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' Abstract

“ "

Coal and nuclear are among the major energy.

‘-

alternat1wes for meetlng the base load demarid for

2
o

~electr1c1ty¢ Many Cost studies have been done to" compare

MR N

the econdmicshof-nuclear‘and?coal—fired power plants. These

studies have,eonqentrated mainlyaon tﬂe traditional costs,
that ie'capital costs, operation and maintenance costs and
fuel costs, of plant operatibn:y

U
-

Similar’ to other-industrial activities, there are’
EOcial costs attached to electricity generation; fer'example,
health costs due to air pollution generated Ey coal-fired.
povwer Dlants and due to. radlatlon during the operatlon
nuclear power plants.x Studles on such soc1al costs have
been done to develop ﬁethods of estlmatlng these costs.

Relatlvely few fgst studles 1nclude social costs in the
economlc analy51s because: a.) the estimates of social costs
are not avallable; b.) the avallable est{meges are not
'achrete enough to reflect the social fmpacts; C.)vsocial
costs are tOO‘emell,to have any significant effect onm the
choice of electricity generation metho%s_when compered to
traditional .costs. However, those stuéies that did include
“the social costs concluded that eeciel costs had some effect
on the choiee pf.energy sources for electritity generation.

In ﬁhis thesis, social costs due to the poesibilityiof Lo

using CANDU nuclear and coal-fired power, plants in Alberta

were included in the traditional costs analysis. The

traditional costs were adopted from an Alberta study of- the

iv
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: »economics of thesk two power plants. The social costs were

[}

r'd

‘“ N i

estlmated by trans ortlm% estlmates obtained. ip a llterature

survey to the Alberta situation. The variations of these

-

soc1al costs were descrlbed by a log- normal dlstrlbutxon and
_were also included into the cost analysis.

.In this the51s two methods of analysis were
@.A

establlshed and used: total cost analy!&s and unit coSt
: analysis. By comparing the: level1zed unit costs of nUClear
and coal- flred power plants,‘and 51mllar1y the total costs

Qf d1fferent 5chedu1es of 1mp1ement1ng nuclear power plant

e Y
* .

the 1mportance Of soc1al costs, the uncertalnty ©of ,the » =

.’

estlmates and other factors on the ghggce-and time of\adopting

nuclear power for electr1c1ty ge:iratlon 1n Alberta were,: found-

ere the-real escalat10n;.~

N In the 1n1t1al case . study,

rates for both coal and nuclear were the same,'HUQlear power

i~ -

for electr1c1ty generatlon in Alberta was_ not 3ust1f1able

even though | soc1al costs were 1ncluded In the base case

study, however\ where the real escalat1on rate of nUClear fuel

was assumed to be’ lower than that of coal nuclear-power was . -

shown'to become mor e economical in the year 2032. The inefusion

‘

~of the expected social cgsts in the base case study caused b

Al
.

the nuclear power plant to become economlcal 12 years earller

”‘1n the . plannlng horlzon ‘even’ though the expected soc1al N "

- "

7 costs were less than 5% of the total trad1tlonal costs

4

When the rate of 1ncrease in tradltlonal costs of both

-

electr1c1ty generatlon methods were€ very cloSe, the uncertalnty

of the soc1al cost estlmates had a profound effect on the

\

time at which nuclear power became economlcal

. . . ™
e .

™
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1. lntroductioh ¢

Since the mid seventies, coal-fired power plants have
been used in Alberta‘to supply the baee load. demand for
electricity, leaving %atural gas, oil, and hydro to meet net
fluctuating demand. Hart[197%, p.10] predicted'that'western
Canaaa had coal'reserves that would last about 300 years ana
coal would continue to be the Tutufe major energy source for .
electricity genera}ion in Alberta. In all energy associated
activlties, there are sccial costs attached to these
activities, for example health cost due to ambient air
pollution. This losé, wheu\expressed in monetary form, is
called social ccst (Justus,iwilliams, élement, 1973, p.19).
Many researchers contend that the social®costs due to coal
plants are greater than those due to nuclear plants. :For
'example, Gaines, Berry, and Long [1979l'p 100] estlmated
that socilal cost due.to coal plants in the United States ;é
about 16 times higher than that due,to nuclear plants.
Kim[1981, p.115, 116] and Hill[1977, p.iiil calculated the
above~ social cost ratlo for Ontarlo to be approx1mately 5.6
and 10 respectlvely: -

If social costs are included in the trad1t1onal cost
analy51s the high capital cost of a nuclear power plant.may
be offset by its lowe% social costs. Coal-fired plants may}
be less economical and uuclear-pouer plants may becomeA
more economical for Al erta's future energy plannlng ‘The'

CANDU reactor which isla pressurlzed heavy water reactor is

seen to be the challiyéer to the coal-fired power plants in

1

A



’

Alberta. 1In this thesis, social costs are included in the
base case of traditonal cost analysis.  By. introducing
v - . . . . v

the social costs into the cost analysis, ‘one can

-

evaluate theilr importance in tjf7determinatlon of the

+

energy source(s).for the .genefation of electricity

in Alberta.

‘Two methods of analysis are used: total cost analysis -

and unit cost analySls. In total cost analy51s, the total

cost 1is deflned as .the present equ1valent value of . the

tradltlonal costs and soc1al costs over a study perlod of 30

years (1983 to 2012 1nclu51ve for the base case) The

?

"tradltlonal costs refer to capltal operatlng and

maintenance, fuel and research costs u51ng tradltlonal

econom1c analy51s. Costs that are used to ‘set. the

electr1c1ty charge rate are grouped 1nto thls category ~'_IThew'

'

social costs refer to costsvdue to the_unde51rable 51de“
effects wh1ch are not paid for d1rectly by the electr1c1ty

users. For example, the health cost due to air- pollutlon

BN

generated from coal-fired power plants ls one_of,the_soc1al-~

costs. Gaines, Berry, and Long[1979j'haVe.deVeloped a

computer-program called TOSCA'_WhICh has the ab111ty to
calculate the present equ1valent value of soc1al and
traditional costs requ1redgto_meetaa pre—determined,demand
for electricity ln a year, and toiaccumulate'thiS'present

egu1valent value over a selected study period to g1ve a

- total cost The total cost is equlyalent to, from the
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investment.point\of"view the amount @f money to be 1nvested

g

at the beglnn1ng of the.: study perlod in order to provlde}the

‘c |

electr1c1ty for each study year Using the TOSCA computer:

program, total costs of varlous scenarlos 1nlregard to

t . s A

1mplement1ng nuclear power and the plant m1x between coal

“

and nuclear power plants are obtalned These tanl costs

’are the cr1ter1a for comparlng alternat1ve energy sources.

The". scenarlo w1th the lowest total cost is the preferred

,

ch01ce of electr1c1ty generatlon IanOSCA assumptlons are
made based on the hlgh demand and supply 51tuatlon of the

United States. S1nce the electr1c1ty demand and supply in

Alberta are much smalter, the TOSCA program was modlfled : e

x

based on the assumptlons appllcable ‘to Alberta. Theé effect\

of demand changes and surplus capac1ty on the total costs

'for each electrlclty generat1on method can also “be studled

’ v, .

u51ng “this method - ' A . N

- ]

In the unit cost analysls the levellzed cost (over the ;u
service life of the power unlts) for a- unlt of electrlclty
‘~generated by a new power plant is calculated - This
levellzed unit cost 1s also from the 1nvestment~p01nt of .
view, the annual equlvalent 1nvestment requ1red for each
' enlt of electr1c1ty generated dur1ng the 11fe t1me of a
‘power plant. - In this. analy51s a new power plant Is assumed“
‘to be comm1551oned every year regardless of. the demand for‘
electr1c1tyﬂ A series of unit’ costs ‘each of which

- corresponds to each new powér plant 1s calculated " The

unit. costs for dlfferent generatlon methods are then



-5

P

e
+

‘compared year by yeaf "The ?ear» or the break even point,

at whlch the un1t cost of one electr1c1ty generatlon method
Y »,

becomes*lower than the.others 1s the p01nt where that .

generatlon method starts to be economlcal The Shlft in the
break-even point, when social costs are 1ncluded 1n the ,
analysis,;ds'used'as an’ rndlq\tor of the 1mpact pf soc1al

costs. ' \ L N .5x7g‘ . f.f Lo

.

" The expected soelal cost du\\to the coal flred power

- AN

plants in Alberta is estlmated to ‘be 13, 049 M/GweY or about

12 t1mes hlgher than that due to nuclear power plants. For

4

coal fired power plants only about 5 percent of the total .

tradltlonal cost 1s uoc1al cost . As. for nuclear power plants

!

r

,less_than percent ‘of the total tradltlonal cost is socmal-

cost. - Human health costs for coal flred power plants

are dominant- among all the soc1al costs studled but the-'

“property damage 1s the domlnant factor for nuclear

From the int t1al case study of unlt cost analy51s,

..nuclear power for electr1c1ty generatlon in Alberta is

"‘3"%:’-‘?\?’
\

‘found: not to be as econom1cal as coal even though 1ts

advantages of lower fuel and. expected soc1al costs are-

o

taken 1nto con51derat1on{ From the base€ case study of

the unit cost analy51s .the break—eVen point 1s,sen51tive

to soc1algcosts and theyﬁcause the.break4ewen pointﬂto occur

L



“twelve years earlier; that is from the year 2032 back to

2020. G1v1ng n1ne years for tonstructlon of a nuclear power

P

.mplant and ten vears for, 1ntroduc1ng the nuclear- technology

“into Alberta, the development of a nuclear power 1ndustry is

estimated to begin afound the year 2000
y . : v , K

1.1 Ihcluding the social costs in economic analys1s

Barragef Judd.and North [May 1975, p- 549] s ressed "

Cost/beneflt analysis is 1ntended to prov1de a quantltatlve
basis for dec151on -making ...- 1t-must treat alh_wl
that influence-a'decision,—.not only the’ttaditiyd

economlc con51deratlons but also env1ronmental héflth

safety 1mpacts o When determlnlng the b>; :
“ X @ : hk

for electr1c1ty generat1on soc1al costs s“ould be 1h®fhded

fand consldered as one ‘of the 1nfluenc1ng factors in the cost

o

analy51s
’ When comparlng the un1t electrlclty costs\of all the'
provinces ‘in Canada, coal as' an energy source for
'lelectr1c1ty generatlon in Alberta is: relat1vely 1nexpen51ve
'(Rahnama 1982, 'p. 32; Foulkes,'1982 p.1-1). Inhaber[1978,
p. 46 p.47) has estlmated however; that coal- flred power
'plants have the hlghest rlsk to the publlc because ofl
.fpollut1on to. the amblent air and env1ronment ’ TheA'ib
1comb1nat10n of Alberta coal whlch has a\%ow sulphur'content
" of about 0. 3% CFoulkes 1982, p.11- 5) and the use of

;pollutlon control dev1ces reduces the rlsk The

Federal Provincial’ Commlttee on Air- Pollut1on has determlned

¢
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that those harmful partlculates of 51ze less than O 5 ﬂ
~diameter: can pass deeply 1nto the lung The present

pollut1on control dev1ces may not reduce the level oj the

pollutants of this s1ze to an acceptable level The present =

L pollutant levels due ‘to. coal flred power plants may stlll be

\

50 hlgh that when soc1al costs are lncluded 1n the economlc R

v

analysls nuclear power plants may becomeueconomlcal earlaer

4 ’- ,'-“»

in the plannlng horlzon . ‘

P

e, ' 4

1,2.Therscopeio$‘the thesis L S
‘.Pn:thls thes}s; the objectives are:’ - f‘_‘p"

s

T 3 . . . ' P . . 4“\._‘, ! r.“
1.0 to-estimate the social costs.due to CANDU and’

coal- ﬁ1red power~plants in Alberta,L

2. to establlsh methods of analy51s for studylng the

econom1cs of coal*and nuclear electrlcwty generatlon,
3. _to!rnclude the’soc1al cost estlmates rn the establlshed
methods of cost analy51s and 1nvestlgate the effects of
soc1al costs and the uncertalnty of thelr estlmates on ,
the choice of ‘anid the t1m1ng of adopt}ng CANDU for
‘electricﬁty'éeneration in Alberta, :

4, "to study the sensitivity of the’ ch01ce of energy -
“source(s) to‘other factors, which gives perspectlve on-
‘the 1mportance of soc1al costs for decisions about

electricity generatlon methods.

- . {

The results of a lqterature survey are used to estimate

the social costs due to coal-fired and CANDU.pressurized

.. heavy water reactor power plants. When the original

o

¥
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. - - 7 )
est1mat1on method propoSed by each study is not avallable or

1s dlfflCUlL to. apply to Lhe Alberta sxtuatlon a damage

‘.tpotentlal functlon ;szused te convert cost estlmates to

~

sTAlberta estlmates.ﬂ-. T L W

As for total cost analy51s a. combuter model is

: j:’developed to flnd the total cost for predetermnned

“iscenarlos . It is based on the computer program developed by

'AGalnes, Berry,.and Long[1979] with several significant

.;cnanges, First, the mathematloal models, especially those

- v._“ . ' 3 Y
for social costs, have. been 51mp11f1ed Second, -beckuse,

-real (inflation'free) rates of change are inciuded in the .

total cost analy51s, all the traditional costs are levelized

;nto annual equlvalent costs in constant 1982 Canadian

dollars. ThlS also has the effect of mlnlmlzxng the

s

”slnfluence of 1n1t1al and flnal CODdlthﬂS during the

plannlng perlod Thlrd the demandvfor electrrc1ty*1s met

+

.'by a stepwise 1ncrease equal to the capacity of the power

unit. Checks are made to ensure that two stations would not

be built at the same time unless required to meet demand and

idle capacity"islkebt to a minimum. In total cost anaIYSIs,
. ) "y

five-scenarios of various plant mixes are implemented

(please refer to Chapter 5, 5.37;"B§ comparing their total '

"costs, the optimum plant mix can be deﬂetmined‘as well.

The unit cost analysis is based on Foulkes's[1982]

ecohomic analysis of coal-fired-and nutlear power deneration -
in. Alberta.® His approach and estimaces on traditional costs

are adopted, but are modified to include social costs.



iy .

Onte these models are well establ;shed .the best
: & o
est1mate§ of " pafameters selected for example, interest

‘. N . . i - ’

rate, fuel“escalatlon rate, and social costs, can be.varied"

.

and the most sensitive parameter(s) can be determined. The
impact of each parameter on t hre. ch01ce of energy ‘séurces -for
electr1c1ty generatxon can be studled The effects Qf

surplus capacity, demand for electricity and ‘i'ts growth rate

s
‘.

on total costs can also be studied.. SRR

1.3 Over-view ofvanalysis oL ,

-

The present Alberta electrlc 1ndustry is briefly

‘reviewed and the future base load demand for electr1c1ty is

\

estlmated in Chapter 2' The tradltlonal cost functions and

the coeff1c1ents of these functions are establlshed and
estlmated in Chapten 3. The soc1al'cost functions are
established'and’their cost estimates.are’compared and
summarlzed in.Chapten 4, but detailed‘estlnation’of the
.secial‘eosts is.pronlded in.Appendix 5,.A.5.2. In Chapter
5, the experlmental de51gn on the use of total .cost analy51s
_and un1t cost analy51s for carry1ng out the base studles and
sen51t1v1ty tests are dlscussed F1nally the results and
dlscu551on are glven 1n Chapter 6. Chapter 7-concludes the

analy51s and glves recommendatlons for further study.



2. The Alberta Eleetric Industry
There are’four majdr'energy sources used for

electricity generation‘in Alberta: hydro, coal, natural gas,
and oil (Foulkes, 1982, p.3-2). 1In the early sixties, hydro
was the main energy source for electricity generation. The
capacity of hydro power has remained at 800 Mwe(net) since
the early seventies. From the early sixties, coal-fired
capacity increased rapidly from 283 Mwe(net) to the present
level of 3,400 Mwe(net)(ERCB, 1982,p.11). Since the mid"
seventies, the capacity of coal-fired plants has been able
to meet the base load demand, Figure 2.1

_Presentlylnatural gas takes a share second to coal 1in
electricity generation, but its generatlon has remained at
1,]00-Mwe(net) sinee the last decade (ERCB, 1982, p.11).
2.1 Future electr1c1ty generat1en in Alberta

Inhaber[1978 D. 38] stressed eight . vlable energy

sonrces in Canada They are coal oil, nucleag, natural
gas, hydro, w1nd methanol and solar energy .With the h1gh
latitude and unsteady supply of renewable energy (with the
exception of hydro), dnly the f1rst f1ve arePviable in
Alberta. FoulkésL1982' p.3—2]-reported that hydro power
contributed only 8‘5% of the total electr1c1ty generation in
J Alberta for 1981. . As predlcted by ERCB[Sept 1982 p. 761
’the present electr1c1ty productlon 1eve1 by hydro would

remain the same for the next 25 years Hart[1977 p.10]

indicated that coal w111 contlnue to be the future energy

9
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seurce for electr1c1ty generatlon because the present

[

reserves of coal are»Suff1caent to last for 300 years. .

v:“ In Ontarlo,_CANDU pressurlzed heavy Water reactors have
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been pr0ven to be an economical means of electr1c1ty '

¥ < ~ s .

1982 p 28 30) CANDU E large capaclty

generatlon (Rahnama

e ~' ~ / \ L

pet unlt 1s su1table for meetlng the base load demand for’

.

S e 0 ‘
eleotrlclty The CANDU reactor 15 con91dered 1n thlS the51s

‘o

. to be a challenger to coal fxred power plants as a futdre j'
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enefgy source'for electr1c1tv generatlon in - ?iberta.
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‘2, 2 Future demand for electr1c1ty '

N L

ERCB[Sept.,J982 p 63] has estlmated the future demand

.“‘\

b}
'

for electr1e1ty 1n Alberta. Thls estlmated demand 1s ’j =
gxbressed 1n terms of total elec*r1c1ty requ1red for each

year durlng the next 25 years (1981—2005 1nclu51ve) The "

. electr1c1ty demand ‘as shown rn_Flgure 2. fluctuate s ‘o

- L DN oo A

mdnthiy,_belng h1ghest in December and loweSt ifi June. The

i \
4 - - -~

annual demand predlcted by ERCB 1ncludes the base and

fiuctuatlng ‘demands. as shown in Frgdre 2 2. THe base lead

[

demand' Wthh 1s the subject of 1nterest would then be

obtalned by subtractlng the total monthly fluctuat;ng demand

T over a~year frqm ‘the ERCB predlcted annual demand In thls,

.

- -~ o~ -l A

the51sﬁ the monthly fluctuatlng demand is’ ossumed o, be met'

by electr1c1ty supplled from natural gas, OIl and hydro‘

~whose total productlon levels are assumed to be the same as .-

that of 1982 and constant through out the Study perlod

3\

This expected base load demand (+ marks in.Figure 2.3) is

(v
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;,{; further reflned by 11near regres51on and is treated aszthe

base case .demand for electr1c1ty in Alberta (11ne bein
Flgure 2. 3) L o . . ﬁ

- * A

,

In order to fac111tate the sen51t1v1ty tests for totaI

s

1costs'as a funct1on of demand two addltlonal electr1c1ty

demands are deflned They are shown by'llne a and_c. in

’ Flgure 2. 3 . Oné is 4% :annual . growth (llne c 1n Flgure 2.4),

-

as predlcted by the Electrlc Utlllty Plannlng Councll (EUPC)

in 1983 (Ovenden ]983) The other is 3% annual iog growth

(11ne a 1n Figure ,2.3) whlch 1§“establlshed by prOJectlng

"

4 from the historical base load demand_ i,e. 1t is obtalned by:

extendlng the base load capac1ty 11ne in Flgure 2.1, Thish

_ -

‘3% annual log growth lS con81dered to be the upper bound

™y
/

\

because it is prOJected from the tlme when ‘the EConomy was

\

relatlvefy active and .the energy conservatlon era. had jUSt

begun.\ These two growths 1n demand for electraczty are

~

projected from 2. 353 Gwe (ERCB 1982 p. 7)~whlch was the

annual electr1¢1ty productlon by coal flred power ‘plants 1n

\ w1

1983, e T L S -

. » v

The electrlcaty base loaad demands in ascendlng order of

{

growth tates are: - ' ' “7n

1. 4% annual growth,

based on EUPC, line c id Figure-2.3. = -

D = 2.353 x 71.04(m-1982) e e 2.1
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2. base case growth,

based on ERCB demand, line b in Figlre 2.3,
D'= 2.605 + 0.16448 x (m-1982)..-........ e

3., 3% log growth(based on a scale of 10), -

based on historical’growth, line a in Figure 2.3.
D = 2.353 x .10 °-03im-tse2) oo S A T

2 nNote: . . . '~ '
a. all in quY f
b. all demand and supply are measured jnst before
the electr1c1ty dlStrlbUthn network
c. m is the study year durlng the study perlod
For comparison and illustration purposes llnevd in
Flgure 2.3 is drawn. This line shows the supply of .
electr1c1ty from those power plants wh1ch have been
operatlng and have been committed 1n 1981. No other‘newi'
pbower plant is comm1551oned durlng”this study pegiod.
233 Capagity of poner unit .
CA plot of the total capacity of coal‘power plants in
Alberta startlng from 1970 up to those plants commltted 1n'
1981 1s shown in Flgure 2.4, Multi-unit systems (usually
pairwise) are commom in ﬁ%berta.‘ For exanple, the newly

-

commissioned Keephill and Sheerness power stations have two

- - N
L .
- . . . J
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o units dn each of them. The standard capac1ty per unit is
approximately 350 Mwe(net). Since the last decade there |
“vhas been a unat of this standard capac1ty comm1551oned
almost every year (Figure 2.4). rTo;be compatlble'wlth
‘Foulkes' 's[1982, p.11-5]" analy51s 1t is assumed that the new
coal- fired power statlons are: composed of. three unlts, ‘each
of wh1ch 1s O 371 Gwe(net W1th scrubbers ‘For comparlsonA
purposes Komanoff[1978 p.7] estlmated that the optlmum
capac1ty ‘for ut111t1es 1n the Unlted States ranges from 500
to 600 Mwe (net).’ TOSCA uses 1.0 Gwe(net) for’ all types of
power plants Slmllar to Foulkes[1982 p. 1—1] .a nuclear
power tatgon is assumed to have two power units each of
wh1ch 1smb‘6 Gwe (met) . ThlS capac1ty for a power un1t is
also estlmated by Komanoff[1978 p.7]. The capac1ty factor

(c.f.) of nuclear and coal flred power, plants is assumed to

be 0.8. EE

2.4 Service life of power plants

The service life o% power plants is quite a
controver51al 1ssue because service life depends on the
orlglnal design and management practice — either up gradlng
out-dated p}ants or: ]USt keeping them at runnlng condltlon
Some older power plants are used to handle peak demand
hefore they are decommissioned, which has the tendency to
lengthen their'Service_lives. | .

The service life of power plants is expected to be in

the rangevof 30 to 4d years. Phung[ 1976, p;ljirepprted the
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service life gf power plants in the quted Sta%es vari;d
from 20 to 4b years. Foulké§[1982, p.6-4] Uééd 30 yé;rs as
£he éer&iceﬁlife of pd@eg plahts. Gaines et al [1979, p.28]
and Barrager et alE1§i6, p.31] used 35 years as the eétiméte
of service Life in their studies. 'In this Ehesis§ a servicé
life of 35 years .is used for both coal—firedwgnﬁtnuélear

o9

" power plants. . )



3. Traditional Césts

: L T ' e\
Traditio costs ate capital C, operatlng and

. maintenaﬁc M, fuel F, and researsh costs'R They arev
levelized ovefithe service: llfe of the power un1t .The
annual total costs for plant type/unlt i, in study year m,
A, m is the sum -of these four costs and soc1al costs S some

of which depend‘on the year of comm1551on z. It ié

expressed as S o

In the total cost analysis, the total cost,p, is the

‘ptesent'equivalent value of sum.A;, , over plant/unit i, or:

1_ m- 1982
p ='ZA[ — D e e s e e et 3.2
m. -1+ 4 i
where !
X &
p = total cost

m = study year

d = interest rate
1= blaht:type/unit'
for example

1"'refers to coal power plant unit 1

TN
1]

[,
"

2 refers to coal power plant unit 2

-
"

3 - refers to coal power plant unit 3

18



4 refers to nuclear power plant unit |

—-
i

—-
1]

5 refers to nuclear power plant unit 2

3.1 Capital cast

Capitai cost includes all the facilities up to. the
station step-up transformers but not the high-voltage
switchyard or‘transmission cost,

In TOSCA, a cbmputer program'develdped by Gaines'gf.
all1979] for total cost énalysis,.tﬁetéapital;coéf ﬁsk
assumed to bé conétant in real terﬁs-and'paid in ﬁﬁe.full
amount when the power unit starts production, Gaineg;et
all1979, p.17]. . “

For Alberta, the following are adopted?

1. The capital costs of the existing powef piants at thé
beginning of the study period are'inéludedg

2. The total capacity from the existing codl—fired powér
units is 2.353 Gwe in 1982 (ERCB, 1982, p.7]) in

Alberta. The increase of a unit capacity, whichfis

assumed to be 0.6 and 0.371 Gwe for nuclear and

coal—fifed power plants respectively, is quite
'sighificant.compared to theﬁtotal capacity. The new
power untt commissioned_cloééﬁto‘tHe end ofvﬁhé“pefiod
would cauée a sudden jump in capital cost. For
reducing the effect due‘to these initial and final
conditions, and for comparison purposes, annual
“equivalent capital cost of each unit (or levelized

_cost) is used. Since real rates of increase are
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‘

included in.this thesis, tth'Ievelized cost would also
spread the effect of any real rates of increase for any
of the cost factors ewvenly over the service lite of -the

'power unit as‘shown in Figure 3.1.

All neq power units commissiéned during thé year are
assumed to be in operation at theibeginﬁing‘of the same‘year
{and all the costs are accqynted for ét‘the end of the year.
.Thejr‘capacities may not be fully utilized Because supply ié
alwaygjslightly more than the demand for eieétricity.

Coal-fired and nuclear power stations are assumed to be
multi-unit systems each hawving the advantage of lowering the
capital césts of the whole powc: ~tation due to the sharing
of common facilities among the .i1its of the same station.
These facilitigs are required right from the first power
unit. The capital cost of the first power unit is,
therefore, highef than the others (refer tq the cash flow in
Appendix 1, A.1.2 and.Eiqpag 3.2). The levelized capitalb'
cost in year m of é.new unit (C; , .), of plant type/unit i,
commissioned in year z, is projected from a plant -
commissioned in 1982, by using the real escalation raté of"
constructidn‘cost, cash flow rate, and allowance fof funds-
used during constructién._ This capital cost is lévelizea
over its serviee life of 35 years by using the reél interest

rate.



construction cost
capitalized at the
"end of. each year

capital cost:

levelized annual
capital cost

year

construction 35 years of service life

Figure 3.1 A schematic diagram showing the relationship“of

capital cost at the year of commission and its levelized
/ : : o

cost
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) Mathematicallf tﬁe.capi;al cost of a new unit

commissioned 'in year 2 can be expressed as

' yi—t
C;,z,m::—__'—__'—[ Z Uikz-y, .'f,"(1+AFUD€) j\'\. ....... .-3.3
t=1 ' ' \

where: ) ot \
U, is the capital cost of a bower stat}Bn for plaﬁé
_type/unit i, commissioned in thi beginning of 1982.

‘ £, is.tge Fash flow rate for plént tyﬁe/unit i, in
conspructioh year t, expressed in percentaée of the capital
céét for.the.whole power station commissioned in the
béginning\of 1982.

y} isAphg number of construction years required for '}
plant‘fype/dﬁit i.

| .k;ﬂyl.t is the nomihal rate (curreﬁt dollars) O§, i
é%nstruction cost for the beginning of the year z-y;¥t
relative to the beginning of 1982, ‘

(CPI), is the consumer price index, at the beginning of
the qgmmission_year z, relative tO'FBé‘begiﬁning of 1982.

AFUDC is the allowéhéé for funds ﬁseq during
éonstfuctién (market rate). | ‘

" a ﬁs,tﬂe~factor for Leve;jzing thé cap?ﬁglnéoét 6ver.35
~'years into annual equivaledt coét by intére§£ fate d (that

is the annual eguivalent over the present value factor).
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Thelestimates‘of the above factors, which are similar
to foulkes[1982]; are listed in Appendix 1, A.1.1 to A.1.3.

It has to be stressed that ﬁh% levelized capital gosf
of a power unit is the same throughout its service lifée.
Vbiffefent~units have different levelized capital costs
because of varying commission dates (refer to equation 3.3).
The efféct of levelizing the costs is shown in Figure 3.1.

| Tﬂgxéaﬁh flow rate is expressedgééja percentage of the

- capital cost of the power plant and is based on Foulkes's
estimates except that the cash flow raﬁe has been changed
for units of a power sﬁa%ion rather than for the whole
station (Figure 3.2). Details of estimating the cash flow
rates for e;ch unit are given in Appendix 1, A.1.4,

Allowance for funds uéed during constrﬁction, AFUDC, 1is
capitali;ed at 12% (interest rate adjusted for inflatiol)
which is consistent with recent financing and regulatory
conditions experienced by an investor-owned utility in
Alberta(Foulkes 1982, p.6-5).

As 1is the uéual practice, the complete inventory of
heavy water and a half charge plus‘100.bundles of fuel have
been‘included in the capital costs fér each unit (Foulkes

1982, p.4-3). Similar to the studies by Rahamana [1982,

p.16], Gaines et al[1982, p.2,177 and FOh&kes[1982, p.2-2],

~
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. cagt for decommissioning and the effect of income taxes are

o
N

wfATL poﬁﬁg units Wthh have been operatlng or are’

e Y R [
B KB , . . R y .,
not:included. An example of estimating C; .- . using-

eq@ﬁfion‘B.B is‘given in Appendix 1, A.1.5. o

»
et 'ﬁ .

f’GOMmatted to be built in 1981 are called ex1st1ng power

gnits~ They;are assumed to have the same annual equivalent |

- FARR]

iééﬁita{_cosﬁ ‘as if commissioned in January 1982. The

"1éveTized éapital costs for an existing;p0wer unit, C;

, 2, m
. - L ' " . —
1s expressed as . “ : o=
~ N . B . -
a~ . P 1 .
- -
.l‘; ..‘ a v
Cr 1-982 m = U. ©. 2 8 e a2 s s s s e s e 8 s e s e e a s aLe s o 3 5
- U R
- - /
. 1
3 F4
where: . ’

-
- o L .
1

U feknumbef;of'nnits per plant'for plant t¥pe/unit i.

) P ]
‘/_ R .
! .

The capac1ty of ex1st1ng power units is assumed to be

d" -

O 375 Gwe(net)-w1thout scrubber. The number of thesé\

n

exlstlng power UniEs; N, ., is equ1valent to G; ,m/gp,

. -y » ~

~ L

"where: . - . R , \

-

Gi,p 45 the total electr1c1ty generated by existing
power plant/type 1, in the year m. ' '

g; is the electrIc1ty generated by a unit of plant/type‘

i in-one year.
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The total annual capltal cost due to ex1st1ng plants 1n
the yearmISC ,1982. m X N i me ) o : )

» B ~ ; . P
4 L2

3.2 Operating aﬁa maintenance costs,
Wages, matérials and consumables, waste dlsposal ‘and
serv1ges for smooth and safe operatlon are included in. -these

’ -

‘factors. .
. At the beginning of the study period,. the total base
load capac1ty in Alberta is 2 .353 Gwe An increase of one

nucléar Ppower unit of 0,¢ Gwe assumed in thlS thesis would

"ﬂcause a 25% increase in the base load capac1ty Such an-

)
[

1ncrease 1n capacity is usually not fully utlllzed by the
base loaé demand and a con51derable amount of supplus
capac1ty may exist. .Jn TOSCA Galnes et al [1979, pr17]
assumed annual operating and malntenance costs are dlrectly
proportlonal to the annual electr1c1ty output. If this
assumption is applled to Alberta, then operatlng and
malntenace cost due to this surplus capac1ty would be
neglected _;In thlS thesis, all annual operating and ,

malntenace costs.are assumed t® be fixed costs and dlrectly

proportlonal to the number of operating units.

terms., 1In thls the51s 51m1Lar to Foulkes's study[1982

P.6-3]," the labour cost is allowed to escalate.and material

£

cost is malntalned constant in real terms ﬁhehdifferent

costs. assoc1ated with dlfferent p er’ uq&ts‘of the same
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_'béginning-of yéar z+j (or the end of%§éar z+3-1

't6 the beginning of 1982.

" in January 1982 dollars.

’ '».‘ - L ) . ¢ \.’ 27

N
A

station are also incorporated; the real annual cost of -
' ! : 1 =~ . o ’ )
insurance, interim replacements, and property taxes I, are
' N

included and estimated tc be 1.35% of the fotal capital cost’
for coal and 1.1% for nuclear plants (Foulkes, 1982, p.6—352
The , operating and maintenance cdsts,are‘levelizéd over the

service life of the power units and the effect of the

4

escalation rate is spread over' the service life, o

, o . s s
: . . . 2 . : .
The levelized operating*and maintenace.cost, M, -in the
’ », : .

.

. 1 . . . ! ' .
study year m for a new unit commissioned in year z can be:
. “ ‘ \

—_ -4 ’ P

e

expressed as

O

k<
~
3
1
o]

5 ! - _.’ - I| |
- [,(Lil\z+j +-H,; +Ci,z,,m ~ )." - 'jl‘....3\.6
=1 : . . : d100 . ¢1+d)!

~

L, is tﬁé labour cost for ‘a power plant type/unit i, in-

Januéry 1982 dollars. -

-

"1,.;, is the real labour escal¥tion rate in the -

), relative’

» )

H;+is the material cost for' a power plant} type/unit i,

3 v

-

I

. The estimates of these factors_arewlisted in Appendix

~ . v

‘1, A.1.6. ‘ ‘ -
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/ equ1valent number of operatlng UﬂltS 1s Nim and the total
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o
.

For existing units, the equatlon is. exactly the,same as

-~ 1 “

that of ‘new plants except that ‘the levellzed cap1tal cost is‘

v N . . 5

con51dered to be the same as those comm1551oned 1n 1982

N -
b .t A ~ “

z,m = Ct,,gaz,m. Slmllar to the capltal cost the

.~ -~ -y s\ PRI ~

.

-+
o 4 ‘4

aﬁnual operatrng and marntenance costs for ex1st1ng plants

15 M, ,1982,m‘ X N— Lme ! ) . :_ \‘ . ta o T
o ./ : 'f”f o . ‘“" ‘ S -, R - : o )
3.3;Fdel gost ., . R J;‘ ”i . S
In thlS study the total annUal fuel cost ‘is assumed to -
A B} -~ . . '
be d1rectly proportlonal to the amount of electr1c1ty h - .

v | ,“ o~ » N
<

generated ;and is a110wed t undergo a. real rate of 1ncrease

as a functlon of tlme The fuel cost is levellzed\w1th«the_l
resukt that the effects of fuel escalatlon rate are spread

N

evenly and is compatlbie W1th the procedure used for other’

"

‘costs. The level1zed fuel cost for plant type%uﬁlt 1, S

4 v 2 -

comm1551oned in year z, operatlng in study year mk can be

t . . N

expressed as e . ';f ?, B PR
i ” ' A - - ’ » ‘ '
. , - 5 q’,i(1+ﬁi)z-‘982+j Co -
et c 0 Fig pmal T — JAE, , meeenen...3.7
~ N . j = 1 (¥ B K ( 1 +d) J‘ .
\ a , . . . .
‘ ¥ * ) I g
Lo ; ) i - .
where: ' . '

¥, is deflned as erl cost per un1t electr1c1ty

s

generated for plant type iin the Year 1982 which are

* - - .
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per Gwels for

1982
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.
s

be 64 02.;and 41.46 mllllontdanuary 1982 dollars

coal and nuclear fuel respectlvely (Foulkes,

4

'm is the total electricity generated by a unit

'cohmissioned_in the beginning of year z,  of plant type/unit

-

Y

-

i, " 1n the year m.

e

i
)1
. ~

. .The total.cests

~

to 'the real increase

&Rahna

ha, 1982, p.44).

‘from study to study.

" coal price escalates

after

Rahnama[ 1982,

falling in 1982.

1990,

and that.”

.

v
'

"B-~1s deflned as the reaI fuel escalatlon rate.

A t - 4

and the unit. costs are very sen51t1ve o

Y

of fuel prices (Galnes 1979 p 39

' The forecast of fuel prlces dlffers.

i

Rahnama(1982 p 24] assumed'that the’

“at a rate of 1%. per year and then 2%

RS

the uranlum prlce ls. constant but *
J; N 4

escalates at a rate.of 1% after 1990 (all in real terms).
p.42] also added.that the price of uranium was

ﬁBanchft[19é2,'p:14] in the study of

"Nuclear Energy for Oil Sands"'assnmed both coal and nuclear

fuel prices to remain at 1981 price levels. Foulkes[1982]

asbumed thé§%scalation rate for~coal to be 1.5% and the

prlce of uranlum to. remaln unchanged at the 1982 price level

Y

e

fand‘then tQ 1ncrease at a rate of i 5% after 1989 (all in

. real terms)w

ERCB [Sept 1982 p. 13] predlcted that prlce

of coalywould remaln.unchanged‘in real.terms, but ;n the

long term it would increase.due to the influence of

international demand:

The:above indicates that the

escalation’rate of coal’ is either at a rate lower than or at

J_'"
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the séme‘rate as the7e5calatfon rate of uranium. o

For the 1n1t1al case study, the eSCalatlon rates fbr both

[N Lo

coal and nuclear fuel are the same as those- of F0ulkes s
study above. For the base caSe-analy51s the‘realt '
(erl escalatlon rates are assumed to be,’1.5% and
d%nfof“coal and uranium respectively. Since these rates
are"xindependent of time, the temporal effect on fuel

v escalation rates is isolated, whichhfacilitates the‘

sensitivity tests .for fuel prices.

3.4 Research costx
+*~ Research has the effect of improving either the

rellablllty, eff1c1ency, durability and/or safety of the
'operatlon.a Though there were functlons established in
ﬁTOSCA, they are considered to be zero-in,the base case
stUdy. Gaines et al{1939f p.1] concluded that the total
-costs are not sen51t1ve to research cost. When research ‘
cost 1s compared with other costs, it only contributes a
small portion to the total\costs. In thisnthesis, research

-

cost is assumed to be absorbed 1n overhead and 1is- not

N

1ncluded 1n thlS study
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4. ' Estimation of 'Social Cost due to the Power Industry 4n

Alberta

4.1 The fuﬁcmiopalvrelapionship between social cost and
electficity generation
There are mény different types of sociai—costsvdue té
electricity generation. Some of them may be directly
proportional t§ powef plant OQtput, power plant capacity,
cumulative output or any combination of them. For example,

social costs due to,kland use for nuclear or coal power

plants will be proportional to plant capacity (Hill, .1977,

»p.2.8); social costs due to acid damage from coal mining is

roughly proportional to the amount of coal removed, i.e. to

‘the cumulative output of the power plan*s using coal (Hil1,

1977, p.2.8). Nevertheless, for a first approximation,

relationships other than those to annual power plant output

are not incorporated into this study. All social costs for

both types of power plants are assumed to be proportional to
the amount of electricity generéted.
Mathematically, the relationsﬁip between sSocial costs

and electricity output is assumed to be

31
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where:
Si m 1s the annual social costs due to plant type/unit
i, in study year m.

AE; . m 1is the amount of electricity generated by plant

1N .

‘type/unit i, commissioned in the beginning of year z, and
operating in study year m.
. !

s; 15 the social cost per GweY and is constant over the

_study period and is estimated in the following sectionsf

The relationships shown in equation 4.1 can be
justified. Alberta is subject to the guidelines of the
National Air Quality Standard set by the Federal-Provincial
Comhi&tee on Air Pollution. These guidelines are set 1in
order to protect people with existing medical conditions,
such as patients with chronic lung disease;vwhich air
pollutants may further aggravate. Tﬂe poliution levels at
these guidelines become the thresholds below whicﬁ‘hp damage
can bé observed. With the exception of particulates and
“ozone, the polluﬁion levels in Alberta for the past several
year; were well below these guidelines, as shown in Table
4.1 and.Table 4.2. When compared to the increase of
electricity production dUringAthe same period, 1975 to 1979,
the pollution levels do not change‘signifiéiantly (Table
4.2). In‘this thesis, thé ambienf pollution levels are
aésumed not to;chahgé in .the future. Also, the costs for a
- death’, an injury day and an illness are assumed to be |

constant in real terms. With tKese two assumptions, the

A\
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Table 4.1:Secondéry Air Quality-Standard (yearly average)

suspended . 80, . NO, ‘ Cco o O,
particulates
ug/m? ug/m?3(ppm) -ug/m’(ppm) ug/m> (ppm) wg/m?(ppm)

60 | 55(0.02) 100(0.053) 5.77(5) 30(0.015)

*

;

source: Federal-Provincial Comrlttee or’ A1r Quallty
Ortario> Research Foundation :

e

Table 4.2 The pollution levels in Alberta

Pollutants power plant Year
contribution 4

in % - '7%5 "76 '77 "78 '7S
Calgary . -
NO, ¢ 0.0367 0.0300 0.0300 0.0333 10,0333
0; 0 0.0207 0.0480 0.0153 0.0160 0.0180
co 0 2.3000 11,7670 1.8330 1.7667 1.8330
SO . 0 o 0.1200 0,1600 0.160C C.'500
Susp. Part. .0 55.70C 64.800 76.310 74.170 9€.0C
Edmonton
NO, 30.3 0.0267 - ©.0267 0.0305 0.030C
0, ‘ 0 0.0233 0.C0'47 0.0143 0.0180
CO . 0- 1.3333 1.3000 1.3000 1.867C
SO, -0 . 0.0900 0.1300 0.1100 0.1000
Susp. Part. 4.0 64.800 €9.70C f60.400 58.8970 74.000

o SOurce: 1979 Air. Monitoring Report
note: all in parts per million, ppm, apnual average excep_,
SO.which is expressed as SO3equ1valent mg/100cm?® /day
' for it cannot be measured in ppm scales or wug/m’
' Suspended particulates ug/m3?/day high volume.

L4
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social costs, for example health costs, can be assumed to be
directly proportional to the number of people expOSed to the
polluted environment,

If the electricity uged per person is further assumed
to -be constant durigé the study year (Snell, 19827 p.10),
the health cost 1s then directly proportioﬁal to the
electricity generated (Lees, Dunn, Ersil, 1980, p.50).
Since health cost is the major social cost (Hill, 1977;
p.49; Barrager, 1976, p.49) and for a first approximation,

all social costs are assumed to be directly related to the

annual output of electricity.

4.2 Method'foriestimating the social cost constants

In this thesis, information from the literaturéiis'used
"as the primary>Source for social cost estimates.’lThe basic
procedures for using the estimates from the litéféture

survey are listed as follows:

1. If possible, the methods dséd or suggested by the
litefature_are usédj R P

2. g‘IfAthé appliéation of these‘methods 1s not possible

| bééagse Oﬁ'insuffi;ieht raw input data, or the
derived reSulfs do not'maké séﬁsg, the methods
are not.hSed. Instead, the ratib of the damage
poﬁentials between the locations mentioned by the
literature and Alberta is used to pro-rate the cost
estimates from the litépature to those bf Alberta

.(Justus, Williams, Clemenf, 1973). The details and

&



" _background mentioned is similar to that of Alberta.
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application of damage potential functions can be found

in Appendix 5, A.5.2.

1f the informﬁtion réquired for obtaining thp damage
potentials is.not available, the above‘mentigned method
for pro-rating the estimates‘into those of Alberta is
abandoned.

In most studies, two steps can be observed in
estimating the health costs."They 553: a) the physical
d:mageé for example number of deaths;-and b) the
monetary value per physical damége; for example the
cost per death, cost per illnesslaﬁd cost per injury
day. Since Ehe social backgréund'énd the health care
system can affect ﬁhe”monetary‘vélue per physical
damage, only the physical damages from the literature
are Qdopted gnd fhe cost per thsigal damage is assuhed
to be”conétaﬁtu fh studies wheré_health costs aré‘"

given, the costs are used only when the social

The health costs for a death, an injury day and an

“illness are estimated by taking the average of

estimates taken from various studies. Only those cases
having a health care system and social background

similar to Alberta are taken into consideration., The

- unit costs are estimated in Appendix 5, A4.5.1 and

listed as follows:
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social cost per:

death $913,000.00
illness . $12,054.00
injury day - $118.85

* In January 1982 Canadian dollars.
Note: These cost estimates are higher than -

usually used.

If the social cdét estimate is considered to be an upper
limit or it is abnormally high when compared withfother
estimates, thélexpected social cost estimates for.
.AlbeftalarefASSQmed to be half of'this upper limit.
This is based'On_the reasoning thaf the lowest possible
social cost is assumed to be éero.

A possible 'social cost estimate for a particular social
cost v, for example health, can be derived from the
literature. Bylreviewing several independent sources,
a number of possible cost éstimates for the same social
cost, v, can be obtained. For example, there are -
several cost estimates for mining each of which is
derived from a different source. If there is no clear
indication that one 1s better than the others, then all
the derived cost estiﬁates are treated as being equally

likely. The (&pected cost estimate for a social cost

L)
ERS

it

oy
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where: W is the number of estimates
w, is the weigfting factor of v,
and witwzt. . =1
v, is the cost estimate for social cost v
derived from source X.

The variance o, for this expected value v, is
W

02 = T welo2 + (v = v)Blooieai i .. 4.2
x=1

. . R [ ’
where: 02 is the variance of .each estimate v,

derived from sou

rce X.
?

% .
e

Derivation of eq

on 4.2 is in Appendix A.6.
.‘5‘ N

Allvthe social Eost est . MPMs are normalized in million
January 1982 Canadian dollars per GweY (M/GweY) by using the
consumer price‘index listed in Appendix 5, A.5.3. In 1982,
Aikerta utilities produced 2.353 GweY of electricity from
coal-fired power plants, i.e. base loadlfor a population of.
around 2.3 million. A figufe of 1 GweY for a population of
bne millioh ié often used in the literature, (Snell, 1982,
p.10; Hill, 1977, p.5.4). By normalizing the social costs
in million dollars per GweYy, the estimates AIsR\approximate

the social costs in dollars per person due to electricity

generation. This method has the additional advantage of



i

.'_)
v/‘~

‘giving ‘an 1mmed1ate perspectlve of the soc1a1 cost 1n §
.dollars per persongin-a year. The social costs in M/GweY»
can be converted to mllls/kwh by a multlplylng 6actor of
0.1142 The overall social cost estlmate s,, due to power
'generatlon i, is the sum of all the cost‘estlmates for each
social impact: PR
e In this study, estimateSvof social costs'areuconf{ned'
to.prominent, regional‘damages rether than to giobal ongs.
'In other words,:only those heving-direot concern to
'Albertans are considered. ‘For'all estimétes, the estlmatlon’
method is hlghllghted in the tables of each social cost
iestlmatlon section. Detailed calculaﬁlons are provided in
. Appendix 5, A.5.2.“ o 3 ‘ - r
| ‘The total social cost is assumed not to(have7negative
effects. Its velue ranges from zero ,to infinity.»xﬁ number of
:probability densityﬂanctionslcoula have been used?to
"setisfy this requirenent' The log normal - dvstrlbutlon is used
in this thesis. The use of thlS dlstrlbutlon is con51stent
‘with Barrager et al[1976 p.161; who also used thls normal
dlStrlbUthn to represent the range of health costs due to
coal fired power plants. |
4.3 Limitations in‘estimeting;the social costs v

Theiéocial costs are very difficult to estimate. This
is particuiariy true when statistical‘data for the

o . : R -

appropriate geogrephical location are unavailable, Other

problems are: o '
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The cost for a death and ah illness due to pollutlon
and radiation is a controversial lséue (Mende?gohh}
1980, p.38- Hill, 1977, pe 2.2). Separatihg the
contrlbutlon of damages due to d;fferent pollutlon

sources-presents another problem.

The long latent perlod in response to the pollution

changes causes. a problem in relatlng the pollut1on

.levels and the correspondlng damages

There are some degrees of uncerta1nty in estlmatlng the

risks of nuclear plant accidents, effects of. thermal

‘waste, and global effects causeg?py carbon dioxide

concentration in atmosphere (Rahnama, 1982, p.59)
The-method'chosen in estimating the social costs also

has some inherent limitations. In using the original

T
method from the literature to estimate the social
'}costs the Alberta situation may not be truly

'represented because of tlme and soc1al d1fferences or

because-oﬁ the valldlty of the original methods.
The conversion method by a:damage potential function
also has limitatiens: since pollutants are not

distributed uniformly over the province, using the

pollution level of a city to represert the whole

- province may not be appropriate. The exposure factors

of the receivers to each“pollotaﬁt taken from data

-~

particular to the United Statés_may not truly represent
the Alberta situation. The damage'potéﬁtial functidn

assumes damage to be zero when the pollution levels are

- .
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below the Air Quality Standard. The effects of
prolqﬁged exposure to'pellUtion at low level

concentratlons for a large population has not been

’

established (Lees et al, 1980. p.8).

Nevertheless the uncertainty of total costs is taken
into consideration by fitting the estimate with a

probability density function, and a log-normal distribution
) N w-./ - N . A >
. is used. i

e

4.4 The social cost due to ¢ANDU Nuclear power‘plant\essumed

to be in operation in Alberta v

It is assumed that fhere is_no nuclear fuel proce551ﬁg,

f
‘milling or enrlchment in Alberta The spent fuel is stored

Y

in spent fuel storage bay for ten years (Foulkes, 1982,

’ . . - . -

P.1.7). Social costs due to permanent.waste disposal are
not included, based‘bn the assumption that spent'fuel is

- disposed permanently oytside Alberta. ‘ o

The social costs related to nuclear power plants are._-

divided into four categories: 1. health,v2. accideht, 3.

sabotage, and 4. nuclear fuel diversion. This is c&%éiStent

with a study done by Barrager, Judd, and Nofth[1976, p.49],

R
~T

4.4.1 Health cost due fo operating a CANDU ﬁuclear.powet

plant
B o =
o 5
N 1l ;@;@“&M'J
g

e,
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Vi

The health costs. due to normal operations are
included in the social cost estimates. That is, only- social

costs during energy .conversion, and the transportation of

- fuel and spent fuel are considered. .'With the exception of

the cost estimate derived from Snell[1978], all the

estimates from the literature.are for the whole fuel cycle
whick includes mining of uranium, fuel processing, fuel
transportation, energy conversion and waste disposal. The

estimates for the normal operation of nuclear power plants

andftranéportatibn of’nuclear fuel taken from the literature
are assumed to be agpllcable tQ Alberta. By comparing

Barrager et al's [V97§k§c®éﬁ ¢stimate for the United States

! vn

and the cost estimate for Alberta derived from Barrager in
Table 4.3, about 10% of the soc1al costs for the whole fuel
cycle are due to the normal operatlon of-a nuclear power

plant and the transporation of nuclear fuel. In other
%

,,jwords, Barrager s estimates of social costs for the whole

>3

fuel cycle are malnly due to operatiéns other than

'“ehergy'conversidh’ahd fuel trangportation. Hill's[1977] and

Inhaber's[1978] death and illaess estimates are for the

2

' whole fuel cycle aﬁé 20-80% of their estimates are due to

normal operatlon of the nuclear power plant and

’transporatlon of fuel. Inhaber's estimate on’ dlSabllltleS

is the same as that for Alberta (Table 4 3) In fact
Inhaber's estlmate of these dlsabllxtles 1s sl1qhtly h1qher

than that of Alberta by about. 0. 00005 d1sab111t1es per Mwe

'\
per year. Hill and Inhaber used the results from a-

. -
N
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ﬂ,derlved trom ‘the gu1de11nes

!

o
VS

lLterature survey and studles for llght water’ reactors in

‘the United States The estxmates der1ved from Hlll and

Inhaber for Alberta on the number of deaths are of the same
order, but health ;mpaltmehts canhpt.be;gompared because of
different classjficatibnsu‘.w . |

Snell's[1978] estimates”eu illnesses and deaths.are
based on the . radlatlon exposure "‘limits for the normal
operatlon of a reactor set by the Atomic Energy Control
Board AECB. The establ1shed dose—response function is used
to estimate thewnumbef‘of fatal and curable cancers |
Snell[1978, p.9] reported that % of the guideline set by
AECB is the design tardet for nuclear power plants and added
that this target is usually met. The cost estimate for
Alberta derived from Snell is not based on 1% of{the‘AECB
guidelines but is‘assumed to be half of the estimates’
o
The cost estlmates for Alberta derlved from Hi11[19777,

Inhaber[ 1978} and Snell[1978] ate of the_same order of

- -magnitude, although the methods of estimation are different.

The cost estimates for Alberta derived from Barrager et al

is sthe smallest among all the other cost estimates. There

is no obvious'reason why the cost estimates for Alberta vary

to this large extent except that dlfferent methods .have been

used. The expected health cost due to the normal operatlon

»

of a CANDU nuclear power plant in Alberta 1s,est1mated to be

, . D
0.364 million dollars per GweY and has a standard deviation

" of 0.340.
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4.4.2 The social cost due to the the possiblitf of nuclear
power‘plant'accidents " |

An accident ip a nuélear power plant can be caused by
mechanical failure and/or human error during the opefat@oqﬁ
;bf the powver plants,or'by extqrnal forceé (for example being
attacked); In this study only accidents due to mechanical
failure and human error are considered. This is because
there is no literature on sociél cosﬁs due to nuclear power
accidents by external forces available, except for the case
of sabotage ‘which is dealt with separateiy: '

Nuclear power accidents, in this study, are classified
into two types,;radiation and non-radiation related
(Barfagef, 1975; p;49). If an accident ii radiation
related, it can be fegarded as any incident during thé
operation of a nuclear_power plantwand the related support
services (for instance during transportation of fuel to the
station) which will resuit in a sudden release of radiation
~at a dosage higher than the approveé safety limits.. A i
nuclear power accident usually causes the shut down of the
reactor. Other accidents q@n,be-éoﬁsidered as non-radiation
gelated; | s .

Ther; are four health cost estimates due to nuclear
powenvplants accidents whiqh can be found in Table 4.4.
© . Hi11[1977] used a literatﬁie survey tb“eétimate the soéial
lrcosts_due té ﬁuclear power plant'accidents. Inhaber[1978]

also used a literature survey, .but for the accidents

involving the whole fuel cycle. Barrager‘et.al[1976] have
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carried out a study on the possibilities of ‘each event
leading fo:an accident, and ﬁhe conseqguences of each
accident. They estimated that the social cost of property
damage due to nuclear accidents is higher than that of
health impairmeht by about tén times (no reason given). The
health cost estiméte for Alberta derived from Barrager et al
is the lowest (Table 4.4).

The cost-estimaEé derived from Snell[1978] is, as
expected, the highesﬁ for it is taken.fo be half of the
upper allowable limits set by AECB; but th?s cost estimate
is of the same order 'of magnitude as the cost estimate
derived from Inhaber. Thg cost estiﬁates for a nuclear
power plant accident vari;s from 0.003 to 0.318 M/GweY —'a
"hundréé £imes difference between these two limits., This
wide fange reflecté a high degree of uncertainty in the cost
estimates. The standard deviation of the éxpected social
cost due to accident is'larger than the expécted value as

shown in Table 4.4.

4.4.3 Social cost due to sabotage and nuclear fuel diversion
of a nuclear power plant
Although CANDU uses natural uranium fuel (Foulkes,
ﬁ982, P.I-1) and plutonium is assumed not to be extracted in
h_Alberta, as %t'is in the United States, some‘plutoqiuh
exists in "the spentifuél“bundles stored in the storage bays
(Dalziel, 1981). The hazard of diversion is assumed to

exist.
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A

Barrager et al [1976] have carried out a study on the
probability of sabotage and "plutonium” diversion for light
water reactors LWR, in the United States. Barrager's

-estimates are based on the numbér'of attempts per unit time
per reactor, number of events per attempt, and consequences
of each event. Hill1[1977, p.3.17] suggested that sabotage
and diversion are unlike mechanical failure and human error,
and added that these type are unpredictable. Hill did not

" have social cost estimates on sabotage and diversion.
Inhaber[ﬂ978] did not have any estimate or comment on
sabotage and nuclear fuel divérsion. Sneli[1978] did not

/fiﬁElPde this issue in ﬁhe study on thé safety of the CANDU
nugiéar power spatiohs and no comment is given. Only
Barrager et al have egtimates regarding sabotage and
“"plutonium" diversion:

The social cost§~due Eo sabotage -and nuclear fuel
diversion are related toathe security of the who.- .clear
industry. A trade-off sitﬁation exists where by .ociety 1is
willing to pay for a system that will reduce this risk. 1In
Alberta, and Ehgs Cénaéa, the political relationship with
other countries is more moderate than that of the United
States. The cost estimate derived from Barrager et al 1is
considered by this thesis to be on the high side. The cost
is assumed to be in the range of zero to Barragér's
estimate. The expected value will be half of this. upper
limit, The cost estimates due to nuclear diversion and

sabotage are listed in Table 4.5.
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4.5 The social cost due to coal-fired power plants in
Alberta

In the estimation of social costs dte to coal-fired
power plants, it is convenient to classify the social costs
into three categories: human health, proberty damage,‘and‘
natural resources. Human heélthw%gst is further sub-divided
into two sections, those costs due toAair—pollution and
those due to mining. Mining is considered separately

‘because different mining methods will have different social
costs. The social costs due to an accident 1n mining and in
tHe operation of coal-fired power plants are not considered
separately but are included in each of the estimates. fhis
is consistent with most of the literature used in estimating
the social cost due to coal-~fired power plants.’

Property damage is sub-divided into four sections:
building materials,ﬁ%extiles, vegetation, and animals. This
classification was influenced byisimilar studies in Ontario
(Ontario Research Foundation, 1980; Lees, Dunn, Ersil, 1980;
A;res Consulting Se;vices Ltd., 1980)., In addition to the
abave mentioned damages, damages affeéting thé natural

b

6. resources are added. Since surgasegiining has a large
‘w%; impact on the land uSage and causes acid drainage, the

’" ?$§$Socia1 costs for natural resources are, similar to that of

Barrager et al[1976, p.27], further sud-divided into land

and water. Other social costs due to coal-fired power

plants, for example acid rain (Chalmers, 1985), are assumed

to ‘be comparatively insignificiant and are not 1included in
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theﬁsoc1al cost estimates. P

A5 Health cost of coal f1red power plants‘operat1on1\f
The ma in pollutants that coal fired power plants
produce whlch are harmful to human beings are sulphur oxides
(SO}, n1trogen.ox1des (NOL), and: partlculates_lBarrager et
al, 1976; p.14-18). - Some researchers for 1nstance Barrager
et al[1976 fpv183 consider that the 1nteractlon of |
pollutants camses more harm than each pollutant alone.

Mendelsoﬁh{4§33, pA37] establlshed dosefresponse functlons
by corr L

elatlng alr pollution related dlseases to the

v

pollutlon levels. These functlons are expressed ‘i'n damages
per pollutant_le@el,‘for.example, number of deaths pere, -
‘§o1lutant level.‘ On the other hand,vthensoclal cost v
Zestimatedvhy Barrager.et al is based on the emission of NO,
'fromithe‘stack and the sulphur eonten? of the coal.
Mendelsohn s dose response functions are applied to estlmate'
the health costs due to coal-fired _power plants in Alberta
A high probability of negative deaths resulted. The health
cost estimate on mortality derived from Mendelsohn's ddse
responsehfunctions is; therefore,-disregarded (refer to
AppendixFS, A.5r2.)§ but the health"cost due to illnesses is
touhd tolbe~12.%§7 M/GweY and is adopted. |
lBarrager et alf1976,'pl1él assumed.the harmfulbeffects
" .of SO, and NO, were largely associated with particulates and

-s0 'the health cost due to particulates was already-included

in .those of SOg,‘and NOX. The health oost estimate derived



-from Barrager et'al's cost”functions is found to be 11.141 LY
- 14 4

M/GweY which is of the same order of magnltude as the cost

r
-

'Iestimates derived from Mendelsohn. . >

¥

~

The estimates derlved from Lees et al[1980] and

EY

H111[4977] are 1.348 and 3. 002 M/GweY respectively (Table

“~4.6). Lees]et al applled three different methods Wthh are

o

» based on studies done 1n the United Sta “These methods

'consrder the gross prov1nc1al produc

total health
expense and the reductlon in damages duebto a 50% reduction
-in air pollutlon level. Hill also conducted a llterature
' ,survey based mainly on the United States studies. This nay )
explaln the closeness of health costs derlved from Hill and
Lees et al. When health costs due to normal opgratlon of
nuclear and coal flred power plants in. Alberta are compared
(Table 4.3 and 4. 6), the est1mated“deaths derived from Hill
due to coal-fired power plants in Alberta are less‘than
%tHOSe due ‘to nuclear. Hill[1977, p.5.40,5.41] estimated
that the nuclear power plant during thekconversion(stage )
causes more. occupational deaths per 1000 Mwe-year than by - p
coal-fired plants (0.06 » 0. 12 and 0.01 » 0.03 for nuclear/
and coal-fired plants-durlng energy conversion,
» respectively). The cost estimate derived from Inhaber[1978]
v@‘ls 22.582 M/GweY and 1s highest when compared w1th others, L
it is’ of the same® order of magnitude as ‘the secdnd largest
estlmate.(12 049 M/GweY). " Since Inhaber's study isrvery

comprehensiye and the lower values of Inhaber's estimates are

used for estimating the health cost for'Alberta, this cost

Pl
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\alT1980] (Appendix 5, A.5.2 , .24%x9%=0.117%).

56

“7. . . _ ’ ©
estlmate 1s adopted as one of the estlwates The expected

health ‘cost due to coal flred power plants in Alberta is
1%?%%4 M/GweY and its standard devlatlon is 9,227 M/GweY

In 1982, the health care expense is approx1mately

—

1,925x110.8/100=2, 133 mllllon dollars (Appendix 5, A. 5 2),
or: the soc1al cost due’ to coal f1red power plants in Alberta
is about 0.5% of the healthvcare expense. This estlmate is

of the same order ' of magnltude as that estimated by Lees et

kY
3 . , . ‘
4.5.2 Health cost of surface mining for coal

.+ Coal for electr1c1ty generation in Alberta is obtained

-

by surface m1n1ng . The occupatlonal risk of surface mining

1s lower than that of underground mining (Inhaber 1978

FALN

p.61) Transportatlon of coal from mining 51te to the power

plants is Minimal for it is a mine-to- mouth\operat1on

~

Also, thls short transportation tr1p ellmlnates the public

rlsk at the rallway lines and crossings, The social burden

of surface mining is mainly due to the suspended

partloulates generated durlng m1n1ng Barrager et al[1977]

-

‘and The Counc1l on Env1ronmental Quallty quoted by
-9"'

~

Hlll[1927] have cOst estlmates for surface mi nlng in the
United States These cost estimates are malnly due to
occupatlonal health' costs and are adopted as cost estlmates

- for surface mlhlng in Alberta .This is based on the

s -

assumptlon bhat the surface mlnlng in Alberta 1s s1m11ar to

Ta

that 1n the Unlted States. The cost estlmate derlved from

)
¢

P

PR
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the lowest estimates of Inhaber[1978] is about four times

higher than the -others (Table, 4.7). The expected health
costs due to surface -mining in Alberta is 0.936 M/GweY and

has a standard deviation of 0.734,

4.5.3 The social costs due to air pollut1on building

1 -
' materlals

- f ' S

Partlpulates are the main cause of the erosion effect

on bu1ld1ng materlals Other pollutants cause corr051on

damages due to thelr ac1d1c nature for instance, NOQ;and
SC. (Acres, 1980, p.3). By . "
: Méndelsohn{f980 p 37] establlshed a materlals damage

F)

cast functlon 1n terms ‘of mlllS per ug/m’ of polluﬁant per
persoa - By applylpg Mendelsohn' s;cost function fo Aiberta‘s
environment, ‘a lowest estimate is‘derived (Table 4.8),
Acres[1980] has estlmated the soc1al costs of bu1ld1ng
materlal damages for 'the southern t1p of Ontario., Acres
modlfled Salmon's damage cost eguatlon and establlshed a

soallng equatlon for estimating the social ' cost on huilding

materlals Acres s method is difficult to apply because of

'1nsuffrc1ent data support, so fhe " damage potential functlon

1s used to pro-rate Acres S estimate from @ntarlo ts

Alberta By using thlS pro- ratlng method‘ ‘the derlved

a

‘estlmate is very close to that' derlved from Mendelsohn[1979]

N '

Y - .
as showh in Table 4.8. . .= B S

Hill rev1ewed several studles and-normalized—the social

costs on bu1ld1ng materlals damage into coSt gé; Cabita.
“ . § - : ‘

[y

o .

&

1
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Hill[1977, p.6.13, 6.14] believed Acres's 1974 estimate was
the upper limit of the damage cost for bu1ld1ng materials in
Ontario. Pro-rating Hill's estimate by damage potential °
ratlo betWeen Ontarlo and Alberta, the soclal cost on
pu1ld1ng materlals derived from Hill jg 1. 195 M/Gwey,

The expected social cost estimate on building materials

is 0.441 M/GweY and has @ standard deviation of 0. 553

4.5.4 The Eocial cOsts due to air pPollution; textiles
Social eosts on textiles are considered Separately
because they require frequent cleahing and‘are less durable

than other materials (ontario‘Research°Foundation 1980).
The ciothings curtains, and all the fabrlcs assoc1ated with
bu1ld1ngS are grouped in Shss category. “Ontario Research
Foundation[1980] Carrled out a study on this issue for the
-southern tip of Ontario. This study 1s pertinent to one of
vthe most denSely populated areas in Canada Ontario
Research FOUndatlon[1980] had three estimates based on
different approaches and all of these were derived from‘
studies done jip the United States These approaches are
adopted in thig study The estimates based on textlle
ﬂfdamage cost per caplta/(m?thod 2 in Table 4, 9) were |
considered to ‘be too high and were dlsregarded by Ontario
Research FOUndatlon By us1ng the Same method for Alberta,
the estimate is also quite high so it 1s'd15regarded too.

The other two estimates for Alberta are based on

"Salvin's estimate ~ for the U.S. in 1970, and Ontarlojiesearch

- .
- 1 -y . *
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Foundation's estimates for Ontario in 1980. Pro-rating

~directly from Salvin's estimate by damage potential for the

g Albefﬁa‘situation, the estimate is found to be quite sjimilar

to that pro—gatéa from the estimate which is believed to pe
the Eest by Ontario Regearch Foundation (method 3 in Table
4.9).0,The expected social cost for textile damages in
Alberta is 0.065 M/GwY and has a standard deviation of 0.038

shown 1in Téble 4,9,

4.5.5 The social cost due to air pollution; vegé%%tion and
animals
Vegetation and animals are also subjected to air

pollution. Acres[1980, p.83] conducted a Study on the

social costs for vegetation and animals due to pollutionp

from power plants for Ontario and concluded that damageg
were insignificant. Mendelsohn[1980, p.37] had a socia]

cost function for vegatation damages which is in terms f

dollars per ton of pollutant emitted from.the stack. By

applying this function to the Alberta siﬁuation, the social
cost for vegetation is 0.013 Million ‘82‘dOl}ars per Gwy, or
apbromikately one cent per person in the year of 1982, rable
4.10. This cost is quite small when compared.to the total
agricultural 6utput'and-is‘quite uncertain as the standsrg
deviation is 20 times higher, than the expected val.=. Since
the cost estiméte fér-vegeéatiqn damage due to-air‘Pcllution

does not conflict with the conclusion of Acres, this

estimate is considered to be the vegetation damage: COSt due
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-

cq; ~fired power plants in Alberta. The social cost for
gmals 1s assumed to be insignificant (Acres, 1980, p.83).

ﬂ%

4.5.6 Social costs for land and water

‘ The social costs &% land and waair refef to the loss of
¥ c
recreatlon game habitat, 'esthetlcs, and the impacts on the

ecosystem, These social costs refer to the costs necessary
to restore the po?ﬁuted land and water to thelr orlglnal

functlon or to reduce the unpleasant effects to a levels

acceptable by theé public. These costs are primarily due to

surface mining where large areas of land are defaced. The
a- -

acid dfainage can pollute the rivers and streams and reduce
the fresh water supply. Barrager's cost estimates for land
and water are considered by this thesis to be high when
compared withother soclal cdsts The cost estlmates for

Al berta are assumed to be half of Barrager's estimates.

s;nce tHEreﬂls no”other estimate to compare with and there

CE v

is no the&;beftef method known at the time of this study
3 5' il s % I i .~
‘that can berapplled these cost estimates for land and water

‘damages derlved from Barrager, et al are adopted (Table

” i

11) s
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i » . . g‘ N '
4.6 Summary on the estimation of social costs due to power
" generation in Alberta

The social costs for Alberta are estimated from various

- studies by: a.) either‘adopting‘their estimates which are

appropriate to the environment and the operation of “power

plants in Alberta or, b.) using the methods of these studies

)

‘to estimate the socig% costs. 1In cases where the estimates

from these studies are.based on pollution levels; population
density, and social activities, which @iffer from those of

Alberta, a damage potential is used to pro-rate the

»estimatesgfo those of Alberta. After rev1eW1ng varlous

numger of 1ndependent estlmates for a s@clal ;#
Q‘QJ.
costs are collected The expected values for that’edc1a A
&8V

cost s the average of. these 1ndependent estimates.

~# By ustng the above approach the soc1al costs for

-'electr1c1ty generataon in Alberta are estlmated and

.

summarlzed in Table 4.12. The dlstrlbutlon of these social

costs areﬂplotted in Figures 4.1, The expected soc1al costs -

due to nuclear ‘and coal-fired power plants in Alberta are

found to be 1d®789and 13 04§1M/GweY oy 0. 123 and 1. 4907

5}@:«1 /"'_ »' ‘;%r ” '{!
mllls/kwhyrespe 16€ly “Tﬂ&qex ected soc1aflcost due to

‘coal—flred power&ﬂants is about 12 times hlgher than that

due ‘to nuclear power plants (the expected ratlo of 50c1al

%Acosts between coal and nuclear is 14 538) - The above soc1al

\“ r.“

“cost ratlos estlmated by Klm[1981" p 115, 116] and Hill

't . »’

7,[1977 p. 11] for Ontarlo are approx1mately 5.6 apd/

#

‘respect1vely A - o ' A

3

%

.E"&:a "‘ 4
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Table 4.12 ‘Summary of soclilal cost constants for power
plants which were assumed to be operatlng
ydurlng the study perlod

Cost in Million '82 dollars
per GwY Jan.,price

o "% Nuclear coal
- Health .
normal plant operation 0.364(0.340) 10.240(9.227)
wining b #% 0.231(0.035)  0.936(0.734)
“dccidents - .0.138(0.161)
sabotage : © 0.031(0.018)
diversion - | ' 0.003(0.002)
Prgperty Damages
building materials c 0.441(0.553)
textiles L : 0.065(0.038)
vegetation & anlmals " - 0.013(0.260)
accidents - *%.0.047 .
® sabotage . ‘ . 0.451(0.260)
diversion ‘ , . 0.045(0.026) .
~ Natural ﬁesoufées =
land . " #% 0.967(0.568) 0.967(0.568) °
water %+ 0.387(0.233)  0.387(0.22%F
Totals ~ 1.078(0.458) ~ 13.049(9.296)

¥k 2.664(0.764)

/;9 o .. N ) ) i 7 N -
~§§m S ', ‘or in mills/kwh
- , | : 3(0.052) - 1.490(1.062)
| | (0.087) * :

7 o~

¢

flgures in brackets are- standard dev tions
Blank means not applicable -
* point estimate , 3
** for Nuclear only é
They are not ‘included in the initial and base cases,
"but are listed mainly for comparison. purposes.
Mining is derived form Hill [1977, p.5.41].
Land and water are assumed to be the same as those of
coal C . ' {

oy

8
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The/sgcial costs estimated by Kim for both electricity
generation methods are for the whole fuel cycle and

Kim's estimates are:

mills/kwh L e
Nuclear _ 0.02 to 0.30
Coal 0.10 to 1.70

(with abatement)

~Note: assumed .to be in 1981 Canadian dollars because
' Kim did not clearly spec1fy the dollar value.

The above Klm s estimates are within 70 and 95% of the“
_conf1dence level of the Alberta social cost estlmates ﬁor
coalrand nuclear respectively'(Figure 4.1). Lower
confldenCe level for Kim' s estimates for coal corresponds to

4

the wider variation of ;oclal cost estlmates der1ved from

as those oﬁ-coalu

nuclear power plants iA Alberta becomes 2. 664 M/GweY

Theg the ratlo of the expected social costs of coal and

.o

nuclear will be 4. 9 whlch brlng ‘the ratio .1ghtly~closer

the ratio estimated by Kim,

>y - 1

*
Lower soc1al cost due to coal flred power plants 1n

Y |
Alberta than that in Ontarlo is expected because of the: = -

lower sulphur.content of«the‘coal used, mlne—to;mouth ’

~operation, and lower population density. The social cost
’ ﬂ% < . ! ) A

i
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7

"estimates for coal-fired power plants in Alherta agree with

the above erectatlon

i

The gocial costs derlved from varlous sources are: most

likely to occur in 7.5% and 1.0 M/GweY for nuclear and coal

b

reSpectively as shown by the modes of the curve in Figure 4.1,

From.table 4,12, the health cost due to coal- ﬁLred

A

power plants is the ma]or contributor to the total’ soc1al
cost. vApprox1mately 85% of the total social'cost is health
cost. The high’ health cost estlmate for coal-fired power

plants is a result of 1ncludlng the high cost estlmate

!

derived from Inhaber (Appendix 5, a.5.2). Inhaber's. study

s very comprehen51ve and Inhaber s lowest values are used’

’the estimatesg’ for ‘Alberta. - The 1nclusqﬁg of health cost

~derived from Inhaber for the Alberta estlmates are, therefore

Y \ / Ve

not '}asoﬂabl‘e, but 1ncreases the flnal cost estlmate
g

‘Thls health cost: estlm&ﬁed due to- the coal fired power pl%&?s \

.

is approximately 0 5% of t$b Alberta health care expense in @

3
1982, wh1ch 15 of the sa@e order of, manggitude as the result

estimated by Lee et al [1980] for On@%rlo . &m:
K1m[1981] adopted Barrager 5[1976] lower value5+as t;?'

estimates for Ontario. Barrager's cost for 1llness iss

approx1mately the same &4s thé cost used in estlmatlng the

healYh cost for Albérta %but the cost fog'a death assumed by

——

Barrager is approx;mately 30% smaller than the one used in

o

thlS the&is (Appendlx 5, A.5.1). The expected social cost

due to coal fired power plants In Alberta is, therefore, not

much lower than those estimated by Kim for Ontario.

-/ . .

1 L . b ) .
r ) . 1
K . £ @ b



,%v h Kpart from health dosts due to normal operatlon of
power plants, the social costs on health and on land due to
coal mlnlng are the hlghest (Table 4 2).- ngher soc1al
costs for ‘coal m1n1ng are expected because surface mlnlnd
for coal has a strong impact to the’ enwﬁronment than

underground mining does (Hil1, 1977, p.5.38).

K “ The social cost due to nuclear power plants assumed to

be Ooperatinglin Alberta 1s, 'as expected, lower than the .

: estimate of the llteratune because it is assumed that no

P

‘nuclear fuel m1n1ng and ﬁroce551ng w1ll take place in

Alberta This lower sgcial costs causes the soc1al costs

estimated by Kim, From table 4. the ! Jaon of
.§ocial c¢ost du to' the operatlon of nuclei X lants is

due to theihigh Fost estf"

plants; These soc1al co
v

and half of Barrager s
estlmates for Alberta. ancl'there is no other llterature

1 .
<Q}aiiable, the valldlty of the estimates for Alberta cannot

be compared and assessed properly

:

]

The cost estlmates for Alberta, "Ewderlved from the -~

-

£ estlmates of the avallable llterature The methods used by
" the llterature differ and the~ﬁhcerta1nty of. the

derlved estlmates is high as shown by the ' large standard
i devsgtb n%@qf tﬁe expected sOC1al costs (Table 4l 12). The’
o cgrtalnty of the soc1al cost estlmate for coal is higher -
“Cigan that of nuclear (Flgure 4.1), ‘

1
» i . N N

’ . -A.‘ o . . . : o
B - A N
. I \W Coae . R . B 2
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The social cost estimates are assumed in the‘region
. .

‘greater than zero and iess than Infinity. a log—normal

distribution function (Miller and Freund, 1977, D. 115) is

» ) A

» used to approximate the social Cost estimates, Th1s

~ - distribution is ofteh useg by literature,to describe the

’ B ~ .
variation of pollutant.concentrations. Using this

i

distribution function, the social Cost estimates are better

. described because ¢ne can derive 3 confldence level for a

4

v glven range of estimate. Based on the expected values and
J

standard deviatdons of health and total SOCial costs, the

~ ~

P,‘ d1str1butﬁ0n iunctlon for health and social costs can be

N calculated ar;d @re plotted .as shown in Figure 4,1, The *'

Aot .

) health: and total social costs curves in'Figure 4.1 have the
Y : . ‘?@NQW °, .

58 Fe pattern the@cwrves for ‘coal are ”flatter" than those
r»L "«D E
i

o

RN -of nuclear pr:there s a w1der variation or hlgher

X o

. uncertalntyé “!he estlmatlon of soc1al costs for coal- f1red

power plant '*b Alberta ThlS W1de varlatlon in social cost

estlmate duagto coal corresponds to the wide: varlatlon in

soc1al,oost estlmates der1ved from d1fferent sources (Table
v

s s

w
4&). ,To the author’s knowledge th1s is the first time

' ‘ that !51 3OSt due to electr1c1tx generatlon in Alberta is

4, ‘.z-

;o estima d'and the estlmates are descrlbed by a dlsturbutlon
RO TNV -
function, - s
R . B \\ rd
.y Physically, the W1de varlatlon in the soc1al cost
RN, B “ .

estimates due to coal- flred power plants can - also be
explalned In the process of estimating the soc1al costs

fthere are four steps (Mendelsohn[1980 p 371):

&
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.19813f"“Radiation-is far better understood than other much

4 ¢ - ¢ 7 5
PR . ©

1. The quality and quantity of pollutants

»

from the stack

2. The .dispersion 6fvthe pollutants

3. The number of victims and their chances of couming in

contact with the pollutants.
- . '
4,. The response of the victims to the dosage.

In each of these steps, there is a '‘number of factors

X

" that affect the final outcome as shown in Figure 4.2, * Some

of the factors relating to nuclear industry, for example the

amgunt of radiatiom, can be accuratély measured (Cohen,

)

3 b

.more serious threats to'public health like air

pollution...." (Cohen,1981). The social costs due to .

coél—fired plants are, therefore, more -uncertain than those

due to nuclear power plants.

o ~
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5. Experimental design
\ The hnit cost analysis is not limited'by the length of
the study perlod and is ideal for study1ng the effects of
.cost factors on the un1t costs., The total cost analysis, on
the other "hand, is limited by the length of stbdy periods
because the decomm1551on1ng cost of the old power plantdj
not 1ncluded° thlS analysis includes the influence of demand
for electr1c1ty and unit capacity 51zes .

1

_ . '
5.1 Unit cost analysis

X : . ' - :
5.1.1 Base case study

-

" Symalar to Foulkes §ﬂ1982 p.2—2] and Rahnama'S'[1982;*V ‘

e, 16] study, the egfects of 1ncome taxes are excluded The ”“gﬂ

€  “time frame for this unit cost study is from 1990 to the year
twenty years after the year when nuclear powery become
‘more‘econbmical than“coal-fired power plants,|, 1se

. v . ” . ' . m >» o AR "' ‘ E . "’. QA
known as the break-even point. " Andlyses with and without - W

. the social COStS‘afe carried out,in order to measure the % e Ty
- Ve

o

feffect of 1nclud1ng social costs/on the break even p01nt
U \

In the base case study,, all the costs and the1r rate of

changes for both nuclear and coal-fired power plants are
4

based on expected values. ' , .

A\ ~ S R

- d ’
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The initial case variable values are:

1. intereét rate in real terms. ... i 6% '%‘ 1%
2. real qécalation'rate fqr‘coal..;....;........1.5%, :flat
P ) : S
3. real escalation rate for nuclear fuel........1.5% *
(0% before 1990) /
4. real escalation rate for ¢ons£ruction éost...1.5%
5. real escalation rate for labour coSt...........1%
6. real escalation raté for maferial.....;........O%
Ffom the discussion in section 3.3, the,escalatioq
féte for coéal has been estimated in’other étudies.to be
either the same_as'ér higher than that of nuclear. For tbe
_ba$e~§aée»s£udy the escalation rate fof nuclear is'aésumed
to. be lZe»f‘Ot T - , .
'.5.1.2 The'effec£s 6£.inclgdiné'the‘éocial costs
;’gihe Eotal cost Q; iS'£he sum of phe:traditional cost T;
and soéiai‘cost‘s. That isf, L . o . :

e

For coal: Q;:T;+Sk;
. ’ . ‘
For nuclear: Q,=T,+S,
s '
The probabi‘lity of nuclear power being more economical ?

#

" ‘than that of coal P, is then expressed as

-
i

' ‘ : ~ (
P(nuclear more economical than coal)=P(Q.2Q,)

L ) 1
» s -

i

and P(Q,~0n20)=P[ (T, *+S,)~-(T,+5,)20]




\_\ ¥~ " The expression becomes:

;5?b§¥li * P(nqéléar'more economical than coal)= Pl(Sy-Sa)2(T,-T, )]

L T e .
. > ry ' "‘ ’ "
' Y ‘That is, the probability of nuclear power being more
T economlcal than coal, when the social costs are lncluded in "

the cost-analysis, 1s equal to the probability of the
diﬁference between their social costs equal to or greater
than the difference between their traditional costs. For

N

each year (Tn—Tk) 1s a constant AT, and social costs for

. both coal and nuclear are random varlables represented by
.the log“«ormal dlStrlbUtlon hav1ng mean and standard
‘dev1atlon and o,,respectlvely.
The. probahility can be expressed as:
‘ ) i ’S prAg e i . ’ ?’w", . ' .,w v
. P (S-S, 2 AT)] = £, (x;0,07%)dx .....f.......S.I’
~ , AT ‘ :
B, &
Where: » B
’ x =S,-S,
t Moo=y -, . i ‘
7 0t=0i+0 ﬂ
- r }‘ -
By integrating f, numericdlfy, the results are found,
T e . . c, ‘
- ‘to be similiar to normal;d?@t;ibutiqn. Normal distribution

- is~then used as an approximation to f,

&

hY
kL
E 4
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The values of yu ana o for both the soc1al costs of coal

_'and nuclear have been estlmated in Chapter 4. The

: d1fference in tradltlonal costs between nuclear and coal is

a fUﬂCthﬂ of the comm1551on year @nd is obtalned u51ng
‘

values from the base case %tudy glven in the preV10us

section. The probablllty, Pl(S,- Q’ﬁ AT)], and”its

probability den51ty funct1on (PDF), can be plotted against

either AT and/or the comm1551on years. The sen51t1V1ty of

the’ break-even point to social costs can then be shown

E

Clearly by examination of the PDF.

5.1.3 Sensitivity tests for interest rate

The capltal cost of nuclear power plants is known to be

cA . L@

Rahnama[1982, p.44] reported that the interest rate wourg

higher than that of coal as shown in Appendix 1

have a significant effect on the® economic viability of .
nuclear power plants,

Alternative values of 4% and 8% as the real raté of
’

return or interest rate are used for testing the sensitivity

of the break-even point to the interest rate.

5.1.4 Sensitivity tests for coal escalation rate

Gaines et al[1979, p.49] reported the economic
viability of coal-firéd power plants is sensitive to the
s . »
escalation rate of coal rf&gg n
] . , g
Real escalation rates of 1% and 2% for coal prices are 7

used to study their effects on the break-even point. The 3

x‘l

A B

L] t
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~the coal price escalatlon rate on the break-even p01nt can

sen51t1v1ty test for nuclear fue is not conducted because

N 1 . ., . .
* e e . . . A
P . -~ ) -~ . \go W [ ]
L. '
Py 5 ) ' n . \
L . ’ o Iy

there is. no.lndlcatlon from other studies that the'

break-even p01nt is sen51t1ve to uclear fuel escalation - v
rate,: the sens1t1v1ty test for nuclear fuel is not

conducted | Foulkes[1982] had estlmated the escalatlon rates

for coal and uranium prlces A test u51ng Foulkes s . . 1ﬂ
escalation rates is conducted in order to see the .
corresponding change'of the bre%k—eveh point. . b

v
.

5:1r5~éapbtal cost of nuclear poWer piant

J/

The . effect of the capltal cost of" a nuclear Blant on
break- even point is achleved by doubllng the base case

estlmate The coal fuel,escalat1on rate at whlch nuclear

power becomes as economical a’s nuclear power: in the base

'case is found-by 1ncrea51ng the coal fuel escalat1on rate:

untll the break even p01nt returns to the break-even point
of ‘the base case. The effect of nuclear capltal cost and

.

be compaped

-

‘

5.2 Total: cost analysis

5.2.1 Base case study
V‘The\parameter estimates.of the base case Study with a
30 year study period (1983 to 2012 inclusive) are used SO that

the results from the base ‘case study of -unit cost analy51§A :

‘can be compared with the results of the total cost analys

s
N
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. 5.2, 2(Bu11d1ng strategy .
In total cost analy51s, there are f1ve scenar1os each‘
of whlch represents a p0551ble plant mix of nuclear and
coal-fired ‘power. plants In all the scenarlos, both plants
_are bUllt accord1ng to a pre deterlmed bu1ldlng strategy, or
bu1ld1ng cycle Slnce nuélear power becomes moreﬂeconomlcal.
- later in the study perlod ‘a coal flred power plant is
assumed ‘to be built f1rst in the building cycle for' the base
case, To assess.theﬁsensltlvxty of the results to thls
assumptlon the - bu1ld1ng cycle 1s reversed o) that the
nuclear power plant 1s bu1lt flrst “In the 1/2 nuclear and
1/2 coal scenarlo, for example, the bu1ld1ng cycle is
changed from £,C,N, N to N N,C,C (where N and C refer’ to
nuclear and coal f1red power plant respectlveﬂy)

The break even p01nt 1s the year startlng from which

nuclea? power plants become ‘more economlcal than’ coal- fired

- E \\\ .
poweriplants The total cost of the all nuclear Scénario’

can be lower than that of the all coal 5cenar10 when nuclear
power plants are’ allowed to be bu1lt after th1s break even
.year. To ensure. "the’ ex1stance of mlnlmum total cost the

1nterest rate must be at a rate such that the break even

e

p01nt is close to. the beglnnlng of the study perlod By
varylng the year of startlng to bu1ld nuclear power plants

lrn the all nuclear scenar1o,_the effects of surplus “h o
capac1ty, demand and length of study perlod on the

bfeak even p01nt can be studled
a



Y

5.2.3 The effect of ' demand on total costs

} In total cost analy51s the'electr1c1ty capacity is:.
assumed to increase by un1t capac1ty to meet the demand for'
‘electr1c1ty-c\Thls 1ncrease in’ unlt capac1ty causes the

-total’ capac1ty to be hlgher than the demand arg therefore

there is’ always surplhs capac1ty The un1t capac1ty and

- demand fo electr1c1ty can’ affect the amount of tgls surplus

W

,capac1ty whlc' ‘becomes 51gn1f1cant when the demand for

;

v

,electr1c1ty 1s iow They are considered to-be factors that -~

'cause the break even p01nt -to appear later than* 1t would be

for cases, where the un1t capac1ty 1s small relatlve to the

idemand The eﬁ{ect of demand on the break even p01nt is
estlmated by calculatlng the total costs under the . 3% log
,and base case demand for electr1c1ty Three study periods

'S

of 30, 35, and 40 years are ‘used

_caUse the'length of study
perlod can affect the results The effects of demand on

-total costs can be studied by c mparlng the total costs of'

"dlfferent demands for the same stug

'5.2.4 The effect of socialfcosts ahd'stddy period on ):}

break-even pojntA'

~In total cost‘analysis ‘the search;for the breah—even
point can be conducted by an 1terat1ve technlque By
. varylng the year after whlch.ali new plants to be built are
fnuclear power, a m1n1mum total cost will be found. - The year

corresponding to thfs minimUm total cost is the break-even

pointf Using study'periods7of-30 and 40 years, the changes

tv
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of this break-even year can be found and the effect of the

3

length of the s%hﬁy perlod on b;gak)even p01nt can be
studaed +The effect of soc1al ¢osts on the break-even p01nt
can also be studled by including the social costs ‘in the

-

analysis,

”5.3qu§imum_pla\$ mix

.In order to determine the plant mix at whi¢ch lowest
total costs exist, five plant mixes, or scenarios are
implemented in the total cost analysis, }n TOSCA, the plant .

< .

mix, is a combination of coal, nuclear, gas, and new

- technologies, but in this thesis, only two energy

3

alternatives are assumed. The scenarios are redefined as

follows:
1. All Nuclear scenario: ¢
All the new plants including the replacement of the

decommissioned ones are nucleér‘type, i.e. CANDU

reactor type.

2. 3/4 nuclear and 1/4 coal scenario:

3. ‘ 1/2 nuclear ande4/2 coal: : S —
. *Po. o .

The new plants to be built will be in the mix of 3/4
nuclear and 1/4 coal-fired. The building eequencetwill-
be in the cycle of one coal -fired power station first .
then three nuclear" power plants or C,N N N; C,N,N,N and
so on (where C and N refer to coal and nuclear power

- plant).

Similar to second scenario except the building sequence



&

is in the cycle of two coal-fired power statlons flrst

then two nuclear power plants, o;*C C N,N; C C NNy .and\

"s0 on. * ) o .
' 3 - . ‘ B e
4, 1/4 nuclear and 3/4 céal" | ' oo -

A .
Similar to second Scenario except ‘the bu1ld1ng Sequence
£
is in the cycle of three coal ~fired power statlons/
flrst then one nuclear power.plant or‘C,C,C,N; C,C,C,N

and SO on. o4,

5. .. All coal scenario:’ ,

Those new and replacement power plants are all

coal fired type

In TOSCA the 1ncrease in capacity was asSumed to be
continuous ang exactly equal to the demand Four future
energy sources for electrlcity generation were implemented,
With the exception of coal and nuclear-fuel there was no
real rate of increase for the costs, The capacity of a
power plant; regardless of differences in types and design,

was assumed to be one Gwe.

The TOSCA program has been modlfled to suit the Alberta

,electr1c1ty generation characterlstlcs The ‘changes of the

functlonal cost factors have been discussed in Chapters”“
three and four, Further modifications of the TOSCA program

are listed as follows

1. Once @ new power unit is ready for production, 'the

total capac1ty will be 1ncreased by the un1t capacity.

&LM’ - o ‘ , - o 84

54 Computer Model for the Total Cost Analysis | -

A\

’
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Historically,@the capacity in Alberta.increases by the
unit capacity and in this stidy . the unitlcapacitylis
4 assumed‘to be O.37T aﬁd‘b.GmGwe(nét),'for coal and:

\proposed CANDU power plant tespectively. 1In Alberta}

the assumptlons of contlnuous increase in capacity and
capacity equal to the demand are not appropﬁlate. The
demand and its growth;rate‘are expected to be low

relative to, the United States case. The intrease of

-

the total capacity as a result of an additional unit is
- a signiﬁicant change At low demand growth rate, the

time per1od for the next ‘unit to become operatlonal is
longer _ The TOSCA computer program 1is modlfled 50 that

the: capac1ty lncreases in discrete steps representlng

- )_

the capac1ty of the unlts

In the TOSCA computer program research cost is assumed
;» ?
ito be a funct1on of t1me and total electr1c1ty output.

Research cost is assumed to be'absorbed in overhead and

N “_ . i . - . .
15 indirectly accounted for in the traditional

1

operatﬂhg cost ln this"thesis and the subroutine for

| estlmatlng the * research cost 15 deactivated. '

The’ orlg1nal sensrt1v1ty tests have also been ‘ \
suppressed_for they are not clearly documented and
generate data which arefnot‘useful for the present
analysfs. L | |

Subroutines to find the‘leVelized capital,‘opeqation

" ang’ maintenance, and fuel costs for a new plant/unit

are adided. Real rates of increase for these cost items



¢an be used. o 1'!’ | b
5. Only coal and nuclear power are?fonsideredl
6.. TOSCA uses different fogmulations for different social

. ' cost factors. The social cost functions are simplified
so that they are a function.of the annual electricity

output
. }
There are six subroutlnes in the computer modgﬁ The
main program prov1des for 1n1t1allzatlon and readlng the
ex1st1ng available annual capac1ty 1nclud1ng those plants

already committed but not,operatlonal. The VARC subroutlne"

calculates the annual costs costs based‘on'the annual demand

for electricity and converts these costs into preseri

cular .

equ1valent values. Thé accumulation of these,preseh
equ1valent values is the total cost for a paréf

“

scenario. A flow chart ShOWlﬂg the 1nteractlon of the”maip ;
program 1s shown in Flgure 5 : The computer program for

.the total cost analysis- 1s listed in Appendlx 2.
5.5 Computer model for un1t cost analy51s o

Subroutlnes in the computer model of the total cost
analy51s are used tq. calculate the levelized annual cap1ta1

costs, operatlon and malntenance costs, and fuel costs. The

levellzed annual cost for the whole power: statlon is equal

‘to the sum of levellzed trad1t10nal and soc1al costs.“ This

levelized annual costsls'then divided by the anndal
electr1c1ty output from the new power plant and is expressed

in.mills per kwh. This" ievellzed cost per unit electr1c1ty
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~pecomés the basis of coﬁgarisdn~betwe¢n coal-fired and
nuclear’ power plants. The program for unit coé;,analysinis

listed in Appendix 3.

“ ‘)
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6. Results and discussion
6;1 Unit cost analysis

A levelizeddunlt cost represents the Cost per unit
electricitw generated by a new power station during its
‘service life of 35 years. In. all the comparisons between
the nuclear and coal- flred power plants dotted lines and‘
'sol1d llnes in all .the flgures refer to nuclear and coal
respectlvely | |
6!1.1A1nitial and‘base*case studies

The level1zed unit costs for both energy sources 1ﬁcrease'_’
‘every year. TheSe 1ncreases are expected because there are
real'rates of increase’ for some -of the trad1tlonal costs.
For the initial caSe,inuclear power is not economlcal as. shown
in Flgure 6. 1;.where‘no 1ntersectlon between the curves;‘
can’ be seen The 1nclu51on of’ soc1alucosts causes. the curves.
to Shlft upwards equally for all the years because soc1al
lcosts are assumed to be constant in real terms. |

For’ the 1n1t1al_ca5e study the dlfference in the expected.a
soclal costs wh1ch favd:r nuclear is not suff1c1ent large
enough to overcome the levellzed cost gap between the twof
alternatlves. Based'on thls résult, all further analyses
. ’ . s g
are.conducted-witw”the base case study

[
For the base case 1ntersectlon of the. curves ex1sts as-

..

\

.shown in Flgure 6. 2 The 'shift of the un1t costs of.

coal- flred power plants is about 12 tlmes more than

that of nucl%ar power plants and corresponds to the-

89
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ratic of their social cost s

Before the break-even point nuglear power is more
expeﬁsive. The real rate of increase in coal priceskcauses
the unit cost of electricity generated by a coal;fifed power

plant to escalate faster than that for a nuclear'power«

§

~plant. . The breakféven year based on traditional costs odly

is 2032, but when the expected soc1al costs are 1nc1uded in

-

the Unlt cost analy51s nuclear power becomes favourable

[N

N

0 —— —

g

$

LEVELIZED ELECTRICITY COST MILLS/KWH
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N

Figure. 6.1 The unlt electr1c1ty costs at fuel escalatlon.

rates similar to Foulkes[?982] for various commission years

initial case
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Figure 6.2 The unit electricity costs for both nuclear and

coal generation methods with and without social costs for

various commission years, base case
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twelve years earlier, that 1542020, 1f social costs due to
mining and polluted land and water are included into the
expected social costs for nuclear power plants, the
breakeven point occurs two years later (i.e. 2022).

The included angle; between thé nuclear and coal unit
cost curves w?zh or without including social cpsts are sharp
a% shown in Fighre 6.2, that 1s less than 10 degrees. A
shift of either curve would have a great effect on the

-

position of the intersection, or the break-even point.
»

After the break-even point the slopes of unit cost curve for

coal foilow the trend of escalation and become steeper than

" those of nuclear. The coal price escalation rate is the

major reason for the rapid rise of unit costs.

Based on Foulkes's[1982] escalationffates for the coal
and uranium prices (inital case)., and a service life of 30
years, the units costs are calculated by using the same
computer program used in the unit cost analysis. The results
are listed inh Table 6.1, Foulkes' figures are within 1.5% of
those cald‘!ated by the computer program, and are used as a
validity check of the.accounting procedure. This small
difference 1in levelized unit cost. is expected because
computer program allows the power units to start production
before the whole plant is completed; but Foulkes assumed
that the power unit only started production when the whole
power station is;completed. Such small different in unit
costs is expected to have sméll effect to breakeven point

(less than one year).

~

»
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Tabie 6.1 The electr1c1ty unit costs
based on coal and nuclear fuel -
escalatlon rates.assumed by Foulkes

Ll

. Unit costs in mill kwh
_ Year | 1990 | 2000
B .-Nuclear'. 30.11 34,14
capacity factor .8 (30.20) | (33.90)
_ ]
Coal N 24.68 - 28.44
w.th FDG : . {24.70) - 128.00)
capacity factor-§ - »J# : '
Notes:

S Flgures in brackets are Foulkes's estimates.

2. In this study, service life angd escalation
i\ . rates for both coal and uranium are. similar
] ‘te those of Foulkes's study [ 982]

3. excludlng soc1al costs ‘ e
! . 2
* N : 4

o

. e

- At

6.1.2 Sens1t1v1ty of break ~even point to soc1al Costs
By 1nclud1ng the expected social costs in ‘the
-tradltlonal cost analy51s, nuclea; power starts to have

chances of becomlng favourable as early as the year 1990 as

N

' ‘shown in Flgure 6. 3,6.4. . Not untll 2045, however, does

nuclear power deflnltely become attractlve «In other words

the range of social cost estlmates can cause a 55 year

t

varlatlon in the breah even p01nt ThlS sensitivity is a

»

result of the sharp 1ncluded angle of the unlt cost curves
for both nuclear and coal- flred power plants.
| The break-even. p01nt at 50% probability is 2020 which

1s\1n agreement with the expected break-even point in.the;
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Figure 6.3 The'pfobability of nuclear plants being more

’economlcal than coal-fired ‘pover plants at various

tradltlonal costs and comm1551on years due to the 1nclu51on

~

of social costs R
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base case study.

6.1.3 Sensitivity of break-even pointsjto cogl fuel .
escalation rate
The break-gven point is very sensitive to.the coal

price escalétion rate. When the rate is at 2%, the
break-even point oecurs about 20 years earlier than the
break-even point of the base cese. That is, the breakeven
point moves from 2020 to 2000'as shown in Flgure 6.5. ThlS
2% escalation rate corresponds to an addltlon of 0. 5% to the
base case of 1.5%. Similarily, 0.5% }ower than the base
case of 1.5% results in the unit cost curves for both
nuclear and coal being almost parallel to each other as
shown gy the 1% escalatlon rate in Figure 6.5, Such extreme
sensitivity to the fuel costs is because both unit cost
lines fntersect at a sharp angle. fhe result is consistent
-~ with thet of Ra%hama[1982, p.44] and Gaines et al[1979,
p;49]. The unit costs based en Foulkes escalatien'rates_for
coal and nuclear, that is 1.5% for'nuclear after 1989 and

.5%’for coal after 1982, are plotted in Flgure 6. At
tHese escalation retee, nuclear"power‘as an energy source
for electricity generation in Alberta is not at‘all
economical becausefthe-unit cost curves, though not ‘shown
clearly in Figure 6:5, diverge slowly with respect to
comﬁissioh"years The tests show that break ~even point is

I3

very sensitive to fuel escalation rates.
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6.1.4 The effect of interest rates on break-even poigqts

When the interest rate is 2% above the.base case of 6%,
i.e. 8%, the break-even point occurs 25 years later that is
from the year 2020 to 2045 as shown in Figure 6. 6 A high
interest rate is not good for the capital intensive nuclear
power plants and reduces their economic viability, .Af an
interest rate of 8%, both coal and nuclear unlts cost lines
Shlft upwards (from base case of 6% interest rate) because
'hlgher interest rates would make the annual equivalent costs
higher. ‘When the interest rate is 2y lower ‘than the base
©@ase, (i.e. at 4%) the break-even point‘occurs quite early,
~the year 2000, Lower interest rate favours the capital
1nten51ve nuclear plant. At 4Y% interest rate, both unit
costs shift downwards, because lower interest rates would
make the annual equivalent cost lower The break-even point
or the competrt};eness of the nuclear power plant is very

sensitive to the interest rate.

6.1.5 The capital cost of nuclear power plants

When the capital cost of a nuclear power plant is
'doubled, the unit costs increase almost two times as shown
by thevupper‘dotted‘lines in Figure 6.7, fhis indicates
that a large share of‘unit cost belongs to capital costs.
At this high capital cost there is\no chance of having a
break-even point at all. By constructlng curves for varlous~
increases in capital cost of nuclear power plant the

increase in the capital cost of a8 nuclear power - plant below



\

LIZED ELECTRICITY COST MILLS/KWH :

80
50 -
40 1
LEGEND
@ =CO AT 47 INTEREST RATE
© =NU AT 47 INTEREST RATE
4 =C0 AT 67 INTEREST RATE
+=NU AT 87, INTEREST RATE
x =CO'AT 87 INTEREST RATE
o =NU AT 8% INTEREST RATE
20 Y T T Y — — . - : :
190 2000 2010 ‘ 2020 2030 ° | 2040° 2030
COMMISSION YEARS '
. '-}.i}'

Figure 6.6 The unit electricity costs at various interest

rates for various commission years

99



LEVELIZED ELECTRICITY COST MILLS/KWH

t 4
100 }'
90 e .
4
80
f"
70 e
L&
804
sod ..o T
-~ ==
w-
N | LEGEND -
0] - o = NU BASE CASE
o = CO BASE CASE
a =NU AT TWICE CAPTL COST
zo T T T B T ‘T T B
1990 2000 2010 2020 - 2030 2040 2030 2080
C COMM]JSSION YEARS

100

Figure 6.7 The unit electricity cost of nuclear power plants

after the capital cost is doubled



.LEVELIZED ELECTRICITY COST MILLS/KWH

\

competitiveness

4
o
i

-
Ny
.
Ny

80
70

-
.
Pid -
-
s
-
- -
- -
----
- -
- -
- -
-

-
-
-

-
-

----- 0=
30 o=
& = AT 3.67 CO FUEL RATE -
+ = AT 2X CAPITAL COST
w T LS ;T T R - T
1990 2000 2010 2020 2030 2040

2050
" CQMMISSION YEARS \

2060

Figure 6.8 The unit electricity cost showing the coal fuel

rate at which nuclear power plants remain at the same

-

101



of coal, can be~estimated It is found that nuclear power
pPlants have a chance only when the increase of base case
value of capltal cost is below 50%.

Since break- “eéven points are found to be very sensitive
to coal fuel escalatlon rate, an annual 1ncrease of coal
pPnice from the base case of 1.5 to 3.60%, would bring ]
nuclear power with doubled capital cosg back to its economlg
viability as that of the base case (shown by the sharp ;
rising curve in Figure 6.8). At these high capitai cdst a%iﬁﬂ
coal price rate the included angle becomes larger than thagjf
'1n the base case, The break- “even point isg, therefore,’notu}fL

as sen51t1ve to soc1al costs.

6.2 Total cost analysis

6.2.1 Base case study and bu1ld1ng strategy

The total costs plotted in Flgure 6.9 are
'dlmen51onless These are the results of dividing all the
total costs by the total cost of the all coal scenario. The
total costs of the all coal Scenario are llsted in Table
6.2. The dimensionlesg total costs reflect the degree of’
vchange from the all coal scenario.

All the bars from Flgure 6.9 show 1ncrea51ng total
COsts as more nuclear power i1s added to the plant mix, From‘
the unit cost analy51s the break-even p01nt for the base

'case 1s 2020 which 1s outside the study period (1983 to 2012
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inclusive) of this base case study in the total cost
analysis. Therefore no plant mix having the lowest total
costs is found, which is in agreement with the results found

by the unit cost analysis.

Table 6.2 Tctel costs of the all coal scenario at 6%
interest rate, in million dollar per GweY

Total cost -~
- fo— S . S ———
Demand with social costs without social costs
for electricity )
4% 10178.0 9508.0
base case. 11641.C 11127.0
3% Log 17371.0 16316.0

At the highest demand for electricity, 3% log growth,
the total cost of the all nuclear scenario is found to be 2%
higher than that of the all coal scenério, shown by the
tallest narrow-bar in Figure 6.9. At base case demand, the
same percentage of change in total costs is about 1.4% as
shown by the tallest wide-bar in Figure 6.9. - At the year
before the break-even point the capital coét and operation
and maintenance costs of a nuclear power plant are more
expensive than those of a coal-fired power plant and are the
dominant factors. The penalty for nuclear power planfs
having larger hnit-capacity, 0.6 Gwe vs 0.371 Gwe, “is less
severe for higher demand; but this effect is not very

prominent at the condition where nuclear power is more
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inclusive) of this base case study in the total cost

analysis. Therefore no plant mix having the lowest total
costs is found, which is in agreement with the results found

by the unit cost analysis.

Table 6.2 Total costs of the all coal scenario at 6%
interest rate, in million dollar per GweY
Total costs

Demand with social costs without social costs
for electricity

49 . 10178.0 , 9508.0
base case 11941.0 11127.0
3% Log 17371.0 . 16316.0

At the highest demand for electricity, 3% log growﬁh,
the total cost of the all nuclear scenario is found to be 2%
higher than that of the all coal scenarid, shown by the
tallest narrow-bar in Figure 6.9. At base case demand,’the
same percentage of change in total costs is about 1.4% as
-shown by the tallest wide-bar in Figure 6.9. At the year
. before the break-even point the capital cost and ogération
and maintenance costs of a nuclear power plant are more
expensive than those of a coal-fired power plant and are the
dominant factors. 'The penalty for nuclear power plants
having larger unit capacity, 0.6 Gwe vs 0,371 Gwe, is less
severe for higher demand; but this effect is not very

prominent at the condition where nuclear power is more

-~
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expensive than coal before the break-even point. Higher
demand for electricity means higher percentagé of
electri%ity is generated by nuclear power, At high’demand
for electricity and before the break-even point, total costs
for those scenarios with nuclear plants are, therefore,
higher.

The costs of the building strategy alternative, where
nuclear power plants are to be built first, are shown by the
bar in dotted lines in Figure 6.9. This building strategy
is not favourable, for the bars in dotted lines (nuclear
power first) are higher than those in solid‘'lines (coal
power first). This is because nuclear power plants are more
economical later in the planning horizon. The differences
of these two building strategies are small, léss than 0.8%
of the total cost of the all coal scenario (F!gure 6.9).

The total cost is not sensitive to the building strategy,

and also not sensitive to the changes of the demand for

A

- P4
6.2.2 The effect of demand on total costs

electricity.

v
The total costs based on a 4% (real) interest rate are

listed in Table 6.3 and plotted in Fiqure 6.10. At 3% log
demand for electricity all the total costs of thé all
nuclear scenario (all nucleariﬁ%er the-'year 2000) are lower
than those for the all coal scenario as shown in Table 6.3.
At base case demand, i.e. lower demand for electricity, the

total costs of the all nuclear scenario start to become
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period is longer than 30 years.
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- smaller than those for the all coal scenario when the study

.ta,

.Table 6.3 Total costs at various study per iods
: - in million January 1982 dollars at ‘
K 4% interest rate with expected social costs

‘demands ¥
'Stgdyt . A ' base case . ‘ ;ﬂi%‘Logi
period = - _____scenarios - - - | . scenarios:
in years | All coal | -All nuclear all coal jall nuclear
30 1 14,877 14,880 22,822 | 52,470 ‘h;
35 17,687 17,536 S 731,165 3C,165 '
40 1 20,733 20,394 o 42,521 39,869

Note:.
for the all nuclear secnario
nuclear power plants start to be
built in and after 2000

From the unit/Cost analysis the break-even point at a
4% interest ratle is 2000 which is within the study period
for the base case study of the.total cost analysis (1983 to

| DT | A 5
2012 inclusive). The total cost for the all nuclear o

- scenario where nuclear power plants are assumed to be built

after the year 2000 should be lower than that of the all

coal scenario. The above expected conclusion is found only

~at higher demand (3% log) shown by the upper_tw6 lines in

Figure 6.10 and the right column of Table 6.3. At lower

demand, the surplus capacity due to nuclear power plants is
) ; T
relatively significant. The significance of surplus

capacity can easily be observed from the total surplﬁs

.capacity and total electricity generated by nuclear power in

%
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thé 100%.hﬁc1ear plant mix column listed in Appeﬁdix 4,
Thiéﬂsurplus capacity could cause thé‘bfeak—even point to
occur later in the planning horizon;

For gomparison purposes, total éoéts of the all nuclear

scenario.(all nuclear péwer plants-after 2000) at a 6%
rinterest rate are also plotted ana shown 1in Fiéure 6.11.
The total coéts of the‘aii‘nucléar séenqrio (dotted lines in
flgure 6.11) are hidher than those of the ali coal ‘scenario
(solid linésfin Figure 6.11).'»Thiskis because nuclear power
plants are allowed.to'bg built before the breakeven point.

When the study peribd is extended from 35 to 40 years .
(as shown in Figure 6.11), there is a slow down in the,faiSe
‘of total cgfts at low demand rather than a rapid raise of
total cosys as that of the hlgh demand. The input data have
been checked. No satlsfactqyz;explanatlon to this slow down
in the raise of total costs has been found. this thesis can:
find to explain thlS phenomena. - Surplus capacity which;fs
dlrectly related to the changes of demand 1s suspected to be
the cause of this slow down in the raise of total costs.

-
6.2.3 The effect of soaial ;ostvand study period on
break—ején point | | |

The‘totai costs of va:ibué(all nuélear scenariops for -
the study period of 30 and 40 years are listedfia Table 6.4.

These are calculated at an interest rate of 4% for the base

case demand for electricity. -
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Total costs at various all nuclear sScenarios

Table 6.4
‘ ir llion dollars at base case demand
and 4% interest rate
study " :
period Scenarios
years .
All nuclear A1l coal
1. ',~ * )
©.2000 2005 2010 2015 2020
30 14,880 | 14, 861 14,882 | 14,877 | 14,877 14,877
13,878 | 13,824 13,813 13,806 'é§n806 13,806
N7
40 20,394 {20,397 {20,523 |20,741 - 20,736 20,733
16,293 19,228 18,260 19,423 19,392 19,385

* The year represents the year starting from which
all new plants will be nuclear.
Figures in bold are total cost with social

CcoOs
COS

ts,
t only.

other total costs refer to traditional



™ - 110

For the study period of 30 years and at a 4% interest
rate, a minimum total cost (with socialvcosts, figures in
. bold as shown in'Tablé 6.4) of the all nuclear scenario is
found to be ih‘the’yéar about 2005.2 Frém unit cost
analysis,vthe break—éven year is predicted to be the year
2000 at a‘Azb}nterest rate with social costs as shown in
Figure 6.6. The break-even year of 2000 is fdf;a condition
where demand islmet‘exactly by supply.’ This five year delay
is,ggherefore, due to the presence of a. surplus capacity.
When the sﬁudy‘period 1s extended to 40 years, the minimum
total cost (with social”costs) is found at the year 2000
which is similar to the expected break-even point found by
‘the unit costs épalysis (fiéures in bold as shown in Table
6.4). These results indicate that the length of the study
periodean affect the year at which a minimum total coéﬁ may
exist. 1In order to find the break-even poiht'by‘this
interative method, the study period’should be long enough
for the effect dﬁe to-the surplus capacitybto be not
éigqificént.

o When sqciai cosfs are excluded from the total cost
anglysis nuclear péwer bgcomes 1egs attractive because the
expected social costs due to ﬁuc1éar are smaller than those
due to coal—firéd pq&er plants. A study, based on a study

pérfbd of 30 years, does not show a potalbcost lower than
that of £he all coal scenario (refer tb the -second line of

the 30 year study period in table 6.4), but as the study

period increases to 40 years a minimum total cost which is_



smaller than the total coét of thé‘all coal scenario is
observed and is found at the year‘2005 (Table 6.4). The
vfive'year delay in the break-even point occurs because the
nuclear power plant is less competiti?e when social costs
are not included in the analysis. After the estimated
break-even point.the total costs are bécpming higher as

. shown in Table 6.4, because some existing coal-fired plants

are still operating and using expensive coal.



7. Conclusion and recommendations for further study

In this thesis, the first object1ve was to estlmate the
social costs due to CANDU and coal fired power . plants in
Alberta. The second ob}ectlve was to establish appropriate
- methods of analysis for studying the economics of coal and
nuclear electricity generation. The third objective was to
include the social cost estimates En the establlshed methods
of cost analysis and‘investigate the effects ot soc1al costs
and the uncertalnty of their. estlmates on the ch01ce of and
the t1m1ngs of adoptlng CANDU for electr1c1ty generat1on in
Alberta The fqu;th ob]ectlve was to study the sen51t1v1ty
of the ch01ce o}~energy source(s) to other factors for
‘example interest rates and fuel_escalatlon rates, which gave
perspective oh’the‘importance of soeialVEOSts for decisions

about electricity generation methods.

7.1 The expected social costs "’

Social costs were very difficult to estimate;
especially with incomplete statisticel data. Social costs
due to electticity generatien in Alberta were estimated hy
either: a.) adopting the.estimates from studies which were
appropriate for the environment and the operation of power
plants in Alberta; or b.) by esing the methods of these
studies to estimate the social costs. In cases whete the
estimates from the studies were based onﬂpollution levels .
and population density which differed from those of Alberta,

a damage potential function was used to pro-rate the

112
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estimates to Aiberta.

After reviewing various studies, a number of‘
independent estimates for a social cost were collected. The
expected value for that social cost was taken}fo be the
average of these independent estimates. The estimates of
social costs for both typés of power plants in Alberta® ‘i
varied to a considefable extenﬁ. The usual method of é
describing the variation of social costs is to use a range
of valueS\ In this thesis, a theoretical distributiop
function was used to approximate the distribution of social
cost estimates so that the variation of the estimates could
be modeled and the uncertainty of the social cost estimates
on the choice of and the time of adopting the energy
source(s) for future electricity generation could be
_studied.. The socidl costs estimates were assumed to be in
the region greater tljan zero and less than infinity. The
log-normal distribution, also used by many sthdies for
representing the variétion oé pollutant concentration, was
adopted. To the author's knowledge, this is the first'time
that a theoretical distribution was used to model the
-variation of the social cost estimates. The use of this
distribution to describe the social cost estimatés is better
than the use of a range of values because a}distribution
discribes the estimates better than a range of valueé does
(Appendix A.6).

Usihg this approach the expected social costs éue to

nuclear and coal-fired power plants in Alberta were found to



114

be 1.078 ‘and 13.049 M/GweY or 0.123 and 1.490 mills/kwh,
respectively. The.standa:d deviations were 0.45é'and 9.296
M/GweY for nuclear and coal respectively. The st;ndard
deviations of the socialccoets for coal and neclear wvere
~high, roughly same as their respective expected values. The
standard deviation of the social cost resulting from coal
-fired power plants was found to be higher than that resulting
from neclear power plants. This is due, in part, to the fact
.that radiation is better understeod than air pollutioh
(Cohen, 1981). | |

1f the social costs due to mining, land and water

are included in the total social cost for nuclear power

plants, the total social cost becomes 2.664 M/GweY.

7.2 ﬁethods for cost analyses, o

In this thesis, two methods of aAalysis were
established: unit and total cost analysis. 1In the nit cost
analysie, a, new power plane is assumed to be commissioned
every year regardless of the demand. The‘results from this
hnalysisxare equivalent to the situation where demand is
exectly met by suppl} or the demand approaches to infinity .
when compaéed to the unit capacity of a power unit. This .
analysis can be used to determine the year at which one type
of ei%Ctricity{generation method becomes more economical
than the'ethefs (the break-even point), if the surplus

supply of electricity is not considered. The effect of

other factors, fbr'example, interest rate and fuel® )
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escalation rate, on the break-even point aan be easily
studied with this methodﬁ' The un1t cost analysis 1s not
limited by the study period and is the method most commonly
used for cost analysis of power facilities,

In total/cost analysis, the demand and éupply of
electr1c1ty during the Study period are simulated, Also, in
total cost analysis, one includes not only the cost factors
but also non-cost factors such as: the annual electrlcity
capacity, the surplus capacity, the forecast of demandvfor
electricjfy, the consideration of starting to build another
‘type of /bower plants after the completlon of a power
statlon and the increase in capacity by unit capacity 51ze
for meetlng the demand. The results from total cost
analysis are more realistic andg appllcable for JPlanning
purposes because this analysis provides 1nfo;mation on when
to build power plants and on what type in order to meet the
demand. 1In total cost analysis, the effect of cost factors
on the choice of e€nergy sources sometimes Cannot be 1solated
from non- cost factors because there are a number of factors

varying at the same time,

In this thesis, unit cost analysis was used for

power plant total cost analysis was used mainly for

studying’the effect of demand.and surplus capacity on the
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time of adopting CANDU nuclear power plant in Alberta.) 1t
was found that the higher the demand relative to plant size,

the more the results of these two methods are similar.

7.3 Effect of social costs

For the initial case study the levelized cost curves
did not converge and the nuclear option is not expected
to be economically justifiable in the foreseeable future.
The difference in traditional costs proved to be so high
that the inclusién of social costs did not change this result.

For the base case study of the unit costs analysis
nuclear power plants became more ‘economical than coal-fired
in the year 2032. The inclusion of socia} costs caused
nuclear power plants to bécome economically viable twelve
years earlier, but only ten years earlier.i: t!=: social
costs due to mining, and polluted natural resources were
in the toal social costs of nuclear power plants.

-The uncertainty of the chial costs was found to have a
profound effect on the competitiveness)pf nuclear power
plants. The high uncertainty and the sh:fp included angle
of the unit cost curves could cause nuclear power to be
favourable as early-as the year 1990 or as late as the year
2045, a 55 year difference. This 55 year difference was
calculated based on the approximately 98% confidence level

of the distribution of the social costs estimates,
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7.4 Sensitivity of results to other factors

The above conclusions were found to be sensitive (in
descending order)'to the price escalation rate of coal and
uranium, interest rates and nuclear'capital costs., The
choice of energy.soug

&

#iY

e(s) for electricity generation became

more sensitive to s 1 costs when the difference betweén
the traditional costs of coal and nuclear, and the rates of
increases in traditional costs became smaller, or the
included angle of the unit cost curves became sharper.

From total cost analysis, it was found that surplus
capacity would cause about a five year delay in adopting
nuclear power in Alberta, and was found to be less

significant at higher demand for electricity and at higher

growth rates of this demand.

7.5 Recommendations for further research

Further research on social costs due to electricity
generation is recommended because the break-even point was
found to be sensitive to social costs and the social costs
estimates were very uncertain (particularly for coal).. The
" important social costs are: a.) health costs for both t&pes
of power plants, diversion of nuclear fuel; b.) sabotage of
’nuclear power plant; and c.) social costs‘due to surface
mining. Other approaches of estimating these social costs
are recommended, for exampie, one can use a statistical
method, or perhaps the Analytic Hierarchy Process

(Saaty, 1980).
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In this thesis, all the social costs were assumed to be
a function of annual electricity output. Certainly, there
is room for improving the social cost functions. Some of
the soclal costs may be related Lo other variables such as
the accumulated electricity‘output. Once improved functions
are established a standard process to estimate the
coefficents of the functions is recommended so that they can
be applied to future studies in other regioags.

The computef programs developed in this thesis are only
applicable to the Alberta situation. In these programs none
of the new plants were allowed to be decommissioned during
the study period and the decommissioning costs of the
existing power plants were not included. The
decommissioning cost of a nuclear power plant is expected to
be higher than that of a coal-fired plant. If the programs
are modified to include the decommissioning costs, the
length of study period is not limited and the effects of the
decommissionisg cost on total costs and unit costs, though
they may not be significant, can be studied. Generalization
of the computer prdgrams so that they can be applied to
other regional situations is also recommended.

The break-even point was found to be very sensitive to
changes of fuel price escalation and interest rates.
Research into the techniques of forecasting interest and

“fuel price escalation rates is highly recommended.
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Appendix one

A1 Capital costs of various power plant units

"in'million dollars, January 1982 Canadian dollars

- ' ~

‘ >existing

nuclear new coal plant coal plant
unit 1 987 - 410 359
unit 2 793 267 216
unit 3 ‘ 265 214
total cost 1780 942 | - 789

. for a plant,

Note: costs of flue gas desulphurization devices
for new coal plant are included
costs of heavy water for 1st and 2nd unit are
141, 140 million dollars respectively
half initial nuclear fuel charge for each unit
is 9 million dollars '
Source: Foulkes[1982]

A.1.2 Cash flow rates for various plant units
in percentage of capital cost of a power station

o

Nuclear coal-fired
construction : . )
year unit 1 unit 2 unit 1 unit 2 unit 3 |

1 1.000 = 1.000 T
2 . .2.000 3.000
3 ‘7‘}33.000 . 9.000
4 “'6.000 17.760 . 8.240
5 10.900 6.090 8,760 , 9.000 °~ 8.240
6 15.342 9.660 4.0 - 7.000 9.000
7 10.419 13.583 4.000 7.000
8 6.771 9.224 N 4.000
9 g 6.0 ) H

Source: Derived from Foulkes's estimates

@

g

S S
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The escalation rates for calculating the capital cost,
operation and maintenance costs are listed
as follows: ' '

oooooo

.

source:

A.1.3 Escalation rates year by year

1982 1983 1984 1985 1986 and beyond

10.5 8.8 7.9 6.6 6.9

12.2 10.4 9.5 8.2 8.5
1.5 1.5 1.5 1.5 1.5 '

(1.0) (1.0) -0.0 0.0 1.0

Conference,Board of Canada, Medium Term outlook
1981-86, December 1981. ' : '
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A.1.4 Separat1ng the cash flow rates. for unlts

from the, whole power statlon

a. Coal-fired power plant'

/

rates can be fo;mulaxed as. follows:

The cash flow

: Assumlng the annual-cash flow rates of one un1t
are in proportion with those of the other units
(with the exception of first year).

942

‘ %
_ - Capital-
- Cash flow rates Costs
in % of total capital costs (m )
construction 1 .2 3 - 4 5 ;6‘ 7
year » - ‘ : : T "
7 : . .
_Ist unit 3 mx ay az -a4 410
N 2nd unit ’ ‘nx by ‘bz b4 267
3rd unit ~oTx y z 265
Whole plant 1 2. 9 26 20 11"

Kor the samé constructlon year,

flow rate of the whole plant.

unknowns

26

; x+y+z+0.04= 265/942
nx+bx+bz+ 04b=267/942

z+,04b=,

y+bz+,04a=,
" x+bytaz=,

nxtay=.
.09

‘mxX=

11
20
26
26

the sum-of the -
cash flow rates of all the units is equal to the ‘cash .
The sum of the cash flow
rates of each.unit should equal to the ratio of cap1ta1

costs of the unit and the whole power station.

Therefore there are seven. equatlons and seven

/ By solving the above equatlons and back substitution,
the cash flow rates for a power unit

capital cost of the whole power plant can be estimated and

they are listed in Appendix one, A.1.2.

-

in percentage of the



- b Nuclear power plant:

Same assumptions as those of coal-fired power plants
can be applied because equations are not enough to ‘solve
the. unknowns. The cash flow rate in the last year of the
- second nuclear power unit is assumed to be the same as
the last cash flow rate of the whole power station.

"Then the cash flow rates of each power unit can be found

and listed in Appendix one, A.1.2,
Note: m in millionqunuary,1982 ddllars.
% capital costs same as Foulkes[1982]
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A.1.5 astlmatlng the nominal capital cost for a new
nuclear station which.is to be commissioned
in the beginning of 1990

By u51ng the equation 3.3 in Chapter 3, and assuming

WoOoOdOOE WK =

Yy = 9 years
t om U £ km AFUDC  C
1981 148B1x1% x1.12%= 36
1982 1481x2% x1.122 : 2 x1.127= 73,
1993‘148133%,x1.T22x1;104 x1,126=108
1984 1481%6% x1.122x1.104x1.095’ Xx1.125=212
1985 1481X17%X1,122x1.104x1.095X1.082 x1.12%=581
1986 1481x25%x1{122x1.104X1.095X1.082X1.085 x1.123=828
1987 1481x24%x1.122x1,104x1.095x1,082x1.0852%2%x1.122=770
1988 T481x16%x1.122x1.104x1.095x1.082x1.0853x1.12‘=497
1989 1481x6%‘x1.122x1.104x1.095x1.082x1l085“ =180
sub total 3289

plus the heavy water and half fuel charges
at the end of construction °
(281+18 x X 1.105 x 1.088 x 1.079 X 1.066 x 1.069% =539

capital cost for a plant commlss1oned .
- rat the beglnn1ng of 1990 S , 3829
.(Jan., 1990 price level) . ‘

.+~ 'The nominal capital cost calculated is
slightly different from that estimated by Foulkes. His

126

.67
AT
.63
41
41
.29
31
.49
.73

.41

.95

.36

estimate is 3843 million dollars in. 1990 nominal dollars.

-He has been contacted to rectify this :
;dlcrepancy. Because the original author of the paper
is not available, and it has been confirmed by them
that the method employed in this calculation is correct,
the above -method is used in the computer programs.

All costs are capltallzed at the end of the
tonstructlon year. ,



Table. A.1.6 Operation and maintenance costs
in million dollars, 1982 Canadian dollars

nuclear coal-fired
unit
Labour 1 10.6 3.6
cost . -2 4.4 3.6
3 ‘3.6
Material 1 6.3 2.4
cost 2 5.0 2.4
3 2.4
total 26.3 18.0
*

source: Foulkes[ 1982]
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Appendix two

eNeNoNeoNoNeoXe!

oEoNeNe!

SEeNeEeoNoNe o ik

o¥eoXeXe R

1

4

PROGRAM TOSCA
DISCRETE INCREASE .IN POWER PLANTS
‘ FOR ALBERTA SITUATION
- CONSIDER ONLY COAL AND NUCLEAR POWER PLANT
989 IS THE LAST YEAR THAT PLANTS
PIAANNED IN OR BEFORE 1981 GO INTO SERVICE.
ESCALATION RATES ARE INCLUDED

LOGICAL*1 FREEIO(1)/'x'/

REAL F(11),A(4,3),V(4,31),B(31),C(4,
,D(31),G(4,31),H(4),K(4),M(4,45),N(4,
,P(4,31),R(7),Y(4,31),2(4,31),U(4,7),
(X(4,31),W(4)

INTEGER o(2,2),s(16,11>,c1,c2,c3,c5,cs,c9,11,J1
,T1,T2,T3,T9,P2,R2,R9,B7,S1,52,S3,S4,D1,01,02,
,PP(100) .

10),
31),

14

COMMON /VALUES / F,A,V,B,C,D,G,H,K,M,N,DP,
+  R,Y,2,U,X,W,S,0,PP,

» C€1,€3,€5,C8,€9,31,11,T1,T3,R1,R9,

» P2,20,21,23,24,D1,D0, IBASY

READ IN THE YEAR OF THE FIRST COMMISSIONED PLANT
AND 4THE COMMISSION YEAR OF THE LAST COMMITTED PLANT

DO 133 J=1,2 ' . N
READ(S,FREEIO)(O(J,I),I=1,2)
33 CONTINUE -

READ IN THE YEARLY -INSTALLED CAPACITY FROM THE
FIRST COMMISSIONED TO THE COMMITTED PLANT

READ(S,FREEIO)(M(1,1),I=1,45)
READ(5,FREEIO) (M(2,1),1=1.45)

FIRST ARRAY SUBSCRIPT IS THE KEY TO THE PLANT TYPE.
1= OLD FOSSIL 2=NUCLEAR _
3= NEW FOSSIL 4=NEW TECHNOLOGY (BREEDER, SOLAR)
. (DUMMY PLANT FOR ALBERTA)
INITIALIZE DATA TABLES, ARRAYS AND CALL SUBROUTINE INIT

DO 4 I = 1,45
M(3,1) = 0.0
"M(4,1) = 0.0
" CONTINUE

C2 =0

C3 =0

C9 = ¢ 2

P2 = 0

B7 = 0

St =0
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C INITIALIZE FUEL ESCAL

C

C
Cc
C

OO0 0000n0n

aO0O00n

10

15

20

PRICE RISE

FOR

IBASY.

T1

DO......base demand in Gwe(net) in

INITIALIZE SUPPLY (G) FROM PLANT (-

(

wn
S

T TR I TR

cCoo0 OO
<

READ(5,FREEIO)J1,C1,C9

READ(5,FREEIO)I 1

IF(I1 .EQ. 1) GO TO 11

DO 10 I = 1,11
READ(5,FREEIO)S(I,1),F(1I)
I2=S(1,1)+1

DO 10 J = 2,12

READ(5,FREEIO)S(1,J),S(1,J+5)

CONTINUE

DO 151 = 1,1
I2 = 5(1,1

CONTINUE

CONTINUE

1
) +1

DO 20 I
DO 20 J
A(1,J) = 0.

nu

1,4
1,3

= ,0003
= ,0003
= ,0003
»FREEIO)T1,D0,IBASY

T1=40

v

ATION RATE, N/A IN ALBERTA

PARAMETERS (BETA) N/A IN ALBERTA

STUDY PERIOD OF 40 DELETE C IN THE NEXT LINE

..base year, the first year of study peroid

..... .Number of years in the study period

study period

-

,~) BEFORE BUILDING PROGRAM

the first year .Qf

!

) IN YEAR
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DO 40 J = 1,301

DO 45 T2 = 1,T3
G(J,T2) = 0,
B(T2) = 0.

45 CONTINUE
READ(5,FREEIO)K(J)

40 CONTINUE

C ,

C FIND OUT THE TOTAL CAPACTTY G(J,T2) FROM THE EXISTING

- C PLANTS IN GWE(NET) :

C FIND OUT THE TOTAL CAPACITY B(J,T2) FROM THE EXISTING

C PLANTS AFTER DEDUCTED BY THE CAPACITY FACTOR

C

DO 50 J = 1,2
01 = 0(J,1)
02 = 0(J,2)

DO 55 N1'= 01,02
" L5 * N1-IBASY
L6 = L5+34
"IF(L5 .GE. 1) GO TO 51 ,
‘ L5 = 1 .
51 IF(L6 .LE. T3) GO .TO 52
L6 = T3 .
52 CONTINUE
DO 55 T2 = L5,L6
G(J,T2) = G(J,T2) + M(J,02-N1+1)
C .
C COMPUTE SUPPLY FROM OLD PLANTS
c | ,

B(T2) = B(T2) + K(J)*M(J,02-N1+1)
55 CONTINUE -
50 CONTINUE
READ(5,FREEIOQ)RY
READ(5,FREEIO)(R(R2),R2=1,R9)

“CALL INIT
STOP
END

eNeoNeoXe)

SUBROUTINE INIT

INIT INITIALIZES COST .CONSTANTS,

’ SETS UP THE FIRST OF TWELVE SCENARIOS.
BUT ONLY FIVE FOR ALBERTA
SUBROUTINE TO END EXECUTION.

)/v*v/ )

V(4,31),B(31),C(4,10),D(31),
4),M(4,45),N(4,31),P(4,31),
4
6

oNoNeoNeoXeXe!

LOGICAL*1 FREEIO(1
REAL F(11),A(4,3),
» G(4,31),H(4),K(
, R(7),Y(4,31),2¢(
INTEGER 0(2,2),S(1

,31),U(4,7),X(4,31),W(4)
,11),C1,C2;C3,C5,C8,C9,I1,J1,



) T!,T2,73,T79,P2,R2,R9,B7,51,82,53,54,D1,PP(100)

C
COMMON /VALUES/ F,A,V,B,C,D,G,H,K,M,N,P,
, R,Y,2,U,X,W,S,0,PP,
, C1,C3,C5,C8,C9,J1,11,T1,T3,
, R1,R9,P2,20,21,23,24,D1,D0, IBASY

c >
ENTRY NO1
CALL CSTC

C

WRITE(6, 471)
471 FORMAT(////, 24X,
L COST CONSTANT ',/, 24X,

,' CAPITAL COST O&M COST " FUEL COST
,SOCIAL cosT',/,
,24X,' MLN DLR/STN MLN DLR/STN

,MLN DLR/GWY MLN DLR/GWY')

«WRITE(6,474)C(1,1),c(1,2),C(1,3),C(1,4)
474 FORMAT(//,2X, 'EXISTING COAL PLANT',64F14.5)
, WRITE(6,475)C(2,1),c(2,2),Cc(2,3),C(2,4)

475  FORMAT( 2X, '"NUCLEAR PLANT " 4F14.5)
WRITE(6,476)C(3,1),C(3,2),C(3,3),C(3,4)

476  FORMAT( 2X,  'NEW COAL PLANT ',4F14.5)

C

C CONSUMER DEMAND GROWTH AT 4% - INITIAL SCENARIO
C

R1=.04

D1=1 ' :

ENTRY NO2 ' *

ENTRY NO3
D(1) = 0.
P2 = 0
DO 747 T2=1,T1
2(1,T2)=0.0
2(2,T2)=0.0
747 2(3,T2)=0.0
IF (P2 .EQ. 0) GO TO 255
C
C CALCULATE MIX OF PLANTS FOR FIRST SCENARIO.
C z( , )=0. IS ZERO RESEARCH COST.
C

~

oococooH

[ | S T | B

o
(N)
~
-3
N
{

IF(T2 .GE. T1/2) GO TO 71
P(3,T2) 1 '
P(4,T2)
: GO TO 70
71 P(3,T2)
P(4,T2)

1. = FLOAT(T2/T1)
FLOAT(T2/T1)

non
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70 CONTINUE
C
255 . CONTINUE
IF(P2 .EQ. 0) CALL SCRO /

C

RETURN

END
C
C
C
C

SUBROUTINE VARC
C
C THIS SUBROUTINE CALCULATES AND WRITES OUT THE COST
C OF EACH SCENARIO,
C INCLUDING DEMAND CHANGES
C ‘

OO0 0000000000n

LOGICAL*1 FREEIO(1)/'x'/

RLERQP(so)
DOUT(7,5)

INTEGER ©0(2,2),s(16,11),C1,C2,C3,C5,C8,C9,11,J1,UNIT,
T1,T2 T3 T9 PZ R2, R9 B7 s1 sz s3 s4 D1 pp(100)

REAL F(11),A(4,3),v(4,31),B(31),C(4,10),D(31),NI1(30),
, G(4,31),H(4) .K(4),M(4,45),N (4,31),pP(4,31),

, GD(30),Q(4) -

, R(7),¥Y(4,31),2(4,31),U(4,7),%(4,31),W(4),

, AECC(3, 10) NP(4 31),

, RERF(%) AC(31), PREW(4) ,PY1(50),ALPH(20),PX(50),

(4
, YR, T1O
L PXX
COMMON /VALUES/ F,A,Vv,B,C,D,G,H,K,M,N,P,
' R,Y,2,0,X,W,S5,0,PP,
, C1,C3,C5,C8,C9,J1,11,T1,T3,
, R1,R9,P2,20,21,23,24,D1,D0, IBASY
DR....... .the discount rate.
LTw' s ervice life of power plant
SURPUS. urplus of power capacity in each year
RERF. eal escalation rate for fuel
NN....% ..controlling the type of power plant to be built
US....... accumulated total cost after discounted
UU.......accumulated total economic cost after discounted
AC....... total annual economic cost without dlscounted
YAD..... yearly additional demand
IBASY....base year, in this case 1982
W(J)..... the accumulated electricity generated from
the beginning -~
PREW(J)..total annual electricity generated to meet
the demand on top of the existing supply.
It increases every year
for plant type J .
NI....... total installed capacity after increased {o meet
the demand by discrete manner

L

it



o

OO0 00n0

133

NP.......new units added during the whole study period
CAP......total capacity after deducted by C.F. in GW
FIT......Total difference of supply and demand in GW,
as an indicator of how good the supply fits
the demand. Small value means better fit.
RLEROP...real labour escalation rate for old plant

WRITE(6,FREEIO)D1
DATA RLEROP/.99,.99,1.0,1.0,1.01/
DO 809 KKK=6,50 .
809 RLEROP (KKK)=1. 01
DO 10 J = 1,J1
Ww(Jg) = 0.
PREW(J)=0.0
10 CONTINUE

C
C THE CAPACITY FOR STANDARD UNIT
C

oo

75
71

.
.
.

o0
W =
Awow

(1)
(2)
(3)
R=0.0

FOR 4% DISCOUNT DELETE C OF THE NEXT LINE

aQaOOn

DR=0.04
SUMNI=0.0
LT=35

RERF (3
RERF (4
NN=0
USsS=0.0 o
FIT=0.0 ~
DO 20 T2=1,
1(T2)=0.
DO 21 KK=1,4
21 NP(KK,T2)=0.0
20 AC(T2)=0.0
C7=0.0
C20=0.0

nnunno

S OOO-.

;
RERF(Z;
)

T1
0

C
C FIND THE ANNUAL CAPITAL COST FOR THE EXISTING PLANT BY
C SPREADING THE COST TO EACH YEAR OF ITS LIFE TIME FOR
C THE DISCOUNT RATE SPECIFIED
C .
IF(DR .EQ. 0.0) GOTO 55
AECO=C(1,1)* (DR* (1+DR)**LT) /( ( 1+DR) **LT- 1)

OCSTO=0.0
DO 1190 NXX=1,LT S
AA=1.0 ‘

DO 1120 NXY=1,NXX



»

T
g

O 0000 0aad

104 IF (P2 .NE. 6) GOTO 106

e - '\ - : . ‘ 134

AA= AA*RLEROP(NXY)

~

1120 CONTINUE , . D
ODUM=(C(1,2)*.6*AA + C(1,2)%.4 +C(1,1).0135 s
, /(DR+1) ) #*NXX .

, OCSTO=0DUM+0CSTO
1190  CONTINUE
OCSTO= OCSTO*DIR*(1+DR)**LT/((1+DR)**LT-1)
CALL FUEL(1,C(1,3), AFCO, RERF(1) ,DR) '
- GOTO 57 .
55 AECO=C(1,1)/LT v
57 CONTINUE
' " LABC= C(1 2)%.6

60% OF O&M IS LABOUR COST
DO 30 T2 = 1,T1 ,
INCREASE THE LABOUR COST IN OPERATION AND MAINTENACE COST
FOR THOSE EXISTING PLANTS ONL
LABC= LABC*RLEROP(T2) i
YR=T2+1BASY o o —
IF(D1 .EQ. 1) GO TO 101 L S O
- IF(D1 .EQ. 2) GO TO 102 J o
IF(D1 .EQ. 3) GO TO 103 - Ly
: IF(D1 .EQ. 4) STOP , , S
C . r . y ; ! ‘\ X
101 CONTINUE ' . S
. IF(T2 .EQ. 1) GOTO 104 e
"~ GOTO 106 . - g s

'

WRITE(6,105) T

\

C.D(T2) = net demand gross demand - supply in year T2
C GD(T2) = gross demand in year T2

- ,\\. 0

¢ .
105 FORMAT(///// 2X;"BASE CASE DEMAND GROWTH )
106" GD(T2)=2.605 + (T2-1)=. 16448 N \ )
- . D(T2)=GD(T2)-B(T2) , R R \\
'GOTO 107 , , SN \\ -
C C )
102 - CONTINUE ' \
IF(T2 .EQ. 1) GOTO 108
. GOTO 110 : ’
108 IF(P2 .,NE. 6) GO TO 110
o . WRITE(6 109)
7109 FORMAT(///// 2X,'DEMAND AT 4% COMPOUND ANNUAL .
~, GROWTH') ; S ‘ g
110 GD(T2)=D0x*1. 04**(T2~1)
D(T2)=GD(T2)-B(T2) ‘ , S
~GOTO 107 : o ; :
€ : 3 B
103~ CONTINUE - ' ; =



IF (T2 .EQ. 1) GOTO 112

GO TO 111
112 IF(P2 .NE. 6) GOTO 111

WRITE(6,113) ' ‘ ‘
'FORMAT(/////,2X, 'DEMAND AT 3% LOG ")
GD(T2)=DO0*10.0%%(0,03%(T2-1))
D(T2)=GD(T2)-B(T2) .

— )
—_ W

: GOTO? 107
107 CONTINUE
IF(D(T2) .LE. 0.0) GOTO 31

IF(D(T2-1) .LE. 0.0 .AND. D(T2) .GE. 0.0) GOTO 32

YAD=D(T2)~D(T2-1)
IF(SURPUS .GE. YAD/K(J)) GO TO 35
YAD=YAD-SURPUS*K (J) N
PREW(J)#PREW(J)+SURPUS*K(J)
"GO TO 33 :
32 YAD=D(T2)
33 CONTINUE

CAPACITY NOT ENOUGH TO MEET THE DEMAND
NEW PLANT IS REQUIRED

_ ”—
FIND THE TYPE OF PLANTS TO BE BUILT
AND ITS CAPITAL COST IN THE YEAR OF COMMISSION

‘ 3 : ,
NBYR IS THE YEAR STARTING- FROM WHICH ALL
NEW. PLANTS WILL BE NUCLEAR

FOR THIS CONTROL DELETE ALL Cs BELOW

NBYR=2000 ,
IF(YR .LT. NBYR) GOTO 321 .
IF(UNIT .NE. 3 .AND. J.EQ. 3) GOTO 321
IF(UNIT .EQ. E .AND. J.EQ. 3) NN=0
DO 123 KNN=1,100,2 o ‘
PP(KNN)=21 o

PP(KNN+1)=22

CONTINUE

NN=NN+ 1

J=PP(NN)/10

UNIT=PP(NN)=J*10
NI(T2)=NI(T2)+Q(J)
NP(J,T2)=NP(J,T2)+1

"GOTO 124

CONTINUE

OOOOOOOOOOOOOOOOOO

N
w

sEeNeNeNeoEoNoRoXeo e
. W
SR

NN=NN+1

JsPP(NN) /10

UNIT=PP(NN)~Jx10

NI(T2)=NI(T2)+Q(J)
NP(J,T2)=NP(J,T2)+1

124 CONTINUE e >

:CALL CAPTL(J,UNIT,YR,CX,OCST,1,DR)
CALL FUEL(TZ,C(J,B),AFC,RERF(J),DR)
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. IF(J .EQ. 2) AFC=AFC*.60
. IF(J .EQ. 3) -AFC=AFC%*.371 _
IF(DR .EQ. 0.0) GOTO 56 T
AEC=CX* (DR* ( 1+DR) **LT) /( ( 1+DR) **LT-1)
GOTO 58
56 AEC=CX/LT
58 CONTINUE
DO 36 NT2=T2,T1
AC(NT2)=AC(NT2)+AEC
AC(NT2)=AC(NT2)+AFC"
A AC(NT2)=AC(NT2)+OCST
36 CONTINUE
. PREW(J)= pREw(J)+Q(J)*K(J)
IF(NI(T2) .LE. YAD/K(J)) GOTO 33"
SURPUS=NI(T2) YAD/K(J) REba
- PREW(J)=PREW(J)-SURPUS*K (J)
AC(T2)=AC(T2)~-SURPUS*AFC -7
GO TO 38
35 CONTINUE

C

C THERE IS SURPLUS OF CAPACITY
C NO NEW PLANT IS REQUIRED
C . ' .
AC(T2)=AC(T2)-SURPUS*AFC )
‘AC(T2)=AC(T2)+YAD*AFC - o
SURPUS=SURPUS-YAD/K (J)
PREW(J)=PREW(J)+YAD
38 CONTINUE
AC(T2)=AC(T2)+G(1 T2)*OCSTO/Q(1)/3
AC(T2)=AC(T2)+G(1,T2)*K(1)*AFCO
W(1)=w(1)+G(1, T2)*K(1)
PREW( 1) G(1,T2)*K(1)
- GOTO 39
31  CONTINUE

NEGATIVE D(T2) MEANS SUPPLY IS HIGHER THAN DEMAND
NO PLANT TO BE COMMENCED IN THAT YEAR
COSTS ARE ICCURRED FROM EXISTING PLANTS ONLY

QOO0 n

YAD=0.0 ~

AC(T2)=AC(T2)+G(1 T2)*(AECO+OCSTO)/Q(1 ) /3.
. AC(T2) AC(T2)+GD(T2)*AFCO

_PREW( 1)=GD(T2)

W(1)=W(1)+GD(T2)

39 CONTINUE -
W(2)=W(2)+PREW(2) 5
W(3)=W(3)+PREW(3) . ,
USDUM=AC(T2)+PREW( 1)*@(1,4)+PREW(2)*C(2,4)

-, +PREW(3)%C(3,4) “ o
SUMNI=SUMNI +NI (T2)
CAP=(SUMNI+G(1,T2))*.8"

SUMPRW= pREw(1)+pREE§2)+pREW(3) e
US=US+USDUM/ ( 1mn@ﬁﬂ;2 i
PX(T2)=T2



OO0 0O0a0000n

71

QQ o | o ‘ 137

WRITE(6,FREEIO) T2,YR,D(T2), YAD Ac(Tz) ,NI(T2),
, NP(2,T2),NP(3,T2),
, GD(T2),G(1 T2) SURPUS PREW( 1) PREW(2) PREW(3)
, W(1),W(2),w (3),
, USDUM US,YAD,SUMNI - SUMPRW CAP, PX(TZ)
PY1(T2) CAP

< '"FI1T=(CAP-GD(T2) )+FIT

OO0 0

y

30 CONTINUE

VINCRE=3,0
IF(D1 .EQ. 3) VINCRE=6.0
AUTO=8 : :

PLOT THE SUPPLY AND DEMAND
CALL CGPL2(PX,PY1 T1 1,4,0.0,AU0TO0,4.0,2.0,
,VINCRE, 3.0, ALPH)
CALL CGPLZ(PX Gp,T1,2,14,0.0,AUT0,4.0,2.0,
,VINCRE; 3.0, ALPH) : F
CALL CGPL2(PX B,T1,3,34,0.0,AUTO,4.0,2.0,
,VINCRE,3.0,ALPH) . ’
CALL CGPL2(PX,B,T1!,0,2,0.0,AU0T0,4.0,2.0,
,VINCRE, 3.0,ALPH) R L S

UU=0.0 ST
DO 70 T2=1,T1 N
UU=UU+AC(T2) /{ 1+DR) **T2
70 CONTINUE

IF(C5 .NE. 1) CALL SCRO
IF(C8 .NE. 2) CALL SCRO
C6 = W(1) + W(3) :
DO” 71 KZ=1,T1 ‘ ‘
C7% NP(3, KZ) + NP(1,KZ) + C7°
20=NP(2, KZ)+C20_ : .
T(1, 92—1) uu -
DWT(2,P2-1)=US
JOUT( 3, P2-1)=FIT
OUT (4, P2-1)=C6 °
“DOUT(5,P2~1)=C7
"DOUT(6,P2-1)=W(2) . N '
fDOUT(7;P2-1)=C2O . : I
F(P2 .NE. 6) GO TO 461 :
WRITE(G 198)
198 FORMAT(/ 40X, PERCENTAGE OF NUCLEAR IN. THE
, PLANT MIX',
-/, 37x 0 ,10x,'25',1qx,i50',10x,:75',9x,

'100 ) . . ‘
WRITE(G 462)DOUT(1 2), DOUT(1 ) ,DOUT (1, 3),DOUT(1,5),
,DOUT(1,1)

462 FORMAT(/ 2X, 'TOTAL ECONOMIC COST (MILLION)',5F12.4)
WRITE(6, 463)DOUT(2 2),DOUT(2,4) DOUT(2 3) DOUT(2,5),
,DOUT(2,1) -

463 FORMAT($1X 'TOTAL COST (MILLION)',5F12.4) |

" WRITE(6, 464)DOUT(3 2), DOUT(3 4),DOUT(3,3);DOUT(3,5),
,DOUT( 3, 1)

&
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464  FORMAT('SUM OF SUPPLY MINUS DEMAND GW ', 5F12.4)
: WRITE(6,465)DOUT(4,2),DOUT(4,4),DOUT(4,3),DOUT(4,5),
;DOUT (4, 1) ' ,
~, 465  FORMAT(/, 1X, 'OTAL ELECT GNTED BY COAL GWY ',5F12.4) .’
: WR&TE(6,466)D0UT(5,2),DOUTQ5,4),DOUT(5,3),DOUT(5,5),
,DOUT (5, 1) L :
466  FORMAT( 1X, 'TOTAL NEW COAL ‘UNITS ADD . 14X,5F12.4)
WRITE(6,467)DOUT(6,2),DOUT(6,4),DOUT &,3),DOUT(6,5),
o ,DOUT(6, 1) ' :
a6 FORMAT(/, 1X, 'TOTAL ELECT GNTED BY NUC GWY ' ,5F12,.4)
WRITE(6,468)DOUT(7,2),DOUT(7,4),DOUT(7,3),DOUT(7,5)J
,DOUT(7, 1) ' ' ' :
468 FORMAT (11X, 'TOTAL NEW NUC UNTT ADDED', 6X,5F12.4)
vWRITE(6,469)DR,RERF(1),RERF(2)
469  FORMAT(//, ’ .
»8X, "THE DISCOUNT RATE......... S A e ',
,F10.5,/, ‘
»8X,'THE REAL ESCALATION RATE FOR COAL FUEL,....',
P F10.5, Ay
»8X, 'THE REAL ESCALATION RATE FOR NUCLEAR FUEL..',
F10.5,/)
461 CONTINUE
CALL SCRO
RETURN .
END

SUBROUTINE CSTC .
THIS SUBROUTINE READS THE INITIAL COST CONSTANTS OF
THE RUN.. ' | : o

3o

aO000 oNeNe!

LOGICAL*1 FREEIO( 1

- REAL F(11),A(4,3)
, G(4,31),H(4),K
Z

v*.v/ ] ‘

VI(4,31),B(31),C(4,10),n(31),
( M(4,45) )N(4,31),p(4,31),

r R(7),Y(4,31), 2¢( 31),0(4,7),%(4,31),w(4)

INTEGER 0(2,2),s(1 ,11),c1,cz,c3;c5,cs,c9;ff,q1,

: T1,T2,T3,T9,P2,R2,R9,B7{ST,S2ﬁ§3¢§Z,D1,PP(%@O)

)/
V(
4)
4,
6v

COMMON /VALUES/ F,A,V,,B,C,D,G,H,K,M,N,P,
’ R,Y,Z,U,X,W,S,O,PP, :

, C1,C3,C5,C8,C9,J1,I1,T1,T3,

+ RI1,R9,P2,20,21,23,24,D1,D0, IBASY

F(C5 .EQ. 0) GO TO 31
IF(C5 .EQ. 1) GO TO 11

¥ - S1 = 5(C6,1)+1
& DO 10 S2 = 2,81

’ S3 = 5(C6,52)
-S4 = S(C6,52+5)

C($3,54) = C(S3,S4) / F(CE)
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CONTINUE

CONTINUE
C6 = CH

© C5 = C5+1 : V
" IF(C6 .GT. I1+2) GO TO 31
1

F(C6 .LT. I+
23 = 723%2,
RETURN
"CONTINUE
S1 = S(C6,1)+1
DO 20 S2 = 2,51

) GO TO 12

§3 = §(C6,52)
S4 = S(C6,52+5)
C(s3,84) = c(s3 S4)*F(C6)
CONTINUE
RETURN
CONTINUE
C8 = (C8+1
F(C8 .GT. C9+1) STOP
DO 40 J = 1,J1 .
.READ(5,FREEIO) (C(J,C2),C2=1,C1)
CONTINUE S .

IF(C8 .LE. 2) GO TO 41
I1 = 1
READ(5,FREEIC)Z0,21,23,24

C5 = 1
'RETURN A
END

SUBROUTINE SCRO

C SCRO CALCULATES COST RATIOS OF POSSIBLE CASES.
€ SUBROUTINE. RSCH CALCULATES THE COST OF RESEARCH

C

C
496

r

I,

.o

r

14

?

C FOR NEW TECHNOLOGY, ‘N/A IN ALBERTA .

LOGICAL %1 FREEIO(1)/'*'/
REAL F(11),A(4,3) ,V(4,31),B(31),C(4,10) D(31)
- G(4,31), TH( 4) K(4) M(4 45) N(4 31) p(4 31),
R(7) Y(4 31),2(4, 31) U(4 7) x(4 31) w(4)
INTEGER 0(2,2), S(16 1),C1,C2, c3 c5 c8,c9,11,J1,
T1 ,T2,T3,T9,P2, R2 R9 B7, s1 S2, s3 S4,D1,TC, PP(100)

COMMON /VALUES/ F,A,v,B,C,D,G,H,K,M, N P,
R,Y,2,U,X,W,S, O PP :
C1 C3 C5 C8 C9 J1, I1,T1,T3,
RT,R9,P2,ZO,Z1,Z3,Z4;D1,DO,IBASY

P2. = P2+1
IF(P2 .GT. 11) CALL VARC
IF(P2 . EQ. 1) GOTO 496
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C
C DELETE NOT SUITABLE SCENARIO
C
IF (P2 GT 1) GO TO 20
WRITE(S 444)
444 FORMAT(/ 2X, 'ALL NUCLLEAR 'TO NEW TECH SCENARIO N/A
, ALBERTA')
TC=6

DO 10 T2 = TC,T1 ' —
P(3,T2) = 0.
IF(T2 .GT. T1/2) GO TO 11
P(2,T2)
P(4,T2)
GO TO 10
11 - P(2,T2)
P(4,T2)
10 CONTINUE
CALL VARC

1.
0.

1. - FLOAT(T2/T1)
FLOAT(T2/T1)

on

C .
20 CONTINUE
IF(P2 .GT. 2) GO TO 30
C N
C 1ST DIGIT PLANT TYPE
C 2ND DIGIT UNIT
C
445 FORMAT(/,2X,'ALL NUCLEAR')
"TC=7
DO 802 T2=1,100,2
PP(T2)=21
PP(T2+1)=22
.802 CONTINUE
© CALL VARC

.C

30 CONTINUE
IF(P2 .GT. 3) GO TO 40

C. - WRITE(6, 446)

446 FORMAT(/, 2x "ALL FOSSIL' )
DO 31 T2 = 1,99,3
PP(T2)=31
PP(T2+1)=32
PP(T2+2)=33
31 CONTINUE
CALL VARC

40 CONTINUE

IF(P2 .GT. 4) GO TO 50

c WRITE(6, 447) .

447 FORMAT(/,2X, 'HALF NUCLEAR, HALF FOSSIL")
DO 803 T2-1 100,5 . D
PP(T2)=21 ,

P(T2+1)=22

PP(T2+2)=31
PP(T2+3)=32
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PP(T2+4)=33
803 CONTINUE
CALL VARC
C
50 CONTINUE
IF(P2 .GT. 5) GO TO 60
C WRITE(6, 448) .
448  FORMAT(/,2X,'1/4 NUCLEAR AND 3/4 FOSSIL')
DO 804 T2=1,99,17
PP(T2)=21
PP(T2+1)=22
PP(T2+2)=31
PP(T2+3)=32
PP(T2+4)=33
PP(T2+5)=31
PP(T2+6)=32
PP(T2+7)=33
PP(T2+8)=31
PP(T2+9)=32
PP(T2+10)=33
804 CONTINUE . . ;

CALL VARC
C
60 CONTINUE .
IF(P2 .GT. 6) GO TO 70 \
C - WRITE(6,449) .

449 FORMAT(/,2X, '3/4 NUCLEAR AND 1/4 FOSSIL')
DO 805 T2=1,99,9 .
PP(T2)=21
PP(T2+1)=22
PP(T2+2)=21
PP(T2+3)=22
PP(T2+4)=31
PP(T2+5)=32
PP(T2+6)=33
PP(T2+7)=21
PP(T2+8)=22

805 CONTINUE :
. DO 61 T2 = TC,T1 A
P(2,T2) = .75 -
P(3,T2) = .25 '
P(1,T2)=0 :
61 CONTINUE
" CALL VARC
C ‘ B
70 CONTINUE
IF(P2 .GE. 7) GOTO 800
WRITE(6.,450) /
450 FORMAT(/,2X,'NUC,NEW TECH FAIL,COAL N/A TO ALBERTA')
' DO 71 T2 = 1,71 _
IF (FLOAT(T2/T1) .GE. .5) GO TO 72
P(2,T2) = 1.
P(3,T2) = 0.
GO TO 71
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72 P(2,T2) = 1, - FLOAT(T2/T1)
P(3,T2) = FLOAT(T2/T1)
71 CONTINUE

CALL VARC
80 CONTINUE '
"IF(P2 .GE. 8) GO TO 90
WRITE(G 451)
451 FORMAT / 2X, ' COAL WITH NEW TECH FAIL N/A ALBERTA')
DO 81 T2 = 1 T
P(3,T2) 1,
P(2,T2) 0.
81 CONTINUE
CALL VARC

nn

C
90  CONTINUE
F(P2 .GE. 9) GO TO 100
WRITE(6 452)
- 452 FORMAT / 2X,'1/2 NUCLEAR & 1/2 COAL TO NEW TECH N/A
,TO ALBERTA' )
DO 91 T2 = 1,T1
F(T2 .GT. FLOAT(T1/2)) GO TO 92
P(2,T2) .5
P(3,T2) .5
P(4,T2) 0.
GO TO 91
92 P(3,T2)
P(2,T2)
P(4,T2)
91 CONTINUE
CALL VARC

.5 = .5*FLOAT(T2/T1)
P(3,T2)
FLOAT(T2/T1)

I nn

100 CONTINUE
F(P2 .GE. 10) GO TO 191
WRITE(G 453) ’
453 FORMAT(/ 2X,'1/4 NUCLEAR TO NEW TECH N/A TO ALBERTA')

DO 101 T2 = 1,71
IF(T2 .GE. FLOAT(T1/2)) GO TO 102
P(2,T2) = .25
P(3,T2) = .75
GO TO 101 ~
102 P(3,T2) = .75 % (1., - ELOAT(T2/T1))
P(2,T2) = .25 %(1. - FLOAT( TZ/T1))

P(4,T2)=FLOAT(T2/T1)
101 CONTINUE
_ CALL VARC
C
110 CONTINUE
. WRITE(6,454)
454 FORMAT(/ 2X,'3/4 NUCLEAR TO NEW TECH N/A TO ALBERTA')

DO 111 T2 = 1,71
IF(T2 :GE. FLOAT(T1/2)) GO TO 112
P(2,T2) .75

[/

P(3,T2) .25
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GO TO 111
112 P(3,T2) = .25 *(1, - FLOAT(T2/T1))
P(2,T2) = .75 *(1, - FLOAT(T2/T1))
P(4,T2)=FLOAT(T2/T1)
CONTINUE
CONTINUE
CALL VARC
800 D1=Di+1
CALL NO3
RETURN
END

SUBROUTINE CAPTL(J U,YR,RCPCYN,AOCYN ,NYAC,DICN)
LOGICAL*1 FREEIO(1)/"* /

THIS SUBROUTINE CAN ESTIMATE THE CAPITAL COST OF A
POWER PLANT WHEN THE YEAR OF COMMISSION AND

THE FLAT CAPITAL COST IN JAN 1982 DOLLARS ARE GIVEN.,
THIS ESTIMATE WILL INCLUDE THE REAL ESCALATION

RATE. THE OPERATING AND MAINTENANCE COST

IS ALSO ESTIMATED IN REAL TERM JAN 1982 DOLLARS

J.......Plant type 1=coal, 2=Nuclear
U.......plant unit, 3 units in coal power station
2 units of Nuclear station .
RCPCYN:..Real capital cost in year n ,
AOCYN...annual operation & maintenance cost including
property tax

NYAC....Number of years after commission
DIGN....Discound rate _
RLER....Real labour escalation rate from 1981
CPI..... Consumer price indix from 1981
CF21.:...Cash flowrate for unit 1 of nuclear,?

CP{ , ).Cash flowrate (plant type J, unit U)
CF12....Cash flowrate for unit 2 of coal 1

CER..... Construction escalation rate from 1981
RCER....Real construction escalation rate, same for
all years.

AFUDC...Allovwance for fund used during construction in
percent of total cap1ta1

FCC.....one time capital cost in Jan 1982 dollars

HWC..... cost of heavy water which goes to capital cost at
the end of construction v

FUELC...Fuel cost (nuclear), half of its intial charge
is capitalized

Ac.oo.., Annual equivalent operation and maintenance cost
capitalized at the end of construction
NCY..... Number of years required for construction

v (plant type,unit)
LT...... Service life time of a plant, 35 years
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LABOC...Labour cost (plant type, unit)
STP..... Study period in years, 30
MATOC...Material charges in operation cost
(plant tupe, unit)
RPT..... Real peroperty tax in percent of total
capital cost
added to annual operation cost
CPLCYN, .Capital cost in year n
RCPCYN. .Real capital cost in year n _
P... .Total O&M for the whole service life of the
plants .
DIMENSION CF(2,3,10),CER(100),RLER(200),CPI(200),
, RPT(2), ‘
, NCY(2,3),FCC(2),CF11(10),CF12(10),CF13(10),
, CF21(10),CF22(10)
REAL LABOC(2,3),MATOC(2,3)
INTEGER STP,YR,U
DATA RLER/1.0,.99,.99,1.0,1.0,1.01/ ®
DATA CPI/1.0,1.105,1.088, 1 0 9, .066,1.069/
DO 7 N=7,200
CPI(N)=1.069

7 RLER(N)=1,01

CAPITALI?E THE NUCLEAR FUEL AND HEAVY WATER COST
BY INCLUDING HALF OF THEIR COSTS
DUE TO INITIAL CHARGING OF THE SYSTEM

FUELC=18.0/2.0
HWC=281.0/2.0 v ~\ ’
DATA CF22/.0609,.0966,.13583,.09224,.06/
DO 15 I=1,5
CF(2,2,1)=CF22(1)
15 CONTINUE
DATA CF21/.01,.02,.03,.06,.109,.15342,.10419,.06771/
DO 16 K=1,8 .
CF(2,1,K)=CF21(K)
16 CONTINUE -
DATA CF11/.01,.03,.09,.1776,.0876,.04/
DO 17 I=1,6 '
CF(1,1,1)=CF11(1)
17 CONTINUE
DATA CF12/. 0824 .09,.07,.04/
DO 18 I=1,4 ’
CF(1,2;1)=CF12(1)
18 CONTINUE :
DATA CF13/.0824,.09,.07,.04/
DO 19 I=1,4
CF(1,3,1)=CF13(1)
19 CONTINUE gowes
DATA CER/1.0,1.122,1.104,1.095,1.082,1.085/
DO 5 N=7, 200

5 CER(N)=1.085

RCER=1.,015
AFUDC=.12
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0.0 ~FUELC*2.0-HWC*2.0

o
o

O W > .

Wounounon

GO > —
s o »

C

C LABOC IS 60% OF TOTAL O&M COST

C MATOC IS 40% OF TOTAL O&M COST (COAL ONLY)
C O&M COST INCLUDES FGD

C
LABOC(1,1)=.6%6.0
LABOC(1,2)=.6%6.0
LABOC(1,3)=.6%6.0
MATOC(1,1)=.4%6.0
MATOC(1,2)=.4%6.0
MATOC(1,3)=.4%6.0
de (1)=.0135
.R§$T§)=.011
C WRIPE(6,111)
111 FORMAT(/,'PLANT TYPE,UNIT #, YR, YR AFTER
, COMMISSION?',/)
C READ(5,1)J,U,YR,NYAC
IF(J .EQ. 3) J=1
1 FORMAT(415)
C .
C ESTIMATE THE CAPITAL COST COMMISSIONED IN YEAR YR
C .
CPLCYN=0.0 .

NY=YR-NCY(J,U)-1981
NCDUM=NCY(J,U)
DO 20 N=1,NCDUM .
. TEM1=FCC(J)*CF(J,U,N)* (1+AFUDC) **x(NCY(J,U)-N)
C WRITE(6,108) CF(J,U,N)
109 FORMAT(F10.5)

o NNN=N+NY -
~ DO 21 NN=1,NNN
21 TEM1=TEM1*CER (NN)
20 CPLCYN=CPLCYN+TEM1
C
C FOR NUCLEAR THE HEAVY AND FUEL COST WERE ADDED TO
C THE CAPITAL : ,
C AT THE END AFTER THEY WERE ESCALATGED o
c - X

TEMP2=0.0

IF(J .NE. 2) GO TO 30
TEMP2=HWC+FUELC '
NNY=YR- 1881

DO 30 Ni1=1,NNY
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TEMP2=T§%P2*CPI(N1)
30 CONTINUE
CPLCYN=CPLCYN+TEMP?2
C
C CAPITAL COST IN REAL TERM
C
RCPCYN=CPLCYN
NN=NY+NCY(J,U)
DO 23 N=1, NN
23 RCPCYN=RCPCYN/CPI (N)
ol
C ESTIMATE THE OPERATING AND MAINTENANCE COST
c :
LT=35
STP=30
SAA=0.0
SBB=0.0
NN= YR+NYAC-1981
DO 24 N=1, ,
24 LABOC(J U) LABOC(J,U)*RLER(N) .
C WRITE (6, 101)LABOC( , ) 1
DO 22 N=1, LT
AA=1/(1+DICN)*x*N
BB=(RLER(N+NN+1)/(1+DICN) ) * %N
_ SAA=SAA+AA
22 SBB=SBB+BB
P=LABOC(J,U)*SBB+MATOC (J, U) *xSAA
C WRITE(6,101)P
: IF(DICN .EQ. 0.0) GOTO 55
A= P*DICN*(1+DICN **N/ ((1+DICN) *xN-1)
GOTO 57
55 A=P/LT
57 CONTINUE
C WRITE 6'101)
101 FORMAT(/,F10.5,/)
AOCYNXD.0

C : . .

C. INCLUDING PROPERTIES TAXES \ e

C .
DO 114 N=1,LT ‘ Lt
AOCYN=AOCYN + RCPCYN#RPT(J)/{( 1+DICN) **N C-

114 CONTINUE S Lo
AOCYN=AOCYN#*DICN* (1+DICN) **LT/(( 1+DICN) **LT-1) Lot
AOCYN=A+AOCYN ' - g

C WRITE(6,104)U,J " ' T
104 FORMAT(/,'FOR UNIT',I12,'AND PLANT TYPE', 12) Eo
c . WRITE(6 102) CPLCYN RCPCYN YR
102 FPRMAT(/,
, '"THE CAPITAL COST'IN CURRENT DOLLAR = ',F10.5,
, ! MILLION ./, L,
, IN 82 DOLLAR = ',F10.5, '
, ' MILLION',/, . 5 .
, ! WHEN THE PLANT COMMISSIONED IN.',6I5,/) §
C WRITE(6,103) AOCYN,NYAC, YR ' \
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103 FORMAT(/,
» 'THE OPERATING AND MAINTENANCE COST IN 82 DOLLAR
,= ',F10.5, :
, ' MILLION', /, . -
, ! AFTER',15,' YEARS OF THE!PLANT COMMI SSIONED
, IN',16,/)

FOR UNIT COST ANALYSIS, CHANGE J=3 TO J=1

oNoNe]

IF(J .EQ. 1) J=3
RETURN
END

oEeNeReXe!

SUBROUTINE FUEL(T2,BFC,AFC,B,D)
DIMENSION FC(200)
INTEGER T2 -

[oN@!

DO 100 N=1,200
FC(N)=BFC*(1.0+B)x*N
100 CONTINUE :

'\A-—.0.0 |
DO 200 N=1,35 ;
" A=FC{T2+N)/(1+D) **N+A
200  CONTINUE
AFC=A*D*(1+D)*%35/( (1+D) *%35~1)
C s
C WRITE(6, 103) AFC
~ 103 FORMAT(//,2X,F10.5)

RETURN
END
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Appendix three

: N : : o
TO FIND THE LEVELIZED UNITS COSTS "IN MILL/KWH
ONLY FOR NEW PLANTS A

|

o Yo X Ne

DIMENSION Q(2),s0CC(2),B(2),FC(2),PEC(2),PECL{2)
INTEGER UNIT(2),YR,YN,TEMPYR,C,X(100) .

DATA Q/0.371,0.6/ - '

DATA SOCC/12.46,0.0/

DATA SOCC/6.013,1.723/

DATA SOCC/0.0,0.0/
. DATA B/0.015,0.0/

DATA B/0.010,0.0/

DATA B/0.020,Q.0/

DATA B/0,0348,0.0/

DATA FC/63+68,41.46/
DATA UNIT/3,2/N ,
. DATA PECL/0.0,010/

DICN=0.06 | -
DICN=0.02 . | ' -
DICN=0.04 |
DICN=0.08

.. YR=1982
YR=1990

NnooO .o o

LT SERVICE LIFE OF POWER PLANT

. LT=30 : ‘ , .y
LT=35 . B h A
'F=.8 . ~ : . "
DICN1=DICN#*( 1+DICN) **LT/( (1+DICN) **LT~1)

, WRITE(s,14)socc(1),spcc(z),DICN,B ’

14 - FORMAT(4F14.6) R

DO 16 KX=1,200 -

O000 0000

- DO 2 Jg=1,2
. YN=YR~UNIT(J)+1.
PEC(J)=0.0 :
. N=UNIT(J) o , .
AC=0.0 ‘ ’ :
DO 3 NN=1,N , .
. CAEL'CAPTL(J,NN,YQ,RCPCYN,AOCYN,O,DICN)
C- WRITE(6,26)J,NK, YN, RCPCYN , AOCYN
- C26 - FORMAT(316,2F14.6) - I
. XX=RCPCYN+SOCC(J)*Q(J) *F

-IF(J .EQ. 1) NYYR=1982
IF(J .EQ. 2) NYYR=1990 ;

. YY=FC(J)*(1.0+B(J) ) ** (YN-NYYR) *Q(J) *F
PEC(J)=PEC(J) +XX+YY r
TEMPYR=YN '

AC=AC+AOCYN

148



. C

C 0.1142 is the conversion féctor‘from million dollars

C

23

16

17

CONTINUE.

Ki=LT-1 '
DO 4 K=1,K1
TEMPYR=TEMPYR+ 1
XX=SOCC(J)*Q(J) *F .
IF(J .EQ. 1) NYYR=1982
IF(J .EQ. 2) NYYR=1990

) ;gy=pc(q)*(1.o+B(J));*(TEMPYR—NYYR)*Q(J)*F‘ '

PEC(J)=PEC(J)+(XX+YY)/(1+DICN%**(TEMPYR—YN)
CONTINUE" .

YN=YN+1 - i ‘ .

PEC (J) =PEC(J) #DICN 1+AC/UNIT (J),/Q(J) /F
PECL(J)=PEC(J)/Q(J) /UNIT(J) /F

"PECL(J)=PECL(J)*0.1142

to mills per kwh ‘ ‘

CONTINUE - L
WRITE(6,10) YR,pEcL(N4 PECL(2)
FORMAT(I10, 2F14.6) : :

IF(PECL(1) .GT. PECL(2)) GOTO 17
IF(PECL(1) .GT. PECL(2)) WRITE(6,23)
FORMAT(2X,'x') = | .

YR=YR+1

IF(YR .EQ. 2060)GOTO 17

CONTINUE ' ‘

CONTINUE

RETURN : ' o

END -

&
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" Appendix five
L T A.5.1 |
The cost anﬁ%&éidnhfactors,for health cost estimates
Cost per death:

[N
e

cost per death - for
Hill[1977, p.iiil] $1,000,000  Ontario
: (1977 cD) ,
Barrager&1976,‘p.36] " $300,000 United states
e - (1975 USD) o
Kim[1982 p.103] $300,000 . ontario
: S (1978 CD) ’
Note: k

Hill donsiders $1,000,0@O'fo: death is higher than
usually used.

Inhaber: converts deaths, illnesses, and injuries /
into man-days lost, but no specific cost for
man-day lost is given. -Inhaber[1978, p.19,20]
assumes that 6000 Man-days lost for a death
and 100 Man-days lost per nonfatal cancer.
Kim[1981, p.103], however, quotes Inhaber's report
to AECB ‘as' 1 mankday lost = $50 (1978 CD)

USD is the United!States dollars

CD is Canadian gdllars_ ‘

The social background and the health care ;$§tem,
though different from those of Alberta, are close enough for
the purposes of this cost estimation to assume that these
estimates are representative figures for Alberta. They are
converted to 1982 Canadian dollars and the average of them
is the cost per dfathvassumed for Alberta.

s : .
The calculation is shown as follows:

ERC A(:“\'<
* i

‘ %% , *
1 110.8: 287.1, 1 110.8
—[1.0 x——— + .3x X + .3x ]
3 ’ 6?\.0‘w © 161.2 .8071" 74.1

o

= 0.913 Million 1982 CD

Note: * is the Consumer Price Index, - CPI, for Canada
listed'in A.5.3. B
** is the CPI for the United States listed
-in A.5.3. - . e R I
is the ratio of Canadian to United States dollars
in 1982 listed in A.5.4.

A
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Cost for a case of illness:

Cost for a case:

of illness for

Hiil[1977] o no estimates
Barfager et al[1976 P.36] United States

illness: $3,000

genetlc effects - $10,000

> (1975 UsSD)
Kim[ 1982, p.103] $5,000 Ontario

L (1978 (D)

There are many kinds. of illnesses. The social cost of
an illness differs from case to case. In this thesis, the
average cost of all cost estimates on illnesses is assumed
to be the representative -figure for all types of illnesses.

The cost.for a case of illness in Alberta is assumed to
be the average of the above cost estlmates updated to 1982
dollar value '

o

1 287.1 1. 110.8 C
——I[(3.0+10.)x X + 5,0x 1x10°
3 161.2 .8071 74.1

16

-$12 054 (1982 CD)

%

Cost for an injury day :

Cost for
an injury day for

A2

Hi11[1977, p.iii]  $100 (1977°CD) Ontario

Kim[ 1981, p.103] $ 50 (1978 CD) * Ontario

Note: Barrager etval did not have this classification.
Similarly to the cost for a case of illness, "’ thé cost

for an injury day in Alberta is assumed to be the average of
above cost estlmates. That is .
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3
1 110.8 Q 110.8
_.___[ 100x +f\§0x_____]

o2 68.0 74.1
= $118.85 (1982.CD)

Summary :
social cost per
(1982 CD)
SN death : $913,000.00
e illness : $12,054.00
ot ! ‘ : injury day $118.85
-, s N - 5

¥ o : . L
.. Note: Although the dollar value is not expressed in the
. ; January price level, but it is assumed to be so for it
) varies by a very small amount. :
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A.5.2

I3

The est1mat1on of social costs due to electricity generation
in Alberta

Health cost due to normal operat1on of CANDU power plants in
Alberta: '

Derlved fr6m~Hill [1977]

Hill's estimates are for the whole fuel cycle. 1In this
thesis nuclear fuel is assumed to be 1mported to .Alberta.
The social costs due to mining, and processing are excluded
from Hill's estimates leaving damages due to°conversion of
coal into electr1c1ty (power plant operation) and
" transportation. %
The est1mates for Alberta derlved from Hill1[1977, p.
5.40 and 5.41] are -

}for 1000 Mwe @lant—year

v deaths injury~days
» public 0.012 » 0.259 ‘ 60
occupational 0.060 » 0.120 200 = 460
total 0 072 » 0.379 260 - 460
P .

U51ng the cost conversion factors f death and injury
day and normalized into GweY,for capacity factor of 0.8.

ANy
The cost estimates . ‘
=[(0.072 = 0.379)x913,000+(260 - 460)x118 85]1/.8
=$(120,796 » 500,872) per GweY

Assuming the estimates within the range are uniformly
distributed, the expected .health cost is (120,796+500,872)/2
=0.311 mllllon dollars/GweY or M/GweY (1982 CD).and the
.standard deviation of this expected value 1is

1 v -

vV [——(500,872-120,796)2]= 0.110

1 2

Note: If the following cost estimates are expressed in a
range form, the expected value of the social cost and its
"standard deviation are calculated in the same way as above.

For the same dollar value, one M/GweY is equal to
Q‘1142 m1lls per kwh. ‘
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Derived from Barrager et al[1976]

Barrager et al did not have estimates in terms of
physical health damages, i.e. number of deaths, illnesses
and injury days, but in terms of cost only. There is no
breakdown of costs into number of deaths and injury days.
The physical health damage is not able to be calculated
although costs per death and per injury.day were given.
Barrager et al's health cost estimate, }>aving accident,
diversion, and sabotage, is 0.0121 mills/kwh (1975 United
States dollars, USD, Barrager et al, 1976, p.49) but it is
for the whole fuel cycle. In this thesis, no nuclear fuel
mining, milling, enrichment, fabrication and reprocessing
are assumed in the Alberta nuclear fuel cycle. That is
social costs are due to conversion and transportation only.
Assuming the social costs due to the normal operation of
both CANDU (CANDU pressurized heavy water reactor) and LWR
(1ight water reactor) nuclear power plants are similar
(Hill, 1977, p. 5.40) and assuming Low level radiation and
occupational hazard related to normal operation of nuclear
~ power plants in Alberta are the major factors of health cost
estimates. The health cost estimates for Alberta taken from
“the illustrative data of Batrager et al [1976, p.49] is
estimated to be 0.0013 millgxywh (1975 USD).

The cost breakdown are as follows:

mills/kwh (1975 USD)

fuei transport 0.00003

-réactor a \ 0.00113

spent.erl'transport 0.00007

high level waste 10.00007 ’
transport

totals 0.00130
]

This estimate is then further normalized into million 1982
CD per GweY by U.S. consumer price index CPI than to CD.
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mills 1 USD kwh

0.0013 X X365%x24x%10°x
kwh 1000 mills GweY
287.1 1 CD
X X

161.2 .8071 USD

=0.025%pillfbn dollar per GweY or M/GweY

Note: all social cost estimates derived
from Barrager et al's are converted to M/GweY
in the same way as above.

Derived from Inhaber[1978]

Inhaber included social impacts due' to fuel gathering,
handling, transportating, electricity production, and waste
management in these estimates.

i

.For one MweY,‘taken from Inhaber[1981, P.81L82]\

Inhaber's estimates estimates f%r.
' Ontario © Alberta
Deaths 0.00031t - 0.00133 0.000257 = 0.0007

Disabilities 0.02022 » 0.0634 0.02022 - 0.0634

They are equivalent to
Man-days lost 2.1 » 8.4 1.81 » 4.61

Since there are no fuel gathering and handling in
Alberta, the estimates are lower than Inhaber's estimates,
Assuming the cost for a man-day-lost is same for an injury
day and cost for' a disability is same for a case of illness.

The health cost for Alberta
=(1.81 = 4.61) x 1000 x $118.85
=0.215 » 0.548 Million dollars per GweY

The expected health cost is 0.382 M/GweY and its

standard deviation is 0.096.
Derived from Snell[1978]

Atomic Energy Control Board AECB, has set up the
guidelines for normal operation of CANDU reactor. The
maximum permissible population dose at the fence of the
nuclear power site is 10% man-rem/plant-year (Snell, 1978,
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p.9). This limit is 1ndependent to the number of units per’
plant and their unit sizes. Snell mentioned that the design
target of 1% of the above population dose is usually met
and, according to Snell[1978, p.9]

10* man-rem per nuclear power plant-year causes

1.5 cases of fatal cancer
1.0 case of curable cancer
0.6 » 15 hereditary diseases

Assuming that the cost for a fatal cancer is the same
as for a death, the cost for a curable cancer and the cost
for a hereditary disease are the same as for an case of
illness.

The health cost based on maximum permissible limit
= 1.5 x $913,000.00
+(1.6 » 16) x $12,054.00
= 1.389 » 1.562 M/GweY

The mean of this range is assumed to be the upper
limits. The the expected health cost is

0+(1.389+1,562)/2
— = 0.738 million dollars
2 per plant-year

The standard deviation is
[(1.389+1,562)/2]
vV 12

= 0.426

Each year the nuclear power plant assumed in this
thesis produces .96 Gw of electr1C1ty at capac1ty factor of
0.8, but the AECB guideline is for,a plamt-year and is.
irrespective to plant size. S1ncd/the assumed nuclear power
plant produces about 1 Gwe every year, the health cost for
Alberta due to normal operation of CANDU power plants in
Alberta is 0.738 M/GweY.™
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Summary on the health costs estimates due to normal
operation of CANDU power plants in Alberta

Applying equal weighting to all the cost estimates, the
expected health cost :

e =(.311+.025+0.382+.738)/4=0.364 M/GweY

The standard deviation of this expected health cost
= V[ 0.25(0.110)2+40.25(0.364-0.311)2
+ 0.25(0.000)2+0.25(0.364-0.025)?2
+ 0.25(0.096)2+0.25(0.364-0.382)2
+ 0.25(0.426) +0.25(0.364-0.738)2])
= 0.340



Health cost due to the possibf%x
accidents in Alberta:

Derived from Hill[1977]

With the consideration of delay deaths (Hlll 1977, p..
3.16), Hill considers 0.02 deaths per reactor year to be the
upper limit for the risk of fatality. Based on capacity
factor of 0.8 and capac1ty of 0.6 Gwe for a reactor, the.
upper limit for health cost due to a nuclear, acc1dent e
assumed in Alberta is

(0.02x0.913)

= 0,038 M/GweY
0. 6 x 0.8 :

The expected value for health cost 1n Alberta due
to nuclear power accident is
.038/2 = 0.019 M/GweyY
and its standard deviation is '
v[(0.0-0.038)2/12]=0.011 M/GweY.

.~y

Derived from Barrager([1976]

Barrager estimated. that the social cost due to nuclear
power accidents is 0.003 mills/kwh (1975 USD) (Barrager,
1976, p.49) which is for light water reactor, LWR, for both
health and property damage costs and for the whole nuclear
fuel cycle. Assuming that the probability of having
accident for CANDU reactor is the same as for LWR, and
excluding the cost due to accident during fuel fabrication,
the social cost due to nuclear power plant accidents in
Alberta is 0.00254 mills/kwh (1975 USD) which corresponds to
0.049 M/GweY (by applying the same conversion as that of
health cost due to normal operation). Since the social cost
includes both health and property damage costs, this
estimate is then further separated into these two costs by
applying the ratio of health and properties damages costs
estimated by Barrager [1976, p.36].

That 1is
the properties damages costs due to nuclear power accident
in Alberta
i 13480
= 0.049 (——)
' 14400

=0.046 M/Gwey

and that for health cost
= 0.049 - 0.046 = 0.003 M/GweY

v
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/ stlgﬁtes for both occupational and public social
ollows .

"

‘For one M%%.year, taken from Inhaber[1978, -p.81, 82‘&

Ontario Alberta
Deaths 0.000312 » 0.000772 0.00019 » 0.0002
Disabilities 0.001611 -~ 0.002?j1 0.00127 *,0.0013J1

i
L]
-

@ghey are equ1valent to ‘ ,
Man-days lost 2.58 » 6.08 1.68 » 1.88

Since there are no f 1. gathering and handling, the
estimates for Alberta is Wower. Assuming the cost for a
man-day lost is same as for an injury day-and cost for a
disability is same as for a case of illness, one gets

&
1

B,

The health cost for Alberta
=(1.68 - 1.88) x 1000 x $118.85
=0,200 » 0.223 M/ GweY
The expected health cost due to nuclear power plant
accidents is 0.212 M/GweY and its standard deviation is
0.007.

Derived from Snelif19ﬂé]:\
£
AECB gu1dellnes for wiaximum permissible nuclear

.
ﬁ_’;: i

.;acc1dent quoted by Snell are

. # FREE S
Singlé ﬁailu?e , wone in 3 years
.o ¢ Mmaximum permissible population dose
..*_10“ man-rem per reactor
. . at the fence of the site

Dual failure i ~one in 3 000 years '

Co : ¢ mdximum perm1551ble population dose
;7% P °10° man-rem per reactor

AT at thb fence of the site 5
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Snell estimates
at these two maximum

o : “allowable limits
per ggactpr _
. A gatalities ’ i .nesses |
Single failure - SULTE oiifﬂ 15
féualgﬁai;ure 30 + 750 80 + 2000

figte: taken from page 9 & 10 ofi'Snell's pa?efH

The health impairment due to these two failures is

. consi8ered to be high when compared with other estimates on
"nuclear power plant accident. . ) o

‘The health cost is half of these allowable limitk that is

-

.t 1.5 30 - 750 © 913,000
= ——[( + — ) x— -
SR 3. 3,000 0.6%0.8 ,
.6 15< B0 » 2000 . 12,054
to— 4 ~ ) R———]
3 1 3,000 - -.6x.8

B

= 0.488 »0.784 M/GweY

~

. _ To be consistent with estimates for normal operation of
.nuclearupowerdplant derived from Snell, the mean .of 0.488
. and 0.784 is assumed to be the maximum allowable limit.

‘That "is (0.488+0.784)/2=0.636 M/GweY. )

‘The expected value of the health cost due to nuclear
power plant accident in Alberta :

= (0.636)/2=0.318

-3

The standard deviation of the;éxpected‘value‘based on . -
.the assumption of uniform‘distribution'between:the’rque is :

Ce/0(0.636-0.0)2/12, 1= 0,184 o

e o
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¥ on the health cost estimates due to nuclear power
accidents assumed in Alberta :

wected health cost due to nuclear
power plant accident
(0,019 + 0,003 + 0.212 + 0. 318) /4
0.138 M/GweY ‘

ég.

standard deviation —
= y[ 0.25(0.000)2+0.25(0.138-0.019)2
+ 0.25(0.000)2+0.25(0.138-0.003)2
+ 0.25(0.007)2+0.25(0.138-0. 212)2
+ 0.25(0.184) %+0, 25(0 138-0. 318) ]
= 0.161

v
+ '5’4 L ; \
[ 8 Y b
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& g | .
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Social costs due to sabotage and uranium diversion during
the operation of CANDU nuclear power plants in Alberta

Derived from Barrager[1976]:
Barrager's est?mates are mainly for United States and
for LWR., They are listed as follows:

‘Barrager's[ 1976, p.49]) estimates
: for US LWR and foY. whole
nuclear fuel cycle

(1975 USDY
Sabotages : .. 0.0525 mills/kwh

Diversiofi"v. - ‘ ‘ 0.01 ‘mills/kwh -

For Alberta, nucledf fuel is imported. Social costs
due to fuel fabrication and reprocessing are excluded.

For Alberta, the cost due to Sabotage is' then -
=0x00003+o.05+0.00003+0.00002=o.q5 mills/kwh(1975 USD)

the costerdue to "Plutonium" . ‘

diversion is then
N L

. ' . . . - &5 ]
=0.004 + 0.0008 + 0.0002 = 0.005 mills/kwh(1975 u$b)

© Small amount of plutonium is present in the splent fuel
storage bays of the CANDU reactors (about 50 g reported by
Dalziel[1981]). The Canadian international relatiohship
with other countries is more moderate than that of the
United States. This thesis regards the estimates on
sabotage and diversion derived from Barrager to be the upper
limits. . T, expected social costs due to sabotage and
diversion f§# Alberta are assumed to be half pf these
limits. The cost estimates are then further @ivided into -
«~ health and property damages costs. The calc ation
procedure is similar to the derivation of k€alth and
property damage costs from Barrager due to of”™ lear power,
plant accidents from Barrager et al.

o - LN - .
_________ LS »

' Although plutonium is not extragted for fuel enrichment in
Canada, as-it is in the United,Stztes (CANDU uses natural
uranium fuel), some plutonium exist in the spent fuel
bundles from’ CANDU reactors, and trace amount are used for

o
P



®
The results ére K
costs in M/GweY
for Alberta
human property damage
Sabotage 0.031 . 0.451
~ (0.018) (0.260) "
Diversion 0.003 . 0.045 4
(0.002) (0.026)

. Numbers in brackets are standard deviations

165
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Health cost due to the operation of coal-fired power piants
in Alberta ‘ ‘ L ~

Derived from Mendelsohn [1979] .
Using Mendelsohn's [1979,.p. 37] cofficients for
estimating the number.of deaths due to coal-fired power
plants in Alberta resulted in probability of negative
~deaths. . The suggested coefficients for the estimates of
deaths do not make sense for there should not be positive
health effect when the ambient air is polluted. The ‘ :
dose-response function for deaths established by Mendelsohn
cannot be applied to the Alberta environment. Information
is not enough to pro-rate Mendelsohn's estimates on deaths
from New Haven in the United States to that of Alberta. .
Since they do not make sense and do not 'enter into the final
estimates, the calculation are not shown, ( ,
o Mendelsohn[1979, p. 37] estimates. that the morbidities
for a year due to particulates generated by coal fired power
plants are -

360x10°° cases of Bronchitis per ug/m* ” per person.
Standard deviation=350x10-%. ~°. ,

~7%10°°% cases of acutes illnesses per ug/m3 ‘person
Standatrd deviation=2x10"°© v ) w

But no est%mated on NO,, presumably not significant.

o
. . T - T

~In Albe ¢ annual’particulates concentration is 69.15
‘ug/m® taken the” average of Calgiky.and Edmonton and SO, is
too low to be expressed in ug/m® ¥table &.2).

In 1982, the populaticn in AlB¥rta was 2,317,000
(Statistics Canada, "population" Catajogue No. 91-518.) and
the electricity generated from coal was 20616.6 Gf#h (ERCB,
1982, p.7). Assuming. the 4% contribution of particulates
due to-coalrfired plant in Edmorton is a reprgsentéf}ve
figure for the whole province (table 4.2). N

¥
s

‘The number of cases of illnesses
* = (360+7)x10"° cases per ug/m3 per person
X, 69.15 ug/m® x 2.317x10°% persons-
= 58.801x10° cases-year :

The health cost due to ¢oaf—ii(ed power p'l'anf::’s*ﬂn Alberta

58.801x10°x12,054x4% ° B o '

= — — = 12.047 M/GweY

’ & . 1yr : :
20,616.6 x ——

365x24hr




1

;‘5 .The second method (Lees, eg;agﬁr

P C T o 167

[ The standard deviation

12.047 u “12.04
=y [ ¢ x350) % + (—————x2) 2]
367 - 367 -
=11.489 - -

perived from Lees, Dunn, Ersil[1980] v

There are two suggested methods. Lees et ail[1980,
p.46] considered that the total annual health cost due to
air-pollutién is equivalent to 0.705% of the annual Gross
Domestic Product. Using this percentage the total health
cost due to air-pollutidn from all sources in Alberta is
45,338 x 0.705% = 319.663 million 1982 CD., ($45,338 million
is)taken from Gross Domestic Product .in Alberta 1982, page
41). 3 -

. Lees,.et al[1980, p.70] estimaied that only 1.24% of
the ground level pollution (for all pollutants) was due to
coal-fired power’ plants. Assuming the contribution due to
coal-fired power plants in Alberta is also 1.24%. The

-health cost due to coal-fired power, industry only is
x 319.633)=3.963 million CD. In 1982, the total elgct&ich
generated from coal was 20616.6 Gweh. Then the hea'l@ 65
due to coal-fired power %Qdustgy is . : Y - < e :

3.963 million @ x 365 x 24 h

20,616.6 Gweh, Y %8

. , - h\suggested 9% of
the total provipcial health care'wo*i frsf due to-air '
pollution from all sources. © g 2

FOEE 116.8' "e

the ‘h_ea*@josg ' 1.24% x $1,924,934,000 x————x9%
- per Gwey rm , . 100.00
. coal-fired -power =
plants : ; o Ty
20,616.6 Gweh x —
o 365vx“-kh |
'S = 1.011 M/GweY : ERER E
? .

Note:$1,924,934,000 is the health cage expense for
Alberta in 1981 taken from Statlstics Cgnada
‘no.68-205. 1982 health care expense is not.

~‘available at the time of estimation. Therefore
it iseestimted by the Canadian CPI. o

. Since thege methods are. indepéndént and there 1is nd

clear indi_gtién of which one is better than the other, they

are treﬁﬁéa; be equally likely and the values in between
these estimates are assumed to be uniformly distributed.

‘;thereforp.the expected BealtH@aosas
- . L : .'.TK ) oL, R
‘ " LN SRR -
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~ et | " s .
\ : : - .
¢

= (1.684+1.011)/2 = 1.348 M¢Gwe¥® . %
- » . - . . .4'4,‘.‘5":‘
the standard dev1at10n ' S )ﬂwq
= y[(1.684-1. 011)2/12] 4
= 0.194 M/GweY L S

Derived from Hill[1977]

‘Since there is no tramsportation of coal from the coal:

" mine through the public railway lines to the power plants iny

Alberta, the health costs due to transportation are excluded |

- from Hill's[1877, p 5.40, 5.41] estimates. The Alberta

estimates for health costs become .

-

. for 1000 Mwe plant-year Ve

. deaths Injury days
~ Occupatlonal

processing : + 0.0 - - 0.0
transport 0.0 ? 9. 0.0
.conversion 0.01 » 0.03 150 -

pUbllC o ’ o ‘ : - ) i
Conversion P 0.0 0.0 » 39,800

" “transportation - 0.0 0.0 .

&waste‘disposal ' s

e

The health.§R§t due to operation of coal- flred power plant‘
at @apac1 factor of 0.8 o o
= [ (0.01 > 0.03) x 913,000.00 9
+(0.0 -+-39,800) x 118.85 .
+ 150 x 186.91 1/(1.0 x .80) s
"= 0.034 » 5.969 M/GweY ”

The expected health costMue to coal-fired power pl%nts 1%
(0.034. + 5.969)/2 = 3.002 M/GweY and the standard devpatlo

of this expecteéld value is V(5.969 - 0.034)%/12 = 1.713

Derived from Barrager et al [1976]

“Barragér[1976, p.15] estimated the'health cost per 1lb

of sulphur is 9.5 to 33.2 cents (1975 USD) and mentioned

that the health cost is highly dependent on the rate of
sulphation. Barrager's estimates are based. on 0.1 to 1% per
hour rate of sulphation. A range of .1 to .5% mer hour rate
of sulphation is estimated for Ontario (Hill 1977, p.4.2).
Assuming the rate of sulphat1on in Alberd¥ is equal to rate

of sulphatlon in Ontario, the health cdst per |{lb of sulphur

found in coal is 9.5 to 21.35 cents (by linea

interpolation). Using the assumptions for Al rta

coal-fired power plants suggested by Foulkes[1982 ‘page

IIS]le" [

/
/
4 .
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1, ‘&@5%‘sulphur coal L

2. 1,547,300 ton per year per unit of .371 Gwe at 0.8
: capacity factor. :

3. sulphur emitted to air after 35% sulphur removal

The sulphur emitted, . .
- =1,547,300 tons x .3% x 65% /(0.371 x 0.8)

. = 10.166 thousands tons per GweY
'Theé .health cost due to sulphur .
, ~tons 2205 1bs o 287.1 1 cp
=10.166——x - x(.095 - 0.2135)x X

GweY  tons’ v

161.2 8074, USD, "

= 4.7 5 10.561 M/GweY. .
Barrager estimated that the health costs due to NO, is
“. gr 2 cents (1975 USD) per 1b emitted from the stack (Barrager,
o 1976, p..17).. On the average one pgwer ‘unit emits 10.69
thousand tons of NO, to the ‘air (Hill, 1977, p.4.7). By the
e or, 2DOVE calculation procedure-the’ health cost.due to NO, -
?@ﬂ'f"“ 3.510°M/GweY. Barrager et al stressed that health ,cost due
¢ to particulates. was- adready included in sulphur dioxide and
. nitrogen @4 ox el v « 8 | .

*

”
L e

g
ey

Py

:ﬁﬁeuheélfhfcqéts'aue to coal-fired power plants e

AL = ( 4.70 > 10.561) + 3.510 M/GweY T e \
: = (8.21;* 14.071) M/GweY S e o ’ A
s Assuming thedestima%ES‘is'égénly distributed between

the range of this health costs, the éubectgd health costs is
the mean of 8.21 and 14.071 i.e. 11.-141 M/GweY and the
standard deviation is 1.692 M/GweY. These health cost
estimates are large when compared with others cost
estimates. The sulphur'dioxide level in Alberta is barely
measurable but far below the national air quality standard,

and this cost estimate i Lslsed ahywayﬂ

Derived from Ihhaber[19¢7

The c®al in Alber™las sulphur content of 0.3% to .5%
(Foulkes, 1977, p. II-5% and Rahama, 1982, p 69). With the
s gl sumption of using scrubbers for the new power plantseshe’
&‘“mlﬁtién level of sulphur dioxide would be in the region
of, or would not be higher than the existing level which is
’ very low when compared with the pollution levels id Ontario
». (table 4.2, and Lees et at, 1980, p.41). The lo limits
. ... . of Inhaber's estimates are considered to\be the o \
aﬁ%ﬁu“ representative figures for health costs dye to coal-fjred
' power plant,.in Alberta. ' “

w3

v . -

s
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For one MweY (Inhaber, 1978, p.59)

Inhaber's . Alberta
‘estimates | estimates
_ ‘ 2 L
Occupational 0.0 .7 0.0
Public
deaths - 0,016 » 0,047 0,016
disabilities 94 + 280 54,00

A disability is equivalent to from 1 to 5 days
lost (Inhaber, 1978, p. 61). ™ :

Therefore total man-days lost for one MweY in Alberta
=v(0 016 x 6000 + 94 x1) = 190 MDL

T%e health cost due to coal-fired power plants in
Alberta = [190 x 118.85 x 1000]x10° %
= 22,582 M/GweY '

Since the lowe# veiues of Inhaber's estimates are used
and Inhaber's study i{s Canadian orientated (although not
Alberta) 22.582 M/GweY~ss regarded as one of the cost
‘estimates.

L3

?ﬁﬁﬁfégp

ey “& QQ E 8 : ""’\& . )
L Summitjaon the health cost’ est1mates due to the operation of
* coal- f1red power piﬁngs.
7 iy
The expected healt ’zost after taken the average of
all the estimates.;

=(1.348+3, 002+11a 1422, 582+12 047)/5 = 10.024 M/GweY

AP
The standard devdﬁilon of- the expected health cost
=y [(0.194)? /5 f (10.24 - 1.348)%/5-
+(1.713)%/5. 4 (10 24 - 3 002)%/5
+(1.692) 45 +%10.24 -11.141)%/5
. +(0.000) 275, + J(10.24 -22.582)%/5
+(11, Q8943%§ (10.24 ~12.047)%/5]

‘= 9 227 ’ .4%"’} I’z&
. ¢ -'ﬁ‘;&- oo ~

g
* 1l
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Health cost due to surface coal mining in Alberta:

Derived from Hiil[1977]

The Council on Environmental Quality quoted by
Hill1[1977, p.5.38] estimated .308 deaths and 499 work-days
lost for 1000 Mwe plant-year. This is due to surface mining.
and for occupational only. Assuming the social impact on
Health due to surface mining in Alberta is same as that
estimated by The Council on Environmental Quality, and
assuming the cost for a work-day lost is same for an injury
day, the health cost due to surface mining in Alberta is

[0.308x913,000 + 499x118.85])x10°%/.75
= 0.455 M/GweY

i

»

" Derived from Batrager et al[1976]

B ” i
Barrager estimated health cost due to surfacesmining is

0.02 mills/kwh(1975 USD) (Barrager et al, 1976, p.21). This
. Ccost estimate is for Appalachia location, Assuming this
f'Aestimate can be applied, to surfac& mining in Alberta, and

' Vfo1lowing the same conversion procedure as health cost due
,to normal operation of power plant, the health cost due to

\r\,*

surface mining in Alberta is 0.380 M/GweY.
Derived from Inhaber([1978]

Inhaber'g[ 1978, p.59] estimates
on gathering and handling
’ of coal
Man-days lost

occupatipnal . i i wgL2 4o

pUbliC't, . b ,1‘ 8-4 A_‘ 84
| tOtalg 16.6 > 105 , : ,,%a“,

‘These estimates are for all types of mining, Surface
mining is the coal mining method used in Alberta and is
considered to We the safest method (Inhaber, 1978, p.61),
The health cost is expected to be at the lower end.

The health cost due to surface mining for coal in Alberta

= 16.6x118.85x1000=1.973M/GweY - N
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Summary on the {health cost estimates due to surface mining
in Alberta '

There are two estimates. The expected health cost is
0.936 M/GweY and the standard deviation of this expected.
value is 0.734.

o}
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The social cost due to air pollution from coal?fired‘power
plants in Alberta on building materials:

Derived from Mendelsohn [f979]:

Particulates and nitrogen dioxide are the major '
pollutants due to coal-fired power plants in Alberta (table
4.2). Mendelsohn does not have estimate on the damages due
to NO,, presumably not significant. Mendelsohn[1979, p.37]
estimated that the social cost due to particulates on
building materials is 19 mills per ug/m®/person (1978 USD)
and standard deviation of this estimate is 51. With the
Alberta population of 2.317 million in 1982 and using the
average particulates pollution levels between Calgary and
Edmonton, and assuming coal-fired power plants contribute 4%
of the ambient particulates (table 4.2) the material damage
cost in Alberta due to particulates ‘

USD

=0.019 — x 69.15ug/m> x 4% x 2317000 persons
' ug/m’® person

287 .1 1 CD

X X - = 0.221°'million CD in year 1982
195.4 .8071 USD

0.221 Million CD x 365 x 24 h

or = = 0.094 M/GweY
20616.6 Gweh x Y

Where 20616.6 Gweh is electricity generated by coal
in 1982, : » :

«

0.094 M/GweY

i

Its standard deviation. x 51

19

0.252 M/GweY

R
Derived from Acres([1980]

Information i's not sufficiently complete for :
application of the eguations used by Acres in estimating the
social Costs on material damages for Alberta. In Alberta,
only particulates exceed the air qualities standard of 60 ;
ug/m*® (table 4.2). .The Alberta cost estimates on building

’&@terials due to att®pollution is then pro-rated by damage,
potentials. - e A
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R .\ , ; . , o+
%}‘ %Thegd;%age potential due to particulates
l,{ﬁ%V\’éx pedance‘factor.of particulates
» weseverity factor of particulates on building materials
% % exposure.factor of building materials in certain area

R

oo - . {
Note: damage. potential due to all pollutants is the
“ » summation of the damage potentials for
N each pollutant
exposure factor consists of number of units exposed
to pollution and duration of exposure to
pollution - ' :

-,i,‘;«

X

. -+ recorded - standard
exceedance factor=

standard

* in pollytion levels,
'+ (Ontarid§gesearch Foundation, 1980, p.132)
) based\on air standard of 60 ug/m?
3 for pakticulates '
" the values 6&f severity and expdsure factors are
listed in the report written by Ontario
Research Foundation[1980, p 154, 155].

§

-+ v
B N SN

- . “Acres estimate¥ the social cost on the building
' materials due to pafticulates generated from the 4 power
stations in southern tip of Ontario was 97,618 '78 dollar
(Acres, 1980, p.24,.25, 32). Total electricity generated
was 28,338 (Arces, 1980, p.29) and 20616.6 Gweh for Toronto
area and Alberia respectively (from coal only)s

Lakeview arid Hearn'power stations are located at the
edge of Toronto where population is highest (Acres, 1980,
p.21). If-the average pollution level for particulates is
takeh, this averaged value will be lower than the Air
Quality Standard. This implies that no damage on building
materials./ Conversely, there must be some damages where
pollution/is higher than“the standard. The exceedance ;
factor fqr Ontario is assumed to be reprersented by Toronto.
Similarly the Alberta exceedance:fattor is represented by
the averafje value of Edmonton and Calgaryp.

L
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Toronto - . Edmonton
o & Calgary
- particulates ug/m? ‘ " 71.082 69.150
R . + .
" (ORF, 1980. P.32) ' (table 4.2)
severity factor, . Y §.560 0.560.
particulates ~ (ORF, 1980, p 154)
on materials - . ‘
exposure factor: of o 0 0017 % 0.0016
particulates on , ‘ Sk
materials per person++ ' m -
population million - 3.270 4, 2,317
. (Acres, 1978, p.21) (Stat. Can.
[ X = 91-518)
' damage potential 2 575.000 316.600

>

+ ORF 1is Ontario Research Foundation

++ thils is the average exposure factor taken
from the nearest U.S. cities and normalized td per
person basis. ~

The property damage due to particulates generated
by coal-fired power plants in Alberta

316.6 110.8 365x24 h/¥r
= 97618 '78 CD x X X
575.0 74.1 206"6.6 Gweh

=0,034 M/GweY
.
Derived from Hill [1977]

Hill estimated the building materials damages due to
air-pollution contributed by coal-fired power plant is in
the order of 1§ per year per capita of population served by
the plant «(Hill,” 1977, p.6.13). With the assumptlon of 1000
- Mwe plant-year serving the electr1c1ty need of 1,000,000 '
people, the building material cost is 1 midlion 1977 dollars
per 1000 Mwe plant-year for Ontario, or 2.173 M/GweY in 1982
CD after the dollar value is converted by Canadian CPI and
normalized to per GweY basis. Using the same damage
posenfial ratio as in soctal cost, saghmates on building
materials derived from Acres, (i.e 16.64575), the building
material damage cost due to air-pollution by coal-fired
power plant is in the order of 1,195 M/GweY.

.‘vx
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Summary on the séﬁial'ﬂgst due to\ ir pollutlon from
coal fired power plants Sin Alber a,on building ma er1als

‘ A .
'Follow1ng the same calculatlon procedure as that of health
costs the expected social cost on bu1ld1ng materials is
0.441 M/GweY and 1ts standard devji atlon is 0.553..

i
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The &ocial cost due to air- pollut1on from coal f1red power
plants in Alberta on textlles-

., The study done by Ontario Research Foundation [1980,
p.168, 176] reported that the social cost due to
air- Qllutlon from coal-fired power plants in Ontario yas in
the range of 0 to 10 million 1978 \CD for the year "1978.
Three different methods were conducted.

In the first method, Ontario Research Fpundatlon

-pro- rated the social cost estimated by Salvin in 1970 due’ to
air pollutants from all sources to Ontario estimate by ratio -

v of damage potentials between Ohtario and the United States.:

In Alberta, only the pollution level ‘of particulates is
above the air quality standard (table 4.2) and the social
cost on textiles is, therefore, mainly due to partlculates.
In 1970, Salvin estﬁmated that annual maximum social cost” on
text1les in United States due to ‘particulates from; ‘all’
sources was $1,194 million per year (Ontario Research
Foundation, 1980 p.158, 170). Since Salvin's cost estlmate

_is for partlculates only, ‘the social. cost due ‘to.
particulates from coal-fired power plants in Alberta is
obtained by using the ratio of damage potential of
particulates between Alberta and the United. States and
pro-rating Jalvin's estimate to that of Alberta.

2.317 ' 69.15 -60  287.1 1

$1,194 M/Y x X ‘ X X e x 4%
| . 205 120 - 60 \16.3  .B071
) = 0. 126 M CD/Y o 0

. ‘ NN

not&: assum1ng the explosure factors per person
for both Alberta and the Unlted States
are the same

then normalized 1nto per GweY {
Co ‘ 365 x 24 ’ o : »
i.e 0.126 x ——— = 0.054 M/GweY : -
' 20,616 ' ’
. —
where

2.317 is the Alberta populatlon in mllllon in 1980 -
205 is the U.S. population,in million in 1970 '
(Ontario Researth Foundation, 1980, p.168)
120ug/m?® is particulates level in U.S.
(Ontario Research Foundation, 1980, p.151) ;
4% is the contribution. of partlculates by coal-fired.
power. plants in Edmonton, and is assumed to be
the representative figure for Alberta.(table 4.2)

Since it is theqmaximum value, the eipected costs .
is 0.054/2=0.027 M/GweY, : ' C
. . - [/

i
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-In the second method, the cost estimate of $12.5 per
capita per unit of exceedance of particulates per year is
used. This cost was estimated by Michelsor and Tourin in
1966 and was quoted by Ontarion Research Foundation[1980,
p172]. , ' S e
The social cost due té partiuclates from coal-fired
power plants on textiles in Alberta is . I
$12.5 o : '69.15 760 PR
: - x 2,317,000 persons x — - S -,
person x ug/m3 . ' CL - T 60
: 410.8 365 x 24 : ¥ o
X 4% x 2°x X = 0.224 M/GweY ) "
g : 74.1 . 20,616 - - ° L

where 2 is the factor used by the Ontario Résearch
Foundation to adjust the dollar value from 1966 to 1978
due to inflation. : ‘ :
. A study done by Ontario Research Foundation suggested
one third of $12 per capita per- year estimated by Liu & Yu
. 1s the appropriate figure for social cost due to-
particulates. Using this cost estimate, social cost due. to
‘particulates from coal-fired power plants in Alberta on
textiles is . ' : C

$ 4 ST 7 s S

X 4% -

74.1

365 x 24 h/y

X — =
20,616 Gweh

MY GweY .
A \\ )

. .The cost estimate ranges from 0.224 to 0.472 M/GWe:;>'

In the third method, Salvin's
by Ontario Research Foundation represent the local —
conditions for example the cost f pfe®fessional laundering
and cleaning in the southern part of Ontario. The cost -,
estimate is 9.25 million 1978 CD. 1If the textiles cleaning
activities are assumed to be the same for both Alberta and
‘Ontario, the social costs due to air-pollution oh textiles
can be pro-rated from 9.25 to that of Alberta cost estimates
by the ratio of damage potentials between Alberta and ‘

‘Ontario. This ratiquis same as the one used in .estimating
~ social cost due to particulates on building materials.

assumptions were“modified .

316.6

ie.  9.25 x = 5.1 Million 1978 CD / year
| : 575.0 DR
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This cost estimate is then fugther normallzed into per
GweY basis, an? the dollar value, is, converted to 1982 CD by
Canadlan CPI ince coal- flredfpo er jplants in Alberta
produced 20,616 Gweh in 1982. The social costs due to the
. air- pollutlon from coal-fired power plant in Alberta on
textiles 1s :

110.8 365 x 24 h/Y '
5.1 x 4% x X — : =0,130 M/GweY
~ 74.1 20,616 Gweh '

The cost estimate is from 0 to 0.130 M/GweY. Since’
9.25 is considered by Ontario Research Foundation to be the
‘upper limit, the expected cost estimate is 0.130/2=0.065
M/GweY and 1ts standard deviation is 0.038.

Summary- on ‘the social cost estimates due to air- pollution
from coal-fired power plants in Alberta on " “textiles:
A9

Ontario Research Foundation regarded the estimates from
the second method were too high and unreasonable. They were
.discarded. Slmllarly the Alberta cost estimates by the
~second method is still too high and they are discarded .
accordingly. The estimates from first and third method are
similar. The expectedgsocial costs on-textiles in Alberta
is 0.065 M/GweY and has standard deviation of 0.038. It is
derived from the estimates which is considered by Ontario
Research Foundation to be the reasonable estimates for
Ontarlo : t
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sThe social cost due to air pollution from coal-fired power
plants in Alberta on vegetation apd animals? »

Der1ved from Mendelsohn [1980] P

ilberta pafticulates and nitrogen dioxide are gge
pollutan € from the coal-fired power plants. (table 4.32)
Mendelsohn estimated that the vegetation loss due to,
particulates was 0.1 dollars (1978 USD) per ton pf emission
and with a standard deviation of 2 (no cost estimates due to
NO., Mendelshon, 198&, p. 37}. Foulkes[1982, p. 1I-5]
estimated that ash content for Alberta coal is 19%. With an
annual consumptlon of 1,547,300 tons for a power unit oft¢

.371 Gwe, “ e

the- annual ash produced per urnit ¢f .371 Gwe
= 1,547,300 x 19% =.294,000 tons / year / units

Froﬁ Rahnama[1982 page 70] 2 to 3 million tons for every 35

millions tons of ash go to-the air in the median 51ze of 2
to 3 micron after abatement

Therefore the partlculates emitted per GweY

- 294,000 tons /year/unit 2.5
= \ X = 70,755 tons/GweY
.371 x 0.8 Gwe/unit | - 35 i

The cost estimates on vegetation based on 0.1 USD 1978 per -
tons of partlculates emltted

v 2]

- 287.1 . 1
= 0.1 x 70,755 x X ———y
o 195.4 0.8071°

0.013 M/GweY

; _
. o 2
The standard deviation 0.013 x

v | 0.1

0.26 M/GweY

X



181

L

The social costs due to coal- f1red power stations in Alberta
on land and water: . N

The social costs due to coal-fired power stations on

land and water, apart from acid rain, are mainly due to

surface mining. Barrager[1976 p. 27] had these cost :
estimates. That is 0.10 mllls/kwh and 0.04 mills/kwh (1975
USD) for land and water respectively. In terms of 1982 CD,
the cost estimates are 1.933 and 0.744 M/GweY on land and
water respectively (conver51on similar to that of the cost
estimate on health derived from Barrager). These cost
estimates for Alberta are considered to be high by this
thesis when compared with other social cost estimates. The

~expected cost estimates would be half of them, that is 0.967

and .387 M/GweY for land and water respéd®tively. The
standard devistions of the expected cost estimates are 0.568,
and 0.223 for land and water respectively. *
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CN :
A.5.3 .Consumer Price Iqﬁex’(All items)

4

 Year - . Edmonton . U.S.A.
1981=100 . 1967=100
1965 - 34.2 . 64.5
66 , 35.3 . . 67.2
67 SN 36.8 100.0 -
68 ‘ ‘ 38.4 .« 104.2 .
69 - -~ 4050 - . . 109.8 )(
1970 S S ‘ 116.3
71 42.2 121,30
72 - 43.8 125.3
73 . 46.6 L 133.1
4 . 51.3 147.7
75 '56.9 161.2
76 4 614 170.5 )
77 - 68.0 181.5
78 741 195.4
79 ‘ 80.7 217.4 ¥
1980 : , 88.9 - 246.
.81 : 100.0 ; o »272.2
B2 .- - 110.8 2871
4
Source:

U.S. Bureau of Labour Statistics,
Monthly Labour Review :
Alberta Statistical Review Annual 1974, 1977, 1982
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A.5.¢ U.S. Doldar vs Canadian Dollar in g2

4

Month - - ~ U.S. to Canadian Dollar
Feb ;. - 0.8123
‘Mar , ~ 0.8149 €
Apl : (,w\ 0.8183
May i . .0.8039
Jun _ _ 0.7748
Jly 0.7885
. Aug ] , ' 0.8069
Sep \ 0.8090
Oct - ‘ ' : " 0.8160 /
Nov o . 0.8091
Dec 0.8138
. : Average 0.8071
194

Source:Bank of Canada Review, Bank of Canada '84 .
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Appendix six

Suppose there are two estimates A and B

A B “
l | L. |

0.0 0.7 0.5 1.0

One method of combining those two estimates without
considering any weighting to them is to take the extreme
values, i.e. the range of estimate is 0.0 to 1.0.
L, : | ﬁl
0.0 .5 7 1.0 .
o -

. The over-lapping Portion 0.5 and 0.7 should have higher
probability. Ong other method is to assume that the
estimates are irjdependent and equally likely, the combined
probaPility dengity function, PDF, becomes

/

f{x) (
120
70
, 70
50 LT —
— . 70
70 - .
+X )
0.0 5 L7 1.0

This method takes into consideration of the fact that
both initial estimates agree for a particular range of
values and also considers the variance of the initial
estimates. A distribytion is, therefore, able to describe
the estimate better §han a range of value does espécially
when there are more than two estimates.

Suppose there are N independent estimates.each of which
is represented by a probability density function PDF, f,
having mean v, and variance 02, Assume fo(x) is the
bined \probability density function for these estimates.
e mean of f,, v, is the summation of w,v, from n=1 to n=N, -
where w, is the weighting factor assigned to nth estimate
and summation of w, from n=1 to n=N is equal to 1.

184
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The proof of combined variance var(v) is

Elv?] = L WE[v}] (

var(v) = L w,E[v?] - ¥2 '
= L wyE[vi] - Z w,¥]
+L wW,V2 - 2v? + ¥

> w,Var(v,)

L]

L w,V? - 2V L w,v, + Lw,v,

]

-—

b3 w‘(var(v,) + (v - v,.)?)
- \; \

H
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