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The potential climate change due to increased Joading of

“carbon dioxide 1njihe atmosphere has emerged as one of the most
. significant enyjrohmenta] threats A of-the lafb twentieth century.

An amalysis of a variety of feasible energy demand scenarios foi
. . ,

&

Canada 1nd1cates§that if we continue to consume the samé types
and proportions of fuels as we do today. the eipecte@ démand for
energy in the year 2005 wou 1d yield carbon dioxide emissions up
to 52.5 pé} cent greater tham-that of 1985. On the other band, if

Canada were to alter the types and "quantities of fuels required

to meet its energy needs by adopting a variety of Hon-foss1b

fuels and by us1ﬁg all energy more efficiently, Canada's output
of carbon dioxide from energy consumption in the year 2005 could
be 3s much as 51.27 per cent less than that of 1985.

In addition to the Ecenar1e analy}es. this thegis'prmy1des a
gdéplete description of ' the calcu;;tlon of carbon dioxide
emissions, a matter overlo"gd in previous studies of carbon
dioxide emissions and fossil fuel consumpgkon.'fﬁe methodology
outlined in thisJ thesis can be easily adapted to-other ene}gy
demand sceharios and also to the study of fossil tuel re?af;d

carbon diox1dé emissions from @ther countries.
- \\
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The 1ncreased loaé?ng of carbon dioxide’ in the atmosphere

~

-and_ 1ts predicted 1mpact oh cl1mate change has emerged as one of

the most sigmﬁcant enylronmental threats of tlns ‘tury It is

an- 1ssue that highlights the coanict between two reSources and ] e
‘theu funct1ons they serve. The fbss11 fuels that heat and l1ght 'iAj‘ ‘f’a~
ouri homes'and> work p1aces' and power our. veh1€1e§ also emxt 3, ' 757::;> -
yariety of gubstanées, 1nc1ud1ng carbon dwox1de thai have a ;Lffv N

M

negative -impact on,the atmosphere Earth's atmosphere must atso

-

be “seen as"a resource, whose funct1ons 1nc1ude the screenxng oyt
of harmfuI solar radiation and the malntenance of 32 stab?e global
.average surface ar 'temperature- by regn]atlng Jncomang anﬂ

outgoing so}ar radiation, Ig order for the atmosphere to functlan L

efficiently and as ‘we have  come -to expectj ,;ge'lghemxcal e

composition must remain essentially the same. _ = - SIS

N SRR

" The increasing conflict betwé!g the two resources of
atmosphere and fossil fuels has 1ong been recogu1zed from annuaT

measurements of the chemical compos1t10n of the atmosphere. and -

n part1cular from measurements of the atmospheric- concentrat1on»

of carbon dlox1de. These measurements ~jnd1catelthat‘sxnce wehw
‘began consuming significant quantities of f0351] ufuer Q%th/'i,e © i

ancreasing 1ndustr1al1zatlon from about 1850, the atmosphar1c g“:'
+ "

concentratwon of c?rbon d1ox1de has 1ncreased by approxlmately | e

W - - S .
25% {Canadian C11ma¢e Centre; 1986y3} Even more disturb1hg is the ..
fact that left unchecked,.global annual consumption -of .fossil - S

‘ S SR
v , - b h .-

,-"1‘; ' :‘"” _>’|‘h ‘.-—' ’
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fuels is:’expected' to wcoht{nue creasing  well into the next

- N

‘ teniury, with . an even greater “reliance on coal, leading many

) axperts to estimate that “the atmas;;ermc concentratvan of carban
dioxtde w111 be douhle that of the pre~ 1ndustr1a1 1evel by |

’;around -2050 A D, ~(Hengeve1d. i§87,:11} » CIearIy. our use of
‘fossal fue}sA 15 chang1ng ﬁhe chems;@}r Saiancg’ of Eartb‘s_

datmosphere and hence‘ it‘ wdb11it& —to reguigte‘climate: Tﬁis

: theSIS w113 exam1ne tﬂ}s problem with respect  to Canada

-‘ Spec1f1ca11y, we w111 £a1cuiate Canada s current output of carbon

r'djox1de, and by means of a var1ety of energy demand scenar1os we
'wzll del1neate the range of - Canada s future'output of carbon
dioxide in the year 2005 Then we can,determzne whether or not i

-
Canada has the tapeb11:ty to s:gnxfxcantly reduce its already

T M - i i

conspicuous output Wuf carbon~ daoxxde from fosswl fuel

" consumption. ; S R ~

- —,

AChabter 2 summar1zes the current state of understandlng of

- the relationship ‘between ‘carbon "dioxide and c11mate change. and

shou'd convince the - reader, that . this enVaronmental problem 1s

real and in need of 1mmedlaulfattent1an

"

N1th the recogn1tﬂon that tbe 1n;re§sed ibédih& of carbon‘
dioxide 1n the atmosphere threatens to alter Earth's cTimate. one "
must then 1og1ca1ly ask uhat cou1d be dcne to avert thas problem
Chapter 3 reviews the current, %1terature reggrding ways of

averting the - bqudup of carhon -d1oxxde n the atmosphere and

t
exam1nes proposed‘technologvcat bnalogucal ang energy management

+ -

so1utions to this. probtam4 A}though carbon. d10x1de 1nduced

- ‘ Il
climate change i a global enviro&ﬁ::iai problem. 1t s at the

- Fo
e

~ , \ . >
- - ' - L _
LT 'f*Zja i - h ‘

&
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made th this thesis
)

© emissiom of carbon asjcarbon .dioxide in 1985 was almost four

I 7
Because of its resource diversity. Canada more than any
l ‘ .

sther fossil wfuel dependent country in the world., has the
I 4 CTT

capability~to change. This thesis will exawe Canada's options

for change. At the cm;/of this study 1s an examination of

published energy démand scenarios that have bgen prepared by ‘a

,
variety of organizations. Chapter 4 provides’ the reader with a

<

{ “
de§1]ed analysis of the characteristics of each of the energy

dembnd  scenarios evaluated in this  thesis along with a

=

e

descraptmh of the organizations that deve loped them.
Chapter 8 provides a full account of how to calculate the

potential future carbbn dioxide emssmons associated with each

energy. demand scenar)on and also how to standardize the differing

. R A
)
measurements so thats direct comparisons Qetween scenarios are

o s

facilitated. Chapte‘r’ 5 also_ provides detatled information on the

calculation of the carbon dioxide emissions associated with each

type af fossil fuel.

Chapter & discusses N:ijtlts of the analysis-of each of
2
the energy demand scenarios. Specifically, the following
[T L4 —
informat1on was calculated and discussed for each scenario:

g,

~ «

- totatl enerqy demand in petajoules (PJ):
T -. total carbon dioxide emissions in teragrams (Tg);

- percentage of total energy demand met by fossil fuels,
hydro and renewables, and nuclear energy; )

g
. . L

K

/(‘s.._,



};

- - -

jtsatio of carbon emitted per fixed unit of energy:

- percent share of total fossil fuel demand and
corresponding carbon dioxide emissions; and

- the percent increase or decrease in total energy demand

and total carbon dioxide emissions for each scenario 1in
comparison with Scenario A, the 1985 Historical Base Case.

13

Finally, Chapter 7 summarizes and discusses the results of
th{;. thes1s.' Because of Canada's disproportionate per capita
Consumption of fossil fuels 1n comparison with the wor 14 as a
whole, and because of 1tsA demonstraxéd potential to alter 1ts
current emission -patterns, Canada has an obligation to lead the
way 1in demonstrat{ng that the global problem of . atmospheric
carbon dioxide accumulation can be dedalt with effectively and
without economic constraint. .

One should note that the results of this thestis are by no
means precise medictions of what Canada's ~future energy demand
and conséduent emission of carbon dioxide will be. Rather, 1t 13
hoped that by 1ncorégiat1ng a variety of diverse yet feasible

optioﬁ% in this study, the range of poteémtial carbon dioxide

.

emission levels will be evident. As an exercise in resource

management, this thesis w1l]uprov1de an 1indication of the scope
L .,
of choice available in {anada with respect to energy demand and

*

W

consequent emission of carbon dioxide. As 1t  has been said, “"we
cannot know the fu?ure. but we c¢an de51gﬁ,‘tt" (Brogks et
al..1983.197). 4 .
No study can desve;ything. This study has set limits to the

time in the futur% 1t consiﬂers. and to the kind of anthropogenic

emissions §t considers. A twenty year (1985 - 2005) time frame
s



1 B :
-

has been adopted for the energy demand scenarios. By limiting the
outlook to twenty years in the future, one of the most serious

}imitations of energy demand sce‘garms will be somewhat

I

-

diminished, the problem of reaﬁstmal}y projecting into the
A

increasingly uncertain future. Al‘so, the twenty yearv period
CO‘TnC1des with the projection period of one group of energy
demand scenarios used in thjs thesis. From a planrpng or
resource management perspective. the twenty year time frame is
distant enough 1£o aHo@ sufficient time to develop and impiement
policy and technology chaﬁrfg‘es that may be advisable.

This thestis will not examine anthropogenic cdrbon dioxide

-

>
emissions from non-combustive processes such as deforestation,

land use change, incineration of rural and oOrban waste and the

production of cement, nor will this thesis examine the role in

climate ¢hange of other anthropogenically produced gfeenhouse

~

gases (methane, nitrous oxide, chlaorofluorocarbons and

tropospheric ozone). The reader should note that- both the

w .

non-combustive sources of carbon dioxide and the other greenhouse
gases are likely to contribute s1gnificantly to the gl«obal
problem ~of ., anthropogenically 1nduced clmate change.- So the
environmental problem 1s likely even greater fhan that documented
here. But let wus zero 1n on fiossﬂ fuels, carboﬁ dioxide, and

— L)

climate.

‘ , ; <

i
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2.0 CARBON DIOXIDE AND CLIMATE CHANGE

4

2.1 Introduction

S
In order to begin to understand the role of fossil fuel
consumption 1n potential climate change one must first understand
gometh1ng about the nature of the causat1v§ agent 1n-this
_lrejét1onsh1p. ca}bon dioxide. Th; preseng chapter contains
% 7;format1on on the current state of undergtand1n§7y1th respect taé
the relationship between carbon dioxide aﬁd climate change.

We beg1niby examining carbon dwox;de's role Iin the global
cycle “of carbon (Section 2.2).'in partiéular.- we w311 1éarn of
the human lgterfereﬁ%e in the natural cycling of this eiemént.

-The greatest source of human 1ntéfference in this process. and
fhe’sburce of concern 1in thig thesis, 1s the combustion of fossl
fuels. We also ' note “thatd there are other. non-fossil,

anthropogeni; sources’ of carbon dioxide that 1lie beyond th;(
specific bounds of interest of ‘this research. In addition. an
analysis of past and present trends with respect to atmospheric
carbon dioxide concentration is given, fnd1caf1ng that current
atmospheric concentrgtions are approxupately 25% greater than ;
pre-industrial (ca. 1850) levels. v |

We next examine carbon 'dioxide's role as a gréenhouse gas

with a discussion of 1ts radiative prdpértxes (Section 2.3j. With

_ these properties understood, one can then evaluate the potential

) -6- ¥,



role of increased atmospheric concentrations of carbon dioxide -in

climate change (Secfion 2.4). The best compufer models have
indicated that a doubling of the pre-industrial concentration of

S - w»
atmospheric carggn dioxide will yield an increase of between 1.5

—

and 4.5 degrees Cef§fus in the global mean surface air
|

I

temperature.

Finally, we acknowledge that although carbon dioxide is
considered the greenhouse gas of most concern, thete are
anthropogenically induced greenhouse gases )ather tha; carbon

dioxide that are likely to contribute to climate change (Section

y

2.5).

“

— <

-

2.2 Carbon Dyoxide and the Global Cycle of Carbon

In terms of Eaﬁt%‘s atmospheric composit1on._;arbon d1oxid§
{C02) 1is the fourth most abundant gas, qurrently_present a{‘a
concentration of approximately 345 parts per m1?{ion (ppm) or
0.0345%z by volume (nit(ogén. oxygen and argon are the most

abundant atmospheric components, with shares of 78%, 21% and

0.93% by volume Fespectively) (Canadian Climate Centre,1986.4). A ’

clear, odourtess and at low concentrations a nontoxic gas, carbon
dioxide is thought to be chémica]ly inert, that 1s to say, it is
not believed to participate significantly in any pﬂotochemical

reactions (Manahan,1975,341). .

Carbon dioxide is a radiatively active gas. with the ability

- —

- : -7- B



to absorb and re-raﬁ%ate long-wave radiation. In'pérticular.
carbon dioxide is‘yéffective at absorbing and re-trgﬁﬁmitting
long-wave radiatiég‘befween the wavelength of 12-20 micrometers
(um). As agadiatively ’actﬁve gas, carbon dioxide contributes to
the warming of Eaéth‘é sur%ace air tempeﬁathre‘in a process that
. has ‘been termed the greenhouse effect (see Section 2.3).
st w1t; other naturally occufring élemenf; such as oxygenw
and nitrogen, carbon in its various forms is exchangea betweeﬁ
air, sea and land in a éomplex process re%erred to as the carbon
cycle (see F1gures 2. 1 .and 2. 2) Through this cyc?1ng of carbon,
carbon d1qx1de is naturally 1ntroduced to the atmosphere through
respiration by all organisms and as a by~ product of forest and

grass fires (Figure 2.1). Ahtﬁ?opogeniq contributions of carbon

dioxide to the atmosphere are largely the. result of fossil f;é1

combustion. Hirschler = (1981,719) notes that, "almost all of the

gas XCOZ : auih ) . liberated as a result of mamis activities-
‘ arises frgm combustmbn » procesSes — \Egggjzzgate1y ‘75%
‘(BQJin,l986,}47) of anthropogen1c emiss ions being derived from
fossil fuels. ( ’ ‘

A1th6u§h fos¥i) %ue1 combustign unéoqbtedlysconstltutes the
largest anthropogenié contfibution of carbon d{oxide, to the
atmosphere, it is bj no means the only source. Es%imates indicate
thét the; net annhal non-foss11 Jdnput of carbon d1o{1dé 1§
approximately 25% of the total humgn-inducéd gmissfoﬁs of this

~gas (30115,1986,1481. Deforestation and - land gse changes have
certiainly been important facto?é in atmospher1c<carbon dioxide

4 . !
increase over the past century. A net release of carbon dioxide’

-

-8- | o
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to the atmOSphere occurs whenever chnaggs‘in' land use replace

- e -

ecosystems of h1gh carben density w1th ones of lower carbon

‘ ﬁenstty _The prime example of such change 1s the conversion of

“forest to agr1cu]tura] or graz;ng land (Clark et a] ,1982,9).

Revelle (1982,45) notes that,. “the thregfold growth of human .

© populations since 1850 was probably accompanied by a roughly

i;uivalent in¢rease in.the areas of;agricu1tural,l nd. in part at

the expense of forested argaﬁh. Carbon dioxide is also rélfased

Udprfné the natural decomposition of organic matter 1n soils, a
proéess that 1s accglerateduthrdﬁgh ‘a Vafiety Bf agricu1iuraf
ptacficés‘ﬁuch as plougﬁing.i ’ ‘

The incineration of both urban and rural waste, although

$n1y a fraction ‘\of fossil fuel emissions, 1§ another

anthropogenic source of carbon d1ox1de Hirschler (1981 723)

ipndicates that, as "v{ith coal, the conversion of grganic. matter to

carbon dioxide 15 responsible for ;iftua11y all the heat released

by inciné?ated waste. He estimates that the emission of'cérbcn o

dioxide per _tonne of refuse incjnerafed s approx%matelylﬁéz-of
‘that of each tonne of hard coal. (bituminous) burnt.

A fznal"anthropogen1c sourceé of carbon dioxide to be
considéred is the production of = cément and the cansequent
1ibefation “of carbon dioxide from calc1um carbonate Rotty
(1981,131) reports that the contribution of cement to the output
of carbon dwox1de is small, . about’ 2% of all Cindustrially

.generated carbon dioxide.

Other  than the atmosphere, which 18 estimated to contain}

approximately 220 gigatonnes (1 GT = leXPB tonnes) of carbon as



x‘

carbon dioxide, important resevoirs of carbon .intlude the world's

oceans ébd their sediments$, the terrestrial bidsphete and Earth's

deposits of fossil- fuels dnd shales (Gates,1985,149) (F igures 2.1

fand 2.2). -The wor?d s oceans and thexr sediments are estimated

to conta1n approx1mate.y 41,000 GT of carbon, the largest of any”

carbon pool, wh1le the terrestrial biosphere and fossil fuels andr

s

shale contain 1760 GT and 12,000 GT respect1ve1y (Gates 1985,149)

(Figure 2.2). =

As Figure 2.2 depict;, various fluxes occur Between the
" carbon reservoxrs The most 1mportant-for the purposes of th1s
study -ts  that wh1ch oécurs betweeft ‘the world's fossil fnel
reserves and the atmosphere 0f the 12,000 GT of carbon est1mated
to be conta1ned in Eart@ s fossil fuel and shgle;depos1ts.
approximately 7500 Gj i; estimated to be recoverdﬁlé
(Gates, 1985.17) (Figure 2.2). ‘From this recoverable pool of
fossil fue}s. mankind is currently emitting approx1mately 5 GT of
carbon as. carbon dioxide into the atmosphere on,an annual basis
(Canadian Climate Centr§.1986.4)(Figure 2.2).

Since the combustion of . fossil  fuels accounts "for

approximately 75% of anthfopogenic:carbon dioxide emissions. the

carbon’ dioxide ‘problem js/EfFBﬁaly correlated with the post

-7 ‘/’ )
mid-nineteenth century 1industrial’ revolution. The most recent
evaluations of the pre-industrial (ca. 1850) level of atmospheric

carbon dioxide, based on measurement and analysis of carbon-dated

air trapped in glécial iée,‘indicate a concentration of 275 +/-
10 parts per million by volume (ppmv) (WMO,1986,18). By 1986 the ‘

sconceniration of ~ atmospheric carbon dioxide ‘had risen to 345



LY

.ieveI (Canadian Climate Centre,1986,3).

' T
< - - P

{

-ppmv, an increase of approximately -25% over the pre-industridl

ld
-
|

A The longest  detailed records  of the increasing

concentrations of carbon diexide conie from the observations made

L3
Sk

at the Mauna Loa Obsercatory in Hawaii and the South Pole station
of the U.S. Antarctic Program. .The obéervations{wérezinitiated Ain

1957-58 as part of the activities of the Internationai

‘ Geo'phys ical Year, -and the remote locations were chosen tp Timit

the background n01se that mwght be expected at Y po1nt closer to '

v

the sources of anthropogqucally generated carbon d1ox1de. The

_results of'thrs program indicate that atmospheric carbﬁn dioxide

concentra£1on has increased from approximately 315 ppmv in ear1y~

1959 to 343 ppmv 1n;&984 or by about 9L (NMO 1986 18).

" Future carbon dioxide emissions are’ very much dgpéhdent on

future global enerqgy demaﬁds and the types of fuels chosen to

meet these demands. These .in turn depend on human‘decisions wﬁich

a;e 1argely unpred1ctable Clearly th1s is an extremely d1ff1cu1t‘

scenario to pred1ct over anythlng mare than a few years. Hence.

uncertainties as to future <tmosbheric concentrations of carbon’

" dioxide increase s1gn1f1cant]y o o ~

As aoted previously, current anthr%Pogenic emissions-of

carbon digxide from the combust 1on of fossil fuels amount to some

5 GT -of carbon per year. Future pro3ectxons range from an upper

bound of approximately 20 67,of carbon per year, to a Tower bound
‘of 2 6T of carbon per year, by the year 2050 (WMO 1986,19). The
loWer bound could possibly be achieved by 5usta1ned globa1

efforts to limit the future use of‘/fosstl energy:by decreasing

B RS Lt

L

gf, B

)
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energy - demands and by increasing the use of non-fossil energy
sources. Hfgher values than 20 GF~of C/year in the year 2050 seem .

uniikely in view of ~ the environmental, social and logistic

constraints (WMOD,1986,19).

“

“

& o

2.3 Carbon Dioxide annfthe Greenhouse Effect

i

“In the previous section -t was 1earned> that mankind's - \'*“\~>
emi§$}on- of carbon d10x1de fﬁbm the combustion of fossilhfuels ‘
has been 1ncreasang steadily since the mid- nineteenth century In*
4turn th]S lncreased anthropogenlc Ioad1ng of atmospher1c Carbon

. dioxade has ralsed considerable concern among the scientific
communlty In particular, this commun1ty has. recogn1zed that as a
"radaat1vely act1ve gas, the increasing concentrat1on of carbon |
dioxide may‘be contr1but1ng to an enhancement of what has become

common?y known as’ the greenhouse effect.a ‘
The_greenhouseQEffect is a term used to describe the process
of‘ﬁbsorp;ion and.re~emjssion of radiation which warms the lower
troposohere and Earth‘s surface. Inoomlng ;o1ar radiation 1§
partly absorbed” and scattered by3the stratosphere and tropoSphere .
before it reaches Earth's surfac;’ That amount whtch does reach
the surface of the earth 1s again, partiy absorbed “and partly
wreflected. The apsorbed‘ raffation is subsequent]y transferred'

back to the atmosphere, partly as long-wave radiation (inc1udinq

1nfra;red (IR) radiation), and partly as direct sensible heat or

18- . . o



re-radiated long-wave radwtwn esqpe’s back mt*pace whﬂe the‘

R -
‘greater portion of such radlation is absorbed by the atmOSphere‘

to be subsequently re1eased into space or re-radtated\back to the

Py

surface of the earth: (see F\gqge 2. 3)

"It should be. poted that th%[term greenhouse effect is reazfy'

Eymlsnomer, as the heating of a greenhouse oceurs 1argely by-the'

1ndirect1y as latent heat. Finally, -4 /small part of the 4‘!

control of vert1ca1 convectxve heat f]ow, and’ only ﬂartly by the!v

restriction of the }oss of heat radiatlon Although 1naccur?te'f—

the term has gained - some currency and 1; will be: used 'in this -

the;is‘

ability to absorb and re-radiate long«wave radlat%on Accord1ng,
to Watson et al. (1986 114)- of these naturaily ocqprr1ng gases,;
about 90% of the atmosnher1c absorpt1on 1s from*water vapaur}‘

(HZO), carbon dioxide (C02) and clouds in. Earth s atmosphere, and:~,

the remaining -10% of the absorptlon is due to atmo§pherjc‘ozong

o : "7\ ‘*'\‘-‘ ~ ;’; ",c
- Certain naturally occurriqiingyospher1c gases have the

(03). methane (CH4) and nitrous oxide (N20)". _The presence of

these trace gases.. in the atmosphere 55 esseniial-ih~ order to

maintain the g1oba1 energy batance of the earthuatmosphere‘

%

systgm If the earth had no such atmosphere. the _average surface

temperature would be some 35 d;grees K caoler (% 6egree K = f

degree C)(Chamberlain et al.,1982,255; <Hang et al.. 1986, 120) - -

The gFeenhogse effect has gained global attent1on in recent

years because of the reallzat1on that a var1ety of human,

activities may -be enhanc1ng this phenomenon By releasing

additlonal amounts of greenhouse gases 1nto the atmosphere The -

¥ - Q
¢ .
~15-
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concern expressed ﬂ§ the scientific comnunit—-y-v is that the
'anthropogenic emissions of trace gases tha{t are radiatively
absorptive 15 hikely to contmbuté to a significant warming of
the globa‘\a\ aver é surfage -air temperature by ‘the middle of the
rext cénturygiffextra atmospheric ab'*éorption is introduced into
this system, Earth's surface air temperature must increase until
the outgoing radiation once again 1s equal to incbmmg radiation,
thus maintainyfg the radiative Salance of the system.

As t;rg Canadran Climate Centr:e 1 1986,3) notes 1in their
annia_l report, Uriderstanding gﬁz and Climate. "althoughy
molecule~by—moiecu1e not the most powerful greenhouse gas, carbon
dioxide  remains the most mportant because: of 1ts greater
abundance an® rate of «incr*ease". As noted earlier, solar
radiatton, v_o? shortwave -ra—q!.ation (360 - 2500 nanometers (nmj)
that reaches Earth's surface 1§ apsorbeciv and re«radi;te&/‘b@ck to
outer space as long-wave or infra-red rad“/i'é;tmn (4000 - 20.000 nm
or 4,- Zok‘mmcrometg;,rs {um)). As a radiat,i\?ely dbsorptive gas.

carbo® dioxide possesses an extremely strong, broad atzsorptmn

band centred at a wavelength of 14 um, but extending from 12 um

to beyond 20 wum (Figure 2.33{Gates.1985,145). As cne c;n see,

carbon dioxide's absorption band falls within that range of
radiation  emittpd from AEarth‘s surface, ﬁence mcr“eésed
concentrations of ,atmospheric carbon dioxide will ynprove the
efficiency of the atmosphet;e mw ab;orbing andd partia]%
re-radiating back to Earth, :’radiation' within carbon dioxwideé's
absorption band. The chimatic implications of 1ncreased

+

concentrations of atmospheric carbon dioxide will be discussed in

[ 3

-17-
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the following section. 7
2.4 Carbon Dioxide and Climate Change

' An examination of records‘ of the mean annual %émperature of
the Earth ~between 1880 and 1980 by Halnsen et aj. (1981,957) has
determined fhat during this period the mean global temperature
rose by about 0.4 degrees- Celsius (Figure 2.5). In order to
attempt to explain this observed temperature increase, Hansen and
his group constructed a complex numerical computerized model of
the global climate. - Incorporated 1n this model‘were equatons
for ‘radaativeiand convective energy .exchange involving clouds.
aerosols (part1cular1§ those of ;o1£aﬁ1c orig)n). chanéeg n
surface albedo. an 1ncrease in carbon dioxide concentration of 43
ppm over ;he - study period, a hypotheb??il'var1abl11ty of\b.z
percent in the sun's luminosity and a 100-meter- m1;ed—1ayer
ocean with thermal diffusion down to 1000m. As Figure 2.6
demonstrates, Hansen et al.'s (1981.965i “climate model is n

general agreement .with the observed temperature fluctqat;ﬂhs over

the study period, thus suggesting that increased concentrations
i ~ :
of atmospheric carbon dioxide haye p?Bbath\mp1ayed some role in
y —
the observed global average temperature increase calculated over

the past century.

One controversial asbect of trying to draw a positive

correlation between the observed increase in atmospheric carbon

- _ _19_ 7
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dioxiée and the Vincréasg in global mean temperature of 0.4
degrees Celsiu;.‘is_tﬁat this increase falls within.the range of
nqural vaﬁiatkéﬁsvin Earth's mean surfate temperature (Figure
2.5). As Revelle (i982.38) notes, '"Confidencé  in the carbon
dioxide hypothesis will be much firmer if -a warming trend
exceéding the noise level becomes evident”. @

Although still poortly undersfood. the principle explanation
 for the inability? to ascribe the ingJéase in mean global
temperature in a statistically rigorous mannér to the ghéngihg
:carbén dioxide’;onceﬁtration, is the role that Earth"s oceans
fp]gfy in climate change. Bolin et al. (1986a,15) note thét."tthe _
storage of heat in the aceans dé]ays the‘warming<expected for an
eduiiibrium response to carboq dioxidev;nduced warming and may
also significantly modify the geographical distribution of
climatic cﬁange?.‘ - : < -

Despite these _uncertaﬁnties,w Revelle (1982,38) concludes
‘that. “Almost any reasonable estiméte of how— much fossil fugl
yifl‘ be burned %n’ the CbMEBg years suggests that 1f cacbon
dioxide 'is indeed altering climate, an unmistakeable warming
tr;ﬁd should appear ;nkthe 1990'5".VHare"(1986,257) éﬁqs, “My own
“view 1§ that thé effect (carbon dioxidef - auth.) is real, and
that the anticipated warming 1s acfual]y in progress. This view
is now shiared by the gréai majority of chmatologists“.
Unlesé“@ramétfq steps are taken, global consumption of

[

foss11 fuels will continue to increase well into the next century

and‘copséquently the atmospheric concentration of carbon diox1de

will also .increase. In assessing the impact of increasing
ra ﬂ
. -22- \
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-atmospheric  carbon dioxide, much use has been mad? of

sdnnrsticateb‘cnmnuter driven, three-dimensional numerical models

0

of Earth's ciimafe  systems. Commonlyﬁknnwna as génena]

circulafiqn no&els_(GCMs); the best - of these estimate that for a

doubling of atmospheric carbon dioxide over the pre-industrial

level, the globaT\mean surface a1n~tamperature will increase from

1.5 to 4.5 degrees Celsius or higher (Bolin et al.,1986b,xxi).

) : . 3
. The uncertainty wjth respect to the magnitude of the warming is a

function of the limitations of>evénvfhe most advanced GCMs. In

partwu.lar,1 "theithree-dimensional GCMs are generally deficient

In the treatment of ocean heat transport and dynanics and

feedback betwaen the ocean and the atmosphere" (Nat1ona1 Research

.

S

%
»

Council,1983,27).

t

A Shon]d ’the~globa1 average surface air temperatnre increase
7‘f by the amounts indicated by the GCMs, the ant1c1pated changes- in
»global climate would be unprecedented in human h1story The wor]dA
‘Meteoro1og1ca1 Association (NM021985557) notes,that, "a1though |
quantitative uncertainty Tn model results persists it is highly -

probable that increasing concentration of the greenhouse gases

wili prddueé ‘significant c]1mat1£ change" These ant1c1pated

cllmatic chatiges may be summarazed as fo11ows (WM0,1986,2):

The ‘major climatic effects in low latitudes are probably an

increase in both precipitation and evaporation over the

tropical rainbelt - and maybe a strengthening of the monsoon
" over some land areas: : -

The major -climatic effect in mid-latitude land areas is a

'1engthen1ng of the warm season and shortening of the cold
.. season. Snow accumulation will occur later and snow melt

‘earlier:  the snowline in mountain areas will rise. Summer

- dryness may become more frequent

-23-
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+o . . The major climatic effects in high sub-polar latitudes are a

- shortening of ‘the winter season; .a shminking of the sea ice

Lo ~extent; and an increase. in .precipitation that may
substantially .increase runoff. _ -

In Canada, qllmate change assoc1ated with a doub11ng of
atmospheric. carbon 'dioxide concentrthon over. preajndustr1al

levels 'is -expected to have the}—foliowing impacts (Canadian

) . ‘Climate Centre,1986,1-2):

- »
o~ . A a

Agriculture will benefit significantly from warmer and
longer growing-seasons, particularly in northern regions;

Direct effétts “of 1ntreased cdz could énhance‘ field crop
" growth by up to 16% (C02 1s an essential plant nutrient -
auth.); ) . ) : “

Agr1cu1ture in southern regions may be s1gn1ficanf1y
affected by 1ncrea$ed frequency and severlty of ‘drought;

- Great Lakes w1nter~ ice seasons may dlsappear.‘ w1th a
potentlal increase in sh1pp1ng of 15% to 30%; :

Decreased Great Lakes Ba51n water runoff could reduce lake W

_ levels by 20cm, with a net decrease n seasonal shipping
capacity of 6%. Major ecological marshes such as Point Pelee
would d1sappear or be significantly altered.

as reliable "spow seasons. retreat northward. Net effects on
the related Onthrio economy, ' possibly 1n excess of $50
.. - million/year, would be at  Teast partially offset by
L lncreased summer recreational- act1v1ty

As one can see. there are potentnally,both pos1tive and
negat1ve 1mpl1cat1ons associated with the magnItude of clmatic

. change lmplxed by a doubllng of the atmd!bher1c concentration of

Canada, hence regional disgarities'hay be . further'aggravateq by

e - . 'R - -24-

Downh111 sk11ng 1ndustry could dxsappear in southern Ontario -

carbon dioxide. It is also c1ear that these 1mpacts. both

. positive and negative, will not be distributed evenly étrossi_ﬁ
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climate change. On a gfdbal scale the impact of climate change;
will Tikely bé.fEIt fﬁe‘.hardesf by tggbdgyeioping countries, who”“
are fhé least equ1ped economzcaT]y and technolog1cally to adapt

to. or avert, a changtng c};mate Hare (1986 263) camments that:

t \
More generally, "the impact of future climatic change is
. bikely to be unequal as between nations and power blocs. It
will introduce new ¢lements 1into the geopslitical balance.
World politics already has to grapple with the problem of
winners - and Tlosers. Climate. may well ~compound this

¥nequality. . .

Some - insight 1nto what a warmer Canada might be like has
been‘gained.f?om the analysis of warm periods in the climate data

feceﬁﬂs of the past 86 years. Study findings suggest a number of

) recurring’féa@ures, including (Canadian Climate Centre,1986.9):

A cons1sfé?tly amp11f1ed warding, in  Arctic regions,
© particulariy in wintér and spring, accompan1ed by 1ncreases
in stormrness and prec1p1tat1cn,

An- area of cooling off the east coast of Canada in winter
and spr¥ng; _

Decreased summer precipitation and increased variability in
precipitation in spring, summer and fall in interior regions
of southern Canada, hence a significant increase in’
potential for severe drought events; ‘

Genera11y’inc(eased winter precipﬁtation and‘decreqsed fall
precipitation across Canada. ) T ' -

With the evidence for a carbon dioxide induced change in
“climate mounting, mankind is faced with two courses of action. We
can either learn: to adapt to . an . anthropogenica]]y modified

ﬂclipate. or we can take steps to reduce our emissions of carbon

dwxideig}ay adopting the latter strategy, at the very least one

. 25



delays the build-up of carbon dioxide and therefore allows more

time to Tearn to adapt to climate change. .

1

g The objective of this thesis is to analyze ways in which

Canada, a conspicuous consumer of fossil fuels, may reduce the

emissions of carbon dioxide resulting from its demand for, and

I
=

L3

- use of energy.

&

2.5 Other Greenhouse Gases . - .

"_.(\i Although not specifically addressed 1_n' this thesis.

atmospheric gases other than carbon dioxide also contribute to

.the greenhouse effect and hence to climate changg. Anthrobogen1c

emissions  of methane (CH4}, nitrous oxige  (N20).
“ - . . ‘

chlorafluorocaqbbns (CFCs) and enhancement of the generai1on*bf

tropospheric ozone (03) all contribute to the greenhouse effect.
. - 12

ft'has been sugggs;gd that the combfned.1nf1uence‘0f‘thesé other

" radiatively active gases on climaté‘ may lready be approaching
that of carbon dioxide (Canadian ‘C}ﬁha;e&cgn'ﬂf,w%.fp).‘jhe'

continued emission of these gases ihté the,atmospheré is likély

.

to bave the .effect of speeding up the time at.which the climate

Y

change anticipated from the doubling of carbon dioxide will be.

&
5

experienced (Figure 2.7).

With the recognition that the increased lbéding of carbon
dioxide in the atmosphere threatens to‘arter Earth's climate, gwe
turn obr atientid; to an analysis of the pptions avarlable to

avert this problem. T .

,25-
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3.0 WAYS OF AVERTING-THE BUILDUP OF CARBON DIOXIDE IN THE

b

- ‘ - ATMOSPHERE - A REVIEW OF THE LITERATURE

) . - - ~

3.1 Introduction

~

B - oo oL R :
In the previous chapter we learned of the serious threat

that anthropogenic emissions of y carbon dioxide pose with reSpeét‘;
3?37m

to c11mate change The over 1ng consensus among experts

study1ng this, g]obal enYﬁronmental prpb1em is that T we continue

to release carbon Q1ox1de into the atmosphere at the current

t S ra_tef a §1gn1f1cant warming of the global qvergge surface air

| _tgmperafuqe*‘wili be unavoidable. This beiﬁg the case, the

! | quesﬁ%oH ar1ses, then, whether anythiné can be done to avert this
‘*péiential and unprecedented change 1n‘the global environment.

. ' ways of agverting the buildup of carbon dioxide in the atmospﬁere.

We begin by examining proposed technological solutions that

involve the physical and/or chemiqé] removal of carbon dioxide

- from combustion gases (Section 3.2). These solutions are rejected

~ probiems with the dispbsal of tﬁg recovered carbon dioxide.
We next examine proposed biological solutions to the buildup
~of atmospheric: carbon dioxide (Section /5{3). These SOfutions
involve the deliberate manégemEnt of pefreétrlal and aquatac
plant Tife, ,both _natural sinks ‘fﬁr carbbn»;d;oxide.« These

1

. i N : ; o -28~ B

The present chapteip/réviews current literature regarding

because of their high costs, ' lifmited application and inherent'_

"
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- solution; offer only Timited potential to reducé thé accumu]atioﬁ~

of atmosphertc carbon d1ox1de and as such cannot be v1ewed as
N
permanent solutions to the problem On the othegihand, the

‘enhancement of terrestrial plant growth through proé#ams ofr

reforestation and through a cessation of deforestat1on is in 1ts ’

own r1ght highly desirable for other ecologlcal reasonw

Finally, we examine. what appears to be the only viable
. olution“ to the buildup of atmospher1c carbon d1ox1de, better
‘management of ‘the types and quantities of fuels we choose ta meet
our energy needs (Sect1on 3.%)‘ This particular so]ut1on is the
only one of the three proposals to directly address the very
source of this gﬁobal énvjronmental prgblgm. our dependence on

fossil fuels. . ' o . N N

3.2 Technological Solutions

I

A numEer of technofogica] SQ]UthﬂS to remove car%on diox1de .
‘from exhaust gases ex1st todav. In An- Analysis gjiggﬁggggi for .
thm_lmn AL.Qs.pb.gr_L;Qﬂ_b.Qﬂ Dioxide, Stemberg (1983} notes’

;hat there are a var1ety. of phy51ca} and chemical prdtéssgs that
can be used to ext?éct carbon dioxi&e from the ekhaﬁst‘gases
associated with the combpétion_ of fossil fuéls. For exémple; the
' remu!ai and récové?y,of carpon‘y%oiidéifro@ gas stre;ms can be

accomplished by absorptiqn in ‘Tiquid solvents such as water or
) I

aqueous’b‘j sodium carbon&. The carbon dioxide is then stripped

v
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from this liquid usﬁng*vheat, 4steam or  an inert gas. The -

concentraged €02 is then ready for disposal or i3 utilized in the .

ma ufacture of products jr"for ~ which ~::it is requiged -
(Signbera, 1983, 187 B -

Certain solids, 1nc1udrng natural1y occurtng sorbents (e.g.
clays, oil shalet sx%1ca, goai and carbonj4 may also be used 1n
the gas stream to absorb carbon d1ex1de (Steinberg,~1983 »20}) . rt

must be noted that an us1ng elther }1qu1ds or soltdg to absorb

~and remove carbon dioxide from .spent ‘combust ion_ gases either

- falter system reduces the tota1 eff1c1ency of the process“

(Bach 1984, 201) . - S S

- |

- i

The hﬁgh costs and nature of the systems 1nvolved l1m1t the -

app11cat19n of these iechnolog1ca] solut1ons to large, po1nt ’

sources of carbon dloxrde em1ssxons In particutar, large fass1l
' fuel powered~e1ectr1cal generat1ng p1ants have 1ent themselves- to
the study of the feasib¥lity of adopting a technolcgical so}ut1on
‘to 1im1t carbon dioxide emissions. gtelneerg et al. §1984;56)

est1mate that Ln, the United States the 1mp1ementataoﬁ of

absorptlon/strtpplng technology in foss1} fue] power plants wou]d ,

]ead&o a 10% reductwn in the annua] mcremental atmosphenc COZ,
content. Depenejng on the region of the Un1ted States. the
euthors estimate that the production cost of~electr1c1tx wou Jd
increase by 564 to 100% (Steinbprg et al..i984,sz)'.
Regardless of the " costs involved with instalTing‘ and
‘operating a physical or“chem&cal temova] system, thezareatest
—

problem associated with these solutions 1s how to dispose of the

- recovered carbon dioxide. Three types of dvsposal sites. have been

T
Va

-30-
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_suggested: the deep ocedn, spent oij apd gas wells a%ﬂ salt
scaverns {Steinberg et al., 1984.62; Kellogg and

Schware.%981.106). With spent oil and gas well and salt cavern

dlsposalﬁﬁgne 1s  faced with the possibiiity of leakage of the

stored gas gecause of geologic 1ns£}b111ty }kellogg and Schware,
1981.111). - N |

A . D1spo§%! of carbon dioxide 1n the deé; ocean 1S the most

7@§common]}‘dlscussed solution but 1t also poseg a number of serious

’5;0b1ems. The recovered carbon dioxide must first be transported

by pipeline or truck to one or more collection centres. The

possibility of the Téakagg of the gas n transport myst be

considered. The carbon dioxide can then be tintroduced 1qto the

t
deep ocean 1in one of - a number of forms; a concentrated
)

C02-seawater solution, 1liguid CO2 or dry 1cé (solyg CO2) (Bach,
1984,2029. According to Kellogg and Schware {1981.110), "given
the right temberature and pressure; carbon dioxide becomes a
'H1qu1d more dense than water”, hence, under the right conditions

4, - .
the carbon dioxide would sink to the bottom of the ocean and

remain there.

The greatest shortcoming <of deep ocean disposal of carbon

dioxide 1% (éfgted to the very nature of the role of the oceans
in the carbon cycle. As Kellogg and Schware (1981,110) note.

"storage in the oceans can effect the rate of increase of carbon

dioxide but not the ultimate value of the atmospheric

concentration, since oceanvyc and atmospheric carbon levels—wiltl —

eventually come to equilibrium*. Clearly, deep ocean disposal of

Li
anthropogenically generated carbon dioxide 1s a very expensive

f - .

-31-
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and complex temporary solution to the problem of the increasing

burldup of atmospheric carbon dioxide.
3.3 Biological Solutions

Since deforestation has been partially responsible for the
carbon dioxide buildup in the atmosphere, reforestation has been
proposed as a method of controlling this accumu lation. Dyson
(1977) has been credited as the first to suggest the formation of
a biological "carbon bank" of fast-growing trees or water piants

.as a means of controlling the concentration of atmospheric carbon
diexlde (Bach,1984,20¢6).
~Recall that 1a our discussion of carbon sinks and fluxes
(Section 2.2.2) the terrestrial and oceanic brosphere were noted
to be importaqt natura1w sinks for atmospheric carbon dioxide. As

- i . * )
Steinberq (1983,46) notes, "the gpotOSynthet1c f1(ation of

atmospheric €02 1n plants and tr&és could be of great value 1n

maintaining a CO2 balance 1n the atmosphere”. He also notes that,

“the biological fixation of C02 from the atmosphere by miarine
organisms in the ocean especially near the continental shelves
‘,éould extract and reduge atm97pheric C02" {Steinberg,1983.47).

Cooper (1978,510) repérpk that _an increase of onQ;mrcgnt in
the mass of plant 11fe on earth, especially the forests, would be
;uffigient to absorb and seque;tor one year's release. of carbon
dioxide at the current global rate of 5 GT per year. As Bach

- ‘ &,
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(1984,206) notes,‘khe stérage of carbon dioxide in land plants 1s’
Voniy'a short-term solution, lasting ohly as long as suitable land
1$ avaiiable and the trees grow. As the_tree; mature aéd growih
rates slow, the amount of carbon dioxide requ1red bylthé'dgjng“
biomass detrégsés and hence this carbon sink Sebomes smaller.
Thus Bach .(1984,296) ;orrectly argues that with a program of
reforestation,  "one would have several decades for the
development of alternative, C02-free technologies, and; n any
case, reforestation ts, 1n ifs own right. an ecologicatl
necessity”. In order fﬁ highlight thg comp1exi{y of thié problem
one must also consider . that a large-scale program of
reforestation may, 11n 1itself, contribute to regional climate
change; Kellogg dnd Schware (1981,113) note that changed
vegefation pétterns could %%hance the absorption of solar
rad1a%10n reaching tarth's surface and hence contribute to a
warming of the surface air temperature.

Storage of canbon dioxide 1in water plaﬁts also raises a_
number of concerns. fn order for such a program to be effective,
large quantities of nutrients, such as nitrogen and phosphorus,
must be added to th? oceans to enceourage and support increased
plant growth. The toi1city of such a massive 1nflux ofvnut;ients
to other marine organisms is not known, nor are the ecologhcal
mpacts of such a dramatic 1increase 1n aquatic b1omass.°The
overall effectiveness of such a program in removing atmospher{c
carbon dioxide has also been questioned. Dyson and Marland
(1979,115)’ report that the addittion of 10 million tons of

phosphorus would only give a deposition of about 300 million tons

-33-
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of organic carbon (only 6% of current annual fossii' fuel

contributioﬁgof carbon dioxide of 5 gigatonnes). N

Clearly, the biélogjca] so]ut1ogs . to the buirldup of
atmospheric carbon dioxide that are currently being proposed, do
not offer a permanent _solution to the problem, part maularly 1f

emissions of carbon dioxide continue to 1ncrease. Rather, these
[

solutions offer the means to slow down the-accumulation of

i [ o ' -

atmospheric carbon dioxide and thus allow more time to develop

long-térm solutions to the problem. It should also be noted that

a programj of reforestation along with a cessation of

1

deforestatibn may be attractive for other ecological reasons such

as the reestablishment of 1lost habitat and as protection against

s011 erosion. *

14

3.4 Energy Management Solutions

L]

qugllﬂﬁhat in Section 2.2.3 we learned that the combustion .

of fossil fuels accounts for about 75¢ “of gnthropogenic carbon
dioxide emissions. Hence, the car;on dioxide problem is most
strongly associated with our dependence on fosstl fuels to meet
our evergrowing demand for energy.

With the 1attéf relationsthAnjn m{nd. 1t 15 reasonable to
suggest _that the most effective way to deal with the carbon
dioxide problem is not to physically or chémTéal]y‘remove carbon

dioxide from _exhaust gases once it has been created, nor 15 the

-34-
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solution to plant more vegetation to remove the excess carbon

dioxide from the atmosphere. Indeed, the most realistic way of

»

averting the buildup of carbon dioxide in 7the-atmospheré hay be
to address‘thé problem at .its source. 1In other words, thé most

effective solution to this problem is to 11ﬁ1t our ‘production of

—_

the gas.

In terms of energy consumption and the carbon dioxide

problem, emissions may be reduced in one‘othtwo ways. Firstly, by -

<+

- improving the efficiency of the _devices which require foss1]

. fuels we can achieve the .same ppoductive output with less energy

input, and therefore emitsless .carbon “dioxide. Secondly, carbon

sources of energy thaﬁ do not’emlt carbon dioxide. Examples of

- such forms of energy include; hydro and nuclear generated

electricity, active and passive solar systéms, wind- and tidal

power, and renewable 'b1omass that 15 grown. s a cFop with

replanting following harvest. Even our choice of what'tybes of

fossil fueis we wuse has an <§ifgg§ on our output of carbén
d10xfde. As we will learn 1n Sect%on 5.2, for an equivalent
output of’ énergy, natural gas re1egses less .carbon dioxide than
011, which in turn releases less, thaqgvcoal. Clearly, by. mana}gitng
both the types of fuels we ;;e. and the efficiency with which we
usé them, we can decrease our output of carbon dioxide while

¥

still méinta1n1ng a similar or improved level of production.

Early studies (Keeling and“_Béscatow,1977; Siegentha]ef and -

) Deschger;1978) of global carbon dioxide emissions made use of

time trend analysis techniques to generate a single "best guess”

. l
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scenario andbestimated that fhture carBon\dioxide emission groch
rates would increase up to 4% per year More recehtly. Clark et
at. (1982) c1ted more numerous and more sophisticated studies
that generally agreed that futureA C02 emission rates would be
about 2% per year. . ; | ) \

In }983, Nordhgus aﬁd Yohe. abandoned the traditional
extrapolative’ teéhniques in favour of a new apbfoach for
estimating future carbon dioxide emissions.‘ Refe#ééd to as
probabi}istic' scenario analysis, the technigue '“extgh&s the 7

scenario approach - to include modern developments in agg%egate

- energy and economic modelling 'n a simple and transparent model

of ‘the global economy and,carbon'gioxide emi§§:ons“ fNordhaus and -
Yohe,1983,88). In 7bart1culir. this techﬁique "attempts to
recognizé bhé. iﬁtr1nsic uncertainfy about . future economic,
energy. f and carbon ‘ veycle » dévgloﬁﬁents" {(Nordhaus  and
Yohe,1983.88). - In th1s manner. probabilistic scenario analysis

replaces the “best’ guess” scenario with a median probability

scenario bracketed by confidence intervals. As Nordhaus and Yohe

. (1983,89) note, the policymaker "can assess not “only a polity

along a most likély trajectory but also a1oﬁg other trajectories

that cannot be ruled -out with -some degree of itatistical

.

significance”. v

With ‘theil technique: Nordhaus and Yohe (1983,91) estimate

3

that global carbon dioxide emissions will probably grow at a
me‘n raté";of' about 1.6% annuaih} to 2025, then slowly to
slightly under 1% annually after 2025. The authors cite two

éactors as * to why their estimate is considerably lower than'



» - - .
previous ones. F%rstly; they include the expectation that the
growth of the global economy is now thought to be slower than had

earlier been assumed, and secondly, their work also’includes the

-
t

.tendency to substitute nonfossil for fossil fuels as a result of
the increosing relative prices of fossil fuels (Nordhaus and
Yohe,1983,91). - o

Most recently, Eomonds et al. (1986a) have followed in
Nordhaus and Yohe's path by alsor employing quantitative
uncertainty analysis in thezstody of foéure ‘global epergy and
carbon dioxide emissions. By makiog use of a mere detailed model,
the authors lower stit] furtho( -the median growth rate of global
carbon ‘dioxide eo)ssions to between 1.0% and 0.5% per year. In
general, Edmonds et al. (1986a,84) conclude that "CO2 emissions
are‘vlikely "to grow, but khat the possibility of a dramatic
buildup of atmospher ic Cdz from fossil fuel emissions is smaller
than previously thought "

These authors caution thatd mooeI structure is extremely
important in _determining model results. In‘adﬁit1oo to model
structure.'they also note from their results that tgii:,variables

play dominant roles in determining (02 emissioos (Edmonds et

al.,1986.85): ‘ 4 : -

1. Labor Product1v1ty Growth Rate
2. Exogenous Energy Eff1c1ency Growth Rate

3. Income E1ast1c1ty of Demand for Aggregate Energy in
Developlng Regions.

[ \\‘
A

Note that conspicuously absent from this list is thev rate of
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interfuel’ gui.kitutioﬁ which Nordhaus and Yohe found to be the
'"_most important determinant of éarsnn dioxide emissions. This
'discrepancy may highlight the aforement ioned importanée of ﬁoqe]
struéturp aetermining model results. While interfuel substitution

is not explicitly ment1oned as being an important factor in

~

‘determining €02 emissions by Edmonds et al., they do consider the
_tost of biomass fuels to, be important. Hence, indirectly, the

,importance‘of interfuel substitutioni%s 1m§11ed in their nbdel.
iA generaﬂ. these recent. modelling exercises seem to
highlight t;e fact that both interfuel substitution *and
-improvements in the effigieﬁcy-Qith which we use eﬁergy are key
factors in reducing our output of“carban‘di;x1de. Bach (1984,208)
:sfFongly advocates sucﬁ rationai use of en:igy as tﬁe,most
practical means of averting the C02 broblem..While these glbbal

. )ﬂf‘~a—‘akﬁﬁies do prdvide an 1ndication. of the genéral d{rectlon one
must . téke in order. to avert a u‘ﬁldup §f aEmOSpﬁéric €02, they |
lack the resolutiSn necessary to addresgj this problem at a

natioﬁal level. Since energy and environmental policy must
ultimately be addressed by Jeach individual country, there 15 a
need for studies to be undertaken at this scale in order to
address the capabilities and options available to a particular

. ‘coqntry\to deal with this issue. »

To date, only one such” study has been completed that
'specifically addresses Canada‘'s contribution tq the carbon
dioxide issue. Completed in 1983, by Acres Conﬁulting Services
Limited, for the Atmospheric Environment Serv}ce of En§1ronmeﬁt
Canada, it was updated in 1987. Acres’ (1983;1987) study largely

3
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\congentnateé on documenting Canada’s historic contribution to
-carbon dioxide emissions from 1945 to 1985. Their study also
makes wuse of National Energy Board data to make projections of
potential carbon dioxide emissions to the year 2005. It is at

this point that this “tﬁesis attempts to make a significant
' - 3

improvement over the Acres study. By providing not just one '

viewpoint 'of - what potential energy use and carbon dioxidg

emissions in Canada may be, this thesis offers the reader a wide

variety of opinions as to what ‘Canada's contribution to the

carbon dioxide issue might be.
3.5 Conclusions

Both the technological and biological solutions to the

carbon dioxide problem that are currently being proposed of fer

limited hope with respect to avérting this pboﬁlem. While these

techniques may possess desirable characteristics for certain
applicatioﬁs they are, -in their present states of development,
insufficient in thegdelves tgtévert a buildup sf carbon dioxi&e
in the atmosphere.

Clearly, at present, the most efficient and perhaps most
desirable means of averéing thisvproblem is to direct our efforts
in reducing the amount of carbon dioxide we release in the first

place. Sophisticated énergy mo&els and intuition tell us that

wmprovements in energy efficiency and interfuel substitution

s
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offer practical means td this end.

A Whi}é the carbon dioxide 7;suelis §lear1yv§10pa{ in nature,
eacﬁ member -“natien of our q}pbaI community will é&énthally have
to-come to gribs with its contrjbution«to thjs broblem en itsiown

[}
terms, based on each - country's endowment of energy resourceés and

their techno1ogical:capabilities. As a congpichgus consumer of
fossilvfuelé that is also blessed Qiph.,a ;jCh’vériéty of energy
a1tern&t1ves. Qan;da has a responsibility. and may be in the best
“posiﬁion to’demonstrate‘tﬁ@t inierfuel substitution and continued
improvement in enerdyz efficiengy Sffer the most "desirable and
o éfficient méans of ‘;vertiﬁg a buildup of atmaspheric carbon
dioxide. - - 4 -

But what options does Canada have? Lef ug turn to the

analysis of a number of current yet differing energy demand’

‘scenarios.. . .

-40-
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If, as this thesis suggests, the most viable squt1on,fo the
“butldup of atmospheri¢ carbon dioxide is to limit our output of
the gas 1n the first place, then we must next decide what type of

framewbﬁk 1s best suited to the analysis of alternative energy

paths. Tbé framework adopted in this thesis 1Avolves the use of

L4

‘a variety of - existing ener,gy "demand scenarios from which the

anq]ysi; of potent1a14cirbon dioxidé emission isumade.
We begin the present éhabtef. by examining the pros and cons
AassociatedVthhlthe'use of enerqy demand scenarios (Séci1on 4.2).
“In particulaf. specﬁal‘noﬁe 1§‘made of the care taken to minimize
the nebative aspects and enhanée the positive a§peéts of the~ﬁse

of these analytical tools. _ |
The bulk o% the chapter is  taken wup with detailed

descriptions of the energy demand scenarics used ;n th1§ thesis

and the organizations that developed them (Section 4.3f .
Finally, we examine the d1f%erences between forecasting and

‘backcastlng, two analytical techniques *rat are used to develop

ener'qy demand scenarios (Section 4.4),

-41-
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4.2 Energy Demand Scenarias: Prediction of Future

Demand or Deliﬁeatipn of Potential Future Demand? )

4

'

The title of this section high]ights the controversy tﬁat
surrounds the development and use of energy demand, projections.

. In the design and construction of tPese s¢enarios, the analysts
makefevery a?fempt to ensure that their projection 1s as accuraté
as*poss1b1e given the data set they have to work with.

As with any des1gn exercise, the’ energy demand analyst 15
. influenced directly and 1nd1rectly by any number of internal and
'external influences. Hence, Eﬁe outcome of- the analysis 1s very'
“mych dependent on these factors. 1In particular. enerqy demand

forecgéts ftend to stroﬁeg reflect the éhi]osophy of the
“organizations that deve}obed themi‘zAs Baumgartner and Midttun
(1986,13) note, "Social and tnstitut1bna1 Tinkages and political
culfur;s influence assumptions about nature and sé§1ety. -
; assﬁmption& that -in ‘turn underlie the cognitive and normative
" framework that produce the variety of compet}ng models”.

Given the‘ fact _that energy *ﬂemaﬁd forecasts &Fnd to be
naturally biased and éubject to changes beyond their control, it
" becomes evident that an individual forecast cannot be used to
aécurate]y predict future energy demandkover anything more than
one or two years. One might then Justfy“ask. why:does one bother
to develop such fdrecaits in the first place? The answer to th;s
question is a}luded to in thd ‘secoﬂu\Palf of the title of this -
section. It can be argued that the uséfdlness of energy deménd

-
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prdgectioﬁs lies not in their ability to predict future energy

‘Hemand but, taken collectively as a diversified group, in their
\uability to give some‘insight into what future energy demand may

be, given a variety of different yet feasible conditions.

In developing a framework fdrjjfheftf‘own benergy'demand

projections, Energy, Mines ~and Resources Canada (1977,2) noted

the‘follDWing:

There are, of course, risks in making projections of future
energy demands. The projecttons can be only as god& as the
- assumptions which underlie them (and the data on-which they
are based). Because almost  all assumptions about the future
turn out, after the fact, to be wrong, so do the
projections.  This does not mean, however, that all
-projections are useless or that resources devoted to making
projections are wasted. On the contrary, these kinds of
analyses can provide ranges of possible outcomes and
quantitative indications of cause and effect which are

extremely useful in formulating appropriate policies to

manage Canada’'s energy resources.. They emphasize the need to
retain flexibility to b&gble to adapt to patterns of future
events which, almost certathTy,> will turn out to be

wdifferent than those now thought to be probable. In a sense,
the analytic process is more important than any specific
projection.

-

From a Sbholar1yi viewpoint 1t is clear that the ana]yfﬁcal

function that - energy demand projections _ serve 1s highly
desirable. ' In “rea1ify. as Baumgartner and Midttun (1986,29)

quite accurately note, models and forecasting generally serve a

-duat  function; "fhgy ‘may .serve as analytical. tools to explore

A i

. premises, for and consequences  of po]1c§'opt1qns.f0f they may
serve as nstruments for political legitimation". The authors -

also note that ~ in many cases these two functions are closely

3

inter linked.
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r,_"‘-ﬁ?‘)‘he‘ use, or should one say the misuse, of models and
».;. <3 o . . s

fé#%%asting for po}iticél legitimation ‘constitutes the most

serious abuse of these teqhhiqyesl Inxsigjﬁcu1ar. this abuse

-tends to manifest  itself in two ways (Baumgartner. and

.
.

Midttun,1986,30):

#

(1) Refegence to advanced -mq;qggatical ang technical
properties T¢ an important politicalkargument used by groups
possessing a-model monopoly.to silencg critical questions
and challenges from groups without access to models.

(2) Conflicts and. arguments can be shifted from: the
political to the technical field. This 1s one #&thod to
reduce the circle of  "legitimate” challengers, a reduction
which limits the challengers to - the group of
professionalized and socialized people. :

&

"In their analyéis of energy policy and modelling in Canada,

‘Robinson and Hooker (1986,312) comment that; “Forecasts used as

predictive tools are seen fo be related in a particqlarly complex
way to thé policy-making procegs. They are bo:g‘ Eéuée and
consequence of policy decisions. forecasts do not feliably reveal
the future but they often jﬁstify the attempt to create (or

prevent) a particulaf fufure". Comment ing on‘the positive role of

energy forecasting, these authors note khat, “Under conditions of

great uncertainty and when considerable choice as to the future

direction of enefgy po?1cy is avaiiabﬁe, the most useful, or at
feést most honest, role of forecasts may not be to predict the
future but to test the feasibility and implications of different
futures" (Robinson and Hooker,1986,313).

With the latter statement i1n mind, 1let us remind ourselves

that part of the purpose of this thesis 1s to test the impact of
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a number of feasible fﬁture energy demand scenarios on the

i

potenti1al emisston of carbon dioxide in Canada. In using energy
- :

bdemand scenarios to fulfill this purpose, no attempt whatsoever -

15 ﬁade the author of this thesis to predict Canada's actual
future ut o¥ caroon dioxide associated with_ enérgy demand and
use. Rather, by making use- of a variety of different., yet

’

feasible, energy demand scenarios the results of this thesis will

* _

give some ndication of the botinds 1n which Canada's future
emissions of carbon dioxide, .from enefgy demand and use, may lie.

In this manner, the energy demand scenarios chosen for this
-7 ’ ~

thests are not wused as predictive tools, but instead reflect

their value 1n delineating the potential future mplications of

@

enefpy demand on carbon dioxide em1s§1ons.
- The remainder of th1s chaptef w1ll examine the enérg; demand
scenar 10$ ?’Lséd in ;nis thesis. Each scenario  and the
organization that developed them will be d55cr1bed n detatrl with

particdlar attention paird tq their characteristic attributes. .

“



4.3 Description of the Energy Demand Scenarios and the

Organizations That Developed Them

4.3.1 The National Energy Board (NEB) ~
- v ‘

k

o

o~

‘ The National Energy Board (NEB) was established by the
Federal Government of Canada in July, 1959, through the passing
in Parl1amént of the National! Energy Board Acty According to the
NEB " Act, the ﬁﬁB was estabtished to pr1m§§11& fulfill two
mandates. Firstly, the NEB is a regulatory body who's powers
inc lude, “the licens1ﬂg\;gf the export of €‘011. gas and
electricity, the issuance of certificates of public convenience
and‘qpcessity for interprovincial and internatlong] pipelines “and
international power‘xﬁn;s and the setting of ju;;hénd reasonable
tolls for pipelines under federal jurisdiction” (NEB,1986, 1).
Secondly, “The Act also reqﬁlres that the Board keep under review
ithe ogt}ook for Canadian supply of all major energy commodities,
’1nc1uding electricjty, 0il and natural gas and their by-products,
and the demand for Canadian energy 1n Canada and abroad”
(NEB,1986,1).

The NEB currently consists of eleven members, all of whom
are app;inted bg the federal government; supported by a staff of
about ‘450 people (Robinson and Heoker.1986,283). Since 1ts
inception, the NEB has prepared a number of reports on Canadian

energy supply and demand, the most recent of which were published
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'in September, 1984 and October, 1986. It 1is from these

publications that the NEB, scenarios wused in this thesis were
extracted.

Being a reguiétory body, the NEB %hem'-etmanj should act as
an 1ndependent and 1impartial body in preparing its forecasts.
Robinson and Hooker (1986,294) have criticized the NEB for
straying from this 1deal when they note that, "the forecasts
prepared by the NEB often served qlear political functions and
c]gseu ref tected the general policy context prevailing at the
time the f;orecast was prépared”. ]

Criticism notwithstanding, the forecasts prepared by the NEB
sef:ve two- functions 1n this thesis. Firstly, NEB da£a was- used to
construct Scenmar;o A - the 1585 historical base case. This 1s the
dqta' set: from which all the ?ther Scenarios (B-G) are -compared
and ‘analyzed vtfth respect to improvement, or lack thereof, f!ver
current leveis of emissions of carbon dioxide from ene‘r\gy use in.
Canada. S;condly. thg NEB forecasts are representat;_\;e of the
consqfvative side of enerqy demand analysds in Canada. The NEB
forecasts are strongly rooted in the extrapolation of current
energy demand into the future. Their econometric demand mod‘e1s

adopt a laissez-faire attitude in terms of energy demand growth

and the ¢hoice of fuels used to meet that demand.

«'
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As mentioned previously, Scenario A represents Canada's
actual total energy demqﬁ&.for -1985 and serves as the historical
base case from which the other scenarios are compared. In this
tﬁesis,” total energy demand }s“def1nea‘asw total pr1mary.éehand

for all types of energy less any non-energy demand. With respect

to fossil fuels, total energy demand only takes into account that

amount of fuel that will undergo combg££1qp ~and hence release.

carbon dioxide 1ntoﬁthe atmosphere. For a complete description of
total enerdy demand refer to Section 5.3.1!

. The data used in-constructing Scenario A was obtained from
Table A3-3 (Total Ene}gy Balance —7 éanada). of the National
Ehergy Board's (NEB,1986,160) report, Canadian Energy: Supply gnd
Demand 1985-2005 (Appendix €). Details with respect to the
methodology used 1in developing this scenario can be found 1n

Section 5.3.3.
4.3.1.2 Characteristycs of Scenario B

Scenario® B, - the 2005 Low 011 Price Case. represents the

National Energy Board's vision of- what the future demand for

energy in Canada may be shouid the wor1d price of o1l remain low.

The data wused in constructing.Scenario B was also obtained from.

Table A3-3 of the NEB's 1986 (175)' report. Of all the scendrios
- R ) 7 .
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examined 1n this thesis, Scenario B is the most strongly rooted

.-

in  the technigue “of extrapolating presente soclb#economih
conditions “into tge future. Scenario B is a product of the
unusually low oil prices that héve been characteristic of the
energy market since the world price of oil began to decline 1in
1984. - : - - .

As with -any forecasting exercise. the NEB's energy demand
¥ ~ .

4 ®.

models are strongly based on a numpef of key assumptions. First

among these 15 the way=in which the NEB views Canada's role n

the world energy picture. According to the NEB (1986,2): "On a

wor1d scale Canada 15 a relatively small producer and consumer of

» -

o1l. Therefore we (the NEB - auth.} assume that Canada will be a

*

+ 2
" price taker on the world o1l market, exporting and importing 011

at world market p;\Ces.ﬁ We assume continuation o% the current
policy whereby domestic o1l prices are not regulated. and theré
are no export taxes. wmport duties or other chgrges o¥kequ§;§7ent
effect on crude 011 or most internationally traded oil products”.

~Assumpt{ons with respect to the world price of oil are‘key
fo ”thé ﬂNEB’s forecasting. The NEE (1986,7) notes that; "The
pricing assumptions are central to the whole overview because the
cost of gng?gy affects total energy“demand and Supply". -

In part?!ﬁ‘gr. in developing fheir 16w price scenario the

NEB (1986.9) have made pﬁe following assumptions:

-, Excess supply and flat demand in 1986 will at best allow for

"a  weak OPEC agreement on export quotas for each member;
therefore prices will remain relatively low for the rest of

»the y?ar, yielding a 1986 average price of about $US 14 per
arrel.

- -49. -
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6.2.2).

Y

Moderate real economic growth occurs in major consuming

countries over the outlook period, but there is a low degree .

of responsiveness in demand for oil; low prices and
increasing incomes do not - lure consumers back to
considef%b1y increased oil dependence for tear of‘future
price effects. ’ -

At prices around $US 18 (1986) per barrel, there continues
to be economic incentive to -implement additional
conservation measures, constraining both o011 demand growth
and the scope for sustained price increases above about $US
18 (1986) per barrel. 1

r

With low demand growth, non-OPEC supply continues to satisfy
over half of international demand, it being assumed in this
scenario that sufficient non-0PEC supplies of oil, gas or
alternative energy cguld be made available as needed over
the 1long-term at -equivalent oil prices of up to $US 18
(1986) per barrel. .

i

Mith relatively flat  demand, weak prices and competitive

“‘egnergy supply alternatives, OPEC countries are unable to

exercise much discipline over supply. Price increases are
constrained by market forces. If producers tried to increase
cash flow by increasing volume beyond the market share
avairlable at the going price they would depress prices.
Under the circumstances, appropriate quota balancing within
the OPEC group is not easily manageable.

In conclusion, of all the scenarios examined 1n this thesis,

Scenario B demonstrates the largest total énergy demand 1n the
year 2005. Hence Scenario B delineates the dpper bound“for total
energy demand 1n Canada in the year 2005, and coincidentally the

upper bound for potential carbon,dioxide emis;ions\(see Section

| AN

"
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4.3.1.3 Characteristics of Scenario C

L4

&

Scenario C, the. 2005 High 091 Price Case, represents the
National ‘Energy Board's vision of what the future demand for
‘energy 1n Canada may be should the world price of oil increase
over thé brojeétzan period to a peak of $US 27 (1986) per barrel.
The data wused iﬁ construcﬁing Scenari1o C was also obtained frow

Table A3-3 of the NEB's 1986 (176) report.
The NEB's (1986,9) highér o011 price outlook is based on a
. v )

number of key assumptipns:

o
1

Low short-term 011 prices stimulate economic growth in major
consuming countries. Income responsiveness of demand for oil.
is higher than 11n the” tow price case. As o011 prices
increase, the economic growth stimulus of lower prices 1s®
dampened, but demand for oil remains relatively strong 1n
response to the economic growth which does occur.

Non-OPEC supplies of o0il, gas and-alternative energy are
more expensive and less abundant than presumed 1in the low
price case. Furthermore, they dwindle more quickly than
under.’ the low price case due to investor.pessimism and
financing problems created by lsw prices in the mid-to-late
1980s.

American natural gas prices increase as the UWS. gas
deliverability surplus 1s worked off and new reserves become
available, but at increasing marginal cost.

Increasing demand. falling non-OPEC supply in the late

1980s/ early 1990s and the higher cost of alternative energy

- provide-a higher share of the world oil market to OPEC and

more room for OPF® to coordinate markets and 1influence
prices. - -

A peak~price‘ Q#F;US 27 (1986) per barrel was set by the NEB

{1986,9) 1n recognition of the fact that. "around this price

@
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energy resources other than OPEC oil should be available,
constraining OPEC's ability to sustain price levels much beyond

“this range”.
g - .

Having examined the assumptions that underlie both the-NEB's
» (1986) Highiénd Low Price Cases, it should be noted that not even
the NEB expect that either of their energy demand scenarios will

be followed precisely. In fact, the NEB (1986.3) recognize that:

" mean that oil prices will remain on either o of these
paths year after year. The oil price will'gast likely
fluctuase above or below each of these paths in any year.
but it is not possible to forecast these luctuations. The
meaning of these two scenarios 1is that each 15 a
"qualitatively' different long-term view emerging from
different  behavioural assumptions  sustaining etther
relatively lower or higher prices. Moreover, 1t is possible
that the -actual path could be a composite of the two

The definition of the lower and higher price piags does not

projections, for example close to the low path in the .

earlier years, drifting up over time toward the higher path
by the end of the study period. -

-~

In conclusion, it would appear that the NEB's (198é) High

and Low Price Cases represent their own delineation of where

future Canadian energy demand may lie. Given  the confervat1ve
nature of the NEB's energy demand models, eveq/§;énarfo C. the
H1gh°Pfice Case, indicates that "total energy gemand in Canada 1n
the year 2005, will still be ét the high end‘ﬂf tﬁespectrunij,ee
Section 6.2.3) 1n comparison“WJth the other scenari1os examined 1n

i

this thesis.

-§2-
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4.3.1.4 Characteristics of Scenario D

Scenario - D represents "the National Energy Board's (1984)
vyigion of what the future demand for energy in 6anada may be
should the world price of o0il rise over the projection pe}iod to
-4 peak of $US 38 (1983) per barrel. ThefNEB (1984,8) developed
this scenario when world oil priceﬁ‘ we;e still under the
influence of 1ihe 1979=80 price shock, when the cost of a barrel
of crude 011 reached a staggering peak®of $US 34 (1981). The data
used in constructing Scenario D was obtained from Table Al0-3
(Total Energy Balance - Canada 2005). of the National Energy
Board's (NEB,1984,A-205} report, (anadian ~_E_n_g_r;gy: ‘§ggglx and
Demand 1983-2005. -
Once again the NEB emphasizes their opinion that energy
supply and demanduare inexff1cab1y Tinked to the cost of enerd&.
They note thatg""Energy supply and demand are influenced by

numerous factQh§ some of which relate to a particular energy form
AN .

and others fof which are pervasive. Among the latter, the prices

of energy commodities relative to each other and ;o other goods
and services, 5nd the level of ecﬁggh?c activity, are critical."”
(NEB,1984,5)

! lIn‘the1r 1984 report.& the NEB assumed that existing federal
and provincial policies relating to the pricing and iigation of
energy commodities would remain in force over the projection

<

period. The NEB (1984,9) alsg assumed that the Canadian economy

would continue to grow at a modest rate (apbrox. 3% p.a.) over

[}
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the projection period. The latter assumptioﬁ is consistent with
the NEB's view that renewed upward pressure on the world price of
0il tends ~to be influenced by an optimistic view of world
Qeconomié growth (NEB,1984°,7). ]

The NEB's 1984 and 1986 energy suppiy’ and demand reports
provide an interesting comparison. The former was developed under
the influence of the highest oil prices the global economy 229
ever witnessed, while only two years later, the lat£er wa;
developed under the influence of ext;emelyilow oil prices. These
twe reports emphasiz? ghe inherent instabiity that surrounds the
supply of, -and demand for, conventional energy. The NEB's reports
also serve to highlight the fact that many of the elements that
influence the cost of conventional enerqy are largely beyond the
control of any one country.

In ¢conclusion, despite the large degree of uncert§1nty that‘
surrounds the availability of fossil fuels, and in particular
oil, both NEB reports assume that the types and percent share of
fossil fuels we use today will remain essentially the same gger
the projection peryod (see Sections 6.2.1 - 6.2.4). ThTs
observation serves to emphasize the conservative nature of the
NEB energy demand forecasts. In general, the Ngﬁ_energy demand
forecasts segvehas an 1indication of what our futufe output of
cafboq dioxide from the combustion of fossil tuels may be 1f we
choosé tb maintain our current trends in energy consumption. The’
NEB forecasts assume that our consumption of energy 1s largely

influenced by economic factors and 1ittle or no attempt is made

to nject any degree of concern about the quality of the
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4.3.2 Cheng. H.C., Steinberg, M. and M. Beller
s -

Py

Cheng et al. are members of the Process Science Division of

the Department of Applied Science at Brookhaven National

Laboratory 1in Upton, New York. They were cgmmissioned by the

Carbon Di;xide Research Division of the United‘States’Depaftment
of Energy to investigate the effects of eﬁekgy\technology on
global CO02 emissions.  The results af their‘1nvestigatiop have
been summarized 1n their report entitled, Effgggg'gf Energy
Technology on Global CQ2 Emissions (Cheng et al.,1986).

The purpose of Cheng et al.'s study was to, "explore the
potential for‘ more effective use of energy through improvements.

in energy technology and to determine the consequent reduction 1n

future builldup of atmospheric (02 (which would mitigate the
- <0

expected climatic and environmental changes)” (Cheng et

al.,1986,1). The perspective of the study is from the physical g

sciences rather than the social and political sciences. As the

authors note, the study “focussed on how energy 1s consumed for a

-specific energy service rather than on technfca]vtrade~offs such?

as “use ‘of mass transit instead of mﬁomobjies"*(?heng’et
al.,1986,1). ‘ ‘

fﬁ their study, Cheng~ét al. (1986,1) f{rst groﬁbeééenergy
technalogies . by :stage of evolution as (1) now in usé.itl)

-
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~ emerging, and (3) advanced or far-out, and the associated ‘
energy-efficiency levels were evaluated in terms of (1) present,

(2) achievable, and (é) theoretiga} maximum. The authors~thén

s
¥

estimated the pbtential energy savings from introduction of
efficiency improvements iq the future. . u |

-Energy savings in the residential and~comherc1$1 secfor>are
estimated to Sg achievable through eff1;iency;improvement§ in
space héatinb. water heating, lighting and misceltaneous electric

(e.q. applianceé). In the industrial sector improvements in
G s ; ‘“
energy efficiency are expected in process: heat, electric drive,

aluminium elecﬂkolytic process, iron and steel and petrochemical

feedstock. Efficieqcy improvements are also expected in the

-transportation sector through continued improvement 1n vehicle

Adesignf Because of the iimitations of time and space. I recomménd
that those -interested 1n the specific¢ techno]og1§s involved 1n
achieving these efficiency impfgvements consult Cheﬁg et al's.
work directly. v

In assessing the suitability of this largely American study

for this ‘Canadian’ thesis, the authors themselygs moté that:

Since Canada .and Western Europe and the OECD (Organization
for Economic Cooperation and Developmént - auth.) Pacific
are industrially developed, having d technological basis and
economic gg*th trends generally similar to those in the
© U.S., the "~ same. efficiency gains through technology
- improvements are thought to apply to these regions as to the
u.s. Thus the energy savings obtainable by applying
- higher-efficiency technolagies in these regions can be
calculated by applying, the reiative percentage fuel savings |
(i.e., technology improvement factor) in the U.S. for each
fuel type and end-use sector. ... The energy savings by fuel °
type_in Region 2 (Canada and Western  Europe) over the fuel
demand in year 2050 with mid-1970's technological efficiency
are 55% for liquids, 61% for gases, 70% for solids, and 43%

i
8

v
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for electricity (Cheng et a1.,198§,31=32).

The precise details as to how these values were adapted to-fit.

the format of this thesis can be found ih Séctionv5.3.4‘

Cheng et al's. (1986) .study serves ‘éé)vq middléigrouﬁd,

between the conservative NEB scenarios (Scenaros B-D) and the

&

IS

call for a new approach to energy use by Friends of the Earth

< !
Y % R

-t

which the total energy balance‘ (see Sgction-§.,.2) d0é§ not"

change significantly ovefithe present situation.'ln othgr words,

t

: (g ce \ L o
the fuel?nix remains much as it is today. This scenario adopts a -

strong con;ervation‘ethfé‘witﬁout’ resorting ;oVSIQﬁ?fiqant %ﬁelk
substitution. By stre§s1qg fuel efficiency over ab§oiuté¥cutbackg
in  consumption, gconomic. -productivity is ﬁot *necessariiy‘
hindered.

As the authorg_ notei “the fact that im&roved tgchnologies
are sufficiently well known for use today plus the finding that
indicate dthe great importance of Z;ch;;logy w1ﬁprovemeag;_ul
determining future energy consumption and C02 emisgions (Cheng.et
al.. 1986.5). Moreover. they add that, "More efficient use of
energy not 0nl§ would extend the period for us}ng known finite
energy resourcqs“and alfow time for a smooth transition to
alternatives, but aiSO would reduce the strain on the environment
due to both energy production and consumption and ailowﬂmore time
for remedial action” (Cheng et al.,1986,7): The latter ;tateﬁént

is consistent 7w1th the idea that the écenarro developed from

-57-
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>» “outlined . by Cheng et al. (1986,32). By «implementing this

Cheng et al's (1986) data forms a middle ground of opinion in

this thesis. -

4.3.2.1 Characteristics of Scenario E

T
w

Scenario E incorporates the potential reductions in energy

‘demand‘ from the adoptﬁon of improved energy technotogy as
' strafegy. Cheng Et*?ff'(l986,32) havq_:concluded that mid-1970's
_ productivity can Sé sustainedt-@jth‘ sign1f1canf1y less energy

1nput than was required étwthétltimq.
<. Scenario E sjmulates-a situation in "which'str1n§ent energy
conservation is pnhcticedifdr'alﬂ fuel types among all sectors.
So strong is the conservation ethic that 1t is even applied to
) renewap1? fuels. The total energy balance remajns essentially as

1t is today. . | .

‘ &
4.3.3 Friends of thé Earth Canada-

. In May 1978, Canada's major environmental groups joined
. < b
- tqgether to establish Friends of the Earth Canada, a sister group

~of the world-wide environmental organization Friends of the Earth

International.. The fundamental objective of Friends of the Earth

>
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Canada 15, “to encourage and promote Canada’s movement towards a

‘Conserver Society'" (Friends of %he ~Earth Canada,1979.2). A

Conserver Society is defined as one that:

Recognizes that the world 15 both finite and interdependent

- and ‘behaves accordingly. A Conserf®er Society cares for the

- future, in the knowledge that erroneous decisions in such

, - areas as energy and resources often have irreversible and

destructive impacts in the long term. A Conserver- Society

18, on principle, opposed to waste, pollution and

destruction of the environment’. Last, but certainly not

least . a Conserver Society.is built on a framework of social

Justice and political democracy (Friends of -.the Earth
Canada,1979, 2-3).

One of the key Sbgect1ves of th1§ organization was to des{gn

‘ and promote a soft energy path (SEP) for Canada. The term 'soft
energy path’ Wwas introduced by Llovins (1977.38) to describe-

energy policy ﬁatps or strateg;es directed towards achieving
principle reliance upon ‘soft energy technologies‘: In turn, soft

.
energy technologies are defined by the following characteristics

{Brooks et al.1984,59-60):

[ 4

nt They rely on renewable energy flows that are always there
whether we use them or not, such as sun and wind and
vegetation: on energy income, not on depletable energy
capitatl.

¥ They are divers, so that as a national treasury runs on many

. small tax contributions, so national energy supply is an

'aggregate of very many individually modest contributions,

each designed for maximum effectiveness. in particular
circumstagces. ‘ ’

-

' They are flexible and relatively low technology - which does
nol mean unsophisticated, but rather, easy to understand and
use without esoteric skills, accessible rather than arcane.

They are matched in 'scale’ and in geographic distriﬁhtion

- +to end-use needs . taking , advantage of the free distribution
of most natural energy flows. ) }
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They are matched 1in ‘energy quality’ to end-use needs.
Finally,

They are as environmentally benign as possible, given the

inherent interactions with renewable rescurces. that all
produc®ign, transportation and-use of energy involve.

In contrast to soft energy paths are ‘hard energy paths’,
which are characterized by. "an emphasis upon 1ncreasing energy
suoply and by  1ncreasing scale, electrification, and
centralization of energy production” (Brooks et al.,1984,59). In
general, hard paths tend to be more typical of traditional views
of 1likely energy futures, while soft path studies tend to
représent challenges }o the statas quo. Brooks et al. (1984,26)
also note that, "with either hard paths or soft. the most
important environmental impacts from the primarx‘product1oq stage
affect land and water résources. At 1atgr production anq end-use
stageg, mmpacts on air become the mosi significant”. In their e
preliminary assessment of the relative impacts of hard and soft”
energy paths the authors also n&te that, “hard paths tend to be
characterized by environmental problems related to emissions, and
soft _paths by thase re]gted to land wuse. Thus, the two paths
offer a trade-off in kind as well as 1n magnitude of impact”
(Brooks et al., 1984.26).

In meeting the1r,objeét1véi to promote soft energy paths, 1n
1980 Friends of the Earth Canada was commissioned by the
Department of Energy, Mines & Resources and Environment. Canada to
prepare a report on fhe feasibility of adopting a soft energy

strategy in Canada. The national study took over three years to

complete, ~and in 1983 thein report entitled, 2025: Soft Engrg&
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Futures for Canada - VYolume 1: National Report, was published
iBrooks et al.,1983). In addition, the group a]sé published a
more . popular (less technical) version of the report entitled,
Life After O1l: A Renewable Enerqy Policy for Capada (Bott et
al., 1983).

In their study, Friends of the Earth Canada prepared two

energy demand scenari1os, projected to the years 2000 and 2025.

-

The scenarios, referred to as 'Business as Usual' (BU) and . -

‘Consumer Saturation® (CS). were developed using Statistics
Canada’s Long Term Simulation Model (LTSM). The LTSM is a
mater1als balance model of the Canadian economy based upon
1nput-out put ‘tables (Brooks et al..1983,10). The authors
emphasize that; “this simulation model was used t6 project the
economic characterist1és of the saciety. but not the energy
characteristics;: the latter were developed independently --
indeed, they formed the core of the study -- and they were
grafted onto the framework provided by the former" (Brooks et
al.,1983,15). C°

In ordér to strengthen their study. a number of major
conservat 1sms were incorporatea into the analysis. Thesevinclude

{Brooks et al.,1983,270-275):

No major changes in values or lifestyles are assumed;
No significant technological changes are assumed;

No improvements in the efficiency of materials use are
1ncluded;

Market-determined interest rates are assumed to reflect
meaningful ‘resource discount rates;
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'The social and environmental costs of all fuels have been
lignored: . ' )
4 : .

Only modest reductions 1n the real costs of - soft enerqy
/ - technologies are assumed: :
. < -
No transportation modal shifts or substitution effects and
few load factor improvements were included in the analysis:

Potential savings from cogeneration or energy cascading in’

industry are not analyzed;
.M

Population projection is high: ,

Solar pre-heating of industrial process heat requirements 1s
excluded: . .

Potential savings from district heating or changes in urbdn ¥
form are not analyzed: Finally, -

Conservation ‘savings .in the energy supply sector were
largely ignored.. :

In addition, certain energy 00£10n£ were excluded.>ce.§. arctie
oil and new nuclear power stationsi while other’opt1ons were
de-émphésize& {e.qg. large-sca1e éoal and hydro projects).

Although filled with deliberate conservatisms to strengtﬁen ]

the validity of their report, the Friends” of the Earth Canada QQ
study 1is at radical dépérture from the conservative nature of
those preparéd by the NEB. In borrowing their term1nqlogy.
Friends of the Earth Canada call;on us to follow a new 'pl'h'
towards ene;gj demand and consumgtion. This new path 13
’characterized by a strong conservatiﬁn ethic and a movement
towards the increase&;adoptioﬁ of renewable fuels.

The Friénds of the Earth Canada study is unique 1n that from
the outset, "it was ‘dé31gned as a national study, with a
consistent set of national parameters for populai‘on and economi¢

3

growth, appliance efficiencies, transportation {gchnqidgy. et¢.”
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(Brooks et al.,1983,9). This® national consistency provides a

good framework for their analysis.

4.3.3.1 Characteristics of Scenario f

Scenario_;, also referred to as the 'Business as Usual' (BU)
scenar1o, was adapted from Table CA-12 and CA-13 of the Friends
of the Earth Canada study (Brooks et al.,1983,193-194). Full
detatls on the ﬁethodoIogy used in adapting this information to
the framework of this study can be found in Section 5.3.5.

In developing their Business as Usual scenario. the authors
1ncorpor$ted a number of key assumptions, including (Brooks et

al..1983,16): 4 _

Maintenance of full employment by keeping constant labour
hours worked per person per year.

Strong economic growth - an increase of more than 200% in
Gross Domestic Product (GDP) over Friends of the Earth
Canada‘'s study period (1978 - 2025).

*+

Moderate population growth - an increase of over 50%
{approx. 1% per annum) over their study period.

No supply or demand measure or energy conservation or
renewable technique was introduced until 1t was proven cost
effective 1n comparison with conveqtiona] fuels.

No I:festyle changes are required.

Should the conditions characteristic of Scenaric F be realized,

the authors conclude that "1t would be technically feasible and

-

@
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cost-effective f’ﬁ‘éperate the Canadian economy in 2025 wjih—lZ%

less energy than 1t requires today (1978 - auth.). and, over the

same 47 year period to shift from 16% reliance on renewable

s;urtes to 7™ (Brooks et al..198§,11)f

’ Under the conditions of the Business as Usya{ scenario,clow

gnergy growth is realized not Because of a decline in the economy

nor in productivity but rather, because of gains in energy

efficiency, which, according “to the_ authors, "have exactly the

same positive economic effects as gains 1in labour productivity”
(Brooks et al.,1983,85).

While time and space do not permit a comPlete examination of
the techniques proposed by th; authors to mprove energy
efficiency, in brief, these techniaues generally advocate the -
following: the- 1mportaﬂfe of matching energy. sources to end-use
needs in terms of the(quélity of eﬁergy reqh1red: the adoption of *
the best available energy technology for a given task; and

-

finally, the gradual adoption of three general renewable sources
of energy (active solar heat;;g ané electricity. biémass solids
and biomass fluids)(Brooks et al.,1983,128). The objective of
“mafching"x energy sources to end-use needﬁ, "1s to increase
system e2§b§1ency by matching sources of energy to uses of energy
n way§ that. so far as possible, mﬁnimize conversion losses and
transportation aad transmission losses (with "losses" being
1nterpréted in beth 1ts thermodynamic and 1ts economic senses)”
. (Brooks et al.,1983,150). For those interested iﬁ a more detailed

examination of the enerqy conservation techniques advocated by

Brooks et al. (1983), please consult 2025: Soft EggrgyAEQtyrgs_
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for Canada - National Report. - .

In conclLsion. Scenario‘ F representsvna situation )n wvhich
* not. only are strong energy conservation measures advocated but
also, Canadian society begins a transition -towards the adoption
of non-conventional forms of eﬁergy, which, for the mOit part,
are reﬁewab]ef These changes take place without"hurt;ng the
economy and withou} any changes in 1ifestyle. By qﬁing enerqy
more efficiently and by matching appropriate ener;y*forms to

end-yse needs, Canadians in 2005 will be ébﬁng much the same as
' o

they do today with much less fossi1l energy required.

4.3.3.2 Cnaracperist1cs of Séénar1o G

Scenario G, also referréd‘to_ as the ‘'Consumer Saturation’
(CS) scenario., was’ adapted<from Tables CA-14 and CA-15 of the
Friends of the Earth Canada study (Brooks et al.,1983,195-19).
Full details on the methodology used in adapting this information
to the framework of this study can be found in Section 5.3.5.

<

In developing their  Consumer Saturation scenario, the

-

J .
authors 1ncorporated _a "number of key assumptions, including

(Brooks et al..1983.16}:

Maintenance of full employment by trading income for leisure
so that labour hours per person per year fall by about 30%.

Moderate economic growth - an increase of- 140% in Gross
Domestic Product (GDP) to 2025.

'
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Same population growth as incorporhted in Scenario F.

Somewhat  less; than fully cost-effective efficiency
improvement techniques were incorporated.

Modest 1ifestyle changes were allowed to be 1pc6rporated at
the provincial study level. : .

¢ , .
Should the conditions characteristic of Scenarjo G be ;;alized.
the authors conclude that, "it »would Sea feasible and
cost-effective to use 34% less energy 1n 2025 than 1n 1978, w;ih
822 of that energy provided by renewab%e sources” (Brooks et
s 1983,11).  They also add tnat. “tesmmcal feasrpiiity 15
defined in 4erms  of the availability today of either
of f-the-shefif or prototype techﬁology‘ >£ost-effect1veness 18
defined in terms of the long-run marginal costs of alteggatrve
ways ofnéupply1ng energy 1n Canada.” {Brooks et al.,1983,11).
/j//Tﬁe same techniques used in Scenario F to mprove energy
effﬁcipncy are also used 1in Scenario G. The difference between
the two scenarios is that 'in Scenario G, many of ihese techn1aues

|

are adopted before they become fully cost effective. The

L&
L2

implementation of Scenario G alsp necessitates a° number of
moderate lifestyle changes, such as, working fewer hours 1n
exchange for more leisure time. Because the individual works

fewer hours, disposable income 1s gradually reJuced. hence demand

7

for "oods and services decreases, and therefore thé(gemand for
the énergy required to provide these goods and services also
decreases (Brooks et al.,1983,84).
In general; the authorg note that their Consumer Saturation
’ .

scenario. does not represent an all-out conserver society, nor
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does thé1r stiness as Usual scenafio abproacﬁ all-out growth.
Rather, they note that, "the two bracket a range of moderate
growth possibilities under assumptions that seem reasonable about
.the nature of industrial production and . the use of consumer
incomes” (Brooks et al., 1983,25).

In conclusion, Scenario G represents a situation in which
the adoption of  strong . ehergy conservation techniques,
anon-conventiona]. renewable fuels and a less energy-intensive
11festyle are advocated. Of all the scenarios examined in this
thesis, Sce;;:‘% G demonstrates the smallest total energy demand
‘in the year 2005. Hence, Scenario G delineates the lower bound
for total energy demand in_ Canada in the year 2005, and
coincidentally the lower bound for poétential ca}bon dioxide *
emissions (see Section 6.2.8). Of all- the energy demand scenarios
studied n this thes{s. Scenario G represents the greatest
.chal1en§e to conventional energy demand and use in Canada. In
terms o} the types and quantity of energy used, and indeed how it

15" wused, Scenar1o G represents the most™ radical departure from

our present situatibn (S;enario Ay

@

4.4 Forecasting Vs. Backcasting

4
Two terms that ‘are inextricably linked to the concept of
energy demand analysis are forecasting and backcasting. Forecasts

of© future enerqgy demand dare based wupon thevanalysts of past
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trends and the extrapolation of these trends into thjffuture.
Forecasting igg\jnherently conservative and as a technique, does
not lend itself easily to the analysis of new: trends and

developments. Forecasts also tend to be deterministic in that

because ¢F their limited data base, they may often become nothing

more  than self-fulfilling prophecies. The strength of
forecasting 1s in 1its ability to predict short-term patterns in a
manner that 1s relatively straightforward to wunderstand.
Examh1es of forecasts n thas thesis 1mnclude all sce‘r'1os
deveiop;d by the National Energy Board (Scenarios BfD) and, to a
certain extent, that adapted from Cheﬁg etyal. (1986)( Scenario E)
which simply projects potent1alﬁ1mprovcments In current energy
technology 1nto the future.

By definition, backkast1ng %s concerned, “not with what
energy futures are likely to happen, but with how desirable
futures can be obtained. They are thus explicitly ;ormat1ve,
involving ‘working backwards’ from a pa;ticular chosen future
end—901nt to the preseﬁt 1n 9ﬁder to~ determine what policy
meas;res wouid be required to reach that future"
(Robinson.1982,337). The only true backcasts used in t;?s thes1s
are the scenarios (F and G) preﬁared by Friends of the Earth
Canada. oo

Brooks et al. (1983,5) note that, "the outcome of a good
forecast 1S an indicatién of the likely results of certain
specified conditions" while, "the outcome of a g%od backcakt is
an indication of what policy measureg'would haveﬂto be taken in

order to reach a specified goal”. They also note that:
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The- difference between forecasting and backcasting is thus
as much one of ‘approach as of methods. Both techniques must
incorporate po]1g§23h§nges, both must also make use of some
predictions; both be highly quantitative. The" value of

_ backcasting, which in contrast to forecasting, increases as
the timg horizon of the study is extended, is that it makes
poss1b1e the exploration of the feasibility-and viabiiity of
a wide range of possible energy futures rather than, as Rene ©
Dubos  stated, elevating trend to destiny (Brooks et
al..1983.5}.

= '

-

In general, backcasting is concerned =w1th how desirable energy
futures can be obtained, while forecasﬂ1ng is concerned with what

futures are likely to happen.

4.5 Conclusions

As “one can see, %ﬁi.energy demand scenario§ cons idered in

this thesis range from the conservativeigo the challenging. By

rs

incorporating such & wide spectrum of viewpoints in this study,

the author of this thesis hopes that the chosen energy demand

"scenarios delineate Canada‘'s potential future enerqy dj?and n

the year 2005, and hence, delineate our potential future
emjssions o% carbon dioxide from energy use. @

The 1ndividual scenarios were chosen not only for their
bh1]osoph1ca1 differences, but also for the credibility of the

in61viduals or organizations that developed them. Although it is

unlikely that Canada's energy demand in théw year 2005 will be

exactly the same as outlined in any one of the scenarios

discussed in this thesis, 1t is likely that it will fall within

-69-
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the range of these pfcjéctiqng.

‘ Clearly, since :engrgy‘ po]iéyi s a matter of choice, the
energy demand scenarios iqaﬁthis ‘%hgfis pro;ide a variety of
options with respecé to the types and amount of fuel we choose to
meet oUrjenergy demand. In iu;n. these decisions on energy -policy

have a direct impact on the amount of carbon dioxide we choose to

introduce to“the atmosphere.

The next chapter will pxahine the methodology used to-apply

e

the energy demand scenarios to a study of potential carbon

dioxide emissions.



- L9

5.0 METHODOLOGY
~®

5.1 Introduction

[

N

Now that we have describea the energy demand scenarios that

will be examined in this thesis, we must now discuss the

methodology used to carry out the analysis. We begin by

describing the calculations required to derive the carbon dioxide

emission “factors (Section 5.2). These are the values that when

applied to the emergy demand scenarios will 1indicate Ehe expected -

emission of carbon dioxide. i e
We next examine the calculation of total energy demand for
each scenario (Section 5.3) .In addition, an ekplanation as to how

each scenario was standardized to fit the format of this study 1s

included. | -

Finally, we examine the calculation of the carbon dioxide

emissions associated with each scenario (Section®5.4). In

general, the methodology adopted in this thesis of fers several

e ! .
improvements over eaf?ier examples. Firstly, a full description

of the calculation of the carbon dioxide emission factors is

inciuded. These values were calculated from data which reflects
the carbon content of the fuels used 1n Canada. Secondly, three
carbon dioxide "emission factors were applied to.coal consumption,

. L e
reflecting the: significant differences in carbon dioxide emission

- associated with the three different grades %f coal. ,Thirdly, the

-71-
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particutar, between the various grades of coal. The second

.

difficulties met in standardiziny “energy demand scenarios of
different ~ formats are discussed in order to assist others in

their attempts tohanalyze other scenarios in similar studies.

5.2’C§1tu1ation of Carbon Dioxide Emission Fédctors

»
@

. ¢
Carbon dioxide emissjon factowsl are Swmply humerléa}e
expressions of- the amount (by wérght) of carbbn. as carbon
diox1ide, liberated when a fuel undergoes combustion. The factors
are standardized such that the amount pT carbon released 1s
related to the quantity of a given fuel required to generate a
%ixed unit of energy, 5uc;\a§, a petajoule (1 PJ = 10EXP15 J) or
an exajoule {1 EJ = 10EXP18 J). '

While published carbon dioxide emission factors do exist

(Edmonds et al.,1986a & b; Rotty & Reister,1986; Acres,1983;

¥

Schware,1981; © Keeling,1973; Niehaus, 1976; Parry &
. o o : ,
Landsburg,1977; Zimen et at}.,1977; Rotty,1978 and Woodwell,et - .

al.,1979), fhey are generally lacking in two areas, Firstly,
they tend to be too general, 6n]y providing emission factors for
three types of f0551& fuels; gas, 1i1quids ‘and‘sol1ds, in other
words, natural gas, ‘Sﬁl products and coa}. This generalization
inadequately addresses the fact that the amount of carbon
released as carbon dioxide from the burning of fossil fuels does

vary between the specific types of fossil fuels{ -and in

kS
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shortcoming associated with the published -emission data 15 the
lack of information given as to how the values were derived.
Because of the aforementioned weaknesses in the published
values and in order to provide a ‘better uzliderstandxng of the
relationship between fossil fuel consumption and carﬁon dioxide

emissioms, 1t has begn deemed necessary to determine the carbon

)

dioxi1de emission factor for each fosstl fuel from what might be’

refedred to as ‘first principles'. This approach takes into
N
accourﬂ the fact that the amount of carbon released as carbon

[ass

: H
dioxide from the burning of a given type ofi fossil fuel 15
Ly
dependent on two factors:

‘
' I} e
1 .

(11 the gross energy content of the fuel, expressed as
the erergy content of that fuel for a given quantity
{e.qg./MJ/m3, GJ/tonne or GJ/m3). The value 1s then
standardized to express the amount of fuel
required to generate a fixed amount of energy.

For examp¥e, the amount of fuel (expressed in
» tefagrams, Tg) required to generate one

exajoule (EJ) of energy (1 Tg 16expl2 g:

1 EJ = 10expl8 J).

{11} the carbon content of a given fuel, expressed as a
proportwn of 1its mass (or volume). .

-

Hence, by knowmg‘th\e grossdeﬂnergy content of a given f;hel (1),
oneicém détermme the mass (orwvo‘]ur‘ne) of that fuel required to
generate a fixed amount of energy . In a similar manner, if the
g‘&“*carhon cont,eq}: of a *&i\ven " fuel is knOwnW(i'i ). that fuel's carbon
. ﬂf’eiovxﬁde ﬁenﬂs.sﬁon \Qctort can‘fb? determined by multiplying the
i""aarbon‘“ conten{. of that fuel by the mass/voTume of that fuel
?equfr‘ed to generate a }ed amount of energy {(1 * (i11)]. By

fbHowmg U‘HS brecedure one Obtﬂlﬂa .a carbon d10x1de emission

< . L , "
. ’ % , - " ‘ -::..

3
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{

factor”;or each fuel, expressed as the amount of carbon released B
as carbon dioxide. in teragrams, for every exajoule of energy
produced from the combustion o% that fuel. By standardizing the
emission factors -for a fixed unit of energqy, inter-fuel
compari;ons are facilitated. This standardization also makes it
easier to apply these emission factors to published energy demand
forecasts, which more vrequently adopt the metric umt of energy
mgasurement, ghe Joule.

The detailed calculations as to how the carbon dioxide
emission factors used in this thesiﬁ_yere determined are to be
found 1n Appendix A. Table 5.1 summarizes the essential pieces of
data required to determine t%e carbon diox1de an;ss1on factor for
each fuel.

4

The gross energy content factors for each fuel were obtained
from the Nationai Ener;y Béard&s (1986.130) report., Capadian
Energy §gggl& and Demand: 1985;2Q05. By making use of this
particular set of data the s{anadian aspect of this study 1s
;ﬁrther enhanced. :as, these valueg reflect the dross enerqy
content of the fue]sLused in Canada. Because the eﬁergy content
of a given fuel does vary from source to source, the use of
recognized Canad%an g;oss energy content factors enhances thé ‘
acéuracy of this national study.

The proportion of carbon By unit mass for each fuel was

obtained from Qarious sburces. Keeling (1973,191) calculated that

-the average proportion of = carbon by vd1ump for natural gas was

¥}

524g of G/m3. Campbell (1986,55) gives the typical carbon content

of bituminous or hard coal to be 70% by mass, while lignite

v -

-

'Y B . ) 4 ) " v v ¢
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contains only 43% carbon py mass. The carbon content of
subbituminous coa].an intermediate grade, was estimated to be
approximately 51% by mass (seé Aﬁpend1x A). Finally. Zimen et al.
(1977,1545) indicate that the average carbon t\content by mass of
ref ined peiro]euﬁ broducts is approximately%§7i.

The results of the calcu1atipns indicate 'that per exajoule
of energy generated, the combustion of natural gas releases the
least amount of carbon (C), only 13.78 Tq of C as CO02/EJ. This 1s
followeq by refined petroleum products, which upon combust ion
emit on average 19.2é\Tg of C as CO2/EJ, approximately 1.4 times
more than natural gas. By far the worst offenders in term$ of,
carbon emissions are the various grades of coal. The combustion
of H]gh-grade or bituminous coal releases 23.89 Tg of C as
C02/EJ, medium-grade or subpitum1nousb£oal releases 25.56 Tg of C
as C02/EJ, while low-grade coal or lignite releases 28.01 Tg of C
as C02/EJd, Tﬁe latter carbon emission factors for coal are
respectively approximately 1.7, 1.9 and 2.0 times more than
natural gas. These values are comparabﬁe with those published by
Gates (1985, 150) who also found that the combustion of o11.
products released 1.4 times m;re carbon than the combustion of“
natural gas pe} unit of energy consumed and coal (unspecified
grade) 1.7 times more. i

* The carbon dioxide emission factors that have‘ been
calculated 1n this section are also egggg:ablej with pub;rshed‘

values, and this nformation is SUmmar1zed in Table 5.2. The

Y calculated value for natural'gas 1s 10’ very good agreement with

the published emission fattors, as are the calculated values for

&
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zﬁgnﬁ;three grades of -coal apdltheir published counterparts:Arhe

” \\ﬁﬁglished emission factors for “o0il products demonstrate the

greatest vacﬁatizn from thefv;1ue caldulat;d»jn this thesis. Thas

is no doubt the }esult of the y&de variety of fuels represented

in this category, and the\ probabi%ity that the authors based

their —calculations gn only one iyﬁ%\of fuel, or an unspecified
combination of fuels.- ’

As mentioned prévioust. - signlfjcantmiproblem with the
published carbon d}oxiﬁe emiséion factors is the lack of
information as to how, and f?om”wﬁat"informétieﬁ the values were
derived. 'It 1is hoped that the ?nformation,presented in this
sect/on helps the reader to overcome these probléms and thus come

i

¢f-f—~_.xa$é‘ better understanding of'the relationship between fuel type

and carbon dioxide emission. . -
] ‘

5.2.1 BEomassyFuels‘and Carbon Dioxide Emissions
ﬂ -
1 % o -

-

Biomass fuels include organi§ materials such as wood, mil
wasfe, crop waste and crops produced for the production of
energy. These fuels already play a sm'a‘ll}ole'm Canada's tota)
energy balance and most énergy demand scenarios project that they .

- will play a much larger role n Qanada's energy future (see

-

Chapter 6). - Lot . SR

Becduse biomass fuels are carbon based, during combust fon

carbon dioxide 1§ fo(ﬁed and released. It must also be’remember ed

M °

y

. "
9 . ]
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that carbon dioxide is‘an eSSeﬁtLal plant nutrieht, transformed

by plants from the gaseous state into carbohydrates and other

organic materials by photosynthes1s. Thiz ptocess represents one

component of the blpgeochbmical cyc}ing’of cérpdn.
If plant material is harvested for energy production, it is

assumed that the production of any biomass fuels will be done on

a strictly renewable basis. Hence, from a carbon dioxide .

. emissions perspective the carbon cycle ts essentially balanced,

though somewhat accelerated. Therefore, no nét emission of carbon _
dioxide is ~assumeds from the combustion of renewable biomass
fuels. This in no way implies that the emission of other :

sybstances ({e.g. particulates) from the combustion of biomass

a

fuels is 1n a similar balance.

&

5.2.2 Other Fuels and Carbon DioiidevEm1§$ions

N

‘No carbon dioxide emissions result from the gemeration of
, ; .

energy from ‘the fo]ldwing fuel sources: hydro, nuclear, so]ar.~

-.wind or tidal eléctricity., nor from geothermal or hydrogen based .

energy production.

U « - -
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5.2.3 Carbon Dioxide Emissions from Non-Combustive Processes

*

@

Because the author has restricted 'this research to the study
of carbon giox;dq emissions resulting from the use of energy,
emissions of carbon *dioxide from non-combustive processes have
been excluded; Noﬁ-combustivgjsources of carbon diox1dé include

the production of cement and ammonia. Carbon dioxide 15 also

‘released as a result of fhp oxidation of organic matter in soils.’

The latter process }s accelerated whenever a soil is disturbed as

is the case with certain agricultural practices.

- “

5.3 Calculation of Total Energy Deﬁanq'

' 5.3.1L0éfinit50n of Total Eneréy Dema&ﬁ
V . |
¥
~ When gpeaking of energy demand,. one ggnerally.refers to
either primary or secondary demand. By definition, secondary
_energy demand (EISOV‘?b?erred to as end use demand for energy)

refer§ to the "energy used by final consumers for residential,

commercial, 7 indu§trial ~ and transportation purposes, and’

hydrocarbons uséd for such Ahon-gnergy purposes as petrochemical
. feedstock” (NEB,1986,132). '
e s !‘hé 5
On the othér hand, primary gy demand i1ncludes not only
. :

he »
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end use demand for energy, bat a1§o .energy used by the energy

supply ig?@stry to transform one energy form to another (e.gq.

coal to electricity} and the energy used by supplrers in’

transporting energy tﬁ the market (e.q. pipeline
fuel)(NEB.1986,134).

a It s ciéar that neither of these standard defiﬁit1ons is
adequate for the purpose of this study. In the case of'secon&ary
energy demand, the enerqy required to produce and deliver the
secondary product is n&f taken into account, hence emissions of
carbondd1ox;de from these sources are overlocked. In’ both cases
the use of fossil fue1; for non-energy purposes Suéhﬁiﬂ;
petrochemical feedstock, asphalt production énd fheiﬁgﬂbfacture
of lubricants, greases and’ petroleum coke is taken into. account.
a-Siace the la}ter broduéts do not undergo combustion, no carbon
d%oxide is refleased from their use, hence the use of unadjusted
primary energy demand figures would regult in an overespimate of
Acarbon dio;ide emissions.

From a carbon dioxide emissions perspective, one ‘isUSnly
1ntgﬁest¢d 1n: the total' demand‘ for {ossil %uels that will
definitely undergo combustion. This va]uetcan be determined from

_published energy demand rqupts"by simply subtracting non-energy
demand .for a given fuel from the primary demand for that fuel.
The specific values used do vary among the energy demand
scenarios utilized 1n this study, and these differences are

s

_discussed under the sections devoted to each specific case
R N . B

(Sections 5.3.3 - 5°3.5). o
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5.3.2 Total Energy Balance Approach

In order to give a better understanding of the chang{ng role

ql fossil fuels among the different energy demand scenarios
examined in this study, Canada's complete ;nergy balance is
examined. In other words, a total energy balance approach looks
at total demand for all types of energy: fossil fuel based,

renewable, and hydro and - nuclear generated electricity. Quite

simply. the value derived expresses Canada’s total demand for
enerqy, less our demand for fuels for non-energy purposes.
This approach allows for the calculation of the following

useful statistics:

(i) Percentage of total energy demand (TED) met by fossil
fuels. This statistic indicates the overall mportance
of fossil fuels in meeting Canada's total energy
balance among the different scenarios.

{(ii) Percentage of total energy demand met by hydro and
renewables. This statistic indicates the overall
1mpac$ance of what might be considered the more
environmentally benign forms of energy to Canada’s
total energy balance.

(iii) Percentage of total energy demand met by nuclear
generated electricity. Once again this statistic
indicates the overall importance of this
aontroversial form of enmergy to Canada's total energy
balance. e ‘f

(iv) Ratio of total carbon emission to total energy demand,
expressed as Tg of carbon emitted per PJ or EJ of
energy generated. This value provides a useful means
to compare the various energy demand scenar 10$ with
respect*to the total amount of carbon generated given
the total amount of energy produced.

(v) Percent increase or decrease in total energy demand
for each scenario over 1985 historical total energy

-
»
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demand (Scenario A). Net change and per annum change
calculated (see Appendix B for details of
calculations).

(vi) Percent increase or decrease in total carbon emission
for each scenario over 1985 historical total carbon

emission, Net change and per annum change calculated
(see Appendix B for details of calculations). ’

By making use of the latter statistics it is hoped that
i

comparisons between energy demand scenarios will be facillitated.

5.3.3 Calculation of Total Energy Demand for Scenarios A.B,C and D

Scendario A, the 1985 Historical Base Case, was derived"from

Table A3-3 (Total Energy Balance - Caﬁada): of the National

Energy Board's (NEB,1986,160) report, Canadian Epergy: Supply and--

gianﬁgng 1985-2005. Total energy demand was calculated by

subtracting any non-energy use and petfochemical demand from the
total pr%mary demand indicated for each fuel type. The energy
demand values are given in petajoules (PJ). The results of these
calculations can be found in Chapter 6.

The National Energy Board has chosen to amplify the demand
for nucleari generated electricity, using a conversion factor of

]

12.1 gigajoules per megawatt-hour (GJ/Mﬁ,h). The NEB (1986,111)
chose to enhance the demand for nuclear generated glectricﬂty in
order to reflectk“tge reality that Canada will notvljk?ly revert
to fossil fuels to géherate the quantities of electricity now

|
o
being generated by CANDU reactors.” Because this study is

-~ -83-
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interested 1in conveying the true demand for energy, the NEB's
values for total demand for nuclear energy were recalculated to
reflect the standard conversion factor of 3.6 GJ/MW.h.

|

Scenario B. the 2005 Low Price Case and Scenario C, the 2005

High Price Case were also derived from Table A3-3 of the National

Energy Board's report (NEB?iQBB.l?S-G)‘ The same methodology used
}

to determine the total energy demand for Scenario A yas also used

for Scenarios B and C. The results of these calculatjons ecan be

found in Chapter 6.

e e S

Scenario D, a projection of energ% demand in the year 2005,
was obtéined from Table A10-3 of the Nationa?:Energy Board's
(NEB,1984, A-205) report, (Capadian - Energy: Supply and Demand
1983-2005. Total ehergywdemand was calculated as above and the
energy demand values are given in petajoules (PJ). .The results of
these calculations can be found in Chapter 6.

In its 1984 report, the NEB also chose to enhance the demand
for nuclear generated electricity, using a conversion factor of
10.5 GJ/MW.h. This particular value was used by the NEB 1n order
to ascribe a -fossil fuel equiva]éncy to nuclear generated
electricity. Once again, in order to ref]ect the real demand for
nuclear generated electricity, the val@e for total demand for
this fuel was recalculated to reflect the standard convérsion
factor of 3.6 GJ/MW.h.

The raw data used in developing Scenarios A,B,C and D can be

found in Appendix C.
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5.3.4 Calculation of Total Energy Demand for Scenario E.

In their report, Effects of Energy Technology on Global €02
Emissions, H.C. Cheng, M. Steinberg and M. Beller {(1986,32)«
estimated that by ;he year 2050, Canada could improve its fuel
consumption efficiency over mid-1970s rates by 55% for liquids.

612 for gases, 702 for solids and 43% for electricity, These

values represent a net improvement 1n " efficiency.”over a

seventy-five year’ perio&. Improvementsv in fue %ébnsumption
efficiency have an equivalent benefit in reducing.!Bta1 energy
demand and consequently a reduction in C02 emissions, _ ,

In order to adopt these values to the.format of this study.
an as(pmpgiod of a linear improvement in effic1!%cy over the
seventy-five year period was made. With this assumpgion made, a
simple compound 1ntere§t formula can be applied fo Cheng et al.'s
(1986,32) data in order to determine the annual rate of

improvement in efficiency.

Thewfollowing compound interest formula was used:

Xp(l + r)EXPn = Xf |

f

’whére' Xp

= present value, arbitrarily assumed to be
1000 units for simplicity of calculation. *
‘n = 75 years. -
Xf = future demand, calculated by multiplying

improvement in efficiency by present value
and subtracting this value from xP. .
e.g. if efficiency improvement -=_55% then, -
= xP(.55) = 1000{.55) = 550 therefore.
1000 - 550 = 450 = Xf.

-85+

_ @



r = éalculated annual rate of improvement.

EXP = exponential function.

1]

»

.In order to calculate the ngt {mprovement in ene;éy use
efficiency over the twen{é year period examined in this study,
the calculated annual rate of improvement was ﬁncorpor%?ed in the
same compound interest formula in which the following values were

utilized:

Xpus 1985 historical total energy demand for the
fgel in question (obtained from Scenario Aj}.

20 years,

=]
13

Xt

demand 1n the year 2005.

>

r = calculated annual rate of improvement 1n ,
energy use efficiency for the fuel i1n question.

A more detailed account of the calculations used to develop

&

Scenario E can be found in Appendix D. The calculated annual

rates of improvement in fuel confumption efficiency for each fuel

f 2

are as follows:

: Natural Gas -1.25% p.a.
Refined Petroleum Products -1.05% p.a.

"~ Coal (solids) -1.60% p.a.
Electricity (nuclear) -0.75% p.a.

%
"In Scenario E the tgta1 demand. for hydro electricity 1s

assumed - to remain at 1985 Gleve]s. This assumption was made 1n
order. to reflect the fact %hat oncejiin place, hydro generating

I
capacity remains essentially fixed. Improvements 1in efflciency n
the"consumption of electricity are reflected 1n decreased demand

L
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for nuclear generated e!ectr{,f’icity. ‘ .

LE -
In Scenario E. the same;‘ rate of. improvement in'coner‘n?Non
efficiency for refined petroleum products is also applied to
renewable fuels. The results of these ca‘lcm{lations can be found

.
.

1t Chapter 6. : - .

-

5.3.5 Calculation of Totak Energy Demand for Scenarios F and G

- sy

In their report. 2025: Soft Energy F_u_tm'_e_a mg}mgd_a D.B.
Brooks, J.B. Robinson and R.D. Torrie (198ﬁ372provig*e’ projections
for future energy demand in Canada for the years 20b0 and 2025,
unger two d;stin}:t‘ scenarios (F: Business d&s. Usual and G:
Consum“e‘:”Saturation). Their tables provide energyAEemandfvalues
in petdjoules (PJ) for a similar range of fuels as the Nationa)
Energy Board.s projéctions (NEB" 1984 & 1986). The only real
,‘differen*ce;nbetweem Brooks et al.'s (1983) a;id the NEB‘'s (1984 &
1986) ran—gaet of fuels is that the former chc;se to subdivide
renewablg fuels into three distinct‘ categories; active solar,
wind and biomas'sv. For reasén§ of simplicity and‘compaﬁ’{éon
betwgen the different scenarios, Brooks et al.'s three categories
- were simply combined to form one cateqory for ﬁot'alfenergy demand
for renewable fuels.

Total energy demand for each fuel type was calculated by

subtracting non-energy use from the sum of primary production

e

plus net primary and seéogda;y inflow (i\’.e. net imports). The raw

-87- u — ' g
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‘ i .
‘data used in deveiop‘ng Scenarios F and G can be found'in © °

t

. Appendax E. \

As noted above, Brooks et al. (1983) have provided

projections for only th future data points, the yéari 2000 and
i
2025, neither meeting thg chgsen twenty year jprojection period of
, } .

this study. The authors note that their “study represents an
energy version of what economists call comparative statics" and
as such, “provides results for specific years but does not deal
with the pattern of activity between those years" {Brooks et al.,

1983,209). They also note that for the purpose of studying the

implgpentation of their proposals. “the projected soft path

results could, on the average, be ach1eyed by implementation

policies yielding equal changes from one year to -the next”, in
other words, linear change between the comparative statics

(Brooks et al.,1983,209). L=

With® the latter statement in mind, Brooks et al.‘'s (1983)

data can be manipulated to provide a data set meeting the

requirements of this study by culating the equation g% the
line between the two data poi*\e years 2000 and 2025) for
each fuel. The total energy demand for each fuel for the ;tudy
year 2005 can then be determined by substituting th year 2085
- 1nto the linear demand equation for each fuel.

Specifically, the slope (m) of the linear demand equation

for each fuel can be determined as follows:

e ———— -

-
—

m=X2 - Xl - S

Where Y2 = total enerqy demand for a specific fuel in 2025.

*88" v
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Yl = total energy demand for a specific fuel in 2000.
X2 = 2025. :
X1 = 2000.

The y-intercept (b) -of the line can then be determined by
subs@ituting the calculated slope (m) and one known poinfﬂon the
line [(X1,Y1) of (X2,Y2)] into the standard linear equation. Y =

mxX + b.’as follows:

Yn

"

m(Xn} + b
. Yn - [m(Xn)].

¥
o
1)

AN

To determine the total energy demand for gach fuel in 2005,
one simply lets Y be the total energy demand for that fuel and
wsolve the equation of the Tine by letting X = 2005 and b and m

equal the calculated values for that fuel: .

Y = m(2005) + b.

The detailed calculations used in developing chnar1os "F and &
are to be found in Appendix F and the results of the calculatloné

can be found in Chapter 6. )

%

5.3.6~Subdivision of Total Enerqy Demand Values for Coal Into.Three
Distinct Categories: Bituminous, Subbituminous and Lignite

LIS

S
A1l of the energy demand projections examined i1n this study

treat coal as a”;jngle value, yet as notediin Section 5.2, the

<
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carbon dioxide emission factors do differ between the various

gradé&—of coal. These values range from a lﬁw of“23.qg Tg of C
as C02/EJ for bituminous grade coal to a high of 28.01 Tg of C as
C02/EJ for lignite. . . *

 The National ‘f;ergy __Board ,(B?wers,1987,persona1
communication) has provided the author of this thesis with their
actual (1985) qnd estimated (2005 High Price .and Low Priée Cases)
coal share values.‘Inﬂl985 demand for coal was divided as follows
among the three principle grades:

1985 Bituminous 44 6%

Subbituminous  35.2% 5
Lignite _20.2%
. 100.0%

The latter values were only applied to the total demand for coal
1n Scenario A, the results of7§hich can be found in Chapter 6.

Under the NEB's (1986) Low Price Case (LPC) (Scenario B) the

demand for coal was divided as follows: N o
t {} "
. ok
2005 LPC Bituminous 49.9%
) Subbituminous 29.9%

Lignite

. —~p

These values were only applied to the total demand for coal in

20.2% .
100, 0%— -

Scenario B, the Fesqlts of which can be found n Chapter 6.
Under the NEB's (1986) High Price Case (HPC) (Scenario C)

the demand for coal was dividedvas follows:

2005 HPC Bituminous 42.8%
Subbituminous 37.5%
L 1 gn ite h __.1&;_7_1 Y

100.0%

© -90-
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These values were apglif; to Scenarios C through G. This blanket

*

-approach was adoptéd Lin recognition of the fact that high oil

prices,wgre either built into the scenarios?Scenarios C &0D) or
would be one of many factors that would prompt a move tbwardgs
greater efforts to conserve fuel and/or  substitute
non-conventiogal sources of energy (Sceaar%os E through G). The
results of this application can be found in Chapter 6.

~ It is, hoped that by providing this extra detail greater
clarity in terms of specific energy demand and cqrbon emissions

can be attaiﬁed.

4 g-

5.4 Calculation of Carbon Dioxide Emissions N

L]

The -calculation of the caE;on dloxidé emissions resulting
féom the total-demand for a given fuel 15 straightforward. For
each scenario, the total 'demand_for each carbon dioxide emitting ‘

.fuel was multiplied by its aﬁbropriate carbon dioxide emission
factor. The individual values were added together, the total
representing gross carbon dioxide emissions for each scenario.
The results of_these calculations can be found in Chapter 6.

The technique of applying carbon dioxide em:;sjon factors to

’Energy démana values 1is standard among carbon dioxide emission
studies. It is a technique that has been used to estimate past
emission t;eﬁhs (Acres,1983 & Kee]idg.19f3) as well as future

trends (Edmonds et al.,1986a & b; Zimen et al.,1977; Rotty and

-91-
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Reister, 1986; Niehaus,1976 and Schware,1981).
what this study hogpfulfy’adas to thisfbody of literature is
a more detailed description of the methodology which in turn has

been applied at a more precise scale, national as opposed to

"global. In ad&ition. Scenarios t through G have not previously

been analyzed from a carbon dioxide emissions-perspective.

£,
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6.0 RESULTS

6.1 Introduction
>

. T 3

With the methadology havghg been applied, we now turn gur

attention to the results of the analysis which are summarized for
each scenario (Section 6.2). We conclude this chapter with a

brief analysis of current Canadian emissions of carbon digyide in

%

.comparisoen with global emissions in order to place Canada's

contribution into perspective (Section 6.3).

»

6.1.1 General Notes on Tables and Figures
¢

The tables and figures presented in this chapter summarize

the results of the analysis for each scenario. Each scenario-1is

referred to by its alphabetic designation as follows:

1985 Historical Case (actual values)(NEB,1986)
: 2005 Low Price Case (NEB,1986)
: 2005 High Price Case (NEB,1986)

t
(e [} (=] x>

: 2005 High 0i1 Prices (NEB,1984) ‘
: 2005 A1l Fuels Efficiency Improvement (Chengyet al.,1986)

m

- F: 2005 Business as Usual (Brooks et al.,1983) ?
G: 2005 Consumer Saturation (Brooks et al.,1986)

. -93-
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v6.2 Results - By Scenario

6.2.1 Scenario A

L)

[ scenario A represents Canada's actual total energy demand

and consequent carbon dioxide emissions far—the year 1985. As the

A
only historical case, Scenario A is the base from which the other .

. “»
scenarios are compared..

Table 6.1 and Figures 6.1 and 6.2 indicate that in 1985,

Canada's total energy demand was 7212 petajoules (PJ) and the

consequent emission of carbon as carbon dioxide was 102.4%
teragrams (Tg). Of the 7212 PJ of total energy demand, 76.3% was
met by fossil fuels, 20.7% by hydro and renewables, and 3.0% by
nuclear (Table 6.2 and Figure 6.3). \

Canada's emission of 102.4 Tg o} carbon for a total energy
demand of 7212 PJ is eéuivaTent to an emissiop rate of 0.01420 Tg
of carbon (C) asucarbon dioxide (C02) emj;ted pe; PJ of totq]
gnergy demand (Table 6.2 and Figure 6.4). ’

Of the 102.4 Tg of total carbon emission, 23.5@’£;s
attributed ™ to natural gas., 24.3% t6 coal, and the majority,

52.2%, to refined petroleum products (Table 6.3 and Figure 6.6).3

Naturail qgas, coal and refined petroleum products account ﬁgr .
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Figure
Per Cent Share of Total

Energy Demand by Fuel Type
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*31.8%, 17.8% and 50.4% of total fossil fuel demand respectively
(Table 6.3 and Figure 6.5). It is important to note that because
of the large differential * 1n carbon dioxide emission rates
between natural gas and coal (Table 5.}), the former provides a
-s+gnificantly larger share of total fossil fuel demand than the
}atteré (31.8% vs 17.8%); .yet natural gas still m;nages to
contribute a smaller portion of total carbon dioxide emissions
than coal‘ (23.5% vs 24.3%)(Table 6.3).. This particular contrast
between natural ga§ vaAd coal 1is démonstrated among all the
scenatios. except E, e{amined in this thes)s.
élgﬂd?y. anada'g totaMd epergy " demand for 1985 s
characteriéed by an ovegwhe1ming dependepce on fossi11 fuels and
in particular, .refined petroleum products'ﬁnd natural gas. Very
little of our total energy demand is met by nuclear enerqy, while
a more s1gnif1capt‘ pr?portion 15 met by hydro eiectr1c1ty and

renewables.

/.
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6.6

Figure
Per Cent Share of Total

by Fuel Type
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6.2.2 Scenario B

Scenario B represents “thé National Energy Board's (1986)
vi:\oh of whatﬂCanada‘s’%8tal energy demand and consequent carbon
dioxide emjssions might be should the wof1d price of oil Eema1n
low (between $US 14 (1986) and $US 18 (1386) per barre1) ower the
projection period. Under such favourable pricing conditions the
demand for conventional fuels- rises and fhe development of
non-conventional fuels is suppressed. *

Table 6.1 and Figure; 6.1 and 6.2 indicate ;hat should the

conditions governing Scenario -B be realized, Canada's total

energy. demand in the year - 2005 may rise to 10,864 PJ and the - . -

consequent emission of carbon as carbor- dioxide to 156.2 Tg. The
1atter_va1ues represént-increases of 53.6% (2.07% perrannum) in
total energy demand ;nd 52.5% (2.13% p.a.) in total carbon
emissions over 1985 levels (Table é.4). OF all the scenarios
analyzed in this thesis, Scenario Bdemonstrates the greatest
increase over 1985 values for both total energy demand and carbon
emission. g:‘ the 10,864 PJ of total -energy demand, 76.5% is met

by fossil fuels, 19.3%“by hydro and renewables and 4.2% by

P

By

nuclear (Table 6.2 and Figure 6.3). ) n

The projectéd emission oq 156.2 Tg of carbon for a total

enerqy demand of 10,864 PJ is equivalent to an emission rate of-

*,

0.01438 Tg*of C as CO2 emitted per PJ of total energy demand
(Table 6.2 and Figure 6.4). Although this value i the largest

N &
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calculated among the scenarios analyzed in this thesis, it is
only slightly higher than that calculated for 1985. This slight
. increase can be attributed to the oveﬁgll “increase in the

pprcentage of total energy demand met by fossil fuels; 76.5% in

2005 compared with 76.3% in 198§ (Table 6.2). More importantiy,- ’

ihe pgrcentége of total fossil fuel demandfrmet by coal rises to
23.7% in 2005 from 17.8% in 1985 (Table 6.3).

© 0f the projected 156.2 Tg of total carbon gdiaxide emission,
25.6% is attributed to“‘natural”gas, 31.9% ﬁo coal and 42l5% to

refined petroleum products (Table 6.3 and Figure 6.6). Natural -

gas, coal and refined petroleum products account for 34.9%, 23.7%
and 41.4% of total fossil fuel demand respectively (Table 6.3 and

Figure 6.5). o '

As wiih Scenario A,‘Cagzga‘s total energy demand remains
_ overwhelmingly dominated by fossil fuélsuunder the low oil price
conditions characteristic of Scenario B.*Thé%?ow 011 prices 1n
turn have .a_similar impact on the price of the other fossil
fuels; hence increased &eéhand for ~natural gas jigd'coal are
demonstrated in Scemaric B. The most dramatic change 1n demand
occurs for coal (three grades combined), increasing from 980 PJ

in 1985 to 1966 PJ in 2005, an increase of approximately 100%

(Table 6.1). Demand for natural gas increases by 65.7% over 1985 ¢

levels, while demand for refined petroleum prodqgts increases-by
only 24.3% over the same period (Table 6.1). The National Energy
Board (1986,9) explains this comparatively "low degree of

responsiveness in demand for oil" as being a function of low

prices,  increasing incomes and competitive energy supply

-107-
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alternatives not luring consupers back to "considerably increased
gilidependence for fear of future price effects”.

Scenario B stands out in the.anéjyfis in that of all the
scenarios examined in this »thesis, ‘2t% demonstrates both the
largest tota1»energy (demand-and greatesfjpbtentia1 emission of

carbon dioxide.

6.2.3 Scenarit;\c . V

¥ ) / y
Scenario C represents “the National Enerqy Board's (1986)
vision of what Canada's toté] energy demand and consequent carbon
dioxide emissions might be Sﬁou}d the world price of 0il increase
over the projection period to a peak of $US 21*(19865 per barrel,
~The NEB (1986.9) set this timit in recggnitﬁon of the fact that
"around this price energy resources other than OPEC oil should be
available, constrainéng OPEC's ability to sustain price leveis

?puch beyond this range”. - ‘
Table 6.1 and Figures 6.2 and 6.3 indicate that should the
conditions governing Scenarfo C be realized, Canada's total
energy demand 1n_ 2005 may rise to '9784 PJ and the consequent
emission of carbon as carbon dioxide to- 137.4 Tg. The latter

values represéét increases of 35;7% (1.54% p.a.) in total energy ‘

demand and 34.18% ’(1ﬁ48% p.a.) {n total carbon emissibns.over |
1985 levels (Table_6.4). ‘Qf *ihg 9784 PJ of total energy demand,
14.1% 1s met by fossil fuels, 21.0% by hydro and renewables and

. =
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4.9% by nuclear (Table 6.2 and Figure - 6.3). Clearly, although
fossil fuels st1ll dominate Canada's energy balance, under the

high oil prxce conditions governing Scenario.C there is some

growth‘jn bothfhydro and renewables and nuéﬁear energy's share of

the balance compared with Scenar1os A and B

The prOJected emission of 137.4 Tg of carbon for a total
qﬁi{gy demand of 9784 PJ. is equ1valent to an emission rate of
0.01404 Tg of C as CO2 emitted ;per PJ of total energy demand

(Table 8.2 and Figure 6.4). This-value is slightly less than that

calculated for 1985 because of the reduced share of the total

energy balance met by fossil fuels; 74.1% in'2005 compared with
76 3% in 1985 (Tag;e 6.2).
0f the prOJected 137.4 Tg of total carbon dioxide emission,

25.2% s attributed to natural gas, 34.1%- to coal and 40t7% to

~refined petroleum products (Table 6.3 and Figure 6.6). Natural

gas, coal and refined petfoleum products account for 34.7%, 25.3%

and 40.0% of total fossil fuea demand respectively (Table 6.3 and

* .
Figure 6.5). The high price of 0it woul&'seem to make coal an

gttractive alternétiveﬁ as its 25.3% share of total fossil fuel

=

demand is the highest among the scenarios (tiéd with Scenario G,

Table 6.3).

W
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6.2.4 Scenario D° _ .

Scenario D represents the National EnerdyﬂBoard‘s (1984) ’

.

vision of what Canada®s total energy demaﬁd and consgquent carbon
dioxide emissions might be §%ould the world price of oil rise
over the projection period to a peak of $US §8 (1983) per barrel.
The NEB (1984) developed this scenario when world oil pricesvwere

~ still -under the influence of the 1979;80 _price shock, when the

3
price of cru§e~oil reached a staggering peak of $US 34 (1981) per -

barrel. R !

Table 6.1 and Figures 6.1 and 6.2 indicate that should the
-conditions . governing Scenario D be realized, Canada‘s total
energy deémank in the year 2005 may rise to 9694 PJ and the

consequent emission of carbon as carbon dioxide to 127.5 Tg. The

e

[atter values represent increases of 34.4% (1.49% p!a.) in total
energy demand and 24.51% (1.10% ﬁ.a.) in total carbon emissions_
over 1985 .levels (Table 6.4). "Of the 9694 PJ cof total éngrgy
gemqnd, 71.3% is met by fossil fue]spi 23.2¢% by“ hydro And
_renewables and 5.5% by nuclear (Tabie 6.2 and Figure 5;3)L Once
again, fossil fuels still dominate Canada's energy balance, yet
under the extremely high oil pricesugpa}acteristic of chnario D,
the share of the energy balance met by hydro and renewables and
nuclear rise to their highest Jlevels of any of the Nation;?
Energy Board's energy demand scenar ios analyzed in th%s thesis.
The projected emission of 127.5 Tg of carbon for a total
energy demand of 9694 PJ is equivalent to an emission rate of

P
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- demand for total coal in 1985 (980 PJ)(Table 6.1).

0708315 Tgof C as CO2 emitted per PJ of total whérqy demand

(Table 6.2 and Figure 6.4). This value is somewhat less than that

calculated for 1985, «a result whiczrcan be attributed to the
reducéd‘share of the total energy balance met by fossil fuels in -
Scenario D (71.3%) compared with Scenario A (76.3%).

o of tﬁe projected 127.5° Tg of total carbon dioxide emis§iop.
129.0% fé~attributed to natural gas,,29.4% towaa} and 41.6% to
ref ined petfo]eum prpducfs (Table 6.3 and Figure 6.6). Natural
gas, coal gnd refined petroleum products account for 38.9%, 21.3%
and 39_8% of total fossil fuel demand respectively (Tible 6.3 and
Figure 6.5). The demand for r;fined jpetroleum products ‘in
Scenario D (2758 PJ)‘ actually decreases by -0.58% below the
demand for the same products in 1985 (2774 PJ)(Table 6.1).
Natural, gas demand increases in Scenario D (2687 PJ) by 53%~9yer

demand for natural gas in 1985 (1751 PJ)(Table 6.1). The demand

for total coal in Scenario D ‘(1467 PJ) increases by 507 over

|

‘_ ~ , e
6.2.5 Scenarfo E

»

-

Scenario E 1ncorporéte§ ihe potential reductions in energy
démand‘ from _the adoption of ‘improved eneﬁgy_~technology as
outlined by Cheng et al. (1986). By implementing a number of
improvements in_ gné’ﬁy technology, Chéng et al. (1986) have

concluded that mié—19705 prodpctivity can be -sustained with

| - -

N . -111-



[
i

»

o+

s1gn1f1cant1y less = energy 1nput than was requ1red at t1me

In order to s1mu1ate a situation in which strmgent‘gergy

conservation is-. practqu. ~ Scenario 'exgends the ca]cuhted
L

_improvements in energy consumption for liqgjd fuels to renewab1€‘

fuels. Scenario Ex feprgsents a- sttuation  in which the total

g énergy balancg‘doéé not change significantly over .the present

wsituationf In other words, the fuel mix remains much as it is

—

today
Y
Table 6.1 and F1gures 6.1 and 6. 2 .indicate that should the

“conditions - governing Scenario £ be realized, Canada's total

énérgy demand _in the year 2005 may fall to 5890 PJ and the '

consequent éﬁﬁsiiggk‘giﬁfarbon as carbon dioxide to 80.1 Tg. The
. . ) ~—. | .

latter values represen‘!Edeggea%es .of -18.3% (-1.01% p.a.) 1in

»

total energy demand "and -21.78% (-1.22% p.a.) in total calbon#
emissions over 1985 levels+(Table 6. 4) Off the 5890 PJ of tota]

" energy demand, 73.2% is met by fOSSII fuels, 23.7% by hydro and *

renewabdes and 3.1% by nuclear (Table 6.2 aad Figure 6.3).

The phbjected emission, of 80.1 Tg of carbon for a total

energy demand of 5590 P} 1is equivalent to an emission rate of

£ 0.01360 Tg of C as €02 emitted per PJ of total energy demand

(Table 6.2 and Figure 6.4). Note that because the ggtal;eqergy
Galanqg demonstgated in ScenarioruE does not differ significantly
from that of* the Natishal Energy’Board's scenarios (Scena;ios
A-D), the carbon dioxide emis<cion raté‘;;fculated for Scenario E
fa{}sJ within® the "range of the rates ca]culated for the NEB
scenarios (Table 6.2 and ?igure 6.4). =

- ¥
of the projected 80.1 Tg‘of total carbon dioxide emission,

<
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23.4% is attributed to natural gas, 22.6% to coal and 54.0% to
refined petroleum products (Table 6.3 and Figure 6.6). Natural
gas, coal and refined petroleum products acéoant for 31 5%0 16. 52

and 52.0% of total fossil fuel demand respect1vel} (Table 6. 3 and‘

hEd

Figure 6.5). Thesg values are similar to- those;ca]cu]ated for

Y]

1985 (Scenario A). L R .

. *6.2.6 Scenario F . | R
¥ ' ’ Pt . )
. - ' ‘é » ﬁ‘ &
. Scenario F represents Frxends of the Earth Canada S vision

f what Canada's total energy demand and con§e9uent carbon
dioxide em1ss1ons might be shqu1q‘we fq]low what has begpme known

as a 'soft energy future' (Brooks et al. ,1983) Scenar 10 F 1s
based on the Business as Usual (BU) sgen;rio—developed*by Brgo}s
et al. (1983). forggtneirv report én the féasibiIitj of m:v1nq

/'towards a soft energy future 1nutanada In terms of"iﬁé%?‘éﬁé?&}L‘

analys1s, “no energy conservation or renewable energy techn#&qsvﬂ’:L
was }ntroduced into the-Business as Usual scenar1o unt11 At was
cost-effective;, nor was any 1ifestyle change incorporated”

(Brooks et al.,1983,16). ,
Table 6,1 and Figures 6.1 and 6.2 1ndicate that should the .
- condition§ govern1ng Scenario F be rea1tzed Canada’sutota[
energy demand in 2005 may rise to 8224 PJ wh1le the con'sequent
em1551on of carbon as carbon’ d1ox1de would fall to 74.2 %g. The
latter values reprgsen} an lhcrease of 14.0%‘59.66% p.a.) n -

‘ ., N

e
e
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total energy demand and —a decrease of -27.54% (-1.60% p.a.) in

" total carbon dioxide emissions over 1985 levels (Table 6.4).

i

Scenario F 1s the only case in ‘“which total energy demand
ﬁncreases and c&rbon dioxide emissiens decrease in comparison
wlth 198 levels. . Kl \ .

Of the 8224 P) of total energy demand, only 48.9%_15 met by

»

foss1] fuels. 48.8% by hydro and renewables and 2:3% by nuclear

(Tablgxﬁ.Z and Figure %.3). This represents a dramatic departure
from our present-day conventiondl energy balance in which fossil
fuels play such an overwhélmingly dominant role. In Scenario £,
demand for fossil fuels (4024 PJ) decreases by -26.9% over 1985
demand (5505 PJ), while demand for -renewable energy (2778 PJ)
incregses by 437.3% over 1985 demand (517 PJ).

The projected’ emlss1on of 74.2 Tg of - carbon for a total
energy demand of 8224 PJ is equivalent to an:emISSIQn rate of
0.00902 Tg of C as €02 pe’r PJ of total energy demand (Table 6.2

and Figuré 6.4). This emission ratewis second lTowest among the

-scenarios analysed in this thesis, the result of a significant

[N
movement away from fossil fuels and towards renewable energy

0f _the projected 74.2 Tg of total carbon d1;x1de emission,
3b.7% is attributed to natural gas. 32.9% -to coal and 35.4% to
ref ined ’Petro1eum broducts (Table 6.3 and fiéure-iG.S). This is
the mostﬁeyfn §1stribgt1oﬂ’ of carboq dioxide smissions among the
three éategd}ies of fossil fue?é. ~of any sgenario agglyzed in
this thesis. Natural ;as, gbal and refinéd petfoledh products
éccdﬁnt for 42.3%. 23.9% and 33.8% of total foss?] fuel demand

respectively (Table 6.3 and Figure 6. 5). In no,other scenario
: il o
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does natural gas representv such a large share‘ and refined

petroleum brcducts such a small share of total fossil fuel demand //ﬂftf5
. Fi —
i (Table 6.3 and Figure 6.5).
! >
= .
. . \\\bfg .

N,
6.2.7 Scenario G

SgenariB,G represents Friends of the Earth €anada's vision

of what Canada’s - total enerqy demand and consequént carbon -
dioxide emiss ions mighf be should we follow a moré’v1gorous soft
§f energy future. Scenarig“ G is based on Brooks et al.'s (1983)
Consumer Saturation (CS) scenario. In terms of their energy

@

analysis. "in the Consumer Saturation scenario somewhat less than -
fully cost-effectivé} scenérigs were inéo}porated‘fand modegt
lifestyle changes allowed at the discretion uof provincial

analysts” (Brooks et al..1983?16).
Table 6.1 and Figures 6.1 and 6.2 indicate that should the
’ “conditions governing Scenario G be realized, Canada's.total
energy demand An 2005 may fall to 6430 PJ and the consequent
emission of carbon as cérb;n« dioxide to 49.9 Tg. The latter
-values represent a decreasé of -10.8% (-0.57% p.a.) in total
energy demand and a 'dectgfse of -51.27% (-3:63% p.a.) ¥n total
carbon emissions over 1985 levels (Tdble 6.4). It is interesting
to note that the decrease in total energy derand of -10.8% over
1985 levels shown for- Scenario G is less than the decreases in
. total energy -demand calculdted for Scenario E (Table 6.4).
™~

! ‘ -

. pus,
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Remember that #Scenario € incorporates potential reductions in
energy demand from the adoption of improved energ&ltecﬁnology -
alone aﬁd not from fuel substitution combined with efficiency
improvements’, as with Scenarios F and G.

Of the 6430 PJ of tota] energy demand. only 41.6% is met by .
fossil fuels, 56.2% by hydro and renewables and 2.2% by nuclear
(Table 6.2 and Figure 6.3). As/with Scenario F. the total energy
balance is markedly 4 different from today's conventional
distribution. The 56.2% share of the total energy balance met by
hydro and renewables gs the highest for that category ;mong the
scenar}os, while the 41.6%2 share met by fossil fuels is theu
lowest value calcuf;ted for that category. In Scenario G, demand
for fossil fuels (2673 PJ) decreases by -51.4% over 1985 demand
(6505 PJ), while demand for renewable energy (2415 PJ) increases
by 367.1% over 1985 demand (517 PJ).

The projected emission of 49.9 Tg of carbon for a total
~ energy demand Bf 6430 PJ 1is equivalent to an emission rate of
0.00776 Tg of C as CO2 per PJ of total energy demand (Table 6.2
and Figure 6.4). This emission rate is the 1owest'among the
scenarios analyzed in this thesis Qﬁ"d is almost half the rate
calculated for 1985 (Table 6.2 and Figure 6.4). -

0f the projected 49.9 Tg of total carbon emﬂ’sion. 29.0% is
attributed to natural éas. 34.7% to coal and 36.3% to refined

petroleum products (Table 6.3 and Figure 6.6). Natural gas, coal
. S\ T
. and refined petroleum products account for 39.5%., 25.3% and 35.2%

of total fossil fuel demand respectively (Table 6.3 and Figure

6.5).
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6.3 An Analysis of‘angdian Fossil Fuel Based Carbon Dioxide
Emissions from a Global Perspective

L ]

The 1985 global emission of carbon as carbon d1oxiae from

.

the combustion of fossi] fuels has been_ estimated to be abouf §
10EXP9 T)(Canadian Climate Centre,1986,4).

gigatonnes (1 GT
Therefore, Canada's contribution of 102.4 Tg (1 Tg = 10EXP12 g)

'

of carbqn as carbon dioxide from fassil fuel combustion in 1985

represent about 2% of global emissions.

Statistics Canada (1986b,39) estimates that Canada's
25,359,800. Kent and Haub (1985,1) of

that the world

Pl

‘popu1ation in mid-1985 was
the- Population Reference ‘ Bureau estimate
population in mid-1985 was 4,845,000.000. Using the latter
population estimates., one can calculate the average per capita

emission of carbon' for Canafa and the worid. Dividing total

carbon entission by population one obtains a per capita emission

rate of 4.04 tonnes of C peir person for Canada alone and 1.03

tonnes of C per perSd% for the world (including Cahadaf’as a

whole (Figure 6.7). Based on these calculations it would appear
that on average Canada's per capité emission of carbon as*carbon

dioxide is almost four times that of the Jor]d as a whole.

|
|
!
i

!
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| Figure 6.7 N |
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7.0 SUMMARY AND CONCLUSIONS-

The very nature of Canada's energy demand and its resource
options provide an excellent topic for study. Canada, by any
measure, is a -conspicuous consumer ‘:fufossil fuels. In 1983,
Canada had the highest per capita energy co;sumption of any
country in  the world, consuming cloge to 9,000 kilograhs of oil
equivalent per person (Statistics tanada.19866.158). A§ pre;ent,
the annual global anthropogenic contribution of carbon dioxide
from the combustion ~of fossil fuels is approximately 5
gigatbnnés, of which Canada.contribufes 102.4 teragrams, or about
2 per cent. If the atmospheric concentration of carbon dioxide is
allowed to increase to double that of itsqpre-industrial level,
then a warming of the global aver;ge surface air temperature of
bet;een 1.5 and 4.5 degrees Celsius is’ expected. Even at the

“lower end of this ranégfﬁlihe iqpact on climate, and hence the
egnvironment, is expectedfto be significant.

When faced with the pfospéct of such a signi?icant change 1n’
Earth's cffmate one can approach. the problem in one of tyo ways .
Firstly,J one may try to adapt to the expected changes or,
secondly, one may take steps to decrease the output of the
substances“that are £€ausing the ‘problem. In view of the severity
and nature of the carbon dioxide problem fhis thesis has
advocated the redugtion of anthropogeaic carbon dioxide emissions
through better use of the types and. quantities of fuels Canada

chooses to meet 1ts energy demands.
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“Two important observat1ons with respect to enerqymdemand and

-

carbon dioxide emissions are evident from the resh1ts of this
thesis. Firstly, if Canada continues to consume the same types
of energy resources, in the same proportions and at a similar

rate of growth in jdemand as we do today, our outbut of carbon

dioxide will continue to increase significantly. The results of

the analysis of Scenarios B, C and D, the National Energy Board
A
scenarios, indicate that our output of carbon dioxide in the year
2005 may be ibetween 24.51% -and 52.54% greater than that of 1985
F

(see Table 6.4). Recall that these scenarios emphasize a

‘conservative outlook with respect to the types of fuels we may

choose to meet our future energy demand. In other words, while we

X

use more energy in Scenarios B.C and D than we did in 1985, the

types and proportion of fuels remains essentially the same, as

" does the technological efficiency with which the fuels are

consumed.JClearly, by following our present path with respect to
energy demand and consumption, Canada will continue to

significantly contribute to thé@ accumulation of atmospheric

carbon dioxide. |

The second observation one can make is that with respect to

energy demand and consdmption, Canada does have viable options,

" and these options appear to offer the potential for significant

reductions in our current output of carbon dioxide. If we simply
apply the best available energy consuming technology as outlined
by Cheng et al. (1986) in Scenario E, by the year 2005 our output

of ,carbon dioxide would be 21.78% less than that of 1985 (see

"Table 6.4). This reduction is achievable using the same types and

-120-
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proportion of fuels we use today, but using them as efficiently
as possible. If we take these effoft§k§ step further, by not only
using energy more efficiently, but also by beginning the movement

towards adopting different an& more environmentally benign fuels

- Bcrompanied U some minor lifestyle changes, Canéda may be able

to reduce its current output of carbon dioxide by 27,54% to
51:27% by the year 2005 (see Table 6.4). The latter values were
derived from the analysis of Scenarios‘F and G. Recall that these

kN

scenarios encourage the adoption of what have become known as

“'soft' energy paths (see Section 4.4,.3), and hence represent a

significant “departure from current trends in Canadiah energy

demand and consumption.

Although Scenarios‘E through G represent significant chdnges
over current energy demand and consumption in Canada, they are by
no means unrealistic options. Taese scenarios‘were chosen because
of the c;edibility and 'expert3§e of the individuals and
organizations that developed them. It is tﬁis very credibility
that challenges us to seriously examine these alternatives. They
question ‘the very nature and desirability of our conventional
wisdom and off;; viable alternatives to the current path. The
alternative scenarios analyzed in this thesis are by no meahé the
only solutions to 11mitjng our carbon dioxide outpqt. but they

are an indication of the potential range of options available n

Canada. They also indicate thay Canadians have the resource

o

diversity and technology to decide what types of fuels we may
4 .

" choose to meet our future energy demand.

L1

In Perspectives on Resource Management, T. 0'Riordan (1971)

|
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describes the process of choice as :being a central theme in

resource management. If we consider the -atmosphere to be a - %W

resource, and the accumulgtion of -carbon “dioxide A%n the
atmosphere as being a threat to that resource, than the question

of choice becémei’rcriticalz if we are to solve this resource

management problem. Clearly, the results presented in this thesis

indicate that Canada has both the resources' and fechnology to

limit its output of carbon dioxide without constraining its

economic growth. What Canada now requires 1is the leadership and
_the policy to implement such a program. As Peter G. Brewer

(1983,189) notes in Changing Climate: )

——

The €02 content of the future atmosphere _will largely

reflect how ~much CO2 we choose to put in. The key word is
choose, for however hard those decisions may be, they
represent choices distinct from the natural laws that will
inevitably be obeyed as the C02 level rises.

/

As we have learned in this thési;, the atmospheric
accumulation of carbon. dioxide énd its‘ predictgd impact on
climate Ehange is .a global issue. The results of this thesis
;jndicat; that while the population of Canada is only
approximately 0.5% of the world population, we presently
contribute 2% of all carbon dioxide emitted from thé combustion

of fossil fuels. Expressed in terms of per capita emissions,

Canadians emit approximately four times more carbon dioxide per

person than does the average inhabitant of this planet. Given the \

fact that Canada's most likely current path of energy demand and

consumption will inevitably lead to even greater emissions of

0
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. 7"_ﬂffgmissions. we must. The carbon dioxide issue elegantly .

4 x}

e

- 5
A

carbon dioxide, and given the fact that we do have viable energy

options available that would reduce our output of carbon dioxide,

one might suggest that not only should -we move to reduce our

demonstrates the dramatic imbalance between the developed and
developing world with respect to resource consumption and
en?irbnmental impact. It can be stronglyyargueq\that‘countribs
such as Canada have-a moral ob]igat}on to take leadership in
démonstrating that_”nqn-conventional energy paths" are viable and
ecologically sounq.

The resulfg‘of this thesié by no msans suggest that the
adoption gf alternative technologies will ;e easy; what they do
indicate is that it “can be done. The very geography of Canada,
its spatial ex;ent, itsAbopu]ation. {econémic. clmmatic, social
and political characteristics, have conspired to make Canada
“ﬂependeqt 6n fossil fiels to meet its energy "demand”. Clearly,
these vefy same characteristics will also influence the nature of
whatever énergy patnh Canada may“choose to follow 1n the future.

I would Tike to conclude this thegis with some indication of
the questions this research has nais:j?“?ﬁzjbrinciple lTimitation
of this thesis is that it isolates and examines one single

 environmental issue. This was done because of constraints of time

and space. While the increasgﬁ loading of carbon dioxide 1n the

atmosphere and 1ts predicted impact on global climate change has

7 emergéd as one of the most significant atmospheric and

environmental issues, it is by no means .the on1x‘fssue of

. concern. ' . ) ‘ -

-123-



. .
Even more important than the realization that there are
other atmospheric and, environmental }ssuesi.of concern is the
growing ~awareness of howiinterdependent these issues are. Over
the past decade there has been a movement among reseafchers‘to go

beyond looking at a single issue by ~‘ado;;)ting a more holistic

approach to the study of environmental problems. This approach

attempts to define. and measure the cause and effect linkages

between known issues of environmental cancern. One of the

"simplest ‘observations from such  an approach has been the

realization that many of today's environmental issues have common
’, W - - A}
sources. Qp particular, our consumption of fossil fuels is not
, .

only ‘the principle cause of atmospheric carbon dioxide -

accumulation but it is also a major contributor to the problems
of urban air pollution, arctic haze, ozone column alteration énd,

of course, acid precipitation.

' & . .
On a more complex level, there is a growing awareness that

“the ndividual chemical constituerits that contribute to these

environmental problems can interact physically and chemically

with - each other and thus enhance or hiﬁder’ the processes
4 .

associated with these issues. With some understanding of the

interdependence of these i1ssues, one must ask what the impact of

future energy consumption might be., not just with respect to -

carbon dioxide accumulation, but to all the issues of concern.

: I .. -
“Even though this thesis concentra?es on-the reduction in emission

of carbon dioxide, in- general, one can suggest that any of the

vsceﬁarios that demonstrate a reduction in the dem%nd for.energy,

and 1n particular fossil fuels, would also lead t% the reduction’

|
|

|
1
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of other emissiqﬁg associated with the variety of atmospheric and
environmental igsues of concern.

An our understandiné of the physical and chemical workings
of the atmospheric environment increasgs, it wouln be desirable
to study future energy panhsb from a 'Fotal emissions
perspeciive‘. Only when this 1level of understanging has been
reached can one- truly'make a rational - decision as to what the
most environmentally benign energy path would be. Until then, it

) o

. is hoped that studie§ such as'this— thes1s can make some sma]l
2

contribution to this gro‘Ing body of know]edge
t

Jn summary, this the¥is has attempted to demonstrate the
} J . ’ - =
following: /

l

-

That the carbon dioxide issue is real and its anticipated

"~ effects are potentially devastating;

That a var:efy of solutions to this problem exist, the most |

desirable and feasible be1ng better management of our enerqy
cunsumpt1on' - Q

That energy demand scenarios can be used to delineate future
carbon . dioxide-emissions and thus can be wused as decision
making tools in choosing the most desirable energy path.

Also, that the research methodology outlined in this thesis.

can be easily adapted to other energy demand scenarios and
also tp the study of fossil fuel related carbon dioxide
emissions from other countries;-

That -Canada is a significant contributor to the world's
catbon dioxide problem;-

- & - i J
That Canada does have viable options with respect to energy

policy that would s1gn1f1cantly reduce our output of carbon
dioxide -in" comparison with current levels;

That as a developed country with diverse energy resources
—and technological capabilities, -,£anada has an obligation to

‘be; a world leader in reducing carbon dioxide ahd other -

emissions associated with energy consumption; and

That further réigarch of a 'holistic’ néture would bé

-
®
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“
desirable in the general area of energy and environment.

<} N
In conclusion, this thesis has determined that Canada has

“thveays and means to significantly reduce its current output‘bf,

- ‘ . B
carbon dioxide over the next twenty years. By doing.so Canada

codld _lead the way in demonstrating that the global problem of

o~

atmospheric carbon dioxide accumulation canucbe dealt with 657

managing the types and quantities' of fuels chosen to meet its
. & L ‘
energy demand. Considering the serious nature of this global

environmental problem, the adoption “of a more environﬁental]y
benign energy path such as those proposed under Scenarios E
through G is -strongly advocated. ,The degree to which Canada

‘departs from 1ts current energy path is only limited by polit?da]

- o :

-and social . will.
I 4
¥
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~Therefore, 1 m

. Therefore, %he amount of~C02 released 'from the combustion.-

e . v
Q _ APPENDIX A o T

Detailéd Calculations of Carbon Dioxide Emission Factors - )

. . k . . \
- ' > -
!

i) Natutal Gas

The national average gross energy content of natural gas is,

38.03 MJ/m3 (NEB,1986,130). That is to say, -1 m3 of natural
gas contains 38.03gM1 of enérgy. . Jv"’ ‘ " .
‘ . -
Note that: 1 .megajoule (MJ) =u106“30u1es

! 1 exajoule "(EJ)Y = ibia Joules ’ -

3

- 10

-

of natural gas has an energy comntent-of

0.000,000,000,038,03 EJ. e

Dividing each term by 0.000,000,000,038,03 we find that,.
%6,295,030y000{0‘m3 of natural gas contains 1 EJ of energy.

>
. B
= "
” 'l

The 9arbon content of naturalvgas is 524g of carbon (¢c)

oxidized. to carbon dioxide (C0,) pe¥ m° (Keeling,1973,151).

© +

o " - ' e
of an amount of natural gas producing 1 EJ of energv is,

26,°295,030,000.0 m3 of natural gas X}Sibg of C

. ] .
= 13,78 X 10123 of C_as cozan ‘ | B
= 13,78 Tg of C as CO,/EJ S : :
=0.01378 Tg of C as CO,/PJ
Note that: 1 teragram , (Tg) = 1012 grams
& ’ ’ * v 1’
1 ’etajoule (PJ) = 1015 Joules,
, - {
h ) o -
é'Q’
- &
v ”
e
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i . ™,
ii) Bituminous Coal LI )‘
. {y,

",
The national average gross energy content of bituminous

coal is 29.30 GJ/tonne’ (NEB,1986,130). That is to say,
1“t?nne of bituminous coal contains 29.30 GJ of energh.

Note that: 1 tonne = 1063

1]

1 gigajoule (GJ) 109 Joules

o

Théref%bgbyl tonne of bituminous coal has an energy content
- . B
of 0.000,000,029,3 EJ. .

Dib}ding each term by 0.000,000,029,3 we find that,

34,129,692.33 tonnes of bituminous coal coﬁtains 1 EJ of

.energy.

L ”

pr

The carbon content of bituminous coal is appéoximately -

i
704 (0.7) by mass (Campbell,1986,55).

b 3

Therefore, the amount of CO2 released from tpe combustion
bf an amo&nt of bituminous éoal producing 1 EJ of energy is,
34,129,692.83 tonnes of bituminous coal X 0.7
= 34.129,692,83 Tg X 0.7
- = 23.89 Tg of C as CO0,/EJ -

= 0.02389 Tg of C as Co,/RJ.

iii) Lignite

Tﬁl national average”gross eﬁerky content of lignite is
E5.3S GJ/tonne (NEB,}986,130%T;That is to say, 1 tonne of
1ignite~contains;fg.35“3j’of energy.

Therefore, 1 tonne of lignite has an energy content of

0.000,000,015,35 EJ.

‘&



L] /

Dividing each term by 0.000,000,015,3% we find that,

65,146,579.81 tonnes of lignite contains 1 EJ of energyv.

The carbon content of lignite is approximately a43% (0.,43)

by mass (Campbell,1986,55). //

Therefore, for every tonne of lignite consumed, 437 by
mass will be released as carbon dioxide.

Therefére. the $mount of 002 Teleased from the combustion

of an amount of lignite producing 1 EJ of enefgy is,

65,146,579.81 tonnes of lignite X 0.43

65.146,579,81 Tg X 0.43 *

28,013 Tg of C as COZ/EJ

“

0.028013 Tg of C as COzlPJ.

iv) Subbituminous Coal

The national average gross energy content of subbituminous
coal is 19.76 GJ/tonne (NEB,1986,130). That is to say,
1 tonne of subbituminous coal contains 19.76 GJ of energy.

Therefore, 1 tonne of subbituminoms coal has an energy

content of 0.000,000,019,76 93. / oy

al

Dividing each term by 0.00d;000,019,76 we find that, -

50,607,287.45 tonnes of subbituminous coal contains 1 EJ

of energy.
Since subbituminou7/§Lal is an intermediate grade of coal

- ) L :
whose energy quality lies somewhere between bituminous

coal and lignite, let the carbon content of subbituminous

-129- i
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_motor gasoline contains 364,66 GJ of energy.

coal be estimated from the average of the carbon emisLion

factors.%f bituminous coal and lignite as follows,

The carbon emission factor of bituminous coal = 23.89 Tz of
C as CO,

The carbon emission factor of 1ignite‘= 28,013 Tg of C as
CQZIEJ

The average of these two emission factors = 29,9515 Tg of C
as COZIEJ
= 0,0259515 Tg of C as CozlPJ - *
Note that: 25.9515 divided by 50.607,287,45 Tg of
subbituminous c¢oal is equivalent to a. carbon content

of approximately 51% (0.513) by mass.

v) Motor Gasoline

The national average gross enérgy cdontent of motor gasoline
[

3 3

is 34.66 GJ/m~ (NEB,1986,130). That is to say, 1L m° of I/

\

Therefore, 1 m3 of motor gasoline has an energy content of
0.000,000,034,66 EJ, »
Dividing each term by 0.000,000,034,66 we £ind that,

28,851,702.25 m? of motor gasoline contains 1 EJ of energy.

There are 8.50 barrels of motor gasoline in a tonne of

gasoline (Keeling,1973,184).

1 tonne divided by 8,50 barrels = 117,647.06g/barrel.

1 m> of oil product = 6.20 barrels (NEB,1986,129). —

Hence, 6.29 X 117,647.06 = 740,000g/m>

v -130-



The carbon content of vefined petrdleumd products is

approximately 877 (0.869) by mass (2Zimen et al.,1977,1545),
-~ . :
Hence, 740,000g X 0.869 = 643,0608 -

*

Therefore, 1 cubic metre of motor Basoline contains LW

. L3

643,060g of carbon. .

0r, 643,060g Sf C as CO,/34.66 GJ -

18.55 Tg of C as COZIEJ

0.01855 Tg of C as GOzlPJ.

LS i
'

(]

&

vi) Kerosene

The national average gross energy content of kerosene is

37.68 GJ/m> (NEB,1986,130). That is to say, 1 m> of

}

Therefore, 1 m3 of kerosene has an energy content of

kerosene contains 37.68 GJ of énergy.

0.000,000,037,68 EJ. S

Dividing each term by 0.000,000,037,68 we find that,

26,539,278.13 m3 of kerosene contains 1 EJ of energy.

There are 7.76 barrels of kerosegne in a tonne of kerosene
(Keeling,1973,184).
,/;—‘;

1 tonne divided by 7.76 barrels = 128,865.98g/barrel.
» ’
1 m> of oil product = 6.29 barrels (NEB,1986,129).

Hence, 6.29 X 128,865.98g = 810,567.01g/m°.

°

.
)

The carbon content of refined petroleum products is
. \ ’
approximately 87% (0.869) by mass (Zimen et al.,1977,1545).

Hence, 810,567.01g X 0.869 = 704,382.73g

-131~



Therefore, 1 cubic metre of kerosene coﬁta}gﬁ

et »

?0&,382.733 of carbon. L
or, 704,382,73g of C as C0,/37.68 GJ

= 18.69 Tg of C as COZ/EJ
= 0.01869 Tg of C as CO,/PJ.

vii) Aviation Gasoline

The national average gross enérgy content of aviation
‘gasoline is 33.52 GJ/m3 (NEB,1986,130). That is to say,

1 mj of aviatioﬁ gasoline contains 33.52 GJ of energy.

3

Therefore," 1 m~ of ayiation gasoline has an energy

content of 0.00@.000,033,52 EJ;
Dividing each term by 0.000,000,033,52 we find that,

3

29,832,935.56 m” of aviation gasoline contains 1 EJ of

enecrgy.

There are 8.50 barrels of aviation.gasoline in a tonne of
aviation gasoline (Keeling,1973,184),
1 tonne divided by 8.50 barrels = 117,647.06g/barrel.

1 m3 of oil product = 6.29 barrels (NEB,1986,129).

Hence, 6.29 X 117,647.06 = 740,000g/m>.

L)

The carbon content of refined petroleum products is . _

approximately 87% (0.869) by&;}ss (Zimen et al.,1977,1545).
Hence, 740,000g X 0.869 = 643,060¢g

%

Therefore, 1 cubic metre of aviation gasoline contains

643,060g of carbon.
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Or, 643,060g of C as €0,/33.52 GJ

-

M

19.18 Tg of C as COZIEJ

0.01918 Tg of C ;;\COZIPJ.

viii) Natural Gas Licuids (Propane, Butane and Ethane) -
“The national average gross energy content of natural gas
tiquids fNGLs) is 24.17 GJlm3 (Propane'= 15.53 éJ/m3;
Butane = 28.62 GJ/m> and Ethane = 18.36 GJ/m>)(NEB,1986,
130). That is to say, 1 m3 of NGLs contains 24.17 GJ of

energy.

Therefore, 1"Es of NGLs has an energy content of
0.000,000,024,17 EJ. ;
Dividing each term by 0.000,000,024,17 we find that,
41,666,666,67 m> of NGLs contains 1 EJ of energy.
Tﬂere are 11.64 bartelg o% NGLs in a tonne of NGLs

" fKeeling,1973,184). .

.1 tonne divided by 11.64 barrels = 89,910.65g/barrel.
1 m? of oil product = 6.29 barrels (NEB,1986,129).

Hence, 6.29 X 89,910.65 = 540,378.01g/m>.

The carbon content of refin;a petroleum products is
apptox;mately 87% (0.8569) by mass (2Zimen et al,,1977,1545),
Hence, '540,378.01g X 0.869 = 469,588.49g i
Therefore, 1 cubic metre of NGLs contains
469,588,49g of carbon.

0r, 469,588.49g of € as €0,/26.17 GJ
n \
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L

19.43 Tg of C as CO,/EJ

1t

1}

0,01943 Tg of C as CO,/PJ.

ix) Light Fuel 0il

. The national average gross energy content of light fuel

oil is 38.68 GJ/m> (NEB,1986,130). That is to say, 1 m> of

118ht fuel oil*contains 38.68 GJ of energy.
Therefore:“1~ﬁ3 of light fuel oil has an energy content of
0.000,000,038,68 EJ.

Dividing each term by 0.000,000,038,68 we find that,

26,315,789.43 m3 of light fuel oil contains 1 EJ of energy.

There are 7.23 barrels of light fuel oil in a tonne of
light fuel oil (Keeling,1973,184).

1 Fonne-divided bf 7.23 ﬁarrels = 138,312.59g/barrel.
1 md of 01l product = 6.29 barrels (NEB,1986,129).

Hence, 6.29 X 138,312.59g = 869, 986. 17glm .

The carbon content of refined petroleum products is

approximately 87% (0.869) by mass (Zimen et al.,1977,1545).

- Hence, 869,986.17g X 0.869 = 756.0173!Pg

Therefore, 1 cubic metre of light fuel oil contains;
756,017.98g of carbon.
or, 756,017.98g of C as CO,/38.68 GJ

= 19,55 Tg of C as COZIEJ

= 0.01955 Tg of C as C0,/PJ.
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x) Aviation Turbo (Kerosene and Naptha)-

The‘.gtional average gross energy content of aviation
turbo is 35.93 GJ/m> (NEB,1986,130). That is to say, 1 a°
of aviation turbo contains 35.93 GJ of energy.

Therefore, 1 m3

of aviation turbo has an energy content of
0.000,000,035,93 EJ..

Dividing each term by 0.000,000,035,93 we find that,
28,571,428.57 m3 of aviation turbo contains 1 EJ of energy.
There are 7.76 barrels of kerosene/jet fuel in a tonne of
aviation turbo (Keeling,1973,184), .
1 tonne divided by 7.76 barrels = 128,865.98g/barrel.
1 m3 of oil product = 6.29 barrels (NEB,1986,129).

Hence, 6.29 ¥ 126,865.98g = 810,57.01g/m .

The carbon content of refined petroleum products is -
approximately 87% (0.869) by mass (Zimen et al,,1977,1545).
Hence, 810,567.0l1g X 0.869 = 704,382,73g
Thefefore, 1 cubic metre of aviation turbo contains
704,382.73g of carbon. ‘
Or, 704,382.?33 of C as C02/35.93 GJ

= 19,60 Tg of C ;s co,/EJ

= 0,01960 Tg of C as cozlrJ.

xi) Heavy Fuel 0il

The national average grbss energy content of heavy fuel oil

is 41,73 GJ/m3 (NEB,1986,130). That is to say, 1 m3 of

+135- -
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heavy<fue1 oil contains 41.73 GJ of enérgy.

Therefore, l“m3 of heavy fuel oil has an energy content_of
©.000,000,061,73 EJ. -~ - y'
Dividing each term by 0.000,000,041,73 we find fhit," v

3

24,390,243.90 m~ of heavy fuel oil contains 1 El/of‘énergy.

There are 6.62 barrels of heavy fuel o0il in a tonnejof
ﬂeavy fuel oil (Keeling,l913,}§a).

1 tonne divided by 6.62 barrels = 151,057.40g/barrel. »
1 n3 of oil product = 6.29 barrels (NEB,1986,129).

Hence, 6.29 X 151,057.40g = 950,151.06g/m>.

" %

The casbon content of refined petroleum products is
approximately B87% (0.869) ﬁy mass (Zimen et al1.,1977,1545),
Hence, 950,151.06g X 0.869 = 825,681.27g *
Therefore 1 cubic metre of heavy fuel o0il contains
825,681,278 of carbon.
Or, 825,681.27g of C as C0,/41.73 GJ

= 19,79 Tg of C as COZ/EJ

= 0,01979 Tg of C as COZIPJ.

An avcrag;?carbon dioxide emission factor for refined
petroléum products can now be calculated from~the values

derivedvfot the seven individual fuels:

Motor Ga;aline, ~+ 18,55 Tg of C as COZIEJ
Kerosene 18.69 Tg of C. as COZIEJ
Aviation Gasoline 19.18 Tg of C as CO,/EJ
Natural Gas Liquids 19.43 Tg of C as COZ/EJ
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Light Fuel 01l .19.55 Tg of C as CO,/E]
19.60 Tg of C as CO./EJ -

19.79 Tg of ¢ as CO,/EJ

Aviation Turbo

Heavy Fuel 0il

Sum_ * 1364.79, n = 7
\I
134.79 diQ?ded by 7 = 19.25571429

« 19,26, | standard deviation = 0,44

-

Therefore, on average, the combustipn of refined petroleum

products yields 19.26 Tg of C as C0,/EJ i

ol

0r, 0.01926 Tg of C

as Cb,/PJ.

Summarz~§§ Carbon Dioxide Emission Factors

Natufal Gas

-t

13.78 Tg

Refined Petroleum Products 19.26 Tg

Bituminous Coal

'Subbituminogs Coal

Lignite

23.89 Tg
25.95 Tg

28.01 Tg

-137-
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APPENDIX B

Details and Examples of Calculation of

»

Percent Increase or ‘Decrease in Total Enetgy

. Demand and Tatal Carbbn Dioxide Emission

To calculate the percent ‘increase or decrease in total

‘the historical value calculated for 1985 (Scenario A); the
following formula is used: .

IED 2005 - TED 1985 g 149 s Percent Increase or
- TED 1985 Decrease in TED

Therefore,

IED 2005 - 7212 PJ X 100 = Percent Increase or
7212 PJ ) Decreaser . in TED

For example,
i) Total Energy Demand .in 2005 for Scenarip\B is

calculated to be 10,864 PJ. - ‘ ' y

Therefore, ’ )

: ™
10,864 BJ - 7212 BJ o .00, 3652 4 140

7212 PJ o 7212
- = 0,506-X 100
= 5Q.6% increase in TED
for Scenario B in

comparison with Scenario
] A,

S
ii) Total Energy Demand in 2005 for Scenario G is
®
calculated to be 6430 PJ,

Therefore, -

-138- , ¢

energy demand (TED) for any scenario in the year 2005 aver
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6430 PJ - 7212 PJ

7212 PJ

-782 . ’
=182 X 100
7212

X 100

"= -0.108 X ;L0 ‘

= -10.8% decrease in TED for
Scenario G in comparison with _.
Scenario A. <‘

'a »

To calculate the pey annum percentage increase or decrease

in total energy d
2005, the followi
Xp{1l + )t =
Where Xp =

- ’ T =
n =

Xf =

For example,

emand - £ TED) between the years 1985 and *

ng formula is used:

X£

1985 Historical Base' Case value for TED
annual .rate of change (+/-) _
number of years = 20 (1985 - 2005

2005 TED

- . S

i) TED in 2005 for Scenario C is calculafed to be 9784 PJ.

Therefore,
7212(1 + ©)2
(1 + )2
1‘+’rv

- ) T

ii) TED in 2005 f
' Therefore, f'
7212(1 + r)z

(1 +(r)2

1+

T4 -

0« 9784

0 . 973a17zi2J
VS LT
- 1.0156 -1
= 0,0154 S

= 14547% annual increase in TED.

or Scenario E is calculated to be 5890.PJ.

0 . 5890
0 « sg90/7212
29
- X5 8167

oqg:9é -1 |
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x

-1‘or: annual decrease in TED

L3

To calculate .the percent increase or decrease in tetal

carbon dioxide emission the same formula is used-with the

+

following substitution: | - _

Total coé Emission 2005 - Total €O, Emission 1985

. Total €O, Emission 1985

X 100

= Pércent ‘increase or decrease in total €O, emission

Total €O, Emission 2005 - 102.4 Tg ‘ ’

R
7

102.4 Tg

To calculate the per annum percentage increase or decrease
in total carbon dioxide emission bhetween the years 1985 and

2005, the same formula as for TED is used with the following

LS

substitutions: S~ . :

Xp(l + )" = Xf

Where Xp = 1985 value for total CO2 emission, 102.4 Tg
’ r = annual rate of change (+/-)
n = number of years = 20 (1985 - 2005)
Xf = total COz.emi§sion calculated for 2005.

[d
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APPENDIX D

Calculations Used to Develop Scenario E

Cheng et al. (1986,32) estimate that with foreseeable

technological improvement in energy consumption, by the

yvear 2050 Canada can reduce its mid-1970s energy

i
consumptior by the following amounts:

55% for refined petroleum products,
61% for natural gas, : »
70% for coal, and

437% for electricity.

These values represent a net improvement in efficiency over

a seventy-five year period 975 - 2050).

@

The valides were adapted to the format of this thesis in the

L4 -

following manner:

For example, assume that 'in 1975 Canada c;nsumed 1900
units of refined petroleum products (RPPs). By th?
year 2050 Cheng ;t al, (1986,32) estimate that we can
improve our consumption 55%. In other words, at the
end of qp{s 75 year period Canada would only require
aSQ units of RPPs to meet the same energy requirements
as in 1975,

To determine .the annual rate of improvement in efficiency

we use thg following compound inte;est formula: g

Xp(1 +Vr)n = Xf

Where Xp = 1000 units, hypothetical demand for RPPs
in 1975
n = 75 years (1975 - 2050)

Xf = 450 units, demand for RPPs at efficiency
improvement of 55% over 1975 demand

§ ~-145- ) , <
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Therefore,

__1000(1 + r)75

o

¥

= unknown annual improvement in efficiency.

-
"

= 450
” (1 +)'2 = 0.45
. 1+t = 0T0es
T = 0.9894 - 1
= -0.0106

= -1.059% annual decrease in demand ,for
RPPs. -

Now that an annual rate of improvement in efficiency has
®

been calculated, this wvalue can be applied to the 1985

historical data to determine demaﬁd’for RPPs in the year .

2005.°
Once again, we
Xptl + )

Where Xp

Therefore,

make use of the compound interest formula:
= Xf
= 2774 PJ, the 1985 historical demand for

refined petroleum products.
= 20 years (1985 ~ 2005)
= unknown demand for RPPs in 2005

= anhual»rati of improvement in efficiency

in use of RPPs of -0.0106ﬁ

o ¢

2774(1 + (-0‘0106))20 = Xf

2774(0.9894)°%% = xf

'\ﬁﬁ77a(o,3080) = Xt

2241 PJ = Xf

With appropriate substitutions, the same formulas were

&

used to calculat‘ the efficiency improvements expected for

the other fuels, natural gas, coal and electricity.

»
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APPENDIX F

Details and Examples of Calculations

Used to Develop Scenmarios F and G

Scenario F
The values for the year 2005 were extrapolated using a

simple linear equation: Y = mX + D

Where m = the slope of the line
b = the y-intetcept (i.e. the value of ¥ when
X = 0) . ] .y .
Note: Y2 - Y1 |
Mm = ———e——
X2 - X1
i) Coal )
X1 = 2000° Y1 = 994.96 PJ -
X2 = 2025 Y2 = 823.§S‘PJ i}
Therefore,
m = 823.85 - 994.96 _ -171.11 = -6.8444 S

2025 - 2000 25

Since Y = mX + b then,

994.96 = (=-6.8444)(2000) + b

994,96 = -i3,688.8 + b

b = 14,683.76 ”

For the year 2005.7

Y = -6,8444(2005) + 14,683.76 3

. C—

'= 960.738 PJ

<

ii) Natural Gas

X1 = 2000 Yl = 1972.36 ’

X2 = 2025 = Y2 = 625.19 .
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B

Therefore,

- 5@5,19 -_1972.34 _ =-1347.15
2025 - 2000 25

JR——

Since Y = mX + b then, -

= -53.886

1972.34

-53.386(2000) + b
1972.34 = -107,772 + b

b

109,744 .34
For the vyear 2005,
Y = -53.886(2005) + 109,744,34
= 1702.91° pJ
iii) Crude (RPPs)
X1 = 2000 Yl = 1632.59
X2 = 2025 Y2 = 269.21
Therefore,

m x 269.21 - 1632.59 _ -1363.68 _ _g, 5352

2025 - 2000 B 5

Since Y = mX + b then,

1632.59

-54.5352(2000) + b

1632.59 = -109,070.4 + b

b

110,702.99 "
For the year 2005,
Y = -54.5352(2005) + 110,702.99
= 1359.914 PJ
iv) Uranium _ “
X1 = 2000 ' .Yl = 229.91 )
X2 = 2025. Y2 = 0.00

Therefore,
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29791 _ -229.91
00 25

’ = 0,00 -«
m = -
2025 -

[ 3%

"~

Since Y = mX + b then,

229.91 = -9.1964(2000) + b
229.91 = -18,39278 + b
b=

18,622.71
For the year 2005, '

Y = -9.1964(2005) + 18,622.71

) = 183.928 PJ
v) der&
- i
X1 = 2000 .Yl = 1203.29
- X2 = 2025 ¥2 = 1376.03
‘ ) .
Therefore, - -
o s 1376.03 - 1203.29 _ 172.74
2025 - 2000 25
Since Y = mX + b then, -
1203.29 = 6.9096(2000) + b
Y
1203.29 = 13,819.2 + b
b = -12'6150?1

For the year 2005,

1

= -9,1%b4

= 6.9096

Y = 6.9096(2000) - 12,615.91 ™

= 1237.838 PJ

vi) Active Solar = H

w

X1 = 2000 Y1 = 130.12
. T ‘ -
MW . Jozs Y2 = 334.48

Therefore,

. 334.48 - 130,12 _ 204,36

- = 8,1744

2025 - 2000 25 '
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Since Y = mX + b then,

130.12 = 8.17aa(2000)‘+ b
130.12 = 16,348.8 + b
. b s -16,218.68

For the year 2005,

16,218.68

'Y = 8.1764(2005) -
= 170.992 PJ
vii) Wind_ .
. m——
X1 =, 2000 ¥1 = 7.16 .
_ S 2
X2 = 2025 ¥2 = 30.90
Therefore, o i
! N 3080 - T.16 _.23.74
= =

= 0.9496
- 20;r 2000 25 ‘

Since Y = mX + b then,
7.16 = 0#9496(2000) + b
7.16 = 1899.2 + b A
b = -1892.064
For the>ye;r ZQOS, N
Y = 0.9496(2005) - 1892.04
g ' a 1;.§oa.PJ

~viii) Biomass-

X1 = zooo Y1l = 2170 09
X2 = 2025 Y2 = az9s 64
Thereforg.‘

m = 4296.64 - 2170.09 = }12'6.55 = 85,062
2025 - 2000 25
Since Y = mX + b th‘np )

¥

ﬁ
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*) . 5‘
' &/
-
— },/f -
2170.09 = 85.062(2000) + b o e
2170.09 = 170,124 + b -
“ b = -167,953.91
For the year 2005; J . ‘ . . ~
. ‘ )
Y = 85.062(2005) - 167,953.91 %
= 2595.4 PJ . » )
) , .
Y
- . “‘ § . -
Scenario®*G’ . o
'Y - /id' (y.
‘lr
‘i) Coal i o
X1 = 2000 Y1 = 699.44 : . .
X2.= 2025 Y2 = 59?.27“
o C ’ o~
Therefore, ﬁ
37.27 - 699.44 _ =102, : s
_ 597.27 - 699.a4 _ z102.17 . _, ggeg
« 2025 - 2000 25
Since Y = mX + b then, . -
' 699.44 = -4,0868(2000) +-b
699.44 = -8173.6 + b , r
b = 8873.04 . )
For the year 2005, . . *
. . T > -
Y = -4.0868(2005) + 8873.08
)\'b ce . . “ "
= 679,006 PJ L
u‘ r 4 - Py . M
ii) Natural Gas ~ 1
X1 = 2000 Y1l = 1241.02
X2 = 2025 - Y2 = 312.00 : g
Therefore,- . .
™
3] - . h - (@
n = 312.00 121401 02 - 929,02 = -37.1608 |
2025 - 2090’ . .25 o o,
v F - @
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Stnce Y = mX + b then,"

1241.02 = -37.1608(2000) + b

[

-74,321.6 + b

1

N

41.02.
b= 75,562 .62

For the year 20053,

Y = -37.1608(2005) + 75,562.62

= 1055.216 PJ

s

iii) Crude (RPPs)

X1 = 2000 Y1 = 1136.52
X2 = 2025 Y2 = 150.51
Therefore, )
150,51 - 1136.52 _ =986.01
2025 - 2009 25

~

Since Y = mX + b then,
. ~1136.52 = -39.4404(2000) + b
1136.52 = -78,880.8 + b
b = 80,017.32

Fer the year 2”005,

Y = -39,4404(2005) + 80,017.32

= 939,318 PJ

iv) Uraniun

X1 = 2000 Y1l = 180.91
X2 = 2025 Y2 = 0,00
Therefore,

0.00 - 180:91 _ -180.91°
- 2025 - 2000 125

Since Y = mX + b then,
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180.91

it

-7.2364(200G) + b

180.91

-14,472.8 + b

e b

14,653.71

‘naFor the year 2005,

Y = -7.2364(2005) + 14,653.71
= 144,728 PJ
v) Hydzo
X1 = 2000 Yl = 1162.19
X2 = 2025 Y2 = 1335.58
Therefore, N
o oo 1335.58 - 1162.19 _ 173.39 _ . .,

2025+~ 2000 25

Since’Y = mX + b then,

1162.19 = 6.9356(2000) + b
1162.19 = 13,871.2 + b
b = -12,709.01

For the year 2005,

Y

6.9356(2005) - 12,709.01

1196.868 PJ

vi) Active Solar

X1 = 2000 Yl = 126.64
X2 = 2025 Y2 = 295,29
Therefore, v
m = 295029 - 12606“ = 168065 = 6.7[{6
2025 - 2000 25

Since Y = mX 4+ b then,

126.64 = 6.746(2000) + b
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126.64 13,492 + b

1]

-13,365.36

u

b
For the year 2005,

Y = 6.746(2005) - 13,365.36

= 160.37 PJ
vii) Wind
X1 = 2000 Yl = 6.78
X2 - 2025 Y2 = 28.02

Therefore, .

28.02 - 6.78 21.24°

= = = 0.8496
7 2025 - 2000 25
.
Since Y = mX + b then,
6.78 = 0.8496(2000) + b
6.78 = 1699.2 + b
b = -1692.42
For the vear 20035, ;
Y = 0.8496(2005) - 1692.42
= 11.028 PJ
viii) Biomass
X1 = 2000 Yl = 1960.56 ) Q
( X2 = 2025 Y2 = 3373.37 V
Therefore,

2025 - 2000 25

= 56.5124

Since Y = mX + b then,
1960.56 = 56.5124(2000) + b
1960.56 = 113,024.8 + b

b = -111,064.264
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For the vear 2005,

Y

L]

56.5124(2005) -

2243.122 PJ
<
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