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Abstract

Substitution of existing technologises giving rise to greenhouse
gases 13 one of geveral options £or controlling global warming.
The Eolleoming maper provideos o framewoln foif evalidailoy Lhe cogry—
effectivenesz of the various substitution prospects for the major
spources of greenhouse gases, notably fosszil fuel combustion,
methane production and CFC emissions. We consider both

replacement  technologies, e.g. substituting a greenhouse gas

technology with a non-greenhouse gas technology, and reduction

Fechnologies, e.g. Substituting a greenhouse gas technology with
an alternative technology that reducas greenhcouse gas emisszions.
Relevant dats and country examples from arcund the world are
examinad, including analysis of developing countries where
appropriate., Significant substitution technologies are beginning
te achisve market penetration on a large scale; for example, many
renewable energy technologies are at a critical transition phase
between proven capability and commercial wvisbility. Once market
pengtration is assured, costs may f£3ll rapidly due to sconomies
of scale and improved reliability. Costs alsc vary siganificantly
from country to country and within countrias. However, our
analysis has been limited by the available data to comparing the
direct regource costs of different substitution options. A& full
cost analysis should include any sogcial cozts, including
environnental externalities, and c¢onstraints, such a® land
availability, and the impacts on cost-effectiveness of changes in
policy. % general esquilibrium approach including all these cost
interactions should be pursued.
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Abbreviations

Energy Units

T.r = Wattre

kW = Kilowatts

¥Wh = Watt hours

kWh Eilowatt hours

I

British thermal units
Million British thermal units {(10% Dtuy}

Btu
MBLu

Fejght Units

g = Gramh
kg = kilogram [(10* grams}
t = tonne, metric ton [(10% grams)

Ewission Units

Carbon or Carbon Baguivaleants
Greenhouse Gazes

C
GHG

nnw

Emiszion Conversion Factor

2.67 tonnes Carbon Dioxide {tC0z) = 1 tonme Carbon ({tC)

Metric Svystem Multipliers

kile (k} = 10
nega (M) = 104
giga (G} = 1ce
toera (T} = 101%
peta {7y = 10t



1. INTRODUCTION

Incr=sasing concern  over the 1wpacts of greenhouse gs® emisszions
on the glebal ¢limate has Ffocused attention on efforts to avert
or ameliorate global warming. The options for controlling the
greanhouze effect are:

- reduced fozsil fusl burning through energy conservation
— investing in carbon sinks, especially afforestation

- zlowing or halting deforestation

- glowing economic achtivity

- slowing population growth

to

[ui
i}
i

- substitution of existing technologies giving
graenhouse gases.

— cayrbon remsval and disposal options

=

Thi= paper is <oncevrnsd with the option of greenhouze gas
substitution. The paper provides:

~ a framawork for evaluating the substitution prospects for
the major sources of greenhouss gases, nctably fossil fuel
combustion, methane producticn and CFC enissions;

- & survey of both what is  currently  known about
wlternatives Lo exizting technolegies as well a5 The
prospects for developing substitutes in the future:

- suggesticns Concerning the pricorities £for the development
of substitutes; and,

- indications on the role of policy in securing
subsztitution.

The main cobjsctive 1s fto dJelinsate the substitutess for sach
greenkouze gas techinology/activity znd Lo assezs their cost-—
effectivensss in terms of dollarz-per-unit of greenhouss gas
removed.,

e interpret Lhe tarm ‘substitution’ to exclude snergy
conservaticn/efficiency measures, investments 1o afforestation
{zsinks} amd greenhouse gas removal or abatement technelogises.
Our Wworking definition of greenhouse gas substitution includesg:

- replacement techmologies, e.g. substituting a greenhouse
gas technology/activity with a non-greenhouge gas
technology/activity:; and,

- reducticon technologies, 2.g. substituiing a gresnhouse gas




technology/activity with an alternative technology/factivity
that reduces greenhouse gas emissions.

Essentially, replacement technologilies inveolve 100% reduction in
CQp , reduction technologies invelve a partial reduction in C0g .,

The following secgtions outlipne the relative contributions gnd
gources of greenhouse gases, as wWell as  the methods for
determining the scale of adjustment needed for controlling
emigsions, The principal section of the paper 1s devoted to
analy¥ysing the available greenhouse gas substitution options and

their costs. We concentrate particularly on substiticons for
fosgil fuel combustion {(e.g., electricity, buildings/industrial
and other stationary sources and transport fusls), for CFCs

production and copsumption and methane sources. We concluds by
summarising the potential for gresnhouse gas substitution, the
cost-effectiveness of the warious options and the design of
incentives for substitution.

The =ources of grasnbouas gases ares bobth nsturasl and man-made.
However, it iz the growth in man-~mads emissions since pre-
industrial times that is causing the major concerns E£or global
warming. Of the man-made emissicn SQOUYCes,  Ehargy  use
contributes by far the largest share. The ensrgy Ssector in most
countries is already reviewed, regulated and supported in line
with government economic and development. policies. . It 1is
therefore likely to offer more traditional and effective targets
for near-term policy intervention, e.g. through. encouraging
eflergy conservation and greenhouse gas. aubstitutioms, than some
of the more long-term and complex options. listed above, e.d.
slowing population growth, halting or slowing deforestation.
slowlng sconomic activity or investing in carben sinks. 21though
the enargy sectoer is a principal sourcee of most greenhouse gases,
other human activities are also important, e.g agriculturs for
methane [CHs) and nitrous oxide {N20) and industry for
chloroflucrocarbons (CFCs). In these sactorsz substitution of
exiszting technologies giving rise to greenholUse gasss iz the
cruclal policy to considar.

B2 -
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2. GREENHOUSE GAS CONTRIBUTTIOMS TQ GLOBAL WARMING

Concentrations of greenhouss gases 1in  the atmosphere have
increased rapidly din recent years, and certainly sSince pre—
industrial times (see TFablse 1}. Allowing for differences in
radiative forcing and time horizons, c¢arbeon diocxide (CO2) has
contributed to  at least half of the global warming impact over
the period 1950-1985. The other significant greenhouse gases ars
methane (CH4), nitrous oxide (N20), CTCs and tropoapheric ozone
{02). Carbkon monoxride (€O} and varicus nitrogen gasges {NOx! are
important precursors for tropospheric orome.

The potential climatic effects of the diffsrent greenhouse gas
emissions in the future will differ according to their warming
sffect, their residence time, their coneentration 4in  the
atmosphere, and their annual growkth rate. TFables 1 and 2
susmarise the yecent estimates of global warming potentisls For
the major greenhouse gasas. Note that slthough their atwospheric
enissions and concentrations are relatively small, gasses such as
CHy, M:Q, CFCs and O; are more powerful @s warming agents than
C0z . EHowsver, the zheser quantity of ¢0: emissions sccounts for i
subztantial impact on global climate. For axampls, in the
absence of any global agresmentsz, C0: will continus to zccount
for mors than 60% over a 100 year time horizon. HMethape accounts
for the next largest contribution, arcund 15% of the Warming
potential. CFC emissions have grown the fastest in regent fears,
at least 5% per annum, and could account for around 2% “of the
warming effect. Howaver, if the Montreal Protocol - iz
implemented, CFC contribution ecould fall by half, This weuld
make nitrous oxide the next most important contributer affer CO:
ansdl methane. : B

Cf the wman-made gources of greenhouse gases, ensrgy is the most
significant, and iz expected to contribukte to 5% 1lszszst hzalf of
the global warming effect 1in ths near future {Table 3!.! The
majority of this impact is from fossil fuel combustion as =
gource of C0: , although fogail fuels also contribute
signifiicantly to methane, to nitrous oxide and to low-level ozons
through production of NG; and C0. ¢lobal carbon emiszsgiocns from
fossil fuel combustion are estimated to total 5.5 Gtc annually,
and an additiomsl 0.5 GtC is from blomass energy., whereas
emlazions due to deforestation and land use changes are estimated
to vary from 0.8 to 2.2 GtC per year. The growth rate of total
global C0: emissions from fossil fuel vuse was around 4.5% per
annum until the early 1970s. Since 1973, this rate has declined
in the industrialised countries, while the rate aof ipncrease has
not changad in develeoping countries., @lobal C0: emissiong from
energy (overwhelmingly fossil fuel} combustion are expected to
increase by 2,2% per annum betwesn 1987 and 2005, while over this

1 ¢€0: and C0: equivalents can be exXpressed either in units

of gas or in units of carbon. These two units can be sasily
agquated; i.e., the stapdard coaversion is 3.87 tonnes Carbon
Dioxide (£C0Oz} = 1 tompe Carbon (tC). Im this paper we will use

units of carbon as far as possible.

-
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Tablezs 2.1 and 2.3 and TIPCC,




Table 2

Global Warming Potentials of Greenhouse Gases

2. Globsl Warming Fotentials a/

Time Horizon

20 yr 100 yr Son ¥
Carbon dioxids (C0z) 1 1 3
Methane (CHa) 63 21 9
Nitrous Oxide (NzO) 370 290 190
CECLY 4500 35010 15400
CFC12 7100 7300 45040
HCFC22 4100 1500 510

r

B. Relative Cumulative Effect of 1990 Emissicons
| GHF 1990 Relative
{108 wr emissiens contribution
horizon} {Tg:} over 100 yr
Carbon dicowmide (COz} i 26000 B/ 61%
Methane {(CHa) 21 00 15%
Nitrous Oxide [(NzC) 220 & 4%
CFCLL 3500 ¢.3 2%
CFC12 7300 0.4 T
HCFC22 1500 0.1 0.4%
Others cf 10.6%
Notes: a/ Global warning potentials (GWP) estimate the warming

effect of an emission of 1 kg of each gas realative to

that of CG:.

b/ 26000 Tg of carbon dioxide = 7 Gt of carbon.

c/ Imcluding indirect effects, ag that of NO:
tropospheric ozone,

Source: TP,

and CO an



Table 3

i dammm o Ol Timanered
= b odu bkt A Tt T e L MAd stz oy

2030 by Sector and Gas

C3: Methane Dzone oxide {rCe by sector

Energy

—direct ig 3 - 4 - 4z
~indirect 1 & - 7
Deforestation 10 4 - - - 14
Agriculture 3 3 - 2 - iz
Industry 2 - 2 - 20 24

% by Gas )] i6 B & 20 100

Source M. Holdgate et =1, Climate Change: Meeting _the

Challengs, Commonwealth Semeretariat, Lendon, 1989,
Takles 2.1 and 2.3.




period energy emissions of CHe, NO:« and CO are expectad tao grow
by 1.8%, 1.9% and 0.4% annually.?

However, non-esnergy sources of some greenhouse gases arse also
significant. For examples, industrial production of =zolwents,
refrigerator and air conditioning fluids, foaming agents, zerosol
propellants and other products are virtually the only sources of
CFCs emissions. Agriculture - principally from livestock raising

and rice paddies - accounts for arocund 50% of world man—made
methans emissicons, and for around one third of nitrous oxida
emisgions — notablly from nitrogen fertilizer applications and

land conversion.

As a result of the Montresl Protocol, countries that produce CFCs
are now seeking wave to phase ocut these gases and introduce
subgtitutes, However, develeping eountries, who for the most
part did not ratify the Protocol, account for approximately 12%
of the world's CFCs consumpticon. Based on  current trends, their
consumption of CFCs 13 expected to grow by 6% annuzlly betwean
1286 and 2000. Consumption din India and China, ths. largest
developing country CFCs users, 1s sxpected te grow 13% annually
ovar this period.®

Man—-made methane emissions have been growing at least 0.5% =ach
year, and are about 260-445 Mt per zanum, or anywhare betwaan 84
toc 20% of total emizzions. Ruminanta account for about 20-25% of
man—made emissions and paddy £fields arcund 25-40%. Biomass

burning may add a further 20-25%, fozzgil fusls - e.g., lsakage
from gas, coal and oil cycles - another 15-25% and landfill gaseas
the remsining releases. Han-mads emissions of N:0 have been

growing 0.2-0.3% annuslly., mainly from fossil fuels lca. 60%),

Eertilizer applications (ca. 10%), bkilomass burning ca. 10%) and
}and conversion {(ca. 20%) .1

® IEA/OERECD, Gregnhouse Gas Emissions: The Energy Dimsnsion,
A Working Paper Submitted to the White Housese (Conference on
Science and EBeonomies Research Related to Global Change, 17-18

April 19%0.

* UNEP, The Feonomic Implicaticons for Developing Countries
of the Montreal Protocol, Open-snded ¥Working Group of the Parties
to the Hontreal Protocol, UNEP, Nairobi, 1990,

1 H.J. Belle, ¥W. Seiler, and E. Bolin, "Other Greenhouse
Gages and Aerosols", in B. Bolin, B.R. Doos, J. Jasgsr and R.A.
Warrick (eds.)., The Greenhouse Effect, Climatic Change and

Ecosystemz, SCOPE 29, John Wiley, Chichester, 1956.
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J. SCALE OF ADJUSTHMENT REQUIRED

Efforts to contrel future greenhouse gas emlssicons should be
based on efficient strategies to ameliocrate adverse climatic
chansesn. This dmnlizss setions 4o roducs globdl wWalrminy Lhat are
eost-effective, 1.2, the costs of adjustwent are wminiwized, and
that maximize npet benefits, i.e. at the nmargin the costsa to
gociety of any actions to avert global warming are more than
c¢ompensated by the benefits from reducing the damages f{rom
glimatic change, including the risks and uncertainties attached
to the future damages.® HMore specifically, the incremsntal cost
of reducing greenhouse gases by one unit must be balanced by the
incremental damage te society of that - zadditieonal wunit of
greenhouse gases. From +hia appreoach an ‘acceptable’, or
‘oprtimal’, level (and rate) of global warming may be determined.
It is ea2=gential to know this acceptsble level in order to
determine the scale of adjusatment required, and it is important
to know the scale of adjustment to assess the role of technolegy
substitution in greenhouse gas abatament.

However, deriving the acceptable lavel of greenhouse gag
emiszions from an evaluation of costs and henefits is fraught
with empirical Aifficulties. Estimates are reguired of the cosis
of abating greenhouse gas emissions and of the damages that would
result from different 1levels of emissions and atmospheric
concentrations. This reguires projecting the contributions of
individual’ gresnhiouse. gases, the markets for the
aotivitiea/sources producing them, the technolegies availabls for
abatement and substitution and their relative «costs, future
sconomic growth scenarics and structural changes, the warming
potential of gresenhouse gases, the time-responses of climatz and
anvironmental systems and the impacts of such climatlc and

envivonmental changes on econonies and  societies. Hat
surprisingly few cost-benefit evaluations have been sttempted fo
determine, evan approximately, an ‘acceptable’ level of
amizssions.

one analysis has recently besen ¢onducted by Nordhaus.® ASsuming

that the 1981 sectoral composition of the United States economy
will nweld for the global economy in the ®id-ZList centary,
Nordhaug estimates marginal cost and damage schedules for global
greenhouse gas emissions. For a low damage function -~ which
includaes only currently identifisble costs of climatic changs and
assumsz a moderate discount rate of 1 percentage point above the
cutput growth rate — the acceptable level of emigsions is one
that leads to a current reduction of 10% of CO:z-egquivalent

 E.B. PRarbier and D.W. Pearce, "Thinking Ec¢onomically
rpout Climate Change", Energy Policy., Januwary/Februaory 1990, pp.
11-18.

¢ W.n, Nordhaus, "To Slow or Not to Slow: The Economics of
the Greenhousze Effect", Mimeo, Bconomics Dept., Yale University.
New Haven, February 1890,
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greenhouse gas emissions. Of this, 1% comes from strategiezs to
reduce C0z, and 9% from reducing CFC emissions. For a more
moderate damage function — which includes additicnal damages that
raisse total damages teo 1% of GNP and assumes the same discount
vate ~ the current reducticn is 1I7% of C0: —eguivalent emissions.
Of this, about 0.5% results from afforestation. 4.5% from CO2Z
reduction and 12% from a CFC=s phase-ocut. 3All scenarios suggest
that major reducticns in CFCs are the most cost-effective contrel
option for controlling emissions. The major difference in
scenarios iz the axtent to which C0O: emissions are reduced.

To calculate CO:x reductions, Nordhaus first estimates the
marginal ¢o=st of contrel in terms of the reduction in CO:z
emlsaions asz a function of the penalty or tax imposed wupon those
who emit COs ., That iz, it is in response to incressed marginal
costs of emitting COz {i.e. as would result from a carbon tax)
that economy-wide raductions in €Oz are eztiwmated. For sxample,
2 nodest tax or marginal cost of around 20 per tonne of C0s
results in a 10% reduction in carbon dioxide. However, the cost
of controlling emissions rises sharply as  the rate of reduction
increases: a 40% reduction in €0z reguires a $100 per tonne tax,
Nordhaus assumes that any reduction over the long run would arise
from a combination of increased ensrgy efficiency, through
greenhouse gas substitution {as defined in Secticn 1, above) and
through changes in the energy-intensity of final products and
services. Tha relative cost—effectiveness of these Aifferant
options is mnot analysed, although the assumption is that any
reductions are efficiently attained. ¢learly, the next stage of
the coszst-benefit approach would be to assess the cost-
effectiveness of the substituticon and other abatement opiions.

The lack of cost-benefit evaluations to dstermine aven an
approximate estimate of acceptables greenhouse gas emissions haz
meant that most pelicy opfions have besn developed arocund targat
‘stabilisation' levels based on some Judgemant of acceptability,
i.e. the greenhouse gas reductions needed to stabilise st some
pre-determined level of emissilions. For example, toc stakilize
emissions in 2005 at 1980z levels, C0: emissicns would have Lo be
reduced by 50-30%, methans by 10-20%, N:0 by 20-%5% and CFCs by
TE-LO00%.7  C0 and NOy would nesd to bz froten at 12803 levelsz.
These stabilisation levels havs become the basis for global
negotiations on actual targets for reducing greenhcuss gases.
Out of this process, internaticnal agreements and recommendations
on actunal targets of reduction will be established. For example,
the Mentreal Protocol has targets for reducing CFCs coasumpiion
to 15% of 1986 levels by 1998 for developed countries and by 2008
for developing countries, and the IPCC is racommending COz
emiz=ions to be stabilissd at their 19%0 levels, which reguires a
20% reduction in their projected levels for 2005.

T Tntergovernmental Panel on Climate Change {IPCC)Y.,
Policymakers Summary of the Scientific Assessment of Climate
Change, Working Group 1. Third Draft, Hay 1920, World
Metereological Office and United Nations Environment Programme,
Geneva.




Se¢ientific discussion of ‘acceptables’ warming have not made
axplicit comparisons of c¢osts and benefits, Instead, thay have
locked 2% T'maninum eaoniogical  tolerzncoc’ g2 an uphel bound o
rates of warming. Essentially, the ides is that scosystems have
maRimum }rimits of wolerance Lo agxternal shoecks such as olimatic
change, Bevond such lewslz s=cogvstesm chongs s unpradluiaple
and could dinslude catastrophie surprises such a5 ecosystem
collapse, Forests have been a particular focus of interest, with
the view being that 0.1°C per decade is a 'limit’' beyond which
forest movement {(i.e., colonisation of new areas) is likely to be
inpossible. The presumption of this risk-aveidance approach,
which wery much characterises the IPCC reports, iz that the cost
{damage done) of the resulting surprises exceeds the costs of
contrel.®

However, achievement of stabilisation levels will also reguire
careful analysis of the cost-effectiveness of different
greenhouse gas control options. An  analysis of the sources of
greenhouse gasg substitutions and their relative costs is
tharvefare ezsential Lo boath the taygeting and <cogt-henefit
approachses.

* For further discussion mee DLW, Paarce, 'BEconomice and the
Global Warming Challange’, Millennjum, forthcoming 1990.
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4. SUBSTITUTION OPTIONS aND THEIR COSTS

This section dilscusses the technical substitution posseibilites
for various greenhouse gas technologies/activities and, where
possible, assesses their cost—effectivenhess in terms of dellars-
per-unit of greenhousse gas . removed. The main focus is on
gubstitutes for fozzil fuel combustion, e.g. for slectricity
generation, buildings/industrial and other stationary sources and
transport, but substitutes for CF preoducticn and consumptlion and
nop-enerygy sources of methane will alss be reviewed.

No detailed attempt is made te aggregate the combined effects of
all the substitution options and to derive a gleobsl 'marginal
cast' function of the possible measures to reduce greenhouse
gases., :

There are geveral reasgsons limiting s=uch an approach:

i. The analyvszis of substitution options is not comprehensive.
Eecause of the lack of data, some important supply and end-
use technologies have not been considered.

ii. All the technical options, and their relative cost-
effectiveness, are axtremely location specific. It is more
instructive to show how thz cozt-effectivenesas of each
option varies by country and regicm rather than derive
aggregate cost functions for a global aconomy.

iii. To derive an aggregate margimal cost curve for the combined
effects of all optionz regquires assumptions concerning the
Egasibility of substitution over a specific time horizon.
For example, what might be the tachnicsl potential for, =say,
generating electricity from wind power im the UK by the year
2005 as opposed to the year 2020, and how do costs changs
with the level of substitution? Establishing such a
substitution scenarico for a =2ingle country or region is
difficult enough; geriving a glcbal scenarie Lor all
feasikle aptions &and a&acress all countries dis  probably
lmpos=zible. Thias is the case even 1f we limited the
analysis to current rather than future substitution options.

iv. &An aggregate c¢ost function indicating thé cumulative effects
in terms of reducing greenhouse gas emissions of all options
is 1likely to give a nmisleading impression of the actual

aggregate =sconomic costs of these reductions. Each option
is likely to have significant second-round economic impacts
on its own if it iz adopted on a large scale. For example,

a significant axpansion in nuclear power electricity
generation may actually reduce the demand for fossil fuels.
any resulting fall in fossil fuel prices may make other
greenhouse gag replacement and reducstion options less
attractive, and could increase the demand for foszsil fuels
in other sectors of the economy (e.g., transport). guch
impacts will be further compounded., and be more difficult to
predict, by the cumulative effects of a combination of
substitution options. 1In other words, a full analysis of



cozts should involve general eguilibrium analysis. Some
regsgarch efforts are underway to fecdure more comprehansive
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t¢ report on them here.

Whare possibles. our amse=sawmant of tho  gcooteofidnoid

A v -
subpstitution option will be in terms of itz levelize . .
rosts  which are averaged over the 1ifetime o a plant,
representing the uniform revemnus raeguired over the life of &5
projesct to recover all costs. However, these costs include only
the direct costs (i.e., fuel, capital and maintenance) of each
cption, which do not represant the f£full ecsnomic coste of
introducing the technology. Indiregt benefits and ¢ests, such as
any divergion of capital rescurces, the impact on overall
dzwmand  for rhe  f£insl product and the effsacts on labonr
productivity, are not included. Similarly. the gxternal benafits
and cogts, such a&as the positive or tnegative impacts on ths
pollution damages incurred by society, are excluded. <Calculating
thase full =conomic costs would involvs comparing two alternative
states of the energy-econonic system, ones with the new
substitution option in place snd one with the existing
tachoology. The differences in the walus of goods and ssrvices
{including both marketed &and neon—-marketed, =.g. environmental
gquality} available under the two states, would measure the cost
or benefit of the szubstitution option.? Section 5 discusses
theze issues further,

= -
L [=1
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4.1 Faossll Fuel Substitution Options

Table 3 indicates that energy use will contioue to be the major
source of global warming from CQ0e, W20 and O, as well as =
significant source of CHy. World primary enargy reguirements are
expected to increase by arcund 5%% from 1987 to 2005, with a much
iarger increase in developing countries (120%) and in centrally
planned sconomies {(70%) thsn in OECD  countries (25%). By 20058
the developing country (M) share of world energy reguirements
will rise from 1€6% to  23%, the CPE share will remain roughly
constant at arcound 22-35%, and thes OECD share will fall from 51%
toc 42% (see Table 4) .10 2 & vresult, all greenhouse gas
emissions from energy use will risze significantly over the 1237-

[ ]

¥ For an interesting discussion of these issues in relaticon
to US studies of €0z emiszions reduction, =Zee - J.Z. Edmonds, W.B.
Ashton, H.C. Cheng and M., Steinkerg, A Preliminsiy Amalysis of
U.8. COz Reduction Potential from Energy Conservetion and the
Substitution of WNatural Gas for €eal in the Pericd te 2010,
Frepared for the US Department of Energy¥. Washington DC, February
1289, pp. 40-41.

19 Tha IRA/CECD scenarios in Tables 4-% assume a
continuation of current governmen! enerdgy policies and practices
and current trends in environmental protection but assums rising
real oil prices inm 1937 U5 dollars. For further details, =ee
IEA/OBCD Greenhouse Gas Fmissions, op. ¢ib., ch. 2.

L
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Table 4 WORLD PRINARY ENERGY REQUEIREHMERTS {Mioe)

Ot CFE iC WORLD
1987 2003 1987 pailth 1987 20415 1947 g

ai 1208 %R b&D %G 450 M3 W0IE 466k
MNatural Gas 730 733 bift 1345 201 i 1547 2985
ﬁ;I id fuels 434 1254 1639 R 73 Ahh 2208 344b
Huc lear iz AsR 5t it8 pit| a i b4
HydrodGiker 237 272 BY 134 124 2he 14 M3
TOTAL 3431 3959 14462 BiAT 1789 778 Te7? t1RE4

etes:  Hom-consercial fuels inm ceatrally planmed (CPY amd develaping cowatries (0C) not inclwdad.

Source: IEAFOECH, Greenhouse Gac Emiseioms: The Emergy Dicensinit,
& Working Faper to the ¥hite House Eonference on Seiemce and Ecoacmics Research
fziated to Glokal Change, 17-18 Speil, 1999,



2025 period, with fossil fusls accpunting for the largest and
increasing share (see Tables § and &).

The shatvre of the OECD in total world greenhouse gas emissgions
#ill deciine over 14987-2005, and itz share of emissicns will ke
matched or sven excoedad by amigsicons  from  zthor reglions {see

Table S5). For example, QECD) CO: emissions in 2005 of 3.37 GtC
will be only marginally higher than CPE emissions of 3.231 6GtC and
only glightly more than DC enissions of .3% GEC. Table 7

indicates the current and future breakdown of OECD C0: emissions
by region and fuel source. North Americs is expected to remain
the maisr emitter within the OECD:; bowever, amigzionz in the
Pacific regicon are expected to arow the fastest. Emissions from
¢oal, which has the highest «arbon content of the fuels, are
expected to increase the mnost over 1987-200%, and account for
cver a third of all OBUD emissions.

Elactricity generation dominates world energy sectoral sources of
C0: and methane, whereas transport accounts for the largest szhare

of N0z and €O emlssions {see Table ). This pattern alse holds
for the OBCD region, although transport and industry are more
significant emitters of CO: {zsea Tabl=e 9}, Electricity

generation will continue to dominate wnmost oreenholuse gases,
especlally in the OECD where the sector's relative share will be
increaszsing. By 2045, electrical power will account  for over 30%
of world C0: ewmissgions, with power generation 1in  the QECD
scoounting fox 43% of total world slectricity emissions of carbon
dioxide. :

Fiven the significant impact of electricity generation on glcobal
warking, substitution optioms in this energy Sector may have an
important role in ameliorating climatic change. Other important
substitution ocoptiocns for £fossil fuel use may occur in the
buildinga/industrial and transport sectars. The following sub-—
sectlons discuss these options and their relative cost-
effectivenegs. We have relied heavily on data from ORECHD
countries for this analysis. This iz mainly due to the lack of
dats on subhstitutlion possibilities in othar regions. Howsver,
many of the substitution technologiez and activities will most
probably be developed in the OECD, and then transzferred to other
regions. Thus the options available and their relative costs in
OECD oountries are relsvant for global  tyends. Where possible,
we will discuss sepacific examples of substitutiocn and
applications in non—GECD ragicns.

Wote that the cost-affectiveness of all fossgil fuel substitution
options will be highly sensitive to energy supply and demand and
price projections, notably the price of o©il and other fossil
fuels., For example, in elesctricity generation, all the lavelized
cost calculations for different generating technologies are hazed
on 4 projected price for oil. IXf actual prices differ, then the
relative cost-effegtiveness of the various opticns will also
diffaxr.

For subsgtitution options involving renewable anergy technelogies,
cogt—effactiveness will be highlvy sensitive to the maturity and
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Table 3¢ REGLOWAL SHARES (F SREENHGUSE GAS ERMISSIONS FRON ENERGY

€02 tHt of )

CHE (At o CHE;
#05 {0t of KG)
€8 ikt af CB)

Kote:

SouTCE?

CPE o 4R D
A7 2005 197 2005 MR 2603
MG TIS O LIEF 23 bM4S  ROT7
50 1@ 27 12 B3 £15
% 4 16 3 20 145
53 3 184 175 3z 370

The figuree are approzigate estisetinns.
for Mox ard CO the year chosld reau 1986 rather than 1987,

1ER/0ECD, Groembonse Gas Emissions: The Enerqy Disension,

& Warking Psper to the Bhite House Conference on Science and Econowics Resssrch
Retated to Blobal Change, 17-12 dpril, [9%0.



Table ki WORLD FLEL SHARES OF GREEMHGUSE EAS EMJSSIONS FRON ENERRY

Tea! ait Son Ti0@A55 Tntal

ERay #(H05 1787 2003 1987 2005 1987 2003 19g7 2003

L6? (M of T} Faite RRLH) 2760 R i 897 18L2 471 L 043 v
Lid iR oi ey P4 | il b i i1 20 pa) [ 1%
HGw {HEt of HOy] i &7 46 a 7 [& Fi g o 115
{4 (nt of LDy 24 27 206 iy ! ? 104 113 34z I

Kote:  The figures are zperovieste ectimations.
For Wy and CO the year sheuld read 19846 rather than 3%87.

Source:  ES/UTZED, reenhouse Gas faissions: Fhes Energy Diszrsisn, _
ft Rorning Faper to the Whiite Hpice Conference op Scipice and Erononics Resesrch
delated to Blokal {hanpe, 17-18 fipril, (%%,




Tabie 7: GECD EHISSTONG OF COZ {Ht of Carhon}

Rorth Arerica Eurppe Pacific GECD Yotal
1987 20035 1787 2040 1987 2005 1987 2003

P L T —— LY TS,

,.ﬂii 636 &59 445 54 17: 22 1257 1443
Hatural Bas 798 75 134 19t 34 B M £01
« Tpal 199 4a 79 A2 107 160 ges 1722
Biprass 73 14 7 it & 4 144 igd
TOTAL Ve iTM BB& 1135 321 848 3 WA

soerce!  FEASOECE, Gresihouse Gas Esissionss The Encroy Dimension,
F Horking Paper to the White House Conference on Sciesce and Eroansics Reseafrih
Reiats? to Blahal Chamgs, 17-18 8pril, [990; Anney 8, Takle f-1,



fable 8: WIRLE SECTORAL SHARES OF BREENHOMSE RAS EMISSIONG FROM ENERGY
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Table 9= BECD ENTSSIONS CUTLOOK &% SECTOR
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proven capabilities of the technologies, as well as economies of
scale. Figure 1 indicates the current state of technological
development cf renewskle znergy technologiss, Only hydropowe:,
hydrothermal, some Liomass applications, passive solar and small
remote photovocltaic (PV¥) systems are mature technologies today
with mroven capabilities. Thezge are likelvy toc be the most coste
effective systems currently. However, renewable technologies are
responding rapidly to research, development and demonstration

efforts, Some of these technologies - wind, solar thermal,
ethanel, active solar heating, adwvanced hydrothermal and larger
remote PV systems -~ are already in & transgition phase of

development and capable of penetrating the market. In the medium
to long term - i.e. in the next tem years or wmore — some advanced
renewable technologiss will show significant potential. Thaze
will include advanced applications of wind, seolar thermal and
gecthermal, as well as occean thermal conversion, enargy orops for
transport and grid connected BV, Other future energy supplies
that might bacome available includs tidal power and wave energy.

Assessing the greenhouse gas reduction potentiazl of biomass
substitution options offers particular problems. TIo most studies
of this potential only the direct impzct of biomass combustion
on gresnheuze gas emissions is included. Thase emiszsions per
unit of snergy output c¢an often bz as high a5 for fossil fuels.
However, this undersestimates the full reduction potentizl offered
by biomass fuels. The full impact of bicmass as a substitution
option should also include the indirect impacts of carbon fixing
oy biomass when it is growing. Biomass grown for fuel is
therafore part of a carbon eyele. The combusticon of this biomazz
to digplace the combustion of fossil fuels should represseat a net
" reduction in carbon emltts into the atmosphers, Zz this nst
reduction would depend on the stock of standing bicmass, its rate
of growth and its rate of CO: uptake, measuring the full impact
of biomass combustion on C8: emissions is complicated.

4,1.1 Electricity Generation

As indicated im Section 1 abowe, it iz ugeful to distingﬁish

substitution optlons i terms of replacement
technologies/activities amnd zedugtien technologies/activities.
For =electricity, replacement technologies would involve the
gubstitution of fossil fuels in power generation by nuclear
Energy and renewablies - hydropower, wind, tidal, wave,
geothermal, solar/vhotovoltaics and refuse incineration.

Eeduction technolegiss would involve substituting one Fossil fual
zource of slectricity with an altermative that lowers greenhouse
gaz emissions. The options here include changing the fuel mix,
e.g. from ¢oal to natural gas or biomass and develeoping advanced
fossil fuel technoleogies, such as fluidized bed combustion of
coal and combined ¢yele gas turbines. Combhined heat and power
(CHF} is another important reducticn technclogy, but we discuss
this opticn more thorsughly in section 4.1.2,

Assessing the potential role of renewable energy in electricity
generation is  particularly problematic, as this poteantial is
dependent on the suitsbility of these technologies to large-
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Proven Capability

Hydropower

Geothearmal
“hydrothermal

{high temp alectric}

{low temp heat)
Biomassg

-direct combustion
—gasification

Passive Solar
in buildings

Small, remote PV

Figure 1

Renewable Energy Potantial

Trangition Phaze

Wind
Solar Thermal
Bthanol {corn}

hoctive Sclar
in buildings

Geothermal
—hyvdrothermal
{mod temp zlectric)

Remote BV

Future Supplies

Advanced Wingd

Advanced Solar
Thermal

Transportation
fuel from

BHergyY Crops
Coean Tharmal
Addwvanced Gsoth.
~hot dry rock
—gaedapragsure
—magna

Grid <connectad
BV o :

Have

Tidal

Notes: Proven capability - mature technelogies.
Transitien Phase - has or 1is entering market as
technology develops, often preferential tax or rate
considerations.
Future suppliss - advanced technclogises that show
potential.

Source: Idaho National Engineering Laboratory, Los Alamos

National Laboratory, Oak Ridge Natiocnal Laboratory,
Sandla National GLaborstories and Solar Energy Research
Institute, The Potential of Renewable Energy: An
Intertaboratory White Paper, Sclar Energy Research
Institute, Colerads, USA, March 1920,




scale grid generatian, Although historically the majority of
renawable energy supply for electricity generation has been

aveilable on demand {f s, dispatchable!l. fheve ig an incressine
proportion of snergy resourcez that are subjsct to fluctuaticns
over time fi.2. intermittent). This distinction betwean
dispatehable and intermittont renewahls  snergy recources ia

important because of influence on electricity generation, and the
need for complementary systems and ftechnologies, such as storage
and integrated sSystem responsse strategles.

The dispatchable sources include hydropower, bilomass, geothermal,
and ocean energy. Hydropower contributes the largest single
input dinto electricity generation from all renewable rasources
and, although costs vary significantly from site to site, they
often compete favourably with conventional fossil fusls.

Power production from intermittent genervating techneologies such
ag sclar thermsl, wind power and photovoltaics are highly
dependant upon the natural forces from which they derive their
energy, and are exXxtremely wvulnerable to the periocdic fluctuations
of these natural forces. These intermittent gources of power
generation can be used in integration with other sources of power
to ensure the continuity of power availsblity, or be combined
with storage fagilities to reduce the nesd foxr other scurces of
DOWEL . For example, soclar thermzl systems use concentrated
sunlight to generate heat for thermal conversion processes,
including electricity generation. There are three types of solar
thermal technologies — parabolic trough systems, central receiver
plants, and parabolic dish systems - which are currentiy
available. a1l soclar thermal systems hawve their greatest outputs
and lowest costs in regions of high issclation.

The technology for fossil fuel powered slectricity will also be
changing rapidly in the next few vears {(see Figure 2}. Aisseszsing
the potential contyribution of these new technologies in terms of
reducing ¢0: emissions iz difficult. The development of
fluidized bed coal combustion and advanced gas turbinses are among
the most promising altermatives to conventional fossil fuel
plants. The greater efficiency of thase technologies will wvield
lower greenhouse gas emissicons ner cutput af delivered
elactricity. In particular, given the lower leval of greenhouse
gas emissions for natural gas as conpared to coal, the
substitution of advanced gas technologies for current coal
powered generation plants could lead to significant reductions in
overall greenhouss gas emissions. However, a recent US review of
the potential impact of this substitution option notes that theze
technologies alone are insufficlent to achieve & 10% reduction of
US C0z emissions from 1985 levels by 2010.11 2 UE study suggests
that deploying advanced coal and advanced gas technologies might

1t J,2. Bdmonds, ef al., op. cit.
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Figure 2

Advance Fossil Fuel Power Generation Technologies

Technology Efficiency Status
{% ECF)

Conventional Rankins plant + FGD 36-27 Deploved
Advanced ERankine plant + FGD 38 Under deployment
AFBC + sulphur removal 342 Mear deploymant
PFBC + sulphur removal 44 Near deplovyment
CLCG + sulphur removal 38-43 Nasr deployment
Topping cycle - PEBC 445 Future deployment
Topping cycle - AFBC 45.5 Future deployment
Combined ¢ycle gas turbine [(CCGT} a2-48 Deployed
Intearcooled S5TIG 47 Future deployment
rdvanced CCGT 4750 Under deployment
Magnetoahvdrodynamics 48 Future deplovyment
Maolten carbonate fusl gell 49 Future deplovment
Notes: BCF = Energy conversion factor.

FGD = Fluidized gas desuplphurization.

AFBC = Atmospheric fluidized bed combustion.

PFBC = Pressurized fluidized bed combustion.

CCCG = Combined cyecles coal gasifisastion.

CCGT = Combined cyele gas turbine.

Solrce:

STIG = Steam turbine injected gas.

VK Department of Bnergy An Evalustion of Energy Related
Graenhouse Cas Bmissions and Measures to Ameliorats
Them, EBnergy Paper 58. London, October 1989, Table
5.2.12 and J.2. Edmonds, W.B. Ashton, H.{. Cheng and M.
steinberg, A Preliminary Analysis of US CO: Emissions
fzduction Potential from EFEoerygy Conservation and the
Substitution of HNstural Gas for ©oal in the FPeriod to
2010, Prepared for the US Deparvtwent of Energy,
Washington DC, February 193¢, Table 10,




ke mutually s=exclusgive options for abating ¢0: emissions.ie

Unless the price of gas rises substantially relative to coal, the
egonomics  of building new effigisnt coal capacity %o disglarce
generation from existing conventional c¢oal stations are unlikely

to comparse favourably with advanced gas plants. It is worth
noting that substantial Aisplacement of eczl and das canta
increase the price of gas, limiting substitution and hence COs
zavings.

DOECD

Takrle 10 cutlines the trends and projections for selectricity
generation by fuel in the OECD. Coal clsarly dominates and its
share will ingrease, although the shars of nuclssr power iz alsc
expected to rise marginaliy. This situation could change
gignificantly 1f gilokal warming ooncerns give rise to  the
introduction of «carbon tasxes, 1in one form or ancther, shifting
relative prices back to favour nuclear power. 011 is anticipated
tc fall in both absolute and relative terms, znd natural gss will
tail off after 1995. Uze of renewakles increases in absolute
terms# but not relative to conventionzl fuels.

Thes=s Ltrends largely reflect +the projectad laveliged rcostzs far
electricity generation feor conventional compared to renewabls
energy sources {gese Tablegz 11 and 12). Takhis 11 cowmpares the
coste per kilowatt hour (kWh) of different conventional power.
generation options for new plants beginning construction in 1995.
The fossil fuel plants include the additional costs of different
emission controls (flue gag desulphurization {¥FGD)and selective
catalytic reduction {SCR)). Ceoal and nuclear powsr appear to
offer the 1least-cos{ gensrating options. ¥Wew coal plants are
lass competitive in importing regilons with Full ewizsion controls
imposad, and  the nuclear plants are less competitive with higher
discount rates and longsr lead times. Howevar, the main
obstagles to puclear power expansion may be more pelitical and
social; in - addition, the costs of nuclear powsr includea
decommissioning costs  but not any calcoulations of environmental
risgks, hazardous wastz transport and disposal or the extarnal.
costs of locstion policieg,t?®

From Table 12 oms can see that few renewabls altermatives compete
favourably with the conventional fuelsg, either currently or in
the near future. The excepticns wmay be wind, gezothermal and soms

12 % Department of Enerq&, An Evaluation of Eneryy Relsted
Greenhouse Gag FEmissjions and Weasures to Ameljorate Thewm, Energy
Faper 58, HMs0D, London, Qctober 1989, p. 62,

L% Foir an interesting discussion of =zome of these issues and
costs, zmee D. Chapman, "The EBternity Problem: Nuclear Powsr Waste
Storage", Contemrorary Policy Issues, 7, July 1990, pp. 1-15, and
B. Keepin and ¢. Eats, "Greenhouse Warming: Comparative Znalysis
of Nuclear and Efficiency Abatement Strategies"™, Energy Policy,
bBecember 1288, pp. 538-561.




THELE 16, ELECTRICITY GENZRRTTON Y PRIXARY FUEL, 2870 LOUNTRIGE

1973 1936 L pH
Wb I} Wh 1% THh i Tih il
Coal 1609, 8 3§40 282500 §51 33ME 4 J95E.5 {64
fil 10,3 H.e 0 B0t f.4 0 d51.2 B8 3351 i.B
Ratoral Gas 57,2 1.1 h2hg .1 #S.E £.0  BE1.% B,k
Hoclear 140, 3 .3 1A .6 19759 a5y Ml A
CHydeipover, eto. 8036 e 1139.5 18,8 14033 L 1e03.d £.%
_TOTAL f180.%  IBR.9 BSR4 tHL0 TERLG LRELE BSFLLD 1.0

'sﬁurce: Intetaational Eeergy hgency, Zeission Capgrals in Electricity Seeeration and Industry,
TEL/CECD, Paris 1980, Table 2. Inteenstiomal Energy botacy, World Eoeegy Statistics
zrd Balances, 1471-1937, IE3:QECD 1039,



TABLE 11. BRECTREICITY GENEXRTLRG CGSTS OF CORVENTIGHAL FUELS. OBCD COWYERIRS (1989 43 cents/kWh

i Lzl a5 fluzlage

SIgRIN NEI VR X itadn MYl idrling w4l
Towarking Regiss Low Price Seqien Lead Tiae
EE3Mnanp SERH T § fadrs il fears

1. Base i3%! 5.2 ik LI §.B Lh L
W/ TG0 3.7 L 3.5

wITGD + SCR 5.0 4.4 3.5 4.3

1. Bage {i0%) 5.8 1.5 3.1 h.i 1.1 5.7
w{BLh 8.2 £k §.5

#FED + 5CR B.3 5.4 i1 11

1, Kiddde Load {5%: 5.4 1.2 1.t 4.5

#{FED b.} i1 i.2

wIFED + 30k £.3 5.1 i.t .

dotes:  FED = §lue gas desulpherisstion SCR = selestive catalytie reductisn
Bstablishuent of mew plants, 19%% conditieas, 5% & L0% 3iscoust rates etr,

Toastey  Inbeumaticmal Basiwy Agemei. Bmission Cuambrols ik Tiettiivits Centtatiun wnd Istustrs,
TEAJORCE, Pariz 1985, Annez {4,



TAELE 12, ELELTRICITY GEKERATING CDSTE OF RENEWABLES, GECD COUMTRIES {1987 LS ceats/kWh) 14

Curreng Futare -
Hinimgm Bagizue Hiniaonm Haximum

Kind 5.3 2.0 1.1 4.9
PR

Eéﬂthermal 3.1 10.%

[T IHY

Aun. Sobid Wacte 2/ 4.9

Tidal 3/ P B

&7 Gk

Golzr Thermal 15,3 ZEk.A 13.%

{CRG, 100 K

Photovelitaics 5a.t - 017 5.9 £.8

{£ 00 k3

Havp 7.9 F.4

Ryd ro=-poiser 4/ - 17.1

Hotes: 1/ Uniess indicated, sowrce is Internationai Energy Agemcy, Renewehle Sewrces of Energy,
[EASQECD, Faris; f987, farsy 2.
2} Hass corbustion of sunicipal eolid weste {MS¥) with i"capacity of o B4, froz Japan.
& LY Dspartzent of Energyv, #n Evaluation of Trergy Relabed Greenhouse Gas £aissinns
aff Heasures to Aeeliorate Thes, Eaergy Faper Ro. 58, London, Betober 19R9.
&F The data for hydro-poker s based on estinaies sade in Kest Gernamy,
f. Kolk et 2@, 'C02 Reducticn Fotential Through Ratiosal Energy
ttilizatien ant ifse of Remewable Eaergy Sources in the Federat Aepublic of Gersawy', KF&, 1989,



Liomass applicatieons. Hydro-electric power may also be a caost
effective alternstive. However, the availability and ceo=mts of

A

specifie and may wvary considerably. Photoveltaics ({PV) are
currently expensive, but decreased capital investment., extended
swvatam  1ifa  swmectancy and imeroved gsonvorsoiosn officisncey,
coupled with economies of scale, could enable PV systems to
penetrate inte the field of santral power station applications by
the late 1990s.14

e o S e e U P - [, D - = = H [ R
OJonET AN LTI X N¥oro-DoRwEny oo Lo DT VWOTrY S4us

To assess the costs of reducing greenhouse gas emissions in Lerms
of dollars~per—unit of greenhouse gas removed, it is necessary to
estimate the quantity of greenhouse gases that are smitted by the
varisus electricity dgenerating opticns. 2as noted in Section 2,
the wsrming potentlial of the greefihouse gases depends uvpon a
range of factors, including warming effzct, rvegidencs time,
atmospheric concentration and annuzl growth rata. BAlthough the
uncertalinty of these factors iz consilderable, ¢alculaticns of the
conversion factors of the greanhouse gasas fo reflect their
warming potentials im terms of ¢0: eguivalent have been mads (see
Takle 13}.1°0 Using these emissicon weightings it is posaible to
deduce the total ¢0: equivalent emizsions produced from the range
of greenhouse gases by the conventional scources of electricity
generation. The warming potential of generating sleciricity from
coal f(average) plants iz the greatest at 1440.1 g/kWh of ¢C: {or
3324 /%L of €Y. This is over o and a half tines the warming
potentlal derived from =matural gas power statioms. Switching
from coal {average} to ©il or modera coal plants reduces the
level of 20z eguivalent emissions by around 15-20%.

The eastimated costs of achieving reductions in grszenhouse gas
smissions by the wvarlous substitution optiong for elsciricity
generation in the OBECR regicom are given in Table 14, which
expresses Lthese gosts in terms of both ges and carbon COe

eguivalents. Here, woal is tsken az the bage against which all
ths substitutien optionz are sest. The substituticn ocptions
congist of hoth reduction activities/technologies Fusl

switching} and replacement activities/technologiss (muclear and
renewables} .

In Table 14, the two lsft-hand columns are usged to calculate tha

additional costs of each reduction or replacement opticon over the

14 TEA, Renwable Sources of Energy, IBA/DECD, Paris 1%87.

1% C0Oy eguivalents can be eXpressed sither in units of gas
or 1n units of carbon. 25 note2 =sbove, thegse fwo measuranents
can be easily eguated, 3.67 tonnes Carbon Diowide {(£C0z) = 1
tonne Carben (£C), and in this paper we will mainly refer to C0:
and C0: equivalents in terms of units of carbon. Table 13 iz an
exception in that it expresses CO0:z equivalents in units of gas.
The conversion of other greenhcouse gases inte C0: eguivalents is
usually calsulated in terms of units of gas as  the radistive
foreing of these gases in the atmosphers determinesz their
relative warming potentials.
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TABLE 83, {0z ERUIVALENT ESISSIONS If BHS FRON ELECTRICHYTY SERERATION, OECD COEMTRIES (gCO2 kM)

EGZ CH4 N KG2 Ch MW HITAL

1. Dw linits gibfh  o/k¥h o/kdh g7kRh gsRMB gskdb gCO27kEA
Coal dfwp) &4 1:Fe Y. 1.14 0.4b d.21 .14 0.3 -
Toal {todern] 2/ 734,71 I 0.05 2.7z b.14 0.2 -
air M. 32 &.05 o 20 Z.48 9.22 8.16 -
bas 4073 L. %8 a.01 a.88 0.44 f.0Z -
Meightings 3¢ L6 0 g ML e 15t -
7. EDZ Equivalents ofkHh  GiEMh of¥WR gfhEh gfRWh g/ ofOR/REh
Coal thval 107702 L3.0% B2 23w.e7 0.49 .35 140,01
Coal {Mpdern} 936,71 105,47 Li.4F R4 G.53 0.7% 11841
il 785,32 L3 1093 & bh .47 litLé
Ba= 13,97 .44 .74 392 1.3 6,32 HB.3
Motest  LF coal faver2de) = typical coal stess torbine plant curreatly in operaticn,

ne ezigslons teCknelopy assussd.

&/ coel (agfern) = typiral new coal vired power statipa, sitk bigher than everzge

efficiency, fiue gas desulpherisation emiscioas technology and 1ow Nz burners.

34 Based on K.G. Derdent, “Trace Bases and Their felative Contridution to the

Gresphouse Effect®, Harwell Laboratory, Osfocd, Jemesry 1990, Tafble L,

Exisgipe fattors include enissites of gresnhouse geses Imcurred duriag distributien,

generation, tressport, grocessing, and exbraction Stases ¢F electricity generation.
Source: K., Eyre, Saceouss Esizsions due to Electricity Fuel Cycles in the UK,

Energy afid Environment faper B, ETSU for the Deparieent of Emorgy, HMarch 1996,



Tabie 14: CO5TS OF SUBSTITUTIRE FOR GHRE ENIGGIONS FROM ELECTRIEITY GENERATION, OECD COURTREIES (1989 US4)

pooitianal Additienal

hdditional costs  (HE EHE costs of tosts of
fnerny nannrating ceansraf i6 hace intonciiu spued ZHE tavings  SHE sovings

Tecknology costs (UGoikik)  JLSc/kuh) {1002/B¥h) 1S [ICEZSEkh) 1Y (D8$/t002) 1/ [US$SECH 2/
BASE
toz] (average) 3 3.3 BARE 1348, BASE BASE BAgE
REDUCEON - FOSSIL FUELS
coal {noderni 4/ 3.8 2.3 1164, 2861 if.a .7
gas a0 1.7 B3 B71.8 19.1 F.0
pil {average} 5/ 3 2.0 1i44.6 2%%.5 £7.7 2404
oil {sodernj &/ 5.7 2.4 1184,4 2053 Bi.2 J968.1
REMICTION - HSE
5K 4.1 [ 1620.5 77 -i89. 4 Hit MR
REFLACENENT - WUCLERR
nuclear ibyr Jead} 1.1 1.9 9.4 1440, 1 3.2 £3.4
ntclear {10yT leads 57 2.4 4.0 E440. 1 H Bi.2
PEPLACERERT - RENCHABLES

Gk max air EaY ain Ray [y gax @m0 max adne B3y
gecthernzl £.1 16,9 0.8 7.6 .0 g 18461 14804 3.6 d2.E 0 E0.8 1957
wind {z} 5.3 9.4 0 31 .0 i 16301 154000 13,5 JF.b BN0 1353
wind [f} 4,1 3.9 0.6 kb 0. LIUL A | N S 1L T 5 SR VS W P S (I S i
hydro-poser 5.7 £7.1 ri 13.4 .6 o0 154001 EMG1 147 738 612 3517
tidal 4.7 4.8 1.4 21.3 [ a.f 1340.1  B040,1 23,6 La%.3 Bh.b 347.9 ;
Wave 1.0 5.4 §.8 &.1 0.5 .4 1edd.l raapll 31,7 4.4 L1VLEO15AG
solar therszl ic) 15,3 2heh 12.9 PER) fr. e.0 16801 i440.1 833 1RE.E 0.8 FRLE
salar therral (i} £3.5 {1 .0 134G.1 .8 25%.9
phobavnltzics (C) .0 1017 934 1.6 0.0 0.0 1844.1  1840.1 3732 A79.R B3RA.G 24949
nhotaveltaics [f} 3.9 £.8 2.6 3.0 a0 (L T 3 1 A -2 S £ W Ao O S Y. . O
Hotes:  ° r = current, § = future, 5% discount rate weed.

\f Greenhouse gas (BHE) expressed a5 D02 (in gas units),

2/ Greenhouse gas {GHE} espressed ao COZ (in carbon units).

3/ Mo paissions {ectimclogy assueed, average of imparting and lew price region for coal.

4/ FGI ewissions techaology assused, everage of isparting and low price region for coal.

@ fio emissions techonlogy ascused,

&f FGO emissions techoology assuoed.

74 5. Picest, J, Buzun and H. Frey, " Enissions and fost Estimates for Globally §ignificast
#Arthropogenic Cosbustion Sources of W0, W20, CH4, CO, and {02°, feport fer U3 Eavirgmsentzl
Frotection Agency, Washingion DG, Hay 1994,

Sowrger  Calowlated froe Tables 81, 17 and 13,




coal  bhage caze. The nex two columns indicate, in terms of
tonnza of 0 gas equivalents, the amount of greenhouse gases
emitted per GWh generated by each option and the amount of
greenhouse gas emissions saved per GWh by the option over the
base casge. Foxr each option, the ratio of the additional costs
fcolumn two) te the awmount of greenhouse gases saved f(column
four} gives the additional costs incurred 3in saving a unit of
greennouse gas. We initially calculate these costs in terms of
Uss per tonne of CO0: gas equivalents. In the far right-hand
column we translate this amount into carkon units - i.e., USS per
tonne of carbon-eguivalent emissions saved.

For example, generating eleciricity from modern coal plants when
FGD emissions techmology is emploved increassas the generation

costs by  US$0.5/kWh. However, due to the improved afficiancy
of the plant, ths COZ eguivalent emissions are lowered by 256.1
tonnes of CO: generated per GWh. Thus the additional costs of

reducing greenhouse gas emissions is UsS319.5 per tomne of COz gas
egquivalant gaved, or US§71.7 per tomne of carboen eguivalent,
Although this c¢ost is reasonable in comparisen to other
substitution options, it must ba neted that substantisl
subgtitution of modern for old cozl plants must occur to have s
significant 1mpact on total gresnhouse gas emissions.

0f the ramaining fossil fuel reduction options, switching to oil
genaration {both with and without emissions technoclogy) is an
expensive optioen for lowering greenhousse gas emissions, with
costs in the region of USS250 to UBS300/+C. Switching to gas, on
the other hand, is a less expensive choice, with additional costs
of reducing greentouss gas sasmizslans of  arcund  ULs7TO/ 0. aa
greenliouse gas emissions would be more than halved, substituting
gas for coal in electricity geénsratieon wmay be a ralatively
effective, as well as cheap, way of lowering these emissions.

In contrast, the biomass fusl reduction option of burning
mupnivipal waste instead of coal actusally increases greenhonss gas
emizsions.** This option should not be ¢onsidered as a means for
reducing these smissions from electricity gen=ration.

The replacement technologies for electricity generation in Table
14 all have the advsntage of not emitting any greenhouse gases, !

L8 In this case, combustion of municipal solid waste is not
considersd as part of =any biomass carbon cycle, 8¢ only the
direct dimpsct of combustion on greenhouse gas emissions is
relevant. HMHMeost of this inpact was in terms of C0: emissions.

1% Howewver, 1in their construction stage, the generation
plants enploying replacement technologies indirectly involwe
emigsions of greenhouse gases. Such emissions are relatively
small. For example, a plant using sclar thermal emits 2.6 t/GWh
of CO0: in its construction stage, photovoeltaics 5.4 t/GWh of ©0;,
wind 7.4 t/GWh., hydropower (depending on size) from 3.1 te 10
t/6%n, nuclear 1.0 +t/G¥Wh snd gesthermal 1.0 $/G¥Wh of COz. 2
gesthermal plant also emits 0.3 £/6Wh of ©C0: ino itz fuel
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Replacing coal generated electricity by nuclear power appears to
incur relatively low additicnal c¢osts per tonns of carbon remcved
fI8548  fto USSs1 /s, Homever, gs noted above, cmploving this
substitution option may Dbe constrained by concern for other
social costs. There exists a wide range of remeswable yeplacement
activities/technologies that have = substential wotential for
cost-effsctively reducing greenhouss gas emissions, both
currently and especially in the future. Of the renewable
replacement options currently awvailable, the npinimum <¢oests per
tonne of gresphouss gas removed of geothermal, wind, hydro-power,
tidal and wave lie at the lower end of the cost spectrum (from
5520 to USS120/tC) . Howevar, the sastimated wmaximum co=sts of
tidal are over five times greater than its minimum costs, and the
naximum costs of reducing gresnhouse gases by hydro-power double
its minimun costs.

Currently, the most expensive method for reducing €0: emissions
is photovoltaics (PV), with costs ranging from USS5127 to
US3250/¢C, followed by solar thermal (US$305 to USSS594/tC zaved) .
It is predicted that PV costs will decrease dramatically in the
future to less than USS100/tC saved, making it a relatively
attractive substitution option. The costs of wind power are also
expected to decline to levels that make substitution more

attrasctive, In general, sconomies of scala and futurs
technological breakthroughs conld make awitehing from
conventional electrical .generation cptions to altermative,

renewable methodsz more financially wiable.

45 the costs of substitution differ considerably across the OBCD
region, we eXamine in more detail the costs of reducing
greenhou=e gas emdssions in a few sslescted countriss - the USA,
the UK, West Germany and Australisz.

nited States

The United States is the major primary snergy consuming country
and accounts for nearly a guarter of total world energy
consgunption.'?® The s emits over 1.26 Gt of C0: as carbon
annually from energy consumption, around 21% of totsl world
emissions from energy.!® The =lectricity generaticn sector
comprises arcund 25% ({7,860 TWh) of total I3 enerygy <onsumptlon,

extraction stags, and a nuclear plant 1.5 £/G¥h, Sge R.L. San
HMartin, "Environmental Emi=ssions f£rom Ensrgy Technology Systenms:
The Total Fuel Cyele", 1in OECR/IBA, Energy - Technslegies for
Eeducing Emissions of Greenhouse Gases, Vol. 1, Proceedings of an
Experts' Semimar, Paris, 12-14 April 1%8%. 25  these indirect
emissions from replacement technology plants sre relatively
insignificant, they are not included in our calculations.

ts BP Statistjcal Review . of World Energy, The British
Patroleum Company, London, July 1939,

1% Us Council of Ecomomic Advisors, Report of the Task Force
on Economics of Global Warming, 1990, draft.
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with coal supplying the major imput {57%, 4,480 7TWh!, and the
rest split betwesn nuclear (18%), gas {10%) hydropower/other
renewables {10%) and oil (S%) .20 Consaquently, electricity
generation contributes ta around 37% (0.47 Gt of +total TS CO
emiszions from energy, with ¢oal accounting fer 31% (0.3% GtCQ) of
these emissions.

Table 15 reviews various options for reducing OO0z emizsicns
through fuel switching in the United Stateaz. Az gas 18 a cheaper
option for generating electricity than pulverized coal, the costs
of reducing C0: emisgions by switching from coal to gas are
negative, between - USJES to - USS231/tC gaved, Carbon emizsicons
per GWh generated would be reduced by about 63% if gas turbine
combinad o¥cle plants were deployed. Although switching from
coal to oll would also be sconomically attractive, the amount of
£0: savings would be much less, 1.=., around 32 par GWh.
However, the 1long term potential for switching from coal to gas
in the US may be limited, The Unitad States currently consumes
around 28% of total world gas supplies. Power generation acooeunts
for 16% of total US gas consumption — slightly less than the OECD
avarage. However, the United States has only £2.7% of the worlid's
proven reserves, and if current US production is  maintained, itz
reserves will last for only 11.2 years.Zt

The reduction potentisl for pbiomass as a zubstituts for coal
generated electricity is alse  included in Table 15, Municipal
gsolid waste (MSW) 1s an sxpensive substitution option and doss
not yield any savings in per unit greenhouse gas emissions. In
addition, further assessment of MS5¥ nesds to address the problems
of removing dioxins, chlorinzsted gases and other toxins Lthat are
emitted during the combusticon process. Wood generaticn iz more
economically attractive, but also produces high direct awmissions
of greenhouse gases (2335 tCO:z /GWh)., Howsver, the overall impact
of wood on greanhoutse gay emigzions may ke a net reducticn on
these emissions as wood grown for Fusl would extract carbon from
the atmosphere. The capacity of wood generaticn 15 severely
constrained by the availability and high delivery costs of wood
and weod wastes., UCurrently, installed capacity of totsal biomass
enexrgy for electricity generation stands at 8,000 MW. If trends
continue this could reach over 30,000 MW by 2230, and with
increased resgearch, development and demonstration amount to
almost 385,000 HW by 20230.

Tha potential of renewable =nergy technoleogies as substitutes for
conventional =sources of energy supply has been researched

% J.C. Burgess, 'The Ceontribution of Efficient Enargy
Pricing to Reducing Carbom Dioxide Emissions', Energy Policy,
Juns 1990.

2! BP Review of World Gas, The British Petroleum Company,
Leondon, august 1989,
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Tabla i%: £3I7E OF REDUSTRG ZHG ENISSIONS FRON ELECTRICITY GENERATTOF, VKITED STATES (1949 15§

Electricity hdditienal Costs additional fasts 2dditional Costs

Gen. Tasts Dyer Rase WG Intensity  GRG Saved ¢f GRS Savings  Of GR¢ Savings
Jechnolsgy Uicfi¥h B5exEh tCQ24GRh tCORIGWh rse Lol Usssee
Palyerizad cosl L] BASE 139.42 BAsE #A5E SASE

Fluidized bad c2al  3.91 &.40 130,54 Jb. 88 7.H 8.9¢
CLFR g3ad 5.i5 1.1 1044.48 iM.5¢ §8.53 H IR
fil 1.7¢ -1.15 92341 427,01 -3T.0 -3%.14
Gas tarbin: k1 =154 1519 555,51 -£i. ~131H
Gas boiler 2.4 -1.28 $50.41 851,43 -13.85 -57.79
L B - 450, 54 £50.72 -5, -9l
REDVLRIGN - BTINAGE FUZES

HIW - wags faad 15,88 [ARAE 5.3 434,54 1] it}
W3R - rafnss 15.84 11,74 laZl. 45 ~171.8 hi L
Kaud 1.1 1.44 2135.01 -9§5.5% i3 E}

Notes: (LFE = cocbined crele fluidized bed  GTCC = gas turbine combined ¢5:le KSR = sumicipsl solid waste
bevelized costs Ter esch techmology esclude fuel-costs:
{07 epuivalents fer rarious greenhouse gases salcwlated using the weightings in Tabls 13,
Greznbouse §a¢ 2aissions.are from gepsratiso only,

Sewrcer 5. Fizeot, 3. Sveun and B.C, Frey, “Enissicns and Cost Pstimates For Giobally 3ionifirant Anthropasznis
- {owbustien Zayrces of H0z, N20, CHY, ©0, snd O007, Prepared {ar US Environsental
Prateztion Ayency, ¥ashimgton D0, Nay 1994,



eXxtensively in the United States.2: The cost-effectiveness of
these optionsg to raduce greenhouse gases from electricity
generation is shown in Table 16, and the potential contribution
of renewable energy is outlined in Tabkle 17. In Takle 16,
renewsble and nuclear technologies are compared against the
vaseload coal electricity generating costs and gresnhouse gas
emizsions.2%

Table 1l& includes a very optimistic projection of nuclear energy
costs for the United States (USe5.5/kWh). The additional casts
in tearms of CO: savings appear very low - around Ug87/tC zaved,
However, the additional «costs associated with nuclear power-—
waste trestment, Lransport and storage, environmental and healih
risk=, and other social impacts - have made this option less
attractive in the United States in recent years. In sddition,
nuclear power constraction cogt® in the United States have
consistently been underestimated im the past. Construction costs
increased from USS200/kW installed in the early 1970s to over
US§2200/kW in  1986/87 ~ a sixfold increase in real terms — and
construction lezd times have increased to more than 12 yvears for
large plants.24

The current additional costs of COz savinygs from substituting
hydropowar for bassload coal are USS16/tl, although these are
"likely to £fall in the future and become negative f{around-
USSL1i/+C by 2030}. In 1%8&, the -aggregate capacitys of all
existing hydreoelectric facilities was 88 GW. It is estimated
that added capacity will only reach 8 W {i.e., total capacity 95
GW} in  2030; however, if research., development and demonstration.
is intensified added capacity may reach 37 &W  (i.e., total
capacity 125 GW) by 2030,

Geothermal systams alsc have potential as substitutes for fossil
fuels in electricity generation. Thers noW exists a range of
small (1-5 MW}, medium ({25-60 MW =snd large {(ocver 100 M@}
hydrothermal plants with a total capacity of 2800 M9. The
current ¢opsts of generating zlectricity frow this sSource
{US¢4.6/kWh) compete favourahly with conventional fossil fuel
glectricity generation <costs. The additionsl costs of gwitching
from coal to hydrothermal eslectriclty generstion to reduce TO:

2 Tdaho National Engineering Latoratory, Los Alanos
National Laboratory, ©Cak Ridge National Laboratory, Sandia
Wational Labovatories and Solar Energy Research Institute, The
Potential of Renewable Energy: 2An Interlaboratory ¥hite Paper,
prepared for the 0©Office of Policy, Planning and Analysis, US
Deptartment of Energy, and published by Sclar Energy Ressarch
Institute, Colorado, USA, March 1990. Alsc see N. Rader, et al,,

op. Ccit.

23 The following discussion draws on Tables 1% and 16 and
Idaho Natiecnal Engineering Laboratory. et =21,, op. cit.

24 B. Keepin and 6. Rats, op <it.
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Tahle 141 (GRS OF REFLACING GHE ENTSSIOKS FRON ELECTRICITY HENERATION, UMITED STATES (4989 Ugsy 1Y

Electricity Bdeiticnal Losis Rdditicnal Tosts RSditlonai Costs
Gen. Losts bver Hace §HE Intepcsity  BHE Baved 0f 546 Savings  GF BHG Savings

Fechnolegy YScitwh Usc/kkh ECO2/adn af NI Lihs /tLaz 534, 10

Ef5E

Paseload coal (b 8.7 BREE 144010 RASE BASE RAGE

Baseltad coal £1) 0.24 BASE 1446, 140 BfSE BAGE BASE
REPLACENENT - BUCLERR

Wuelesr {c| 2 E PR 4,79 0.4 144,10 1.99 7.9
REPLACERERT - REREWRBLES

RiN Hay zin  RAak ain B3 gIn Aax 8in 1] gip Aax

Hydropower (cf 5.84. 0,63 ORI L440.19 4,74 11,95
Hydrogouer () +E .52 a0 153010 =250 -10.43
fenthermai {cl

~hipdrotheraal 4,09 ~(.&3 .00 1440, 14 =43 -13,95
—GenpressEr e 1.62 .31 .50 184010 i6.13 bb o84

-hat dry rock L. 7B 1.5 [{R4] 144054 it Ak 37,84

—nagRa 27,04 17.42 0.0 1440 40 122.36 449,17
Geatherzal {f) ) _

-fogdrothorsal A3 487 -3 -lah .00 g.00 184,10 p440.10 2172 -IBGES 99730 -GBS
-geaprecsired 4,79 .11 -Lar -l 0.4 400 pAe0.50  1444.1¢  -11.5% .97 -92.5% -1%.2%
-het dry roci 3,44 4,60 =287 -0 0,00 f.00 1430.10 1440.l6 19,505 -G048 -FL75 0 -3R.9
-hagaa 428 &2 -1.96 GG G0 .00 (480,10 1440.50  -15.7% g =E0,49 G038
Tcean thermal ir) 8.24 .94 P I T S O 1 f,0f 440,10 1440010 21,77 1286 7R3 45L.78
Geean tharsaf {f} 9,17 12,38 -2.0%  A.2F 0 4.0 .00 18410 1840000 -R463 0 &34 -1 199.45
Wave energy fc) 18,43 .86 5.2t 1580 {00 {.00 146000 1448.80 XA EDBLAD §EELBE 0 IORIEE
Sclar thereal () if.42 11,728 G0 et F8.20 070

Solar thermal [f) £,17 7.0 G.00 144810 -i4.48 N
dind energy (c) 2.5 I.44 0,408 1440, 0 2.0 87.76
Hind erergy {f] LI &4 -5az -0 f0 480,10 FA40.18  -21.00 -14.48 -7R07 0 -33.10
Pholtowoltaice {c1 3337 ?0. L6 4,40 1440, 16 195,51 nrag .
Fhoftovoltaies (f! 4,17 A -k -1 04 f.06 §440.10 13&0.10  -14,48 -F.2¢ -3E.ED 0 -24.0E

Halkes;

af Bregphouse gas intessity (tC827EWR] for coal taken fron Takle-13.

Source:

¢ = current, f = futdre (2930); ain = business as uspal, sad = research, develepaent and demonstration

If Jézho Nztional Engineering Laboratery, Llos Alanos Watigaal Laboratory, Ok Ridgas Habional Laboratery,
Sandia Wational Laborateries and Solar Emergy Research Insgitute, “VThe Potential of Fenewzble Energy:
in [nterlaboratory White paper’, Solar Energy Research Institute, Colorado, B8@, Rarch 199C.

I B, Keepin and 6. Kaits, 'Greenfoese Marming: Cemparativa fnalysis of Huclear and Efficiency Phatzsent
Straiegies', Energy Paliry, December 194G,




Table 17

Contribution of Remewable Energy to Total Energy Demand

Hydropower
Geothermal
~glectric
—heat

Solar Ther
—alectric

Py
Windpowsar
OTEC
Biomass
—alactric
~buildings
—industria
—Iiguidfue
Solar Heat
~bulldings=
—industris

Total RET

Percentags
Total Enar

Notas:

Source:

in the United States {(Quads)

1988 2000 2010 2020 2030
min ma® min max min maXx min max min  max
3.1 3.1 3.4 2.4 2.4 4.0 32.5% 4.7 3.5 G&5.1
0.2 0.2 0.3 0.£ 0.5 Q.8 0.7 2.0 0.9 3.7

<0.,1 <0.1 ¢0.1 <0p.1 p.1 0.2 0.2 0.7 0.2 1.6
mal
<G,1 <0.1 €¢0.1 ©.2 0.2 1.0 1.2 2.1 3.0 9.0
<0.1 ¢0.1 ¢0.1 <0.1 0.2 0.7 0.7 2.6 2.9 6.7
¢0.1 <0,1 0.2 0.4 1.0 2.3 2.1 5.7 3.3 10.7
0.0 0.0 0.0 0.0 <D.1 <0.1 <D.1 ¢0D.3 <0.1 ¢D.1
0.5 0,% 1.8 1.1 1.6 1.3 1.9 2,4 2.2 2.9
1.0 1.0 1.0 1.2 1.5 2.0 1.8 2,6 2.2 3.2
i 1.8 1.8 2.2 2.3 2.9 2.3 3.3 3.9 3.8 4.6
1 ¢1.0 <0.1 0.2 0.3 0.4 2.4 0.8 4.4 2.2 8.4
¢0.1 ¢0.1 0.2 0.2 0.3 0.5 0.4 0.7 0.5 0.9 ”
1 <0,1 <0.1 ¢0.1 <0.1 <0.1 0.1 <0.1 ©.2 0.2 0.3

6.7 6.7 6.8 9.7 12.1 19.3 15.7 23.1 24.9 57.1

8 & Y 10 11 1& 13 27 17 40
gy Demand
min = bulsness a= usual, max = research, development

and demonstrztion intensification.

LI guad = {1 »x 13 %) Biitish Thermal Units (Btu),.
(1 = 101%YBtu = 293 x 107 kWh.

Idahe HNational Enginsering Laboratory, Los Alamos
WNatienal Laboratory, ©Oak Ridge National Laboratory,
Sandia National Laboratories and Solar Energy Research
Institute, The Potential of Eenewable Energvy: An
Interlghoratory White FPaper., Solar FEnergy Research
Institute, Colorade, USA, March 1990,




emissions are anegative (- US316/tC). ‘These savings are exXpected
to increase further in the Ffuture.

Rationwide application of geothermal electricity is 1likely to
depend wupon the success o0f advancad technologies, especially

geonressurad, hot dry rock and maomo syetams. Thesae fechnologics
are noct yet commercial and reguire further research to reduce
uncertainties and improve technologies. However, they are

eXpected to come on line early next century and greatly expand
the totzl awvailable geothermal resource baze in  the United
States. The costs of generating electricity from these sources
iz sxpected to be relatively 1low, at betwsen US¢E3-£/kWh, and
incur substantial savings as substitutes for conventional fossil
fuels to reduce greenhounse gaz emisgions fi.e.., up to-
USE37/tC). The ©potential bhenefits are considerably larger if
there is substantial support for intensive rasearch, development
and demonstration in the next two decades.

Ocean thermal grergy conversion {0TEC} technology opsrates
through harnessing the differences in ocean temperatures (i.e.
warm surface waters, c¢old water at depth} to drive baseload
electric power generstion. Although 1o commercial OTEC plants
ara currantly in operation, they have zignificant potential for
the future. The current ceosts of generating electricity from a
10 MW OTEC plant are estimated to be US¢23/kWh: however, if all
additlonal henefits are included {water, mariculture and
cooling), electricity generation costs £fall to US¢S8/LEWh. Thus,
the current costzs of uzing OTEC techmnology as an. eption to .reduce
graanhouse gas emnissiong  are high, ranging from USSE0-4S0/%0
saved, Future costs may £fall. =ubstantizlly, although thers
axlgts a wide range of uyncertainty over potential costs of
generating slectricity from OTEC technology.

No major projects to assess the potential of wave energy are
currantly being undertaken in  the USA. The costs of generating
electricity £from wave energy may lie boatween UsSeLO-20/kWh
depending on the 1intensity of the waves, leading to high CO:
reduction costs [USS 122-339/tC saved),

Cther sources of ocean energy that have been  considered for
slectricity generation includs ocean currents, Tidal power,
sdlinity gradient conversicn ayatems and mayine biomass.
Although they may have potential in the future, technological
uncertainties and <¢est constraints ecurrently undermine their
ability to contribute to options for reducing greenhouse gas
emissions.

Current slectricity generation costs from existing solar thermal
systems {with and without storage facilities} are approximately
US¢l6.5/%kWh, leading to high cests of reducing oreenhouse gas
emlssions (US$287/tC saved). Future #olar thermal systens are
expected to be used in either peak load without the use of
storage, or with an integrated thermal storage facility for
intermediate and baseload plants. However, this latter option is
highly dependant upon technical improvenents in storage
facilities. For se¢lar thermal systems  with storage facilities
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generating costs are anticipated to fall to around US¢4/RWh by
2(30. fThus the additional costs of C0: savings may be negative
{- USS53/tl). Systems without storage facilities are expectaed to
have slightly more expensive electricity generation costs
U545/ kWh) .

Wind power courrently contributes over 3 TWh of electricity
genaration in the United gStates, primavily in California. Thea
potential contribution of wind emergy is significant. If current
trends continue wind power could expand to 3.3 guads {967 TWh! by
2030, and with increases in research, development and
demonstration to as mugh as 10.65 gquads (3120 TWL). The currznt
costa of electricity gemeration f£rom existing wind energy plants
in the United Statesgs iz just over USHES.5/kWh, and these costs
continue te fall. By 2030 the cost of generating electricity
from wind power iz eatimated to be around USS2-4/kWh. Wind power
is therefore a relatively cost-effective method of reducing
greenhouse gagses, with current additional costs around US338/tC.
This could falil to - USsST7T/LC zaved by 2034,

Currently, cocsts of generating electricity from photovoltaic (PV)
syetems in the US are about USE33/kWh, which is prohibitive
except in remobte areas where alternative sources of slectrical
power are also costly and/or limited in availability. The total
existing <¢apacity of photovoltaics in the United BStates is
approximately 42 MW. PV costs are expected to fall rapidily, to
between US¢4-5/kWwh by 2030, depending upen the level of research,
development and demonstration of PV undertaken.?s Although at
present PY systems are . an expensive choice for Treducing
greenhouss gas emissions at over USSYTO0/tC removed, by 2030 these
costs of removasl way even bDe negatlive (- USE27 1o 53740 savedd.
The potential penetration of PV into the total United States
electric power market is 0.8 GW of primary energy by 2000, and
114 GW by 2030 assuming that current trends continue. If
research, development and demcnstration are intensified, then by
2000 PY supply may reach 3.6 &W, zand by 2030 asz much as 366 GW.
For further markst penetration, improved storage orf new hybrid
facilities are reguired.

Takble 17 gives the potential contribution of renewabls energy
technologies to total demand for energy in the United States. Of
tha renewabls =nergy technologies that are possible substitutes

zs PV is a research driven technology and should respond
with great gensitivity te an intensified research and development
budget. The figures of future costs of PV systems for generating
electricity may ke pessimistic and higher than may actually
ocopur. Taking more optimistic aszsumptions with greater cost
reductiong and improved market penetration, PV generation costs
fall faster, to USE13/kWh in 1995, US¢s/kWh in 2000, and US¢S/kWh
in 2010. Conseguently, PV systems may supply as much as 80 GW by
2010, 240 OGW by 2020 and 480 GW by 2030. Se= the discussion in
Idaho National Englneering Laboratory et al., gp. ¢it., Appendix
.
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for conventional fossil fuel inputs into electricity generstiocn,
hydropower plavs a dominant role and will continue to do =0 if
eurrant leyels of ressarch remain wnchanged. 2ithougn ifhe
current role ©of geothermal electric is relatively significant
amongst  the renawable energy tachnologies for electricity
generation, this will not bs =sustrined snls=e fhera iz intopsive
research and developnent. The potential contributian aof salar
thermal electric, photovoltairce and wind power may riss gquickly
but are highly sensitive to the level of research, development
and demonstration. Wind powsr has the potential to dramatically
increase dts energy output, to become the most significant
renewable energy technelogy for slectricity generation by 2030,
followed by solar thermal and then photovoltaics.

United Eingdom

Current total emissiens of CO; in the UK are 163 HMte, of which -
electricity generation comprisas 24% (SSMtC). These have been
virtually constant since the 19703. By 2005 UE C0: emiszions are
estimated Lo be betwean 212-2021  Meg flow—high oil price
scenario), with electricity generation conftributing 68-65 Mt
{31-32%) of these total emissions. & study of thes practical
technical optiens to curtail emissions of grsenhouse gases from
energy related activities has been undertaken for the UE.2%¢ The
cost-sffectiveness of each substitution option available is
assessed on tha basls of & range of possible ensrgy relsated
amission scenariocs  for the years 2005 and 2020, The methedology
is based on an abatewent strategy of least marginal cost OOz
abatement, i.e. displacing the fusl with the highest carbon
content per unlt price -  given 2yatem stock, operating
characteristics and fusl price. In wmast instances, cosl
generation will be displaced first; however, under some scenarios
T &.9., an increase in the relative price of coal to gas — gas
might be the first fuel substituted.

Table 18 outlines the results of the study, which indicate the
costs of reducing CO: emissgicns only. For =ach option, the
capacity for slectricity gensration 1z projected., and the costs
calculated on the basis of the amount of CO: emissions reduced at
gach additional level of generaticn. Hote that the twe biomass
options (wood and straw combuszstion) have included the full impact
on COz reductions of growing and burning the energy c¢rops. That
is, the carbon-fixing impacts of these crops have been ipcluded
in the calculations of net CO: reductions.

The relative cost-effectiveness af the options depend
significantly on whether future fossil fuel prices are expected
to be high or low and on the time horizon - 2005 or 2020. For

2% UK Department of Energy, An BEvaluation of Boergy kRelated
Greenhouse Gag FEmissions and Measures to 2Zmeliorate Them, Energy
Paper Number 58, UK Country Study for the Intergovernment Panal
on Climate <Change Responge Strategies Working Group Inergy and
Industry Sub Group, HM3IO, October 1989, .
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Table I8. COSYS OF SUBSTITUTING FOR CO2 £MIGEIONG
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ayample, in the case of nuclesar energy, higher fossil fuel pricgs
lower substantially the marginal co=sts of €0: savings: in the
2020 scenaris, the marginzl c<osts would actuvally be negative-
implying that switching te nuclear not only reduces COp emissions
but alsoc gaves on costa.

Other substitution options seem limited by either capacity or
cost constraints. Landfill gas appears the most attractive
option, as vwvirtually all of its marginal costs of substitution
are negative, but its maximum capacity in the UK would ke limited
to 2.2 TWh/vr. This would only reduce annual £0: emissiona by
0.36 MEC. Wind power initially has negative and low marginal
costs of €0: savings, but the costs rise sharply a= capacity
increaases. The study assumes that the best sites avasilable for
wind generation ars limited, and will bhe used up guickly, and
aEsumas no economies of scale. Advanced gas turbines could have
a sBubstantial impact on C0r emigsionsz ik the near future by
dizplacing oil gnd ceal. However, substitution capacity is
probably limited by costs to around 20 GW. Power generatiocn from
gas turbine plants in the future is only cost-effective as = CC:
abatement measure at very low levels of capascity (less than 8§ GE)
and only in the high price scenaric.

0f the remaining electricity generating opticns available to- the
UE, straw c¢ombusticn is a relatively low-cost technological

glternative but only has a small potential capacity. The
marginal costs of reducing C€Q: emissions by other options appear
prohibitive, The costs of photovoltaics are extraemely

speculative due to the high level of technical uncertainty - as
reflected in Table 18 by the conziderable divergsnce hetws=en the
low, medium, and high cost estimates. Mores recent cost estimates
suggest that the optimistic Jow cost sesnario may be the most
realistic, and that photovoltaics are likely to be an attractive
substitute for fos3il fuels in the fuiure.:?

West Garmany

A similar assessment of the ¢osts of substitution options to
reduce CO: emissions in the spergy sector has been undertaken in
Wegt Germany.2® Fossil fuel power plants for electricity

27 For example, the costs for grid connected PV systems in
Table 17 were based on a 1288 cost range of URE0.08-0.£7/kWh and
2025 cost range of URED,02-0.37/k%Wh. More recent analysis
suggests that the current likely achievable cost range for
centrally generated PV power 1is URE0.11-0.17/kWh, and future
costs could be in the range of URE0.06-0.09/kWh. See Review of
S5alar  Bnergy Technologies, Part TT1: Phaotoveliaic Pawer, Dratft
Paper, Energy Technology Support Unit, Harwell, UK, November 1%29

Z2¥ 3. Eolbh, G. FEickhoff, M. EKlesmann, N, Erzikalla, M.
Pohlmatn and H. Wagner, CQ: Reduction Potential Through Rational
Utilization and Use of Renewable Energy Sources in  the Federal
Republic of Germany, Rernforschungsanlage Julich GmbH, May 1989.
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generation amit about €0 ML of £0: per year, which is arcund
30% of total COC: emissions in West Germany {approximately 210 HMLC
of QO ip 1937). Howevay, renoughle gnewdy sSourid@s aoneAs ©o
heve congiderable promise a=z  substitutes for fossll fuels in
electricity genieration.

A camparisoen of the additional costs of reducing C0O: emissions
per tonne of (0 saved {in both ga=z and carbon units) in West
Germany is given im Table 19, The costs of the replacement
substitutes are compared against the costs of coal power plants,
which are the principal =ource ¢f electricity gemeratiom. 1In the
study, only hydro-—power, wind energy and photovoltalc cells were
compared as substitutes for fossil fuels {coal) in electricity

generation. Of these substitutes, hydro-power plants have the
lowest additional costs over coal, which are actually negative at
the lowey range of ¢generation costs. However, further suxpansion

of hydroc-power capacity 1s severly cohftrained in West Cermany.
Wind energy may have the greatest potential for replacing CO:
emissions. Thisz option has a potential primary energy
contribution of 40TWh per anoum, could reduce ©0: emizszions
annuzally by 3.2 HMtCo: (3.6 HtDY, and only incurs addition=l
cogte ranging from US362-250 per tonns of carbon  savaed. At
present the West German study suggests that photovoltaic cells
are not attractive dus +tc the high and uncertain slectricity
generating cozts, but in the future given expscted technaloglcal
improvements and economies of scale, this substitution technology
may be a more cogt-effective method of reducing C€C: emiszsions
from electricity generation.

Australia

Substituticon options for slsctricity generation in Australia wers
examined ss part of a study analysing the potential effects of
achieving a 20% =conomy-wide reductien in 1988 C0: emissions by
2005 .29 2ustralia emits arcound 7L HtC of CO: annually, of which
akout 31 HMLC comes from electricity gemeration. The study notes
that options for reducing CC: emissicns per unit of power
gerierated wvaries significantly acrosz Australia. Victoria is the
highest per unit C0: emitter, as 1%t relies principally on brown
coal. Other States, such &5 Tasmania (mainly hydre), Scuth
Australia, Western 2Australis and Northern Territcery (mainly
natural gas} have relatively lower per unit C0: eamissions. For
these states, the unit costs of reducing emizzions Nlll be higher
than for coal-burning states.

Tabkle 20 summarises the costs of reducing C0: emizssicas from
various_ reduction and replacement substitution options for
electricity gensration in Australia. The least expensive way of

reducing emissions is to switch from brown to black coal plants, -

29 McLennan HMagasanik Assocciates, The Feasibllity and
Ipplications for Australia of the hdoption of the Toronto
Proposal for <Carbon Dicgxide Emissiong, Victoria, Australia,
September 193%, '




Table IF: COETS OF SUBSTITUTYEINE FOR CO? EHISGIONS 1H FERERAL REPUELIC OF GERMAKY

Additional costs Addificnal costs
of {07 savings  of COZ savings

Additional costs

Enerqy generatioa cotpired to hase

Technelogy coste (DESEWE] & technoingy (DH/ERR) L/ (iHfkol02] {08 fkgC)
Hydropouer Qi-6.5 2 [~ 141-0. 0 [-0.15)-0.07 1-0. 550,26
Hird enargy 0.27-0,33 g.03-0,11 G.03-0,1% a.11-0.4¢
[£3-30 kN

Photova?taic

W unit size 2654 1.78-6.74 1.71-5.17 T.01-18.97
M ownit size La-Ld & 7148 4,851,553 0585
ilood stove 0ef-0,3 2 @.0t-0 k1 ¢.03-0.32 #.11-1,17
Bonthereas 2.13-0.35 ¥ 004 ) -4, 18 {-0.18j-. 47 (-0 6hi-1.72
heating

Seizr water GLE0-1. 01 4.21-0,51 0.82-2. 38 2.2-0.13
heating

Electric heal . 2h=. 34 0070417 {.85-7.13 3.23-7.52

PUEE

Hetest  GsSEl = OM 1,75
Lf refzted to energy cubput
2 esiimation
3f inclusive 0.0 NHsgwh for feat distribution.

Source: . Katb, B. Tickhotd, B. Pohlmans asd B.F. Wagner, T Reductics Potential
Through Rational Emergy Utilization and Use of Renowabie fasroy Sources
in Ehe Federal Republic of Beramany, Kermforschengsanlage Julich Gebh, Mey 1987,



fable 20: COAT OF BUBSTITUTING #0R £0Z ENISSSOMS IN AUSTRALIA

Levejized cost  Thernai Ch2 intensity E0? Saved 1f Cost of COZ gozt af CO2
Technology [CiERh} Efficioncy {1} (L0 G fECOZ fekh Saved 14 S/ECO2) Saved 1 (EAAM)
FOSSIL FUsEs
Erown coal 2/ 4 3.5 1110 - Base Base Base
ilack roal 3.8 3.3 4 70 {30 3 {1101y 3¢
Advanced gas q,7=4.7 o3 B0 470 15-& 55-22¢
turbine #/
Conbined cycie 4/ 5.6-8.9 &3 L il #5417 y2-172
Hethare i & 140 {350} {Jf=213} {jL9-422]
Fecavery 5f {T000; &1 (-] &/ {4-22) br
Cagensration -8 of-58 130-424 100 G-37 0-2(9
RENENRBLE CRERGY
Hydro 5-10 - d 1110 §-55 33-202
Wind & - { t110 | 1B-35 £6-128
Fhatovoltairs 1 3 = 0 HLY &3 202

Notes:  Figures are on an esergy seai oot hacis weing 1988 "ctate-nf-the-art' lechnalogy, nith
capital-related costs based o an BY real discount rate. Have assesed fossil fuel plants
run at BO¥ capacity factor,

58] = 441,281

[f Relalive to using a brows coal plaat,

2f Baset tn bwilding Loy Yang ¥4 % 2. SRED eciimaies that building the next green-iields
brown coal station st Briffield wild cost 5.4cfkBh, _

3/ Megative because pawer from black coat is cheaper and Issg CBZ intensive,

§f Eased on a gas arice of $2.30-84.00080,

+ The recovery of pethane froz coal eines and fand f1dl sites, for burning im 2 gas
turbine of statiowary internal cospustion eagine,

&7 This line atlorates full credits fo avoidieg leakage of natural gas into the atnosphere,
which would otherwise orfer. If is assweed that 1 &oletule pf CHY is eguivalent

to & aolecales of CA2 in terws of greenhouse activity.

77 Based on systen cost of A$2 per peak watt, which should be schievable by the turm

of lhe cenlury,

Source: Weleanan Magasanii fAssociates, The Feasibility zed Ieplicatinne for Asstiralia of the
Adoption of the Torents Preposal for Carboa finxide Ewissions, Repart to CRA Ltd,
Gepteaber, 1987.




which actually incursz negative costs per tonne of CO¢ saved.,
However, the amount of CO: zaved per unit of power (170 LCO: /GWhH)
is limited. switching f£rom brown coal te burning gas in an
advanced turbine or a combined coyele plant would reduce 02
emissions further, but at a higher cost. Methane recovery would
involve collecting and using the methane gaszs that escapes fronm
coal mines and landfill sites. Not only would this substitution
option reduce CO; emissions frowm fossil fusl power generation,
but 1t would alsc yield additionsl benefits in reducing the
amount of methane escaping into the atmosphere ({the latter
savings are included in Table 20 as C0; eguivalents). The costs
of methane subatitution are estimated to be USSZ.88 to
Ussl7.20/tC saved; however, serious doubts exist about the
technical feasibility of recovering and using methane,
Similarly, cogeneration {(combined heat and bpower) could he a
cost—effective means of reducing CO: emissions, but its capacity
is severely constrained to a maximum of around 2% of total
glectiricity demand.

only those renewabls Snergy techneloagies currently near
commercialisation - hydropower, wind and photovoltsics - ware
considered by the Australian study as likesly te have a potantial
impact on CO: emissicns by 2005, Gf these technologies,
hydropower and wind appear the most sttractive, but hydropowar in
particular dis limited in new capacity. Although photoveltaic
call technology is rapidly dimproving in cost-effectivensss, the
study anticipates that it will still be relatively expensive by
the turn of the century with g levalized cost of USE7.8/kWh. At
this cost, PV 1is not expected to be economically feasible3® for
large scals power generation.

Developing Countries

Average annual developing country growth rates in elsctricity use
were about 10% during the 19705 and 7% during the 1980s. Total
installed generating capacity in developing countries is
anticipated te dincrease by 82% during the 1990s, from 471 GV to
E55 GW. The majority of current generation is from hydropower
{185 GW), feollowed by coal (169 GW). However, by the eand of the
1990s, coal will preoduce 241 GW compared to 322 G¥ by hydropower.
From 1989-1999, other sources of electricity gensration are
expected to increasse. 0il will dincrease from 70 to 84 GW, gas
from 31 to 65 GW, nuclear from 14 to 38 GW and geoctherwal from 2

*e  Heonomic feagibility here is taken to include the direct
costs of electricty generation only. s noted earlier in the
text, the economic feasibility of the substitution optiocns to
reduce greenhouse gas emissions would ideally account for the
full impact of any indirect oosts of electricty gesneration,
However, data limitations constrain us to direct costs only.
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te 5 GW.T! In 19339 3% terms the anticipated electricity expansion
in developing countries will cost some 5745 bBillion, or $1
trillicn sllowing for price gscslation. ?e

A8 a rough indicator, power generation accounts for approximately
153% of developing countriazs' takal 00 sziscicns from  cneorgy use
{around 185 MLC in 1987). The ability of developing countries to
reduce these emissions from adoption of replacement and reduction
technologies applied ¢to electricity generaticon will depend on a
number of factors:

i. Developing countriss wiil be highly dependent on  the
transfer of thesze technologiez from OECD countries,®2® As 3
consequence, the ceosts of C0: savings through substitution
in power generation discussed for OECD countries above will
give an approximatz indication of the options available to
developing countries.

it. The relative cogst-effectivanass of the substitution
technologies will vary significantly from country to country
in the developing world. Differences in population growth
and distribution ({e.g., ratez. of urbkanisation), economic
development, levels of income and growth, government budget
constraints, and institutional structures will affect the
relafive cozis across countries,

1ii. AIl substitution options, but especially renewable energy
technolgies, in developing countries are. highly sensitive to
changing internaticnal oil prices and. the location and scale
of the gsneration facility. Reznewabls technsleogies for
large-scale generation will be located mainly neapr urban
centres, whereas the smaller, stand alocme technologiss
{e.g., small-scale bilomass and photovoltaic systems) are
often used in rural and remote applicaticns. As fogsil fuel
prices are relatively higher in rursal than in urban areas,
the economic wiability of remote wural svystems may be
greater than the large—scale urban systems, and the rural
syFtems WMAY be less gfensitive to falls in internatiomsl oiil

81 @. §Schramm, "Electric Power 1in Developing Countries:
Status, Problems, Prospects", Annual Review of Energy 15, 1990,
pp. 307-33.

2 E. Moore and G. Smith, Capifal Expenditures for Electric
Pogwer in the Developing Countries im the 1990s, World Bank,
Yndustry and Energy Working Paper No. 21, February 1990, World
Bank, Waszhington DC.

9 Lawrence Berksley Laboratory et al. Emerqgy Technology for
Developing Countries: Iszues for the US National Energy Strategy,
Lawrence Berkeley Laboratory, Berkeley, California, December 1989.




Drices. In addition, supplies of fozzil fuels tend to be
more reliable in wrban than in remote aregs,?®d

iv. Biomasg options are particularly gsengitive to wvarying
feedstock costs. These costs £all into two maln categories
- those which have minimal or ZTero resource cogis, such as
on-site waste products found at wood or agro-processing
plants, and those which have a market wvalue, such as
plantation~bazed wood and cash crops. Waste products - crop
reziduals, agricultural wastes and human or animal wastes-
are competitive with fossil fuels when used om—site, in
arcas away from a central grid, or compacted to reduce unit
transport costs. Large—scale and c<ommercial bilomass
applications tend to be attractive only whaen feedstock costs
gare lew: however, such low costs often depend or &)
depressed primary commodlity marlkets fe.g. wood, sugar), b}
fewer alternative by-product uses, or c) sn unlimited or on-
site resource supply.?®®

V. Finally, distortionary government pricing palicies  for
fossil fuel generation of electricity in developing
countries may affect thes adoption of substituticn options.
Such distortions alsc wary significantly from country to
country and within a country. Uncontrolled rataill prices
for small guantity fossil fuel purchases in remote areas nay
mean fuel prices will be above regulated prices and far
above sconomic {fuel costs for many small-scale rural snergy
systams. In contrast., the regulated fossil fuel pricvas for
large—scale urban elactricity generaticon subsidize the
generation costs 0f =much systems.?® K

For example, a study comparing the long run marginal costs of
wind to conventionally generated electricity in ten developing
countries indicates that wind may be a cost—-affective substitute
in most cases.®? Howsver, a World Bamnk study suggssts that lower
2ll prices can zignificantly change the comparative costs of wind
versus fuel oil electricity generation in developing countrieg.®®
For example, a 50% drop in diesel and fuel oill import prices

4 See E. Terrado, M. Mendis and K. Fitzgerald, Impact of
Lower ©il1 Prices on Renewable Bpnergy Technologies, Industry and
Energy Depariment Working Paper, Energy Series Paper No. 5, World
Bank, Washington D.C.

a8 M.M. Gowen, "Biocfusl v Forsil Fuel Economics in
Developing Countries: Uow Green is the Pasture?®", Ensrgy Policy,
Qutober 1989, pp. 455-470.

¢ Zee W. Teyvade et al., op. git. and I. Burgess, op. ohi.

T E, Tasdemiroglu, "“The Energy Situation in OIC Countries:
The Possible Contribution of Renewable Energy Rescurces", Energy
Policy, December, 1989. pp. 577-5%0.

30 @, Terrado et al., op. cit.
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could reduce electricity generation costs by 30%. Many biomass
genarvating options currently prometed for develoPing countries,
including desdrothernol poWeY systems {a wood burnlng powsr plant
and a dedicated plantaticn of short-rotatien trees}, 'bagasss’
systems (a2 =zugar mill power plant burning the fibrous residue
from cang orushing! ond Licwass power Jaslllers (woeod, charcoal,
rice husks or coconut husks}, are also severely sensitive to
prevalling diesel and fusel oil prices. FPoedstook pricez, which
can vary significantly, alse tend to be an important determinant
of economic wiability, For example. estimates from Thailand
~indicate that duadrupling wood fuel prices up to typical

plantation costs of US$20 per tonne {(wet weight)! results in wood
generation systems that are no longer competitive with coal or
oil plants.®*? On the other hand, szmall-scale rural applications
of these and othar renewable esnergy techoologias, including wind
and photovoltaic water pumping, may continus to be economically
viable because of the scarcity and unreliability of fossil fuels
and their relatively high prices.

The role of nuclear ensrgy as a substifuticon option illustrates
the tachnical and financial difficulties facing devaloping
countries. For example, for developing countries to replace coal
with nuclear power generation by 202% would reguire them to
extend their existing capacity of 14 6W today and 38 GW projected
for 1999 . to 2230 GW by 20235.409 This would require an annual
capital cost of US564 billion and electricity generation costs of
USE170 billion each year {US$ 1987}, 3such a financisl commitment:
is infeasible for most developing countries, as many countries
would not have the access to capital to finmance nuclear resctors,
technoleogy transfers, imported fuel snd expertise and investments
in infrastructure and training: Hany major dsveloping countries
with tnuclear programmes have already been forced to reduce or
phase them out becasuse nuclear plants have besn too costly or
slow toc bujild.

4.1.2 Building/Industrial and Other stationary Uses

Fossil fuels are widely usad for space and water heating in
commarcial and residential buildings. In industry, fossil fuels

pravide heat process energy and feedstock materials. In this
section we will bes mainly concerned with substitution options for
space and water heating and industrial process heat. For theze

applications, the reductign technologies would involve changing
the fuel mix, e.g. introducing combined heat and power {CEP) and
switching from c¢ozl and oil to gas or biomass,. The main
replacement technologies are the various renewable energy options
for both space and water heating and industrial process heat,
passive and active solar heating systems, geothermal processes
and solar thermal energy.

?* Gowen, op. cift.
1% B, Keepin and G. EKats, op. cit.
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SECDH

Table 9 indicates that the industrial and residential/commercial
sectors in the OQBCID accounted for approximately £4% of total Cog

emissions in 19&7. This combined share is expected to fall tao
arcund 32% by 2005, with an ahaolute daeline in the
rasidential /commercial sector. However, fthisz willl still amount

to about the zame level of emissions as power generation f(ca. 1.3
Gtl), which will represent about 13% of total global ©Os
emissions in 2005.

The applications and economics of space/water heating and
industrial process heat wvary significantly from country to
country. Table 21 illustrates theses differences by examining tha
costs per unit of greenhouse gas saved for fuel-switchingg in heat
generation for selected OECD countrises.

In Canada, coal 1is a relatively cheap socurce of ensrgy for
industrial process heat, which makes switching to oil or gas

expenzive option=. The most zttractive options would be to
switch to gas boilers, kilng and dryers {ca. US$40-120/t0
equivalent saved]. Howevar, din the residential and ¢omma=rcial

building sectoxr, the substitution of gas for oil can lead te some
reductions in greenhouse gas ewnissions with substantial econcmic
gains ({(i.e., negative additienal +£ostz of arcund - USS750 to-
US32300/¢C saved). In Germany, some reductions in greenhouse gas
emissions from industrial process hsat could be achisved -through
switching from coal to oil, but the cost would alsc -be high-
{arcound USs300-470/tC saved). Howsver, in CGermany's residentizl
and commercial sechor, switching from coal to oil would produce
C2: savings with economic gaing {(i.s. negative additionzl costs
of arcund - U55145 to - USS180/tC =zaved). In taly, ths bezt
options for hoth the industrizsl and residential/commercial
sectors would be to switch from coal to gas, although the
additional costs din the industrisl sector would bz high {arocund
US31503-425/LC saved}. The additicnal costs per greenhouse gsas
saved for the residential snd commerical =ectors would alsoe be
significant {ga. US565-95/tC saved).

In Japan <oal is a velatively cheap scurce of energy, which makes
switching to oil or gas expensive options for industrial process
hsat. Gas is the cheapest option for reducing greenhouse gas
emissions from boilers and dryers, {i.e., with additional costs
of US5473/tC saved for gas boilers and US$635/tC gaved for gas
dryersa}. Howevalr, a5 a substitution option for cooal cement
kilng, oil is marginally less expensive per tonne of greenhouse
gas emissions saved than gas. The additional costs of switching
from cil to gas in the residential/commercial sector in Japan are
high, from USS$878 to U3$2675/tl saved. In the UK, switching from
ccal  to Jas in both the indugtrial sector and the
residential/commercial sector incurs substantially lower costs
per unit of greenhouse gas sgaved {US345-195/tC saved) than
switching from c¢oal to oil. In the USA, gasz is again the least
expensive substitution option. In the industrial sector costs of
switching from geal to gas are low, randging from USS1324-340/tC
saved. Switching from oil to gas in the residential sectnyr is an

i
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especially attractive option, as gas 1% both a chzaper and
cleaner means of generating haat, with negative additicgnal costs
of reducing CC: emissions from -USSL508 Lo -USS1545/t] gaved.

Cther substitutionm options for greenhouse gas emissions from the
industriagl and rasidential/commercial sectors  din the OECD wouild
come Erom applications of renswable energy and combined heat and
power. Specific examplss from selected OECD countries are
discussed below.

United States

ITn the US3a, 0z smissions from the residential/commercial and
industrial sector accounted for a third of total emissions in
1985 (0.81 GtC/year from a total of 1.25 GtC/yeari. This share
is expected te fall in absolute and relative terms by 2005, but
£+111 remain highly significant with - 02 emissioms of 0.50
GrC/annum.®!l  The renewable energy alternatives to copventional
fo=sil fuels for industrizl process heat include biomass fuels,
geothermal systems and sclar thermal snergy sources {gee Table
223 . 25 wood-fired boilers actually emit more greenhouse gases
per unit of heat generated than convential ceoal boilers, they are
not considered further ax a means of reducing greenhouse gases.
However, ss has been notad earlier, this level of emissions may
bhe an overastimate of the total contribubticon of burning wood
fuels to the levels of greenhouse gases in the atmosphare, dues to
the uptake of carbon during biomass growth.

Of the replacement renewable options for industrial heat
procasses in Tables 22, geothermal tschnslogies currently incur
ralatively low additional costs for reducing gresnhouse gas
emizgions (i.e., minimum costs from UsSS41-100/tC egquivalent
sawved) . These costs are expected to £a11 Furthsr in the future.
However, applications of geothermal energy o industrial heat
processes are liwmited because sufficient rescurce zites may not
bz locatad near main industrial demand centras. AT prezent,
zolar thermal industrial process heat is an expensive substitute
for conventiomal ¢oal technologiss, with costs randgiog from
55150 to U8STASSLC egquivalent saved. Howsver, future
applications of sclar therms]l power to industrial progessas may
benefit from developments in parabolic dishes and solar trough
systems for sclar thermal electricity gensration. The main
constraints on industrial applications of solar thermal energy
remain the need for high direct insolation, storsge capacity for
photolytic detoxification and durable ceollectors that track the
sun.té

In the U3 residentizl/commereial sector reduction of greenhouse
gases by geothermal energy is currently economically attractive.

41 J.A., Bdmunds et.al, op.eit.

12 Tdaho Hational Engineering Laboratery et =1., op. cit,,
Appendix . '
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Switching from 0il to geothermal heat rescurces leads to
substantial savings, that iz, negative additional costs from-
Usg920 to - USS280/tC saved. Stationary thermal use of geothermal
in the residential/commercial bullding sector shows much promise;
however, reservoir temperatures and flow rates, as well as depths
of the resource, vary greatly among geographic lecations, thus
affecting reglonal costs. Greater development 13 expected
initially in the Northeast, Eollowed by the West, with the South
and North Central regicns providing only minimal contributions by
2039, A significant proportien of this devalopment i3 expected
to be heat pumps, with an annual increase of 10-18% in their usze
during the next 20 wears.4?®

Around 37% of total US energy consumption is wused in rezidential
and commercial buildings. Bacause golar building technologies
bave the potential to provide up to 30% of typical new building
heating, <¢ooling and 1lighting reguirements, the potential to
raeduce energy uss in this area 3is encrmous.td There are two
types of golar building technelogies: passive and schtive.
Pasgive solar systems rely entirely on the design of the building
structure, whilst active solar systems wmake use of mechanical
components, such as pumps and fans, to tap or regulate the sun's
Ensrgy.

Some passive Solar designs ecan  be incorporated inte building
design at little or no added cost. The negative additional costs
of replacing 0il hesating/cocling systems by passive -solar
heating/cooling technologies range from - USE533 ta - USSIOT/tC
aguivalent =aved (s=e Table 23]. - However, psssive heating
technologles de fzce some constrsints, including grestest heat
requiremsnts in noerthern latitudes and winter wonths when
insolation is lowest, and limited availability of south—facing
potential glazing area. Further research inte advanced windows
with reduced thermal 1loss, improved ventilation, incorporating
thermal storage into building materials and integrating passive
with active sclar systems may improve the use of passzive solar in
residentigl/commarcial buildings in the future.,4®

Active solar heating and cooling systems Use puwmps or fans for
heat distribution and solar collectors that are distinct from ths
building structure. Currently, these are mors expensive
technologies for heating and cooling than conventional oil fired
systems in residential/commercial buildings. Table 22 indicates
that the minimum additional costs of reducing greenhouse gas
emissgions for space water heating is USS84/tC eguivalent saved,
and for cogling USLZ169/tC saved. However, ths maximum cozts of
these systems are considerably greater, USS1168/tC saved,
reflecting the wide range in heat/cooling generation costs of
active soclar systems,

+3 Ibid., Appendix C.

14 M. Rader et.al, op.clt..

%2 Tdaho Mational Engineering Laboratory et.al, op.cit..
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Active heating shares similar constraints to passive heating, in
that the greatest heat requirement is in northern locations and
vinter months where insclation levels ere lowest.  Active sotar
technolagy also suffers high heat losses when the load is the
greatest. Active cooling systems are constrained by the nsed for
cooling subsystems and higher cperational  texperstures +hat
reduce c¢ollector =fficiency, and by competition from efficient
conventional chillers/heat pPumps . Improving comstruction
materials, such as glazers, absorberz and desiccant materials,
and developing central storage systems and integrated heating and
cooling systems will make active gsolar systems more attractive.15
As ghown in Tabkle 22, active scolar heat/cocling systems are
expected to be economically competitive with convention=sl oil
fired systems 1in the future, with negative sdditional costs
ranging from - US$0.72 to ~ USS$302.6%/tC eguivalent remaved.

United Kingdom

In the UK, €0z emissions from the domestic and industrial sector
amounted tc €5Mt of carbon in 1987, that is 40% of total UK
emissions. Emissions from the industrial - sector have declined
from over 9O0MEC in 1963 to 40Mt in 1287, resulting from fuel
syltehing, a decline in the total manufacturing cutput of *heavy
industry’, and marked structural changas and efficiemcy gains
elsewhere in the sector .97 In contrast, ewmissions of 00: from
the domestic sector have remained remarkably static cver the same
period. However, the constancy of the level of smissziong has
hidden large changes in structure and fuel use, whilst the
number of open coal fires has declinad substantially, central
heating systems are now commonplace in  most homes in  the UE.
Although the widespr=ad switching from o1l toc gag in
residential/commercizl heating has lowersd the levels of COs
emigsions From heating systems, this 83 been offset by
improvementz in heating and comfort stendards, and increases in
the number of houssholds.

Subsmtitution options for induztrial and residentizl/commercial
hieat processes in the UK are givean in Table 23. Combined haat
and power (CHP) systems can make substantisl savings in fuel use
compared to the usual combination of boiler plant for heating and
conventional thermal generation for electricity. The thermal
cutput that is harnessed from an electricity generating plant in
a CHP can replace fuels that would otherwise bz cansumed in heat-
only boilers. When allowance is made for heat recovery, CHP
systemg can run at an efficiency of at least 80% given good
utilization of the thermal output. Conventional coal-fired
electrical powar stations currently operate at 33% efficiency.
The costs and emission levels of small-scale cowbined heat and
power systems {40-60 kW capacities) are compared to conventional
Systems in Table 23, although viable installaticns could range

<€ Idaho National Enginsering Laborateory, =2t. al, op. cit,.

17 UFE Department of Energy, op.cit..
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Tzble }3: COST§ GF SUBSTITUTING FOR cOJ EQUIVALEKT EKISSIQRS OF GHG IN HEAT PROCESSZS. ¥R {1919 VRf:

rdditienal
Gensratizn fasts Compared hddirianal Cascs Additional Costs
fas5ts te Basa GAG Intensity GAG Savwad of GBE Savings  of SRY Savings
I. Fauprfdest UEp/k¥h TEp/ k¥ LCORsGEh 1S ¢34V i £ aex OEESes
Loal power .15 BASE 1362.7} BASE B33E B4SE
fealfeil beiler - HASE 435, 1% BASE BASE BasE
_Gas boiler -- BASE 238 4% BAase BAsE Ba3E
"RERUCTION - CyF
Smalf-scale AP &f J.ot -1 2158 1410.54 “12.M -{4.77
fmabl-scala CHR 3r LI 1.7 51155 1.1 -1e.07 -1,
yddicinna]
Generatiap Costs Tosparad 3ditioral Cosrs Additisazl Casts
Soths o Base GAG Inkemsity . GEG Sived af GRS Savings  of oK% Savings
3, Ras.fCom. UZE/NBEy WRESMRtE kglod featy kqCOfNsEy URT/ECHD UREfLD
Zogl Festars 1.17 BA3E 136,85 .. BA3E RASE B43g
EEFLACENENT - PRSSIVE SaLAR
Orientation 9.99 -7 9.00 128. 8% -5%.91 -H7.4%
Seuth windews 1.57 -5, a0 a.0% 126,41 -3 -151.%5
faef oellectorffan  5.0% 1.47 0.40 16,15 14,7 5.0
3. windows [asz.] 16,75 IG5 G.fif 13a.18 1820 103,50
fanservatary 14.82 1.4 g.0% 128,89 B33 il.6n
Doublz-glazed well 20,71 1154 0.0% 128,29 ibe. 73 L

¥otes: [ Emissions from generabion enlv and axclodes N30,
. If Replaces soal power plus heat froo coalfoil keilers.
3f Replaces coal power plus Beab frow gas bedlers.

Sources: R.b. Evans. Envircncental and Bconemic Implicaticns of S1all Scale AP, Emaroy and Bavironmen:
) Paper 3, E780U, Barwell Laboratary. Oxfard, #arch 1990: TERJOECD, Renewable Seurcas of
Energy, IBA, Paris, 1987: and Yible 11,



from 15 kW in small commercial buildings to over 50 MW on large
induatrial sites.

Gas  ftuelsd combined heat and powsr stations save 1027tC0:
equivalent emissicons per G¥h when replacing c¢eoal powered
glectricity generation and gas boilers, and 1420£00; /29 when
replacing coal generated electricity with coal or oil boilers.
The additiomnal costs of reducing greenhouse gas gmissions by this
substitution option are negative, ranging from - URE45 to-
UEE62/EC eguivalent emisgsions saved.

In the residentigl/commercial sectors 1o the UE passive solar
heat systems compste with conventlonal ¢oal heaters. Therae 1z a
wide wvariety of passive golar technologies that are available,
zome of which are less expensive than coal heaters, others that
are mRore castly., ©Of the chesaper passgive solar options, building
arientation and south facing windows incur negative additional
costs for reducing greenhouse gas ewissions,  from - UEEIEZ to-
UEEI0T /L0 eguivalent sawved. The most expensive opbtlion is doubls
glazed walls, with additional costs of UEE£382/tC saved.

Developing Countries

A8 1n the case of electricity gesperation, domestic/commercial and
industrial use of space and water hestitng/cooling in davelaping
countries will comtinue to rise in  ths future. The ability of
developing countries to reduce these emiszions from replacemant
and reduction technoclogles will sgain depend on the transfer of
technelogies from more daveloped countriss, domestic and
internstiocnal factors, ifacluding the price of o0il, government
intervention in fuel prices and specific site conditions.

China iz distinct among developing countries in that it hsas
significant heating loads ovar much of the country. Total
consumpbtion of enerygy in China has bzen growing rapidly from 293
million tonnes of coal equivalent (mtce) in 1970 to 845 wmtce in
1987 and 3is expsctad to incrsase to between 1.32-2.4 billion tce
by 2000.1% China is currently the third largezt energy consuming
country im the world and up to  75% of its primary energy
requiremsnt is derived from coal. Around £0% of priwmary energy
in China is consumed by the industrial sector, At present, space
neating use, exeluding that for hotels and offices catering for
foreigners, iz constrained by mandatsd coal allocations resulting
in partially . theated buildings with indocor temperatures
significantly below design conditions. '

Insfficiencies are also caused by a pricing structurs that does
not reflect the frus costs of ensrgy production in China.
Distortions in energy pPricing may impact seaverely upon the choice

4t ¥y Joe Huang, "Fotentials For and Barriers to Building
Energy Conservation in China", Contemporary Policy Issues, Vol.
VITI, July 1990, pp.1-18.
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of substitution options 1n hest generstion. For exXamplis,
gwitching from conventional boiler generation in Beijing to
cogeneration or the use of clean ceoal in beoilers reduces anaual
roal consumption by 110,000 and 74, 124 tonnes respectively. The
additional costs per kg of greenhouse gas emissions reduced range
from Yuan ({(Y¥) - 5.67 to Y4.,78/kgC  equivalent zsaved for
cogensration and arocund ¥31/kgC eguivalent saved for c¢lsan coal
{The official exchange rate din 1989 was Y23.73 = UUs§1.00) .49
However, large governmant subsidiez for ¢oal ¢onsumption arxe
making both subkstitution options 1less financially attractive,
although they alsc hide the opportunity costs of the electricity
output forgone from cogeneration. For example, in 19854
@lactricity prices in Chins were only 58% of the long-run
marginal cost of electricity supply.t®?

A recent shtudy of the potential for energy conservation in
regidential foomnercial buildings in China also includes

estimates of some 'bpassive solar' technologiss in terms of the
cost of e¢oal conservation (the Tatico of the annualised cost of
investment to amount of coal saved annually).®l For insvlating
the north walls of buildings this cost was Yuan (Y] 1.40/tonne of
coal saved, for insulating scuth wailg the co=t waz Y4.99/tonne

saved and for deuble glazing Y2.71l/tonne zaved. Translated inte
tonnes of carbon saved, the costs of thesze substitution options
amount to ¥2.12/tC and ¥7.856/tC saved for north and south: wall
insulation respectively, and Y4.11/tC saved for doubls glazing..

Biomass heat gasifiers ars used widely for industrial and
commercial process heat applicatiomz in Brazil, Southeast: Asia
and the Houth Pacific. In large scale industrial processes
biomass heat gasifiers {100kW-1CWW capacity! are substitutes for
fuel ¢il to prowvidse process heat for drying (=.9.. tea, grain,
lumber) ., manufacturing glass, tiles and bricks., producing cement,
processing food and so  on. smaller biomass heat gasifiers are
uz=d for crop drying, baking amd similar applications. These
systems are extremely sensitive to oil prices., wood fusl prices
and gasifier capital <ozt estimates. For example, with a drop in
fuel cil prices from USS30 to USS1S5S per barrel (bhl) (13824
prices} the break even fuel wood price for a moderstely priced
heat gasifier gyatem {USS 25000/CG3/hr) drops £fram USS 3I0/teonne to

1% Derived from estimates by W.0. Spofford, "Least-Cost
Alternative of Space Heating Alternatives in Beijing: The Case of
Cogensration at Shijingshan Power Plant", Working draft,
Regources for the Future, Washington D.C., U3A, March 1990,

% ¥, HKoesmo, "Commercial TYnergy Subsidies in Developing
Countries: Qpportunity for Reform™, Energy Policy, June 1239, pp
244-253.

Y Yu Joe Huang., gp.cit.
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near Eero.%2 The economic feasibility of large scale biomass
gasiflers tends to be more constrained by high oil, biomass and
capital costs than the smaller, remote, rural svefems.

active residential and small commercial sclar water heating
systams operate in many develoving countries. Travge indostrizl
applications of sclar water heating are more constrained by
economie costs, and are highly sensgsitive to the price of oil
based substitute gzystems. For example, Kenyan resgidential solar
heating installations remained sconomically sttractive even when
fuel ¢il prices £l from USES.S/KWh Lo USL4A.4/kWh {1986 prices)
between 1985 and 1986.°° However, if the economic price of
displaced fuel oil remains above US$ 150/tonne of ©il equivalent
{toe}), {i.e., USS 25/bbl fuel oil, 44/kEWh or USS50/mt wood - 1986
prices), exlsting sgolar water heaters in high insolation areas
may be cost-effective for imdustrial process heat in Esnya. A=z
the price of fuel imports have dropped well bhelow US$ 25/bbl many
industrial solar water heating systems are noe longer viable
alternatives to oi) based heating systems. ¢iven that in Eenva
electrical powsr costz: range from WU5¢3 to USeLO/RWL  for
hydropower to USeS-US¢20/kWh for thearmal generation, sclar water
heating systems in high ingelation areas are gften more
economical than eonventional =lectric systems for heating water.
Similar factors are likely to affect zolar cooling systems for
buildings in the industrial, c¢ommercial and rezidentizl sectors
of developing countries.

4.1.3 Transport

There are sssentislly threse options available £for controlling

gresnhouse gas emissicons from fossil fuel use in transportation:

i. improvaements in the fuel gfficiency of wvehicles and
transport sysktems:

ii, switching to mors energy efficient means of travel; and,

iii. converting to alternative fusls that produce 1little or no
gresnhiouse gases. '

Thisz paper will consider only the third option of fuel
substitution. Although trangportation <ontributes only 16% of
global C0=: a2missions, smissieons of NOx and €0 from this zector
are highly significant. On = world scale, transport accounts for
2% of total NOx emissions and 6£0% of total €0 emissions {see
Table 8). Emissions from the transport sector in OFECD countries
are even more signpificant, and account for as much as 22% of COs
emissionsg, 52% of NoOx emissions and 90% of CO enissions {see
Table 9). Although the share of emigsions from the Lransport
sector in developing countries is currently less significant,
they are amxpected to grow rapidly in future years.

(T

2 E. Terrade, M. Mendis and XK. FitZgerald, “impaci of Lower
il Prices on Renewable Energy Technologies", Industry and Energy
Department Working Paper, Energy Series No. S, The World Bank.
Washington D.C., US%:y, May 1989,

#% ibid,,
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The c¢lean fuel substitution options feor replaging greenhousa
emizsions from the fransport sector includs blomasz-based fuels
fe.g., ethanal, methanol, gascline), hydragen {H=) and
electricity from non-fosgil fuel sourges, Zlthough progress has
been made to develop cost-effective clean fusls, technological
and financial constraints often undermine their economic
attractiveness. For example, electric c¢ars sre currently
constrained by their limited range and dJdependence uypoen fossil
fuel generated slectrical power. The remaining alternative fuels
are reducktion =substitutes; that ia, they reduce rather than
replace greenhouse gas emissions per unit of energy substituted.

Table 24 compares the level of CC: eguivalsnt greenhouse gas
emissions from gasoline and diesel from c¢rude oil with clean-fuel
and octher substitutes. The effect of efficisncy improvements in
vehleles i85 also included as a benchmark. In some cases, such as
switching from gasoline to methanol derived from natural gas, the
reduction in emissions may be relatively small  {3%). In
comparison, methanosl derived from <¢oal almost dotbles {0g
egquivglent ewmiszsions=. Similarly, electric +wehicles from the
current fossil fuel power mix would only marginally reduce
emiszions. Although compressed natural gas {(CHG) and liguifiad
natural gas (LNG! could lead to 19% and 5% reducticns
respectively in gresnhouse gas emissicns when substituted. for
gasoline. problems of fuel storage as well zz  the limited range
of natural gas fueled vehicles constrain their potaential.

Hydrogen and elsctric vehicles from non—fossil fuel sources are =
long-term subztitution option. Problemsz with hydrogzsn include
the waight of storasge tanks, which are currsntly 15-20 times the
weight of the stered hydrogen, complications in production from
nuclear and photovoltale sources and difficulties with lsakage
and safety. However, a study in the United States has shown
that, if +the production cost of amorphous silicon PV modules are
reduced from their current cost of USL1.50~1.60 per peak Watt (W}
te USE0.2~0.4/%,, then PV hydrogen could becowe comparable in
cost to other liguid synthetic fuels. The levelized life—-cycle
cogts for owning and operating carg on PV hydrogen compared to
other fuzls also show that, assuming storage and range limits are
solvad, PV hydrogen cars gould becoms an sconomic option.®+

Electric powered vehicles are constrained by range limitations
and development of sufficisntly 1light, compact and powerful
batteries at a low ecost. The most promising option in the near
term is a 'hybrid® car, which combines an electric engine with a
conventional internal combustion engine. The electric engine
could be used in ghert tripse im urban areas, asg it 1is more

i1 J.M. Ogden and R.H. Williaws. "New Prospects for Sclar
Hydrogen Energy: Implications of Advances in Thin-Film solar cell
Technology™, IEA/ODECD Expert Seminar on Energy Technologies to
Eeduce Emissicns of Greenhouse Gases, OECD, Paris, 12-14 2pril
R S
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Table 24

FUBL/ FEEDSTOCE TOTAL SCHANGE
{0z —Equivalent per Mile,
Emisgicons {GT/vyr! mRelative to
Fetroleun

Hydrogen, non-foszil power 0
BVs, non—fozgil power 1/ V;
Methzanol from biomass 0 - 100
Ethanol from biomass 0
O

- 100
- 140

- 140

Gagoline frowm blionass - 104
Double Fleet Efficiency 0,668 - B0
CHe from matural gas 2/ 1.081 - 1%
LNG from natural gas 3/ 1.135 - 15
Methanol from natural gas 1.392 - 2
EVs, current power nix WA Af - 1
Gazoline/diesel from crude oil 1.326 BASE
Methanol from coal _ 2.639 + 493
Liguid Hydrogen frowm coal 3.240 + 143

Hotem:

Source:

1f EV = elecrtric vehicles

2/ CNG = compressed natural gas

3/ LNG = liquified pnatural gas

4/ Depends upon the level penetration assumed possible
for electric vehielas,

Total C0z equivalent emizsions include production,
distribution and end-use emissions of the fuels.
Gresnholiuse gas emissicns included in calculation are
COz, CHs and Nz0. The CO0: equivalent weighting used
for CH«e 1is 11,6 and for N20 iz 173 (7% year time
horizeon assumad].

O, Sperling and M.3. Deluchi, "Transportation Energy
Strategies and the Greenhouse Effect", IEA/QOECD Expert
Seminar on FEnergy Technologies for Reducing Emissions
of Greenhouse Gases, OBCD, Paris, 12-14 April 1989.




efficient and less polluting, and the conventional engine could
be uzed for longer journey¥s and vecharging.s®

Considerable attention has bzen given to biofuels - the liguid
fuels for transportaticon produced from biomass fFeedstocks - as
the most attractive clean fuel substitution option in  the near
term. Fthanol can bke produced from sugar, starch or cellulose
fsedatocks {woed, enexgy crops and wanicipal and other wastes)y.
HMethanol is made from biomass by first gasifving the feedstock to
form a 'syngas' mixture of €O, He, CCz, higher hydrocarbons and
tar. Gagoline can also be produced from hiomassg by eithar
producing first an intermediate biccrude liguid product or by
igolating the hydrocarbon porticon of oils derived from rape seed,
sunflowers, oil palms or even aquatic plants. In ths United
Statesz, it dis esztimated that through intensive rassearch and
developmant biofuels could increase thelr present contribution of
0.07 gquads (1 gquad = 10* = HMBtus) to 2.4 guads in 2010 {over 2%
of total US ensrgy demand) and to 8.4 quads in 2030 {almost &% of
total energy demand} .¥®

However, given current relastive fuel prices, wide-scals adoption
of blafuels is still limited. Ualaszssz the rvecent oll  price risss
are sustained. environmental standards are changed, biofuel
zubsidiss and/or petroleum taxes imposed, or sgignificant c¢ost
reducticns ooccuy for biofuel technolegies, then petreleum
gazceline and diesel fuel will remain the cnly transport fuels
available on a large scalsg and at low prices. Table 25 indicates
the current compastitiveness of biofuels in the Ynited Statez, the
United Eingdom and Weat Gearpany. In nens of tha couniriss aras
ths pricaes of these £fuels comnparable with those of petroleum
gasocline.

However, perhaps the bast lessons to 3ate on the economics of
bigfusl develepment comes from Brazil's sugarcans-to—esthanol
prodramme . Since 1975, Brazil has besen committed to increasing
itz use of sthznol as sn extender for petoleunm derived gascline.
BEthanol production costs in the mid 1980z were estimated to be
UsS0.18 to USS0.48 per litre. However, thesz costs have hesan
highly subsidised in the past - through a guaranteed floor price
of USE0.25 per litre, by providing large ethancl investment loans
at negative real interest rates and by subsidising the industry's
caplital ¢osts, The rationale for subsidies Bstems from low
international prices for sugar, high unemployment In agricultural
areas and wvulnerability to world oil price fluctuations.
Although the ethanoel programme has enabled Bragil's sugarcane
industry to expand and aztrengthen, the programme s5till provides
cnly 3% of agricultural joke in Brazil, mainly through temporary
and seascnal labour demand. Moreover, domesftic price distertions
hias the competitiveness of the ethanol programmes, If the
savings from the recent dec¢lines in world oil prices were passed
on toe  the Brazilian economy, the ethanel programmwe would be

*% GECD/IER Expert Panel on Low Consunption/Low Emission
Automobile, Sumwary Report, ORCD, Paris, 14-15 February 1990.

B¢ Tdasho Naticonal Engineering Daboratory et al., op. ¢it.
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Table 25

Gasoline and Biofuel Prices in U5, UK and YWast Cermany

1. United States

Fual Type 758 per U8 Galign
Gaseline, from biomass 1.60
Bthancol, from corn 1.28
Ethancl, from cellulose 1.%% — 1.325
Methanol, from biomas= 0.60 - 1.70
Gasoline, from petroleum .59

2. United Kipngdom

Fuel Typs UEL per Litzxe
Bthanol, from heet 0.39
Ethancl, from wheat g.28
Gasoline, from petroleum 0.09

3. Hest Germany

Hotes

Source:

Fusl Typs DM per k¥h
Gascline, from rape szeed 0,20 - 0.22
Ethanol, from biomass B.21
Methanol, from natural gas g.4a7
Gaégline, from petroleum .06

A1l pricas are sx-refinery.

Idaho National Engingering Laboratcry. Los &Alamos
National Laboratory, ©Qak Ridge National Laboratory.
Sandia Wational Laboratories and Solar Energy Resestrch
Institute, The Potential of Renewable Energy: _a&n
Interlaboratory White Paper, Sclar EBuergy Research
Institute, Golden, Colorade, March 1990, . Appendix B;
J.BE. Marrow, J. Coombs and E.W. Lees, Arn Assessment of
Bio—Ethanol as _a Transport Fuel in _the UE, Energy
Techinology Support Unit, HMSC, october, 1987;. and, G.
Flob, 6. Bickholf, WM. Riszemann, W¥W. J“rzikalia, M.
Pohlmann and H.J. Wagner, "C0: EReduction Potential
Through Rational EBnergy Ftilization and Hge of
Renewable Sources in the Federal ERepubklic of Germany”.
KFA, Julich, West Germabhy, May 1989.




economically infeasible on a production cost  bagis at 1987 o1l
prices."7

Baged on U8 data, it is possibla +to indicate the cost-
e¢ffectiveness of biofuesls and PV hydrogen as substitutes for
petroleun derived gascline (see Table 26). Of the thrse
replacement Bbiofuel options, ethancel is currently the mo=t
expensive substitute for gasoline and incurs additional costs of
D85 350/tC equivalent of greenhouge gas emissions =zaved.
Gagoline derived from cellulese feedstock 1s marginally less
expansive than ethanol, and in turn methancl is marginally less
a¥pensive than gasoline. Uowever, the costz of =thanel and
gagoline are projected to fall more rapidly in the future than
the coste of methesne, The future additiconal costs of saving
greenhouse gas emissions may range from a maximum of UsSS 73/t0
equivalent for methane to - US542 and -~ USS 50/tC eguivalent

greenhouse gases saved by ethanel and bicmass gasoline:

respectively. The latter twoe options, at lsazt in the United
States, may be the most attractive.

A major ceonstraint for biocfuels iz thet the =conomic Teliability
of feedstock production must be demonstrated if farmers and land
ownars are to commit large land areas to long-term production of
enerdgy crops. Honoculture harbaceous and woody energy <¢rops must
pe produced on a large scale over =n extanded time to demonstrate
the economic viability of several species under a vwvariety of
climatic conditions, exposure to pests and dizsases and
responsivenes to inputs. In countries where thers iz surplus
arable land, such as the United States, the opportunity costs of
diverting land to biofuel feedstock production may be low.
Hoawaver, in fhe more denszely populated Furopsan asconconies, asuch
ag the UE, these costs may increase, In devaloping countries,
the impact on agricultural production, particularly foed, must bs
examined. For example, even in land~abundant Brazil the price
incentives for the sugarcsne ethansl programme may have displaced
food production.?® Algo, the net impact of biofuel feedatocks on
greenhougse gas emissions will depend on  the previous land use.
if bicfuel <rops replace a forest, the difference between the
amcunt of forest carbon rweleasad from forest clearsnce and the
proportionately smaller amount of carbomn fixing c¢rops results in
a one—time net emission of €0z . In addition, there would be a
release of €Oz from the cleared soil, and a large releass of
M. 0@ Cn  the other hand, the national sconomic benefits of

7T M.M. Gowen, op. cif. Despite the posr economics
suggested Dy the Brazilian ethancl programme, other developing
countries such as Argentina, Costa Rica, Kenva, HMalawi, Swaziland
and Zimbabwe have alsoc committed themselves to ethanol production

iR OM. Gowen, op. cikt.

3% D. ©Sperling and M.4. Deluchi, "Transportation Energy
Strategies and the Greenhouse Effect", IEA/OECD Expert Seminar on
Energy Technologies for Reducing Emissions of Greenhouse Gases,
OECD, Paris, 12-14 April 19389,
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Table 26: CURES DF SUBSTITUTING FOR COZ £QUIVALENT EHISSIONS OF GHE IK TRANSPORT FUELS, US (1989 BS4)

Additional
Fupi Costc Cappzred fdditinnzl Cas?s Additiena] Tosts
Crsis te #ase BHE intemsity o Saved of £46 Savings  of BHE Savings
FUEL TYPE EHS%NOte (5% MEtu kaCIZ B LD LoCil2 /KBt H5E4 1002 58/ tC
Gasoline, petrolpwa 8,04 AGE o028 BasE gR5E HASE
REPLACENENT - BIOFUELS L/
Bin Eax sin tax Ri% £a% gin fizd tin pay min G
Etxhanal fc) 18,14 2,49 000 75, 28 73,58 330.74
Ethanal (1) Il 4l -1,13 1.77 3.4 .00 9978 9.EE -11.5% 0 17.B: 4250 8433
tethanel {c) 14,39 0.0 93,28 o7 212,08
Rethannl {f) 1d.44 0 G 5%, 28 17,94 3.4
Gaseiine (e} E5.14 781 .90 99.26 Ta.63 T34
Bacoline (§} 7.1 B.B&  -1.7% .21 3.0 .00 9%.28  F9.28  -13.40 .40 54,11 LIt
KEPLACEREHT - PV HYDGOGEK 2/
ain Rax ELfi tE ain LTl Bin [ £:H4 Rim - EMS gin Bay
Fuel ti) 7.6 TR AN .52 7 05 g.0% §9.28 §O.2B b LI I R T 4. 1

hetese £ = coreent {1999}

i = future (2010}

If Idaho Wational Engineering laboratory, Los Alasos Kational Laboratory, Dak Ridge Hational Laboratory,
Sancia Watipnal Laboratories, Sealar Energy Research Insiitute, The Potenetial of Renewable Energy:
A interlabaratory Rbite Paper, Selar Energy Research Institute, Bolden, felorada, W58,
Harch 1994, Appendix 8.

2f 8. Picrnt, d.A. Boren and H.C. Frey, Emizeions and Cost Estieates for Globally Sipnificant

fnthrepogenic Coskustion Sowrces of Hx, W20, CH4, CO and COZ, Prepares for US Enviroasental

Pratection Agency, Washingkon DC, May 1990,



expanded biofuel use jnclude the development of new domestic fuel
and agro-industry markeats, more efficient wutilization of basgic
commodity byproduct markets, rural employment generation ang
foreign exchange savings through imported fuel displacement.

The future substitution of PY hydrogen for gasoline could be a
relatively cost-effective way of reducing gresnhouse gas
emissions, with additional ecosts ranging from US$ 35-61/:C saved
{see Table 2&}). As noted above, however, these low additional]
costs requive substantial breskthroughs on the costs of this
gubstitute technology.

4.1.4 Switching to a Hydrogen/Methans Economy

The role of advanced oon-fossil fuel technologies, such as PV
hydrogen, as ths means for controlling greenhouse gas ewissions
raises Jong-terr issues over the evolution of energy-economic
zystems. Such technologiss may be the beginning of s ‘new wave'®
of fundamental changss 1n the bagic energy sources we use.

For example, Figure 3 indicates that the long-term avolution of
the world energy system has been away from low ratio hydrogen to
carbon ensrgy¥ sources, such as wood, oozl and oil, towards an
inereasing ratio cof hydrogen to carbon energy sources, such as
na2tural gas (methans}. From this perspective, methans could hs
the transitional hydrocarbon. Future progress may focus . on the .
production of hydrogen from lower carbon content fusls, such as
gas, and ultimately from non-carbon energy sources, such as  solar
and nuclesr energy sources, with hydrogen evolving as the primary
slergy carrier.

ew markets for natursl gas appear to be opening in glectricity
generation and in traasportation, for example as feedstock for
mathanol fuel. One raport sstimates that by the +turn of the
century, the share of gas in the world primary energy demand
zould excesd the shares of coal and oil, peaking at close to 70%
of world primary ensrgy supply, and gas could remain the primary
source of world energy for S50 yzars.e? Matural gas emits only
apout 40% as much greenhcuse gases per unit snergy as cozl (see
Table 13}, and becauss natural gas is more efficient than coal
for many applications, this emission ratio may be =ven lower.
Switching to 2 methane based economy has important implications
for global warming.

It is also suggested that the uss of hydrogen in the sconomy may
grow gignificantly in the Ffuture. Total demand for hydrogen is
sgtimated to increase by 12-17% between 1985 and 2025, with the

% J.H. Ausubel, 2. Grubler, H. Nakicenovic., "Carbon Dioride
Emissions in a Mesthane Economy", Climatic Change, Vol.132, pp 245-
263, 1928,
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majority of this growth from indirect energy demand.®! Currently
the main uses of hydrogen 1in the economy are 4in  ammeonia
synthetics, methanol synthetics and o0il refining. In the
petroleun and coal industries bhydrogen iz increazingly reguired
to improve yields through upgrading the hydrogen-carbon ratio of
the fuels. The demand for hydrogen ag a fuel for domeztic and
commercial heating is likely to emerge and becoms significant in
the futura. For example, in Denmark, hydrogen has bsen added to
natural gaz supplies, up to about 210% of volume, without the neead
for major medifications te existing appliances. Hydrogen may
also have an important role in the future as an energy carrier as
it can be stored and transported relatively =asily and may have a
lower Etransmissgion ¢oast than electricity. However, 1f khs
gelectricity firsft haz to be converted intge hydreogsn for
tranmisaion apd  then back to electricity for end use, the total
costs of this system may make hydrogen economically unattractive
a8 an energy carrier.

Compared to other energy use sectors, such as space heating and
industrial process heat, transport is particuarly dependant upon
liguid fusls. The usze of liguid hydrogen in alrcraft may be
economically attragtive as it iz likelw to have superior
technical characteristiecs over conventionsl fuelg which result in

lower direct operating costs for aircrafts. Any new
infrastructure reguired to accomodate hydrogen fuelled planss may
oifset reductions in operating cosis, A2 noted =bove, hydrogen

can also be used as a vehicle fusl in most conventiocnal imternal
combusticn engines with only minor woedifications, and. could
become competitive with alternative synthetic fuels in the future
{see Section 4.1.3 and Table 26} .52 :

Hydrogen ¢an be produced from a range of sources, including
hydrocarbong, elachtrolyvsizs of water, direct usse of nuagclear heat
by thermochemical eycles and catalytic photolysis using sclar
ENEergy. Xz noted 1in Section 4.1.3, elesctrolytic hydrogen
produced Lrom photoveltaic¢ (PV) electricity has environmental
advantages over foss5i) fuel-based energy supply opticns. When
hydrogsn is burned in the air ths primary combustion product is
water vapour with tracss of NOx. If hydrogen iz produced wvia
slectralysis from PV electricity no carbon dioxide gases would be
emitted in dits production or combustion. Therefore, hydrogen
from PV electrolysis is an energy substitute optionm that replaces
greenhouse gasz emissions per unit of energy consuned. Given
advancas in thin-film salar technolsgy. the <ozt of producing

"1 K. F. Langely, "The Future REele of Hydrogen in the UE
Energy Economy”, Energy Technology Support Unit, Harwell, Oxford.

B2 J. OQgden apmd RB. Williams, "New Prospectz for Sslar
Hydrogen Energy: Implicaticons of Advances in Thin Film Solar Cell
Technology"”, Centre for Eneray and Envircoomental Studies,

Princeton Uniwversity, New Jersey, USA, IEA/OECD Expert Seminar on
Energy Technologles %o Reduce Greepbhouse Cases, OBCD, Paris,
April 12-14, 1989,



hydrogen from PV {USS10.1-15.5/GJ, 1990U8S8) iz cheaper than from

nuclaar-hased alectrolytic hydrogen {Us&26.7/GT) from
hyvdroelectric socureces (UUS323.4-22.9/6J3) and from wind savrcers
{USS1I8.9-22,3/GJ).5® If these taechnological advances are
realised, then PV hydrogsn could potentially become a cost-
effective sconomv-wide way of controlling gresnliotss  oae
emlssions.

4.2 CFg Substitution Options

4.2.3 Introduction

Under the terms of the Montreal Protocsl, signatories have agreed
t¢ reduce the consumption of five major chloreflusrscarbons
{CFC2) and threes important halons with effect from January 1939.
The consumption, defined as production plus imports minus
exports, is to be progressively reduced, so that by 1998 it will

be only 15% of its July 128 level. These terms apply to
signatories which sare generally regardsed as devalopsd couniries,
with separate terms applying to ‘'developing countries'. The

latter are defined as those having a per capita consumption of
CFCs of 0.3 kg. They are permitted ten years to arrive at the
same reduction in consumption. 4

The reasons for sseking controls on the use of CFCz are well
known - damage to the azone layer results in increased incidence
of skin melanomas, cataracts and related diseases. Furthesrmore,
it damages the tropospheric ozone layer, with attendant damage to
agriculture. Finally, as has been shown in Secticn 2, CFCs are a
major contributor to glebal warming and climate change. Although
this iz generally accepted, and a convention has been reached,
wnich was signed by 3§ countries, accounting for as much asz 20%
of the consumption of the regulated substances, & propsr benefit
cost analysis was never carried ouft, comparing costs and benefits
on a ¢global scale. In the United States, however, such studies
were c¢arried out. One major study was that of the Environmental
Protection Agency, which showed benefitz of control to be
massively in excess of potential costs - by a factor of over 150
in many scenarios,5%? On this bazisz, it was decided by tha
Economic Panel of the United Nations Environment Programms {UNEP)
that a global =tudy could bhe avoided. In any event, the data
reguired to carry it out were simply not available, Part of the
relevant information %has been collected, at least on the cost

6§3.J,. Ogden et.al, op.cit..

%4 In addition, developing countries have a few other
concessions -  such &5 productlon above the 1986 level being
permitted in the interim phase.

6% See Environmentasl Protection 3Agency., Regulatory Impact
Analysis Protection of gtratospheric  Ozone. Vols I-ITT,
Washington DC., 19487,

40

T T—




side in the last vear or so but it is still inadeguate to conduct
a proper bsnefit cost exercise for all c¢ountries {or even a
majority of them!}.

In this s#ection, the issuesg involved in the estimaticon of +ha
caste are discussed and some 1llustrative figures presented. As
has been stated above, no full scals cost estimation exercise
exists, The key issues that nsed to be addressed are:

a} how doez one deal with uncertainty regarding the costz of
substitution? Much of ths substitute substances and technology
are only just being developed and their ¢osts are uacertain:

b) how doss one address the guestion of afficiency in
substitution? As the procegs of subgtitution takes place, will
private incentives snzure that tha laast zostly dynamic path is
chosen, and 1f not what instruments ars needed to ensure such a
path;

¢} theve is a2 distinction, at least at the political level,
between the costsz of aubstitution in developing ceountriss and
those in developed countries. The former are claiming some
azslstance with technelogy transfer and arguing that the process
o substituwtion iwmposes Dbroader costs of ratardsd Aevelopment
upon  them. How far is this true and what policiss can ons
implamant to reduce such ¢osts to a ninimum? :

4.2.2 Major Categories of Costs

To reduce the use of CFCs over a period of time, costs will be
incurred io the following aress:

* gosts of using higher cost substitutes;

# goats of adjustments in the industries using CFCs znd halons az
inputs;

* differantial costs of operating squipment with the zubstitutes;
* gosts of amortising existing CFC production capacity faster
than would otheprwisse be the case; and

* the costs of information collection in this area.

Each of theses is discussed in greater detail below.

fosts of Using Higher Cost Substitutes

Chemical companiesz are activaely involved in developing
substitutes to CFCs at the pregant time. In gome applications
{e.g. aerosols}, the substitutes are already there and are
cheaper than the CFCs they replace; in others (e.g. solvents) the
gubstitutes exist but are wmore expensive than the CFCs: and in
some applications such as refrigeration. adeguate substitutas
have yet +to be developesd, Table 27 gives the existing costs of
substitutes as of last year. Recall that existing CFCz currentiy
cost about $51.% a kile for CFCll and CFCLZ.

£1



Takle 27

Incremental Costs of Substitutes for CFCs
and Dates of Availability

Additiocnal Cost Available Dates

{$/Kg.}

Aerocaols Nil Available Now
Ind. Refrigerants 0.95 1995
Solvents 1.1% 1993
Non-Rigid Foam Blowing agents 1.7%5-—0.2 1990->199%
Rigid Foam Blowing Agents 1.75->0.8 1990-5>1998
comfort Airconditicning '1,45->0.95 1990->1298
Domestic Refrigeration 14.60->11.90 199551998
Mobile Airconditioning 12.25-310.95 1994-31%998

Source: Mckinsevy & Co.., Protecting the Global Atmosphere: Funding
Machanisms, Second Intexim Report to the Ministerial Confsrence
or Atmospheric Pollution and Climate Change, The Hague,
Matherlands, 1989,

Notes: Where more than one figurs i=z given, the cost iz axpected
to fall from the higher to the lower figure., The datez at which
the two figures apply are given in ths second colunn.



2s with all new chemical products, the price ig expacted to fall
over time as productien increases. For CFPC11l and CFC1Z2, a
learning curve was fitted and a log linsar relationship was found
to hold, for s large range, between coumulative production and
price. The elasticity estimated indicated that for every
doubling of cumulative production, price fell by about 20 to 30%.
Hence there is an  incentive to wait for pricesg to fall before
moving profuction to Che substiftute. How this will affect the
rate of subgtitution will depend vwvery much on what the
governments, who have zigned the agreement, create in the way of
incentive structures for users to substitute the new products,

At present these have not fully evolved but there are clearly
trade—offz that need to be examined. Assuming: a) 8 terminal
date of 1998 for achieving a given overall reduction in
consumption of 85%, b)) different substitution c¢osts in  each of
the uses, ¢} given demand profiles for each of the products
involved and d) given profiles for the prices of substitutes
a2long the lines indicated above, there is a straightforward

dynamnic optimisation prablem bass on minimising expected
discounted pressnt wvalue of rco=ts. The solutionsz to such a
problem are being examined, along with the supporting imcentiwve
structures . »% The results of that ressarch are not yet

completed, but what emerges is that it is not generally deszirable
to foous on substituting the cheapest alternatives first, leaving
the most expensive to the last. The lIeast ecost substitution
profile depends, among other factors, on the size of sach markst,
the relative initial cost differentials, and the expected rate of
fall in price. In addition, & zimple CFC tax will not in genersl
engure the realisation of the optimal profils. The instrunents
reguired include differential taxes/subsidiss on different uses.

Costs of Adjustments jn  the Indugtriss Uging CFCs and Halons as
Tnputs

Table 28 szhows the main industriss which use ¢FCs  and ths
techhological possibilities for substituiion withip them. Thase

will necessarily entail eosts, arising from changes im
maintenance practices, 1in production proceszes and in oparating
costs of the new eguipment used [(mainly energy costs). At

present it iz difficult to say how large these costs will be.
Some estimates have been made by the EBPAST  for individual
products and these are given below:

tevopols:
Plant relocation or added £illing room: $25,.000-3750,000
accogrding to plant size

¢ M. Markandya and M, Pemberton, "Dynamic Optimization and
the Contrel in the Use of CFCs", mimeo, Unviverslty College
London, 1990,

*7 Environmental Protection Agency, "Capital fosts of CFC
Reductions for the First Three Years", mimes, Washington DC, 1990.



Table 238

Techngloaical Substitution Possibilities with CFCs

SECTOR

Domestic

Refrigeration

Commercial

Refrigeration

Refrigerated
Transoort

Cold Storage

SAVINGS POSSIBLE WITH
EXISTING FQUIPMENT

Recycling of CFC'S
puassible; cosis under
investigation.

Minor technical

“adjustments to reduce

CFG'S use or
emission. Recycling
of CFG'S upon
disposal of unit,
Substitution of CFC'S
with alternative
refrigerants possibie
but costiy.

Minar technical
adjustments,
recycling.

Minor technical
adjustments,
recvcling, use of CFC
substituies.

FROSPECTS OF
SUBSTITUTES TO
CFCS

Severy]
alternative
refrigerants
should be
availabla by
1995, But they

will be costly.

Two costly
refrigerants
should be
available by
1995,

Good. Several
alternative
refrigaerants

now in testing.

Available late
1940g,

Good. Several
glternative
refrigerants

now in testing.

Availabie late
19490s,

CHANGES USE OF CFC
SUBSTITUTES WILL
ENTATL

New equipment
requirad, will
probabty reduce
energy efficiency.

Hew equipment
required for optimal
use of CFC
substitutes. Cost
increase for new
equipment estimated
at 10-20%. Drop in
oparating costs
expacted.

New eguipment
requirad, No certain
cost estimates
availahle. Effective
replacement, costs
high due to extended
Tifetime of existing
equipment.

New equipment will be
more enargy efficient
but costly. Effective
replacement costs
high, again due to
extended Tifetime of
existing eguimment
(avg. 15 yrs.)



SECTOR

Comfort Air
Conditioning

Industrial
Refriqgeration

Heat Pumps Used

Eor Heating

Mobile Adr
Coenditioning

Rigid and
Flexibie Foams

Electronic
Deareaging and
Ory Cleaning
Solvents

SAVINGS POSSIBLE WITH
EXISTING EQUIPMENT .

Hecveling. leakage
raduction, and use of
CFC substitutes
possible but costiy.

Improved maintenance,
recycling, and use of
LFC substituies.

Improved maintenance,

Technical adjustments
{some major), use of
CEC suhstitutes (some
options very costlyl.

Use of GFC
substitutes
{including water),

Recovery of solvent
Tosems, usa of CFG
substitutes
(including water).

PROSPECTS OF
SUBBTITUTES TO
GEGS

Gopd. Several
altarpative
conlants now in
testing.
Available early
19¢0s.

Alternative
refrigerants
now in testing,
Avatilable mid-
1590s.

Good CFC

substituies
should be
available by
1993.

Good. CFC
substitutes
should be
available by
1R85,

Good. CFC
substitutes
should bs
available by
earty 1940s,

Good. Many
alternative
cleaning
solutions
aiready in use,.

CHANGES USE OF CFC
SUBSTITUTES WILL
ENTATLL

New aeguipment
raquired far optimal
use of CFC
substitutas. Ho
certain cost
astimates avaiiable,

Ko furthar
information
geniTable,

New equipment
reguired. Ho cost
estimates avafiable.

New eqUipment
required for optimal
use of CFC
substitutes. Added
cost 530100 per
vehicle,

New equipment
required for Lotal
glimination of CFC'S,

Mew aguipment
required for some
industrial uses {i.e.
dry ¢leaning). Costs
significant but not
spacified,



Aerosols

Sterilants

EXISTING EQUIFMENT

Use of CFC
substitutes

Use af CFC

suhstitutes,
technical
adjustments,

FROSPECTS OF
SUBSTITUTES TO
gFcs

Excellent., Many
non-GCFC gas
propallants or
pUMpS Now
availablie with
few tachnical
tmpediments.

Excellent. Many
CFG substitutes
now available,
nthers in

deve lopment. ,

CHANGES USE OF ¢Fp
SUBSTITUTES WILL
ENTATL

Hew equipment
required in many
instances, but not
significantly costiy:
Cost of final aerosol
product genaraliy
less than
correspanding CFC-
using product.

Few changes required,
total CFC replacement
feasible using
already existing
technoTogy.,

Source: Markandya, A. (1990), The Costs to Developing Countries of Joining
the Montreal Protocol, UNEP, Mairobi.




Facllities for use of compressed gas as propellant: 545, 000-
$125,000 according to plant size

Foams:
Packaging Facilities: $50,000-5150,000 according to plant size

Household Refrigefatiqg:
Cogts of new compressors etc,: §30,000 per plant

Mobile Rir-Conditioning:
Fer machine retrofitted: &1,000-82,500

Solvents:
Use of aquecus cleaning systems: 310,000-3120,000 per machins
Replacement of Engineering Controls: §1,900-360,000 per machins

Halong:
Recycling o¢f portable and wheeled units: §1,000-%$3,000 per

machine

The key point fto nots about these costs is that they need not all
be Ineurred initially, and that the optimisation problem of
replacing CFCs with substitutes extends to replacing existing
CFC-using production processes with those using substitute
technoelogy. For axample, there would not normally be any nezd to
retrofit wuch of the airconditioning or refrigeration equipmant,
if new eguipment operating on substitutes could ke brought into

uge guickly enough. This would imply higher costs in new
manufacturing and faster amortisation of existing =quipment, but
lower costs on retrofitiing. The 1ssue is one of optimisation

which hag not bsen carried gut.

Differentisl Costs of Operating Baguipment with the Substitutes

In some ©f the earlier research it was srgued that sgquipment
using substitutes, particularly in refrigeration, would involve
higher snergy c<osts of operation.®® However, thls view has been
challenged and the current comsensus 1s that there probahly would
net be much in the way of additional energy costs inveslwved in the
transfer, In fact socma of the wrototype refrigerators are more
enargy =Lficient than ths cones they replace.

Costs of Amortising Existing CFC Production Capacity Faster than
Would Ctherwise be the Case

In developed countries with manufacturing facilities for CFCs
(principally France, Germany, Italy, UE, USA), the lead time in
arriving at the Montreal Protoccol has been long encugh for there

% See for example, United Nations Enviromument Programme,
Economic Panel Report: Pursuant to Article £ of the Montreal
Frotoesl on  Substances that Deplete the Qzone layer, Vols. 1-3,
Nzirobi, 1990. Also, U.$. Congress, An inalysis of the Montreal
Erotocol on Substances that Deplete the Ozone Laver, Office of
Technology Assessment, Washingtonm D¢, 1928,
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not to be = need o amortise plants faster than would otherwise
have besen the gaze. In any event many of the new plants are
‘swing plants' <capakle of  suitching teo the produstion of non-
bafned matarials. This is alsc the case with some of the new
facilities set up in India and China. In other devzloping
countries with such facilities, there mav ho 2 nesd for cavlieor
cilosedown, but it iz not 1likely to amount to & large figure. If
plants have an sconomic 1life of 25 vears., and the terms of the
agreament would allow them production for the next 18 years. the
maximum shortening of the 1ife could bhe 7 years. A5 substitutes
develop and become cheaper, the economic }life will be shortened
by mare than that anyway.

The Costs of Informaticn Collectioh

From the discussion so far, it is clear that there iz a great
need for information collection in this zrea. The costsz of that
should properly ba attributed to the substitution. Firom recent
discugsicn of the Parties to the Montraal Frotocol, a budget for
such information gathering has hbeaen esgtsbhlished at around 514
million over the next three years.

4.2.3 Costs to Developing Countries

Az part of the attempt to en¢ourage non-signatories to the
Montreal Protocol {notably India, China and Brazil), the Farties
to the Protoccl attempted to estimate the costsz of meeting the
terms and reducing their use of CFCs by 2008 in  the prescribed
manssi, Tnitizlly thiz exercise was carried out for all
devaloping countriszg in the aggregate, and subsequently a number
of gountry <¢ase studies were comwissioned for key and "typlcoal’
countriss. The results of these studiss showsd the following:®®

a; for all developing countries, the Jdiscounted present
walve of ooats of the mors expensive substitutes would amount to
around 81.8 billion. However it iz possible that the total cost
would bBe much less than this: '

L} or tha newxt three vears the costs of restructuring
industry and ¢raining personnel in the uge of alternative
tachnologies would amount to between S210 mnmillion and $280
million.

Tt is important to smphasise that such cogt calculations are very
approximata. The figure of 51.8% billion was based on soms
limitad optimisation of the shift to substitutes over the
permitted interval. However, the parameters of such ¢ptimisation

5% These figures are taken from A, Harkandva, The {ostz to
Developing Countries of Joining the Montreal Protocgl, UNEP and
EPA, Nairobdi, 19940. Individual country case studies are still
being reviewed and their results are not as yet avallable,
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are complax and a number of parameters were nol includad, zuch as
the rate of retrofitting and the soope for recycling.

One isgsue which divides the position of developing countries and
the need to minimise costs of substitution is that of importing
the substitute products versus manufacturing them domestically in
the developing countries. Cost considerations would suggest that
they be imported - there are significant economies of scale and
the pharmaceutical companies would not release their patents
without substantial payment. flowaver, +the pressure not to
increase imports, and the fears of technoleogical dominance lead
developing countries to demand that the technology be transferred
and the 'assiztance' package ba hased on  the ecests of
menufacturing the products din  thelr countries. Clearly this
would raise the cost considerably. The figures referred to above
are not based on guch domestic production, but on importation
from the cheapest source.

4.3 Methane Substitution Options

Sources of methane emissions are shown in Table 28, As with
carbon, there are sinks corresponding to emissions, but emissions
levels currently sxceed absorptions so that methane is increasing
in net terms. Gloebally, the deminant sourees apre anaerchic
processes in wetlands and rice paddies; “which account for over
40% of emissions. Enteric fermentation in animals accounts for a
further 15%, with gas drilling, biomass burning, termites, .
landfills and coalmines being of roughly egual importance at
around 7-9% each of totsl emissicns.

The picture withic a single industrizlised nation is rather
differsnt. Table 30 shows sourcas for the United Eingdom.
Hethane from cozsl mines accounts for one guartsr of emissions,
and livestock and other animals account for some 26%. Landfill
scoounts for a further 25%, In terms of substitution
technologies, it is evident that the following measures need to
he svaluated:

i. wasta recycling and reduction te reduce 1landfill wasta
dizpossl;

il. recovery of methane gasg from landfill sites:

iil. extraction and recevery of methane from coalmines;
iv. mors efficient use of animal feed;

V. reduced gas pipe leakages:

vi. gas recovery as oppesed to flaring at drilling sites;

vii. switching from coal, oil and gas to renewable energy
technolgies;

At the more pervaszive lavael, majoer reductions in methans
enissions would require changes in agricultural practice and in
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Takles 29

Exlimated Sources and Sinks of Methans

Annual Relaasa [(Tg CHé}f Rangsa {Tg CH&}!

Source

Natural Wetlands {bogs, T o115 {22%) 100-200
swamps, tundra,eto)

Rica Paddiss- 110 {21%) ~25-170
Enterlc Fermentation Y (15%!} £5-100
{animals]

535 Drilling,venting. 45 { 9%) 25- 50
transmission :

Biowags Burning 40 [ 8%} 20- 89
Termites &0 { 8%) 10-100
Landfills ' - 40 { 8%) 20~ 7
Coal Mining ' 25 { 7%) 17— 50
oeans _ ic 5— 20
Freshwaters ) 1- 25

CH4 Hydrate

Destabilization 5 0-1c0
Total 525 : 400-600
Sink

Eemoval by =zoils ? 7

Ezaction with hydroxyl
radicals in the
atmosphers 500 _ 400-6400

Atmospheric Incrasses 14 40— 438

Sourece: IPCC, Working Group 1, 1990,



Table 20

UE anthropogenic Emisgions of Methane

Source Emissiong MT as methane
Landf£ill 0.71& 22%

Cattle 0.7922 25$.

QOther Animals 0.348 11y

Coal Mines 0.830 25%
Flaring and Venting 0.219 7

Gas Leakage 0,345 11%

Road Transport | 0.021 {1%

Other  0.002 negligibla
Total Z.273

Source: &. Thurlow {ed}, Technological Reponses to the Greenhouse
Effect, Rooster Books Ltd, Eoyston, 1999,




the ocutput mix, notably away from meat and paddy rice. The
prospects for this are. predictably, fairly small once eultural,
instituticnzal and political actors  arc comnsidersd. Towever,
greater scope exists for changing agricultural practicez since
methan=s emissions from rice paddies are sensitive to levels of
fertiliser use and manzocement of irrigation weter flows. Pus the
exact scope for change is unknown given that rice paddy ms=thane
emission data have so far not been obtained from Asia which has

around %0% of the world's rice paddy harvest . 77

Preliminary esconemic analyses in the UK suggsst that landfill
waste can be reduced at zero incremental <cost given that
recyeling rates ars, in  any event, Judged to he below their
economic optimum. Landfill gas recovery can be obtained at
fairly modest cost, but recovery of methane from coal mines is
thought to be severly limited in scope, i.e. there are technical
barriera {o recovery.

79, Ses TPCC, Working Croup 1, 1990, para 1.3.3.2.
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5. CONCLUSTONS AND POLICY RECOMMENDATIONS

5.1 Cost Curves and Cost Analysis

Cost analysis of greenhouse gas= contiol options is s prereguisite
of a rational approach to global warming and stratospheric ozone
depletion. Twa broad philosophies of control have tended to
emerge. The first is the cost-benefit approach and the second is
what might he termed the ‘'critical loads® approeach. Inm the
former case, costs of controlling greenhouse gas emissicns, and
costs of adapting toc global warming, are compared to the aveided
damage. Policy cholices should then centre on the point where aet
glabal benefits are maximised, subjsct to other social goals such

as distributional imcidence, In the cost-benefit approach, the
determination of <¢ontrol costs - including substitution costs-—

is self-evidently important.

In the critical loads approach, thresgholds in the warming-damage
function are . identified and policy aims for levels of warming
below thresholds which are marked by gquantam changes in damage,
together with a safety margin. Critical loads approaches
tharefore tYend to identify egither dicontinuities in tha danmage
function, or ‘'knees' where =z continuous damzge function shows a
mgirked changs in the rate of c¢hange. Economists sre typically
suspicious of critical loads because of the generzl abgence of
anything that saaks to identify net henefit functions.
Seientists, especially ecologists, tend to be sguspicicus of the
economi=ts' belief that .damags functions are continous,
particularly in the context of enviromomental change of which the
world has no prior experience. This iz of course especially true
of glokal warming. Howavar, s&ven with the critical losds
approach, it is essential te identify cost functions and to seek
the minimum <ogt combination of amelicrative measurses. Even if
the critical loads approach risks inefficiency, there is 1ittle
point In adding to it by a failure to ldentify minimuam abatement
costs {'R-inefficiency'}).

4 further resson for cost determination is that policy—makers
seel guidance not just on targets ({which ig what the cost-benefit
and critical loads approaches are primavily designed to identifwl
but alsc on the seguencing of control measures. The minimum cost
regquirement can be stated more formslly asz one of minimising the
present wvalue of the costs of achieving target reductions,
although the present value formulation raisas igsues of
intergenerational fairness."! The general reguirement for policy
makers, then, is to determine a cost function of the form shown

*1 Thus, undser the present wvalue approach, costs borne by
future generations are discounted back to the present. By
adaopting low cost measzures first, future gensrations will face
possible high cost zolutions o further contain global warming.
Offsetting this, technological change should keep futurs costs
down and, of course, future generations are the primary
beneficiaries of currant policies to contain global warming.

47



in Figure 4. C0z —egquivalents are shown on the horizontal axis
and dollar costs on the wvertical axis. FEach 'block’ on the cost
function repreesents a CC: —reducing tcocknelogy znd £he dollsr ~aoss
per unit greenhouse gas saved is then caleulated as:

PV Cost Substitute - PV Cost Greenhouss Gsg Terchnologw
Change in Greenhouse Gas Emissions

The scale of the blocks is determined by the extent to which the
relevant technolegy can be introduced. Typically, we would
axpect technoclogy penetration to be limited by wvariocus factors-
geographical ({e.g. for wind and wave energy), institutional
{acceptability of nuclear power, for exampls), market factors
{e.g. scale of base 1load electricity market}) and so onm. Within
the blocks costs will vary s#o that the 'tops' of the blocks are
at best an average of varvying marginal costs.

Figure 5 highlights one of the features of the greenhouse gas
dekate which 1s, in fact, highly rewiniscent of the snergy
conservation debate . of the 1970s. Some authorities helieve that
there sre widespread measures that can be undsrtsken to reduce
greenhouse gsasses at negative cost, i.z. sxpenditures would be -

mere than offset by purely private returns. Greenhou=se gas
raduction tends then +to be a further benefit. If this is
correct, curve B would be relevant to policy-making. But if

negative cost functions exist it i& pertinent te ask why such
measures have noet automatically been undertaken in the context of
pure market forcesz. Views differ between the canps. Advocates
of the negative cost view tend to argue that ths negative cosat
technoleogies are generally energy conservsiion weasures, and that
enerdy conservation markets are in diseguilibrium. Alternatiwvely,
or 1in additiom, they argue that market imparfectiomns, =.qg.
information daeficiencies, inhibit consarvation MEASUTESs .
Disbeliesvers argue that the shaded area in Figurs 5 is imaginary
and that true cost functiony are more 1ike A. The shaded srea is
imaginary because thers are in fact hidden cests not being
aceounted for in the cost function A.

It zseems likely that the debats over the nature of ths cost curve
directly concerns conservaticn measures more that substitutes,
But 1n anether respact thes debate re—emergss in the contaxt of
substitutes, As noted 1in previous sections, the costs survayed
in this report have bean the direct resource costs. Yet the
substitute technologies themsleves have gocial costs, e.g. the
perceived risks of nuclear power, impact of tidal barrag=ss on
wildlife habitats, and so on. Technically, the relevant cost
function neeeds to bhe defined in terms of sccial costs, not

resource costs zlone, A final feature of focussing on resocurce
costs alone is that it dignores second and third-order cost
impacts on other sectors of the economy. Strictly what i=

required is a multi-sectoral general squilibrium model in which
it is possible to identify cost impacts bevond the immediate
rescurce costs of technology substitution. Such wmodels exist and
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some Hhave heen supplemented by environmental benefit zstimates.??
As far as we know , however, no model has yet besn  ‘run' with
technology substityution scenarics, although this would ssem to be
feazible. '

Some fairly simplistic attempts have been made to estimate cost

functions of the form shown in Figures 4 zand 5, Figures £-2
provide indicative examples for OBCI, Eastern Europe and the
‘rest of the world',?? The <curves shown tend to suggest that

energy conservation measures are likely to be nmors cost-effective
than technolegy substitution for initial €0; reduction measures,

and this is borne out by other studies,. CPC  substitution also
appears 83 & low cost 'msolution', at leasgt for a great many uses
of Cris. Bevond these observaticns, available data make
spacification of credible marginal vcost funtctions extremely
difficult, Figures 6-8 are regarded by their authors as
indicativa only. Two UK ¢ost functions are shown if Figures 9

and 10. Figure 2 represgents a government viewpoint, and Figurs
1% an envirommentalist oroup's viewpoint.¥t (Clearly, as might be
expacted, official and envirocnmentalist estimatas diverge
markedly. The official wview on nuclear power has changed,
nowever, and the marked preference for nuclear technology is
rerhaps not as strong as 1z shown in Figure 9. Note alsc that
Figurs 10 contains BTV conservation technologies din
considerable detsil, whereas Figure 9 has energy conservation in
general {at an agreed negative cost) but with substantial
uncertalnty about cost and scale of potential penetraticon.

5.2 Ceonclusions on Greenhousze Gas Substitution Cptions

The results of this study confirm that technelegy substitution
options for greenhouge gag abatement are Jlikely o remain

relstively expensive in the near term. Tke excepticons may be
fossil-fuel switching, #.g. from coal Lo advanced gas
techneologies, passive solar and CFC zsubstitution. Indead, our

findings suggest that some of these options may actuslly yield
economlc savings. What is more, gilven the rapid changes in the
technology and <osts of various substitutien optionz, a wide

72 See, for example, 5. ‘Glomsrad et al, "Stabilization of
Emissions of CD2: a Computable General PFguilibrium Assessment’,
Norwegian Central Bureau of Statistics, Osle, Discussion paper
Ne. 4%, April 1990.

" Figures €-8 are taken from Mckinsey and Co, Protecting
the Global Environment: Funding Mechanisms, Prepared for the
Ministerial Conference on Atmospheric Pellution and Climatic
Change, Noordwijk, the Netherlands, November 1989,

74 Figure 2 is derived from data in UK Department of Energy,
An Evaluaetion of Energy Related Greephouse Gas  Emissions and
Measures o Ameliorate Them, Energy Paper 58, HMSO, London 19&£%.
Figure 10 iz taken from T. Jackson and &. Roberts, Gettiang Out of
the Greenhouge, Friends of the Barth, London, December 1989.
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spectrum of greenhouse gas substitution options may becone
economically attractive akatement strategy in the long run,
There are several factors pointing to this trend:

i. Wa are clearly at an important watershed for most
technological developments. Significant substituticn
technologies are beginning to achisve market penstration on
a large =cale. For axample, az indicated in Figure 1., many
critical repnewable energy technologies for replacing fossgil
fuels are at a critical transition phase of developmsnt
between proven capabllity and future supplies.

ii. Once markst penstraticon iz asszsured, both economiszs of =cals
and improved reliability may lead to szubstantial co=zt
reductions in many advanced technologiss at a rapid rate.? "
However, technologie= with high =ocial costs, such as
nuclear power and possibly  tidal energy,. will benefit less

from economiss of scale, as these obviously only impact on
direct ressource costs. S1uitable land avallability is
ancther factor affecting s=ome technologies, such as

photovoltaic power, biomaszs and wind energy.?t

iii. Costz will wvary significantly from country to country and
even from ragion o region within ¢ountries. Therefore,
aomae substitution options may be more cost-effective in
rertain countriss or lIoscations rather than in othears.
Rational greanhouss gas abatement strategies should taks
advantage of geographic—=specific potentials for
substitution.

iv. Current cost estimates for substitutien technologlies are
necessarily based on projections of future prices and policy
interventions. Most projactions are conservative. For
example, for the energy =zector, future fosgil fuel prices
are assumed to remaln constant in real terms,  or rise
slightly, and currenat enesrgy policies are assumsd Lo
continus. However, in the Iong run, future scarecity or
market imperfectionsg for fo=zil fuels - or political =svents

TS For example, . Anderson., "Photoveltaics: A2 Review of
Costs", Draft paper., University College, London, June 1990 notes
that, in addition to the +technical advances in manufacturing
processes, materials, c¢ell design and conversicon efficiency,
future costs of photovoeltalesz should also be sgignificantly
reducad by improvements in  the reliability of the technology,
especially increases in the expected lifetime of units, and scale
econonies,

7% An appropriate indicator for the land intensity of each
technology might be generated k¥Wh per sguare metre (kWh/mt). D.
Anderson, op. cit.., indicates that photovoltaic generation may be
less constrained by land availability than previcusly thought.
Less than 0.5% of the land surface in areas with high ineoclation
iz in theory required to meet the world's energy demands,
assuming 15% photovoltaic conversion officiency.
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market impzrfectiens for fozszil fuels - or palitical svents

like the current 'Gulf Crizis’™ - may lead to more
suhstantizal oriess vises.
V. Although substitutions w%ill phase in gradually as the lang

run marainal sost of snhatitatscs Asclinosg rolotive 5o Fosail
fuel costs, wmarket forces alone are unlikely to secure the
"optimal' rate of substitution given environmental costs.
The imposition of a carbon tax or of significant
quantitative restrictions on the use of fossil fuels may be
necezzary t¢ change relative prices to favour substitution

and conservation.

Greenhouse gas substitution opticns mast consegquently be
conaidered a necassary component of any strategy for controlling

glokal warming. Hor#avar, ths cost-effectiveness of these
options will davariahly be affected by any resulting policy
interventions - carbon taxes and emiszsion permits, phaszed

reductions in greenhouse gas emis=sions and subsidies for the
reseaych, development and deplovrent of the substitution
technologiss. Purther research is therefore regquired tor

i. improve sstimates o the current and future cost-
effectiveness of the relevant substitution options for
different regions of the world;

ii. extend these estimates to dinclude not Jjust the direct
regource costs but all the esconomitc and socis costs (and
benefits} of the various options:

iii. incorporate thisg 'micro' analysis into multi-sectoral

general equilibrium models to examine the impact of
appropriate pollcy instruments in abating greenhouse gas
emisgions; and

iv. bassd on the shovs analyses, design incentive structurass to
encourage the apprepriate level of research, development and
deployment of gresnhouse gas substitution technologies.

Further consideration must be given to the capital and technology
constraints facing developing countries. For axample, an upper
estimate of the cost to these countries for implementing the
Hontreal Protocoel for CFC substitution is US$1500 millicn in
1990, falling to zero over the next 18 years. The additional
cost of faster amortization of existing CFC producing equipment
may be as much as USS5155 million. Thus, to assist developing
countries in meeting these costs of CFC substitution, s technical
assistance fund with an initial allocation of US$10 million for
the first &wo years has been recommended. In addition, the fund
would 1loan Us3200 million over three vears to increase
manufacturing capability using new technologies with CFC
substitutes. USS510 million would alse be required far systemic




collection of information on the producticon, consumption and use
of CFCs and their zubstitutes by country.??

Similar financial assistance will most likely be required for g
wide spectrum of greenhouse gas substitution options. Given the
rapid increases in developing country emissicons, any
international agreements and policy measures must includs
assistance to the Third World for substitution technologies.

7 2., Harkandya., “The Costs to Developing <Countries of
Joining the Meontreal Protocol®, UNEP and EPA, Nairebi, 1990.
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