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ABSTRACT
A computer code for the analysis of energy flows in an electricity
generating system is described. Account is taken of the energy investment
in new generating plant as well as the annual energy requirements to
provide fuel. Time delays are introduced to Place the demands when they
occur. All energy inputs are divided into thermal and electrical
components. The program can handle a mix of station types which may be

conventional and/or nuclear.
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1. INTRODUCTION

Following the energy crises, there has been a heightened awareness
that there is a need to know how much energy is used in producing
particular goods and providing sexvices. Work, on energy costs, before
and after the crises, by the National Science Foundation Environmental
Protection Group at Oak Ridge National Laboratory (ORNML-NSF-EP series), has
been extended by others elsewhere such as Chapman at the Open University
(England) and Slesser at Glasgow University. Atfention has naturally
progressed to energy conversion systems. Chapman & Mortimer [1974], whose
work was extended by Price [1974], examined nucleayr rower systems assuming
all energy investments came from fossil fuels.

While their analysis was consistent within the conventions they
adopted, the results and conclusions they drew were open to seriocus
misinterpretation. Hill & Walford [1975] proposed that those forms of
energy used in manufacturing equipment or performing a service should be
kept separate. In practice this means the separation of thermal energy in
the form of fossil fuel and electrical energy. Following this form of
system energy flow analysis, each component in a system has a quantity of
electrical energy and a quantity of thermal energy associated with its
manufacture; similarly with services and other activities. 1In this way the
overall contributions of the vafious energy forms to the system can be analysed
and sensitivity studies can be made. The Australian Atomic Energy Commission,
as part of its work on energy flow analysis, is interested in the growth
of electricity systems with nuclear power components.

System energy flow analysis of the type considered in this report is
conveniently handled numerically using a digital computer. A computer
program is required to accept as input, the growth and mix patterns of
electricity supply systems and to calculate the separate electrical and
thermal energy requirements together with the electrical output. Data on
the energy required for the various goods and services can then be used to
generate the necessary information on energy usage and production. A
computer program FURES has been developed for this purpose.

This report consists basically of three parts: the fi;st discusses
the methodology employed for both the fuel cycle calculations and the energy
analysis study (Sections 2-9); the second prévidesra user's guide for
FURES (Section 10), while the third illustrates the program results by way

of an example (Section 11}.



2. GENERAL DESCRIPTION

The computer program FURES in its original (unpublished) form, was
written to calculate fuel cycle regquirements for a system which includes
both nuclear and conventional stations. It has been extended to include the
calculation of energy inputs needed to provide for both the construction
and operation of plants. This enables the user to carry out an 'energy
analysis' study for the particular system. Following the pattern set by
Hill & Walford [1975] in their energy accounting studies, all energy inputs
are divided into electrical and thermal components. In the final tabulation
these components can be listed separately and/or combined into an 'equivalent
thermal' component by applying the usually accepted conversion ratio of
4:1 to the electrical component (see for example Symonds, Essam & Stocks
f19751).

A standard data bank has been established for the program, enabling
the user to have up to 13 choices for nuclear plant and five types of
conventional plant. The data can be overwritten either partially to change
the plant characteristics or completely to introduce a different type of
plant.

The comprehensive output from the program is in both tabular and
graphical form. The listing includes the yearly and cumulative
requirements for both the nuclear fuel cycle and fossil fuels as well
as the total installed capacity and the new capacity required each year
for each plant type. The output from the energy analysis section consists
of the electrical and thermal requirements for the provision of capital and
fuel, as well as the thermal input as fuel to the conventional stations.

The electrical energy generated each year is also given both as a gross
figure and less the electrical energy investment.

It is common in an energy analysis study to compare both the thermal
and electrical inputs requixed, for the same system growth with two different
station mixes; for example, a conventional and nuclear mix compared with
an otherwise all conventional program. For this purpose an option has
been included in FURES whereby two such strategies can be compared.

3. SYSTEM DESCRIPTION

In an electricity generating system, the demand throughout the year

can be represented by a load duration curve as shown overleaf.
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The continuous cuxve can be approximated by a number of discrete load
zones in which the various plants operate. (It is usual to specify at
least three zones - base, intermediate and peak.} The proportion of
toﬁal system capacity in each zone, and the accompanying capacity
factors are such that the system demand is satisfied for the year.

In this analysis, any number of load zones can be specified for

each plant type with a particular capacity factor H(k) for each load zone

k. The installed capacities, Ci 3.k MWe, where
’ r
i o= year index = l, 2,...,NY
j = plant index = 1, 2,...,NS
k = 1lcad zone index = 1, 2,...,N2

are read in for each year of the study; by altering the proportion of
the installed capacity in each load zone, the average capacity factor
for a particular station type can be made time dependent. All changes to
the system are assumed to take place at the start of each year and the
capacity factor for the year is based on the installed capacity at this
time.

The nomenclature for the year index is illustrated below, where the
station lifetime L is taken as 30 years and Ci'is the installed capacity at

the start of year i.
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To allow for the retirement of old plant, the new capacity installed
must be specified for one station lifetime before the start of the study
period. Thus Di is the new capacity installed at the start of period
{i-L).

The total installed capacity of each plant type for each year is

NZ

C, . I c, | Mie 3.1
i3 1 i,9,k . ( )

and the average capacity factor for this type is

Nz

T H(k) C, .
k=1 1,3.k
ACF(i,jy = . (3.2)

NZ
b
k=1

C. .

i,j.k
Three sets of equations are required to calculate the capacity of each
type installed and retired at the start of each year. They cover two

successive periods, the duration of each being one station lifetime, as

well as the Ffirst yvear of the study. The equétions are

(1) i=1 'Acl,j = (Cl,j - Co,j) + Dl,j and
A'C, . =D, .,
1,3 1,3 !
£ 1< = -
(2) 2 isL Aci.j (ci’j ci_l'j) + Di'j and
A'C, , =D '
i,5 i,5
< i< = -
(3) L+l i 2L Aci,j (Ci,j Ci—l,j) + ACi—L,j and
1 =
A Ci,j ACi—L,j '

where Aci j A'Ci 3 MWe are respectively the capacities of type j installed and

rJzs r

retired at the start of period i, and L(j) (vears) is the lifetime of type j.
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For the nuclear plants, the capacities in each load zone are now
replaced by the total installed capacity operating at the average capacity
factor. Because of the time delays involved in the nuclear fuel cycle
and the energy investment calculation, the following boundary conditions
must be applied for the system.

(i) After the end of the study pericd, the new capacity for each type
installed at the start of following periods is the same as that installed
new in the last periocd. The capacity retired is that at the end of its
lifetime. Thus,

AcC = A

NY+i, g CNY,j for i = 1,2,...,ICONST(j) and

' = ! =
A CNY+1,j AcNY+1-L(j),j . A CNY+2,j ACNY+2-L(J’).J‘

where AC =D if NY+i-L < 0 , and

NY+i~L(j) NY+i,j

ICONST(j) for station type j is a constant depending on the construction
time for this type. Conéequently,

C . =C .+ . = At
NY+1, j NY, 3 ACNY+1,J A CNY+1,j

(ii) The average capacity factor for years before the study horizon,
is taken as that in the first period, while for years after the study
period, it is put equal to that in the last year of the study. That is,

AC ACF . and

F , =
N¥Y+1,j NY, 3

ACF, . = ACF

: fori<0 .
i,3 1.3

4, ENERGY INVESTMENT IN NEW PLANT

For each plant type 3§, a construction period of NYC(j) years is
assumed, followed by one year of testing before full commercial production
begins. The electrical and thermal energy investments for each vear of
construction for plant type j are calculated. Thus

NYC(])

electrical: VESTE(i,j) = bX ae(m,j) AC

-1
el i+m+1,j J Y (4.1}



. NYC (3)
thermal: VESTT(i,j) = I at(m,j} AC
=1

-1
i+m+l, 3 JY . (4.2)

where me(m,j), at(m,j) are respectively the unit electrical and thermal
energy requirements for each year of construction for plant type

jdJ MWe~!, and m=1,2.....,NYC(3) where m=1 corresponds to the last year
of construction.

The total energy investments for each year to provide plant are then

NS
electrical: VESTET(i) = I VESTE(i,j) Jy~! , (4.3)
j=1
NS
thermal: VESTT(i) = £ VESTT(i,j) J ¥y~ 1 . (4.4)
i=1 '

5. NUCLEAR FUEL CYCLE

The nuclear fuel cycle is simulated by supplying an initial core and,
for each year after the first year, a reload equal to the amount of fuel
burnt in the year. Time delays are introduced to place the services
when they usually occur. For nuclear fuel, three cases are considered

. fresh fuel enriched

. fresh fuel natural

. fresh fuel depleted.

The convention used throughout this report to identify the various
granium enrichments and isotopic fractions in the fuel is xz, where X
takes the values

e for uranium enrichment;

U for total uraqium fraction(zasU + 2380),

Pu for fissile plutonium fraction}

Th  for thorium fraction; and
U for 233y fraction.

The superscript a takes the values

i for fresh initial core;

£ for irradiated final core; and
_if missing, indicates reload fuel.

The subscript b takes the values

o for fresh fuel;

r for irradiated fuel;

‘n for natural uranium enrichment; and
t for tails enrichment.



In Sections 5.1 to 5.7, the index for reactor type is omitted so that
the derivation refers to requirements for a particular reactor type.

5.1 Uranium Reguirements

All uranium is expressed in terms of natural uranium equivalent. If
uranium is returned to the fuel cycle from the reprocessing plant at an
enrichment e s different from the natural uranium enrichment e s it is
expressed either as the amount of natural uranium which would supply {(if er>
en), or be supplied from (if er<en), the original amount at enrichment e - A
depleted uranium stockpile is also considered, consisting of tails uranium
from the enrichment plant as well as uranium from the reprocessing plant with
an enrichment level below e - The uranium for the fast breeder reactors (FBR)
is taken from this stockpile if there is stock. Otherwise they use natural

uranium,

The quantity of natural uranium required to supply one unit of uranium

at enrichment e, is given by eo " ®%\. fThus to calculate the uranium
en - et

requirements the following multiplication factors are needed.

e - e .
= g 0O = ° ifel>e
initial core e - o o n

n

. i
1 1feo<en .
e, = e
= i -

fresh reload fuel 00 . = et if eo en

1 if e <e R

fo) n
[

er " et
i i = —_— if > e
irradiated reload fuel OR s - e if e A

1 if er L4 et , and

ef'- e
irradiated final oF = J[-+—FL ifef> e
irradiate inal core = Ne == £ e

1 if ef < e . .

r t

The annual fuel throughput at full-load is

TP = ——395 4 ype-1 4l
n x burnup



where n thermal efficiency

BURNUP = average end burnup MWd(th) t-! .

U

The uranium requirements for the various stages of the cycle are then
(1+F)OI . U; . It MWe"!
(1+F)00 . U_ . TP & Mie~ly~1

initial core OREIC

]

fresh reload fuel OREFR

and the unused uranium contained in the irradiated fuel is

irradiated reload fuel OREBR

(1-V)OR . R . U, . TP ¢ Mie~l y~1
(1-V)OF . R . Ui LIt MWe!

irradiated final core OREFC

fabrication losses,

where F

reprocessing losses,
irradiated fuel, and
fresh fuel '’

1

heavy metals ratio (

I = fuel inventory t Mwe~l .

The corresponding factors for the depleted uranium stockpile are

e -~ e
fresh reload t = (1+FMU_ . TP . 2l Mie-l y~t '
o o e - e
n t
i
5 e, - e
initial core t, = (MH4FU_ . I . Mie~t
i o e -
n
£
£ ®r " %n
final core tf =R. (l-V)Ur - I\ t MWe-1 , and
n t
r 7 ©n
irradiated relcad tr = TP . (l-V)Ur . R. Pam—— + MWe=1 y—l .
: n t

Using these definitions, the time dependent uranium flows for the
three cases mentioned in Section 5 can now be calculated.

Case 1: Fresh fuel enriched (e.g. PWR, BWR, SGHWR, HTGR)

The time delays necessary for the provision of uranium for the initial
core and reload fuel (i.e. mine-out to reactor-in) are about 2.3 years and
1.5 years respectively. The time delay for the initial core includes one
vear for commissioning. Thus for reactors coming on line in year i, the
uranium mining is assumed to take place in year (i-3)}. For relocad fuel the
mining is assumed to take place in year (i-2). Further, the unused uranium
in the fuel removed from reactors at this time is assumed to be available from
the reprocessing plants for re-—use in year (I+l). The uranium ore reguirement

- for year i for reactor type j .is then (with the reactor type subscript j



omitted)

Y = : - AN
ORE(1i) OREFR . ACF(1+1)[Ci+1 A Ci+2] + OREIC . ACi+3

- - - ] - 1 -1
OREBR . ACF(i-2)[C; , - A'C; ,] - OREFC . A'C,  ty ,(5.1.1)

and the requirement from the depleted uranium stockpile is

DORE (i) = —{to . ACF(1+1)[Ci+1 - A'Ci+2] e Aci+2

-t . ACF(i-2)I[cC,. - A'C,
r i-

- [ -1
2 l‘l] tf « A ci—l}t Y . (5.1.2)

The negative sign indicates that depleted uranium is added to the
stockpile.

Case 2: Fresh fuel natural (e.g. HWR, MAGNOX)

The time delays for this case for the provision of uranium for the
initial core and reload fuel are about 2 years and 1 year respectively,

The uranium requirement for year i is

= o . o Al -1
ORE (i) = OREFR . ACF(i+l){C, . - A Ci4p] + OREIC . AC, .ty ;

{(5.1.3)
while the amount taken from the depleted uranium stockpile is
DORE(i) = -OREBR . ACF(i-2)IC;_, - AC; ;1 - OREFC . A'c, .
- i - Al + -1
#O'MT”””%H_ atc, )l t; - AC o)ty (5.1.4)

Once again the negative sign indicates that uranium is added to the

stockpile. .
Case 3: Fresh fuel depleted, corresponding to the requirements for

the fast breeder reactors (FBRs). _
The time delay for preparing the fuel in this case is assumed to be

less than one year. The requirement for depleted uranium is

R . - AN
DORE (i) = OREFR ., ACF(l)[Ci A Ci+l] + CREIC . ACi+2

- - - Al - 1 -1
OREBR . ACF (i 2)[Ci_2 A Ci—1] OREFC . A Ci-l ty (5.1.5)
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5.2 Plutonium Requirements

The fissile plutonium removed from reactors at the start of periocd
i is assumed available in year (i+l) for fabrication into new fuel elements.
An adjustment is made in the equations for the plutonium production on the
approach to equilibrium differing from the equilibrium value. The fissile

plutonium factors per unit of installed capacity for equilibrium conditions

are

initial core P = Pui(l+F)I t Mie™! '

fresh reload p= Pu°(1+F)TP t Mwé-lyif
irradiated reload p' = Pur(l-V)R . TP t Mie~! , and
irradiated final core P' = Pui(l—V)R .1t MWeTl .

The quantities P, 5', B, E' are similarly defined using reactor
characteristics for the approach to equilibrium. The annual plutonium
requirement for a particular reactor type (with the subscript for type

omitted) is then

o . A
PLUT(i) = p . ACF(i)Ic; - A'C, .1 + P . AC,

i+2

- I-— — ' - - - '- -

p' . ACF(i-2}[C; , - A'C, ; -A(m)] - p' . ACF(i-2) . A(i)

- 1 AN -1

P'A ci—l ty ' (5.2.1)
NYE
where A{i) = I Ci-m—l , and

m=1

NYE = number of years to equilibrium.
A negative sign for PLUT(i) indicates that the reactor is a net
producer of plutonium.

5.3 233y Requirements

The time delays here are assumed to be the same as for plutonium.

The 233U requirement in year i is

3 — : - L]
U233(i) = s . ACF(l)[Ci A ci+1] + 8 . AC,

i+2
- £ - ] - [ v -1
s' . ACF(i~2)[C,_, = A'C; ;1 - S8' . a'C,_, ty (5.3.1)
where s = (L4F)TP . ﬁo (fresh reload) .,
g = (L+F)I . ﬁ; (initial core) ,
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s' (1-V)R . TP . ﬁr {(burnt relocad), and

s' (l-V)R . I . ﬁi (burnt final core) .

5.4 Thorium Requirements

No account is taken of the thorium removed from the reactors although
this may be stored for some years and used again. The thorium requirement

in year i is

sy = . AN -1
THOR(i} = w . ACF(i) [ci A Ci+1] +W. Aci+2 ty (5.4.1)
where w= {1+F)TP . To {(fresh reload}, and
w=(um1.% (initial core) .

5.5 Enrichment Requirements

The enrichment work for fuel loaded into the reactors at the start of
year i is assumed to occur in year (i~2). The actual delay times (i.e. for
enrichment plént out - reactor in) for initial cores would be about 1.6
years, and for reload fuel about one year, thus placing the requirement
for both in the year (i-2). A credit is given for any unused enrichment
work contained in irradiated fuel after a delay time of one year to allow

for cooling and reprocessing. The enrichment work requirement in year i is

ENR(i) =g . ACF(i+1)[Ci+ - A'c. 1 +6G . ACi+

1 i+2 2
- g' . ACF(i-2)[c, , - a'c, .1 -6' . Ac, ‘temmy ! , (5.5.1)
where ‘ g = (1+F)TP . Uo - Xy {fresh reload) .
G = (1+F)I . Ui . xi (initial core) p
g' = (1-V)R . TP . U, - X, (irradiated reload) P
G' = (l?V)R . I Uﬁ . xf {irradiated final_core), and

r

eo eo B en et
%o = (290 - 1)£n(1 — o) t T (2o, - LMn(—)
=] n t t
éo ~ et ) en
‘(;‘—:“;”9(2en - l)ﬁn(ifjj:;ﬁ .
n t n

£ . i , i
r X.r X, are defined similarly to Xo by replacing e, by e r €

e respectively,

K QK
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5.6 Fabrication Requirements

The delay time for fabrication of reload fuel elements is assumed to
be less than one year, whilst for the initial cores an extra period of
one year is required to allow for commissioning. The fabrication requirement

in year i is therefore

sy : Y -1 .
FAB(i) = TP . ACF(l)[Ci A Ci+l] + I. ACi+2 ty {5.6.1)

5.7 Reprocessing Requirements

The reprocessing is assumed to take place within one year of the
t
removal of the fuel from the reactor. The reprocessing requirement in

year i is

REP(i) = TP . R . ACF(i-1)[C, ; - A'C;) + I . R. A'C, ty1 .

i
{5.7.1)

5.8 Summary of Fuel Cycle Operations

In Sections 5.1 - 5.7, the requirements for each stage of the
nuclear fuel cycle have been calculated. In the derivation, the index
for the reactor type has been omitted so that the célculations refer to
one particular reactor type. To obtain the total requirements for the
entire system, a summation is made over all such reactor types. Thus

with the introduction of index j for reactor type, the yearly totals become

uranium TOTORE(i) = % ORE(i,j) ¢ y=} ,
j=1
NN
depleted uranium TOTDORE(i}) = § DORE(i,§) t y~1 ,
i=1
NN
fissile plutonium TOTPLUT(i) = I PLUT(i,§) t y~1 ,
i=1
NN
U233 TOTU233 (i) = I U233(4i,§) t y~! ,
, o1
NN

1!

thorium TOTTHOR (1) I THOR(i,§) ty~!

3=1
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NN

enrichment work TOTENR(i) = I ENR(i,j) ¢ swu y~1 |,
i=1
NN

fabrication TOTFAB(i) = I FAB(i,j) £t y~! , and
j=1
NN

reprocessing TOTREP(i) = I REP(i,j) ¢t y~1 ,
i=1

where NN is the number of nuclear reactor types in the system.

6. ENERGY REQUIREMENTS FOR PROVISION OF NUCLEAR FUEL

The annual uranium mining, conversion, enrichment, fabrication and
reprocessing demands are multiplied by the unit thermal and electrical
energy requirements for the various stages to give the yearly energy
requirements for provision of each stage of the nuclear fuel cycle. 'The

coefficients are listed in Appendix A. The energy requirements for year i are

uranium : EORE(i) = CEORE . TOTORE (i)} J y~1 ,

TORE(i) = CTORE . TOTORE(i) J y~1

enrichment EENR(i) = CEENR . TOTENR(i) J =} .
TENR(i) = CTENR . TOTENR(i) J y~1 ,
conversion  : ECONV(i) = CECONV . TOTORE(i) J y~! ,
TCONV(i) = CTCONV . TOTORE(i) J y~!
fabrication : EFAB{i) = CEFAB . TOTFAB(i) J y~! ,
TFAB(i) = CTFAB . TOTFAB(i) J y~! , and
reprocessing : EREP (i) = CEREP . TOTREP(i) J y'l ’

TREP (i) = CTREP . TOTREP(i) J y~!

where CEORE, CTORE J £~! are the electrical and thermal energy requirements
respectively for the provision of uranium (i.e. mining and milling) with
similar definitions applying for conversion, enrichment, fabrication and
reprocessing.

7. ENERGY REQUIREMENTS FOR CONVENTIONAL FUEL CYCLE

The annual fossil fuel requirement for a particular plant (or fuel)
type j is calculated in tonnes per year, except for natural gas which is

calculated in cubic metres per year. The heat content, h(j), is specified
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in joules per tonne, or for natural gas, joules per thousand cubic metres.

Thus,
NZ 13
FOS(i,j) = I 3.1536kx 1oh - H(kK) Cli,i.k) y& yt (7.1)
or 103m3y‘lfor gas,
where n{k) = plant efficiency in load zohe k

h(d) heat content for fuel type j J t—1

or J 10-3m 3for gas.

The overall average 'plant efficiency' for conventional stations is
dependent on the capacity.factors at which they operate. -Hence n for these
stations varies according to the load zeone in which they operate. Only
one value of n is defined for nuclear stations which operate mainly on
base load.

The energy required to provide the fuel, (i.e. mining, processing,

transport, etc.) is

CEFOS(j) . FOosS(i,3) J y~1 , (7.2)
CTFOS(j). Fos(i, i) J y~1 , (7.3)

electrical ‘ EFOS (i,3j)

thermal TFOS (i, )

where CEFOS(j) and CTFOS(j) J t-1 are respectively the electrical and thermal
energy coefficients to provide fuel of type j.
The thermal content of fuel burnt in fossil stations of type j

is
FBURN(i,j) = FOS(i,j) . h(j) J y~1 . (7.4)

8. TOTAL ENERGY REQUIREMENTS FOR COMPLETE PLANT MIX

The capital energy investment required to establish reprocessing
plants, coal mines, etc;, is included in the energy demandé per unit of
material or service. The total energy investment required for the provision
of capital and fuel is givén'by {investment for plant) + (investment for

nuclear fuel cycle) + (investment for fossil fuel), and becomes

electrical TOTEL(i) = VESTET(i) + EORE(i) + EENR(i) + EFAB(i)

+ ECONV(i) + EREP(i) + Y, BEFOS(i,j) Jy 1 ,
fossil
stations

(8.1)
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thermal TOTTH(i) = VESTTT(i) + TORE(i) + TENR(i) + TFAB(1)
+ TCONV(i) + TREP(i) + Y, TFOS(i,j) J y~1 .
: fossil
stations (8.2)

The total thermal requirement including fuel burnt in fossil stations

is

THERT (i) = TOTTH(i) + ). FBURN(i,j) J y ! . (8.3)

fossil
stations

9. ELECTRICAL QUTPUT FROM COMPLETE SYSTEM

The total electricity generated in year i is

NS

EP(i) = I 3.1536 x 10!3 | acFr(i,j) . 57 y 1 . (9.1)
=] !

]

The net electricity available to the system after allowing for the electrical

investment is
EA(i) = EP(i) - TOTEL(i) J y~1 . (9.2)

To measure the conversion efficiency of the system, that is, the
ultimate electricity available compared to total thermal input, yearly

and cumulative net energy ratios are defined as,

EA (i)

net energy ratio (yearly) = THERT(i) °

100% , (9.3)

i
L EA{m)

net energy ratio (cumulative) = mzl . 100% . (9.4)

I THERT (m)
m=1

The electrical output as expressed so far makes no allowance for
losses in the transmission system and the power stations themselves,

The electricity available to the final consumer is

- NS .
EP(i) = (1-8) I 3.1536 x 10!3 . acF(i,j) . 5,5 - (l-cj) Jyl o,
i=l '
(9.4)
where oj = internal station usage in type j, and
B = transmission and distribution losses for the system.
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10, OUTLINE OF COMPUTER PROGRAM FURES

FURES has been written in FORTRAN IV language for use on the IBM360,/65
computer at the AAREC's Research Establishment at Lucas Heights. The program
calls free input and graph plotting routines from a subroutine library package
developed at the U.K.A.E.A., Risley. BAn average study requires 328K bytes
of core storage, and has a running time of approximately 8 seconds.

FURES was designed to minimise input data requirements whilst producing
detailed and comprehensive output. Since a large number of station
characteristics are required for each installation type, an internal
databank containing information on 13 nuclear plant types and five
conventional stations has been included in the program (see Appendix A).

Output from FURES is in both tabular and graphical form and, with only
one exception, input data are in free format. Decimal points may be omitted
from whole real numbers if desired. Basically the input requirements fall
into three categories

(i) detailsrof generating system;

(ii) changes to station characteristics; and

(iii) output options.

10.1 System Details

Information follows which describes the system as a whole and gives

details of the installation and the operation of each station type.

Input ' Description
Reguirement —_—
oT identifies the entire study. Frequently in an energy

analysis study, a comparison of the results of various
strategies for a particular system is required. FURES
has been designed to accept one or an unlimited number
of runs per job. This item is printed as a heading
on both tabular and graphical output. For example
U.S.A. ENERGY ANALYSIS: 0.3% ORE

TITLE . is the heading for a run within a job and is printed
on both tabular and graphical output. For example
PWR, OIL & HYDRO INSTALLATIONS

RTYPE specifies the station type. A keyword is required to
specify each station type; these are given in Appendix
A. The only input restriction imposed in the FURES

code -is that within each.run.all nuclear station types,
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in any order, must precede all conventional installations,

again in any order.

NZ is the number of load zones for this station type.
NY is the total number of years being studied.

XYEAR specifies the year at which the study is to commence.
D(i), i=1l, L is used if a particular station type existed in

the system being studied before the commencement year,
A new installed capacity for each year before the
commencement year is given for the lifetime of this

station.

Cco is the installed capacity at the beginning of year

zero MWe - (see Section 3).

c(i,i,k) are the installed capacities at the beginning of each
year, for each load zone specified, for station type
J Mie.

H(k) specifies the capacity factor for each load zone (as
fraction).

10.2 Changes To Station Characteristics

As previously stated, to minimise user input requirements, a large
bank of information pertaining to each station type has been built into
FURES (Appendix A). However, an input option exists which allows the
user to change any or all station characteristics if required. The total
number of constants to be changed is specified (NC), followed by NC sets
consisting of the number which identifies the particular constant (from
Appendix A), and the new value for that constant.

10.3 Output Options

Graphical output is.optional in FURES and if the indicator, JPLOT,
is set to zero none will be éénerated. If JPLOT is set to -1, all available
graphs will be produced. Alternatively, a positive number will indicate the
number of graphs selected by the user, and must be followed by JPLOT
numbers identifying the required graphs from Table 1.

If a comparison of two strategies is required, the keyword SAVE is
specified in columhs 77 to 80 of the first input card (the study title
card}. This will produce a table and graphical output of both the cumulative
thermal energy savings as equivalent oil fuel, and the cumulative net

nuclear-electric output. This Keyword is the only input specification
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restricted to a definite format.

10.4 Input Data for FURES

Input data for a sample problem are shown in Appendix B. All input
data are accepted by FURES in free format, with the exception of the SAVE
option on the first input card. Separate cards are required only for the
job heading and run title information. Thereafter the data are submitted

with at least one blank between items, in the sequence

Input Item Option Selected Brief Description

Ttem
oT o Columns 1 to 76 only, on first input

card. Heading for entire study.
SAVE Columns 77 to 80 on first input card -

only if a comparison of strategies is

required.

1+ TITLE Second input card. Title of individual
run,

NS Number of station types.

NY Number of years.

XYEAR ’ Commencement year.

JPLOT Graphical output requirements.

NG (3) [ j=1,JPLOT User selected graphs.

L R I I R T T S Y

The next section is repeated NS times - i.e. once for each station
type. It is esgential within each run that ALL NUCLEAR station types, in
any order, MUST PRECEDE ALL CONVENTIONAL station types in any order,
when specifying RTYPE.

L A N I R R N N N N R R Y R R

& RTYPE Station type.
NZ _ Number of lcad zones..
NC Number of characteristics to be changed,

if any of the in-built characteristics
pertaining to this station type are
to be chanéed.If none NC must be set to 0.
IC,VALUE(]),j=1,NC If NC has been set to a positive number.
IP ) Set to 1, if station type existed in
the system before the commencement year.

" If not, IP must be set to O.
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Input Ttem Option Selected Brief Description
Item
D{j),3i=1, (I 1f IP has been set to 1.
co Installed capacity at beginning of

year zero.
c(i,j,k) Installed capacities, NY values per
load zone.
H({k), k=1,N2Z ' Capacity factors, one for each load
zone.

R EEEE R EE RN NI IR BRI EE B N RE N I B B R N B R I

Repeat from @ for each station type in this run, then return to ¥
to specify next run in this job if required.

P R I N R e R L I R AT R R N I BN N B B N B R ]

11. EXAMPLE ILLUSTRATING THE USE OF FURES

The example which follows on the use of FURES is based essentially on
published data for Japan, although extensive use is made of linear inter-
polations to obtain the installed capacities. The system consists
of coal, oil, natural gas, hydro-electric and nuclear (PWR) plant, over
the periocd 1961 to 2000, which includes the years of construction of the
first nuclear plant, through to the time when the nuclear sector comprises
about 50% of the system.

The installed capacities and capacity factors for all plant except
0il are specified and the oil-fired capacity is evaluated to make up the

system total, Thus,

NS-1
C ) =¢ - ;é% ci'j , and

NS-1

C. . SACF(i} - 2: c; 5 - ACF{i, )
-=1 r

i

NSZ-].
c, - C., .
. 1 j=l 1.3

where Coil(i), ACFoil(i) are the installed capacity and capacity factor
respectively for oil-fired plant in vear i. Ci, SACF (i) are respectively
the system installed capacity and average capacity factor in year i. The

installed capacities are shown in Fig. 1.



(0]

Both the 0il and hydro capacity factors are time dependent. This is
handled in the program by defining two 'artificial' load zones, with
capacity factors of 1% and 100%, and by varying the proportion of the
installed capacity in each zone to give the required capacity factor.

In the analysis three cases have been examined. The first two
involve a comparison between the system consisting of nuclear and conven-
tional plant as outlined above, and the same system consisting wholly of
conventional plant. In the third case, the nuclea;—only portion of the
system is analysed. A complete listing of the input data card deck,
together with the job control language (JCL) cards necessary for running
FURES, is given in Appendix B.

The results are not analysed in depth here as they will be documented
fully in a subsequent publication. However, some tables and graphs are
given to show the type of output available. Tables 2 and 3 give the fossil
fuel annual and cumulative requirements as fuel in the conventional stations
for both the all-conventional, and nuclear + conventional systems. The
0il requirements for the latter case are also shown in Figures 2 énd 3.

It can be seen that the cumulative oil consumption as fuel over the study
period drops from 5.63 gigatonnes for the all-conventional case, to 2.60
gigatonnes for the nuclear + conventional case. Tables 4 and 5 summarise
the nuclear fuel cycle requirements.

Tables 6 to 10 show the outpﬁt listing for energy requirements for
the conventional + nuclear caée, as well as the thermal savings when
compared to the all conventional case.

It can be seen that the nuclear mix case gives a thermal saving in year
7 (the first year of nuclear production), and that the cumulative thermal
saving over 40 years is 3.07 gigatonnes of oil equivalent. The thermal
equivalent of the extra electricity needed for investment in the nuclear
mix case is 0.27 gigatonnes, so that the nuclear + conventional program
saves 2.80 gigatonnes of oil equivalent when compared to the all conventional
case.

Table 11 gives a summary of the cumulative energy production and
investment for the nuclear plant only. ' The final column indicates that
this sector becomes a net energy producer (i.e., cumulative electrical
output > cumulative electrical input + cumulative thermal input}, in year

eleven.
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Figure 4 gives the annual uranium requirement for the nuclear mix case.
Figures 5 to 13 illustrate the graphs for the energy analysis section of
the program. They involve a comparison between the nuclear mix case and
the conventional-only case, except for Figures 5, 10 and 11 which are for
the nuclear mix case only.
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TABLE 1
LIST OF GRAPHICAL OUTPUT

Identifying

Graphical Output Produced

Number

1 Total installed capacity for each station type
2 Annual and cumulative conventicnal fuel requirements
3 Annual uranium to be mined

4 Annual fabrication requirements

5 Annual reprocessing requirements

6 Annual enrichment requirements

7 Brinual thorium requirements

8 Cumulative uranium requirements

9 Cumulative fabrication requirements

10 Cumulative reprocessing requirements

11 Cumulative enrichment work requirements
12 Plutonium stockpile
13 Depleted uranium stockpile

14 Cumulative thorium requirements

15 Energy analysis graphs consisting of

annual electrical output both gross and net, after
allowing for electrical investment;

annual electrical investment;

annual thermal input including fuel burnt in
fossil stations;

annual thermal investment; and

equivalent thermal investment.
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APPENDIX A
Databank For FURES

The station characteristics required for FURES are contained in a special
databank. The user can obtain a listing of this information by use of
an ancillary program, DATABANK. 'The listing also includes the keywords
by which the station types are identified.

The following JCL cards are all that are required to run the DATABANK

program

//JOBCARD JOB......{normal user jobcard)

/7 CLASS=A, TIME=]

/7 EXEC FORTHG, PRG=DATABANK, DSN='ENG.JIF.DATABANK'
A listing of output from the DATABANK program follows
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Symbol

ACF
BURNUP

CECONV
CEENR
CEFAB
CEF0OS
CEORE
CEREP
CTCONV
CTENR
CTFAB
CTFOS
CTORE

CTREP

DORE

EA

ECONV

EENR

Dimension

MWd(th) +1
Mie
J =1

J t~1 swu~l
J -1
Jy-1
J -1

J t—1

J y‘l

Jd y‘l

J y“l

NOTATION

Introduced

in

Section

3

5.1

3
6

5.1

APPENDIX C

Description

Average capacity factor
Average end burhup
Installed capacity

Electrical energy reguirement for
conversion

Electrical energy requirement for
enrichment

Electrical energy requirement for
fabrication

Electrical energy requirement for
provision of fossil fuel

Electrical energy requirement fox
uranium mining and milling

Electrical energy reguirement for
reprocessing

Thermal energy requirement for
conversion

Thermal energy requirement for
enrichment

Thermal energy requirement for
fabrication

Thermal energy requirement for
provision of fossgil fuel

Thermal energy requirement for
mining and milling uranium

Thermal energy requirement for
reprocessing

New capacity installed prior to
gstart of study

Annual requirement from depleted
uranium stockpile

Uranium enrichment

Net electricity available to
system after allowing for invest-—
ment

Annual electrical requirement
for conversion

Annual electrical requirement
for enrichment






EFAB

EFOS

ENR

EORE

EP

EREP

FASB

FBURN

FOS

ICONST

NN

NS

NY
NYC

Dimension
J y'l

J y'l

t swu y!

t y'l
J y'l

t y~1(oil,coal)
103m3y'1(gas)
J t~1(oil,coal)
J 10'3m"3(gas)

t Mgl

years

years

c2

Introduced

in
Section

6

5.5

5.1
5.6

5.1

Description

Annual electrical reguirement
for fabrication

Annual electrical energy require-
ment to provide fossil fuel -
i.e., mining, processing,
transport, etc.

Annual enrichment work require-
ment for each station type

Annual electrical energy
requirement for mining and milling
uranium

Total electricity generated
per year

Annual energy reguirement for
reprocessing

Fabrication losses

Annual fabrication requirement
for each station type

Thermal content of fuel burnt in
fossil stations

Annual fossil fuel requirement
for each station type

Heat content of fuel

Capacity factor
Year index

Fuel inventory for nuclear
stations

Station construction time plus
one year

Plant index
Load zone index
Station lifetime

Number of nuclear reactor types
in the system

Total number of stations in the
system

Total number of years

Construction period for each
plant type






C3

g ol Dimension Introduced Description
in
Section
NYE 5.2 Number of years to equilibrium
for nuclear stations
N2 3 Number of load zones
ORE t yl 5.1 Annual uranium ore requirement
for each station type
OREBR t Mie~1ly~1 5.1 Unused uranium in irradiated reload
fuel
OREFC t MiWe~1 5.1 Unused uranium in irradiated final
core
OREFR t MWé"ly"l 5.1 Uranium requirement, fresh reload
fuel
OREIC t Mie~1 5.1 Uranium reguirement, initial
core
PLUT L y‘1 5.2 Annual plutonium requirement for each
station type
Pu 5 Fissile plutonium fraction
. end
R 5.1 Heavy metals ratio (start)
REP 7 y'l 5.7 Annual reprocessing requirement

for each station type

TCONV gyl 6 Annual thermal energy requirement
for conversion

TENR J y-l 6 Annual thermal energy requirement
for enrichment

TFAB J y"l 6 Annual thermal energy requirement
for fabrication

TFOS J y“l 7 Annual thermal energy regquirement
to provide fossil fuel - i.e.,
mining, processing, transport, etc.

Th 4 Thorium fraction

THERT J y‘l 8 Total thermal reguirement
including fuel burnt in fossil
stations

THOR t yl 5.4 Annual thorium requirement for

each station type

TORE J y“l 6 Annual thermal energy requirement
for uranium

TOTDORE t yl 5.8 Total annual requirement from depleted
uranium stockpile for entire system

TOTEL gyl 8 Total electrical energy investment
for provision of capital and fuel






Symbol

TOTENR
TOTFAB
TOTORE
TOTPLUT
TOTREP
TOTTH
TOTTHOR
TOT233U

TP
TREP

de

at

Dimension

t swu y!
t yl

t y!

Mive

Introduced

in

Section

5.8

5.8

5.8

5.8

5.8

Description

Total annual enrichment work
requirement for entire system

Total annual fabrication require-
ment for entire system

Total annual uranium regquirement
for entire system

Total annual fissile plutonium
requirement for entire system

Total annual reprocessing require-
ment for entire system

Total thermal energy investment
for provision of capital and fuel

Total annual thorium requirement
for entire system

Total annual 233y requirement
for entire system

Annual fuel throughput at full-load

Annual thermal energy requirement
for reprocessing

Total uranium fraction {235U +

233y fraction

Annual 233y requirement for each
station type

Reprocessing losses
Electrical energy investment

Total electrical energy investment
to provide plant

Thermal energy investment

Total thermal energy investment
to provide plant

Transmission and distribution
losses for the system

Unit electrical energy requirement
for the plant construction

Unit thermal energy requirement
for plant construction

Thermal efficiency
Internal station usage in type i

Capaci*ties of type j installed
at start of period i






A'C,
i,]

superscript
a

subscript
b

Ch

Dimension Introduced

in
Section
Mie 3

Description

Capacities of type j retired at
start of period i

Used with different values of
'X' - assumes values i for fresh
initial core, f for irradiated
final core, if missing indicates
reload fuel

Used with different values of

'X' - assumes values o for fresh
fuel, r for irradiated fuel,

n for natural uranium enrichment,
t for tails enrichment






