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ENERGY AND CLII"IATE

A REVIEW I^IITH EMPHASIS ON GLOBAL INTERACTIONS

''l

J . trill ions , !t. HöfeI:, !{. Sqssin*

I. Introduction

This poper considers the interoction between energy ond climc=,'on inter-
oction which operotes in both directions. The byproducts of the conve-ion of
energy con influence climote, whiIe, in the other direction, climote c=r influence
the demond for qnd supply of energy. The former ospect hos recently -ceived
increosing ottention /y - /! o" oworeness of mon's potentiol to olte:the Eorth's
climote hos developed ond os observotions of the chonges olreody being rode on o
Iocol sc'ole hove been reported p.

The impoct on climote of the production ond use of energy con !e on o locol,
regionol or globol scole. At the present time, no observed globol clinetic chonges
con be ottributed to energy conversion but possible chonges on this sccle in the
future ore of concern.'Thiä popei describes scenorios for the future d:velopment of
energy systems, bosed on considerotions of energy demond ond the sourc:s of supply.
These scenorios provide o bockground ogoinst which the potentiol impoc: of energy
on climote con be discussed. The poper therefore emphosizes the impoc: on the globol
climote of three moin energy sources (solor, nucleqr ond fossil fuels), which cou'Id
undergo further development on o lorge scole during the next fifty yec-.

. ,Though the moior port of.-the poper discusses the potentiol inscct on climote
of energy.systems ond the,implicotions of our present stote of knowleCge for energy
policy decision-moking; the impocts of clinote on the supply of ond dencnd for
energy'ore olso discussed. Lostlyr. the requirements for climote infonation, in
order thot the interoctions .between energy ond climote moy be more efiectively
ossessedr. ore outlined.
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5.3 TW, with oil from the Middle Eost qmounting to neorly I.4 Tl,l. The existence, ot
present, of this essentiolly point source of energy supply is of significonce when
future energy systems ore considered.

Growth in energy demond is stimuloted by mony foctors. Predominont omong

these ore the world populotion growth, the development of less odvonced countries
ond continued industriolizotion in developed countries. The most importont stimul.us
for energy growth in the future will probobly result from efforts to reduce the
differences between developed ond developing countries. The present unequol distri-
bution of energy consumption is illustroted in Figure l.
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IIASA is preporing for publicotion ,o detoiled description of the scenorios
for futu,re energy demond thot hove been considered in its Energy Systems Progromme..:
The scenqrios ore defined in terms of populotion, oggregote economic growth ond :

primory ond finol energy demond for seven regions of the world. Populotion proiec-
tions for these regions were token from Keyfil= /!, who ossumes o mere replocement,
Ievel of fertility in the developing regions by 2OL5. The scenorios ore bosed to o.
Iorge degree_gn two recent energy studies: The Workshgg on Alternotive Energy
Strotegies ful and the tenth World Energy Conf erence ftj. Twq scenorios- höve been ,.

derived: o high economic growth (ond energy demond) cose ond o low economic growth
cose. For the yeor 2030 the high ond low scenorios give primory energy requirements
of 40 Tl{ ond 25 TW respectively. Thqt is, the order of mognitude of energy demond '

fifty yeors from the present is projected to be 25-40 Tl{, compored with qbout 8 TW

now.

POPULATION: 4 . 109 PEOPLE

ENERGY | 7.5 T\{
1.9 kVJ/CAP

% OF TOTAL POPULATION
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A second supply source is nucleor energy conversion, which

ot present lorgely comes from the Iight woter reoctor but fission ond fusion breeder

reoctors ore potentiol future sources. Hydropower ond Iocolized renewoble energy

,ort""" (biogos, wind, soft solqr ond tides, for exomple) represent supply options
which, olthough importont on locol ond regionol scoles, hove been considered to moke

only smoll contributions to o globol energy supply of 25-40 TW /Y. A further
energy supply source to be developed during the next fifty yeors is hord solor
energy conversion, where the solor energy is converted to electricity, methonol,
hydrogen or some other secondory energy corrier. (Note: Soft solor refers to
decenirolized solor systems such os roof collectors. Hord solor refers to lorge-
scole centrolized systems such os solor thermol electric conversion systems.)

Reolisticolly one hos to expect globol energy supply systems thot for olmost
ony conceivoble situotion would consist of o mix of the qbove described sources.
Indicotive numbers ore: t5 TW of fossil fuet supply, up to 8 T['l of nucleor supply
(for electricity or other secondory energy forms), 3 Th, for wind, biomoss ond soft
solor, up to t iW for hydropower ond, possibly, up to q few TW from hord solor.

The impoct of energv systems on climgE

In o discussion of the interoction between energy systems ond the ölimote
system, with reference to o proiected demqnd in the yeor 2030 of.25-4O Tl'1, the impoct
on climote of the lorge-scole deployment of three energy supply sources (nucleor,
fossil fuel ond solor) must be considered. These energy systems influence climote
through the eiection of woste heot, by chonging concentrotions of otmospheric
constituents or by lorge-scole chonges in the chorocteristics of the Eorth's surfoce

tr.
Climote is o complex system with mony feedbock mechonisms between the com-

ponents. It is the potentiol of energy systems to interfere with noturol climotic
processes so qs to produce globol climotic chonges thot hos received increosing
qttention. It should be emphosized, however, thot it is irot the possibility of o

globolly-overoged climotic chonge thot is the centrol issue but rother the inevitoble
regionoi shifti in climotic potterns thot would result from q perturbotion of the
climotic system

4. The impoct of woste heot on climqte

Power stotions (nucleor, fossil fuel qnd some solor) eiect woste heqt into
the climote system. The heqt is odded os lätent or.sensible heot to the ot4osphere
or qs sensible heqt to o woter body, from which it con enter the otmosphere. 0n o
Iocol scole it hos olreody been observed thot releoses of wostä heot influence cli-
mqte through the formotion of the urbon heot islond g. Although, os pointed out
eorlier, the problem of regionol shifts of climote potterns deserves emphosis, globol
overoges ore usuolly considered in discussions of the impoct of woste heot. 0n o
globol bosis the toiol omount of heot currently releosed by monkind's octivities is
only s!!ghtly more thon one ten-thousqndth of the solor energy obsorbed of the sur-
loce [O/. An extreme proiection of 2O billion people with o per copito energy
demond of 2O kW, would leqd to o totol heot releose of obout 0.5 per cent of the
solor energy obsorbed ond could give rise to o surfoce temperoture increose of I deg C,
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if one considers the energy bolonce of the globol system. However, energy consump-
tion is not ond will not be distributed evenly over the surfoce of the eorth, ond it
is the concentrotion of woste heot in certoin oreos thot hos the potentiol to olter
globol climote potterns. This potentiol could be reoLized with q totol woste heqt
releose less thon thot in the extreme projection obove. Flohn @ esünotes thqt
noturol climotogenic processes producing globol-scole climotic chonges involve on
energy loss or goin of the order of 100-300 Tl'l. It is feosible thot mon-mode per-
turbotions of this mognitude could produce globol-scole climotic chonges.

The moximun qmount of electric power generoted currently of o

single thermol power stotion is qbout 3 000 MW ond' the qtmo,spheric

effects of heot dissipotion rotes ore not serious problems M. However,
concern hos been expressed @ obovt proposols to build power porks to generote
I0 000-50 000 Mtf on s lond oreo of 5 to 100 kmz. The meteorologicol effects of such
lorge releoses of heot ore not known but con be estimoted on the bosis of comporoble
sources of heqt ond moisture, such os islonds heoted by solor rodiot:lgn, urbon-
industriol complexes, forest fires^ volconic eruptions ond others lly. Mon's energy
production over oreos up to I00 kmz is sometimes of the order of mognitude or greoter
thqn thot of noturol production. It hos been suggested thot woste heot releose from
power porks would increose cloudiness ond precipitotion in the qreo ond possibly oct
os o trigger for severe weother W. It hqs been pointed outrhoweveg thot the
energy tronsport in tropicol cumulonimbus, or hot towers, hos on order of mognitude
of I00 000 W m-2.' Thus the dissipotion of lorge omounts of woste hest in the tropics
could hove on energy density less thon the noturol processes. Thot is, relotively
lorge omounts of onthropogenic heot releoses ore not necessorily lorger thon those
of noturol processes ond, when properly monoged, should not necessorily hove o sig-
nificont climotic impoct. In controst to the dissipotion of wqste heot in tropicol
sreos, thermol ond pollutont emissions in high-Iotitude, cold-winter conditions ore
problemotic. In Conodo, Alosko, the Soviet Union ond Scondinoviqn countries, strong
temperoture inversions'ot the eqrth's surfoce in winter creote serious problems,
which irifluence decisions on the locotion of power plonts. In Foirbonks, Alosko, foi
exomple, mid-winter conditions become extremely unpleosont due to polluted ice fog
ot temperqtures below -35 deg C, with the ice coming moinly from the very smoll
thermol power stotion, ond being tropped by the inversion' :. : .

The impoct of woste heot on globol climote hos been studied using numericol
models of the otmospheric circulotion. The formulotion of these models qnd their
opplicotion in the study of humon impocts on climote ore discussed in the overview
popers of this Conference by Gotes, Moson ond Morchuk. Generol circulotion,models
(CCUs) ore recognized os being the best tool ovoiloble ot the present time for
investigoting the globol impocts of perturbotions such qs wqste heot. It should be

recognized however thot the GCMs do hove shortcomi4gs which must be token into occount
when the results of experiments ore .interpreted M. In porticulor the obsence of o
coupled oceon circulotion, poor treotment of clouds, hydrologicol ond other processes,
notobly on scoles smoller thon the spotiol grid used in the colculotions, ore seen os
shortcomings. The methodologicol problems of determining the significonce of results
of experiments hove qlso been extensively discussed /15/

l,loshington /@ used the GCM developed ot the U.S. Notionol
Atmospheric Reseorch (nCln) to investigote the response of the model
oddition of 24 Vl m-z over oll continentol ond ice regions. Results

Center for
otmosphere to on

showed o L-2 d"g C
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increose in globol qveroge surfoce temperoture with on 8 deg C increose over

Siberio onlLnorthern Cqnodo. A more reolistic input of heot wos used in further
studies /V1l yhLch ossumed o per copito energy usoge of 15 kW ond o populotion of
20 billion. The energy wos releosed occording to present populotion density distri-
bution. It wos concluded, however, thot the thermol pollution effects were no

greoter thon the inherent noise level of the model. In q further experiment with
the NCAR GCM, woste heot wos odded to on oreo extending from the Atlontic seoboord
oi tf'ru U.S. to the Greot Lokes qnd to Florido @. It wos ossumed thot energy
consumption in thot oreo wos equol to thot now consumed in Monhotton Islond (fO W rn-21

Temperoture differences of os much os 12 deg C were observed in the vicinity of the
onomolous heoting but the outhors concluded thot the heoting hod tittte effect qbove

the surfoce loyer ond downwind from the source region

tlithin the IIASA Energy Systems Progromme ond in co-operotion with the U.K.
Meteorologicol Office o series of experiments hos been corried out, with the GCM

developed by the Meteorologicql Office I]!J in order to investigote the sensitivity
of the otmospheric circulotion to woste heot releose from point sources in oceon
oreos. The principol reoson for considering such point sources wos thot with o woste
heot input of 150-300 TW, o significont response of the simuloted otmospheric circu-
Iotion wos only likely if the input wqs concentroted in o smoll oreo. Eorlier exper-
iments /LU hod indicoted thqt when 3OO Tt, wos input over oII of the continentol
oreo significont effects could not be detected

One moy or moy not give some technologicol meon!1g to such point sources.
The concept of energy islonds wos considered by Höfele /ZO/ i" terms of the necessity
of "embedding" energy systems within the otmosphere, hydrosphere, ecosphere ond
sociosphere. As mentioned obove, when lorge omounts of woste heot ore releosed into
the otmosphere o point con be reoched where the mon-mode power density equols the
noturol power density ond the otmospheric conditions could therefore constrqin the
development of energy systems. Höfele /!p/ consi.dered the embedding of energy sys-
tems into the hydrosphere in terms, omong other things, of the omount of woter ovoi!-
oble in continentol runoff for the dispoiol of woste heot. A'volue of 35x103kr3^y-1
is quoted for totol runoff. If oll the runoff were heoted by 5 deg C, O.25 V n-z
of woste heot could be dumped, which, given the totol continentol or'eo, meons thot
obout 27 TW of woste heot could be disposed of. These numbers-merely illustrote the
order of mognitude of the constroint of the hydrosphere. The embedding of energy
syqtem; ii *lq. e9.9.sphere. gnd s99.i.osp!9lle involves considerotion. of pollution ond. the
concept of risk respectively. 

:

Five experiments hove been mode with the Mäteoiologicol Office GCM in'order
to exqmine the impocts of point soürces of woste heot input- E - @. Figure 2
shows the locotions of the heot input thot'hove been considered. The Toble beiow
shows the combinotions of point sources ond heot input used in eoch experiment'.

The impoct of 150 TW or 300 Tt, of woste heot wos investigoted. These !!ghvolues for energy input were. used since the eorlier experiments of Voshington /!J
hqd olso used 30O T[.J onä o bosis for intercomporison wos therefore ovoiloble. It is
olso ocknowledged thot the input into models of lorge perturbotions is required if
o significont response is to be seen in the simuloted globol circulotion. The
reolistic simulotion of such heot input would involve the use of o coupled otmosphere-
oceon model so thot the heot would be odded to the oceon, some would be tronsported
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by oceon currents ond heot would be odded to the otmosphere os both
lotent heot. In four of the GCM experiments, heqt wos odded only os
to the lowest loyer of the otmosphere, while in the fifth experiment
odded to o I0 m deep oceon box simuloted beneoth eoch oreo of woste

sens i ble ond

sensible heot.
the heot wos i.

heot input.

The Combinotion of Areos
Sensitivity E*periments

To bIe
;

ond Amounts of Heot Input in Five GCM

(Uo"otions A, B ond C shown in Figure 2)

Areo Heot Input Remo rks

Totol heot

Totol heot

Totol heot

Totol heot

Heot qdded
below eoch
directly to

3 x tor4w

3 x ror4w

r.5 i tol4w

I .5 x tor4w

input

input

input

input

to t oceon box I

oreo rother thon
otmosphere

The results of the experiments hove been described in detoil elsewhere

E - @. Figure 3 shows the differences in seo-Ievel pressure between the first
experiment ond the overoge of three control coses (Jonuory coses, overoges of doys
+f-aO). There ore lorge coherent oreos of seo-level pressure chonge not iust over
the oreos of heot input but elsewhere in the hemisphere. It is found, for exomple,
thot the response in.the vicinity of the Atlontic heot input is similor in other :

experiments ond this-gives confidence in interpretotion of the response os signifi-
cont.

900 N

Locotion of

0r

02

03

o4

05

A&C

B&C

A only

I.5 x tol4w of eoch

1.5 x tol4w of eoch

I .5 x ror4w

.75 x tor4w of eoch

1.5 x rol4w of eoch

A&C

A&C

0o

Figure 2z

N F@.
point sources of woste heot input used in GCM experiments
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Difference in 40-doy meon seo-Ievel pressure
the three control integrotions. Shoded oreos
noise" rotio is greoter thqn 5.0. Units: mb.

T-- '--t --- r90 N

Figure in EX01 ond the
indicote where

overoge of
tt 

s ignol-to-N.
It is found thot the response of the simuloted otmospheric cir-

culotion to the input of lorge omounts of woste heot of point sources is not iust in
the oreo of input. The response vories occording to the locotion, omount ond method
of heot input. As mentioned obove, the results of GCM experiments must be viewed
recognizing model shortcomings. It must olso be stressed thot the omounts of heot
used so for in model studies hove been unreolisticolly lorge in order to ensure o

distinct signol. Input of more reolistic omounts of woste heot is likely only to
impoct loco1 or regionol climote, os described obove, rother thon globol climote.

Mqrchetti qnd Höfele @ hor" suggested thot the releose of lorge omounts
of woste heot in oceon oreos, if done "intelligently" (for exomple, by moking use of
deep, cold oceqn woter), would hove no globol climotic impoct. The releose of lorge
omounts of woste heqt into the tropicol otmosphere, where hot towers ore observed
to tronsport energy of the order of severol hundred TlJ, must olso be considered.
Since such phenomeno occur on scoles smqller thon the grid used in present GCMs,

this possibility connot be investigoted with present tools

Results of GCM experiments suggest thot woste heot is o "non problem" on o
globol scole, in thot it is unlikely to perturb the globol qveroge climotic stote
in the foreseeoble future. 0nly when extremely lorge omounts of heot input (of the
order of severol hundred Tl{) were inserted in speciol modes, such os point sources,
could significont chonges in the otmospheric circulotion be determined. It is
notoble thot these chonges were not only dir'ectly over the oreo of heot input.
However, with on energy consumption level of 25-4O Tl'l there oppeors to be little or
no ground for world-wide concern regording the climotic impoct of woste heot releose.

The impoct of fossil fuel enerqv conversion on climote
r 

| | 
-- 

il

Fossil fuel energy conversion produces, in oddition to woste heot, certoin
goseous ond porticulote substonces which con interoct significontly with the climote
system. The releose of corbon dioxide by fossil fuel consumption hos received por-
ticulor ottention recently in view of the physicol properties of the gos ond its

5.
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observed build-up in the otmosphere. The overview popers by Bolin ond by Munn ond. Mochto d.
cribe these ospects in more detoil. A doubling of the otmospheric concentrotion of C02,
occording to stote-of-the-oit climote models, would leod to on increose of I.5 deg ö
to 3.0 deg C on the globol overoge surfoce temperoture. 0f course these numbers: :

could be high or low becouse of feedbocks not occounted for or incorrectly incorporo-
r.ed in present models. AIso, os.discussed oböve, regionol chonges in climote (ond
in porticulor of precipitotion) or" of more significonce thon globol overoge surfoce
temperoture chonges ond mödel ond observotionol studies hove shown thot polor oleos
ore more sensitive to o globol temperoture increose thon other lotitud." ffi7.
The releose ofrporticulote moteriol hos olso been considered @ ond sorffi-t"t""t
hos focussed on releoses of sulphur ond nitrogen compound", *f,Eh will probobly not
hove os lorge on impoct os the obove substonces /Zg, gOt. i

Portj.cles ore both directly produced os smoke or soot ond indirectly from
goses os in the cose of sulphotes ond hydrocorbsnqa Observotionol evidence for

"hong"" 
in porticle looding of the otmospher. ffi/ show on increose in looding

during the post century, but it is not cleor whether this increose is o regionol or
globol scole phenomenon ßy. The interoction of porticles with rodiotion qnd thus
their impoct on climote depends on complicoted obsorption ond bockscotter chorocter-
istics of the porticles ond on surfoce ond cloud conditions. It seems thqt most...
onthropogenic porticles exist over lond where they ore formed-r3nd ore sufficiently
obsorbing to couse o worming of the eqrth-otmosphere system ILO/. However, there is
no quontitotive evoluotion of the role of porticles of the present time, due to lock
of observed doto on the noture ond distributions of the porticles ond of oppropriote
models

Porticles con hove further impocts on the condensotion/precipitotion process
ond on the olbedo of cloud " M but the climotic consequences of these hove not beer:
considered in detoil. As Mitcl'tefl @ nos pointed out, if porticle looding is
non-uniform over the surfoce of the Eorth, geogrophicol inequolities in the rodiotive
effects could induce lorge-scole otmospheric circulotion chonges, ond the implicotion
of this should be studied with three-dimensionol GCMs

The impqct of corbon dioxide on climote - implicotions for energv strotegies

In. order to ossess the future otmospheric CO2 concentrotion ond its implico-
tions, three models ore required. An energy model is used to estimqte the future use
of fossil fuels, ond thus the input of foss.il fuel C02 into the otmosphere. ,The pro-
portion of C02 thot remoins in the otmosphere is then given by o model of the corbon
cycLe, os described in the overview poper by Bolin; such models,consider the'reser-
voirs of corbon ond the tronsfers between them. Lostly, the effects of the increosed
otmospheric CO2 concentrotion con be ossessed using o climote model. At the present
time, uncertointies must be ottoched to the results of eoch of these models, os discu
sed in more detoil in the overview pqpers by Munn ond Mochto, Moson, Gotes, Morchuk ond BoIir
For exomple, in the use of corbon models much uncertointy hos orisen regording the role of th
bioto, i.e., whether it hos been ond is o söurce or ä sink for otmospheiic- CO:i. In the use
of climote models the role of feedbock mechqnisms, such os the cloudiness-temperoture
interoc.tion, hove to be included. Becouse of uncertointies, the future u"" oi fossil
fuels ond the implicotions thereof connot be reliobly predicted. Nevertheless the
model results con currentJ.y be used to qssess the mognitude of the problem. An

6.
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exomple of the combined use of on energy model, o corbon model ond the results of o

climote model is given in o study by Niehous ond l.lillio^s @. The model of the
corbon cycle
reservoirs. The globol overoge surfoce temperoture response to the increosing
otmospheric CO2 concentrotion wos ossumed from the study of Monobe ond Wetherold
Derivotion of the energy strotegies combined the results of two models of energy
demond ffi.

Figure 4 shows two. hypotheticol energy strotegies for the period up to
2050. In Figure 4o the energy consumption reoches o level of 30 Tt'l by the yeor 2050,
the use of fossil fuels peoks ot oround the yeor 2000 ond energy is lorgely supplied
ofter thot dote by solor ond nucleor sources. In the second strotegy, Figure 4b,
the energy consumption reoches 50 Tl', with the entire demond being sotisfied by fossil
fuels. Figure 5 illustrotes the otmospheric C02 concentrqtions given by the corbon
model for these strotegies, together with C02 emissions resulting from the strotegies
ond estimotes of the resulting globol overoge surfoce temperoture chonge. For the
30 TW nucleor ond solqr strotegy the emissions of C02 peok oround the yeor 2000. In
this cose, the otmospheric C02 concentrotion reoches o moximum of 400 ports per
million (ppt) by volume in obout 2O2O ond the resulting chonge in meon surfoce temp-
eroture is less thon I deg C. 0n the other hond, if energy consumption reoches 50 Tl,
by 205O ond only fossil fuels ore used to supply this energy then the emissions of
C02 increose until 2050, giving on otmospheric C02 concentrotion ot thot time of
800 ppm, implying o meon surfoce temperoture increose of obout 4 deg C.

PRIMARY ENERGY

cONSUMPTI0N (t O9tc Elvrl

3OTW NUCLEAR AND SOLAR

1990 201 0 2030 2050

Figure.4o: Energy strotegy for the period I7TO-2O5O, mqimum consumption of 30 TWvith lorge solor ond nucleor contribution @.
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5ONV FOSSIL FUEL

201 01 990 2030 20501 970

FigUre4bzin;nI"i;T:::L'?:"l':"ffi',i"ffi.o.2o50' mqximum consumption of 50 T},l

As stoted obove, the results of the models hove mony limitotions ond connot
be token os relioble predictions but they do show thot, depending on the energy
strotegy followed, the climotic impoct due to fossil fuel COe would be smoll
(tf g"g -C by 2050, os given by o simple climote model) or loige (obout 4 deg C by
ZOSO). An importont point to be considered in this regord is thot the dynomi"" of
substitution of primory energy corriers, which depend on economic ond technicol
constroints, hos o time scole of decodes M. Tirot is, it is not eosy to chonge
quickly from one energy strotegy to onother.

fn reolity the flexibility implied in the two energy strotegies illustroted
in Figure 4 connot be ossumed. More reolistic strotegy bronching is illustroted in
Figure 6, which shows on opportunity tree for energy strotegies. Tn L978r oorr-
exclusive opportunities exist for three energy bronches. If the strotegy is towords
sotisfying on energy demond of 24 TtJ by the yeor 2030 it is possible to use conven-
tionql fuels. I'lhen the conventionql sources ore not enough to sotisfy the demond,
the timing of this point is somewhot orbitrory. Either non-conventionol fossil fuels
con be used or endowments must be creoted, thot is, copitol con be used insteod of
consumptive uses of resourc.s @. If non-conventionol fossil fuels ore used then
o point might be reqched of which C02 becomes o problem, in which cose the use of
copitol insteod of resources must be-mode. In the cose of strotegy to sotis fy on
energy demond of 40 TW, the decision to use unconventionol fossil fuels or copitol in
the form of endowments is mode eorlier ond ogoin, if the C02 becomes o problem, the
switch from unconventionol fossil fuels to the use of copitol insteod of resources
must be. mode. This opportunity tree for energy strotegies shows thot the 24 TH ond
40 Thl poths ore not so different in terms of the strotegy questions thot hove to be
oddressed, but rother in their timing. It olso illustrotes the possibility of
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7. The impoct of lorge-scole conversion of solor energv on climote

If it is ossumed thot solqr energy conversion systems supply the mojority
of the required energy then it con be considered thot the systems thot hove the
potentiol to supply obout 30 Tt, ore solor thermol electric conversion (STEC), photo-
voltoic (pV), oceon thermol electric conversion (OffC), ond solor sotellite power
(SSp) systems. The impoct on climote of the lqtter system hos not yet been evoluoted.
0ther solor energyiconversion systems con IocoIIy be used for energy =upply (".g.,
wind ond wqve power ggtems) but ore not expected to contribute lorgely to the globol
energy requiremenf /!9/ qnd therefore connot be expected to hove o globol climotic
impoct.

The possible climotic impoct of lorge-scole deployment of solor energ)l-
systems hos received little ottention. A workshop wos held ot IIASA in L976 lly ,
which discussed the physicol chorocteristics of the systems, ossessed thäir impoct
on boundory conditions. of the climote system ond discussed the climotic implicotions
of such impocts.

Lorge scole deployment of STEC systems would leod to regionol chonges in
the surfoce heot_bolonce, surfoce roughness ond hydrologicol chorocteristics.
Jöger et ol . @, for exomple, hove discussed t-he "rtfo"" energy bolonce chonges
due to STEC "y"t"t". Simple estimotes @ sho* thot, in the ob""n"" of o STEC plont,
short-wove rodiotion, long-wove rodiotion ond sensible plus lotent heot leoving the
surfoce ore 30 per cent, 35 per cent ond 35 per cent respectively, of the totol
incident rodiotion. In the presence of o STEC plont with o 40 per cent ground cover'rotio, of which 17 per cent of the sunlight reoching the heliostots is converted to
electricity, the shortwove rodiotion leoving the surfoce is 14-23 per cent, the

UNCONVEN
TIONAL FUELS
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totol of the long-wove rodiotion ond sensible plus lotent heot leoving the surfoce
is obout the some os in the obsence of the STEC plont (i."., obout 70 per cent).
However, in the presence of the STEC plont 49-20 per cent of the totol incident
direct rodiotion is releosed os woste heot of cooling towers, the long-wove rqdiotion
leoving the surfoce is 10-25 per cent. The ronges refer to seosonol extremes, the
first number is for,winter, the second for summer. Thot is, the STEC systems do not
reolly chonge the mognitude of the net heot flow from the surfoce to the otmosphere
but the mechonism of tronsfer is chongedr'the significontly lower heät releose from
the surfoce is compensoted by o releose of woste heot from cooling towers upon energy
conversion. In this respect some impocts of STEC systems on climote con be evoluoted
in the some woy os the potentiol impoct of woste heot from fossil fuel or nucleqr
power plonts

Since heliostots ore severol metres toII, the orroys would influence the
surfqce roughiress. A few GCM studies hovö been mode of the impoct of o chonge in
roughness but no specific studies of the impoct of STEC (or PV) systems hove been

corried out. Similorly, no specific studies of the potentiol climotic impoct of
Iorge-scole chonges in hydrologicol chorocteristics due to these systems hove been

mode, but model ond observotionol studies indicote thot lorge scole chonges in sur-
focewetnessconsignificontIyinfluenceclimotem/.Thepotentiolimpoct
of PV systems is generolly considered to be similor to thot of STEC systems

OTEC systems use the verticol temperoture grodient in the oceon to generote
electricity. Even horvesting o smoll froction of 30 TW could couse moior impocts
which would be due to temperoture onomolies coused by reducing the surfoce tempero-
ture ond diverting the flow pottern through the dischorge of extremely lorge volumes
of cold, deep oceon woter required for cooling purposes. Agoin, both observotionol
ond model studies hove indicqted thot seo-surfqce temperoture onomolies con influence
cIimoteffi7.Furtherimpoctsof0TECsystemscouIdorisebecouseofthe
upwelling of woter, throg[_glledo chonges, for exomple, but these hove not been
investigoted in detoil /+t, SO/.

8. Implicotions for energv policv of the climotic constroint r'
''

At the present time there ore mony uncertointies obout the specific climote
impocts of lorge scole deployment of ony of the moior energy supply sources. It
seems likely, however, thot the globol impocts of woste heot ond chonges in surfqie
conditions will be felt ot o more distqnt point in time thon those from chonges in
concentrotions of corbon dioxide ond certoin.other infrored-oborbing goses. In
recent yeors, most concern hos been centred on the C02 question. The question is,
whether present,knowledge of the corbon cycle, the clfmote system ond energy strote-
gies iustifies chonges of energy policy. The IIASA Workshop on Cqrbon Dioxide,
Climote ond SocietV IN discussed, this question. It wos concluded, firstly, thot
monkind needs ond con offord o period of be.tween 5 ond I0 yeors for vigorous
reseorc,h ond plonning to norrow uncertointies sufficiently to be oble to decide
whether o moior chonge in energy policy is colled for.

l.Jith reference to the stote of knowledge on the C02 problem ond oll of the
uncertointies, porticiponts of the IIASA Workshop formuloted o number of policy
stotemedts, which will be discussed below ond which con, to o lorge extentr be token



-280-

os o generol stotement on the interoction between energy policy ond climote reseorch
of the present

' Firstly, it wos stoted thot since quontitotive estimotes on the rotes of'
increose of CO2 (ond other infrored rodiotion obsorbing molecules) in the otmosphere
ond resulting globol ond regionol climotic chonges ore not only uncertoin but Iikety
to remoin so for most of the next decode, it is premoture to implement qt this time
policy meosures requiring the reduction of the use of cool ond other fossil fuels.
Present knowledge iustifies comprehensive study of mony qlternotive energy supply'
systems but does not yet worront o policy of curtoilment of fossil fuel use.

A second point is, however, thot policies thot emphosize the use of cool
ore of present equolly uniustified. Such policy decisions con become difficult ond
very costly to reverse ond it is most importont tlmointoin flexibilitv in energv
supplv policies qt tltis time. With regord to this coII for flexibility, the opportun-
ity tree in Figure 6 demonstrotes the strotegic importonce of the endowment bronches,
i.e., the opportunity to generote lorge omounts of secondory cleon energy in lorge
copitol-intensive centrol instollotions.

Thirdly, it is cleor thot climotologicol impoct osse.ssments of escoloting
energy use must be performed in greoter depth thon in the post.

The fourth point discussed the possibilities of energy supply systems thot
ollow reody environmentol omeliorotion. Such systems would hove to be either non-
polluting (or very neorly so) ot leod to environmentql effects thot con be eosily
mitigoted. There ore severol possible systems which con sotisfy these conditions,
€.9., o solor or hydroelectric hydrogen system or on energy supply fuelled Iorgely
by synthetic methonol mqnufoctured qt energy "islonds" using nucleor (breeder) or
hord solor energy supply (endowments). Very highly decentrolized solor energy supply
systems could olso be considered to sotisfy these conditions but the porticiponts
felt thot these ore unlikely to mointoin the globol economy ot.o sotisfoctory level.
Systems employing o short-term recycling of corbon through the otmosphere con olso be
considered. For exomple, the use of biomoss os o fuel is o possibilitv. Stripping
C02 from exhoust stock systems qnd even. from the otmosphere itself /il t= not in
principle infeosible ond the monufoctuie of methone or methonol from the corbon thus
obtoined would be on effective'recycling'sys'lem. The corbon could olso be stored
in the living biomoss or in the deep oceon /.2Y.

9. The impoct of climote on enerov suoolv ond demond :

Figvre 7, from Critchfield @ itt"strotes the relotionship between climote
ond energy policy considerotions, pointing out the role of climote in qffecting energy
supply ond demond in controst to the impoct of energy systems on .climote, which hos
been considered in eorlier sections of this poper. In terms of the impoct of climote
on energy supply, os indicoted in Figure 7, climote con influence reseorch ond
explorotion for energy sources. For exdmple, explorotory drilling for oil in the
Gulf of Mexico entoils climotic problems quite different from those on the North
Slope of Alosko /!!/. Selection of sites for power stotions olso requires climotic
considerotion. The roles of different climotic voriobles ore of porticulor signifi-
conce in the cose of solor, wind qnd hydropower sources. For this reqson, progrommes
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such os the U.5. Notionol Insolotion Resource Assessment Progromme ore estoblishecj
N i" order to collect, record ond orchive climqte doto useful to the forecqster
ond reseorcher. Locql climote olso influences the method, moteriols, timing ond
costs of construction of energy supply focilities ond qlso the tronsportotion of
energy (".S., routeing of colliers ond tonkers, highwoy ond roilwoy mointenonce)

The impoct of climotic voriotion on supply is moinly through the impoct on
renewqble resources such os wind ond solor systems, olthough tronsportotion of otlrer
energy sources con be offected by onomolous climotic conditions. Droughts hove been
noted to influence hydropower supply. For exomple, the drought in the north-eost
U.5. during the period l96L-66 reduced flow rotes of rivers ond reservoir levels.
Ng_York City reservoir levels were reduced to 40 per cent of their copocity in 1965

/E/. During obnormolly wet periods significont surpluses of hydroelectric power moy

be tempororily ovoilqble.

As for os the impoct of climotic voriobility on demond is concerned, it hos
been shown, for the U.S. of leost, thot the increosing use of oir conditioning ond
electric heoting in homes hos increosed the sensitivity of energy demond to temper-
ote chonges. McQuigg @ showed thot there wqs ct noticeqble increose in electricity
demond os o function of increosing temperoture becouse of oir conditioning. Mitchell
et oI. /@ t'tou. computed the seosonol totol heoting degree-doys for eqch stotc of
the U.S. for eoch of 42 heoting seosons from 1931-32 to 1972-73. The study ollowed
on estimote of climqte influences on heoting-fuel demond. Results showed thot in
one yeor out of I00 yeors one should expect o notionol totol demond for heoting fuel
to exceed the long-term overoge demond (for constont economy) by os much os l0 per
cent. Similorly the demond con be expected to exceed its overoge vqlue by ot leost
3.6 per cent on.on overoge of one heoting seoson in five. 0f course, when one port
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of the continent is colder thon overoge it is not unusuol for other sections to be
wormer thon overoge. The proboble extreme deviotions ore lorger when regions ore
considered, especiolly in the southern ond Pocific stotes of the U.S. For exomple,
for the South Atlontic stqtes, in one yeor out of 100 yeqrs one should expect o totol
demond for heoting fuel to exceed its long-term overoge demond by 2O.4 per cent. To
the extent thot fuels ore not reodily distributed from one port of this country to
onother these inequolities ore of greot significonce. . .

lxomining the record of winter occumulotions of heoting degree doys it wos
found @ ** the greotest occumulotion occurred over the northern United Stotes
ond Cqnodo during the winter of 1935-36. Figure 8 shows on estimote of the percentoge
increose in heoting fuel consumption by temperoture for Toronto ond Regino for the
winter seoson. 0n the bosis of this figure it hos been estimoted thqt lorge oreqs of
the northern United Stotes qnd Conodo would hove hod on increqsed fuel consumption of
50 per cent or more in Februory 1936.

100u

Fuel
Consunption

-50o

Departure from nonrral of daily nean tenperature

Source: Environnent Canada, Atmospheric Fnvirorunent Service, Toronto
on heating-degree-day normals. ,, --..'

'4o -l0o - 200 -4 0()

Fig ure Estimoted percent increose in
Toronto ond R"gino (for period

t 
..

heqting fuel consumption by tgrg"roture for
Jqnuory, Fgbru ary, Morch) t5!/ o '

One further interoction between climote, energy demqnd ond supply is in the
field of weother ond climote forecosting. t'Jith regord to the sensitivity of energy
use to weother influences, the volue of o forecost of qn extreme event, bosed on
climotologicql .doto hos been pointed out @. It must olso be noted thot there is
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o systemotic ond deliberqte ottempt by engineers to design excess copocity into
systems to dllow for climote-induced problems. This odds to the copitol cost,
especiolly in hydropower systems. An exomple of the interoction between the fore-
costing of climote events ond the setting up of reserve copocity con be cited with
reference to noturol gos systems, where it hos been shown thot smoll temperoture
forecost errors couse very lorge reserves of noturol gos to be requir"d-[ moderote-
sized cities to protect ogoinst optimistic errors during cold weother 160/. There
is cleorly q need for odequote climotologicol informotion for the design of the energy
systems, ond olso for the effective incorporotion of this informotion. The implico-
tions of this ore for-reoching. Thus for exomple, if o utility compony instols o

Iorge qmount of hydropower ond then hos o mojor surplus of energy production during
o period of high runoff, decisions concerning bose-Iood instqlled copocity (using
other sources such os nucleqr ond fossil fuel power) ond export policy to outside
purchosers ore greotly influenced. There is on obvious link between climqte ond
copitol investment, which must be optimized

As illustroted in Figure 7 there ore o lorge number of interoctions between
the climote system ond energy systems. . Mony correlotions between the two systems
hove been found but much work is still required. In porticulor on odequote theory of
existing climote ond on obility to predict future climotic voriobilify ore required.
Until these ore ovoiloble much more could be goined from new or revised models for
extropolotion, correlotion ond probobitity onolysis M.

r0. Concluding remorks

. The moin points to be drown from this review of energy ond climote inter-
qctions ore os follows:

(o) Energy ond climote interoctions ore in both directions: the byproducts
of the conversion of energy, con influence climote, while, in the other
direction, climote con influence the demond for ond supply of energy.

(U) 'Oetoiled considerotions of energy demond suggest thot of the order of
25-40 Tl'I of energy wilt be required in the yeor 2030.

(") To supply energy to sotisfy this mognitude of demond, three lorge-
scqle sources ore ovoiloble: solor, nucleor ond fossil fuels.
Reolisticolly one con expect o combinotion of these sources to supply
the totol energy requiremel*,

(a) Eqch of the sources con influence the climotic system z by the emission
. of woste heot, by chonging concentrotions of otmospheric constituents,
or by chonging surfqce conditions.

(u) Model experiments suggest thot emissions of woste heot would hove to
be extremely lorge (of order I00 TU) to perturb the gtobbl overoge
climotic stote. However, woste heot con be hondled intelligently or
non-intelligently os for oi the engineering systems ore concerned ond
thus the climotic impoct could be diminished or omplified. Likewise,
öhonges in surfoce chqrocteristics, such os olbedo, roughness or wet-
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ness, would hove to be on o lorge scole to influence globol climote.
This is not to soy thot such perturbotions due to energy systems would
not influence climote on o locol or regionol scole

(t) The impoct of increqsing otmospheric C02 concentrotions is perceived
os the greotest risk qt the present timä. However, unceriointies in'
our knowledge of the corbon cycle ond of the'climqte system ore so
Iorge thot we certoinly connot predict the consequences of increosing
use of fossil fuels ond o prudent energv policv would mointoin flexi-
bilitv ot the present time while o period of 5-10 yeors is devoted to
intensive reseorch. Policies thot octively encouroge or discouroge
the use of fossil fuels ore not lustified ot the present.

(S) The impoct of climote on energy supply con be considered in terms of
the long-term osses.sment of the solor ond hydropower resource. Climote
will olso influence foctors in energy supply such os explorotion (for
oil in porticulor), choice of site for power plonts, design ond con-
struction, tronsportotion ond storoge. Climotic voriobility will olso
influence supply, porticulorly of the renewoble resources.

(t') The impoct of crimotic voriobility on demond is moinly through the
effect of temperoture chonges on heoting or oir-conditioning reguire-
ments. The sensitivity is quite lorge. For the U.5. os o whole o
voriobility of l0 per cent in seosonol requirements hos been ottributed
to climotic voriobility, but regionolly the requirements vory more.

(i) In order to devise energy policies thot toke into occount the climotic
constroints, more detoiled informotion on the impocts will be required
- in porticulor, model results showing regionol chonges to be expected
from different perturbqtions ond scenorios of possible future climotic
stotes. In this regord it is cleor thot moior uncertointies still
exist regording the mony feedbocks within the climotic system ond thus
it oppeors thot even bosic thöoreticol-reseorch is required in order
thot prudent energy policies, in which energy-cLimote interoctions ore
consideredr cor'r be devised ond used.
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