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Nole fo the teader from the UNU

Futute Global Change snd Modelling is an ongoing progsamme (hal aims to have the
United Nations Universily scrve as s lotum on the megatrend of global change end
structural fransformation. This programme s a respoose to the need to evaluste
tecenl chaoges In the perception and structure of the norld's polilics, economles,
demography, tcchnalogy; ecolagy, snd ethics. Practitioners of futures recesrch have,
oves the past few decades, develaped an array of systemailc sod powesfu) method-
olugles In sn efort 1o undcrsiand the range and probabllitics of future global sce-
narios. The UNU bulngs logether this intermational communily of scholars lo undes-
take lutures studics ol globol change and incorporute « wide range of vaglables snd
mcthoduologics lo [ncrease both the catly waining and longer-term plenning capacl-
ties of the UN sysiem snd policy makers in general.

This book is based on the first of & series of UNU conferenoes on Fulure Qlobal
Change aod Modelling held in Tukya in October 1991, Scholars and tepresentatives
from vasious UN agendies and leeding research institutions trom 17 countrics dis-
cussed immediale and long-term world problems with simulation saalysis by various
model systems, Subscquent UNU conlereaces held under this programme include
Arms Reduction: Economlc Implcations in the Post.Cold War Bra, and Global En-
viconmenl, Energy, and Economle Development. ’

Modelling global

change

Edited by Lawrence R. Klein and
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. QE United Nations
Z(>' Unlversity Press
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Commenis on chapter §

sictile and did not go (urther 1o cxplail the potential of the simple,
but differentiated cnough model. Thus, for example, il might be
interesting to analyse (he clieets of various asymmetric policies, in
which various countries would face different larget lcvels, or the po-
tential use of conipensation schiemes (o induce lesg developed coun-
Iries o infroduce abalement measuces. For il is highly probable that
concerled internalional measures will be hindered by the pressing
nceds (or development and cconomic tesiructuring of the less or me-
dium developed countries, who on the other hand are enlitling a signil-
icant amount of greenhouse gasus leading (o glohal consequences,
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Modelling future greenhouse
gas emissions: The second
generation model description

J.A. Edmonds, H.M. Pilcher, D, Barns, R. aron, and
M.A. Wisc

Inicoduclion

The analysis of greenhouse gas cmissions has mad(i cnormous prog-
ress during the course of the past decade.! Analysis has progrc:ss:d
from the use of simple time-trend extrapolations (o the analysis of
‘emissions of several greenhouse gases with parallel but imh.:pcndcufl
behavioural and optimization mudels of cncrgy, mauu(af:lunng. agri-
culiure, and land-use systems. Bul our ability (o examine pulential

[uture scenarios of greenhouse gas emissions is limilcd because

modclling tools adequate to the lask of infcgrating unaly.scs of lCC!\-
nologies and human activilics on a glabal scale wi_lh regional .dclail,
including energy production and consumption, agr!cullurc, manul?c-
lure, capital formation, and land-usc, along with the interdependencies
benween these calegorics, do nol yet exisl. )

The first'generation of madels were specialiy models which fucuscd
on a parlicular aspect of the emissions problem without lcg‘ar.d_ to
how (hal activity interacted witlh othet human and nalt'ual aclivitics.
The Edmonds-Reilly model (ERM) (Edmonds und Rclll_y 194S), fur
example, is a global encrgy model in which the production of com-
mercial biomass has no interaction wilh the agriculture sector or land-
usc In gencral. The Global 2100, Mannc and Richels (l')90:|.h,c‘d,(
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1991) is 4 computable general equilibrivim imadel, bt is limited in its
applicability beyond energy-refuted issucs, Other cumpuiable general
cquilibrium models such as Jorgenson and Wilcoxen (1990a,b) focus
cxclusively on national issues. Other modelling systems such as
the Almospheric Stahilization Framework (ASF) (Lashof and Tirpak
1989). utilize a sysicm of mudels that provide global caverage of
all emiissions generating human activitics, but do nol provide a con-
sistent analysis system In which the interaction between human
aclivilies can be analysed. The number of models in use (o analyse
greenhouse gas emissions reductions is large and growing, including
for example: Nordhaus and Yohe (1983); Fossil2, AES (1986, 1991);
GREEBN, Burniaux ct al. (1991), OECD (1991); CETA, Peck and
Teisberg (1991); GEMINI, Scheraga el al. (1991); and IMAGE,
Ratman ct al. (1989).

The current stale of understanding of the natucal science of Jhe
glabal cnvironmental change issue indicates that a varicly of gases
are assaciated with potential changes in (he radiative composition
of the atmosphere. These gases include: CO,, CH,, CO, N;0, NO,,
$0,, VOCs, chlorofluorocsrhons (CFCs) and CFC substitutes. These
Rases arc released in the process of a wide varicly of human acliv-
ities including: fossil fuel production, transfer and oxidation, Jand-use
change, silvaculture, 1the application of some lerlilizers (o crops, the
husbandry of ruminani livestack, the cullivation of welland rice, and
specific manufacturing pracesses such as cement manufacture, nylon

* manufacture, and chemical manufacture. Moreover, though local air

chemisiry plays an important role with regard to very shorl-lived?
gases, it is the sum of all relcases and absorplions of all gases by
8ll human activities thal governs the shorl-term? sate of change of
the almospheric composition of radiatively important gases, and (he
carth’s atmospheric radiation prafile. In addition, the humap_acjiv-
,i_ljgmgg_.gqygn{_cnu'&l@g_gp_:j_qgc_nigp_e_ndenl. Thal is actions that
are laken in one scgment of the economy alféci other segments of the
cconomy. These interactions are likely to become extremely impor-
lant if policies are under(aken 1o reduce poleniial future emissions.
Por example, carbon taxes raise great quantilics of revenue. While
the disposition of (ax revenue can gencrally be assumed 1o be unim-
pariant to the scale of macroeconomic aclivily, this is certainly not

- the case with carbon faxes (Bradley e( al. 1991; Brinner el al. 1991;

and Scheraga et al. 1991). Other polential policy aclions such as tree
planting to enhance the carbon sink and/oc the extensive develop-
menl of polential biomass resources io replace fossil fucl encrgy

Y

296

Greenhouse gos cnizsiony

sources, can huve substaniial inpacts on Iiulld-usc, M:u!mul (1YHK),
Kinsman and Marland (1989), Sedju snd Solomon (194Y), Mnullu:;
and Richards (1990), Adams et al. (1991), Bradley ct al. (I99.l), aln

Barficld et al. (199(). Finally, il is cucplial that the rcln(.m.nsm:
between lechnology, instilulions, cconomics, and human activity be

icitly represented. )
cxllzllcliﬂ::':r:cll:lly existing modcl is capable u(.nssu.ssmg llw. glf»hul
cmissions (rom zll human aclivilies and the major l!"ccl and |m.hn:cll
conzequences of potenlial policics lo reducc emissions, Fuuuc‘una {
ysis requices a more sophisticaled suile o['models. The new suitc o
models must include both a glohal integrating mﬂt!s!.ani.SQP!PT""c
Tegional/national_models. These new miadels must he cupahu..nf
hha'I};ing the_cmissions of all greenhause gases from all sources,
including both (hose of natural and humnan origin, and pravide ar:
analysis ol the Inicrplay belween the vallc!y 9( human und nalura
iti sible for greenhouse gas emissinns. .

ac!ll':ll(‘:l;‘u:;:l:?:ﬂ this pa:cr is ta descrihe the design (!f i madel, cm:
rently under development, which is capable uf addressing gr.cc,nlmles\.
gas cinissions and the potential consequences of _nllclnauve policy
oplions. We reler to this madel as the second generation nindel (SGM).

Paradigms for the SGM

opment of SGMs will benelit greatly lmn.\ the appllcal.mn
Ifhfh:’::ilimpplc principles: prahlen oricnlation, m_in.nmym rpudclllt;g:
and parametric modelling. The overriding design pn.ncmlc is thal :]“]
mode! should bo(problem oriented)That is, the design uf the mudu'
should be derived from an analysis of the underlying problum. Mo lc
design cannol begin with the sel of available rr.\ot.lcls and then 'l‘ry”:
make the problem (it existing model characteristics. For grf:.cp Ut "
gasces, the Issues (0 be addressed arc: What are global cmlmonslm
‘greenhouse gases llkely o be over the course of lhf: nexi five I.o. %
years by 1egion and huimnan activilty? What effect will 'hf' cxcreise o
policy instruments to coniral cmissions have a.nd. whal wil they cos
Whal effect will new lechnologies have on fmmuons‘l ] .
Beginning with the problem and warking to the (..'CSIL‘II.U. lu:
modc] sllows Ihe Implementation of the sccond design principle,
(minimum modelling)Minimum maodelling means that the madel con-
tains all ol The inlormation pertinent 1o answer the research quc‘s(I_‘lor.n.
bul no extrancous inlormation. If chemical manufac_:lu'rc_olrclf:n.:l::
an imporiant aclivily in determining the rate and liming o C.II )
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change it should be included. Moreover, the model sho -
tanietridd That is, the model should utilize a datahase inUI\lvlh:):Il:’—%:l
parmelers are open 1o examination und chunge by the user, In addi-
tion, the mcfdcl should be an open model. The purpase of the model js
nol lo p_rqv_ldc a one-pass lorecast of the future. Where complex hu-
Man acitvities subject fo public policy action are involved, the fuluse
is lurladamcnlally unprediclable. The purpose of s formal niedel is (o
provide a consisient, reproducible [ramework in which (o examine

!MISSIMC scenarios. It is important that model results be repraduc-

thle and that the mode) be open (o public scrutiny, and criticism, and

that all of the parameters he available for inspection and allcr;lion

by mode! users, Finally, given 1he complexily of the mode!, il is im-

{:'tflr,:an('(o 'uSc a J.r_'eqnmn'nl ntodel developinent process, b'cginning
ith a simiplc model and addi it i i

scq"m"n,[;“hion. dding additional imporian! behaviours in a
lr! :!pp!ying the above cited principles, it is necessary lo begin by

ouilining the pertinent dimensions of the greenhouse gas emissions

phc.no'mcnnn. The critical feolutes ussociated with the emissions of
mQuan\'.cly important gases arc as follows:

L. The issuc is global, emissions from all sources in all regions of the
world determine total almospheric change;

2. 1he greenhouse resulls from the emission ol snultiple gases in-
cluding: CQ,, Cli,, CO, N;0, NQ,, SOy, VOCs, CFCs, and CRC
subslitutes; .

3. cmlssi(.)ns rc'sull [rom mudiiple hiunon acriviyj including: agricul-
ture (mclu.dmg forcsmrﬁgy—pmd_m#‘f and consumption

) (ra{u;.rorla((;on. manufacture, services, and land-use; .

- emissions depend upon mnultiple resources and (echno in-
;:alzdnung: managed and unmanaged ecosystems, ::ia-pLifaTsﬁi!i’a;nd
our;

S. cmmi?n: depend on international trade poatterns, and possibl
migration patters; 4

;). facll_ms 3, 4|. and S depend upon insitutional arrangemennts;

- policy analysis requires both mid-te . ng-
(100-year) time hoqrizoru. rm (fveryear) and long rerm

The second genersifon model

In light of the above discussion we have undertak i
light ¢ en the design of the
SGM incorporating the above-listed crifcria into the mudil archi-
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leciure. The model is global in scope, with live-year lime steps und &
horizon of 2100 All the majur soutces uf grecahouse guses, as well as
S0; will he modelled. ‘The economic madel is 3 membier of the cliss

referted o as computable general vquilibrivm models. It contsing -

icctoral detail on houscholds, government, agricultuie, encrgy, and
other products activities. Capilal slocks are kept by vintage, with
cconomic retiremenl snd retrofit options availablc. Depletable and
renewable resources are fracked in addition to land-use. Ecopamic
decision makers include houscholds, government, und producers. Flic
model is regionally disaggregated, with key countries represented
individually, Trade hetween the regiuns occurs in energy, agriculiure,
ond uther products.

Modecl averview

Al base the SGM is a very simple model. Figure | depicts the hasic
structure and Nlows of goods and scrvices within the SGM versian 0.0,

Al 1he cure of the model are three praduclive scclars: apriculture,

energy, and other producis. These, us we will discuss, are Jdisaggre-
galed into 10 seclors in SGM version 0.0. The greatest disaggrega-
lion, eight scclors, is found in the encrgy seclor. The central focus on
energy reflecis the cenlsal role cnergy issues play in determining the
fulure relcose af radiatively jtnportant gases inta the atmosphere.
Agrlculture is similarly handled separately duc to the importance of
agriculture and land-use issues in determining emissions. All ather
production is aggregaled Into a single scclor, other produclts, in SGM
verslon 0.0.

The three produclive seclots use threc primacy fuclors of pro-
duction: land, labout, and capital, in combination with produccd fac-
tors: encrgy, agricullure, and other products, 1o produce final oulput.
Nole that iwo aspecls of land-use arc considered: surface land re-
sources, and sub-surface resources, (or example, energy resources,

The household sector is assumed to own land, labour, and private
capilal. The demographic characler of the socicly is determined
within this sector. Household supplies of land and labour are de-
termined on lhe basis of (he price of these factors, which in turn
determine, with distributed corporale proliis, taxes, and subsidies, the
income of the houschold secior. Household savings are also dctes-
mined in this sector and vary with the interest ratc. This scctor also
delermines the mix of final producis lo consunie.
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Finally, the goveramenl! seclor oblains tax reveaucs [rom other
purls of the economy which are either uugimenicd hy horrowing
(or reduced by government savings). These tevenues go o produce
three government services: general government, national defence, -
and education.

The SOM version 0.0 is a self-consistent dynamic model of the 1e-
lalionship between Lhese six genera) human aclivities.

Emissions coefficients are applicd to each sector’s associaied svb-
scclor and lechnology aclivity rales 1o derive sectoral, regional, and
global emissions of radiatively imporlant gases,

Model development strategy

Ta rellect the current undestanding of anthropogenic sources and
sinks [or radialively imponiani gases, and (0 anlicipale the poleniial
for new sources, the modcel has been designed wilh a gencric struc-
ture. This structure allows fat a fiexible number of production acliv-
ilies, consumption activities, and marke(s. The implemenialion of this
mode! utifizes the sequential madel develapment principle. That is,
the initial model version will be much simpler than the intended final
version. Two made} versions are cutrently identificd; SGM version
0.0 and SGM vetsion 1.0. SGM version 0.0 Is Inlended (o provide a
proof In principle for the madelling system. SGM versivn 1.0 is in.
tended to provide the first full impicmentalion of the SGM systcm.
SGM version 1.0 will be distribuled to the public and have a camplete
documentlolion scl including: thearetical model description, dalahase
description, soliware descriplion, and uscr's guide.

For both SGM version 0.0 and SGM version 1.0, the energy pro-
duction, trans{ormation, and consumption activities will utilize dala-
bases developed in supporl of the BRM, Edmonds and Reilly (1985),
BEdmonds el al. (1986), Edmonds and Barns (1990; 1991). In addifion
to the energy struclure of the BRM, (wo producing seclors, agri-
culture and olher producls have been added for SGM version 0.0. For
SGM version 1.0, the number of seclors will be increased fo include

_expanded governmenl, transporialion, other products, and agricul-

{ural aclivities. Pinal demand seclors for invesimenl, government,
and households have been develaped. Madel development is antici-
pated to proceed beyond SGM version 1.0, but such model designs lic
beyond the present planning horizon.
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Overview of the SGM structure

Any dynamic model has two problems that it must address. It must
describe where the system is at any moment in lime and it must de-

scribe the process by which it evalves. The SGM is a behavioural
dnadel. That is, j| altempts 1o describe how econamic systems behave,

It is not an oplimizing moU?lfTﬁ?dfﬂ'éFcFé’ch'E(’ﬁc‘c‘ﬁTthé'T\—vb_a_p—-'
proaches are nol as greal empirically 8s one mighi expecl.* Never-
theless, we have taken the behavioural approach to developing the
SGM for Iwo reasons. First, several extremely interesiing questions
can be addressed in a non-opfimizing, imperfect foresight analysis
Irsomewark. For.example, the impartance of altetmolive expeciatinn
formation hypotheses can he tested. Thal is, there is no reason (o
hclieve thut energy seclor decision makers have petfect foresight. In
fact, the immediately preceding quarter cenlury of energy history
would support the sliemative hypoihesis, thal is thal energy decision

makers have vecy imperfeet foresight about key fuiure energy pa-

ramelers such us price. In oddition, the behavioural models are com-

putistionally simpler in that present behaviour is assumed (o be in-

dependent of setual fulure events and decisions. This is of course the

donain in which actual decision makers operate. However, the model

and ils assumed behaviour does depend on anticipated fufure events

and decisions.?

Sectors, subseclors, lechnologies, markets, and accounting

Al any momenl in lime a sel of relalionships between economic ac.
lors can he summarized in a sel of accounts thal are referred to as an
inpul-vutput framework. It is important to emphasite that the SGM is
nhat a iraditional_statlc Input-oulput model. The use of inputl-output
Eounling identities 'to describe economic inferrelationships at a
point in lime daes nol mean Ihat the SGM simply uscs a sel of static
inpul-outpul coeflicients that are assumed fo remain fixed for an
indefinite period in the futute o determine produclion levels and
demands. Rather, the simultaneous dclcrminaliog__q[__!hcse_i_npu'l-
outpul cocficients In conjunciion with a consistent set of prices is |he
principal’ pidbléi facig _chmpuiable. gencral eqiiilibriim madel
like (he SGM. .

A\nfm-‘dulpul fable shows the relalionship between the produc-
tion, distribution, and use of £00ds and services in an cconomy. A
row-column cniry shows the quanlity ol a goad or service associated

VA
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;vilh 8 1ow by the sector duignalcd.l.)y l!w column. If a good :(;
service is produced in the econamy, it will have bolhha ro:ot;ds
column associated with it. Some sectors, for example, house 0 al, |
investmenl, and government, may be assumed 1o consume newru:\h
goods and services, bul lo provide no nel output for the r;sl o . j
cconomy. Some factors of prcduclic?n. I"nr cxgmplc, )a.m;. It:: our, d“l:“
capitsl, may be utilized for pro(ducllsn |nda g:x;:cgcnn . but arc

i urrent fows of goods and § . .
pr(gh‘;(;::xu;:l:l;lg: The accounting framework for The SGM rc:;;s;)n
simple economic rclalionships. For example, wie can dclli_r'\c ‘?c nm(;r-
any reglon (note we drop the regional suh:cn[?l to ufr;lp i ydl: !
tiun) os the price-weighted sum of nct praduction of all praducts,

N N N .
Z }: y Xi — IM;),
GNP = E P‘(Xl_ = A'.i) B =t PG+ Gi+ 1 + EX; i)

= ("

where GNP is the Gross Nalional Producl.; X is the gross domui::;:
production of product [; Ay is the domuslic use o.l pn:uduc( iin he
production of producl j; P; is the price af product i; N is the nun:jua
of product; C; is the domestic consutnption by houschulds of pr.(.\ e
i, Gy is the domeslic consumplion by go'vcmm.cnl af product l,"."r
the domeslic investment uses of praduct i; EX; is lhf: gross exporfs o
praduci /; and 1M, is the grass imports aof praduct /, whmh(;n '(u:nls
equal fo the dispusition of net vulpul among final deman ucl:)";
Alicrnatively, the GNP can be expressed as’the sum of paymen

the factars of production,

. N L ul . Sy P.A
GNP = Z(P,x.— ZPfAIJ) = }:(Tx-bu + +,,§,;. iALt
izl j=t =

(2

wherc 'I'Xibl, is the indirect business taxes; n, is the prc?ﬂ(s includti)nf
netinterest and capilal consumplion allowancu;dalnd :)l is the numbe
i s of praduction (c.g. 1abour and land). o
iy pl [Lﬂlﬂﬂ”m"ydgr‘::l:lalpr;oblcm thal_the model must ggd[ustb;llndnng
a set of prices Ihat are_cousisient with demnds By. producers-an
consumets for_goads, services, and primary faclors of production.

acoe T,
The major behavioural components of the modcl describe the re 3
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Edmonds et al.

tionship between prices, production, and consumption of gaods and
services,

Dojisting sectors, subsectors, technologies, und markets: Foc the
purposes of SGM documentation we have chosen (o usc several
lerms in a specific manner.

Sectors
TSETTOTS Tepresenl human sclivitics that praduce or consume goods

and scrvices, There are Iwo types of sectors, producing seclors and
final demand seclors;

Producing sectors
Traduting §etTots combine faclors of production, including the prod-.
ucls of ather producing seclors and primary factors of praduction, ta

producc nel oulpul, Fos example, agriculture, energy, and other

praducts arc scclors in SGM version 0.0;

Linal demand sectors .

“Final demand scélors provide final demunds for final goods and
services, and include households, government, investment, and net
cxporls in SGM version 0.0;

Markeis/factor inputs

Markels and faclor inputs are infimalicly related in the SGM. A mar-
ket exists in the SOM whenever production and consumplion deci-
sions arc determined sepacately in the model. Each traded good is
aiso polentially a factor of prodyction, although a product may or
may not be used in the production process in the Implemented model.
For cxample (hcre may be no net demand for agricullural products
by any producing seclors. Neverheless, (here will always exisi a row
eniry in the SGM inpul-output accounting struclure even if the-ele-
ment entered there is zero. Markets define the primary level of ag-
gregation in the model. That is, all subsectors and technologics (sce
descriptions below) in a sector/markel produce a single homogencous
commadity. Markets are defined for each producing seclor plus for
cuch primary factor of produclion, for example, agricullure, encrgy,
and other producis plus labour aad land in SGM version 0.0;

Subsectors .
A subseclor exists in the SGM whenever two human activilles pro-
duce the samc oulput. All subsectors within a scclor face the same

o
i
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price for outputs, bul would be expected (o huve Jifferent plud.ucliml
functions, for example the production of clectricity using oil, gas,
coal, hydraelectric power, nuclear power, Of sular power. Subscelors

may be defined lor both producing sectors and finul-demand seclors;

Technologies _ o
F:»i sume8 human aglivitles an additional level of disaggruegatiom is

eas, the number of subscctors for an individuel seclar in
:‘:;::i;:hr:;ion would nol be expected lo change from anuly‘sns lln
analysis, there will be limes in which m?lllple. non-mulua'lly \.:‘c u-
sive, technology options should be considered. These oplions lavc
the.same oulput price as the subseclors and sector, but would have
individual produclion functions.

cctors, lechnologles, and markets
:Srvsg:io’:'c:s‘;z:\ 0.0 scctors, nfbscclors. and markcis have been
identificd and are listed in table 1. The (cchnulog_y level of the mod.i'l
has not heen separately identificd here as there is anly one technal-
ugy for each subseclar in vetsion .4

Economic sectors

cight energy sectors and two non-cncrgy .pmducnon scc-
'lrc:z’; ngciM Efctsion (% Dalis for the energy sectors is largely d:‘aw.n
(rom the ERM model, Edmonds and Recilly (1945) u_n‘d Edmu.n s el
al. (1986) as updaled for Edmonds and Barns (1991). The nnr‘n,-mugy
secior of the economy will be the primary focus of eflorts :.n.vec.r:
SGM version 0.0 and SGM vession 1.0. Table 2 shows the nd. ulo'n;
scctors to be added lo SGM version 0.0 .(o create SOM. version |
Producing sectors can be roughly categorized as being c.llher .g”;:n
tural, energy, or other-producis related. The levcl of disaggrega :
in each area is driven by Lhe need lo undersiand [aclors alrccsu;g pz
tential future emissions of greenhouse gases and the polc:lls ;was
sequences of policy actions (o reduce polential futurc greenhouse g

cmissions.

jculture
'?If;‘:‘lgﬁ::ullurc sector produces {ood, fibre, and fotcs_l products. In
version 0.0, there will be only a single aggregate a'gnculluraldwn;-
modily. In version 1.0 there will be nine culputs, Jisaggregated pri-

i issions. The three scclors
marily on the basis of greenhouse gas emis ‘
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‘Fabie J S(AY secturs, subsecloss, snd markely model version 0.0

Seetor Market Subsvetns

No. ~ Na, Scciar No. Subsecior name

[} 1 Agrlculture | Agriculiure

? ? Ciude oil pruduction I-1v Crude vil production by grade,
Exch n:souice grade {s mod-
clled a5 8 subsecior.

3 ) Qil tefining Conventionat oil ichning

|
2 Coal liquefaciion
3 Blamass liquelaciion

4 4 Natural gas =10 Hatural gas pioducilon by
productivn g1sde. Ench cesuuice grade [s
. modelled a3 a subsector.
3 s Natural gas 1tans- | Counventlonal gas
foanstion 2 Cosl gasificstion
b Binmsss gasification
[ ° Casl produclivn 1-10 Coal produciion by grade. Each
resovice grade is modelked a9
» subsecior,
7 7 Diomais pruduciion | Teaditiana) blumasy
2 Biomsis waite
3 Blomass farms
8 ¥ Utanivm produciion .  1-10 Ucanium production and proc

and tefinement esring by grade. Each rc-

source grade is modelled uv a

subsccior,
Qit
Gas
Coal
Blumasy
Nuclea:
Sular/lusion
Hydio
Others produxtion
Consumer demand
Demographics
Land supply
Labour vepply
Savinpr
Qencral government
Educstivna

) b] . Hationgl delence

no. n Labovy na. na.
nas, n Land ns. na.
na. 13 . SavingsJinvesimenl ne. ne.

4 9 Electrle powee gen.
eration

" na. {{oweholdy*

]

2

3

4

3

)

7

[} 10 Other produclion [
]

2

3

L]

$

12 ne. Qovemment l
2

a. Listed houschold subsectors eepresent major dechiions made within ihe houschold sector
rather than 1ubgector a1 used in Ihe other secton. See section "Houreholds® below for fusther
Jebaile

.y W
Joue
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‘Tabl: 2 Sectors nnd subsectors ndded tu SGAT venslna D.U tu crevie SGAL verslon
1.0 .

Scctur SGM verslon 0.0 Scctors SOM versivn 1.0 Subscetors

Rice
Other grains Other gvuin‘s
Ruminant liveslock Ruminant livestuck
Other livestock Other livestock

Agticulture

Other food Other fuod
Fitre Fitre
Farcsis Furests

Pulp and paper Pulp and poper
Wand and wood praducts  Wood and waed producis
Processed (oods Pincesscd louds

Matcrials intensive
Other naaulacluting
Passenger transpail Raif

Airs

Dus

Other
Frelght Lranspat Rail

Air

Truck

Other
Services Stcalth aad athee
seovices

Other production Manulaciuring

0. Pastengers svtomoblle in household sector.

closely associated with greenhouse gas emissions are rice (pr!ncipally
CHy), ruminant livestock (principally CHy), and {urestry (principally
CO,). All secloss are associaled with N;p emissions lhrough the ap-
plication of fertilizer. Significant quanlities of grccnlmu.xc guses are
also associated with traditional agriculiural (cc_hnul.ngy. in parllculx_n
the praciice of slash and bucn, The principal inpuls'm version 0.0 will
be land, labour, and energy. In vetsion 1.0 thesc will b_° cxpand=.d lo
include fertilizer and materials and land will po(Fnllal!y be disag-
gregaled into multiple categories in accordance with soil types and

climale.

Energy )
Thc_rg will be eight encrgy scctors in the model. Gach of these will

have subseclors as dclailed in 1able 1 10 allow Lhe compeling melhods
{or praducing the product in question (o be accuralely modelled.
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Two types of energy (echnologies will be Identified, those asso-
ciated with depletable resources and those associaled with renewable
resources. All energy technologies will be associated wilh a resource
consiraint. A distinction will be made between_jeserves and_re-
sources. Reserves are those resources where (wo types of energy

“have heen identified and whose location is known and which are

known (v be producible under prescnt and anticipaled economic
conditions. Reserves are depleted over (ime as they are produced.
Total teserves are augmented by addilions from the resaurce base,
The additions to reserves ate detcrmined by grade structure of
resources and lechnologies availahle 1o extract them. Rencewable
resources are handled in a manner similar (o depletable resources
except that the capacily lo praduce persists beyond the point of pro-
duction. Solar cnergy is an example of a rencwable energy resource.
A renewable resource may be degraded by production, however.
Agriculiure, for example, may deplete soils unless investmenis are
madc (0 maintain soil guality.

Other products

In veesion 0.0, the olher products sector will include everything which
is neither agriculture nor encergy. In version 1.0, the olher products
seclor will be broken down inta manufaciuring, passenger and freight
transportation, and health and other services. There is the possibility
of further splitling manufacturing into materials and other manu-
facturing. Inputs will be capifal, labour, and cnergy in version 0.0
with malcrials being added in SGM version 1.0. The principal seclors
are (urther disaggregaled inlo subseciors on (he basis of their im-
potiance to the greenhouse Issue, cither because they are major en-
ergy users, or because they are direct emitfers or sinks for a green-
house gas.

Regions

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

Policy oplions

Decavse of the pervasive nalure of activities that generate green-
house gases, a wide varicly of policy oplions nceds to be included in

the madel, Making provision to model these oplions has had a sig- -

s A
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Table 3 Reglons In SGM racdel verslons 0.0 snd 1.0

SGM version 0.0 SGM verslon 1.0

(b usa I. USA
2. Canads 2. Canada
3. Western Europe 3. European Community
§yJapan 4. Other Westem Europe
. AutlaaliafNew Zer- 3. Japan
land 6. AusiraliafNuew Zeulond
6. Eastein Europe and 7. Easiern Europe
Russia 8. Russia
1) China and other 9. China )
planacd Asla 10. Centsally planacd Asia
8. Mid Easl 11. Mexico
9. Alrica 12. Brazil
10. S. & E. Asia 13. Other Latin Awictica
I11. Lalin Americs 14. Indoncsia
15. {ndis
16. Phitippines

12. Svuth Karca

18. Other S. & E. Asia
19. Middle East

20. Aflrlca

nifican! impact on Ihe structure of the model. [a addition to the usuul
lax and regulatory oplions, provisions have been madc in (he SGM™M
siructuce lo madel such siralegies as carbon sequesiration by reflor-
esialion and afforestation, and biomass enctgy production, and man-
daled lechnologies and practices. The SGM is also designed 1o ex-
plore the consequences of changes in resl government expenditure
patlernsfor complementary reductions in non-greenhouse laxcs.

Theore(ical structure of the model

The SGM employs a generic produclion-cost structure o {acililale
the continued development of the model with a minimum of code
changes and a flexible modclling response to the wide vatiety C.if po-
tential analyses that may be required. The cote of the madel is the
description of production aciivitics. These activilles are .dcsch.bcd
by.a generic production-cosi relstionship. This u:.lallonshlp ullllz?s
the theory of duslity to describe production (unctions alicralcely in
physical or financial lerms. '

ny
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The generic production/cast relationship

The generic_production/cosy_ (GPC) relationship uses information
ahout prices, technology, and previous invesiments to compute fevels
of produclion snd consumption of commoditics as well 2s demands
for investiment in new capital stock. Produclive’ aclivilics are de-
scribed by (uactional relationships in the SGM which ase referred to
herealter as technologies. The 1erm technology is used here (o cover
u broad dreay of sclivities including everything from the production
af iron and sicel (o Ihe production of rice. Technologies, as described
carlier, are the fundamental unit of disaggregation in the model.
Each scctor cantains a1 lcast one subseclor and each subiector con-
lains o1 least one (echnology. Por SGM version 0.0, there is only onc
scelor, inarkel, subsecior, and technology for the production of agri-
cultural output. For the production of electricity, there are seven
subscclars cach of which can poltentially ulilize multiple technology
oplions. The SGM keeps all of its informalion on praduclive capacity
at the technology level of detail.

The SGM uses a vinlaged description of lechnolggics. This has a
uumher of important implications. First, it means thai history maliers.
When o technology is installed it remains in existence and can be
opcraied until its relirement. New lechnologies aficcl productivity
primarily at the margin. They can only allect hisloiical decisions if
they are so attraclive (unatiraciive) that they force prices down to the
poinl where exisling technologics are retired early (undergo life ex-
tension). Another imporfant implication is thal ance installed, capital
stack_is nol malleable: Il cannot be’shiflted around from one scctor

—_— T T———— - N - .
of the cconomy Io another. In‘fact, once installed, capital cosis no

lunger malter. In other words, once the technology is installed the

decisian lo operate or idle 8 technology depends salely on the ability

ol the technology lo recover its current operaling expenses plus laxes

and less subsidies.

A tcchnology is described by an array of characleristics including:

. produciion funclion parameters;

. emissions coeficicnis;

. capital investment paramelers; -

. installation paramelers (c.g. date of first availabilily, datc of re-
moval from the list of opfions, nominal lifelime, length of installa-
tion periad); and

5. vimage.

A (echnology optlion can be described by the information confained

B N e
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in parameier seis 1, 2, 3, and 4. Once installed, the operating chac-
acleristics of a lechnology can he described by paramelter scts |, 2,
and 6.

Within the GPC relalivnship, the praducing sectors al) follow the’

same general struclure. There are, of course, some characleristics
that orc specific to a secior or apply anly (o a subsel of scclors.
However, the basie model structure is suflicicnlly general to uccon-
madate the produclion/cost ond operating characteristics of the vari-
ous producing sectors in ils paramcter scl. .

The scclors represeni the highest level of sggregation of pro-
duction characteristics in the GPC. Within the GPC framework, these
production sectors arc disaggregalcd into one or more produclion/
cost subscctors. All seclors, subsectars, and techuolugivs produce i
comman oulput and facc a comman external nirked price for pro-
duccd outpul. The GPC structurc allocates investment 1o .!u_:_c_lfu_ml~
ogics bascd._on. prins invesiment history and relative profitabiliy”
“using a logil markel-share aliocation scheme.. .
“""Asan cxample of this sector-suhsector hicrarchy, consider an
clcclricity produciion scctor with subsectors far coal, ail, nutucal gas,
binmass, nucicar, and hydraclectric power. These subsectars all pro-
duce cleclricity, and they all receive the same price for the clectricity
they generate. These subsectors do, however, have q.uilc di'ﬂcrcf\l
operaling and inpul requircments for producing electricily, which will
in (urn aflect their relative profitabilities. The allocation of invest-
ment among these subsectors in Ihe GPC will reflect these differences
in profitabiliry.

Each 1cchnology is represenicd by a vintage-dated, constant clas-
ticily of substitulion (CES) production/cos! funclion (one for each

vintage of capitsl stock in operatiun). Por cich tcchnologystéchno) > 4 |

égical changeyhrough time can be captured in ithe modeTthraugli ihe
CES production function parameler set. In SGM version 0.0 both_an
initial set and a terminal sef of CES cocflicients or parameters is

PRt 3 Aot -l

specified for each producing subseclor, For any fulure vinlage, the
"CES cocficienls used sre a time-dependent interpolation belween the
initial and terminal values. Diffcrent technological change scenarios
can thus be modelled in each subseclor by verying the lerminal co-
cfficient values and the lime required lo reach these terminal values.

The géneral execution path for the GPCis (o (1) determine dcsifcd
levels of investment in new capacity, (2) operate the new capacily,
(3) refrofit exisling capital stocks, and (4) operale ar relirc existing

capital stocks. (

3
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‘The CES produclion/cost-funciion

The CES production (unction can.be written,

N 1/ :
Xs = u(ZmX{) . (3)

il

where Xs is the gross oulput of the process; X; is the use of Input
(actor i; og is the scale coeflicicnl; o« Is the individual faclor co-
efficients; and p is Ihe elasticity of substilulion parameter.

Profil maximization implies that,

8Xs

Pi= Pp— i=1

X" ,...N—'M,. (4)

where P, is the price of ith inpul; Pg is the price of outpul; N — M is
the numher of variable factors; and M is the numbes of fixed factors.”
Peoliis can be wreillen as,

T N-M

n = PoXs — g PiX;. (s)

By judicious application of algebra and equalion (4), profits can be
expressed as a {unclion of price and the quantities of M non-variable
lactors of produciion via,

N-M -I/» N 1/p
"= uol'o[l - (r.,ao)"( Z‘«,“""P,‘")] ( 3 a,Xf) .
f= +)

=1 N-M

where ’ _ (6)
=P
"= : ™)

1t is well known Ihai the partial derivalive of this expression with re-
specl lo the price of the ith input is the negalive of the tolal faclor
demand, fhat is

on -
op, =k ®)
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The demand for the ith [actor input o the production process cian
therefore be calculaled direcily as,

/o 1-p .
= a\" (Y j = - M 9
X,-(aol’oP‘) (Z) . i=1,...N—-M, 9)
where )
N .
Y=Y axf, (10)
I=N-M4)
and
V=M )
Z=1~(aoro)"(2 of"’fv")- (1)
iz .

The above equations can be used 10 model bolh operational decision
making and invcstment delermination.

Expecied future profils from the opcralivn of a lechnology which
cmploys

xy = (Xn-mati-- -1 Xn)

fixed (actors over the course of T ycars of operation is simply,

T (n(xi, )\
=3 (154) (12

where n(x, 1) is the profit rate consistenl with cxpected fulure prices
in future petlod ¢t and dis is the discount rate.

lnves(ment and operaling decisions

Once a technalagy has been mslallcd operalion is dc(ermmcd by the
set of factor prices for variable faclors of ptoduclion, and the quanmy
of the fixed factor employed. The detesmination of actar demands is
therefore a relatlvely simple malter. lnvestmenl decisions however
ate not so simple. These are determined boih by the present set ?f
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fucior prices and the sct of expected future factor prices exlending
oul over the expected lifetime of the invesiment. [n the SGM, there
are twa types of Invesiments, investments in new capacity and in-
vestmients in existing capacily, in the form ol refralit and renovalion
(file cxteasion) invesiments. The existence of reirafil and renovalion
(life extension) investment allernatives means that present oper-
alions are never simple, and thut the technology chosen for an addi-
tinn 1o new capacily may be substaalially nliered hefore its ultimale
retitement. The analysis of investment aliernatives requires a mech-
anism lor the delermination of expeclations regarding future prices
and (axes,

Future pricc and tax rafe expeclalions

In cach seclor, invesiments are allocated among subsectors on the
basis of their relative expected profitabilitics. Therclore, investment
ducisians for ench subsector require expected peufit rate calculations,
which reyvire expected prices und tuxes for gl inputs. For an open
ecunamy the purchase price of the goud produced by the ith sector in
tegion 1" is given by;

",'_‘ = d;_dP;(l + 6,'JTI',')|X§;_( + ‘th‘,l. (IJ)

vihere a;y is an_ adjusiment factor to reflect markups and inlra-
regional Iransport costs; Tr; is the import transportation costs for the
ith goad; &, is a logic driven parsmeler whose value is 0 il the tegion
Is o net exporter, and | otherwise, (xa; is the praporiional lax on the
ith product in region 1; and 1xb,; is the additive tax on the ith prod-
ucl in 1egion 1. .

Obviously, the price received by the producer of the jih good is
simply,

Fig = P(1 + 6, Tr). (19)
The ditect compultation of n,{f) is cumbectsome. An approximaiion

of this valuc can be ohtained by substiluting a set of present dis-
counted prices directly into the profit function. This yields an exact

_solution when ji = | (see equalion [7)). The present discouated price

for product j (cither an input or an oulput), P, is calculated by,
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Top 1+ ‘
Pei(T) =Y Pralt) - (Fﬁ) . (15)

=}

where Te,p is Lhe nominal life of the invesiment; r) is the rate of

expecled price change; and dis) Is the discoun! rale for that sub-
sector. . .

As noted above, the nominal life of the investiment is a paramcier
of the lechaology. This parameler value may be diﬂcn:n_l from the
maximum potential life of the technology. The lax rale ix is an exog:
enous variable. Boll the rate of expected price chenge 7; and the
discoun! rate dis are behavioural variables. Expectations of future
price and fax ratc expectations are assumed lo be (ormed in onc of
two ways. Either thcy are given cxogenously, and assymc_d known, or
they are formed on the basis of prior experience. This yields lc3||r al-
ternalive formation assumplions for future prices and laxes ol inputs
and outpuls which can be created by combining assumptions |, 2, 3,
and 4 from 1he following matrix:

Formed on the
assumplion that
previous B periods
rale ol change will
continue indelinitely

Given cxopenously

Prices 1 3
2 4

Taxcs

Nole thal whenever pricc of 1ax cxpcctalions are formed on the basis
of prior experience, the period of prior expericnce, 8, must slso be
specified. For B =0, present prices or laxes arc assumed lo remain
consianl indefinitely. Purthermore, il is possible to run the model in
an lerative sequence lo develop a perfect I’orcughl. sl of exoge-
nously specified set of prices. This would be accomplished lfy speci-
fying prior solution prices a3 the sel of cxpecled fulure prices and
ileraling until stabilily Is reached. ) ) )

We fecl that the abilily to model behaviour in which price cxpecl-
alions are formed on (he basis of imperfect Iorcsighl.is important.
The period of lime between 1970 and the present is markcd by
decision-making on Ihe basis of llawed foresight in cnergy matkets.

(
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Furthermore, the efectiveness of fax and regulatory policies may in

fact depend on the expeclalio i
ns
commilment. P formed with regard to long-term

The relationship between the discount and inlercst rates

The discount rate and the real interest raie need

greal deal ?f bechavioural literature suggests (hslr:(l:'esb: ::l::znmac. IA

:;cl.bc_: significantly diffesent from cach other, Lind (1983), Mcier zng
Ilnllu:r (1983), Ha.usman (1979), and Oately (1980). To refiect this

p u:nnmunqn. the discount rate, dis, will be linked 10 the interes] rale

calculsicd in the niadecl, inicrest, by a conslani factor of addition

fac,. The seclor-specific discount rale for retrofit investments, will'

therefore be given by,
dis, = interest + fac,. (16)

The add-on faclor for retrofit inv
investiments need nol be th
the add-on factor for aew invesiments. ©rome &

The expected fulur fi ity i i
eehaolosy ¢ profit rale for a capacily increasing

The expecled profit rate relali i i
e vepes [} clalive lo the capital cosl, X, denoled as n,,

NR, .
ey = ——
X : (17)

and"

NR, _ . - N-Al (l-n)/r'
< = upPeg |1 ~ (Pegag)” ) lzla‘!/(l-r)pc;bl(l-ﬂ)))] :

N e -
X( z C‘I") (l —IX). (18)

(=&=-AM41

where IYRc_is the expected net revenue, I; is the profits lax rale, there’
ure M lixed fuclors, and the other ¥ — M factors arc variable l;c(ors

.”6 A
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In version 0.0, there is only one fixed (actor and the fixed fuclor lerm
reduces 10 af'/*,

When investments in new capacity occur over more thun
one period

For mos! invesiments the decision toinves and the initiation of op-
ecation can be assumed to occur within a single five-ycar lime siep.
This is not always the case. For example, the construction of nuclear
electric power planls may requirc more than five years from stari ol
conslruction to first production. Forestry similarly requites moic than
five years between the lime of initial investment and the time of
harvest. Each of these circumslances requires a somewhat diffcrent

approach.

Extended consiruction time

When the construction lime for an addition to capacily extends over
Teonmna periods then there is an evaluation of the investment in ecach
of these periads under the assumplion that the fraction of total in-
vesiment required in each period is equal. That is, il the tolal invesl-
ment in the new capacily is tsken lo be X, and the construclion time
is Teonuruer, then in each period an investmenit of

K= K/Toomlmu
is assumed lo be made. I( the investment is expecied (o be profitable

in the first period, then construction begins. The prescnt discounted
value of the investment requirement is then,

K (T\—!ll-\") 1
= — = | gees Tm , v
Kes (Tcnmuun) ; (l + di;) fc / naliuct ()

where, 1 is the investment period in which the invesiment decision is
being made, ¢ =1,... Tcopnncti and (¢ is an index of periods of in-
vestment remaining, ( =1,..., Twmiaa- Note that as each period of
consiruction passes, the expected profit rate will rise, other things
being equsl, because previous pertiod investmenis-hecome sunk costs.

Bxpecied nel revenues from operalion of the invesiment must also
be discoynled by a faclor,
: {
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el | +dis ¢ = l" Tt Twmlmu- (20)

'T‘he growth-harvest declsion .

I'he growth-harvesi decision problem does not occur in SOM versi
0.0, as all agricultural aclivities are aggiegate. In SGM version 1 00rI
fu.rcslry scelor will be disaggregated and this problem will oocu; ‘l:
lhls_cn.w an invesimenl occurts in periad fy, but no revenue is rccci;rcd
unlil Thopvest- BUt Thanew is nol predetermined. For growih-harvest

raduction functi i i i
.!:nd on functions the production function given by equalion (3)

ay = a(C,, C,ny, Atmos,, Almos,_,f — fp), 1) .

where a is now a funclion o-l' a veclor of cli '

: _ male and aimospheric siat
variables, and the amouni of time that has elapsed hclw:er\ the iniliael
u:]\;cslmcnl, fn, and the present period 4, C, is a veclor of climate vari-
3 dcs such as for_examplc. lemperalure, precipitation, soil moisture
::\m cv:po}rampmlion, for i =1,1-1; and Atmos, is a veclor of

ospheric slate variables such as for i
morheric o for abtes such example the conceniration of

The expected profit rate for an invest i
_The : ] menl in & growth-harvest ac-
;::.lcl: ‘llscgc(c(rmlr::d by equations (18) and (21) using the expecled
or for the polential harvest Ty, iods i
and discounted by the valuc, hune periods in the future®

rhrw- ) .
discountfaclor = (_l__
2 v as) 22)

T:c v;luc of n, can be compulced for any Iwo polential harvest peri-
o s+ hatven, and T,..,..._‘.+ 1, denoted tespectively n,(Thanes) and-
Re(Thavess + 1). The maximum polential value for n, can be eslimated

by beginni i = . . .
w{wncgv::mg With Thyen = 1, and increasing the valué of Ty

A Thawen + ]) P-4 nr(Tanl)-

’nvc"mcn's w"h a
maximum valuc {or n (]
al f ] > 0 are lndudcd m 'h
pm" "‘ seclor schlﬁc Compcllng inVcslmenLl.
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Resource constrained lechnologics

Many economic aclivities Iske place against a background of rc-
source constraints. This is of particular interest in the ficld of energy
cconomics, but is in no way limited lo the encrgy scclor. Far example,
the resource base for convenlional oif is ultimalely finite, and cumu-
lative production figm thal resource buse may polentially approx-
imate Ihe lolal resource over the period of analysis. Fossil fuels are
an example of a depletable resource. Rcnewable rexources, such as
solar, wind, tidal, and occan thermal encrgy conversion also exist.

For renewable tesources the resource is available in each perind in-

dependent of consumplion during the previous period. We will deline

depletabie and renewabhle resources us (allows:

— Depletable resources: A deplelable resource is ane in which (he
consumplion of the resource in onc periad affects potentiol can-
sumption in the next period.

— Renewable resources: A rencwahle resouree is vne in which the
consumplion of the resoucce in one puriod duci nat affect polential
consumption of the resource in the nexI period.

_ Describing the relationship between resources and production is

important for such activitics.

Depletable resources
Por depletable resources the tofal resource available for consumption

over all periods is the sum of the resource avallable in each grade of
NG gradcs, i

NG
Ri=Y Rig (23)
g~}

where R; is the total amounl of resource of lype i which could he
potentially recovered under any possible conditions; und Rig is the
total amount resource of type i, found in concentraliun ¢; of higher
up 1o ;- under any possible conditions. The resource base can be
partitioned inlo discovered and undiscovered resources. Discovered
extracted resources, RE, and reserves, RY.

Undiscovered resources sre denaled 8s RU. Thus,

Ry = RE + RU; + RV;, (24)
R‘.‘ = RE’.I +RU4.‘ + RV',,. . (25)
t
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In the madel cach sector that produces n depletable resource has
u different subseclor for each grade of the resource. For a given
lechnology, the grade of the resource is reflected in the value of
ay = ay,, in the production function. Desired extraction rom each
resource grade is defermined by the expecied rate of profitability.

. The praduciion function implicitly includes the cost of converling
undiscovered resources into reseeves. Production occurs oul of re-
serves ns determined by proflt maximization subject fo the constraint
impuscd by 1otal Investment in cach vintage's produclive capacity.
The praduclion activily occurs only from rescrves, and shifts re-
suurces from the resetve calegory fo the extracted calegory.

Because of the multiplicity of resource grades and the exisience of
suhstitules, there is na guaniatee that the price of a depletable ro-
sotcce will rise al a rale cqual fo the rate of interest, the ‘holelling’
yesull.

Competition among capacity increasing investments
within a scetor

Ay discussed earlier, the sector is the highest level of aggregalion in
- the modc). Suhsectors are assumed (o produce an cssentially homo:
" gencous product within the sector. For example, in SGM version 1.0
it is expecled thsl there will be four different types of {reight trans-
post: rail, air, truck, and other. Bach will produce a common unit
of oulpul, tonnc kilomelires of freighi transporl. Obviously, this
assumplion violates physicsl reslily. Nevertheless, it Is intended to
caplure the essence of the syslem. For each subseclor, there also ex-
ists an additional Icvel of disaggregation, which we refer 10 as the
technology lcvel. Technolagies compete within the confines of an in-
dividual subsector, and in turn delermine the overall profitability of
the subscctor. A logil function is used to determine the share of fotal
secloral invesimenl each technology obtains. That share is given by:

a Nioe
Sl.u\—h = N(()"l.luh/ 1 ".Nn) . . | (26)

Z(ﬂ[',luh/Nlﬂh, Nu)
T

where e is & metric of the characteristic upon which compefition
is bascd for technology, tech, in subsector i, N,, is the number of

J2u

Creenhinuse gas cmissinns

subsectors, Ny, is the numbee of (echnologics competing in sub-
scclor {, o is 8 sensitivily parameler, and

Neg .
NO = ZM“},. (27)

i=|

The logit funclion Is homogencous of degree zero. That is, any scaler
change in the values of all mn fenves the values aof all 5, un-
changed. For values of g equal o zern, 5 = l/(N,,N.m.,)..If greater
valites of ny..n enhance market shore, then the valuc of g is tiken (0
be non-negative. (I greater values of m . diminish markel share,
then the value of o is (aken (o be negative.) As the value of a up-
praaches 0o, 5aa spproaches one lor the Lirgest viloe of Mescohe

Ja this model, we will use lhe logit funcltion to delermine the
share of a scclor’s lofal invesiment speading that is allu?a(cd lo
each subseclor, that is 1o say each compeling technolugy uption. :I‘lu:
independcnl variables then arc the profif falc values of n ablaincd
catlier. In general the value of o will he sel 1o reflect cxisling market
sensilivity,

Aggregale seclor investmenl in new capacily

Aggregale regional sector invesiment levels are detcemined b'y using
an accelerator from the previous peciods total investment. Specifically,

Kion,, = Kiay, - baserate;y -Jlexp(riyg)) ' (28)

where K, is the (olal new invesiment in sector i, in period ¢4 I
baserale is the base rale of growth of invesiment; and f(exp(n)) is u
function of the expected profil rate, exp(n). :

We do not prejudice the detemmiination of cither baserate or the
function f(exp(n)). For present model Jevelopment we vse,

Klol. . (29)

[{-179]

basetale | =

The expecied rale of profit is taken to be the average expecled profit
rate which js given by,

NO 1/«
c‘p("l+|) = fip1 = (E"l._ul) ’ (30)
i=] (
32)
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where n,, is the profit rate for the ith iechnulogy (taken over all
subxectors), in period £ This derivation is given in Clarke (1991). For
SGM version ().0) we use,

Slexplma)] = (ﬂ&—"") . a1

L]
where « is a seaositivity parameter.

Retvolif iand renovation investment decisions and the
opcration of existing technology vinlages

lFar existing technologics, or technologies with capacily already in
place, there arc {our possible oulcomes in any period:

1. Operate without change,

2. Retwrofit und operate,

3. Idle the capucily, but do nol retire,

d. Retire the technology.

‘T'he determination of nperating moude depends upon the behavioural
assumpiions. Given the five-ycar lime step in the model, il has been
decided ta climinate option 3. In other words, producers will either
operele a vinlage in the current period ar retire thal vinlage.

For morkel cconomies prolil maximization is the behavioursl
paradigm. For invesiment decisions this means that AR is maximized.
That is, existing technologies will continue to be operated as long as
current operating costs can be covered, unless atheiwise prevenicd
from duing so. They will udd reitolit lechnologies cither if they are
required ot if they add (o profitability. The behaviour of command
cconomics is similar, except thal (1) substantial subsidies, in both the
casi of input faclors and direct subsidics lo lotal operaling costs; and
(2) sllacalion schemes where administered prices do not clear mar-

. . { . .
kels are an imporiant delerminant of economic behaviour.

Retrofit technologies K
Retrofit lechnologics are the principal camplicating factor in (he
analysis uf cxisling technology operations. ‘The level of operalion of
the lechnology is assumed to be identical 1o the paten( technology.
The udditional capital cost, relative to the original capital cost, is a
technology parameler. The presence or lack of presence of retrofil
uptions does not affect the bate production or cost funclions.

22

Circenhixe gas cunissinns

New retrofit uptions can he incorporuted into the operating stive:
ture of the technology if they either are required or are deteomined (o

be profitable. If retrofit technolugics are not required, then it must he |

determined if the base lechnology will conlinue to be operated. Il
the base lechnology can covet current cosls, it will confinue lo be
operated, even if Jis present discounled expectued fulure revenucs usc
negalive. 11 it cannot cover present operaling costs, then the lechnol-
ogy will e relired unless same retrolil package can praduce a present
discounlted expected future prolit. .

Under some circumsiances the present technology may ceuse la be
an oplion because a retrofiLicchnolngy must be applied. ln such cases
the technology will be relired unless sume relrofit packng'c cun pro-
duce a present discounted expected future profil jl!tl as if the basc
technology had beeca unprofitable in the cutrent periad.

To evaluate retrofit technologies we make the following calcu-
lations. Consider an existing lechnology of vintage V, inslalled in
period V, with nominal liletime T in existence in period 1. Vo de-
tecmine the profilability of reirofii options fas that fechnolugy, we
begin by compuling,

— - SEY ) j=1,....N. 32)
Pe; = Py(1) }:I: i) | . .
= .

Note that a set of expected fulure prices for ietiofil lcchnologics may
be different from the sel of expecied fulure prices (or.u.ur. basc Icc'h-
nology due to different discount rates far the two aclivilics. That is,

some flrms muy have u higher discount rate for reirafit technulogies

(han for new base load invesiments.

Bccause each relrofit lechnology can afect {he original lcc_hnolugy
is 3 wide variely of ways, the tolal technology, that is in'clm.lmg hoth
the base technology and a package of rcirofil oplions, is given hy a
sepsrate CES production funclion whose netl additional capasal cost is
sonie fraction of the original capital investment, and whose lifelime is
the expected lifelime remaining on the original echnology. .

The general formulation fur profit with u fixcd factor CLS pro-
duclion function, as given by equation (6), is used (o compulc a value
ol m,arem for cach technology with a retrofit optian. Note that I’gt
relcafit = 0, the expected future prolil for the base lcch!\ology is
given. I any relrofit technology has a positive present discounted

(
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cxpected profit higher than the bese technolagy, then the retrofit
technology package with the highest expecied future profit rate is
sclected. I expected profils are negative no retrofit technology is
adopted, and il either The basc fechnology is unable to cover present
operating costs, or is no longer available due to mandated retrofit
actions, then the technology Is retired.

Renovation
Renovation is a special casc of the general investmeni/ietrofit prab-
lem. Al the end of T.,, years of service the technology musl either be
tclired or renovated. Renovation takes the form of a one-time capilal
inves_lmcnl. that occurs in the Teiplh year of service. In efecl, how-
ever, Ihe retrofit option can be thought of as compeling with other
ncw investmenl opportunitics with the production funclion coefti-
cicnls of the original technolegy, a capilal cost of Keypena, a0d Tegieny
yuurs of expected life. The profit rate is compuled using cquation (13)
and expected fulure prices based on sn expecied technology life of
Tecieny years. Of course, more than one life-extension technology op-
tion is possible. In the case where mulliple options are available, the
technology with the highest expected profit rate is chosen.

The present operaling peohtabilily, NR, is still compuled from
cquation (6). The operalion, retirement and retrofit logic diagram is
given below:

NR>0 NR <0
Operate and Relire

x>0 Relrofit
n<0 Retire Relire

That is, the technology will be retired uniess it both can make money
in the immediatc period and is expecled to add to the wealth of the
scclor over ils expected lifetime. :

Greenhouse gas emissions

As discussed carlier, the greenhouse issue is complicated by the (act
that a wide array of gases are associated with the eflect. We make no
aliempt to discuss either the nature or the exlent af the clect various
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gases have on the radialive balance of the earih/atmospherc cnergy

balance, but simply nole that the following suite of gases will be

considered. . )

—~ CO, emissions {rom [ossile fuel and biomass combustion processes.

- VOCemissions resulting from energy production processes, sflcclcd
manufscturing pracesses, some combuslion processcs (mainly of
petrolcum based fuel in internal combustion engines), and (rum
selected natural processes. ) L

- CFC cmissions from losses from teflcigerafion and uir-conditioning
equipmenl, {oam blowing, aerosol propellants, clcaning solvents,
and fire exlinguishers, ) o

- CHq emisslons which emanate (rom the producu(_m and dls(-nhu-
lion of natural gas, mining of coal, from the raising ol ruminant
animals, the growing of rice, l[rom sanitary landfills, and from
combustion processes (principally biomass burning). ]

~ CO emissions, most of which emanale from incampletc combustion
of carbon-based fucls, principully in the lrnnspor.lallun scclar.

- N;O emissions [rom combustion processes, lertilizer use, and sc-
lected nalural sources. .

- NO, emissions from combusiion processes - cs.pcclully‘ from clec-
(rical power generation and in internal combustion engines.

- SO, cmissions and consequent sulphate transformations so tha(
alhedo changes con be monitored. )
Greenhoute gas emissions coeflicients wifl be included with 'cach

tcchnology description. Emissions will be assumed (o be proportional

to either the scale of input utilization or oulpui of the techinclogy.
Bmissions can be calculated simply as,

NS NS Muallosnd) ¢ NI

Ema=2_ 0. 2 22

1=l =l techml  v=Ve [l
(‘ﬁ.l.»l.luh.lxl.u.mh.l-I.V+,m.l.u.k:h,ix-’i.u)n (JJ)

where, e',.,‘,,‘u,mb,, is the lechnology specific emission coemcicr!( for
emission m, in seclor 1, subsector ss, using fechnology tech, with input
Js Xtasseen,1,1,v 18 the input demand fur factor / by sector /, subsector ss,
using technology lech, of vintage v, in region 1] fuiuceny is the
technology specific emission cocliicient for emlfslon m, in sector
i, subseclor ss, using technology lech, producing output J; and

¢
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Xsireamb,j1,v 18 the output of good j by seclor I, subsector ss, using
technology lech, of vintsge v, in region 1.

When emissions are releascd costlessly into the almasphere ihey
have no effect on cither the cost of production or the optimum de-
mund lar invesimen! goods. Releuses necd not be coslless. Like other
inputs and outpuls lrom the technology, emissions may be priced.
Emissions coelficients have been related 1o individual lechnologies.
This is because the determinants of emissions can be relatively com-
plex. This is cven ihe case for emissions as simple as fossil (uel com-
bustion carbon cmissions. In general the release of carban o the
almosphere is considered to he propartional ta the encrgy conteat of
the specilic fuc) by a fixed rutio and (herefore fargely independent of
the technulogy in which the fossil fucl foem is combusted. This need
nol be the case. Emissions capture technologies exist, and the rate of

releose of carbon 1o be nimosphere per unit of fossil fuel cnergy.

cambusied may therefore vary by lechnology.

On the presumption that emissions can be measured and thercfore
cusis can be assuciated with them, emissions fees would alfect the
cuxl of praduction. The cffect of fees will be reflected in a mod-
ilication (o equations (13) and (14). For consumers of the Jth product
in the ith scctor the cost would become,

EM
Visetet it = aig Pi(14-81 Tro)ixa; g +1xby g +E¢m.,.“',u_h.’ Xm0, 50, tevhs

m=|

(34)

where P eng = the price of good j consunied in seclor §, sub-
scclor ss, using lechnology tech, in region 1. For producers, the
incame from the sale of the jth product produced in secior i is,

EM

I.I.Jl,lnth.l.l = Pl(' + Ji,l Tfi) - Z/;n,l,u_luh.l u"’-’.".l“h,[,l- (35)

ma)

Final demand sectors
In addition (o the seclors that produce goods and services, there are

three linal demand sectors, houscholds, government, and foreign, As
is the case with the dirccily produclive sectors, final demand seclors
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have demands for goods and services and can produce goods and
scrvices. We begin with the governmenl! scctor, not l.)ccausc the
analysis ol the hehaviour of the goverament sectar is simpler thin

that of the household, bul rather because our modelling appeoach to

this seclor is simpler than that af the household sectos.

Government

Expenditures by the budgel of the gavernmunal seclor must sirlisly the
folluwing identily:

N
Txlol - Sguv = TR'»V + Z l,ixl.;un (3(')

where 7'Xo is the 10tal of all nef lax revenues, where Sllltsldlci ure
measurcd Sy, is (he net government savings, or lor negalive valucs
cqunls net government borrawing, and 7R, = ix lransfer payinenis

. by the goverameni.

In SGM version 0.0, Sgoy is assumed 1o be zero. fn SOM Version

1.0 this assumption wlll be relaxed. .
In SGM version 0.0 transfer paynients arc assumed (o be a function

of demographics,

POPs_+POPss, \* POPm,)"(Y.,..M..)'r-
POP,, POP o POP,,
(37)

TRm=ﬂuP0P.’.;T(

is the 1otal population; POP,s. is the population under
;V:ccfl?:l"?cl;;:” is the po;;;u?alion over age 65; POPyyy, is the pop:
vlation whose personal income is 25%' or less lhan. the mean;
Ypesonsl IS the personal income; and Ji; is the appropriate cmpiri-
ined coefficients.

?a!ll')}'lgcg‘;lvtlmmenl is modclied as producing services. ln' SGM ver-
sion 0.0 there are three services producu_i. In SGM version 1.0 this
will be cxpanded (o five. These arc given in tahle d. N
The demand (or goods and services by the government scclor s
modelled a5 a consirained optimization problem. Govesament max-

(
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Tuble 4 SGM government subsecfars version 0.0 snd vesslon 1.0
SGM version 0.0 SGM venion 1.0
Gueneral, Nutivnal Defence, Education General, Natianal De¢lence, Bducalion,

lafrastruciure, R&D

imizes a wlility funciion, presumed lo be CES in SGM version 0.0,
delined vver the three subscclors (general government, nalional de-
fence, and educetion), and subject to the net income given by equa-
tion (36). This can be represented as,

NGS Wp
G"( ""G’"') - ' (38)

Y |

where G is the government uiility, an unabserveblc variable; G,, is
the produciion uf goverament service s3; 8, is a scale patameler; pls
an claslicity parameler; and NGS is the number of services praduced
by the government.

Goverament services are assumed (o be produced with fixed input-
vutpul coclicients. Thus the cost of an additional unit of government
scrvice, type s, can be computed as simply,

N .
"(.u = E"I.'.uph . (39)
{=1 .

where Py ,, is the cost of the nex! unit of government service ss, that
is Py is the price of input / in the production process; and 44,0 is the
amounl of inpul / required to produce government service from gov-
ernment subseclor ss,

Because the cost of producing (he next unit of government service
is constanl for any set P,,° the determination of govermmenl demands
for goods and services is greatly simplified. This problem can be
slaled as onc of maximizing wlility subject 1o a budget conslrainl,
cqualtion (36), mazimize G(G\,..., Gngs), subject to

NGS
TXa -Sgov - E P'.nGu =0. (40)

=]

aau
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This problem has a simple solution,

) NGS -1
G,,=('rx..,.-s,.,—TR,..)y,,P;;,',( lp,,r;_,,) . (41)

M
where i, = 677 M and y = pf( - 1)."

Households

A greal number of decisions are carried oul in the household sector.
These include the [ollowing:

1. Demographics

2. Labour supply

3. Land supply

4. Houschold savings )

5. Houschold demand (or final producis )

L SGM version 0.0 the determinatioh of the dc_mnglaphlc charac-
teristics of each segion's population, and its supplics ol la-truur. land,
and savings are handled sequentially. Only }he mn.\p?suu.)r.\ of de-
mand for final goods and services Is handled in a holistic ul.lllly max-
imization framework. Because {he dcmograPhlc characieristics of a
region's population are an important delerminant of other housechold
behaviour we discuss this clement of the modec! first. We then con-
sider labour, Jand, and savings supplics. Thesc faclors delerminc dis-
posable personal income allocsied lo consumption. Finall):, we de-
scribe the determinalion of final demand lor goods and seevices.

'l!?l:;m:!irrzﬂl:rc:phic component of the l\ousc.hold seclor d:lcrm':n::
population in a region by employing assumplions w!lh regard (o | }r:
characleristics: survival rates, fertilily rates, and migralion rales. For
any period, /, total populstion is given by,

. ’ NAGS (42)
POPo, = Z POP s, mites + POPope temitaas

sge=|

i i : POP,ge.temiles i the
here POP ks is the males in age group age; POPyge tem
Zn:a'rc: in ;;:mg.roup age: and NAGE is the number of age groups

defined. ]

329

aS3 IT13LIUE WHSE:S@ 86, 2T 834 - )

ar /NP A



r—

"h‘gq_u-!’

. Edmands et al.

I'ur the youngesl age group, age = |,

HAGE

l'()l,agc-l.g\'mkl,l = Z Ku[\',“mlu[uc.lPop-u,kmlc.h
uge=l .
gender = male, female,  (43)

where POP, g1 gender,s i5 the populstion in the youngest age group,
age = |, by gender, in period £, fop( is the (ertility rate for femnales in
age group, age, in perivd ¢; and goyc, gentee IS the [raction of births by
gender, with g300) 4 go4e2 = 1, and (or other age groups, populalion is
determined by survival via,

"OP."J:N::J = SV,“..“,““', POP.“- ), yeader, i~ + PO Pmig,‘,.,,,.,,,,.,,
"¢=2,...,NAGEL. (44)

where svyye gender,s 18 the survival rate by gender from age group age
to nge + |1 POPMIg, oo, geader,s is the net immigration of population
into the region in age group, age = |.

At 1his point, ferlility rates, survival rales, and migration rates
ire delermined exogenously, wilh the exception that net migration
summed over all regions is always zero for each age and gender.

Lubour supply
The-supply of labour is determined by the working age populalion,
rale of labour farce parlicipation, and the wage rale,

kmale NAGK .

Xiabow = ﬂ-;«.anknpoplu,(m‘u
male age=|

IP'IMI(I ~ IXapsou) ~ ubhhw]ﬂln,lcndcu (45)

where Prapou is the wage rate for labour; ®age, gender 15 3 scale coelicient
for the supply of labour, by age and gender; f,,, yqder Is the price
clasticity of supply of labour by age and gender, and txa, (b are pré'-
porlional and additive tax rates, respectively.

Lond supply -

In v_crsion 0.0, land supply is lotal Jand area in the region. All land
services are sold on the domestic market. Households supply land on
the hasis of the renlal rate via

30
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Xisnd = LAND 1004 ! - exp{fona P1una)ls {46)

where LAND,., is the lotal surface weci potentivlly availoble for

“allocation; apq¢ is the maximum potential shure of lund supplied to

the markel; fl,, .4 is a land supply price responsiveness cocfllcicnt; and
Pl.ag is the rental rate on a unit of land.

In SGM version 1.0, the land supply scctor will become much
sicher. One of the polentially mosl imporiant dcicrminations is the
representation of the characier of land, and its potential supply and
use, and the poleniial changes 10 land characier ns il is affected by
hunian activity. To he most useful, the mudel of kind must be capable
of explaining balh the present allocation und use of land, how that
allocation and use changes with lime, and the consequences of land-
use for greenhouse gas emissions. Furlhermore, the characlerization
must also be capable of providing a (ranicwork for usscssing the
conscquences of polential changes in atmosphere and climate, and of
changes in sea level. Several alternative specifications arc heing con-
sidered. A description aof land use in SGM venion 1O will be the
subject of [uture model development reports.

Persaual income
Personsl income can be compuled (com fhe informatiun atready de-
veloped via the equalion,

Y = Xivour luyply“’hboul(l — IXaiybour) — ’xbhboull
+ Xlsnd mpylylpluul(1 -~ Ixaypa) —- “bhmll
+ nigi{1 — g = 5,) + TRyav (47)
where Y is the disposable personal income; ny,, is the tatal nct profits

fiom the operation of all enterprises; ix, is the prafils lax rale; s is
the rate of telained corporale earmings; and /xy = income tax rale.

Savings supply
SGM version 0.0 represents savings as a function of presenl income
and the inleresl rale,

Shh = uMluuY(I - cxplﬂhhu\v(i"u'c“ + hch")“ (43)

where Sp is the tolsl supply of savings by households; apnaee is thic
maximum polenlial houschold savings tale; Prnsave is the price scnsi-(

3
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}lvi(y of households to the available intercst rate; and facyy is an ad-
justment facfor linking the marke( interest rate 1o the interest rafe
avuilable 1o houscholds.

'Whilc it is usual for a gencrel equilibrivm mode! (0 maximize a
wiitity funclion 10 delermine household behaviour, version 0.0 does
not do this. The development of a mare sophisticated descriptlon of
aggregale household behaviour is a development 1ask.

Household demand for final producis
Own demands for faclor inpuls lahour and land are compuled sepa-
ratcly fram demaonds (or other goods and scrvices.

| "I:’he own demand for land is a lunction of the number of house-
1lds,

NAGE
NIIH = ( Y Pop.,.)/u.,.,, (49)

ageal

where NHH is the number of houscholds; and apy is the average
number of peaple per household.
Therelose,

Xisaapn = NHH ﬂ'n..\a.m"f:'ﬂ"‘» (50)

w!.ucre Tfand is the household fand inlensity faclor; and Prend o 1S the
price claslicily of demand by households for land. '

| t')l‘hc household demand for Jabour is 8 funclion of the price of
abour, )

tholu.,hh = thavr“llbow,hhpr:::“: (51)

where Hhabour, A i:.lhe househald labour demend inicnsity factor; and
Mavour, s i3 the price elasticity of demand by households for labour.
The tolal value of consumption can then be calculated by diffescnce

Yo=Y ~ San — Xisod, mPleng — Xuvour, i Plabous- (52)

Fonsumplion of any final product can then be compufed using
pricc and Income elaslicilies and an income expenditure normal-
leation via,

2

Greenhouse gas emissinns

xd)pn = appp PP Y:m-(;ll'). (53)

whete Xdj  is the demand (or good § by the houschold seclor; a; is

‘the household demand intensily factor for good i; By is the price

claslicity of demand by households for good i; and y, , is the income
clasticily of demand by houscholds (or good i, and

& }‘L\l“ Yuh" '
A = Za“...l, Yf . (54)

t=1

Each consumption good, which in version 0.0 is identical o a pro-
duced commodily in the GPC, is assumed lo have an income and o
price clasticity of demand.

In version 1.0, the plan is to embed the househald decision making
process in a cohesive inlerlemporal decision-making process which

_includes consumption, savings, and educalion. Educalion is important

because, at Jeast in the United Slates, it is thc mosi imporiant deter-
minant of life-cycle labour-force parlicipation. In addition, the sub-
sector structure in the model will be used to expand the number of
demographic groups. The number of such groups has nol yet becn
determined but will reficel significant differences with respect to sav-
Ings and education decislons. In version 1.0 consumplion categurics
will probably be diflerent from production categorles, implying the
need for a translallon malrix from consumplion fo production com-
madities. Computalionally more versalile forms for the fabour and
land supplics will also be explored.

General equilibrium

As noted earlier, markels arc defined (or cach of the 10 producing

_seclors in SGM version 0.0 plus one for each of the three primary

factors of production: land, labour, and capilal.'! There are al least
13 markets for the model 10 clear even when only a single region is
being considered. When mulliple regions are being considered simul-
tancously, the number of markels will expand. Land and labour
markets are considered (o be closed. This Increases the number of
markets (rom 13 1o 11 + 2NL, wheece NL is the number of regions.
If capital markets sre closed this number increases to 10 + INL.?
In addition, the model user can open or close any markel in any
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Tuble S An exsorple of trading relationshlp tedle

Region

Connnndity ] 2 b ) 4 s 6 7 8 9 10 §}
1. Agri. | 1 t ! I ! [ ! § ! 1
2. Crnde il 1 | | 1 1 | | [ | 1 }
3. Qibrel, ! I ! ] ! | 1 1 1 | )
4. Nal. gis [} | 2 ! 2 1 ) 1 | ) I
5. Nal. gas ir 1 1 1 I | 1 | ) f 1 1
6. Coal psud. | 1 1 | 1 | I | 1 1 ]
7. Diomuss i ) 1 ! 1 1 1 I t 1 1
K Uranium | t f | 1 ] i 1 { 1 i
9. Elec. ) | 2 b ] 0 2 k] 0 Q 0 [1]
10, Other | t | ! ! I i | | 1 1
Ul Lahour 0 0 a 0 0o 0o 0 o o0 0 0
12. Land 1] (1] 0 1] 0 [1] 0 0 (1] 0 0
LY. Sav/iny 0 0 0 n 0 0 0 v [/} 4] 0

region relative to the rest of the world, and thus creale Irading
groups. This is indicated through a variable, Mkilink defined over
regions and commodities, where if for onc of the 13 commodilies and
11 regions,

Mkilink = 0 indicafes that tegion L is permanently closed (o tradc
in commadily IN. Far cxample, all rcgions are closed
la trudce in land in the above malrix;

Mkilink > 0 indicates thal the reglun (rodes with all other regions
with similac Mk(link values for thal commodity.'?

" An example of a trading rclationship 1sbfe is given in (able S.

The number of markets will also vary during the execution of the
mudel. This occurs because transporlalion costs involved in interna-

tional irade are non-(rivial. It is casily possible 1o encounter a case in

which a region would desire to export a good if the region is treated
as an imporling region and domeslic producers are assumed (o be
able (o oblain the world price of the commodily plus the cost of
transportallon. On the aother hand, if the region is ircated as an cx-
porting tegion, in which domestic producers can ohilain only the
world price of The commodily, the quantily of the product demanded
by the region Incicases and the quantily supplied decreases to the
point where the region would desire fo import the guod. Under such
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circumstances, the madel will treat that regionfcommodity comhina-

H H 14
tion as il it were lemporarily closed. .
For each region/commadity combination, an cxcess demand can

be calculated by

N5 Nuya Nioch,, o

‘fl,]=z M Z' (x5 gechj = XSigmtechihy 1= 1o N (55)

1=t gsm)  txhw

where ¢; = excess demand (or commodity in rc;ion J- -

Consi'd,ct for 3 moment the simplest casc in w!uc.h ull ctfmmmluus
usre (raded internalionally. For any perivd, equillh.uum cxists when 4
set of prices, P = (Py,... Pa) ciin he found for which

. _
Soe;=0, i=1...N (56)
1=
This sel of prices is not unique. Walras's law,
N N .
Y>> epi=0, _ (57)
il f=l

ich holds as an identity, and guaranices that if an cqunl_lhnum sul
:)v(h[l)cr}i‘c:s |cxim. that any pyosilivc scalar mul(iplc of those prices is also
an equilibrium setl of prices. Any comu_mdu_y cun be chosen u.s a
numeraire and its price determined alhnrnu_ly, sct for cxample o
onc. The number of independent markel prices is always one less

than the number of markets. N
Similarly, since the unil of measure chosen for commuditics is alsn

arbitrary, units can be chosen such thal all equilibrium prices are
unity in one period.

Solving the SGM

The BRM first generation model, used a Newton search.proccdurc in
an elasticily metric, Elasticilics were compuled '_'“’“‘"“"dely %e‘ll's
lurbing each market price slightly and te-evaluating the I':IO cl. b
required Nmkt+1 evaluatlions for each sgnrch step. I also cu:al .
a Nmk1? matrix of partial derivatives, which needed (o be inverled.

v H H {
With 42 independent markets, this procedure requires a maliix o(
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L7064 clements to be inverted. The ERM ulsv incorporaied a varicly
of procedurcs (o be invoked in the event Ihat no change in a dis-
equilibrium set of prices could be identified, through the Newton
search opproach, which reduced the metric of disequilibrium, the sum
of squured excess demands.

Increasing the number of markets to 42 in SGM version 0.0 in-
eieuses the complexity of the problem of finding numerical solutions
to the model. The SGM will employ an even more diverse sel of sol-
ution algorithm alternatives than the ERM. The most important ad-
dition to the set of search lechniqucs is the Gauss-Scidel procedure,
This solution algorithm begins with an initial ptice veclor, and then
updales cach element of (he price vector individually.!$

Concluding remarks

This pupee describes a new model under development, a second
generation model of global encrgy and olher human aclivities and

greenhause gas enissions. The model 8ddresses the problem of the

relationship besween human aclivities in a wide array of domains,
i#nd their.effect on the emissions of radiatively important gases, and
the potential consequences of changes in the almospheric composi-
tion and climate on those human aclivities. To address the extremely
brouad scope implied by these ubjectives, we have begun the devel-
opment of a global, computable general equilibrium madel, which
provides insights not possible with linked independent markel equi-
librium medels. It is also designed to address a specific problem. Its
level of complexily and disaggregalion rcfects the character of that
problem. Energy is the single most important human sclivily affecting
grecnhouse gas emission. It therelore receives the prealest atientjon
in the model. Agricullure and land-use are the next most important
issues and receive greater atlention than, for example, their value-
added conlribution (o GNP would indicate they warranl. Other sec-
lors of the economy are modelled in relatively aggregate delail.

The model will be exercised for both regional/national cconomies
independently of the world economy, and a8 a world mode), Projects
(o model the United States, Chinese, and lormer Soviel Union are
underway in parinership with sister institutions in China and Russia.
These projecls are anlicipated o produce resulis during 1992. This
work in turi will help inform the development of the SGM global
model. Progress on these endeavours will be the subject of fulure
reporis,

kA
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" Notes,

J ¢ Depadiment of tincayy,
thors wauld like (o express appreciation 10 the United States Dep
- gﬂ:c:uoloénel" Rescarch and the Office of Policy. Planning, and Analysts, and to ihe

" United Slates Envitonmentsl Protection Agency, for support In the coaduct of thls re- -

scarch. The suthors wauld aleo like 1o espruss appreclution tu Yoichi Kaya, Ncltn]h Niki-
{enuvié, Kidt Perikh, Yusngiheng Lan, Rert Ilicknian, and Ken Rufting fns their thinghi-
s on an estlfer dinfi of this pspus. - .
. glu:mv::: ::::ulullllc ¢-folding ot sverage molecular lifctime valucs of less thun 10
yers.

. Cenlury lime scalen
s Po:u?mplc. colrol runs viing the ERM and (1.OBAL. 2100 models yiehd remadkahly

i h models. This {s despite the
imilue results when standard snumptions sre employed in bat pite 1
::Tl. llml the CRM is & behavioural madel and GILOBAI, 2100 i1 s dynaenie optiniring
;'l‘?::ll.wayu poaiible 1o recast a nundel such a3 she SGM witlidu the dynarabe uplimization
wilb perfect foretight paursdigm.

Cumpared v compeling technolngivs. o
N:lt‘:;ul the price 1eceived by the producers, 1%, b cqualiv the Lol prs. The prives poid

oduccis ate equal tu the f.a.b. price plus 1aaes am? nutkups, - .
8 :i)::rl' lhl::"ln this c:u the period-specific capucted price vecing awplaucs the prescnt dis-
counted price vector glven by equation (14).

»~

o d

-

N>

hd

degiee one, such ui (o1 exsmple the CES, snd not simply the Leomief specificsiion.
10. To see this nole that Anl-otder conditions requlre that

G, = NGy Py,

whete A i3 a Lagranglan multiplier. Por convenicnce deline,

Y = T - 500 = Thps,

and note that
NS '

Ve Z GuPy g
=)

Subatiture (1) Into (2) to yield,

N3] -!
MG o V(Eﬂn’}.u) .
o)

Rewbitituting (3) Into (}) gives the finad sesuiL .

11. Reaatd l;lll ll\'c caapitel market Is s market loe savings and Investmen). {t does vl allocate
existing capital stoeks. Thore are quasl Axed a1 a vinfaged capltal stock. catlon of o

12. The relaxeiban of the awumptioa that caplial markels sre clased sequires the nI o
) investment vehicle. This could be socomplished by the creaton of an lnmnl.l ona o
This bond would imply s future relum fow ol resouios in uchm;le. h:r 1vings. l.z in
terend paymentis would be sdded (0 UNP and houvichald disp ., 8 ']
bold the bonds. )

13 :o::l';:’:':vhlle model loghc will no1 be alcctcd, there should slwe)s he .u '!!l(.II“ u.glum
) Involved ia » wading gioup (ar esch commodity. The value of the h:‘lll'mkbvuu:‘le‘:v:':;‘
dity IN dete the bob. pt

1efeqcnce reglon whose fob, ptice ol v y IN ¢ e
commodity In all other tegions In the teading group. For esample, In the matiic abowe .(
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negiung, vagepl Chins, vse the Loh. priee ul sgilovlives) poasducts da the Uaited Kiutes
{region 1) w3 0 cwumon reference faols, ptice,

The wvolue urad in MRink shoul afieaps e he fowest reghu fndea number uf uny
mcinber ol the teadiag group. Por example when tegiuns 3 and 6 lorm an elocinicity wading
guwp, buth nicebers use the number 3 (o theis Mitink valves.

\Ye note that 3 tegion cannol be open tu irade In oaly one commadily.

- When a ceglon is iemporarily treated os il it were clused (o Irade in a parteular commodity,

the value uf Miilink s set 10 the negative of the refcrence grovp numbcr.

13. This proceduie has an expecied solution rate of between SNmk1 and 1O0NmY! model eval
vatingy. I§ ls ihus computationally very eMclenl. The order In which the Gausi-Seidel algo-
sithm opvrstes may be impustant. Fur csample, we may whh 1o silve the wurld nurket,
then iterate 1o the seglunal about and fand markety, and then teturm to the world marsel.
Soame thoupht needs to be given 1o gelling appropriate oulpul and fracking the salution
procers with an eye to improving fis eMicicncy.

=
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Comments on chapter 9

1. Nebojia Nakic¢enovié

The design and implementation of the "sccoqd gencration” .modcl
for analysis of fulure greenhouse gas emissions is indced a formidable
1ask. Edmonds el al. (1992) scl the goals of such a model well beyond
the staic of the art by specifying that it should be “capable 9! ana-
lysing the emissions of sll greenhouse gascs from al.l sources, |nc.)ud~
ing both those of nalursl and human origin, lo provide an afuflym of
the interplay betweea the varicly of human and natural activilics re-
sponsible lor greenhouse gas emission.” Clca_tly, such models curli
renily do not exist that are capable of “assessing cmissions from »

human activitics and major direcl and indirect consequences of po-
Icntial policies 10 reduce emission.”” There are many modcls ll:;l
already address some specific paris of the problem, e.g., carbon di-
oxide emissions associated wilh energy use of m(?dels that cover
all anthropogenic sources of en\iuions. and r-c'sullmg almosphcr;(c
concentrations (e.g. BPA's Almospheric Stablhza!lon Framework,
Lashof and Tirpak 1989). They are, of course, still very far fram
the comprehensive approach suggested by Edmands et al. chw:jlll;e
development of Ihe second generation model of the lype proposed by
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Contvats on chapier 9

Ldmonds ct al. is certainly a most welcome effort, although a very
ambitious one.

Undeniuhly, much could be learned by the modelling coinmunity
fronv the exercise proposed by Edmonds et al. ln parlicular, the
ggn_'li_s_\mee.s___lcd to catlogenizedemographic_and technological
<changes merit particular praise_und altention. However, within a
pulicy conicxt there is also the issue of how such a model can help
ceduce the uncertainties inhercnl in madelling global chapge.

T ANwnilivély how can the madelling excrcise make more trans-
purenl and explicit the uncertaintics stemming either from our in-
suflicicnt understanding of natucal and social phenumena or their
inadequate absiraction (modelling)? Therefore, a8 word ol csution
may be in order. The policy dimension of global warming must con-
front simullaneously the problems of extieme unéerlainly, both in the
causes and consequenves of global warming, and in the future con-
texts within which policies related to global warming will operate.
Thus, there is a need fur great Nexibility in policy measures since the
sucio-cconamic and technalogical contexts within which any glabal
change policy is sitvated will clearly vary and aller. We are canlroni-
ing policy choices reluted to a global cnvironmenlal issue whose
clfects will be measured in decades and centuries. To illusirate the
difficulty of this lask, imagine confronting similar issucs a cenlury
belorc, say in 1892. At that lime, electricily did not have a significant
role, the molor car had just been invented, lhe acroplane was un-
known except as & concepl, and nuclear wespons were unthinkuhle
due ta the lack of basic physics, while major urban problems were
parliculates from coal and dung lrom horses. Thus, it should be clear
hat it is unlikely we will forecasi the (uiure evolution of energy sys-
lems, technologies, or its social conlexis over the next 100 years any
more accucately today than if we had perlormed the same cxercise a
century ago. Yel, modelling and assessment of siralegics for mili-
gation of climale change require a very long-term view, one which
cxiends far heyond normal planning horizons.

in view of the large and still unresolved scientific uncertainty_ sur-
raunding greenhouse gas emissians, their sources and sinks, the con-
scquences such as adverse and irreversible climale change snd possi-
ble response sirategics, the develapment of Ihe second generation
matdel of .1he parametric lype proposed by Edmonds et bl. is a very
useful eflort since it will allow the testing of different hypotheses
canccrping fufure encrgy und greenhouse gas emissions.

In this shorl commeniary we will discuss a few of the salicnt char-
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acteristics of such a model that appear to b rcquirc«! ifitis to {u_l{il
the cxpectalians of its authurs, hut we will not riise the specilic
technical questions that would need 10 be .rcsnlycd Lelare the model
can aclually be built. The technical questions mclude.. for cxu.m[?lu,
the problem of integrating the glohul warming potential ol cmission
and concentration of mulliple grevnhuuse gases, ar how to account
foc histarical and current N,O cmissions l[com human octivitics and
natural sources, or how 0 recanstruct the capital vintage structure

for vconomies in transition and devetuping countries. “These ques:

tions are far from being cesolved but arc the subjecl of & number uf
resenrch aclivities and international cfforts from which the propused
modelling exercise could henefil. Lel us nssume fhat !I\csu uncer-
tainties and unknowns can be resolved hy a pneametric modelling
approach. . . o

We now relurn to the discussion of importunt model Cll:lluclurlsl.lu
which (in o1der to be briel) we will limil to lour issu.es: (1) population
dynamics, (2) endogenizstion of technulogy, (3) sogm-cullurnl aspucls
and (4) provisian of cacrgy services. They are important because
they wre all linked (o the requiremunt of ndupling u very long lime
horizon far model applications, which extends to lh\.: end uf the next
century. The authors are [o he complimented for 1aking the lung-tenn
and glubal view. Mudels thal fucus on time-scales uf wo 1o !Iu:cu
decades can be hased on many static assumplions duc to the rebative
siability of demographic trends, suciol and culiural rclz.ulmm. nnd_(hu
icchnology hase over such periods. Convensely, extension of the tine
harizon well into the next century meuns that many of these long-
term processes will become Ruid and can no longer he (realed as
constants ar “slow variables.”

1. Population dynemics

(n a century global population could stabilize but dun:ng the nexl| h;lw
decades il will centainly conlinue to grow at rates fairly close lc') lhci
current |.7 per cent per year. In facl, the mu.mcnlum hehind glu u‘
populalion growth is indeed very large. Even il we assume :nl it m:lfc
change in fertility thraughout the world down to o1 even belaow -
replacement levels of sbout 2.2 children per woman, as il now pie
vails in most of the Wesi Eurapean counlties (and_wnll thus rcsull.ln a
significant population decline), the glnb;a! pqpulaunq _\vouldlc.uzl.l::‘n::
1o grow lor a (ew decades as illus(ra!cd m.llgurc I. I_.hu:(, ll "-iz;n .
graphic Iransition is an importanl issue if 3 long time hor )
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€ popolallon bs expecied simost ta double during Y
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ulo ule population Incvease. By the year 2010 population lncrease s rill} about 40,
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© sboul 100 alillon (ncresse per yenr today (Sourcer Hellg 1992). d
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adopled. It is of paramount imporlance whether the glubal pup-
vlation will reach 10 billion or grow beyond. Whal is almost cerlain is
that it can be expected 10 double during the next 100 years.

The objective 1o “endogenize” population growth in the next -
madel vetsion is 10 be welcomed. The aclual problem is how to im-
plement the link belween development and populstion: is the demo-
graphic (ransition a'prerequisile for rapid development or the other
way sround? How 1o account for the diverse expericnces wmong
counliries and regions with respect (o the demographic trausition? A
crilical impasse is how (o model hese thearetically poarly under-
stood linkages at the global and regional level. For the time being
Edmonds el ol. plan to include assumptions concerning sucvival,
lertility, and migration rates for individual regions over the tlime
harizon. However, increasing the aumber of exogenously ussuimed
driving varishles dues nol necessarily leud towards a better uader-
standing of the complex issues between developnient and demo-
graphics. 10 might, therelore, be simpler and also more transpasent tu
assume dilfecent population-growih scenarios exagenausly as done by
the United Nutions population forecasts thatl are the standard reler-
ence in this licld (UN 1990). Personally ] sce litile inerit in muking
numerous assumptions in a madel without explicitly describing the
linkages between the varisbles. The approach leaves v false impres-
sion of cerlainly and accuracy that does not aclually exist. This cril-
ically aHecis particularly the ireatment of migralion In the proposed
modcl. Clearly, emissions will denend on trade and .migralion pat.
leens hul the problem is thal there is no vbviaus way to madel inter.
national migralion, especlally the large mavemenis of people that
might be caused by the adverse effects of climate chunge. Low pop-
ulation growth rales and high levcls of allucace in some ports ol
the woild can also be cxpected 1o attract additianal migration and,
this again is a possible linkage between develapment and population
issues.

1. Endogenization of fechnology

One of the important shoricomings of many encrgy models is that
resource scarcily Is one of the ceniral driving forces of fulure encrgy
developmen!. Once the cheap and clean sources of cnergy ate ex-
hausied, the models “dig deepec” into dirtier and cosilier oplions.
This is close 1o the Malthusian conoept of limited resources and has
by and large been historically falsified lar most factor inpuls including
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eacrgy, minerals, or land. It turns out that in the long run tech.
nulogicul change leads to producltion of more with less rather than of
lesx with mure. And yet technalogical change Is still a static concepl
cntircly absent in most models. Fussil cnergy resources remain slatic,
polentiuls for technological improvements are ignored, etc. Yet alone
since the energy crises of the 1970s the discaveries of additions] fossil
energy fescrves have aulpaced their consumption. The resource buse
continues (o increase. Table | shows that the known global (ossil en-

Crpy resources are equivalent fo about 3,000 gigatons af carbonf The |

carhon content of the atmosphere is in comparison small with aboul

760 gigalons of carhon. If the current concerns regarding prospects of -

global warming are conlirmed in the future, it is probable that most
of this carbon will temain in the ground. ‘The point hete is that fech-
nological progress and developiment ure exogenous paramncicrs: as
souil as some of thesc cxicrnylities are endogenized, decarbon-
ization strategies will he cconomicolly more aliractive and less cosily
than “dinier" options. In reltaspect, we no longer consider techna-
logies that are hazardous to human health as *cheaper" aptions, bul
tather as nan-oplions. Therefoce, the model needs a “dynamic base™
tather than the planned static concept of depleteble and degradable
1esaurces. :

The aduption of a capilal vintage approach to endogenizing lech-
nolugical change by Edmands ct al. represents a significant improve-
ment and will undoubledly produce mosl valuable insights, as dem-

Fable | Funsil energy cunsumption, tescrves und resources (G C)

Caat Oil Gas Totel
TRAMD - L9NT 1149 54.2 24.5 192.6
1yu7 2.5 14 1.0 59
HReserves wiLe 921 58.5 542.2
Resources 2149 622 >11s 106
Additinnal occurtences >3840 >1000 >700 >5200

Nole: Accounting for histoilaal, present, and putentfal future carbon emissions (tom fossil fuct
use in gigstuns carbun, Hislorical (1860-1987) and present (1987) carbon emlsslons frorm loasil
fucl use by twurce and carbon amiem in identificd, economieslly recovecable fossil fuel ze-
seiver, reaoutces (Ientified quantitles with uncertain prospecis of economic rocoverabilily),
and xidditinnul occurrences (additlonal qusntlibes inferied fram gealagical infonnatiun bul with
spvcslulive teshinieal and coonnmbe putenilat). Compared (o histaricad fussil Juel use, the ro-
anaining resurces In the ground reprcacnt s (pethups cven far (ou large) “carbon vndowment'
which is more than 2 facter 10 3 hege as the 1otal cathon pool fn 1hie atmosphere vl sround 760

(1 C fomrrespunding 1o a present COy evnventration 1ate of abayt 350 ppm) (Qsbhice and Na-
Llcunvié (y91).
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d by similar models for anslysing cconomic slruclu.rul change.
";"l‘\se"cﬂt:;ilalyvin(agc approach can help to modf:l technological clfa.ngu
by the introduction of lcarning ond cconumies-nl-scale cllecty I:\I-O
new additions to the capital stock and the resuurce base. Ngvctl w-
less, the assumplion of static resources (cven if total polur!hally. rcd
caverable resources arc subdivided inlu' rescrves and undlscm_/u.;
resources) over a period of 100 yeaws is lnducf] a vlul.-ry.rcsluclgv:
consiraint thal will, no doubl, almost "nulomnllc'ully Ic.u‘l 'l‘o hl[;d
carbon emissions (since cheap and low carbon options arc ex ausle
and renewsbles and nuclear limited hy other “canstrsinis™). l?or m-_
stance, only 10 years ago the cxistence of mulhnn‘c clallual'u.s wm
largely unknown. Will they he included us a ncnlcnlml ll:!ﬂl‘lllt-bllhllhl:
in the model and how is the resource base going to cltinge with the

ailubility of new technulogics?

uv.('),l:lli,:\';‘{he(ncxl cealury many new cnergy systeins cin u!so ll»c ._::
pected to be intraduccd thal may hclp avaid the a.sllunnmlc‘nl. 'cw_n.l;
of greenhouse emissions envisaged in nany husmcss-us-u.\u.'n.:c..-
narios (c.g., see IPCC 19Y0). Figure 2 illustrates thul even a.t '|I\bh'“'l;-
ical diffusion rates new encrgy sysicnis can‘hc expecied o feac . |z|
market sharcs during the nexl century, Such syslems ml:jy. il“...l.l ¢
completely new technologies such as ._:arhon rcmu\{al_ and 'L.PU!:“(T:;
(¢.g. inlo the deep ocean) but they will most wv(amly-he a s: .nsltr.‘c
on improvements and refinements of ?UIlenl lechngloglcs”suc dn; ;

electric ot hydrogen car (Nakiéenovié l992;_Nnk|c?nov1cdan b‘lt n
1991). Bul even these more evolutionary oplions will nce c|r|m 1!:5
sysiems and lechnologies such as new ballf:ncs und fucl ce s‘i-" e
diffusion of whole familics of new lcchnologics nueeds to he ma c.“c.‘

bolh within the energy sysicm and other scctors of the ccanomy. | .lla
not clear how this will be handled in the .\'ccnn'd gcncmllnn_“nu;-”;n,
'allhough it is clearly crucial for the understanding ol l‘lu‘: ::‘slivi on
and adoplion polential offered by ncw, less carhon-intc

carbon-frce technologies.

[[1. Soclo-coltural aspects

[ ' y issions ure

Socio-cullural determinants of future gu:enho.u;c gaslcn;:s::, ns e

slso important al al) scales bul become c.\'pucm.lly difticn fo muce

when the lime horizon is extended to I0(|. ycars in lh_c. Illu""rn;he thare

cultural convergence over such long pcrmds.. ::spcc;ni:ny ||"I“' vorld
“smalle s inlerac N H

aclually becomes “smaller” thraugh mare : B ;
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munication, and mobilily? At the uther exteenie, i divergence could
be assumed with more heterogencily and diversily jn the world. In
fuct, this was the histarical experience during Ilic lust cenlury s

iliustrated in figure 3 for carhon intensily of value added. in contrast, .

many of the development siralcgics and scenario trajeclofics imply
a commun global path, e.g., universal sdoption of lechnolugivs nud
theic transfer despite diverse institutional and regional character-
istics, and irrespective of the actual appropriateness af these systems
in a given caxe. The second gencration model can he expected Lo help
identify some of the linkages among thesc issucs, bui the real prob-
lem occurs with the treatment of these sacial and cultural deter-
minanis. For the time being, sucio-culiurul vatiables have detined
quantifications in mast global madels and vl hest have been included
as residual values (e.g., derived from geacral praduction funciion
approaches). Even il these vatiables cannol be mudelled in the sense
of forma) absiraclions from causality relatians, il will be imnpuctunl
to make explicit assumplions and sceausios in the model concerning
socio-cullural development. This is a polential advantage of a pary-
melric approach.

As another example, is it really reasonable to sssume u general
cyuilibrium approach and markei-clearing mechanism for anulysing
the long-lerm future, when markel-clearing mechanism imper(ections
and regulatory mechanisms are a prevailing characterisiic of the
world economy rather than an exception? Transfer of “sensitive™
technologies is explicitly blocked, diffusion and aduption of lech-
nologies can be blocked by local cultures or regulations, and so an.
The examples are so plentiful that it is difficult 1o construcl 8 list af
compelitive intcmational markets. There are, af course, many mcth-
odological reasans for adopling a general cquilibrium approach, b
the question is whether (0o much is assumcd uway by thal uppraoch
in a model that otherwise includes so much detail, In more aggregale
models this might indeed be a very viable and appropriate sim-
plification but in a complex model such us the one proposed it is nol,
clear how o balance detail in some arcas sgainst simplislic assump-
tions in others. In any case, this approach makes the analysis of major
and revolutionary changes impossible. Adjusiment paths (o u low-
emissions future is by design at best gradual and excludes socio-
cultural diversily. All regions are ussumed to have markel-hased
economies and rational, utility maximizing agents (envisaged for vee-

sian 1.0).
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1V. Provislon of energy services

Ralionalily of agenls is in gencral @ very sticky subject when il comes
to describing aclual energy consumplion and end-usc hehaviours.
Conservation and cfliciency lag behind whal appears (o be rational.
Oflen eflicicncy improvenieals arc oflset by increased energy sur-
vices. For examplc, new cars are on average more eflicicnt thun the
old anes in Getmany, bul they copsume more [uel hecause they are
lacger, faster, more powerful, comfortable, and saler. Demand for
more comfor( al home has also increased due 1o older nge struclure,
smaller family size, and larger dwellings per houschold, leading agitin
(o higher encrgy seivices. Figure 4 shows that longer life expectancy
and shorler working time have over the last 100 years reversed the
shace of lile spent at work compared fa lcisure aclivitics from aboul
80 per cenl 1o aboul 20 per cent foday. This resulls in wose Iravel,
Icisure activitics, and lime spent at hame. All of these phennmena are
also linked 10 economic structural changes, praductivity increases, ind
evolving sncio-cultural patterns. The prohlem arises when changes in
the end use sre observed al the macra-level and explained anly by
price mechanisms (e.g., clasticilics) rather 1han hy changes in human
hehaviour and social patterns. In those cases fallacies can vecnr. For
cxample, the price of molor fuck increases bul consuners puschise
cars thal consume more fucl cven though they may be more cfficient.
Pethaps many of these considcrations are marginal on a 100-ycar
time-scale. The salient question lor personal mability in the world is
rather whether car ownership will diffuse throughaut the world 1o the
degree it has in the Industrialiced countries. Toduy there are over 41
million cars in the woild. Whether this number doubles or increnses
tenfold during the next decades will have s larger cffect than any
madel variations in the price elaslicity of motor fuels. Another cx-
ample given in figure 5 shows that mast of the cars are vwned by the
male population in Germany, while only a few, mostly young, women
own automobiles. Should the ownership rates converge in the [ulure
this could almost double the fNeet size.

These examples illustrate that the long-time huricon ahnas in-
herently demands an interdisclplinary approach in evalualing grcen-
house-gas emission mitigation and responsc siralegivs. Licunomic
mechanisms alone will not do nor will enginecring perspectives. “The
complex fabric of many dimeasions has io be integrated into more
holistic approaches for analysing aliernative development paths,
those that lead fo high cmissions and thosc 1hai are rcspnnsiva( o
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Fig. 4 Prudiloa of dispossble )ifetime speat at work snd non-work of ferosle, male,
and aversgs working populsion, UK 1856-3981, Figures are derived by compuriog
life hours of work fo total disposable, sctive non-wark hovr for adalls. DULspotsble
hauss ase calculsted by tubtracting 10 years for cdildhood wad Grst elersenlary edo-
cstlon snd sho requlred “physlolagical” time, e.g, time required for sleep, eailag,
and prraonst hyglene, sssurned nn sversge (o smount (o 10 hours per day. For (he
sveszge wurtklng pupulstion In tbe United Kingdom, morklog hours decrensed f1om
aboul 124,000 to 69,000 hours beiween 1856 and 1931, wblile af {be same tme dls-
possble lifetlmae hours Increased frora 292,000 (o 378,000 hours. Thus, non-working
hours lacreased lrnm about 110,000 (o 287,000 hours aver a UfeBme. Oa svervge
over 60 per cent of the dupossble Iifetima of male adults was speat working to 1855,
this percentsge bas lallen fo less than 20 pes ceat ul present (Sowrce: Ausubel and
Gribler 1990).

climate change. Pechaps creslive scenario wriling would even further
enhance the value of models such as Ihe one proposed by Edmonds
el al. .

The vllimate question is whal is the appropriate model scale (c.g..
number of seclors, equations, varipbles) that is required to caplure
some of these characieristics? 1t is cleatly undesirable to have s high
degrece of complexily in ireating problems that are poorly understood
such as the effect of global warming on internativnal migration pal-
tcrns. It is better inslead (o treat with higher accuracy those things
that are well known such as the clect of urbanization, mobility, or
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experlence (Saurces BUttner and Gritler 1991).

- terns. it is a disbenelit
cography and clirate on cnergy end-use pal | !
lgo kgnofv {he magnitude of the global warming polential or.muluple‘
gases il carbon dioxide eflects and emissions are known w!lh gu:_:-
accuracy while direct and indirect elects of methsne and ils em;‘
sions are very uncertain. [n this case, it would t'mdl?c'l:ier l(lc; k.rr\::/s(ece
i ally. -
imospheric concentrations of these two gases individua
:md gfnenlion model can help and improve the analysis of many of

LY H d
these issucs provided it is *“scaled appropristely 1o answer the pose )

353

21 /34

=) IHE LIEDT S CM QA

-—
P

Aca

—~— -



Comments an chapter 9

"Yuesiions - (o use the words of Edmonds e al., il should be prablem-
oricnted snd involve minimum modelling. | hope that they will suc.
cveed. The proof of the pudding will come in caling it - in this case we
will have to he patient and wait for the first model implement(ation
and resuls. In uny cose, the aulhors must bhe complimented on 1heir
ambitious ond courageous undertaking.
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2. Kirit S. Parikh
A the outsct, Jel me say that this is an exiremely ambitious efort. It

is even mure ambitious than the one upon which we embarked af the
Internalional Institute for Applied Systems Analysis (ITASA) in 1976
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in i od and Agricullure Programme (FAP). We buill wh:u. we
:::lll:sd !:OBasic Linkgod System (BLS) of Naltional F?od and Agl.lcu!-
tural Policy Madels.! The national mnqels are apphcq general L(}UI
librium models with a general equilibrium Im!wgc. The systein has
some 34 models, 20 referring (o specilic countries or groups of coun-
tries having a common agricultyral policy_ and 14 mo.dels representing
countrics of the rest of 1he world fram differenl regions, groupc_d ac;
cording (o the similacity of their likely behaviour on lhf:_ln(cmauorfa
markel. The models distinguish 10 different commoditics al the in-

ternalivnal level (more domestically), of which nine were agricultural

itics and the teh was a non-apricultural sectar to cl«.m: the
:;l::lcn':!d)é:-: paramelers of the models wure emplrically cﬂln!ul.(i'd
{rom lime-scries data. Empirical estimution us vpposed 1o hl.ﬂ:-’ n
marking was consldesed essential il the mudel system were 1(3 (;;
scrihe the world with some measute of cunljulcncc. !l look same 2 .
persan years of clTorl. The fist demonstratiun version of the mude
was ready in 1980. A usable one bccum? available in 1984, .
However, that was in 1976. Today, it is 1991 and [hc progress Ihat
has heen mude over these years in compuicers, algorithms, communi-

. calion actworks, dala avsitahilily, und Ihe expericnce abtnined wilh

ilibei i d effont ol

neral equilibcium modelling, shouvld make the propose ¢
gE‘:dmondsqtzl al. succeed within a reasonable length of time. Without
the Kiity Hawk of the Wiight brothers, 707s would not 'havc come
about when they did. With our and similas cfToc(s on hullq'f\g-appllwd
genery) equilibrium-based linked systems, such an ambitious cllort

uld now be conceived and launched. )
coMy commenls on the paper arc grouped under different heud-
ings. Firs(, I would comment on ils approach, then on ils scnpc.'llmi:
tations, und problem-orientution. These will he followed by some
suggestions.

The spproach

del provides
The approsach is a bollom-up approach and the mo )
cnormgﬁs delails. Wiih any model that you use, the users always de
mand more details than whal is incotporaled inlo the model. I can

"confirm that from my personal experience. The model of India thut

inked System was one of
ve developed as a part of lhe 11ASA Basic Lin ;
:h: more getailcd models of the system. | have been using this rno‘dhc'l
for policy analysis and [ oftcn find thal queslions are asked Ihat the

i i : ils or greater
madel cannot answer withaut incorporaling more delails or g p

ass
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articulation. ANl the time we kee i
- we P on updating and madifying {
model to address new policy issues as they come up.l am, lhyc:::-.gfo:‘ee

puraied inio this model,

pr:;:-'ri i: yel a_nolhcr teason for having a detailed madel A model
. t$ scenarios and these scenarios rovide i . i
llans of u sci of variables These vari n e divided P
. ariables ean be divided ini -
dpgcuous ?nd exogcnous variables. While g madel’s so‘l:ull:‘nop::-

::ngir;i:c;l}uio is a difcult and critical lask. It docs thesefore help in

[ ar & scenurio o sel of consistent value {

varrtnbles, if thelr number is minimiecd. O ther hund this e

. the other hund thi
that the nuinber of parmneters to b ) ge. One
¢ eslimaled becomes | )

may also nate that when one is explori A
) J . ploring long-term stratepi -

:I:I':T:S,Ecvcnlchmpm:nlly estimated parsmelers cannol be lakgctl:l :(l)(:)::

- =ven dhen, the question of descriptiveness of h
nol be dispensed with: a model scengri 5 am i, Then o) CA0
ispe : fois an **i( .., then" iti

and the il ought 10 describe 1h ive in if the “thene.

10 hove sng o 0 de ¢ world that we live in if the “then"

Edfr\";u;plerdCGES model, say of the Manne and Richels, or the

i :n:l:rslml'lcll_ly llype. provides a starling point for broadly de-
" cgic aliemnatives. However, these mode)

available. One should really ) ild on over sy
| ry 1o build on them. Mo

detailed model is indeed needed i idance for poliey o

: lo provide guidance for polj
mulations, for.international a ili ternanionn
lons, greements, ot fo facilitate internations|
fegoliations. For these purposes, a model § I
who gains and who pays under nll;r ive policies end his o U3
na( is i
find some prablems with ihe model, Piive policies and this s where |

Problem-orlentation, Scope, and Umitgtions

'Iul;l'n(al !{:lc‘:r‘r’\:;dcl to be \vl:ial Jealla “growth and greenhouse’ modeland
opment and environment” model. Its hasi
on loss In economic growth and o Loff belween eogrBElY
n the trade-off beiwee
gtowth and greenhouse gas emission i i owever o
. s. What is required h i
model thai ireats boih develo iron 2 broader
A t -velopment and environment in a b
r:srspleci'lnlrc. Questions o! Income distribution, questions of loc;(l)av(::‘;r
o gr o ‘n eflecis of enviroamental palicy, questions of lifestyles of
nnd\.dcn .|gloups of pcople, and questions of consumplion pallerns
cvelopment are very critical and not addressed by the mode|

-~
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For cxample, the developing couniries do nol feef responsible for the
current greenhouse problem. Their emissions of CO; are less than 30
per oent of the lolal greenhause gas emissions in the world, even
though they constitule nearly 80 per ceat af the world's population.
Many of these countries fucc severe environmenlal siress in (heir
urban areas due (o sir pollution, poar sanitation, congestion in shuns,
usc of dirly {uels-in poorly ventiluted kilchens, and crowded selite-
ments, These environmenlal issues affect the wellare of their pap-
ulalions in 3 much more direct way than thc consequences of the
grecnhouse effect. These countries, therclore, rightly feel thut they
should tackle thesc lacal environmental prohlems before they spend
any rcsources for global eavironmental prablems thad in any coase

" they themselves have not cieated. Bul, to explure such trade-wifs, one

needs (o incosporale info the model the delwils of income disteibution
across dilferent groups in rural and urban arcas as mentioned curlier.

To do policy analysis with @ model means lo compure aliernative
silualions. Some form of camparison uf wellarc in aliernutive siluia-
tions is inescapable, ‘The Edmunds ct al. made) dues nat stipulate on
iniegrable demsnd sysiem without which wellare comparisons would
be extremely difficult to make. A consistent integrahle demund sys-
lem is quile essential fosr such a madel. Here, | may also point oul
thal to estimate a consislent demond systcm that rcmains mcan-
inglul over long periads and large changces in income levels is difticull.
Recently, ) had occasion to project food demand fur the ycar 2050.
When [ used clasticilles, or a simple linear exgenditure system to
project these, ) got absurd resulis. The calorie intake implied in these
projeclions was somelimes as high as 10,000 Kcal per day. TVhis is
clearly nol a feasible intake lcvel. Onc needs to find au slternative
demand system. Here, what we did in the IIASA model is warlh
noting. We had estimated a separalc demand function for esch com-
modily as a funclion of income and own price. We had alsu cslimated
a scparaie relationship between per capila calorie intake and per
capita income. This relationship was asymptotic of what one might
consider the physiological limil. For a given (argel price veclor and
Income level, we estimate an initial veclor of demand using cach af
lhese individual demand functions. Then we find 8 vector point that is
close to 1his vector agd Is such that it salisfics the adding up properly
as well as meets the aggregate caloric inlake consiraint. Around the
new veclor point we then consiruct a lincar expenditure system. Such
a procedure was repeaied at each time period in 1JASA's BLS models.
The resulling system csn be considered as a local approximation J°
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s underlying utility tuaction and can be shuwn to be consistent. Such
i procedure gave sensible projections for 2050, which were also much
more robust to changes in income levels. While the calorie consiraint

was 8 logical constraint to impose when dealing with food demand as -
we were doing in the DLS, it is nat adequate for the proposed model,

which has many other non-sgriculiural commoadities. [t may be nec-
cssary to impose sume other natural consiraint. Perhaps one could
imposc a constraint on the time required for alternative consumplion
activitics and on Ihe tolal lime available 10 consume the various
commodities. Such a constraint might make the demand system be-
have sensibly.

It is imporiant that 8 mode) does provide insighls into (rade-offs
between allernslive developiment paths, belween consumpiion pat-
(erns, belwcen produciion struclures, and across lime. Evean 8 long-
term inodel must address sume shor(-term policy issues and the issues
of resulting transition costs. I a model does not provide any guidance
on whot we do now, the model is in some sense useless.

Surne pulnts of detail

There are some points of detail which need to be mentioned, First, it
is vital to maintsin common units lor trade of commodilies among
countries. This is a critical problem and requires much care and dala-
grubbing work. From the description of the modcl, [ am not sure how
these problems are to be handled and how units are going to he kepl
consisient across dilferent countries.

Secandly, an obscrvation Is made in 1he paper that capital slack "
dala can be “relatively casy to observe.” This is not so, as capital
stock dala are notoriously dificull 1o obtain. Estimates of tofal factor
productivity growth in Indian industrics based on Ihe same data
source by iwo different rescarchers atrive al (wo completely contrary
resulls; onc saying that facior produclivily in lndia has grown, the
other saying thal it has not. The difference can be largely ascribed to
the wuy capilal stock dala are pul together from information on the
time-series of invesiment ol current prices by assuming cerlain rates
of real deprecialion. Unfoslunalely, the deprecialion rales are nol
ohserved and 8 seemingly small change in the rate of deprecialion
whether {1 is.3 or 4 per cenl per year can make a diflcrence as to
whether total factor productivity grew or nol.

Thirdly, the model secnis 1o assume thal guvernmentis do nut own
land. However, governments can and do own land and substantial

sy
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‘I H - . st "d
it i ay counlrics. ‘Fhus, questions u{.du.l’un..\l..mn.u un
Tanv::;urr:::r:rc:‘slz;;‘:olybc adequotely denll with wnlhuull hnng‘!nﬁ; :l;
i i P sither do | see fishe
ent behaviour in the fand inarket. Neil
ﬁ?::l'igl:ed anywhere, und consequences for aceans secm to he fel
out of the model, hopefully only for the moment.

Some suggestlons

j yee at the
ould like to make a couple of suggestions. It secms (o me that ¢
:lg\:ic‘:mural sector model of 3IASA’s BLS would provide 8 l\:(er); glcz'(:l:
starting point for this modelling work and Ihf: authors mig an gddi-
ihe possibilily of using this model for the ng‘nculluml sector. in addt
lion, the algorithm development lor LIASA's system l;.as pr?'w;‘ e
Ihe yeais to be robust and eflicient even when dea ullg_ly:u Mpmm8
tegimes with quotas. They might also cxplqre the passi lll y of using

the slgorithm that was devcloped by Michlel Keyze1® using
Kl;i'nal:lt;;'clh \l:(:ll‘l'clla'like to cmphasize fhat in using !hc model, m.u.c
should kc;cp jn mind that no model can a.qd'rcss the |m[.mrli:|cq\:;:‘
tion of welfarc distrihution and respunsibilities. We ln.x:;‘.. (':;““ i[:w‘.-
carth functioning and we ;\l;\lm Ilhiuk in :L:’;:l:l n“f,::l :‘l:;—nkuin |¢'.ms s
that is [air and feasible. | sugges ¢ thin
b ety spproces ows, o s 4o
commons at the desired level by giving o A o
dilferent countries. Initial allocation of these shou n e
ith the carrying capacity of the earth and ‘should be done airly.
:vulg:c(s': that I¥|c illof;lion based an p?pulauon wo_uld bclnll;zltr“w:vy;
In order not to encourage people o increase their popula w:m :
may keep the allocations to the populations of a pasi yeer, say b r.e.
hope this model would give us insights into slternalive way: ang &
scrving the global common(s. (rlf cnlil\anctngnlsu;;l ::r\:;'ro;ur:::g,"mlme
i ing the quality of life for all persa ] .
:lr:‘cp::::ie?lers oqn lhclyr ambitious project and wish them luck.

Noles

ond K.S. Patikh. 1¥8H, Linked Natinnal Autet A Tinl

1. Fisher, 0., K. Frobberg WA Jerten v Kiuwer Acsdemic Publithers snd In-

for Insemeriaasl Food Policy Analysis. nt':lul:. Alll 3
. (ar Applicd Syntemu Analpais. o - i i
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3, Yuangzhéng l.uo

Many of the points taken up in the paper are of interes( to me and [
have yel to digest them. I cannot agree more wilh the view expressed
in that poper that in the process of designing, 2 new model should be
problem-oriented. We should nol lapse into the practice of making
the problem fit the model. That would be repealing the mistake of the
foul in the Chinese fable who chiopped off part af his fect so thal they
could lit the shocs.

In their reconsiruction and economic development after Warld
War |I, Europe and Japan did not pay due altenlion to the lssue
of environmental pollution. Thus it went unheeded ualil the 1960s
when it became an explosive issue. How to control environmental
pollutivn and maintain the ecological balance became a great concern
of the Unilcd Nations and governmenis around the world. To (his
end the United Nations set up the Environmental Council under the
Economic and Social Council (ECOSOC). China began lo fake pan
in the Council's work in the 1970s. The developed couniries have
derigned a number of madels on envitunmental poliution in addilion
to formulating relevant policies and legislation. These have proven
through practice 1o be effective in bringing environmental pollution
under conlrol siep by step. However, fram the global perspective, the
problem of eavironmental pollution has not been solved. The gtabal
environmental issue has been aggravated as a result of the accel-
erated (ransfes by the industrialized countrics since the 19805 of
highly polluting and energy-guzaling labour-intensive industries fo
the developing countries and also as a resull of the industrial devel-
opment of the developing coualrics themselves. Morcover, the emis-
sion of greenhouse gases and the depletion of the ozone layer led 1o
global cnvironmental warming. People are becoming increasingly
concetned aboul such global environmental issucs. The developing
countrics have come lo sce that prevention is beiler than “‘cure.” Bul
it must be pointed out thai the industrislized countries should bear
the main responsibility for global eavironmental pollution and fhe

degradation of the environmen(. While they seek to prolect the ‘en-
vironment in their own countries, the indusirialized countries mus!
iransfer environmentally sound technologies (o the developing coun-
Iries, increase aid to them for environmenltal proiection, and put an
end (o the iransfer to developing countries of Indusiries that pallule -
the environment.

Great sirides have been made In environmentsl protection since
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the 1960s when the problem of pollution hiegun to caich the aucnlll:‘n
of industrialists, policy makers, and the general public. I.n ":j lZ)
countries, eflective measurcs have been taken and laws passc °
keep lhc'nir and the rivers and lakes clean. Taday, more and ml?nrl
allention is focused on the greenhouse eﬂ'e.cl. { am confiden} u:d
with a common understanding of the gravity of the prohlem.d e
through concerted efforls, beller |cchnolugnc: \:’nll b.eldc‘vclfpt.vcm
i trial plants, .
¢ cmisslons of greenhouse gases !rf)m ndus
::‘l:fsucand home appliances and wiser policics adopted (o contro) such
issions. ) N
‘m:\‘s a developing country, Chins is cqually conccracd :lhuul !h.c:
greenhouse effect and about enviconmental pro(ccllf)dn. In |l|:’ pg‘)il:‘la
i !
rmist policy and its opening Vp to the outside world, Ch
::: ::((()hc pu;l’ dccyudc or 50, mnde nolable progress in comru‘:ung
env.ironmcmal pollution and preserving the ccalogical bulunce. € |tna
is fully aware of the jmportance of siriking 2 ;;rupe.( t‘n.la.ncc :::::::‘3
ievi conomic and social progress an main .ammg. :
:’:}(::z;;'xl ‘:yslem between industrializalion and} cnv;‘rolnmt.lnil:‘lhzr‘:i
i her countries whalcve
-tection. We are ready lo lcal:n {rom ot ries whatere e and
t in preserving our cnvironmenl. Huwever, uc to
I:c;'lsnological constraints, we cannol upply the sune staadurds of
environmental protcction thal the devcloped COL!I“I‘!S uau:.l ate. In
You may be intercsted lo learn sboul China’s cnergy p.lc. c. "
1990 China’s tolal cnergy consumplion amounted to 980 million Ion‘.
of standard coal. The breakdown is as follows: coal, 75.6 per ce;:;
crude oll, 17 per cent; natural gas, 2.1 per cenl] and hydropower, J.
nt. ]
peryzcu can sec from these figures thal coal plays 8 prcdum;t;?’gl ml:
in China's energy consumption. There was 2 time in lt‘:e ? swl:“
carly 1980s when Chinese (aclories swuc:cd.from lc:‘:)al l\;t‘;\(:rlz toot
i t it could no
ing. But before long, China leatnl tha ot af
:):l:“ siﬁcc exploration of oil requices fakl grealclr :n[::::lg u;s::l:h‘::
mini hack to coal burning.
the mining of coal. So we swliched ;
continue (so rely heavily on coal for enél;lg.y wm.‘::“;:;ﬁ:;:;f::c",‘:
s
make usc of nuclcer power snd tap China c e
' - d. a nuclear power station
sources on a much larger scale. To ﬂ_ns cnd, patton 2
i Southern China and plan
under consiruction at Da Ya Wan in Ine and B hough
way (or the building of morc hydropower s . .
zggszmicydevclopmenl remains China's overriding concefn, itl\lc\re‘::!
ing altention is being given lo environmenial prolec:::n‘.d“nud
regard, there Is 2 greal deal for China ta leam from ;
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ABSTRACT

The Second Generation Model (SGM) is employed to examine four hypothetical agreements to
reduce emissions in Annex I nations (OECD nations plus most of the nations of Eastern Europe
and the former Soviet Union) to levels in the neighborhood of those which existed in 1990, with
obligations taking effect in the year 20 10. We estimate the cost to the United States of complying
with such agreements under three distinct conditions: no trading of emissions rights, trading of
emissions rights only among Annex I nations, and a fully global trading regime.

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

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

For the four mitigation scenarios in this study, economic costs to the United States 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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The Cost of Mitigating United States Carbon Emissions in the Post-2000 Period

James A. Edmonds
Son H. Kim
Christopher N. MacCracken
Ronald D. Sands
Marshall A. Wise

Pacific Northwest National Laboratory

More than 160 nations have signed the Framework Convention on Climate Change (F CCC). That
agreement required Annex I nations, ! the developed nations of the world plus economies of the
Former Soviet Union and Eastern Europe, to undertake measures to return emissions to 1990 levels
or below in the year 2000. The parties to the FCCC met in Berlin in the Spring of 1995 and
determined that additional measures were required to implement the ultimate objective of the
FCCC, “to stabilize the concentration of greenhouse gases in the atmosphere at a level which
would prevent dangerous anthropogenic interference with the climate system. ?

Subsequent to the Berlin discussions, nations of the world have begun to consider measures that
would set quantifiable emissions limitation requirements in the post-2000 period for Annex I
nations. Various measures have been considered. The purpose of this paper is to explore the
economic consequences of efficient policy instruments—carbon taxes or tradable emissions
permits—which might be employed to achieve a variety of targets in the post-2000 time frame. 2
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. i

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

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

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

1
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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 million metric tons of carbon
(MMTC). The reference case is a business-as-usual scenario, or what we project will happen in
the absence of a mitigation policy. In each mitigation scenario, allowable emissions are reduced
linearly from the reference level in 2000 to the emissions target in 2010.

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

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

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

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

Table 1. Regions in the SGM

Annex I Non-Annex I
United States China
Canada o India
Western Europe Mexico
Japan South Korea
Australia Rest of World®

3 The Rest of World includes Latin America, Africa, and other Asian countries.

2




~...

ez

Review Draft - Comments Welcome 11/14/97

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 series 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. Regions may only emit more
carbon than their allocated emissions rights allow if another Annex I region is willing to sell a
corresponding number of its permits, thereby forcing the seller region to reduce its domestic
emissions beyond the required target.

In the global trading case, emissions rights are allocated to Annex I regions at the same levels as in
the Annex I trading case. Under global trading, however, the Annex I regions are allowed to
purchase permits from each other and from non-Annex I regions so lonig 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 trajectories 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 Easten Europe and Former 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 allocating emissions rights. Two approaches to permit
allocations for the regions have been discussed in recent months. The first allocates permits based
on the stated policy scenario (e.g., M1990 allocates permits based on 1990 emissions level) so that
permits are allocated to them in the same way as they are to other Annex I regions. Because of the
decline in emissions in those regions from 1990 to 1995, however, this approach results in
emissions permits being granted to Eastern Europe and the Former Soviet Union in the policy years
that are greater than their reference level 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, significantly
lower than its 1990 emissions of 1050 TgC. If granted permits equal to its 1990 emissions, it
would receive 214 TgC worth of permits more in 2010 than its projected emissions, 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 utilizing the first
approach.

MODEL OVERVIEW

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

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

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

Sectors

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

Five different fuels are used for producing electricity, resulting in five subsectors for the electric
generating sector. A separate economic production function, of the constant elasticity of
substitution (CES) functional form, is used for each sector or subsector. Capital investment
decisions depend on an assumed lifetime of capital for each sector or subsector. Capital lifetimes
range from 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  Agrculture 468,618
2 Everything Else 5,086,486
3 Qil Production 64,171
4  Gas Production 45,804
5  Coal Production 20,006
6  Uranium Processing 2,195
7  Electricity Generation 165,800

a. oil 10,959

b. gas 34,152

c. coal 85,930

d. nuclear _ 21,370

e. hydro 13,389
8  Petroleum Refining 145,015
9  Gas Transmission and Distribution 105,330

Market Clearing

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

just the price of coal, but also the prices of oil, gas, and, at least indirectly, the prices of all markets
in the economy.

Carbon permit prices and taxes are also solved by the SGM as part of the market equilibrium.
Specifically, the SGM finds the carbon price such that the amount of carbon emitted is just equal

to the carbon constraint of the region or group of regions under a carbon emissions limitation
constraint. '

Carbon Taxes and Revenue Recycling

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

For the cases where emissions rights are traded between countries, each SGM region is allocated
an initial number of carbon emissions permits based on the stated mitigation policy (e.g., 1990
emissions levels for the M1990 scenario). Carbon permits can then be traded between countries at
a price that clears the global market in these permits.
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Modes of Operation

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

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

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

Numeraire Sector: “everything else (price always equals 1)

Fixed World Price: crude oil

Fixed Trade Quantities: agriculture, coal, nuclear fuel, refined petroleum, electricity
Nontradables: 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 factors of production. Markets for the nontradables and goods traded at fixed quantities
are brought into equilibrium by searching for a set of prices that equate supply and demand. Prices
are adjusted until supply and demand are within 0.01% of each other.

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

Each region is initially allocated a number of carbon permits and may trade those permits at the
world permit price. Some regions will be sellers of permits and some will be buyers. After trading
permits, all regions must hold permits equal to the domestic level of carbon 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 runs that were completed for the United States
Government during the spring of 1997. This meant that the world oil market would not be allowed
to clear in the model. The second reason is that model results are often easier to interpret when
some variables in the model remain predetermined over time..

Data Requirements

Three types of data are used to construct and 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 from the national income
accounts. Population projections were obtained from the World Bank. Energy balance tables were
obtained either from the International Energy Agency or from government agencies within a region.

Input-output tables describe, in value terms, the flow of goods between industries and consumers in
an economy. However, a model concerned with quantities of carbon emissions must also be
concerned with quantities of energy. An input-output table alone is not 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 (AEO97). Since AEO97 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 generatlon 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 (WEQ96). For the Eastern
Europe and Former Soviet Union regions, projected energy consumption levels were adjusted
downward from the WEQO96 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 AEO97 projections. As mentioned earlier, the international crude
oil price trajectory was also taken from the AEQ97. 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 AEO97.
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 AEO97 projections by changing the total factor
productivity parameter for the ‘everything else’ sector. Begirining 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 AEO97. 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 AEQ97. SGM total electricity
generation results are higher than the AEQ97 projections by approximately 10 percent. Electricity
generation from natural gas is the reason for the higher result. Total electricity generated in 1990
is nearly 11 EJ, which grows at 1.5 percent per year and expands to 17 EJ by 2020. The major
source of electricity is the combustion of coal; however, electricity generation from natural gas
plays a 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 electricity generation from coal and natiral 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 constructed.* Renewable €nergy sources
for electricity generation include hydroelectricity, solar photovoltaics and others. Generation of
electricity from renewable sources increases slightly from 1990 to 2020; however, renewable
energy’s share of total electricity remains below 10 percent of the total.

COST OF EMISSIONS MITIGATION

4 . .
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,



)

Review Draft - Comments Welcome 11/14/97

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. Ww
of°
F‘Sb( " p"({ . ¢+
Table 3. United States Carbon Taxes Required to Meet Policy Goal 6?,}1 J,V‘ : 10“9’\
Eastern Europe & FSU Allocated Reference Case Permits g s 0¥ agf
(1992 USS per Metric Ton of Carbon) - 5?
Independent Annex I Joint Mitigation | Annex I Mitigation with
Mitigation : 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 fall as more regions are included in the market for carbon permits. In the
independent emissions mitigation case, carbon emitters in the United States may undertake
emissions mitigation options available only within the United States. In the Annex I joint and

.global permit cases, however, regions are included that have mitigation options with significantly

lower costs, thereby lowering the marginal cost to the carbon permit market of meeting the desired
emissions targets. As we will discuss, this ‘where’ flexibility in meeting emissions targets has a
significant impact on costs as well as permit prices.

A fixed emissions level and an increasing reference case emissions level imply both a rising
percentage emissions reduction and a rising price of meeting the fixed emissions target. Increasing
population 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.

10
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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 Eastem 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 - M1990 Cases]

The M1995 Annex I trading case is the only case in which the United States sells permits to other
regions. The permit price under independent mitigation in 2010, as shown in Table 3, is less than
that shown under Annex I trading. Because the United States can mitigate emissions less
expensively in 2010 than other Annex 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 M1990
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 M1990 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 M1990 case.

1
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As discussed above, the domestic cost of stabilizing emissions at 1990 levels in 2010 without trade
is $108 per metric ton carbon. This cost roughly reflects the cost of abandoning existing coal-fired
power generation capacity and replacing it with a new combined-cycle natural gas-fired unit. A
$108 per metric ton tax adds approximately $0.02 per kilowatt-hour to the operations and
maintenance (O&M) cost of power generation in a coal-fired plant. This additional cost makes the
O&M cost of the coal plant higher than the levelized cost of installing a new gas-fired combined-
cycle unit, roughly $0.05 per kilowatt-hour. The $108 tax, therefore, provides an emissions
mitigation plateau for permit prices that is not exceeded until most of the existing coal capacity is
replaced.

Certain caveats apply to the discussion above concerning the marginal cost of substituting natural
gas-fired electricity generation capacity for existing coal-fired capacity. The cost analysis requires
that the tax be levied indefinitely. If the tax policy is believed to be only temporary, the amount of
substitution is likely to be much less substantial and the tax level required for stabilizing emissions
could be higher. The tax level required for mitigation also depends on the cost of developing the
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 from the four independent mitigation scenarios for the United States.
Note that a positive tax is required to achieve any reductions in carbon emissions.

[Figure 6. Marginal Cost of Carbon]

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

costs are shown at 5-year intervals through 2020 as a percentage of GDP. These costs are plotted
as negative numbers.

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

5 Note that 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.

12
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Figure 8 focuses on the M1990 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. Ilustration of “Where’ Flexibility — Costs for M1990 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 Annex 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 M1990
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 M1995 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
frame. The permit prices under the other trading scenarios are significantly less nder this
allocation approach, however, because the regions are able to sell the paper credits without
incurring any cost domestically. In the M1990 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 mest 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
M1990 case with Annex I trading between the two permit allocation approaches in 2010 and 2020.

13
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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 USS per Metric Ton of Carbon)

Independent Annex I Joint Mitigation | Annex I Mitigation with
Mitigation Global Trade
2010 2020 2010 2020 2010 2020
M1990 108 170 39 73 15 22
M1990+10% 60 110 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 I Trading Case]

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

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

DISCUSSION

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

Role of Reference Emissions in Shaping Marginal Mitigation Costs

All of the 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

14
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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 uncertain for
Eastern Europe and the Former Soviet Union. Of particular importance is when emissions in these
regions will once again reach 1990 levels. If this point is reached before 2010, then we model EE
and FSU just as any other Annex I country. If this point is reached after 2010, then emissions
restrictions are not binding in EE and FSU until that point in time.

Measuring and Reporting Costs

At least two measures of cost are available from the SGM and from other models as well. The
first measure, which we call the direct cost, can be thought of as either a deadweight loss or the
integra!l 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
purchasing power parity rate, this assumption is questionable with other partners. This is
particularly true for developing countries where market exchange rates, in local currency per U.S.
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 permits use the permit revenues to increase imports of
other goods.

Sensitivity of Costs to Model Assumptions

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

If purcha__sing power parity exchange rates were used instead of market exchange rates for the
developing countries, then any given world permit price would translate into a lower carbon tax in
that country’s local currency. For global trading cases, this would increase the global permit price

needed to meet a global emissions limit, and the SGM would report higher costs for the United
States.

For Eastern Europe and the Former Soviet Union, carbon permits were allocated based on their

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

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

potential to reduce overall costs, since carbon tax revenues would displace other distortionary
taxes.

KEY OBSERVATIONS
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Economic costs are reduced with a permit-trading program that equalizes the marginal cost of
carbon between countries. The least expensive emissions reductions are taken first, regardless of

where they occur. Costs shown in Figure 8 provide a good example of the importance of this
‘where’ flexibility.

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

17
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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 (COZ) emissions. An important aspect of

these policies, says REFF's 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
CO, 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 prbject's first phase, researchers are investigating how emissions of
N_Oxf and sulfur dioxide (SOZ) and concentrations of related pollutants
associated with different CO, control policies are affected by restructuring in

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

In the project's next phase, researchers are creating a simulation model that

1072797 08:57:14
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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.

Hi#

* Many discussions of nitrogen-based air pollution refer to nitric oxide (NO)
and nitrogen dioxide (NO,) together as nitrogen oxides (NO, ). NO, 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, NO, 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.

#H#

Research Contact:
Dallas Burtraw
(202) 328-5087
burtraw@rff org
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The Kyoto Protocol:
Unresolved Issues

By Raymond J. Kopp, Richard D. Morgenstern
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 from 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

http://www.weathervane.rff.org/features/feature026.html

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.

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

1/15/98 4:08 PM
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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? '

e 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?

e 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

20f4 1/15/98 4:08 PM



[y

Tiie’Kyoto*Protocol: Unresolved Issues

3of4

http://www.\w;/eathervanc.rff.org/fcamres/feamrc026.html

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

The criteria used to judge compliance, and any penalties for
noncompliance, must be clearly articulated. The protocol
contains a number of technical provisions for assessing national
performance in measuring emissions and meeting emissions
control objectives. These provisions build on previous efforts
under the Framework Convention but are complicated by the
more comprehensive nature of the new protocol. Beyond these
technical questions, the fundamental issue is what actions, if any,
would be taken if a country was found not to be in compliance.
The emissions goals of 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-fuel-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

1/15/98 4:08 PM
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problematic, and the incentives to engage in long-term
investments in new capital and technology are undercut.
Incentives for cost-effective reductions before 2008 to meet

long-term requirements also are limited since the Protocol makes
no provision for emitters to "bank" such reductions.

Raymond J. Kopp directs RFF's Quality of the Environment Division, where
Richard D. Morgenstern is a visiting scholar on leave from the U.S.

Environmental Protection Agency. Michael A. Toman directs RFF’s Energy
and Natural Resources Division.
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The Kyoto Protocol:
The Realities of Implementation

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

On December 10 1997, 160 nations reached a historic agreement
in Kyoto, Japan on limiting emissions of carbon dioxide and
other "greenhouse gases."” The Kyoto Protocol calls for the
industrialized nations — the so-called Annex I countries — to
reduce their average national emissions over the period
2008-2012 to about five percent below 1990 levels. The 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
Jor 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

http://www.weathervane. rff.org/features/feature027.html
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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
efficiency, 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 efficient
mechanism like emissions trading is used within the US|
important questions of who gains and loses from the policy remain
to be settled. '

1/15/98 4:07 PM
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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
efficiency 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. '

Raymond J. Kopp directs RFF’s Quality of the Environment Division, where
Richard D. Morgenstern is a visiting scholar on leave from the U.S,

Environmental Protection Agency. Michael A. Toman directs RFF's Energy
and Natural Resources Division.
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Durlng the First Part of 1998 We Will
Aursue a Two-track Course of Action to the
Design of Post-Kyoto EMF Scenarios

« Initially, pararheterize 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 1n
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: 0O

— 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 Worldlz 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 (GGases

Reductions in other greenhouse gases covered
by the protocol result in a

« —10%,

o 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

o Freezing Commitments At The 2010 Level, Or

e Pursuing an Emissions Trajectory That Leads
To Stabilization of the CO2 Concentration in
the Atmosphere at 550 PPM Driven By:

« Further Em__issiori Reductions By Annex I Countries

e A Graduation Clause Based On Income For The
Non-Annex I Countries That Would Lead To Them
Reduce Emissions As Well.



Two Cost Minimizing Scenarlios

"« Follow the Kyoto protocol targets through
2010 and then minimize the cost of limiting
the concentration of CO, in the atmosphere
to no more than 550 PPM

« Minimize the cost of limiting the
concentration of CO, in the atmosphere to
550 PPM without observing the targets
proposed in the Kyoto protocol.



Scenario Offset Provided | Contribution of Emissions Post-2010

by Other GHGs | Sinks Trading Objectives
1. Modelers Run your normal emissions reference case (using your preferred set of population,
Reference economic, and energy inputs) assuming the Kyoto protocol is never implemented.

2. Kyoto Reference 0% 1/6 (1/3) of Annex | Only (See Kyoto Forever
: Max. Potentials | Specification Above)
In 2010 (2020-)
3. Minimum Offsets -10% 0 Annex [ Only (See Kyoto Forever
Specification Above)
4. Maximum Offsets | +10% 2/3 (All) of Annex [ Only (See Kyoto Forever
Max. Potentials | Specification Above)
in 2010 (2020-)
5. No Trading 0% 1/6 (1/3) of None Kyoto Forever
Max. Potentials
In 2010 (2020-)
6. Global Trading 0% 1/6 (1/3) of Full Global Trading Kyolo Forever
Max. Potentials
In 2010 (2020-)
7. 550 PPM CO2 0%' 1/6 (1/3) of Annex I Only (See Kyoto, Then
Limit Max. Potentials | Specification Above) Limit CO2 to
: s In 2010 (2020-) 550 PPM
8. Kyoto Plus 0% 1/6 (1/3) of Annex | Only (See Kyoto, Then
Min. Cost 550 PPM Max. Potentials | Specification Above) Min. Cost of 550
In 2010 (2020-) PPM
9. Min. Cost 0% 1/6 (1/3) of Annex I Only (See Min. Cost of
550 PPM Limit Max. Potentials | Specification Above) { 550 PPM

In 2010 (2020-)




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 to 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
o [~ (){\\(65 |



