of 
expected price change; and disy is the discount rale for that sub­
sector.

As noted above, Ihe nominal life of the investment is a parameter 
of Ihe technology. This parameter value may be dilTerenl from the 
maximum potential life of Ihe technology. Tlic lax rale ix is an exog­
enous variable. Doth" Ihe rale of expected price change ry and Ihe 
discount rate dis arc behavioural variables. Expectations of future 
price and tax rale expectations arc assumed to be formed in one of 
two ways. Either they arc given exogenously, and assumed known, or 
they arc formed on the busis of prior experience. This yields lour nl- 
ternalive formation assumptions for future prices nnd taxes of inputs 
and outputs which can be created by combining assumptions I, 2. 3, 
nnd 4 from Ihe following matrix:

Formed on Ihe 
assumption that 

previous B periods 
rale of change will 

continue indermiiely

Given exogenously

Prices

Taxes

1 3

2 4

Note that whenever price of lax expectations are formed on Ihe basis 
of prior experience, the period ol prior experience, 0, must also be 
specified. For = 0, present prices or taxes are assumed to remain 
constant indefinitely. Furthermore, it is possible to run Ihe model in 
an iterative sequence to develop a perfect foresight set 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 stability is reached.

We feel that the ability to model behaviour in which price expect­
ations are formed on Ihe basis of imperfect foresight is important. 
The period of lime between 1971) and the present is marked by 
decision-making on the basis of Hawed loresighl in energy niuikels.
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Furiherniore, (he erTeclivcneu of lax and regulatory policiei may in 
fact depend on Ihc cxpeclalions formed wilh regard to long-term 
cnmniilmenl.

The relationship between Ihc discount and interest rales

The discount rale and (he real interest rate need not be the same. A 
great deal of behavioural literature luggesli lhal these rales may in 
fact be significantly diffeienl from each other, Lind (1983), Meier and 
Whittier (1983), Hausman (1979), and Oalely (1980). To reflect this 
phenomenon, the discount rate, dis, will be linked to the interest rale 
calculated in the model, interest, by a constant factor of addition, 
fac,. The sector-specific discount rate for retrofit investments, will 
therefore be given by,

dis, = inlurcst + fac,. (16)

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

The expected future profit rate for a capacity increasing 
technology

Tlic expected profit rale relative to the capital cost, K, denoted as n„ 
is given by.

NR,
(17)

and

NR,

H
Z a,xf I (I - rx). 

-«-srti /

(!-/>)//-

(18)

where NRe\s Ihc expected net revenue, lx is Ihc profits lax rale, there 
lire M fixed tuclors, and the other N - M factors arc variable factors.
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In version 0.0. there is only one fixed factor and the fixed foclor term 

reduces to

When investments in new capacity occur over more than 
one period

For most investments the decision to Invest and Ihc initiation of op­
eration can be assumed to occur within a single five-year lime s ep. 
This is not always the case. For example, the conslruclion of nuclear 
electric power plants may require more than five years from start ol 
construction to first production. Forestry similarly requires more than 
five years between the lime of initial investment and the lime o 
harvest. Each of these circumstances requires a somewhat different 
approach.

ExieiideJ conslruclion lime
When the conslruclion lime for an addition to capacity extends over 

periods then Ihere is an evaluation of the invwlmenl in each 
of these periods under Ihe assumption lhal the fraction of total in­
vestment required in each period is equal. Tliai is. if the total invest­
ment in Ihe new capacity Is taken to be K. and the construction lime 
is Tcobmoxi. Ihcn in each period an investment of

Kt “ /^/T*eoQjinjU

is assumed to be made. If Ihe investment is expected to be proniQblc 
in Ihe first period, then conslruclion begins. The present discounted 
value of the investment requirement is then.

/ s I,.. . TcsmliuOi

Where. / is Ihc investment period in which Ihc investment decision is 
being made. / = 1,...and.rc is an index of periods of in- 
vestment remaining. r = Note that as P*' .
construction passes. Ihc expected profit rate will rise, other things 
being equal, because previous period investments become sunk costs.

Expected net revenues from operation of the investment must also 
be discounted by a factor.
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The grawlh-harvesi dechinn
'I'he growlh'harvcjl decision probiem does nol occur in SOM version 
O.tl, as all agricullural acliviiies arc aggregate. In SOM version 1.0, a 
nircsiry sector will be disaggregated and this problem will occur. In 
this case an investment occurs in period /o. but no revenue is received 
until T|,o„rt|. But i* not predetermined. For growth-harvest
production functions the production function given by equation (3) 
nnd

rill = o(C„C|_|, Atmos,, Atmos,.I,r -/o), (21)

where a is now a function of a vector of climate and atmospheric state 
vnriahles, and the amount of time that has elapsed between the initial 
investment, and the ptesenl period r, C, is a vector of climate vari­
ables such as for example, temperature, precipitation, soil moisture, 
and cvapotranspirallon, for / = /,/- I; and Atmos, is a vector of 
atmospheric state variables such as for example the concentration of 
atmospheric COi, for / B r,r - I.

Tire expected profit rale for an investment in a growth-harvest ac­
tivity is determined by equations (18) and (21) using Ihe expected 
price vector for the potential harvest periods in Ihe future*
and discounted by the value,

discnunifactor = (—?—1 .
In'V'+tJ**/ (22)

The value of a, can be computed for any two potential harvest peri­
ods, and rs,,«n,-l- 1, denoted respectively n,(ri,,nrti) and-
ar(Ti,„,t,i + I). The maximum potential value for n, can be estimated 
by beginning with T|,„„„ = 1, and increasing the value of Ttanj,', 
whenever,

"«■( fhaucii-I-1) i n,(rtiai,m).

Investments with a maximum value for n, > 0 arc included in Ihe 
poi)l of sector specific competing investments.

3IH
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Resource constrained technologies

Many economic activities take place against a background ol 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 ultimately finite, and cumu­
lative production frpm that resource base may potentially approx­
imate the total resource over Ihe period of analysis. Fossil fuels arc 
an example of a dcpletablc resource. Renewable resources, such as 
solar, wind, tidal, and ocean thermal energy conversion also exist. 
For renewable resources Ihe resource is available in each pcri'jd 'n- 
dependent of consumption during the previous period. We will define 
dcpiclahle nnd renewable resources us follows:
- DepUtabU resources: A depiclahic resource is one in wliicli the

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

- Kenewable resources: A renewable resource is one in which the 
consumption of the resource in one period does nol aficci potential 
consumption of the resource in the next period.

Describing the relationship between resources and production is 
important fur such activities.

Deplelable resources
For depictable resources Ihe total resource available for consumpnon 
over all periods is the sum of the resource available in each grade ol 
NG grades,

/'J'W
K.

I-*

where R, is the total amount of resource of type / which could 1^ 
potentially recovered under any possible conditions; and Ku 
total amount resource of type /. found in concentralron c, or higher 
up to c,.,-under any possible exmdilions. The resource base can be 
partitioned into discovered and undiscovered resources. Discovered 
resources are made up of exlrscted resources, RE, and reserves, HV. 
Undiscovcied resources are denoted as RU. Thus,

■n

ffi
I-*
r\j
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Ri = RE, -I- RU, -f RVi,
R,., = RE,,, + RU,,f + RVi,,.

(24)

(25)
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In lliu iiiinJcl each seclor Ihut prutiucvi n (Jcpietuhle rcKouicc has 
u dilfercnl suhieclor for each grade of (he resource. For a given 
ledinolngy, (he grade of Ihe resource is rellccled in Ihe value of 
Oil Biu- in Ihc production function. Desired extraction from each 
rcsmircc grndc is determined by the expected rate of profilahilily. 
The production function implicitly includes the cost of converting 
undiscovered resources into reserves. Production occurs out of re­
serves ns determined by profit maximization subject to Ihc constraint 
iiiipikscd by total invcilnicnt in each vintage's productive capacity. 
Hie production activity occurs only from reserves, and shifu re­
sources front Ihe reserve category to Ihe extracted category.

Hccausc of Ihe multiplicity of resource grades and the existence of 
siihslilulcs. there is no gimr.inlcu Ih.n Ihc price of ;i depletiihic re- 
.source will rise at a rale e<|Uiil In the rale of interest, the •hotelling' 
tesoll.

Competition among capacity increasing investments 
within a sector

As discussed earlier, Ihe sector is Ihe highest level of aggregation in 
Ihc model. Suhseclors arc assumed to produce an essentially homo­
geneous product within Ihc sector. For example, in SOM version 1.0 
it is expected that there will be four diffetenl types of freight Itans- 
poil; rail, air, truck, and other. Bach will produce a common unit 
of output, tonne kilometres of freight transport. Obviously, this 
assumption violates physical rcalily. Nevertheless, it Is intended to 
capture Ihe essence of Ihe syslcih. For each subsector, there also ex­
ists ,m iiddilional level of disaggregation, which we refer to as the 
technology level. Technologies compete within the confines of an in­
dividual suhsertor, and in turn determine the overall profitability of 
the subsector. A logit function is used to determine the share of total 
secioial investment each technology obtains. That share is given by:

rro

/•I

(26)

where is a metric of Ihe characteristic upon which compeliilon 
is based for technology, tech, in subsector i, Afj, is Ihe number of
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subsectors, is Ihe number of lecimulogics cumpeliiig in siili-
icclur f, 0 is a sensitivity parameter, and

NO wi
The logit function Is homogeneous of degree zero. That is, any sealer 
change in Ihc values of all lenves the values of nil un­
changed. For values of a equal to -zero, sj = l/(/V„fVu.th,). If greater 
values of n/,,„h enhance market shore, then the value of a is taken to 
be non-negative. (If greater values of ff/.uvh diminish market shaic, 
then Ihe value of a is taken to be negative.) As Ihe value of rr ap- 
pmaehes oo, S/,i,v»i approaches one lor the large.M value of

In this model, we will use the lugtl funcliuii to determine the 
share of a sector’s total investment spending that is allocated to 
each subsector, that is to say each armpciing technology option. The 
independent variables (hen arc Ihe profit rale values of n nhlained 
earlier. In general the value of 0 will he set to rcfiecl existing market 
sensitivity.

Aggregate sector investment in new capacity

Aggregate regional sector investment levels are determined by using 
an accelerator from Ihe previous periods total investment. Specifically,

base rale, H -/|cxp(a,,|)|. (28)

where /Cut i* Ihe total new investment in sector 1, in period rn I; 
bascrale is Ihe base rale of growth of investment; and /(cxp(n)) is a 
function of Ihe expected profit rale, exp(n).

We do not prejudice Ihc delemiinalion of either baseratc or Ihe 
function/(exp(ir)}. For present model development we use,

base tale,.(1 (29)

The expected rale of profit is lakert to be the average expected profit 
rate which is given by.

/NO \ 'N
exp(n,+i) = »,+! = (

\i-l >

(30)

r

CD

C3
U1

I
CD
H

rn
in
D



€■

rl riA

wlici'c n,., isi llic prufit rale for Ihc rlh luchnulogy (lakcn over all 
.siilwccloT);), in period I. Thi» derivation is given in Clarke (1991). Por 
S(iM version II.O we use.

^«p(niii)y (31)

where a is n sensilivily parameter.

Uulrolil and renovation invcslmcnl decisions and the 
npernlion of existing technology vintages

l■(ll existing technologies, nr technologies with capacity already in 
place, there arc four pouible outcomes in any period:
1. Opernre without change,
2. lUiniJii und operate,
3. hllf the ciipucily, but do not retire,
4. Krlire the technology.
Tire determination of operating mode depends upon the behavioural 
iissumpiions. Given the five-year lime step in the model, it has been 
decided In eliminate option 3. In other words, producers will either 
opcrolc a vintage in the current period nr retire that vintage.

Por market economies prolil maximiralion is the behavioural 
paradigm. For invcslmcnl decisions this means that NR is maximized. 
That is, existing technologies will continue to be operated as long as 
current operating costs can be covered, unless otherwise prevented 
rrnni doing so. Tliey will add rcii'orn technologies cither if they arc 
required nr if they add to pruhtabilily. 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) ulhicaliun schemes where administered prices do not clear mar­
kets are an important determinant of ecoriomic behaviour.

RttrofU Ut hiialogies <
Rclrohi technologies are the principal complicating factor in the 
aniilysis of existing technology operations. The level of operation of 
Ihc technology is assumed to be identical to the parent technology. 
The iiddilional capital cost, relative to Ihc original capital cost, is a 
technology parameter. The presence or lack of presence of relroni 
options docs not affect Ihc bate production or cost functions.

fiVci'ii/rriirve gut riiiixsiiiiit

New retrom options can he incorporuled inl») the tipcruling slnie- 
lure of Ihc technology if they cither arc required rrr ore determined to 
be profilable. If retrofit technologies are not rei|uired, then it must he 
determined if Ihc base technology will continue to be operated. II 
Ihc base technology can cover current costs, it will continue to be 
operated, even if its present discounted expected future revenues arc 
negative. If it cannoPcover present operating costs, then the technol­
ogy will he retired unless some retmlil package can produce n present 
discounted expected future prolil.

Under some circumstances Ihc present technology may eeuse to lie 
an option because a relronuechnology must be applied. In such e-ases 
the technology will be retired unless some rcirolll packngc cun pro­
duce a preicnl discounted expected future profit just as if lire base 
technology had been unprofitable in the current period.

To evaluate retrofit technologies we make the following calcu­
lations. Consider an existing technology of vintage k', installed in 
period y, with nominal lifetime 7'. in existence in period /. To de­
termine the profitability of rclrofii options for that technology, we 
begin by computing.

/’«/=w ■ ^ (rnis) • I' + ' (32)

Note that a set of expected future prices for rclrofii technologies may 
be different from the set of expected future prices for Ihc base tech­
nology due to difTerenl discount rales for the two activities. Tlnil is, 
some firms may have u higher discount rale for relinfil leehiiologies 
than for new base load investments.

Because each retrofit technology can affect Ihc original technology 
is a wide variety of ways, Ihc tnlal technology, that is including holh 
the base technology and a package of rclrofii options, is given by a 
separate CBS production function whose net additional capital cost is 
some fraction of the original capital investment, and whose lifetime is 
the expected lifetime remaining on Ihc original technology.

The general formulation for profit with u fixed factor CliS pro­
duction function, as given by equation (6), is used to compute a value 
of for each technology with a rclrofii option. Nnic that for
rclrnfit = 0, the expected future profit for the base technology is 
given. If any retrofit technology has a positive present discounted
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cxpccicd profu higher lhan Ihe base lechnology, ihen (he relrofil 
technology package with (he highest expected future profit rale is 
selected. If expected profits are negative no retrofit technology is 
adopted, and if either Ihe base technology ii unable to cover present 
operating costs, or is no longer available due to mandated retrofit 
actions, Ihen Ihe technology is retired.

Hmiovaiion
Renovation is a special case of Ihe general inveslmenl/ietrofil prob­
lem. At Ihe end of T„p years of service Ihe lechnology must either be 
retired or renovated. Renovation lakes the form of a one-time capital 
investment, that occurs in the r.,,lh year of service. In effect, how­
ever, the retrofit option can be thought of as competing with other 
new investment opportunities with Ihe production function coeffi­
cients of Ihe original lechnology. a capital cost ol and
years of expected life. The profit rale 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 Ihe case where multiple options arc available, the 
lechnology with Ihe highest expected profit rale is chosen.

The present operating profitability, NH. is still computed from 
equation (6). The operation, retirement and relrofil logic diagram is 
given below:

NR>Q NR <0

* > 0 

n < 0

Operate and 
Relrofil

Retire

Retire Retire

That is. Ihe lechnology will be retired unless it both can make money 
in Ihe immediate period and is expected to add to Ihe wealth of the 
sector over its expected lifetime.

Greenhouse gas emissions

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

Cicenhuiise gus emiisiniis

gases have on Ihe radiative balance of the earlh/atmosplicrc energy 
balance, but simply note that the following suite of gases will be 
considered.
- CO2 emissions from fossile luel and biomass combustion processes.
- VOCemissions resulting from energy production processes, selected 

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

- CFG emissions from losses from rcfriguraliiin and uir cnndiliiming 
equipment, foam blowing, aerosol propellants, cleaning solvents, 
and fire extinguishers.

- CHs emissions which emanate from the production and distribu­
tion of natural gas, mining of coal, from Ihe raising of ruminant 
animals, Ihe growing of rice, from sanitary landfills, and from 
combustion processes (principally biomass burning).

- CO emissions, most of which emanate from incomplete conihuslion 
of carbon-based fuels, principully in the transportation sector.

- N}0 emissions from combustion processes, fertilizer use, and se­
lected natural sourees.

- NO, emissions from combustion processes - especially from elec­
trical power generation and in internal combustion engines.

- SOj emissions and consequent sulphate transformations so that 
albedo changes can be monitored.
Greenhouse gas emissions cuefllcienis will be included with each 

technology description. Emissions will be assumed to be proportional 
to either the scale of input utilization or output of the lechnology. 

Emissions can be calculated simply as,

E„,i
NS WSS((.l)W,.,(/.i..l) I Nl

EE E EE
f-a\ j.r»| r»Ko/»l

(e/n.i.ji,icth,y^i.u,i«h,/.t.i>+Ai.r.ii,uch,/A'jj.„), (3J)

where, e«,r,u,i«b,y is the technology specific emission coelficient for 
emission m, in sector f, subsector si, using lechnology lech, with input 
/: ^i.,i.ucKl.i.y I* input demand for factor/by sector /, subsector jj. 
using lechnology lech, of vintage v, in region I; is the
lechnology spcciffc emission coefficient for emission m, in sector 
i, subsector is, using technology lech, produdng output /; and

r
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i» the output of good / by sector /. subsector si, using 
technology tech, of vintage v, in region 1.

When emissions are released costlessly into the atmosphere they 
Inivc no effect on either the cost of production or the optimum de- 
mimd for investment goods. Kcleuses need not be costless. Like other 
inputs and outputs from the technology, emissions may be priced. 
Einissions coefficients have been related to individual technologies. 
This is because the determinants of emissions can be relatively com­
plex. This is even llie case for emissions as simple as fossil fuel com­
bustion ciirbon emissions. In general the release of carbon to the 
iilnio.sphcrc is considered to he proportional to the energy content of 
tlie specific fuel by a fixed rulio and therefore largely independent of 
the technology in which the fossil fuel form is combusted. This need 
not be the case. Emissions capture technologies exist, and the rate of 
releosc of carbon to be atmosphere per unit of fossil fuel energy, 
emnhiisted may therefore vary by technology.

On the presumption that emissions can be measured and therefore 
costs can be associated with them, emissions fees would affect the 
cost of production. The effect of fees wilf he reflected in a mod- 
ilieuiioii to equations (13) and (14). For consumers of the /Ih product 
in the ilh sector the cost would become,

HM
fI = oi.i Pi{ 1 Tri)uoij +ixb,j -t uvh,

m«|

(34)

wlierc = the price of good / consumed in sector /. sub-
sector ss, using technology lech, in region 1. For producers, the 
income from the sale of the /Ih product produced in sector / is.

(35)

Final demand sectors

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

(Iretiihniiit g/ij riiii.u'/ir/ir

have demands for goods and services and can produce goods nnd 
services. We begin with the government sector, not because the 
analysis of the behaviour of the government sector is simpler ihun 
that of the household, but rather because our modelling approiieh to 
this sector is simpler than that of the household scclot.

Government

Expenditures by the budget of the government sector must satisfy the 
following identity:

TXin — Sf^, — ^ \ (3f.)

where 7‘A',„, is the lulal of all net lax revenues, where sulrsidics are 
measured is the net government savings, or lor negative values 
equnis net government borrowing, nnd 7'/?^,, = is transfer payments 
by the government.

In SGM version 0.0, is assumed to be rcro. In SOM Version 
1.0 this assumption will be relaxed.

In SGM version 0.0 transfer payments are assumed to be a function 
of demographics,

^ POP,., J V POP,., ; Vpof,.,;
(37)

where POP,., is the total population; POP,,, is the population under 
age 15; POP*,, is the population over age 65; POPjjxr ■» P“P* 
ulalion whose personal income is 25% or less than the mean. 
Tp.n«.i is Ihe personal income; and /f, is the appropriate empiri­
cally determined coeBicients.
. Tbe government is modelled as producing services. In SGM ver­
sion 0.0 there are three services produced, in SGM version l.fl this 
will be expanded to five. These are given in t.ihle 4.

The demand for goods and services by the government sector is 
modelled as a constrained optiniivalion problem. Government max-
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■fuM« 4 !>(;M goytinrnent luhtrrion Ttnien 0.0 md rioton 1.0

SOM venioA 0.0 SGM vem'on 1.0

Cicnciul. NjliunsI Defence, EJuulion Ceneril. Nelianst Drfcnrc, educslton, 
Infrailniclure, K&D

iniizM a ulility funclion. presumed lo he CES in SGM version 0.0, 
dclined over ihe three subsectors (general government, national de­
fence, and edueation), and subject lo the net income given by equa­
tion (36). This can be represented as,

/NGi \ '/r*
(38)

where G is Ihe government utility, an unobservable variable; G„ is 
the prrrduciton of government service jj; <J„ is a scale parameter; p Is 
an elasticity parameter; and NGS is the number of services produced 
by the government.

Government services are assumed lo be produced with fixed Inpul- 
outpul coeOicienls. Thus Ihe cost of an additional unit of government 
service, type sj, can be computed as simply.

(39)

where Pi,„ is Ihe cost of the next unit of government service ss, that 
is P) is the price of input / in Ihe production process; and is Ihe 
amount of input / required to produce government service from gov­
ernment subsector u.

Because Ihe cost of producing Ihe next unit of government service 
is constant for any set P/,’ Ihe determination of government demands 
for goods and services is greatly simplified. This problem can be 
staled as one of maximizing utility subject lo a budget constraint, 
equation (36). maximize G(Ci...., Gkcs), subject to

NGS

Pa 0. (40)

/
32H

(41)

llreeiiliiiiue i;ii\ tiitiwimti

This problem has a simple solution,

/NGS \"‘

G,. = (TX,„, - - Tfi^.W„Pi:,\ ( E Puf’l.j .

where /!„ = and y = p/(/i - 1).'"

Households

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

III SGM version 0.0 the delcrminalioh of Ihe demographic charac­
teristics of each region’s population, and its supplies of labour, land, 
and savings are handled sequentially. Only Ihe composition of de­
mand for final goods and services Is handled in a holistic utility max­
imization framework. Because Ihe demographic characteristics of a 
region’s population are an important determinant of other household 
behaviour we discuss this clement of the model first. We then con­
sider labour, land, and savings supplies. These factors determine dis­
posable personal income allocated lo consumption. Einally, we de­
scribe Ihe 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 lo three 
characleiisttcs: survival rales, fertility rates, and migration rates. For 
any period, /, total population is given by,

NAG a
(42)POP,01, = E POPi|«./ailt» + POP,mf,n>ilui

• |C-I

where POP,is the males in age group age; POP„,,iwi.n.. “ <he 
females in age group age; and NAGE is Ihe number of age groups 
defined. ,
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I'nr Iho youngctl age group, age I,

HACK
_ l’()l’,^c-l.»vniK:i./ = Atc.l fO P,,g,

«|<aZ
gender = male, female, (43)

where is (he populalion in the youngest age group,
age .= I, hy gender, in period f;is (he ferliliCy rale for females in 
age group, age, in period r; and g,,,.,cnj«i is the fraction of births by 
gender, with g,p.i + g,,, i = 1, and for other age groups, population is 
determined hy survival via,

l’OP»S».»«nJ*«.l = •^^'•sc.|<n*«,|POP,jc_|,|,„j„_,.| + POPmig,^,_j,„,j„ ,,
c = 2,...,NAGG. (44)

wliere is (he survival rate by gender from age group age
to nge + I: POPmigu^.|_,„,j„, is the net immigration of population 
into the region in age group, age = I.

At this point, fertility rales, survival rales, and migration rales 
!irc determined exogenously, with the exception that net migration 
summed over all regions is always zero for each age and gender.

Lubiuir iiipply
The sopply of labour is determined by the working age population, 
rate of labour force participation, and the wage rate.

IcmiU NMiH
Atibsui ~ “i»<.t«iia€iPOP

mile a|c«l

)^tib«vi(i - /Jrffliboui) — ^^liboui)/f|p,,<nvjcM (^5)

where is the wage rale for labour; it a scale cocOicicnt
for the supply of labour, by age and gender; Is the price
elasticity of supply of labour by age and gender, and ua.ub arc pri 
porliunal and additive tax rates, respectively.

l.iiiiJ supply -
In version 0.6, land supply is total land area in the region. All land 
services arc sold on the domestic market. Households supply land on 
the basis of (he rental rale via

331)

■mto

Afund — LANDfo|C|ondll — ®*P(/^li»j/lu"j)|i

Oiceiiluiiise Hits i iiiisfiiins

(4h)

where LAND,,,, is the total surface urua putuntiully nvuilohiu fur 
allocation; o,,„d is the maximum potential share of lund supplied to 
the market; it a land supply price responsiveness cocnicicnl; and 
Pi.Bd 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 the character of land, and its putcniiul supply and 
use, and the polenlial changes to land character ns it is affected by 
huninn activity. To be most useful, the model rrf land must he capable 
of explaining both (he present allocation uiid use of land, how that 
allocation and use changes with time, and the consequences of land- 
use for greenhouse gas emissions. Furthermore, the characteri/atiun 
must also be capable of providing a framework for assessing the 
consequences of potential changes in atmosphere and climate, and of 
changes in sea level. Several altemaiivc specifications arc being con­
sidered. A description of land use in SOM version l.tl will he the 
subject uf future model development reports.

Persiiiinl income
Personal income can be computed from (he iofurmation already de­
veloped via the equation.

y == ,upp|y(P|,boui(l — (SUliboui) — t-fl’rjbeuil

+ iapfl/|P|acll(f ~ tSnijnj) ~ fsb|,nj|

+ ri,oi(1 — Is, — Sg) -f- T/7|ov (47)

where Y is the disposable personal income; n„„ is the total net profits 
from the operation of all enterprises; Is, is the profits lax rale; s, is 
the rale of retained corporate earnings; and ixy = income (ax rale.

Savings supply
SOM version 0.0 represents savings as a function of present income 
and the interest rate,

where S'^^ is the total supply uf savings by households; Ohiui.« •* th*; 
maximum polenlial household savings rale; /IhKwvc '* sensi-
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livily of households lo ihe available interest rale; and faci,h is an ad­
justment factor linking Ihe market interest rale lo the interest rale 
available lo households.

While ii is usual for a general equilibrium model to maximize a 
utility function lo determine household behaviour, version 0.0 does 
not do this. The development of a more sophisticated description of 
aggregate household behaviour is a development task.

Iliiusehotd demand for final products
Own demands for factor Inputs labour and land are computed sepa­
rately from demands for other goods and services.

The own demand for land is a function of the number of houie- 
lioids.

NIIH
/NAnev/if7e ,E •’OP*.. A«.

>l'-l /•
(49)

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

Therefore,

= NHH (50)

where ortitut,sh is Ihe household land intensity factor; and is the
price elasiidty of demand by households for land.

The household demand for labour is a function of Ihe price of 
labour,

= ^likovi<*|jbouf,Ss/’|5j^**, (51)

where oijbaur.sh i* the household labour demand intensity factor; and 
Puh»ui,hb i* lit® price elasticity of demand by households for labour. 

The total value of consumption can then be calculated by difference

^ ^liDd.Shf’lini '^kbcufghhf’liSouf (52)

Consumption of any final product can then be computed using 
price and income elasticities and an income expenditure normal- 
iimiioii via,

■n
nCD

Of itviilmiise gus tiiiijsiiuis

where A'<//,hh i* Ibe demand for good i by the household sector; a,j,h is 
the household demand intensity factor for good r; is the price 
elasticity of demand by households for good i; and y, M, is Ihe income 
elasticity of demand by households for good /, and

YiAuS I vru» ■ * (54)
Nt

Each consumption good, which in version 0.0 is identical lo a pro­
duced commodity in the OPC, is assumed lo have an income and a 
price elasticity of demand.

In venion 1.0, Ihe plan is lo embed the household decision making 
process in a cohesive inlerlemporai decision-making process which 
includes consumption, savings, and education. Education is important 
because, at least in the United Suies, it is the most important deter­
minant of life-cycle labour-force participation. In addition, the sub­
sector structure in the model will be used lo expand Ihe number of 
demographic groups. The number of such groups has not yet been 
determined but will reflect significant differences with respect lo sav­
ings and education decisions. In version 1.0 consumption categories 
will probably be different from production categories,, implying the 
need for a translallun matrix from consumption lo production com­
modities. Computationally more versatile forms for the labour and 
land supplies will also be explored.

General equilibrium

As noted earlier, markets are defined for each of Ihe 10 producing 
sectors in SGM version 0.0 plus one for each of the three primary 
factors of production: land, labour, and capital." There are at least 
13 markets for the model lo clear even when only a single region is 
being considered. When multiple regions arc being considered simul­
taneously, Ihe number of markets 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 number of regions. 
If capital markets are closed this number Increases lo 10-I-3/7L." 
In addition, Ihe model user can open or cloie any market in any
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'iHblc 5 An tiiDipIc ortndlji| itlalionihlp liblc

Region
('iiiiiinnJiiy I 2 3

1. Agii. 1 1 1 1 1 1 1 1 t 1 1
7. ('illJo nil 1 1 1 1 1 1 1 1 1 1 1
3. Oil lof. 1 1 1 1 1 1 t 1 1 1 1
a. Nal. g:is 1 1 2 1 2 1 1 1 1 t 1
5. Nat. gaf If 1 1 1 1 1 1 1 1 1 1 I
6. Coal pioJ. 1 1 1 1 1 1 1 1 1 1 1
7. Iliomuu 1 1 1 1 1 1 1 1 1 1 1
K titanium 1 1 1 1 1 1 1 1 1 1 1
V. I-Icc. 1 1 2 3 0 2 3 0 0 0 a

111. Olhor 1 1 1 1 1 1 I 1 1 1 1
11. I.nhuiir 0 0 n n 0 0 n 0 0 0 0
17. l..snJ II II 0 It 0 n 0 0 u 0 0
1.3. S:iv/iiiv U 0 0 I) 0 0 0 u 0 0 0

region rdalive lo Ihe reil of ihe world, and thus create trading 
grnupa. This is indicated through a variable, Mktiink defined over 
regions uiid commodities, where if for one of Ihe J J commodilies and 
II regions,

Mktiink «=0 indicates that region L is permanently closed lo trade 
in commodity IN. For example, all regions arc closed 
to trade in land in the above matrix;

Mktiink > 0 indicates that Ihe region Irodes with all other regions 
with similar Mktiink values for that commodity.'*

All example of a trading relationship table is given in table j.
The number of markets will also vary during Ihe execution of Ihe 

rnodel. This occurs because transportation costs involved in interna­
tional trade are non-lrivlal. It is easily possible to encounter a case in 
which a region would desire to export a good if the region is treated 
as an importing region and domestic producers are assumed lo be 
able lo obtain Ihe world price of Ihe commodity plus the cost of 
Iransporlallon. On Ihe other hand, If Ihe region is treated as an ex- 
purling region, in which domestic producers can obtain only the 
world price of Ihe commodity, the quantity of the product demanded 
hy the region increases and Ihe quantity supplied decreases lo Ihe 
point where the region would desire lo import Ihe good. Under such
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circumsUnces, the model will treat that region/commodily combina­
tion as if it were temporarily closed.'^

For each region/commodily combination, on excess demand can

be calculated by

e/J = ^ E (sdi.iji.Kth.y - i=l. --W- (^ )

j.l ||_| (uCh-l

where <;./ «= excess demand for commodity r in region j.
Consider for a moment Ihe simplest case In which nil cumnioJilies 

are traded internationally. For any period, equilibrium exists when a 
set o( prices, F = ....... Pn) can be found for which

m.
1= 1. .N. (56)

(57)

This set of prices is not unique. Wnlrns’s law,

N Ml. 

i-i /-I

which holds as an identity, and guarantees that if an equilibrium set 
of prices exisls, that any positive scalar multiple of those prices is also 
an equilibrium set of prices. Any commudiiy can he chosen ns a 
numeraire and its price determined arbitrarily, set for example to 
one. The number of independent market prices is always one less
lhan Ihe number of markets. ,

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

Solving Ihe SGM

The BRM first generation model, used a Newton search procedure in 
an elasticity metric. Elasticities were computed numerically by per­
turbing each market price slightly and re-evnlualing the model. 31ns 
required Nmkt+1 evaluations for each search step. It also created 
a Nmkl* matrix of partial derivatives, which needed to be inverted. 
With 42 independent markets, this piocedurc requires a mainx of

•nmto

in
CD

(S
cn
(S
-si

CD

nU)
D

n.u
ua



u
Eilmuiiih €1 at.

I.7M clon.cMi. lo be inverleJ. The EUM ulio intorporalcd a variety
*,‘°r no change in a dis-

cquihbnum *cl or pricej could be identified, through the Newton

Increasing (he number of markcli lo 42 In SGM version 00 in- 
t:ious« the complexity of the problem of finding numerical solutions 
to the inodel The SOM will employ an even more diverse set ofsol-
ri iT.n^i r"""'u" i'npoilanl ad-
Th r* I I?'’’ *V ‘“*’"‘‘1““ » '•>« Gausa-Scidel procedure.
This solution algorithm begins with an initial price vcctor^nd then 
updates each element of the price vector individually.'*

Concluding remarks

Tliis pupc, describes a new model under development a second
'""ey human act’iviiies and

fclariorhi "‘'dresses the problem ofthe'
rUBlionship between human activities in a wide array of domains
md their effect on the emissions of radiatively important gases, and
im, andc l!l'=h"n«« in the atmospheric composi- 

lion and climate on those human activities. To address the extremelv
broad scope implied by these objectives, we have begun the devel^ 
opment of a global, computable general equilibriumTod^ which 
provides insights not possible with linked independent market eoui-

ors'or^KOlhertc

i.Jepend«riv o iJ!r^r '*fi'«"»'/national economies
to mod^ iK j economy, and as a world model. Projects 
Lh ^ and former Soviet Union arc
Th«e nrnle"cu“'’"“" China and Russia.
These projects are anticipated lo produce results during 1992 This
jrk in turn will help inform the development of the IgM giS 
r^Jmls.^"°*'“‘ ‘"'deavours will be the subject of future

3.1 fi d-

■n
•mCO

Greeiiliniitt ga.v riiiii.i/i/iis

Notes.

1. The lulhoit would liko lo ciptcit appicriillon lo Ihu Unllril SUlut Dcpiciiiivnl iil l-nL-iur. 
OAco at Enciijr Raciich and ihe OOkc ol roMcy. Piannln|. and Anatyala, and to ihc 
United Slain ^vlionmanlal Piaiaclian Afcrucy. tor ivppoil la ihc cuoduci ul ihia it- 
aaaich. The lulhori arould ilio like lo taprua appicetalinn lo Yokhl Kaya. Nchajta 
fenotrU, Klill Parihh. Yvaniakcni laiii, Real Hickman, and Ken RulTins tm ihcii ihnncM- 
(ul oommanli on ao caallar diati ol Ihia papua.

2. Ouea wilh cbaiaclarlllle e-roldini or avcn|c moluculai liTclinu aaluct nl leu than III 
yean.

J. Ccnivry lime Kalca.
4. Par ciamplc, cooliol rvoa mint Ihc EHN4 oiad ni.UUAI. IKXI modcla yield rcniaikolily 

ainilir reiulla whcnaiandard inumplioni arc employed In hnih modcla.Thb lidcipilc Ihc 
tael that Ihe EtkhI la a bchaalotiaal iiuidel and aiTkRAI, IIIX) ii • dynamic npliniino| 
modal.

s. Il fa alwjp pooiiblc lo iccail a ontdcl loch at iho SOM willdii Ihe dynamk i.piinii/.-ilom 
wiib peitcca fotcii|hl paiadijm.

A. Cuioparcd lo campellni lechnolntics.
7. Note Ihoi Ihc piice ■ccclacd by Iho pcudut'cra, I’u, h ua^ual lo Iho I u.h. piRu.Thi.- pci.vi poid 

hy pioduocia aie equal lu Ibo l.o.b. price plua laaca and niaiku|n.
5. Nula Ihil In Ihli cjio Ihu pcriod-ipecihc capucicd price vucini itplacci Iho pioaoni du- 

counled price vccloi tlvao by equation (la).
9. Mole lhal Ihia properly ti eharacreitiiic of any prothrclinn roadkm which ti homnteneoua nf 

dc|iee one. luch ii (or ciample Ihc CES, aod not aimply Ihc Lconllcl ipceirrcalton.
ID. To ace Ihia oolc lhal Anl-oidcr condtiioni require lhal

c,.. i'i'a "c;„r>j...

where d fa a Layranglan mulltpllet. For eonvcntcnce dejino,

and note lhal
tiVt

r~£o^p...

Subtlilulc (I) Inlo (2) to yield.

Rciubllilulini (]) lolo (I) flvca Ihe Anal icaulL 
II. Rceatl lhal Ihc captlal raaikcl la ■ maikcl lot urringa and Inacsiracni. Il doer nui allocate 

ctlilJng caphal aloeka. Thote ore quul Aiad u a vinlaged capiul iloet.
17. 17)0 relualton of Ihe aoumplloa lhal capllat matkeu ore riiued acquim Ihc erealloo of on 

intrctuiunl vehicle. Thb could be aaxcmpb'ibcd by Ihe crcaUoo ol an Iniirnallonal bond. 
Thia bond would imply a tulurc relum flow'or leiouicoi In caehangc for aann|a. Ilcl in- 
Irrail paymenia would bo added lo UNP and houichold dirpoable Ittcomc, auumtng 
houieholda bold ifae bondi:

IS. Nolo lhal while model logic will not be adccted, there jhoolJ alwi)i bo al lean Knr rcglnna 
Innrived la a barling giottp (or each eommodily. The value ol ihc Mklltnk vartahlc gjvci a 
icrcaenoe region arhoee f.ab, pilrx ol eommodily /W dclemtinej ihe l.o.b. prke lot lhal 
commodity In all other tegforu In Ihe leading group. Fnc caample. In Ihe manic above, allC
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Uihiwnih tl III.

I'ltvpl Chlm. uii- Ihe f.ii.h. pihv u( tKili-vIlvial p/io/ucU In ihc llnilvd KivU'f 
|K(i4in I) jj a umimun icicrcnrc l.ii.li. piitu.

fh« valiii! ukJ in Mkllink ihiiuM nh'ayj ini; iliu ictlnn Inilca nuiniwi iif iiny
iiiviniH i 1.1 II.C iiaJini (laup. Po, eiimplc when J inj 6(onn in tiocliklly liitllnt
liiivp, biilh nicfflhcri um the numbir 1 fui Ihcir Mkllink viluu.

\Vc nste Ihil > rc|ion cjnnol be open lu liadc In only one csfiunodily.
14. When * (Ctlon ii Icnpoieiily ircilcd ei II il »ci« cloced In Hade In ■ paiUculii commodily 

lb« «a1uc u( Mkllink k «tl lo Ihc nc|alivc of Ihe lelercnce fioup number.
Id. Thlf piiwcduie hii an cipcclad lolviioo rale of balwaan dNmkl ind lONmkI model evil, 

mlinni. Il II ihui cumpuKlionally very afficlenl. The order In which ihe Giuii-Seldel iljo- 
nlhm opcrilu may be Impuilinl. For ciamplc, we may with lo uilve Ihc mnld nuikcl. 
ihcn Iiuiaic 10 Ihc u-(lunal laboui and land maikcli, and then relucn lo Ihc woild maikel. 
dome Ihouchl necdi lo be livcn lo geliinj appiopdaie oulpul and liiekin| Ihc lolulion 
pioccaa »ilh an c)c lo Impioving III eHiiiaicy.
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Comments on chapter 9

1. Nebojsa Nakicenovic

Tlie design and implemenlalion of ihe "tecond gcneialion" model 
for analyiis offulure greenhouse gas emissions is indeed a farmidable 
laslc. Edmonds el al. (1992) $cl Ihe goals of such a model well beyond 
Ihe stale of Ihe art by specifying lhal it should be "capable of ana­
lysing Ihe emissions of all greenhouse gases front all sources, includ­
ing both those of natural and human origin, to provide an analysis of 
the interplay between Ihe variety of human and natural activities re- 
sponsible for greenhouse gas emission." Clearly, such models cur­
rently do not exist that are capable of "assessing emissions from all 
human activities and major direct and indirect consequences of po­
tential policies 10 reduce emission." There are many models llial 
already address some specific parts of the problem, e.g., carbon di­
oxide crniCTions associated with energy use or models lhal cover 
all anthropogenic sources of emissions and resulting atmospheric 
concentrations (e.g. EPA’a Atmospheric Stabilization Framework, 
Ushof and Tirpak 1989). They are, of course, still very far from 
the comprehensive approach suggested by Edmonds el al. Hence, the 
development of Ihe second generalion model of the lype proposed by

(
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h'dniimds cl al. U certainly a most welcome cfroil, nllhnugh a very 
nniliilinin one.

Undcniuhly, much could ho lourned l>y the modelling cuinmunily 
froni the cxerciie proposed by Edmonds cl a). In particular, Ihc 
cfTotis suceesled to cntlOiLcni/c tjcniogfuphic and lechnological 
fjinngcsjnoril parlicylnr.prjtisfi.und attention. However, wTlhiri a 
poTicy"conlcxi there it alto the ittuc of how luch a model can help 
reduce the uncertainties mheren) in niodellinp flohal chanep.

AlicihulivcTy fibw cniT^lhc modelling cxcrcite make more Itans- 
purenl and explicit the uncerlainlics stemming either from our in- 
sunicicnl understanding of natural and social phenumcna or their 
inadequate abstraction (modelling)? Therefore, a word of caution 
may he in order. The policy dimension of global warming must con­
front simultaneously the problems of extreme uncertainly, both in Ihc 
causes and consequences of global warming, and in the future con- 
Icxls within which policies related to global warming will operate. 
Thus, there is a need for great llexihilily in policy measures since Ihc 
socio-economic ond technological contexts within which any global 
chiinge policy is situated wilt clearly v.ary mid alter. Wo are confront­
ing policy choices reluled to a global environmental issue whose 
effects will be measured in decades and centuries. To illustrate the 
dirnculty of this task, imagine confronting similar issues a century 
before, say in 1842. At lhai lime, electricity did not have a significant 
role, the motor car had just been invented, the aeroplane was un­
known except as a concept, and nuclear weapons were unlhinkuble 
due to the lack of basic physics, while major urban problems were 
parliculalcs from coal and dung from horses. Thus, it should be clear 
Hint it is unlikely we will forecast the future evolution of energy sys­
tems. technologies, or its social confexis over the next 100 years any 
more accurately today than if we had performed Ihe same exercise a 
century ago. Yel, modelling and assessment of stralegies for miti­
gation of climale change require a very long-lerm view, one which 
extends far beyond normal planning horizons.

In view of Ihe large and slill unresolved scientific uncertainty.sur- 
rounding greenhouse gas emissions, their sources and sinks, Ihe con­
sequences such as adverse and irreversible climale change and possi­
ble response stralegies, the development of Ihe second generation 
model of .Ihe parametric type proposed by Edmonds et al. is a very 
useful effort since it will allow Ihe testing of different hypotheses 
concerning future energy und greenhouse gas emissions.

In this short commentary we will discuss a few of the salient char-

('imiiiii'iil^ mi i7iii/i(rr 'J

aclerislics of such a model that nppenr to he rcqiiiied if it i.s to fulfil 
the expectations of its authors, hot wc will not raise llie spetdic 
teclinical questions that would need to lie resolved before Ihe model 
can actually be built. The technical questions include, for cxnniple, 
Ihe problem of integrating Ihe global warming potential of eotission 
and concentration of multiple greenlmosc gases, or how to nLCOonl 
for historical and current NiO emissions from human octivilies and 
natural sources, or how In rccoosiruci the capital vintage slioeiurc 
for economies in Irahsiirdn bnd developing countries. I hese que-s- 
lions are far from being resolved but arc Ihe subject of a nun.licr of 
research activities and international efforts from which Ihc proposed 
modelling exercise could henefil. Ut us assume that these uncer­
tainties and unknowns can be resolved by a pnramclric modelling

*Tvrnmv return to Ihe discussion of.impotluni model ebiuuclcrisiits 
which (in order to be biief) wc will limit to four issues: (1) population 
dynamies, (2) endogenizalion of technology, (3) socio eullural aspects 
and (d) provision of energy services. They arc important lH.ciiosc 
they urc all linked to Ihc rcquircmenl of ndopliiig a very hmg lone 
horizon for model applications, which extends to the end of Ihe nexi 
century.The authors are to he complimented for taking Ihe limg-icrot 
and glubal view. Models that focus on lime-scales of two to tliree 
decades can be based on many sialic assumptions due to Ihe refalivc 
stability of demographic trends, social and cultural relations, and the 
technology base over such periods. Conversely, exten-siou of the tiinc 
horizon well into Ihe next century means llial many of these long­
term processes will become Ruid and can no longer he Itealed as 
constants or "slow variables."

I. Population dynamics
In a century global population could slabilize but during the next iew 
decades il will certainly continue to grow at rales fairly close to the 
current 1-7 per cent per year. In fael. Ihe momentum

gra^ic iraniilion is an important issue if a hmg time horizon^is
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adopled. ll is of paramount imporlunce whclhur Ihu glol>:il pop- 
ulaliun will reach 10 billion or grow beyond. Whal is almost cuMuin it 
lhal i( can be expected to double during (he next lUII yunrs.

The objeclivc to “endogenize’* population growth in Ihc next 
model version is lo be welcomed. The actual problem is how to im­
plement the link between development and population: is the demo­
graphic transition a'prcrequisite for rapid development or the other 
way around? How lo account for Ihe diverse experiences among 
countries and regions with respect to Ihc demographic transition? A 
critical impasse is how lo model these theoretically poorly under­
stood linkages at the global and regional level. Tor Ihc time being 
Edmonds el al. plan lo include assumptions concerning survival, 
ferlilily. and migration rales for individual regions over the lime 
horizon. However, increasing Ihc number of exogenously iissiinicd 
driving variables dues not necessarily leud low.ird.s u better under­
standing of Ihe complex issues between devclopniunl and demo­
graphics. II might, therefore, be simpler and also more Iranspateui to 
assume different population-growth scenarios exogenously as done by 
Ihc United Nations population forecasts Ihol nre Ihc standard refer­
ence in this field (UN 1990). I'ersonally I see little merit in making 
numerous assumptions in a model without explicitly dc.scriliiiig Ihe 
linkages between Ihe variables. The approach leaves u false impres­
sion of certainly and accuracy lhal docs not actually exist. This crit­
ically affects particularly Ihe ircatmenl of migration In Ihe proposed 
model. Clearly, emissions will depend on trade and .migration pat­
terns hut Ihe problem is lhal (here is no obvious way lo model inter­
national migralion, especially (he large mnvemcnis uf people lhal 
might be caused by Ihe adverse effects of climate change. Low pop­
ulation growth rales and high levels of aOluence in some parts of 
Ihe world can also be expected lo allraci addilional migralion and, 
this again is a possible linkage between development and population 
issues.

fl, Bndogenizalton of technology

One of the important shortcomings of many energy models is lhal 
resource scarcity is one of the central driving forces of future energy 
development. Once Ihc cheap and clean sources of energy are cx- 
hauiled, Ihc models "dig deeper" into dirtier and costlier options. 
This is close lo Ihe Malthusian concept o( limited resources and has 
by and large been historically falsified for most factor inputs including
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energy, minerali, or land. |( (urnt out lhal in ihe long run lech- 
nological change leads to pioduclion of more wilh lest ralher than of 
lc« with more. And yet technological change Is still a static concept 
entirely absent in most models. Fossil energy resources remain static, 
pntentiuLs for technological improvements are 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 
ermiinuM to increase. Table I shows that Ihe known global fossil en­
ergy resources arc equivalent to about 3,1)110 gigalons of carbon! The 
carbon content of Ihe atmosphere is in comparison small wilh about 
7h(l gigalons of carbon. If Ihe current concerns regarding prospects of 
global warming nre coiilirmcd in Ihe future, it is probnblc that most 
of this carbon will temalh in the ground. The point here is that tech­
nological jirogress and development are exogenous parainctcnr: as 
.sooii as sonic of these csicrnalilies arc endogenixed, decarbon- 
i/alion .strategies will be economicolly more attractive and less costly 
than ••dirtier" options. In retrospect, we no longer consider technn- 
higies that are hazardous to hum.in health as "cheaper" options, but 
ralher as non-options. Therefore, the model needs a "dynamic base" 
rather than the planned sialic coitcepi of deplelabic and degradable 
tesourccs.

The adoplinn of a capital vintage approach to endogenizing Icch- 
iiolngical change by Edmonds cl al. represents a significani improve­
ment and will undoubtedly produce moil valuable insights, as dem-

TaMc I Kunll rntiiy cuniumpltun, itttittt vnii icsaurics (Gt CJ
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>3»» >1000 >700 >5200

Nnic: Atcuunlini toi hiitaiinl,prcicni, snd putcnifsl fuluie tiihon cmlittoni tiom towil fuel 
uu in lixtliini ciiinin. Hulariol (I8M-19117) ind picscnt (190) a,bon cmtiilmii from iMtil 
riKl UK by uiutcr nut ciibon omlcAl in idcnliflcd, cconmnlcslly rccovciible roull tud ic- 
leuci. ICIDUIMI (MtntiAed quinlitUi wilh uimilsln pioipecla of cainannic iscavinbllity), 
ind »ldiliiiniil occuiicnni (iddillonal <(UinllltM intciied Irom fvulotlcil intonniliun but vriib 
s|iciululi« Inhniral and economic pilcnllslj. CunipMcd to biilnn'ul riutll fuel uir. Ibe lo- 
nuinri.| losiniicci In Ibe yruund icpincni s tpcihaps even fti lou lsr|c) ••csibon ondowmcnl" 
which It more llun i locloi 10 is lii(c ii ihc lolil catluwi pool In ihe almoaphcrc of oiound 7M 
Ol C (riiiicjpiindiiii la a prcicnl COj ONirmlrJlInn lalc of about 3Sn ppm) (OiUhlcr and Ht- 
lUciiiuid 1991).
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onsiralcd by similar models for anolysing econuniic sirueiuriil dunge. 
The capital vintage approach can help to model technological change 
by Ihe introduction of learning ond econontics-nf-scalc ciTccis into 
new additions to the capital slock and Ihe resource base. Neverlbe- 
less, the assumption of static resources (even if total potentially re­
coverable resources arc subdivided into reserves and undiscovered 
resources) over a period of 1011 years is indued a very restrictive 
constraint lhal will, no doubt, almost "nulomniieally" lead to high 
carbon emissions (since cheap and low carbon options arc exhausted 
and renewables and nuclear limited by olhci "eonslrainls"). For in­
stance, only in years ago the existence of melhune clailirales was 
largely unknown. Will they he included us a potential lesnuree base 
in Ihe model ond how is the resotiicc base going to change v/iib the 
uvailuhiliiy of new icchnulugies?

During Ihe next csenlury many new energy systems can also lie ex­
pected to be Introduced lhal may help avoid the astronomical levels 
of greenhouse emissions envisaged in iminy biisiness-as-u.Mial sce­
narios (c.g.. see IPCC 1990). Figure 2 illustrates lhal even al bistor 
ical diffusion rales new energy systems can he expected to reach high 
market shares during Ihe next century. Such systems mny ineliide 
completely new technologies such as carbon removal, nnd deposition 
(c.g. into Ihe deep ocean) but they will most certainly he also based 
on improvements and rerinemenis of current technologies such as the 
electric or hydrogen cat (Nakidenovid 1992; Nnkicenovic and John 
1991). But even these more evolutionary options will need enobling 
systems and technologies such as new batteries und foci cells. The 
diffusion of whole families of new technologies needs to he modelled 
both within Ihe energy system and other sectors of the economy. It i.s 
not clear how this will be handled in the .second generalhm iiiodd. 
although it is clearly crucial for the understanding of the niiligalioir 
and adoption potential offered by new. less carbon-inicnstve and 
carbon-frcc technologies.

III. Socio-culiuraJ aspects

Socio cultural determinants of future greenhouse gas ernissions are 
also important al all scales but beettme c.spccially dilllcnll to ninde 
when the lime horizon is extended to 10(1 years in the future Is there 
cultural convergence over such long periods, especially if l ie world 
actually becomes "smaller" through more inluraelinn. global coni-
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municaliun. and mobilily? Al Ihc olhor cxlrcnto, a divergence could 
be auumed with more helerogcncily and diversity in llic world. In 
fuel, (hit wa* the historical experience during the lust century ns 
illustrated in ligtire 3 Tor carbon intensity of value added. In contrast, 
many of the development strategics nnd scenario (rajectniie.s imply 
a common global path, c.g., universal udoptiun of technologies nod 
their transfer despite diverse institutional and regional chaiaelcr- 
istics, and irrespective of the actuat npproprinlcness of these systems 
in a given case. The second generation model can he expected to help 
identify some of the linkages among these issues, but the real prob­
lem occurs with the treatment of these sociat and cultural deici- 
minants. For the time being, socio cultural variables have dclincd 
(|UDntincalions in most global models and ul best have been included 
as residual values (e.g., derived from general production function 
approaches). Even if these variables cminnl he iiiodellcd in the sense 
of formal abstractions from causality relations, it will be iinpotiuni 
to make explicit assumptions and scenurios in the model concerning 
socio-culiural development. This Is a potential odvanlage of a jtara- 
metric approach.

As another example, is it really reasonable to assume ii general 
equilibrium approach and market-clearing mechanism for aiiiilysing 
the long-term future, when market-clearing mechanism imperfections 
and regulatory mechanisms are a prevailing characteristic of the 
world economy rather than an exception? Transfer of ’•sensitive" 
technologies is explicitly blocked, diffusion and adoption of tech­
nologies can be bjocked by local cultures or regulations, and .so on. 
The examples are so plentiful that it is difficult to construct a list of 
competitive Inlcmatinnal markets. There are, of course, many meth­
odological reasons for adopting a generni eqiiililiriuni approach, but 
Ihc question is whether too much Is assumed away by that uppruDcb 
in a model that olherwisc includes so much detail. In more aggregate 
models this might Indeed be a very viable and appropiialc sim­
plification but In a complex model such as the one proposed it is not. 
clear how to balance detail in some areas against simplistic assurnp- 
lions in others. In any case, Ihls approach makes the analysis of major 
and revolutionary changes impossible. Adjustment paths to u low- 
emissions future is by design at best gradual and excludes socio­
cultural diversity. All regions arc assumed lo have market-based 
economies and rational, utility maximizing agents (envisaged for ver­
sion 1.0).
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IV. Provision of energy services'

Ralionalily of agents is in general u very sticky subject when it comes 
to describing actual energy consuinplinn and end-use behaviours. 
Conscrvalion and cfTiciency lag behind wlial appears In be rational. 
Often cfriclcncy improvements are offset by increo.sed energy ser­
vices. For example, new cars are on average more eflicicnl Ilian the 
old ones in Germany, but they consume more fuel because they are 
larger, faster, more powerful, comfortable, and safer. Demand for 
more comfort at home has also increased due to older »gc structure, 
smaller family sire, and larger dwellings per Imusehuld, leading again 
to higher energy services. Figure 4 shows Ibat longer life expectancy 
and shorter working time have over the last UK) years reversed the 
share of life spent at work compared to leisure activities from about 
80 per cent to about 20 per cent today. This results in more travel, 
leisure activities, and lime spent at home. All of these phenomena are 
also linked to economic structural changes, productivity increases, mid 
evolving socio-culiural patterns. The problem arises when changes in 
the end use are observed at Ihe maetn-level and explained only by 
price mechanisms (e.g., claslicilics) ralhcr than by changes in human 
hchaviour and social patterns. In those ca.ses fallacies can occiir. I'or 
example, Ihe price of motor fuel increases hut consumers purchase 
cars that consume more fuel even though they may be more cfTicienl. 
Perhaps many of these considerations arc marginal on a 100-year 
lime-scale. The salient question lor personal mobility in Ihe world is 
rather whether car ownership will diffuse Ihroughoiit the world to the 
degree it has in the indusirialired countries. Tod-ay there ore over 41)0 
million cats in Ihe world. Whether this number doubles oi increnses 
■enfold during the next decades will have a larger effect than any 
model variations in the price elasticity of motor fuels. Another ex­
ample given in figure 5 shows lhal most of the cars ate owned by Ihe 
male population in Germany, while only a few, mostly young, women 
own automobiles. Should the ownership rales converge in ihc future 
this could almost double Ihe licet size.

There examples illustrate lhal the long-time hori'zon nimnsi in­
herently demands an inlerdisciplinary approach in evalualmg green­
house-gas emission mitigation and response siralcgies. Iicunornic 
mechanisms alone will not do n«»r will engineering perspectives. Ihc 
complex fabric of many dimensions has to be integrated into more 
holistic approaches for analysing alternative development paths, 
Ihose that lead to high emissions and Ihoic that arc responsive^ to
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llfu buufj of work to loUl dbpoiiblc, irtlvt nan-noik boon for idoiU. DlipoiibU 
hnun ut calculitid by lubtnctlng tO ytui foi cbildhood ind Gni clcntnliiy cdo> 
Tillon ind ilto ttipilud "phyilolaglral" limt, t.|, tbnc itquittd for i)«fp, cillof, 
•nd prnond hygltnf, aiTOracd nn orcifi* to ■mount le fO houn ptr day. For Ihc 
•ran|c Hutblog puputadoo In Iba United Kingdom, noihlof heuta dcaaued (ion 
about 124,000 to 69,000 honn batwcao 1056 and 1911, wblla al the aama dno dU- 
poiablc lirctlnc houn Inatuad (loni 292,000 lo 371,000 boan. Tbu^ aoa-noiklng 
houn Inntaitd (rnia about 111,000 to 207,000 houn ortt a Uredoa. Oo avtngo 
oral 60 ptr rtnl of tha dlipoiablr Ufadnu of malt adulta wot iptnl Moibing U 1BS6, 
tbli ptroinitgc baa falltn lo leu than'20 ptr ctal at prtHot (Sourra: Aajubtl and 
CrOhltr 1990).

climale change. Perhaps crealivc scenario wriling would even further 
enhance the value of models such as the 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 to capture 
some of these characteristics? It is deatly undesirable lo have a high 
degree of complexity in irealing problems (hat are poorly understood 
such as Ihe effect of global warming on inlernatiunal migration pat­
terns. It is belter instead lo (real with highet accuracy those things 
that are well known such as the effect of urbanization, mobility, or
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Fig 3 Utmograpbla afar oiratnlila l» Canaany (only fotmtr FRG larrllmy) In 
19t9 rcTtallng ilgoUaDi laltt|tBti»rtoaal aad gtndar dllTarancea In car ormaoMp. 
Combined rtflb dtmo|rapblt projactloiu acaoarfoa of lUlore tar owncnblp me de- 
vtloped at IIASA based oa dilftrtol ictbuIoi of llftatjtt ebanget of iutc««lrt c^

ttptrltDca (Sourtm BQItritr and CrObltr 1991).

geogiaphy and cHraale on energy end-use patterns. H .'* » disbcnefil 
to know the magnitude of the global warming potential of muKipIc 
gases if carbon dioxide eflecU and emissions are known with great 
accuracy while direc< and indircci effects of methane and its emis­
sions are very uncertain, tn this case, U would ^ belter to know the 
atmospheric concentrations of these two gases individually. The sec­
ond generation model can help and improve Ihe analysu of many of 
these issues piovided it Is •‘scaled" appropriately lo answer the posed
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queslions - lo use (he words of Edmonds el al., j| slinutd be problem- 
oficnled and involve minimum modelling. I hope lhal (hey will suc­
ceed. The proof of the pudding will come in ealing il - in (his case v/e 
will have (II he palicnl and wait for (he firsl model implemcniaiion 
and resulli. in uny cosc, Ihe authors must he complimenled on (heir 
nmhilious and eouiageous undertaking.
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2. Kirll S. Parikh

Al (he ouiscl. Id me say lhal Ihis is an exiremely ambitious efforl. Il 
is even more ambilious lhan (he one upon which wc embarked al Ihe 
Inicmalional Insiilulc for Applied Syslems Analysis (IIASA) in 1976

CiiiiiiiiciUs VII i7iii/ilcr y

in iU Food and Agricullurc Programme (FAP). We buill whal wc 
called a Basic Linked Syslem (BLS) of Nalional Food and Agricul­
tural Policy Models.' The nalional models arc applied general equi­
librium models with a general equilibrium linkage. The sysicin bus 
some 34 models. 20 referring to specific countries or groups of coun­
tries having a common agricultural policy and 14 models rcpresenling 
countries of Ihe rest of Ihc world from diffcrenl regions, grouped ac­
cording lo the similarity of their likely behavloor on the international 
markel. The models distinguish 10 diffcrenl commodities at ihc in- 
icrnaliunal level (more domestically), of which nine wcic ogricullural 
commodities and the luiilh was a non-agriculliiial sector lo close the 
system. The parameters of Ihe models were empirically esiimaled 
from lime-series dala. Empirical esiimulion as opposed lo bench­
marking was considered essential il Ihe model system were lo de- 
scfihc Ihc world wilh some measure of confidence. Il look some 201) 
person years of efforl. The first dcninnsirtilion version of the model 
was ready in 1980. A usable une became available in 1984.

However, that was in 1976. Today, it is 1991 and Ihc progiess lhal 
has been made over ihcie yeors in computers, algorithms, conimuni- 

. cslion networks. Jala availahilily, and Ihe experience ohiained willi 
general equilibrium modelling, should make the proposed efforl of 
Edmonds el al. succeed within a reasonable lenglh of lime. Wilhoul 
Ihe Kitty Hawk of Ihc Wright brothers, 707s would nol have come 
about when Ihey did. With our and similar cffotls on building applied 
general equilibrium-based linked syslems. such an anibitiuus elldri 
could now be conceived and launched.

My commenU on ihe paper arc grouped under diffcrenl head­
ings. First, I would comment on ils approach, then on ils scope, linii- 
lalions, and pioblem-oricniulion. These will he followed by some 
suggestions.

The approach
The approach is a botlom-up approach and the model provides 
enoimous details. Wilh any model (hat you use. ihe users always de­
mand more details than whal is incorporaled inlo the model. I can 
confirm lhal from my pcnonal experience. The model of India ihul 
wc developed at a part of Ihe IIASA Basic Linked System was one of 
Ihe more detailed models of Ihe syslem. I have been using Ihis model 
lor policy analysis and I oflcn find that quetlions are asked lhal Ihe 
model cannot answer wilhoul incoippraling more details or greater^
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For example, (he developing countries do not feel responsible for the 
curreni greenhouse problem. Their emissions of CO} are less than 30 
per cent of Ihe lolal greenhouse gas emissions in the vrnrid, even 
though they constitute nearly 80 per cent of the world’s population. 
Many of these countries face severe environmental stress in their 
urban arca.s due to air pollution, poorsaniiulinn, cnirgestioii in .sinnu, 
use of dirty fuels in poorly ventilated kitchens, and crowded settle­
ments. There environmental isiues alTect the welfare of their pop­
ulations in a much more direct way than the cunsctjucnces of the 
greenhouse eject. These countries, therefore, rightly feel that they 
should tackle these loeal cnvlrunntcnlol prohleins before (hey spend 
any resources for global environnientiil problems that in nny ease 
they themselves have not created. Rut, to explore such trade-olfs, one 
needs to incorporate into Ihe model Ihe deiuils nf income distribution 
across diJerent groups in rural and urban areas as mentioned earlier.

To do policy analysis with a model means to compare alternative 
situations. Some form of comparison of welf.ire in nlicrnulive siliiii- 
lions is ineienpable. The Edmunds el ol. model does not slipuhiie iiii 
intcgrable demand system without which welfare comparisons would 
be extremely dillicult to make. A consistent inlegrahic dcniunJ sys­
tem is quite essential for such a model. Here, I may also point out 
(hat to estimate a consistent demond system that remains mean­
ingful over long periods and large changes in income levels is dinicull. 
Recently, 1 had occasion to project food demand fur the year 2U5U. 
When I used elasticities, or a simple linear expendirure system to 
project these, 1 got absurd results. The calorie intake implied in these 
projections was sometimes as high as 10,000 Kcal per day. 1'his is 
clearly not a feasible intake level. One needs to find an alternative 
demand system, ffere, what we did in (he IIASA model is worth 
noting. We had estimated a separate demand function for each com­
modity as a funclion of income and own price. We had also estimated 
a separate relationship between per capita calorie intake and per 
capita income. This relationship was asymptotic of what one might 
consider the physiological limit. For a given target price vector and 
income level, we estimate an initial vector of demand using each nf 
these individual demand functions. Then we find a vector point (hat is 
close to (his vector aod Is such (hat it satisfies the adding up property 
as well as meets Ihe aggregate calorie intake consiroint. Around Ihe 
new vector point we then construct 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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iMi miiJcrlyiitt iKiliiy funLliuii and can he »liiiwn lo he consislenl. Such 
it iirncedurc gave sensible projcclions foi 2050. which were also much 
nmre rohiisl lo changes in income levels. While Ihc calorie consiraini 
was a logical consiraini lo impose when dealing wilh food demand as 
we were doing in Ihc DLS, it is nnl adequate for the proposed model, 
which has many olher non-agricullural commodities. [| may be nec­
essary lo impose some olher natural constraint. Perhaps one could 
impose a constraint on Ihc lime required for aliernalive consumption 
aciivilics and on Ihc total lime available lo consume Ihc various 
eommodilies. Such a consiraini might make Ihc demand system be­
have sensibly.

It is important that a model does provide insights into iradc-oOTs 
hehvcen aliernalive development paths, between consumption pat­
terns. between production slruclures, and across time. Even a long­
term model must address some short-lcrm policy issues and the issues 
of resulting transition costs. If a model docs not provide any guidance 
«>n wliol we do now, the model is in some sense useless.

Siiini! points of detail

•| hote ate some poinu of detail which need lo be mentioned. First, it 
is vital lo maintain common units lor trade of commodities among 
countries. This is a critical problem and requires much care and dala- 
grubbing work. From the description of the model. 1 am not sure how 
these problems are lo be handled and how units are going lo be kept 
consistent across dilferent countries.

Secondly, an observation Is made in the paper that capital slock 
data can be ••relatively easy lo bbierve." This is not so, as capital 
slock data are notoriously diOTicull lo obtain. Estimates of total factor 
productivity growth in Indian industries based on the same data 
source by two different researchers arrive al 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 lo 
the way capital slock data are pul together from information on the 
time-series of invesimeni ul current prices by assuming certain rates 
of real depreciation. Unfortunately, the deprecialion rales are not 
observed and a seemingly small change in Ihe rale of depreclaUon 
whether it is .3 or 4 per cent per year can make a difference as lo 
whether total factor productivity grew or not.

Thirdly. Ihe model seems to assume that governments do not own 
land. However, governments can and do own land and substantial
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amounts of it in many countries. Thus. (|ucsli.ms of deforcMulioii lotd 
land markets cannot be adequately dciill wilh without bringing m 
government behaviour in the land market. Neither do I see lishuiy 
mentioned anywhere, and consequences for oceans seem to he IcO 
out of Ihc model, hopefully only for (he moment.

Some suggeallons

I would like lo make a couple of suggestions. It seems lo.mc ihul the 
agricultural sector model ol lIASA's BLS would provide a very good 
starling point for this modelling woik and Ihe authors might explore 
Ihe possibility ol using (his model for the agricultural sector. In addi­
tion. Ihe algorithm development for NASA’s system has proved over 
Ihe years to be robust and efflcicnl even when dealing wilh policy 
regimes wilh quotas. They might also explore Ihc possibility of using 
Ihe algorithm that was developed by Michlel Keyzer' using the 
Kanlarovich lemma.

Finiilly. I would like lo emphasi/e llml in using the model. «>ne 
should keep in mind that no model can address the important ques 
lion of welfare disirihulloit and responslhililies. We have lo keep this 
earth functioning and we must think in terms of ii ineehanism. a sys­
tem that is lair and feasible. I suggest that wc think in terms of 
using market-friendly approaches towards maintaining Ihc global 
commons at Ihc desired level by giving tradable emission quotas lo 
different countries. Initial allocation of these should he consistent 
wilh (he canytng capacity of Ihe earth and should be done fairly. I 
suggest that Ihe allocation based on population would be a fair way. 
In order not to encourage people lo increase their populations, wc 
may keep Ihe allocatlom to Ihe populations of a past year, say 1990.1 
hope this model would give us insights Into aUcrnalivc ways of pre- 
serving the global commons, of enhancing local environment, and of 
improving the quality of life for all persons on earth. I congratulate 
Ihe modellers on their ambitious project and wish them luck.

Notes
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3. Yuangzheng Luo

Many of Ihe poinls laken up in the paper are of inlercsf lo me and I 
hnvc yel lo digeil them. I cannot agree more wilh Ihe view expressed 
in lhal paper lhal in the process of designing, a new model should be 
pmblcm-orienlcd. Wc should nol lapse inlo' Ihe prsciice of making 
Ihe problem 111 Ihe model. Thai would be repealing Ihe mistake of the 
foul in Ihe Chinese fable who chopped off part of his feet so thal Ihey 
could til the shoes.

In their reconsiruction and economic development after World 
War II. Europe and Japan did nol pay due attention lo Ihc Issue 
of environmental pollution. Thus it went unheeded until the 1960s 
when it became an explosive issue. How lo control environmental 
pollution and maintain the ecological balance became a great concern 
of Ihe United Nations and governments around Ihe world. To this 
end ihc United Nations set up ihc Environmental Council under the 
Economic and Social Council (ECOSOC). China began lo lake part 
in Ihc Council’s work in Ihc 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 lo be elTeclive in bringing environmental pollution 
under control step by step. However, from the global perspective, Ihe 
problem of environmental pollution has nol been solved. The global 
environmental issue has been aggravated as a result of the accel­
erated transfer by Ihe Industrialized countries since the 1980s of 
highly polluting and energy-guzzling labour-intensive industries lo 
Ihe developing counlries and alto as a result of Ihe industrial devel­
opment of Ihc developing countries Ihcmselves. Moreover, the emis­
sion of greenhouse gases and the depletion of Ihe ozone layer led lo 
global environmental warming. People ate becoming increasingly 
concerned aboul such global environmental issues. The developing 
countries have come lo see lhal prevention is beller than “cure.” But 
it must be pointed out lhal Ihe industrialized countries should bear 
Ihe main responsibility for global environmental pollution and fhe 
degradation of Ihe environment. While they seek lo protect the en­
vironment in their own counlries, the industrialized counlries must 
transfer environmentally sound technologies lo the developing coun­
lries, increase aid to them for environmental protection, and put an 
end lo the transfer lo developing counlries of Industries lhal pollute 
Ihe environment.

Great strides have been made In environmental protection since
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ABSTRACT

I

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 bro^ 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 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 international trading of carbon permits.
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Pacific Northwest National Laboratory

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, ‘Vo 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 efScient policy instruments—carbon taxes or tradable emissions ^ 
permits—which might be employed to achieve a variety of targets in the post-2000 time fimne. 
Using the Second Generation Model (SGM), we estimate the costs to the United States of 
complying with of four Annex I mitigation scenarios 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. Fmally, 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, Romania, Russian 
Federation, Spain, Sweden, Switzerland, Turkey, Ukraine, United Kingdom of Great Britain and Northern 
Ireland, and fte 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 piotential 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, 
energy consumption, and carbon emissions for the United States and 11 other world regions. A 
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 ‘M_’, are listed below. Figure 1 shows United States 
emissions paths for the four scenarios and the reference case in milhon metric tons of carbon 
(MMTC). The reference case is a business-as-usual scenario, or what we project will happen m 
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.

M1995 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 Aimex I 
regions. In a mitigation scenario, regions must possess permits, or rights to eimt, for every million 
metric ton of domestic carbon dioxide emissions. Three emissions pemuttrading regimes were 
modeled under each mitigation policy: independent emissions mitigation. Annex I joint mitigation, 
and Annex I mitigation with global permit tradmg. 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, Africa, and other Asian countries.

2
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Former Soviet Union
Eastern Europe

In the independent mitigation case, each Annex I region must individually meet its 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 seU 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 constraint and 
the sum of the non-Annex I regions’ reference level emissions in that period. 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.

Eastern Europe and Former Soviet Union Permit Allocations

While carbon dioxide emissions in most regions are anticipated to continually increase over time 
beyond 1990 levels, this is not true for the Eastern Europe and Foimer Soviet Union regions. 
Emissions in these regions have declined since 1990. Their reference case emissions trajectories 
reflect this decline from 1990 to 1995 and then increase slowly from 1995 onward. The downturn 
in emissions poses a special problem when aUocating emissions rights. Two approaches to permit 
allocations for the regions have been discussed in recent months. The first allocates permits based 
on the stated poUcy 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 emissions. These ‘paper credits’ are equal to the 
difference between the lower post-1990 emissions and the policy-level (i.e., 1990) emissions. For 
example, the Former Soviet Union’s reference emissions level in 2010 is 836 TgC, sigmficantly 
lower than its 1990 ertrissions 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, giving 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 M1990 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 the 
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 included a discussion of the impacts of the mitigation policies utilizmg 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.

Five different fuels are used for producing electricity, resulting in five subsectors for the electric 
generating sector. A separate economic production fimction, 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

Gross Output in 1985
Producing Sector (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

I 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 
constramt.

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 M1990 scenario). Carbon permits can then be traded beUveen countries at 
a price that clears the global market in these permits.

5
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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 models were developed in collaboration with experts from 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. >^en 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 exogenous balance-of- 
payments constraint is specified in advance for each region. Most regions'are assumed to move 
linearly from 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 Actors 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 emissions.
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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 tuns 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 calibrate 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 fi-om th6 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 sufficient 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 
case 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 
was 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 in 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 in 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 fector 
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 
pneration 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 significantly larger role with time. In 1990, electricity generation from coal contributed 53 
percent of the total generation, while that from natural gas combustion contributed 17 percent of 
the total. By 2020, the shares of electncity 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 efficient 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 constmcted.^ Renewable energy sources 
for electricity generation include hydroelectricity, solar photovoltaics and others. Generation of 
electricity from renewable sources increases sli^dy 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

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 increases 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 US$ per Metric Ton of Carbon)

Indep<
Mitis

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

M1990+10% 60 110 42 58 16 18
M1990-10% 173 260 109 122 38 36

M1995 61 112 70 106 26 32

Permit prices fidl 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 rismg 
percentage emissions reduction and a rising price of meeting the fixed emissions target. Increasing 
population in 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 M1990 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 Annex I trading case is the only case in which the United States sells permits to other 
regions. The permit price under mdependent 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 I 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 coal-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 Ml 990 
case results in a reduction of total energy consumption by 14 percent relative 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 in 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.



Review Draft - Comments Welcome 11/14/97

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 natu^ 
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 stabilizbg emissions 
could be higher. The tax level required for mitigation also depends on the cost of developing the 
infrastructure 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 fi-om 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]

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 umts 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 bdependent mitigation scenarios. Direct 
costs are shown at 5-year mtervals through 2020 as a percentage of GDP. These costs are plotted 

as negative numbers.

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

•r. • -i

* 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 M1990 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 Aimex I countries.

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

) 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 Ml990 
case would be 1990 level emissions starting in 2010, and for the M1995 case they would be 1995 
level emissions beginning in 2010. This assumption results in the ‘paper .credits’ 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 
fimne. The permit prices under the other trading scenarios are significantly less under this 
allocation approach, however, because the regions are able to sell the paper credits without 
incurring 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)

Indep<
Mitifi

indent
ation

Annex I Joint Mitigation Annex I Mif 
Globa

dgation with 
Trade

2010 2020 2010 2020 2010 2020
M1990 108 170 39 73 15 22

M1990+10% 60 no 6 35 2 11
M1990-10% 173 260 88 124 31 36

M1995 61 112 70 106 26 32

[Figure 10. Permit Prices under Alternative Permit Allocation Methods for EE & FSU - M1990 
Annex 1 Trading Case]

j 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 M1990 
Annex 1 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 tissumptions 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 Aimex 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 distortionary 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 largely 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 market trading partners would tend toward the 
purcluising 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. 
dollar, 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 peimits use the permit revenues to increase imports of 
other goods.

./

: j

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 mzu'ket 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 oflEset 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 international 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 efficiency 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 RFFs Dallas Burtraw, project coordinator, is the 
non-climate change benefits that may result. Preliminary 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 COj 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 P^MDERE (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.
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The Kyoto Protocol:
Unresolved Issues

By Raymond J. Kopp. Richard D. Morqenstem 
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.

Isi ■■

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 
governments, or a market where private trades are hamstrung by 
overly restrictive rules, 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
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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 tvith 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 Annex 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-fiiel-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 RTF’s Quality of the Environment Division, where 
Richard D. Morgenstem 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 101997, 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 
efiBciency, 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 efiflcient 
mechanism like emissions trading is used within the U.S., 
important questions of who gains and loses from 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 
Clinton Administration should commit itself to the use of 
incentive-based market policies for domestic emissions control. 
Well-intentioned but costly proposals to mandate energy 
efiBciency 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 
emissions levels) could be banked for use in meeting subsequent 
binding constraints.

■ -■ if’!

Redmond J. Kopp directs RTF’s Quality of the Environment Division, where 
Richard D. Morgenstem is a visiting scholar on leave from the U.S. 
Environmental Protection Agency. Michael A. Toman directs RTF's Energy 
and Natural Resources Division.
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Outline
Rationale for Post Kyoto EMF Scenarios 

Summary Description of New Scenarios 

Reporting Regions 

Variables to be Reported/Compared



During the First Part of 1998 We Will 

J^ursue a Two-track Course of Action to the
Design of Post-Kyoto EMF Scenarios
• Initially, parameterize the assumptions 

made about the potential for off-sets to the 

year 2010 carbon equivalents targets from 

sinks and non-carbon GHGs .
• Collect information and analysis on sinks 

and the non-carbon GHGs to enable the 

modeling teams to endogenize them in 

subsequent model comparison scenarios.



Three Types of Scenarios

1 Modelers Reference Scenario
2 Kyoto Implementations

— Vary Assumptions About Sinks
- Vary Assumptions About Other GHGs
- Vary Assumptions About Emissions Trading
- Vary Post-Kyoto Objectives and Commitments

3 Alternatives to Kyoto Style Scenarios



Maximum Sink Potentials
- United States: 300 MMT
- European Union/Western Europe: 150 MMT
- Japan: 0
- Canada/Australia/New Zealand: 300 MMT
- Eastern Europe/Former Soviet Union: 300 MMT
- China: 300 MMT
- India: 300 MMT
- Mexico & OPEC: 300 MMT
- Rest of World: 300 MMT



Three Sets of Sink Assumptions

Reference 1/6 Maximum Potentials in 2010 

& 1/3 in 2020-2100.

Pessimistic 0 in All Years

Optimistic 2/3 Maximum Potential in 2010
& Maximum Potential in 2020-2100.



Three Sets of Assumptions About 

Reductions in Emissions of Other
Greenhouse Gases

Reductions in other greenhouse gases covered 

by the protocol result in a 

• -10%,
• 0%,
• or +10%

change in the carbon equivalents target for each 

Annex I countries specified in the protocol in 

2010



Three Different Levels of 

International Emissions Trading
No Trading Among Countries/Regions,
Annex I Trading,

— Annex I Country/regions Allowed to Satisfy No 

More Than 1 /3 of Its Emission Reduction 

Requirements With Purchased Emissions Rights.
— Sinks Increase Non-Annex I Baselines by 10% and 

Each Non-Annex I Country is Permitted to Sell 

Emissions Rights via the Clean Development 

Mechanism up 15% of the Amount it Would Sell 

Under a Full Global Emissions Trading Regime.

Full Global Trading: With No Restrictions.



Two Options for the Required 

Emission Reduction Beyond 2010
Freezing Commitments At The 2010 Level, Or
Pursuing an Emissions Trajectory That Leads 

To Stabilization of the C02 Concentration in 

the Atmosphei'e at 550 PPM Driven By:
• Further Emission Reductions By Annex I Countries
• A Graduation Clause Based On Income For The 

Non-Annex I Countries That Would Lead To Them 

Reduce Emissions As Well.



Two Cost Minimizing Scenarios

Follow the Kyoto protocol targets through 

2010 and then minimize the cost of limiting 

the concentration of CO2 in the atmosphere 

to no more than 550 PPM
Minimize the cost of limiting the 

concentration of CO2 in the atmosphere to 

550 PPM without observing the targets 

proposed in the Kyoto protocol.



Scenario Offset Provided 
by Other GHGs

Contribution of Emissions Post-2010
Sinks Trading Objectives

1. Modelers
Reference

Run your normal emissions reference case (using your preferred set of population, 
economic, and energy inputs) assuming the Kyoto protocol is never implemented.

2. Kyoto Reference 0% 1/6 (1/3) of
Max. Potentials
In 2010(2020-)

Annex I Only (See 
Specification Above)

Kyoto Forever

3. Minimum Offsets -10% 0 Annex I Only (See 
Specification Above)

Kyoto Forever

4. Maximum Offsets + 10% 2/3 (All) of
Max. Potentials 
in 2010(2020-)

Annex I Only (See 
Specification Above)

Kyoto Forever

5. No Trading 0% 1/6 (1/3) of
Max. Potentials
In 2010(2020-)

None Kyoto Forever

6. Global Trading 0% 1/6 (1/3) of
Max. Potentials
In 2010(2020-)

Full Global Trading Kyoto Forever

7. 550 PPM C02
Limit

0%' 1/6 (1/3) of
Max. Potentials
In 2010(2020-)

Annex 1 Only (See 
Specification Above)

Kyoto, Then
Limit C02 to
550 PPM

8. Kyoto Plus
Min. Cost 550 PPM

0% 1/6 (1/3) of
Max. Potentials
In 2010(2020-)

Aiuiex I Only (See 
Specification Above)

Kyoto, Then
Min. Cost of 550 
PPM

9. Min. Cost
550 PPM Limit

0% 1/6 (1/3) of
Max. Potentials
In 2010(2020-)

Annex I Only (See 
Specification Above)

Min. Cost of
550 PPM



Regions for Which 

Results Are to be Reported
us
OECD- Europe 

CANZ 

Japan 

OECD Total 

EEFSU
non-OECD Annex 1 

Annex 1

China
India
Mexico & OPEC 

ROW
Non-Annex 1 

Non-OECD Total



Variables for Which Results 

Are^o Be Reported

Carbon Taxes/Emissions Rights Purchase Costs
Emissions
Total Primary Energy 

Total Fossil Fuel Primary Energy 

Emissions Rights Bought/Sold 

GDP
Macroeconomic Consumption
Discounted Present Value of Loss in 

Macroeconomic Consumption


