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ABSTRACT

Th1s report describes the equations implemented 1n the Long-Term
Energy Analysis Program (LEAP) Model 22C  The equilibrium equations of
each of the processes contained 1n the LEAP Model 22C are specified, and
the Interrelations of the various equations are discussed MNo attempt
1s made to derive the equations or to discuss their validity from an

economic point of view




I INTRODUCTION

The Long-Term Energy Analysis Program (LEAP) 1s an energy-economy
model which resides 1n the Long-Term Energy Analysis Division (LTEAD)
of the Office of Applied Analysis, Energy Information Administration (EIA),
US Department of Energy LTEAD developed Model 22C of LEAP for two
reasons (1) to prepare projections through the year 2020, which were
needed for the 1978 EIA Annual Report to Congress] and (2) to develop
a base for analysis of specific options for federal action

2-5 of the equations 1n LEAP Model 22C

1s available, the purpose of this paper 1s to provide these equations The

Since only partial documentation

equations that are presented here are the equations that are satisfied at
equilibrium, 1 e after the 1teration has been completed and a solution
1s obtained no serious attempt 1s made to indicate the form of the equa-
t1ons used during the 1teration before equilibrium 1s reached, but a
brief discussion of the quantities that are calculated during this 1tera-
tion 1s given 1n each Chapter of the paper after the equilibrium
equations are presented Some discussions of the convergence procedures
6 The Model 22C equilibrium
equations are needed to determine the adjoint equations for analyzing

used 1n LEAP have been given by E M Oblow

sensitivity using adjoint sensitivity theoriy,S’6 and to study the equa-
tion structure and code formulation Reference 2 contains many of the
equations given here, but since Ref 2 does not refer specially to LEAP
Model 22C many of the equations 1n Ref 2 do not correspond to the com-
puter source 11sting for Model 22C The FORTRAN code 1isting and the
1nput data tables for LEAP Model 22C w11l be found 1n the work of

W E Ford, III et al 8 Also, some of the generality allowed 1n the LEAP
code 1s not used 1n Model 22C and 1s not included 1n the equations given
here The interrelation of the various equations 1s discussed but no
attempt 1s made to derive the equations or to discuss their validity from
an economic point of view A discussion of the economic foundations of
LEAP Model 22C w11l be found 1n the work of J A Hansen et al 9
effort has been made to verify that the equations given in this report

Every

are those 1n the computer code 11sting, but the code 1s quite complex and
the possibility exists that there may be minor differences between the



equations and the coding The symbols for the parameters used 1n the
equations given 1n this report, their FORTRAN variable name equivalent,
their actual value (or range) i1n the LEAP Model 22C Data Base]0 and trans-
Tation equations which relate these 1nput values to those implemented 1n
the calculations are provided 1n Ref 11

LEAP 1s a modular code system that 1s designed for the study of very
compliex systems The system util1zes a series of modules or "processes"
that contain many parameters By varying the values of these parameters,
each of the modules may be used to describe a variety of phenomena A
simple example of the use of these processes to produce a model 1s discussed
in Chapter IV of Ref 5 Each process corresponds to a series of equations
and 1t 1s these equations for the i1ndividual processes that are given here

The equations of the Basic Conversion Process are described 1n
Chapter II and Appendix A These equations have been taken with some
minor modifications from Chapter V and Appendix B of Ref 5 Chapter III
describes the equations of the Electric Power Conversion Process The
equations of the Resource Processes are described in Chapter IV  Finally,
the equations of the Allocation, Demand, Electric Power Loading, Trans-
portation, and Import Processes are described in Chapter V

II  EQUATIONS OF THE BASIC CONVERSION PROCESS

The Basic Conversion Process describes the process of converting
nputs (e g , materials, fuels, labor) 1nto a final product (e g ,
passenger miles or Btu of 011 products) The Basic Conversion Process
may be used 1n a completed model to represent an entire industry, a small
portion of an industry, or a specific industrial or residential activity

The Basic Conversion Process plays a central role among the process
models since 1t forms the core from which the other conversion process

models are built

A Time Period Structure

Because of the LEAP system uses discrete values of time (1 e ,
variables are calculated only at discrete times) the time notation must
be established before the equations can be written Two different time
functions, global and local, are used




TG(J) J=1toN (IT 1)
and
TL(J) J-1to 2Np + N, (1T 2)
where
TG(J) = global time function
TL(J) = local time function
N = number of global time points
Np = number of local time points before the first global time
and after the last global time
. Int[Lc/A] +1 1f Lc 1s not divisible by A (IT 3)
P LC/A > 1f LC 1s divisible by A
where

LC = characteristic plant life,

A = time interval between time points on both global
and local scaler

Int[ ] means the greatest integer less than the quantity 1n
square brackets

The global time vector consists of N equally spaced time points
An assumption underlying the model 1s that values for prices, quantities,
and costs are associated with these time points not with the intervals
between them To do the calculations to be described below the global
time vectors TG(J), J =1 to N, must be extended to points 1n time before
TG(1) and to points 1n time after TG(N) This 1s accomplished by defining
the local time vector TL(J), J=1to 2Np + N The local time vector must
contain maximum number of time points that are required before during
and after model horizon to perform the necessary calculations

The global time values contain no reference to any process-related
parameters, and they specify the time values where the model variables



are computed The local time values refer specifically to the process
being considered through the parameter LC so that the local time vector
varies with the process being considered The relation between the two
functions 1s defined by

TG(l) = TL(Np + 1) (IT 4)
Unless otherwise stated, Tocal time w11l be used, and the notation F(3)
means that the function F 1s to be evaluated at the time TL(J)

In complex energy systems the same process equations with different
parameters may occur many times In the code an index, usually called a
node 1ndex, 1s used to 1ndicate which equations and parameters belong
together Thus, all of the variables and parameters 1n this section
should carry a node 1ndex, but for simplicity, this index will be omitted

B Prices, Quantities, and Capacity Additions

The equations of the Basic Conversion Process must determine the
price per unit of energy (or other energy-related quantity) as a function
of time and of the energy produced by the process, 1 e , the price per unit
energy as a function of time on the output 1ink of the process The
equations must also determine the level of plant capacity additions to
be made as a function of time and the quantity of energy (fuel) as a
function of time that 1s used by the process, 1 e , the quantity of energy
(fuel) as a function of time required on the 1nput Tink to the process

The variables of the Basic Conversion Process are assumed to be

P(3) J = Np + 1 to Np + N

Q;(3) J=N;+ 1 to N+ N

NW(J) ] = Np + 1 to Np + N, (II 5)
where

P(3) = price per umt of energy on the output 1ink of the process
at local time j



QI(J) = quantity of energy per year on the input link of the
process at local time )
NW(J) = capacity additions at local time ) (a unit of capacity

w111 produce a unit of energy per year 1f the capacity
factor 1s unity)

Therefore, 3N variables are associated with the Basic Conversion
Process and 3N equations must be specified to determine these variables

The prices on the output Tink of a conversion process, which are
determined from the condition that economic profit 1s zero, satisfy the
equations

+
2Np N—1

Hola) * k;%il [P(k) — 6(3,k)] Ce(35k) D(3,K)

+ [P(2) — 9(2,2)] Cegla 3) D(3,3) = 0

= + + N, IT 6
] Np 1 to Np ( )
where
P'(3) = price per unit of energy at time J, calculated from
Eq (II 6)
P(3) = price per umt of energy at time J, on the output 1ink of
the process, calculated as follows ,
s > +
P-(3) J Np+N 1
P(3) + P-(J) 3 =N+ N
P(3) = )
2
L P'(3) 3=N;+1to N, + N—1, (11 7)




where PT(J) 1s the price per unit of energy at time J 2 Np as given by
the terminal value model (see Eq II 31)), and

NCO(J) = present value of capital eipend1ture for a umit of capacity
at time 3 (see Eq (A 1)),

variable operating cost of a plant built at time j and
operating at time k (see Eq (II 15)) (The first argu-
ment will always i1ndicate the time the plant 1s built and
the second argument w11l indicate the time the plant 1s
operating ),

6(3,k)

capacity factor of a plant built at time j and operating
at time k (see Eq (II 24)),

CfG(J,J) = an approximate capacity factor of a plant built and
operating at time j (see Eq (II 25)),

discount factor to obtain present value at time J of cost
evaluated at time k (see Eq (II 22))

Equations for all these functions are given 1n the latter part of this
section and 1n Appendix A

Ce(35k)

D(3,k)

The quantities of energy per year produced by the conversion process

are given by

]
= , k =
Prod(J) &g& Ce(k 1) Nw( ) J Np + 1 to Np + N, (I1 8)

where Nw(k) has been defined 1n connection with Eq (II 5) Equation (II 8)
simply states that the quantity of energy per year produced at time j 1s
obtained by adding the contribution from all plants 1n place at previous
times while taking i1nto account the fact that the capacity factor may
differ from unity In Eq (II 8) NW(J) occurs for values of J < Np +1,

*
The equations for NCO(J) are given 1n Appendix A because they are
Tengthy and are the same for several different processes




and thus equations must be given to determine these Nw values The
calculation of the capacity additions for times J <Np + 1 1s described
in Eqs  (II 28) through (II 30)
The equations for the capacity addition Nw for 3 = Np + 2 to Np + N
may be written
Jﬁ; Ce(kod )N, (K)

N (3) = Q(3) - E ) J= Np +2 to Np + N, (IT 9)
W VRN

where

Q(3) = quantity of energy* per year at local time J demanded on
the output 1ink of the basic conversion process, (this
quantity as a function 1s, 1n general, supplied to the
basic conversion process by the process that appears
immediately above 1t 1n the network d1agram)5

C.(3,3) has been defined 1n connection with Eq (II 6)

f

The quantities Nw(J) for J = Np + 2 to Np + N must be positive by
their definition, but according to Eqs (II 8) and (II 9), they may be
negative  When this occurs (the production available exceeds the demand) ,
Eqs (II 8) and (II 9) are to be modified

If Nw(J) < 0 for a particular ) E'Np + 1 (say 3') then Eq (II 9)
1s replaced by

N3 ) =0, (11 10)

and the production available at local time j' from all plants built at
previous times ( <3'-1) 1s changed as follows

-1
Prod;ey(3') = Q(3")Prod(y {2 Celk J')Nw(k)} (11 11)

Since N (3') = 0, Z: Ce(ksa"IN (k) = Prod(3') and Eq (II 8) becomes

"energy" could be heat, electricity, passenger miles, auto vehicle
miles, or other energy-related quantities




Prod . (3') = Q(1") (11 12)

In other words, the production available equals the demand
The equations for the quantity of fuel (energy) which must be 1nput
to the conversion process may be written

k
Qq(K) = ;g% Qe(3 k) Cel35k) N, (3) k=N +71toN +N, (II13)

where

fe)
—
—
oy
~—
1)

quantity of energy per year on the 1nput link of the
conversion process at local time k,
QF(J,k) = quantity of energy per year required at time k by a plant
built at time j to produce one unmit of output energy per
year at time k
If a calculated quantity Nw(k) 1s negative, Eq (II 13) has to be
modi1fied, by following the procedure described 1n Eqs (II 10) and
(IT 11)  Finally, Eq (II 13) becomes

=1 -]
kga Cf(k,J)Nw(k)} (11 14)

J

Equations (II 6) (II 9) and (II 13) are the basic equations needed
to determine the variables associated with the basic conversion process

C The Variable Operating Cost

The variable operating cost ¢(3 k) that occurs 1n Eq (II 6) 1s now
considered The prices on the input Tink to the conversion process,
PI(J) are used 1n the variable operating cost since the cost of opera-
tion should depend on the cost of energy (fuel) The variable operating
cost may be written as

6(3,k) = 6,(3,K) + Qe(2.K)P,(K) (11 15)

where




#(3,k) = variable operating cost per unit energy of a plant
built at time J and operating at time k (see Eq (II 6))
¢0(J,k) = portion of the variable operating cost per unit of energy

that arises from the cost of labor and materials (see

Eq (II 17)),
QF(J,k) = quantity used 1n Eq (II 13), and

(k)
Prk) = Pr(Ny +N) (1 + 1)

k > Np + N> (1T 16)

where

If = prate of 1nflation for time k > Np + N

Equation (II 16) must be 1ntroduced since PI(k) 1s not available on
the 1nput 1i1nk to the conversion process 1f k > Np + N The price, PI(k)
for k= N_+ 1 to Np + N 1s supplied to the basic conversion process by

p
the process 1mmediately below 1t 1n the network diagram 5

The quantity ¢0(J,k) 1s determined directly from 1input parameters

and may be written

2
GD
2; VofeP (k) falk =) £,(3) f,(k), (II 17)
where
V0 = a constant that 1s 1nput to determine the variable operating
cost per unit of energy due to the cost of 1abor and
materials,
fz = fraction of the constant V0 that 1s due to labor or material

co§E (¢ = 1 for labor, £ = 2 for materials),
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P(K)(k) = relative price of labor or material normalized to be
unity 1n 1975 (£=1 for labor, £=2 for material), and,

; (11 18)
LC

g
falk = 3) =epo1————)—k"JA ]

where
fA 1s the aging function which determines how the variable operating
cost Increases as the plant ages,

LC = characteristic facility 11fe,
BA = the "steepness" parameter of the aging function, calculated
by using the facili1ty aging rate (input parameter),]] and
[t+(0 1A t,]
feold)  Gup * (1=gu) (1=v,) ! A
tyrlh-Dargy > tp + Ny b
(3 1)a N,8]
Iop * (1= 9,0) (1 =7,
t (3—-1)a> t+ Np A > ta
ta >t N A
L+t -t -(-1)a]op {
taZ2tp +(0-1) 8
2T . — 2F
1+[ EF ”] [0-1) 8 -N_a]
08T L P
N AZ (G- s>ty
2T . — 2E
1+[ EF AV] [ty —t; =N ]
08T L P
*lty -t -G -1 4lo
t +NpA >tA> t +(3—-1)a ,
(IT 19)
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construction learning multiplier for factor £ at

time of construction j,

time that corresponds to TL(1),

the year 1n which the technology first becomes available,

= technological change 11mit for construction component of

factor £ (1nput to the code) (£ = 1 for labor, £ = 2 for
material, £ = 3 for energy),

= technological change rate (percent per year) for construc-
tion component of learning for factor £ (1nput to the code)
(£ = 1 for labor, £ = 2 for material, £ = 3 for energy),
penalty for early availability (i1nput to the code),

= thermal efficiency of the process for the 1ni1tial model
year or the year of commercial availability whichever
comes later (before 1t 1s modified by time factors) (1nput
to code),

average process efficiency (input to the code), and

[tI+(k 1)a tA]
fop * (1 - ﬁwz) (1 - qe)

t +(k—1)A>tA>t +N_ A

I I P
[(k 1)a NpA]
fop * (1= ) (1—0p)

t +(k~1)A>tI+NpA>tA

I
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foz(k) = operation learning multiplier for factor £ at time
of operation k,
fp = technological change 11mt for production component of
factor £ (1nput to the code) (£ = 1 for labor, £ = 2
for material, £ = 3 for energy),
a, = technological change rate (percent per year) for production
component of learning for factor £ (1nput to the code)
(2 = 1 for labor, £ = 2 for mater1al, £ = 3 for energy)
The quantity QF(J,k) used 1n Eq (II 13) may be written

_1-1
where
TEF has been defined 1n connection with Eq (II 19),
fe3(3)s fy3(k) = functions, as defined 1n Eqs (II 19) and (II 20)
with £ =3 F

D Discount Factor D(J,k)

The discount factor D(J,k) that occurs 1n Eq (II 6) has the
form

k-1 A
1
D(3,k) = ay(k) TI [T—;—;—Uiy] 3 =N, + 1 to N+ N
1+ 1 to 2Np +N-1,

(IT 22)

=~
i

and

D(3,3) = a;(3)

*In the present version of LEAP 0 =Y,
+
Equations (I1 19) and (II 20) are written somewhat more generally than 1s
allowed 1n LEAP at present The code requires

9] = Joop = 9uz® Fap = fupr & = 0y = 03
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1 A
| |
ay (k) = I 3, (11 23)
1 —'[1 tr (K ]

1s defined to be the first intra-period discount factor for time period
k, and
re(k) = relative return on equity per year at time k

(1nput parameters) -

E Capacity Factor

The capacity factor that occurs in Eqs (II 6), (IT 8), (7I 9),
and (II 13) 1s the ratio of the actual rate of production to the maximum
possible rate of production and 1s written

Celak) =0 k <3
- g { Jk=1to Np
Jbok 2N + N+ 1
Y
i} 8 o g.Np +1<k< 2Np + N-1 (11 24)
1+[°‘P~|1 ] I<y <Ny +Ns
where
= maximum value of the capacity factor
o = equivalence factor when a times ¢ 1s equal
to the price P the capacity factor 1s one-half
B (1nput parameter)
y = parameter to determine how 'square" the capacity
function 1s, the larger y, the more sensitive
1s capacity factor to price (input parameter)
o(3,k) = variable operating cost
P(k) = has been defined 1n connection with Eq (II 5)
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Equation (II 24) expresses the fact that the capacity factor 1s assumed
to be a maximum for all time J and k less than TL(Np+1) or greater than
TL(Np+N) The lower expression expresses the important fact that the
capacity factor depends explicitly on the variable operating cost Since
P(k) occurs 1n Cf(J,k), Eq (II 6) contains an 1mplicit dependence on
P(k) that 1s not readily apparent from the form in which Eq (II 6) 1s
written

The approximate capacity factor CfG(J,J) that occurs 1n Eq (II 6)

1s given by

Ceglasd) = B Y
T
PG J
= + + N, II 25
3= Ny *1toN, +N ( )
where
Pe(3) = o3 2) + R () L+ re(u)] Neglo)
G 1+r,(3) —R') B
—P(3+1) +o(3+1,3 +1)}
J = Np + 1 to Np + N (II 26)
1 — 1
1+ refji
R'(2) = ; (11 27)
1- L+l
[1 + re(J)]
r (3) = the return on equity at time 3
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The approximate capacity factor CfG(J,J) has the same form as that
defined 1n Eq (II 24) but contains the estimated price PG(J) rather
than the price P(3)

F  Calculation of the Capacity Additions for ) s’Np + 1

The equations that determine the capacity additions Nw(J) for
J < Np + 1 must be specified A linear assumption concerning capacity
additions for 3 < Np + 1 15 used to give

QN + 1) a(a)

Nw(J) ) Np+1
Egi a(k) Celk Ny + 1)
J=1ltoN +1, (11 28)
where
a(3) = Max {0 [1—rga (N +1 -1 (11 29)

re = the annual change 1n nameplate capacity characterizing

each specific process ,
and the guantity re 1s determined (by 1teration) from the equation

N +1

p

2;1 Qe(ks Ny + 1) Celky No + 1) N (K)
Eav = = ; (11 30)
AY ang + 1)

where
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Nw(k) as a function of res 15 given by Eqs (II 28) and (II 29)

EAV = average process efficiency that 1s 1nput to the code
6(Np + 1) = quantity of energy per year at tlme (Np +1)
demanded on the output Tink of the process
Cf(k,Np + 1) has been defined 1n connection with Eq (II 6)
QF(k,Np + 1) has been defined 1n connection with Eq (II 13)
In other words, the quantity re 1s determined such that an average effi-

ciency 1nput to the model 1s obtained by the capacity additions determined
by rs

G Calculation of Prices PT(J) for 3 2=Np + N

The prices PT(J) for 3 2 Np + N, that occur 1n Eq (II 6) are calcu-
lated using the terminal value model The equations used are

1 +r

3 1\ c
Pr(3) = V(3) - T vy + 1)

A
1+ rc

N + < < - L)
D N<3 2Np +N -1 (IT 31)

(11 32)

* —
The quantity Q(Np+1) 1s 1n general supplied to the basic conversion

process by the process i1mmediately above 1t 1n the network diagram
However, on 1nput 1inks to demand processes Q(Np+1) 1s an 1n1tial

value that must be specified 1n the data tables This 1s also the
case on nput links to_allocation processes, but here the 1nitial
value 1s the ratio of Q(Np+1) to the sum of this quantity on all

1nput 1inks to the allocation process S
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=V (3) + vg(a)s (11 33)
re(J) = return on equity at time j (1nput parameter)
If = rate of inflation for time 1ndices greater than
N +N
p

The term VO(J) 1s expressed as

where

1_<1 1 )A
tr 2 [3-(N_+N)]a
c ) J
1_<141rr ) PRSI R A
C

{9sz1 (£) ¥y Z1%9,pB2(£)¥,[Z5(£)] (11 34)

[tI+(J"1)A'tA]
+ [1 - gooz] [1 - OLK] BI(K) lPoc,|:z3(£)]

[tI+(J-1)A‘tA]
+ 1= g0 [1—a,] B2(2) ¥, (Z(0)}}

Vo,fz,P(K)(k) for £ = 1 and £ = 2 have been defined in connection

with Eq (II 17),

TEF and PI(k) have been defined 1n connection with Eq (II 16),

tI’

ths 9o have been defined 1n connection with Eq (II 19), and
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B0 = fp {uela m = 1)+ ayu (v, n, D} (11 35)

5,(2) = [1 0 —-az][tl+(J-1)A-tA]

Poelva(e) m =11+ s o Tyz(0), n — 11}, (11 36)
where

fmg and o, have been defined 1n connection with Eq (II 20), and

n, ={1 + Int [LC/A], 1f Lc 1s not divisible by A (1T 37)
LC/A s 1f Lc 1s divisible by A
1 A
y1 = [T"x—;;] (IT 38)
_ A
¥o(2) = (1 —OLK) Y1 (IT 39)
n
L
_ 1 —x
belx np —1) = 55— (11 40)
n n -1
" 1 1+ (nL —1) x L — X L
L(x n = = X (1T 41
(1 —x)2 )

. VL
Zy =<1+r> (11 42)
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(IT 43)

(IT 44)

(IT 45)

The term a, n Eqs (II 35) and (II 36) 1s a constant obtained by
approximating the aging function fA(J) given by Eq (II 18) to be of

the form
fA(J) =1+ aOJA

(11 46)

In the present code version a, equals zero, therefore fA(J) = 1 for all

J > Np + N+ 1 Furthermore,

_ Neold)
3

AfA; + A3],

where

1

k, + (1—k) (1- sc)tIJ'(J'l)A'tA

>
N
n

k [V, (W)-1]

tr+ (3-1)a-t,

As = (1—k,) (1~ 8) v, (W) — 11,

and

(IT 47)

(IT 48)

(11 49)

(II 50)
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k, = technological change 11mit on capital cost (constant)
Bc = technological change rate on capital cost (constant)
. nLA
W, = |:1+r] (11 51)
c

n, A n, A

L 1 L
Wy = (1 —8) (TTTc> (11 52)

, [J-(Np+N)]A

Neo(a) = Neg(Ny + N) (1 + L) , (11 53)

where
NCO(Np + N ) has been defined 1n connection with Eq (II 6),
If has been defined 1n connection with Eq (II 32),

B = maximum value of the capacity factor

Except for the present value of capital cost Nco(j), a1l of the
quantities have now been determined Because the equations for NCO(J)
are rather lengthy and do not 1nvolve any of the variables (i e , they
depend only on 1nput parameters) and are common to several processes
they are given 1n Appendix A

H Calculational Algorithm of the Basic Conversion Process

In order to use LEAP, one must supply initial guesses for all of
the model variables (price, quantity, and capacity additions) for all
global time points LEAP refines the set of variable guesses 1teratively,
by alternating between "upwards" calculations, 1n which 1t computes the
prices required to fit the current guesses for future quantities and
capacity additions, and "downwards" calculations, 1n which 1t computes
the quantities and capacity additions required to fit the current guesses
for prices When convergence 1s reached, the final modified guesses
constitute the projections of LEAP which satisfy the equilibrium equations
simultaneously 8
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The following quantities are computed from the i1nput data at the
beginning of each up pass
¢0(J,k) = portion of the variable operating cost per umit of energy
that arises from the cost of labor and materials, for
Np+1 <k <2Np+N—-1 and k = 3 (Eq (II 17))
D(J,k) = discount factor for Np +1 €3 <k S’ZNb +N—-1(Eq (II 22))
NCO(J) = present value of capital cost of a unit of capacity at
time j, for Np +1 <3 =<2Np +N—-1(Eq (A1))
PT(J) = price per unit of energy at time j, for
N +N <3 <2N_+ N —1, as given by the terminal value
model (Eq (II 31))
Then, ¢(J,k) the variable operating cost per unit energy of a plant built
at time J and operating at time k, 1s computed for k > J and
Np+1 <k <2Np+N—-1 (Eq (II 15))

The capacity factor of a plant built at time J and operating at
time k, Cf(J,k), 1s calculated for J <k SNp, k 23 >Np + N+ 1 and
for k >N +Nand 1 < =<Np + N using the terminal value prices
(Eq (II 24))

Finally, the price per unit of energy at time j on the output 1link
of the process, P(3), 15 computed for Np +1 €3 <’Np + N (Eqs (II 6)
(IT 7)) During this calculation a three step loop 15 used Because

perfect foresight 1s assumed this loop starts 1n the year Np + N and

goes backwards 1n time to the year Np + 1

Step 1
P(j) for 3 = Np +1 to Np + N 1s approximated by PG(J) (see

Eq (II 26))

Step 2

The capacity factors encountered 1n Eq (II 6) are computed as
follows

a) Cela,k) for g =N+ 1 to N +Nandk=g+1to2N +N—1
using Eq (II 24),

b) CfG(J,J) for 3 = Np +1 to Np + N using Eq (II 25)
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Step 3

P (3) for 3 = Np +1 to Np + N 1s calculated from Eq (II 6), and
finally P(3) for 3 = Np + 1 to Np + N 1s computed using Eq (II 7)

As on an up pass, the following quantities are computed from the
1nput data at the beginning of each down pass
¢0(J,k) for N_+ 1 <k SZNp +N—1and k >3 (Eq (II 17))
D(J,k) for Np+1 <3 <k <2Np+N—] (Eq (II 22))
NCO(J) for N_+1 <3 <2Np +N—1(Eq (A1))
PT(J) for N+ N <3 <2Np+N—]

Then, the variable operating cost per unit of energy ¢(Jj,k) 1s
computed for k >3 and Np + 1 <k <2Np +N—1(Eq (II 15)) and the
capacity factor Cf(J,k) 1s calculated for 3 <k Spr and for
Np +1 <k <2Np +N—1land 1 €3 <Np + N using the prices P(3) cal-
culated during the up pass (Eq (II 24))

o

© O

Next, the capacity additions at local time j, NN(J),are calculated
for 3 s?Np + 1 using Eqs (II 28), (II 29) and (II 30) and the capacity
additions NN(J) for N+ 2 <3 <N_+ N are computed using Eqs (II 8)
and (II 9) If Nw(J) < 0 for a particular j, the shutdown algorithm 1s used
(Eqs (II 10), (II 11) and (II 12))

Finally, the quantity of energy per year on the 1nput 1ink of the
conversion process QI(J) 1s calculated for Np +1 <3 =<Np + N
(Eqs (II 13) and (II 14))

To avoid wide fluctuations 1n new capacity additions between 1tera-
tions, a simple relaxation method 1s used Let ka1n(3) and kaout(J)
be respectively the 1nput and output new capacity additions to the kth
1teration at time J Then a relaxed new capacity addition 1nput to
the k + 1th 1teration 1s computed as follows

k+1

M) = ) e I L) NS (0T (11 54)

where a 1s a constant equal to O 7 for LEAP Model 22C This relaxation
method for new capacity additions 1s used 1n each basic conversion process




23

IIT EQUATIONS OF ELECTRIC POWER CONVERSION PROCESS

The electric power process 1s very similar to the basic conversion
process, the difference being that 1n the electric power process there
1s more than one load category The equations of the electric power
process reduce to the equations of the basic conversion process 1f the
number of load categories, L, 1s put equal to 1 The time notation 1n
the section 1s the same as 1n Section II and the node index 1s again
suppressed

A Prices, Quantities, and Capacity Additions

The equations of the clectric power conversion process rust determine
the price per unit energy as a function of time and load category, on the
output 1ink of the process The equations must also determine the plant
capacity additions to be made as a function of time and the quantity of
energy (fuel) that 1s required on the input 1ink to the process

The variables of the electric power conversion process are

P1(J) 1=1¢tol ] = Np + 1 to Np + N
G 4(3) J=N; +1to N+ N
AD1(J) 1=1tol ] = Np +1 to Np + N
N, (3) J= Nyt 1to N+ N (111 1)

P.(3) = price per unit energy 1n load category 1, at Tocal time J
on the output Tink of the process »

QI(J) = quantity of energy per year at local time J, on the
input 1ink of the process
AD1(J) = new capacity built in load category 1, at local time J ,

Nw(J) = capacity additions at local time J 1n all load categories,
1e,

L
N, (3) = 2% Ap, (3) (111 2)
'l:
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Since the number of Toad categories L 1n Model 22C equals 3 8N variables
are associated with the electric power process, and therefore 8N equations
must be specified to determine these variables

The prices on the output 1ink of the electric power process (assum-
ing that economic profit 1s zero) satisfy the equations

2ND+N-1 3
MNegla) + 2 3 [P, (k) —o(3,k)] ¢l
co o A Ve ) —o(3:k)] ¢ (3 k) D(3 k)
: (0)
* éé% [Ppa) =o(3 )] cgld(a ) D(3 3) = 0
1=1¢to3
J=N,+ L to N+ N (111 3)
where
Pk(J) = price per unit of energy in load category £, at local time
j, calculated from Eq (III 3)
PK(J) = price per unit of energy n load category £, at local time
j, on the output 1ink of the process, calculated as follows
~
Pop(d) 3B N+ N+
Pr(3) + P,-(3)
- £ LT -
P =N +1 + N — 111 4
LK(J) J P to Np 1 ( )

where PKT(J) 1s the price per unit of energy at time J > N_+ N, in load
category £, as given by the terminal value model, (see Eq (III 43))
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NCO(J) = present value of capital expenditure of a unit of
capacity at time j (see Eq (A 1)),

¢(3,k) = variable operating cost of a plant built at time )
and operating at time k (see Eq (II 15)),
Cgf)(J,k) = capacity factor of a plant built at time ) for category
1 operation and used at time k 1n category £ (see
Eq (III 25) through (III 32)),
Cgfé(a,a) = an approximate capacity factor built at time 3 for
category 1 operating and used at time J 1n category £
(see Eq (III 33) through (III 38)),
D(3,k) = discount factor (see Eq (II 22))

The equations of the quantities NCO(J), ¢(3,k), and D(3,k) are the same
as 1n the basic conversion process, and are given 1n Appendix A and
Section II

The quantities of energy per year produced by the electric power
conversion process 1n the different load categories are given by

-1
prody (2) = 2l 3) 1,00 Ay () €00 (111 5)
1-1
Prod, (3) = I e (k ) N (k) + Apy () c)5 )
+ Agp(2) €2 (5,0) (111 6)
J-1
prody(a) = 3, el a) w0+ Ay () ¢ )

+ A, (3) €830(3,3) + Aga(3) €33 (3,0) (111 7)
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Thus, the output quantities satisfy the equations

prod_ (1) = §° c(1) 1 (1)
rod, (3) k};l Cep’ (ks3) N (K) + 221 Ape(3) Cgp’(353)

1 to 3

-
t

(&}
i

+ + N,
Np 1 to Np N (I11 8)

where

Nw(k) and ADK(J) have been defined 1n connection with Eq (III 1),

and C$$)(J,k) has been defined 1n connections with Eq (III 3)

Equation (III 8) simply states that the quantity of energy per year
produced at time J 1n load category 1 1s obtained by adding the contri-
bution from all plants producing 1n load category 1 at previous times
and the contribution of new capacities built in all load categories £ <1
at local time 3, while taking i1nto account the fact that the capacity
factors may differ from unmity In Eq (III 8), ADE(J) and NW(J) occur
for values of J < Np +1and 3 =N +2 to N + N and thus equations
must be given to determine these ADK(J) and NW(J) values The calcula-
tion of the capacity additions for times 3 < Np + 1 1s described 1n
Eqs (III 41) through (III 47)

The equations for the capacity additions AD1 for J = Np +2 to
N_+ N may be written

p
_ 1-1
0,0 - % ) (k)
ADI(J) = k=1(1)
Cer’(33)
J=Np+2tONp+N (I11 9)
J-1
ACEDY e (k ) N, (k) —Ap; () €25 ) _—
A =
02t et )

= + 2 N +N
J Ip to D
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J 1
00 - % ¢k ) 1,00 - Ay ) ¢ ) = A0 )
Ct3' (0 9)
)Ny F 2t N H N (IT1 11)

where

Q}(J), 1 =1 to 3 = demanded quantity of energy per year 1in load
category 1 at local time j (these quantities
supplied to the electric power conversion pro-
cess from the electric load process),

Cgf)(J,k) has been defined 1n connection waith Eq (III 3),

Nw(k) and AD1(J) have been defined 1n connection with Eq (III 1)

The quantities AD1(J) (and therefore Nw(J) for 1 =1 to 3 and
J=N_+1toN_+ N must be positive by their definition, but according
to Eqs (III 2), (II1 9), (III 10) and (III 11) they may be negative
When this occurs (the production available exceeds the demand), Eqs (III 8),
(111 9), (III 10), and (III 11) are to be modified or replaced

Consider Eq (III 9) for the capacity additions in the first load
category, and suppose AD](J) 1s negative for some value of J 2 Np + 1
(say 3'), then Eq (III 9) becomes

AD](J ) =0, (111 12)
and the production 1n load category 1 at local time 3' from all plants
built at times k <J3' — 1, 1s changed as follows

q,(")
' _ 1 '

Prod, . (3') = = Prod, (3")

%:1 Cop/(k 3') N (K)

k=1to3' -1, (I11 13)

and since AD1(J') = 0, Eq (III 5) becomes
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Prod, new(Jl) = Qi(J') (111 14)

In other words the production available equals the demand Similarly ,
] ] 2
1f ADZ(J } < 0 for J Np + 1 then

ADZ(J') =0, (IIT 15)

and the production available 1n load category 2, at local time J' from
all plants built at time k < 3' — 1 1s changed as follows »

QZ(J ) Prodz(J ' )

'y _
Pr'od2 new (J )

'1
PO PRROREMERIE UERER

k=1t 3' -1 (III 16)
and since ADZ(J') = 0, Eq (III 6) becomes

Prod, (') = Q,(3") (111 17)

If AD3(J') 1s less than zero for 7' > Np + 1 then
AD3(J') =0, (111 18)

and the production available 1n load category 3 at local time J' from
all plants built at time k 1s changed as follows ,

Q02"
pr.0d3new(‘]I) it 3

T3 a0 + o000 agM ¢ o6 3 a0

Prod3(J')

k=1t 3" -1, (III 19)

and since AD3(J') =0, Eq (III 7) becomes
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Prods . (3') = Q3(3) (111 20)

In other words, the production available equals the demand

The equation for the quantity of fuel (energy) which must be 1nput
to the conversion process may be written

00) = 5 ok ){f\: el (x )} N, (K)
L R V=Tt T

3, 3 @)
+ 2 2 Qe(30) Ay, (3) CF7(359)

J = Np +1 to Np +N, (I11 21)

where

QI(J) = quantity of energy (fuel) per year on the 1nput link of
the electric power process at local time J
QF(k,J) = quantity of energy per year required at time J by a
plant built at time k to produce one unmit of energy per
year at time 3 The quantity QF(k,J) 1s defined 1n
Eq (II 21)

If a calculated quantity AD1(3 ) 15 negative (1 =1 to 3 and 3'2 Np + 1),
Eq (III 21) has to be modified, by following the procedure described
in Eqgs  (III 12) through (III 20)

If ADl(J') < 0, Eq (III 21) becomes

(e 1l

0" 5Ty otk 39 (e 3" N0
Py STUCERE :

(k)

w

3
f 3T 0t 3 A Gh et (IIT 22)
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If ADZ(J') < 0, EqQ (IIT 21) 1s replaced by

1=
{ T 0p(ka3") ¢80 N () + Qpa,07) Ay () c§§><3-,J:>}

k=1
25 0tk 01 e (s (K + 0e(aan) A (a) e (araa)
& f1 30 By Fl3'3%) App f1 19"
J'-1
8 Gplkn’) c83) (ka0 N () + Qp(a00) Apglat) ¢ ars an)
(111 23)
Finally, 1f AD3(J') < 0, Eq (III 21) becomes
00 = ﬁé(Jl)
e I B ) )+ A ) e graa) + A () ¢ an)
=1 f1 ’ w D1 fl ? D2 f2 ?

3=l
{ Z el at) e83k ar) N (k) + Qpla’ 0 A3 €330

+Qp(3'537") Agy(at) ng)(J',J')}

3'-1
2 (SR INO R MEIRR I CRIILEIRD
-1
0y (2) \
+ 291 Qg (ks3') €7 (ka3") N, (K)

+p(a' 3') Agy(a) B g (111 24)
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Equations (III 2), (III 3), (III 9), (III 10), (III 11) and (III 21) are
the basic equations needed to determine the variables associated with the
electric power conversion process

B Capacity Factors
The capacity factor of a plant built at time j for category 1
operation and used at time k 1n category 1 1s given by

(
0 k <3
Jok=1toN
L™ P
k=2 N_+N+1
Lflr1 {Np + 1< k< 2Np +N-—1
Y <3<
1+ 28] beasty =i
L 1 (I11 25)
where
- th
Lf1 = load factor for 1~ category ,
r,= reliabi11ty factor for operation in 1th category ,
o, Y = constants that determine the shape of the capacity factor,
¢(3,k) = variable operation cost ,
P.(3) = price per unit energy 1n load category 1 at local time J

on the output link of the process

Returning to Eq (III 25) the maximum value of the capacity factor
at time k 2 Np + 1 1n load category 1 1s

Lerty

Hence, the "unused" productive capacity at time k from one unit of
capacity built at time J 1s

u@(a, )
Lehy [ ]Y
Leh — [‘T’"k =lan . [ X ] (11T 26)
‘9"(“;;| P, (K

which corresponds to unused nameplate capacity at time k = Np + 1 of
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[1 .k ]Y
Plik)
Y
T
P1 k

(II1 27)

This capacity 1s unused 1n load category 1, but 1t 1s available for use

1n categories 2 and 3

Therefore, the capacity factor of a plant built at time J for
category 1 operation and used at time k 1n category 2 1s given by

Applying similar reasoning we obtain

{

{p

k <3
sk Z2N +N+1
J p

1 toN

K
J p

N +1<k< 2Np +N-—-1
1<3J<N +N

P
(ITI 28)

k <3
0
Jk2N +N+1
p
3) Lf3r3 J.k =1 to Np
Cfl (3,k) =
{1 .k ]Y Ex .k ]Y
PZ(k Pl k Lf§r3
Y Y Y
( adl],k o],k 0 (J,k)
1+[P2(k ] L+ [Pl(k] 1+ P3(k)]
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and
L2 {J <Ny *
>N +N+1
(2) _ 37
Csy (3,2) Lop
f2 2 N +N232>2N_+1
Gl M
P, {3 (11T 30)
0 ]2 Np + N+ 1
sz (JsJ) =
]
Po3 a3 s e
-l +[(X. J s ]Y 'l + [(X JsJ Y p
PZIJS P3(J$ J < Np + N
(111 31)
L3'3 3N, +
J N +N+1
2
L
f3 3 N +N=>32N_ +1
a J’ Y p p
P3 ] (111 32)

A1l the previous equations express the fact that the capacity factors

are assumed to be maximum for all times J and k Tess than TL(Np +1)

and greater than TL(N + N) Moreocever, for all times greater than
TL(Np + N) 1t 1s assumed that plants do not shift between categories
1f a plant operates in Toad category £ during the first year of 1ts 11fe,

1t 1s assumed to operate 1n Toad category £ during 1ts entire l1fe
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The approximate capacity factors C$€%(J J)(v=11to 3,2 =1 to3)

that occur 1n Eq (III 3) are given by

(1) _bany (111 33)
ad(3,3) | J=N_+1toN_ +N
1 + P]G ; p p
_[} Jsd ]
Le,r
Cg%é(J,J) - Lhe fe v (111 34)
ad(J,

= + 1 toN_+N
J Np 0 D

[? 1,d ]Y [? J,J)]Y ]
r
cBla.y) = L2 " L J( . — 3( W)
J 3 ad(y 3) ad(d J
R[] )

+ 1t + N
Np 0 Np

)

(4]
[

Leor
111 36
ng)(J J) = fe.2 ( )
6 1+ {x (2 J)]Y
Pogld =N +1t +
2G J Np 1 to Np N
[% 153 ]Y ]
. £3"3
ngé(J,J) = 26 G ¢ (111 37)
+ |o0(,3 1+ [a 3] ]
] [PZG(JF 2NE)
J = Np + 1 to Np + N
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¢35y = 133 (111 38)
£3G'\J> Y
1+ [% 359) ] J=N_+1toN +N,
NE p p
3G
where
. T+r_(3)INAa(2)
i R'(3) [14re (3) INgg
P,al3) = ¢(3,3) + ; - P,(341)
£6G 1+re(J)-R (2) LepTs 2
+ ¢(3+1,341) (111 39)
= + +
3= N 1 to Ny + N
£ =1 1to 3
1
1 - ]+re135
R'(3) = (I1I 40)

L.+1
[1+rg(1)1

the return on eauity at time )

-
(4]
—
o
~—
1

The approximate capacity factors Cgf%(J,J) have the same form as the
capacity factors Cgf)(a,a), but contain the estimated price PKG(J) rather

than the price PK(J)

C Calculation of the Capacity Additions AD1(J)
for J < N_+1

The quantity AD](J) 1s obtained as 1n the basic conversion process
and 1s determined from

P (111 41)

a(k)ch)) (kN+1) p=ltol 1,
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where

a(3) = Max {0,[1-rSA(Np +1-3]1, (I1I 42)

and the quantity re 1s determined from

N +1

P
D aptiangrneg a0
_ K
AV

E LAG) : (111 43)

where

AD](k) as a function of rgs 1S given by Eq (IT1 41)

EAV = average process efficiency that 1s input to the code

In other words, the quantity re s determined such that an average eff1-
ciency 1nput to the model 1s obtained by the capacity additions determined
by r, The quantities ADZ(J) and AD3(J) are given by

i ADZ(N +1) (III 44)
Aoz(J) - T ADZ(‘]) _ _l t N + _l
ADZ(NP+]) J = 0 P s
and
An,(N +1)
Aa(3) = BB " a (3) (111 45)
b3 AnL(N +1) D3
D3'p -
J = 1 to Np + 1,

where the quantities AéZ(J) and AD3(J) are determined from the same
equations as AD](J) (Eq (III 41)) w1th'Q](Np+1) replaced by Qé(Np+]),

Cg})replaced by ng), etc , and using the values of re previously calcu-

lated from Eq (III 43) The quantity ADZ(Np+1) 1S given by
N _+1 2)
_ 2
ADZ(Np+1) = ADZ(Np+1) — AD](k)Cf] (k,Np+1), (IT11 46)
k=1

to account for the production in category 2 by the added capacity 1in
category 1 and the quantity AD3(Np+1) 1S given by
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N _+1
Ap3(N#1) = A['B(Npﬂ) —Z Am(k)cﬁ)(k,npn)

-—:E: ADz(k)cgg)(k,Np+1) (111 47)

Finally, the total capacity additions Nw(J), for 3 =1 to Np + 1 are
determined from Eq (III 2)

D Calculation of the Prices PKT(J) for J 2 Np + N

The equations for the prices PKT(J) for 3 2 Np + N are similar to
the equations of the basic conversion process, the difference being that
1n the electric power process there 1s more than one load category

The equations used are
1

1\ 1- 1+rC
P/@T(J) = V/@(J) —<ﬂ'¥) V/@(J'”) _—‘T—A (III 48)
- ()
+ N<J<<2N +N-1
Np N<] D
£=11% 3,
where
e has been defined 1n Eq (II 32) and
Vo(3) = V() + V() £=1to3 (111 49)
V;(J) has been defined 1n Eq (II 34) and
Neg(d)
_ €0 =
V) T L b [A, +A] £=1t03, (111 50)

where NCO(J) has been defined 1n Eq (II 53), and
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Lep and rp have been defined 1n connection with Eq (III 25)
A] has been defined 1n Eq (II 48)
A2 has been defined 1n Eq (II 49)
A; has been defined 1n Eq (II 50)
E  Calculational Algorithm of the Electric
Power Conversion Process

The following quantities are computed from the 1nput data at the
beginning of each up pass

¢0(J,k) = portion of the variable operating cost per umit of energy
that arises from the cost of labor and materials, for
k>Jande+1 <k <2Np+N—1 (Eq (II 17)),
discount factor for Np +1 <€ 3 €k < 2Np + N-—1
(Eq (II 22))

NCO(J) = present value of capital cost of a umt of capacity at
time 3 for Np +1 <3 <2Np +N—1(Eq (A1))

price per unit of energy at time J 1n load category £,
foer+N <) <2Np+N—1 and £ = 1 to 3, as given

by the terminal value model (Eq (III 48))

Then, ¢(3,k) the variable operating cost per unit energy of a plant

D(J,k)

built at time j and operating at time k 1s computed for k > j and
Np+1 <k <2Np+N—1 (Eq (II 18))

The capacity factor of a plant built at time J for category 1
operation and used at time k 1n category £, Cﬁf)(a,k) 1s calculated
for 3 < k < Np, k23 2 Np + N+ 1 and for k > Np + N and
1 <3 < Np + N using the terminal value prices (Eqs (III 25)
through (III 32))

Finally, the price per unit energy 1n load category £, at local
time J on the output 1ink of the process PK(J) 1s computed for
£ =1 to 3 and Np +1 < 3 < Np + N (Eqs (III 3) and (III 4)) During
th1s calculation a three step loop 1s used Because perfect foresight
1s assumed this loop starts in the year Np + N and goes backwards 1n

time to the year Np + 1
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Step 1
Pz(J) for £ =1 to 3 and J = Np +1 to Np + N 1s approximated
by PzG(J) (see Eq (III 39))
Step 2
The capacity factors encountered 1n Eq (III 3) are computed as
follows
a) C&f)(J,k) for £ =1t03, 3= Np +1toN +Nand k =3 +1
to 2N_ + N — 1 using Eqs (III 25) through (III 29),
b) C&f&(a,a) for1=1to3,2=1to3and3J=N_+1toN +N
using Eqs (III 33) through (III 38) P P

Step 3

Pz(J) for £ =1 to 3 and ) = Np +1 to Np + N 15 calculated from
Eq (IV 3), and finally Pz(J) for £ =1 to 3 and 3 = Np +1 to Np + N
1s computed using Eq (III 4)
As on an up pass, the following quantities are computed from the
input data at the beginning of each down pass
¢O(J,k) for Np +1 <k ¥ 2Np +N—1and k >3 (Eq II 17),
D(3,k) for Np+1 <) <k <2ND+N—1 (Eq (II 22))

(3) foer+1 <] <2Np+N—1 (Eq (A 1)),

N
co
for Np+ N <3 <2Np+ N—1and £ =1 to 3 (Eq (III 48))

Pp7(3)
Then, the variable operating cost per unit of energy ¢(J,k) 1s computed

for k > 3and N_+ 1 <k <2Np + N =1 (Eq (II 15)) and the capacity

factor C(z)(a k) 1s calculated for 3 <k <N and for
f1 P

N +1 <k <2N_+N-—1and 1 <3 <N+ Nusing the prices P(3) calcu-
lated during the up pass (Eqs (I1I 25) through (III 32))

Next, the capacity additions 1n load category 1 at local time J,
AD1(J) are calculated for 1 =1 to 3 and 3 < Np + 1 using Eqs (III 41)
through (III 45) and the capacity additions at local time 3 1n all load
categories NV$J) for 3 < Np + 1 are computed using Eq (I11 2)

The capacity additions AD1(J) and NN(J) for Np+2 <) S'Np + N and
1 =1 to 3 are calculated using Egs (111 3) through (III 11) and
Eq (III 2), respectively If AD1(J) < 0 for a particular J the shut-
down algorithm 1s used (Eqgs (111 12) through (III 20))
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Finally, the quantity of energy per year on the input link of the
electric power process at local time j QI(J) 1s calculated for
Np +1 <3 <’Np + N (Eqs (III 21) through (III 24))

At the end of each down pass the new capacity additions 1n all load
categories Nw’ are relaxed to avoid wide fluctuations between 1terations
The procedure 1s 1dentical to the relaxation method used i1n the basic

conversion process (Eq (II 54))

IV EQUATIONS OF RESOURCE PROCESS4

The resource process receives the quantities demanded over time
and must furnish the prices necessary to bring forth these quantities
Consequently, there are two functions that a resource process must per-
form  First, 1t must compute the schedule according to which new reserves
must be found and developed 1n order to supply the quantities demanded
over time Second, given this schedule of reserve commitments, the re-
source process must calculate the price necessary to bring forth this
schedule of commitments without delay Each resource process has an

output 1ink but no i1nput tink The time notation 1n this section 1s
the same as that used 1n Section II and the node 1ndex 1s suppressed
as 1n Section II

The resource processes embody different assumptions about production
patterns 011 and gas production 1s exponentially declining (RESORC

Subrout1ne7), (1 e , the rate of production 1s proportional to the amount
of 011/gas left 1n well) while coal 1s usually produced from a mine at a
constant level for a fixed number of years (CESORC Subrout1ne7)

The resource process describes the technology and economics of the
extraction of a depletable resource over time Except for the effects
of depletion and the presence of rents, the resource process 1s quite
similar to the basic conversion process

A Prices and New Capacity Commitments
The variables of the resource process are assumed to be
P =N +1toN_ +N
(1) 1= N, b

= + +
NW(J) J Np 1 to Np N

(Iv 1)
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where
P(3) = price per unit energy (fuel) at local time J on the
output Tink of the process
NW(J) = new capacity commitments made at local time j

Therefore, 2 N variables are associated with the resource process and
2 N equations must be specified to determine these variables Many
other quantities must be calculated and could be called variables, but
for this discussion the quantities in Eq (IV 1) are termed the variables
of the resource process
The prices on the output 1ink of a resource process satisfy the
equations
2N_+N-1
Ne(3,3) = 1(3,9) + [P(£)-0(3,3:£)1P .(3,3,£)D(3,£)
£=3+1 (v 2)

+ [P'(J)—¢(J,J,J)]Prg(J,J,J)D(J,J) =0

J=Np+]t0N + N,

p
where
P.(J) = price per unit of energy (fuel) at time J, calculated
from Eq (IV 2)
P(3) = price per umt of energy (fuel) at local time J on the

output 1ink of the process calculated as follows

PT(J) ]2 Np + N+ 1

P(3) = 5 ] = Np + N (1V 3)

©
[
o
N

N +N -1,
P



where PT(J) 15
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the price per unit of energy at time 3 >N_+ N as given

by the terminal value model (see Eqs (IV 34) and (IV 35)), and

Ne(a,k) =

m(J,k)

d(3,k,2)

P.(3,k,2)

Prgldks2)

D(J,£)
Equations
this section

present value (at time J) of capital cost of a unit of
capacity committed at time jJ and first used at time k,
the before-tax profit to the resource owner at local time
k of a well committed at time 3,

variable operating cost of a well available at local

time 3, committed at time k and operating at time £,

the rate of production at local time £ of a well available
at time J and committed at time k,

an approximate rate of production at lTocal time £ of a
well available at time J and committed at time k,
discount factor (defined 1n Eq (II 22))

for all these functions are given 1in the latter parts of

The equations for the capacity additions Nw for 3 = Np + 2 to
Np + N may be written

N,(3) =

where

J-1
) ;P,,(k,k,amw(k) (011, Gas) (1v 4)
. 1_2-61&] JEN F2t0 N+ N
J-1
Q) =) P.(k.k 3N (K)
k=1 (Coal) (IV 5)
B/t

=N_+2 +N,
J p to Np N

T = Max{Lc,A} 5 (IV 6)
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Lc = characteristic mine 11fe
Nw(J) has been defined 1n connection with Eq (IV 1)

Q(3) = the quantity of energy (fuel) per year, demanded at
local time J (supplied to the resource process by the
process 1mmediately above 1t 1n the network diagram),

Pr(J,k,z) has been defined 1n connection with Eq (IV 2)

8 = maximum value of the capacity factor (assumed to be 1
1n resource processes),
& = the decline rate (1nput parameter)

The quantities Nw(J) for 3 = Np +2 to N_ + N must be positive by
their definition, but according to Eqs (IV 4) and (IV 5) they may be
negative When this occurs, (the production available exceeds the demand)
modifications to the capacity factors Cf(k,k,J) (defined below) are to
be made, which forces Nw(J) to zero Then fork =1to) -1, Cf(k,k,J)
1s re-defined as follows

C

¢ ra(kokad) = Celkok 3) o) , (1v 7)

—]
:Pr(n n,J)N, (n)
n:

and then adjusting the production rate (Eqs (IV 14) and (IV 15)) and
the productivity age (Eqs (IV 8) to (IV 12)) by using the new capacity
factors

In Eqs (IV 4) and (IV 5), NV$J) occurs also for values of
3 <N_ + 1, and thus equations must be given to determine these Nw
values (see Eqs (IV 21) through (IV 23))

Equations (IV 2), (IV 4) and (IV 5) are the basic equations needed
to determine the variables associated with the resource process

B The Productivity Age

The productivity age of a given well 1s the number of years that
reserve could have been produced at the maximum rate and have produced
the same cummulative production as 1t actually produced 2 In the case of
constant production over a fixed 11fe, Lc’ as 1n the coal mining process,
the cummulative production cannot exceed the reserve commitment and there-
fore productivity age cannot exceed LC




a4

On the other hand, 1n the case of a resource with an exponentially
declining production profile (011,Gas) the productivity age 1s not
Timited

The recursive equations for the productivity age % may be written

t(3,k,2) = 0 2 <k (1V 8)
k 2 3
£(3,k,2) = t(3,k,L-1) —-%—1n31-{1-e'5A]cf(J,k,£) (011,6as)  (IV 9)
£L2k273
>
£ Np + ]
t(3.ks€) = t(3,k,L-1) —%—M%l —[1-e-5A]B£
- £-k+1 -
= "ﬁ“g——l'1"3] —{1-e GA]g (011,6Gas)
= (L-k+1)A (IV 10)
L2k273
<
£ Np + ]
3k 2) = t(a.k £-1)4Cc(3 k £)aT (3 k £) (Coal) (1v 11)
{K 2 k2>
- +
Ny + 1
t(J,k,2) = (£-k+1)A (Coal) (IvV 12)
{ﬂ Z k2
L <
N+ 1,
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where
J = local time 1n which the well becomes available
k = local time 1n which the well has been committed
£ = local time 1n which the well 1s operating
6 has been defined 1n connection with Eq (IV 4)

Cf(J,k,K) = capacity factor of a well available at time j
committed at time k and operating at time £, and

Le-t(3,ks1)
TLC(J,k,K) = mingl, max |0, R

1 1f LC-€(J,k,£-1)>A

~ (IvV 13)
Lc-t(J k,2-1) ~
i 1f Lc-t(J,k,£-1)<A

C The Production Rate
The rate of production Pr(J,k,ﬂ) that occurs 1n Eqs (IV 2), (IV 4)
and (IV 5) may be written as .

Celask,)e SHI 0T (om0
Pr(J,k,K) = X (011 Gas) (Iv 14)
L2k=2]2 Np + ]
k<N +N
p
Cf(J ,ka'e) T ‘ ,C)
Pr(\]aksf—) - _'[:_— LC(J’ ’ (Coa]]
= Ejféififz_ 1f Lc—z(J,k,£-1)>A (IV 15)
C
_ Cf(J ’ks'e) Lc't(J ,k,I,-])
- L A N
¢ 1f LC- t(\]’ks‘e".l)<A
L2k=2]2 Np +1
k<N +N,

P




where

J
k
£
$

c
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Tocal time 1n which the well becomes available,

Tocal time 1n which the well has been committed,

Tocal time 1n which the well 1s operating,

has been defined 1n connection with Eq (IV 4)

Af(J,k,ﬂ) has been defined 1n connection with Eq (IV 11),

t(J,k,£) has been defined 1n Eqs (IV 8)-(IV 12)

Equation (IV 15) for coal mining production simply states that the
maximum average annual production rate will be (1/LC) 1f the produc-
tivity age t(J,k,£-1) 1s smaller than the characteristic mine 11fe, Lc’
by at least one time 1nterval (A) If not, the maximum annual produc-
tion rate 1n the last time interval will be (1/Lc)[(LC-E(J,k,£-1))/A]
The approximate rate of production PrG(J,J,J) that occurs 1n

Eq (IV 2) 1s given by

and

where

Prg(35353)

Prg(3,3,3)

Ceg(35353)

~

CfG(J,J’J)e-Gt(J,J,J-1)(]_e-6A)
A
Ceg(d 350)(1-e%)
A (011,Gas)  (IV 16)
=N +1t +
J D 0 Np N
Ceal35353)
“fg[——————— Ly
: (Coal) (Iv 17)
Ceala5350)
Y S 1L <A
J =

N +11¢t + ’
p 0 Np N

an approximate capacity factor defined 1n the latter
parts of this section
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D Capacity Factors
The capacity factor that occurs in Eqs (IV 9), (IV 11), (IV 14)
and (IV 15) 1s written

&) ;K z2 k=23
< + ]
L Np
Cplaakat) = (1v18)
B > 31 > k>3]
o (J,k,L) -
k<N +N
Y
where

8 has been defined 1n connection with Eq (Iv 4)
#(3,k,2) and P(2) have been defined 1n connection with Eq (1v 2)
a,y = constants that determine the shape of the capacity factor

The approximate capacity factor CfG(J,J,J) that occurs 1n Egs
(IV 16) and (IV 17) 1s given by

Ceg(3:350) = : (Iv 19)

]+ [agga,g,a)]Y
Peld

=N +]tN+Na
3= % ° %

where

[t
=
+
=

P;(3) J

psa) = (1V 20)

n

P(3) ] Np + 1 to N_ + N

P

The approximate capacity factor CfG(J,J,J) 1s 1dentical to the
capacity factor Cf(J,J,J) for 3 = Np +1 to Np + N —1, but for
J = Np + N 1t contains the price given by the terminal value model,

PT(Np + N), rather than the price P(Np + N)
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E New Capacity Commitments for j < Np + 1
As 1n the basic (and the electric) conversion process, a linear
assumption concerning capacity additions for j < Np + 1 1s used to give

Q(N, + 1)a(a)

= p
N, (2) N +1 - | o-3h (011,6Gas)
a(k)Co(k,k N #1)e 88K kNy ) () (1V 21)
SN _+1
) P
and
ﬁ(Np +1)a(3)
NI = § TR (Coal) 1y 92
Lc ] ] p
= ¢ <N+
J Np ,
where
ﬁpr + 1) = the demanded quantity of energy (fuel) at the first

global time
TLc(k’k Np+1) has been defined 1n Eq (IV 13)
a(J) = Max{o, 1—rsA(Np+1—j)} , (IV 23)
and the parameter ro 1s the yearly change rate 1n capacity additions
(1nput parameter)

F Present Value of Capital Cost
The present value of capital cost NC(J,k) that occurs for 3 = K 1n
Eq (IV 2) may be written as follows,

C
N(3:K) = Neg(K) €1+ CqIx(0)] B, (1v 25)
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Le
c. I C >
= c _'NR OE
S (31 (3 [‘ '<1+rc ] (v 26)
k = Np + 1 1f TG(I) + (N-1)A < tA
=13 Te(1) + (3-1)a > t,
Coe = e (011,gas)
1f LC < A
i {FC-A]]/A
A '|fA<LC<2A (Coa])
1 1f Lc > 27
where
NCO(k) = the present (depletion free) value of capital cost for a

well opened at local time k (see Eq (A 1)
Appendix A)
x(3) = the cummulative commitments since Np + 2 up to local time j,

and 1s given by

0 J < Np + 1
(Iv 27)
J3-1
N, (1) Np+N+1 23> Np + 1
= = +2
x(3) 1= N
N _+N
+ N+
Nw(1) J> Np N+ 1
= N +2
P
where
C., and CC2 = capital cost commitments depletion parameters

cl
which define the present value of capital cost as

a function of cummulative commitments since starting
time Np + 2 (1nput parameters)

m
i

R scaling factor for the present value of capital cost that 1s
1ntroduced to account for the manner 1n which spect”ic capital
cost and variable operating costs are determined (see pp 67,
68, and 69 of Ref 4)
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Cc = capital cost fraction (1nput to code)

INR = 1mtial resource cost (1nput to code)

a](Np + 1) = interperiod discount factor defined by Eq (II 23)
re = defined by Eq (II 32)

Lc = characteristic 11fe (1nput to code)

TG(1) = first global time point

t, = time when technology first became available (1nput to code)
8

= the decline rate (1nput parameter)

G Variable Operating Cost
The variable operating cost may be written as

Co

0
¢(J’k ‘e) = d)ék:f-){] + OC][X(J)] cz}{]+C1[X](J’ks£)] } (IV 28)

where
¢o(k,£) = portion of the variable operating (depletion free) cost
per un1t of energy that arises from the cost of
labor and materials The equations for ¢o(k,£) are given
in Chapter II (Eq (II 17)
x(3) has been defined 1n connection with Eq (IV 26)
0c1 and 0c2 = operating cost/commitments depletion parameters that
are 1nput to the code
x](J,k,E) = the cummulative production at local time £, from a
well available at time J and committed at time k,

given by
]_e-6t(J k,2-1) 011, Gas)
x1(3,k,2L) = (IV 29)
where E(J’k’z'])/Lc (Coal) ,
C] and C2 = operating cost/cummulative production depletion

parameters that are input to the code
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H The Economic Profit
The before-tax profit at local time J, T(J,J) that occurs 1n

Eq (IV 2) 1s wraitten
JZ2N +N +1
0 < Np + 1
35T
m(3,3) = (1V 30)
Neo(a)
L(Jsk) N + 1< <N +
M BT prlsasipri
where
L(J,kM) = Max[L(3,k)] = the largest lump sum lease

K>3
payment (discounted to j) before taxes at local time k,
for a well opened at +ime 3

B(3) = base capital cost at local time J, defined by Eq (A 32)

1n Appendix A
NCO(J) has been defined by Eq (A 1) 1n Appendix A

The lump sum lease payment L(3,k) satisfies the equation

(1v 31)

k-3)A

(k) 1 7

L(3,K) = T{3.K) ]
NCO(k) 1+r0

where ro 18 the owner's average discount rate (assumed to be constant)

and the profit 1(J,k) satisfies the price equation

2N _+N-1
m(3,k) = [P(ﬂ)-¢(J,k,ﬂ)]Pr(J,k,ﬂ)D(k,ﬂ)-NC(J k) (1Iv 32)

I Calculation of Prices PT(J) for 3 2 Np + N
Finally, equations to determine the prices PT(J) for 3 > Np + N
that occur 1n Eq (IV 2) must be specified The equations used are the
same as for the basic conversion process, except that the exponentially
declining production profile (011,Gas) 1ntroduces a multiplicative factor
and the capacity factor B 1S replaced by the maximum average annual pro-

duction rate which 1s
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g/t for a constant production profile (Coal) and

(IV 33)
1-e~80

)

for the exponentially declining production
profile (011,Gas),

where = = Max(Lc,A) The equatiions used are

] —

PT(J) = [VC(J) SN A A VC(J+])] '————55 (Coa]) (IV 34)

(1+rc)A

e e Y o ]+rc
Pr(3) = |Vo(3) - Tor, V(1) ————(—;——3— , {011 Gas) (Iv 35)
1 —
T+r
c

where the upper 1ndices ¢ and e 1ndicate constant and exponentially
declining production profiles accordingly, and

re has been defined 1n Eq (II 32)
S = the decline rate (1nput parameter)

0 1f Lc <A
L -A
yy = Z 1f A< Lc < 24 (IV 36)
1 1f Lc Z 20
and
C _ C (W]
ve(3) = v "(a) + Vo () (Iv 37)
e _ e (]
V=) =V () + Vo (3)> (Iv 38)
where
[N } t 0c2
Vo (2) =V, (3) 01+ 04[x(2)] 4 (1V 39)

V_ (3) has been defined 1n Eq (II 34)
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x(3),0.1,0,, have been defined 1n connection with Eq (IV 28), and

cc Neg T Aq[A,*A;1/8 (IV 40)

<
1]

c
€2y (IV 41)

co = Neo {1 # CeyIx(a)]
NCO has been defined by Eq (II 53)

x(3)» Cc], Cc2 have been defined 1n connection with Eq (IV 25)
T has been defined by Eq (IV 6)

Ay> A, and A, have been defined by Eqs (II 48), (II 49), (II 50),
and finally

A
Ve = 0 A [A+A,] (IV 42)

J Calculational Algorithm of the Resource Process

1 Up-Pass
The following quantities are computed at each up-pass

¢O(J,k) = depletion free portion of the variable
operating cost per umt of energy that arises
from the cost of labor and materials, for k > J
and Np +1<k< 2Np +N~—1 (Eq (II 17))

N (3) = capacity additions at local time J, for J < Np + 1
(Eqs (IV 21 and IV 22))

D(J,k) = discount rate for Np +1 €3 <k < 2Np + N —1

(Eq (I 22))

c present value of capital cost of a unit of
capacity committed at time ) and used at time
k, for Np +1 €3 <k < 2Np + N —1(Eq (IV 25))

=
—
[ )
=
~—
1l
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#(J,k,2) = variable operating cost (with depletion effect)
of a well available at local time j, committed
at time k and operating at time £, for £>2k>3 and
Np +1<k<L2< 2Np + N—1 (Eq (IV 28))

PT(J) = price per unit of energy at time j, for
Np + N< < 2Np + N —1 as given by the
terminal value model (Eqs (IV 34
and IV 35))

M(3,J) = the before-tax profit at local time j for

Np +1 <)< Np + N (Eq IV 30))

P(3) = prices per unit of energy at time J on the output
Tink of the process, for N_ + 1 < j < Np + N

(Eqs IV 2 and IV 3)) During this calculation,
a four step loop 1s used Because perfect

foresight 1s assumed this loop starts 1in the year

Np + N and goes backwards 1n time to Np + 1

Step 1
The capacity factors of a well available at local time J, committed at

time k and operating at time £ are computed as follows
a) Cf(J,k,l’,) for1l € 3 < k € ¢ < 2Np+N—1 andl’,#Np+N
using Eq (IV 18)
b) CfG(J 1) for 3 = Np + N using Eqs (IV 19) and (IV 20)
Step 2
The productivity age g(J,k,ﬂ) of a well available at local time 3,
committed at time k and operating at time £, for 1 <3 <k <¢ <2Np +N—1
1s computed using Eqs (IV 8) through (IV 12)
Step 3
The rate of production that occurs 1n Eq (IV 2) 1s calculated as
follows
a) Pr(J,k,ﬂ) for 1 <3 <k <¢ <2Np+N—1 andﬂ#Np+Nus1ng
Eqs (IV 14) and (IV 15),
b) PrG(J,J,J) for 3 = Np + N using Eqs (IV 16) and (IV 17)
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Step 4

P (3) for 3 = Np + 1 to Np + N 1s calculated from Eq (IV 2) and finally
the prices P(3) for 3 = Np +1 to Np + N are computed using Eq (IV 3)

2 Down-Pass
On the down-pass the new capacity committments Nw(J) for
Np +2<]< Np + N are calculated (Eqs (IV 4 and (IV 5)) If

Nw(J) < 0 for a particular J, the shutdown algorithm 1s used (Eq (1v 7))

To avoid wide fluctuations in new capacity additions between 1terations,
a relaxation method, similar to the relaxation procedure described 1n
Section 2, 1s used (Eq (II 54)

V  ADDITIONAL EQUATIONS OF LEAP MODEL 22C
A Equations of Allocation Process

The allocation process model represents a market where buyers and
sellers trade for a commodity at a price Specifically, demands for a
commodity are aggregated and allocated among suppliers of that commodity
according to their various selling prices

Typically, the material supplied to an allocation process are the
outputs of conversion, transportation or resource processes while the
demands are the inputs to various conversion, transportation or end-use
demand processes

To avoid any confusion, links 1indices w111l be used on all variables
and parameters The allocation process w11l be node n the output Tinks
from this allocation process will be designated by an 1ndex To that
takes values 1 to Io’ and the 1nput 1inks to node n will be designated by
an index 1 that take values | to I It 1s to be understood that both
I0 and I can have value unity Unless otherwise indicated the equations
correspond to logical kind number (LKN) equal 1 (basic allocation) The
terms needed to make the equations valid for LKN = 7 (with transport
increments before allocation) and LKN = 8 (with transport increment after
allocation) w11l be indicated The case of electricity allocation
(LKN = 4) w111 be treated separately 1n Section V C The equations of
the allocation process must determine the prices per unit of energy as
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a function of time on the output 1inks of the process and the quantities

of energy as a function of time on the 1nput 1inks of the process
The variables of the allocation process are assumed to be

Q(]J) 1 =110 1
= + N +N
J Np 1 to D
p(10,3) L 1 to Io
= + N+N,
J Np 1 to D
where
Q(1 J) = quantity of energy (or energy-related quantity)
1nput to node n from 1ink 1 at local time jJ,
P(1o J) = price per unit energy on the output 11nk s from

node n at local time )

(V1)

Therefore, N(Io + I) variables are associated with the allocation

process and N(I+IO) equations must be specified to determine these
variables

Let Q(n,J) be the total quantity of energy demanded output from

the allocation process (node n) at local time J Then the share of

energy Q(n J) allocated to node 1, S(n,1,J), satisfies the equation

Q(1,3) —S(n,1,3)Q(n,y) =

I
Q(1,3) = S(n 1,3) Zf Q(1,53) =

1 =1 1

o 1 to I

N + N +N,
D 1 to D

(&
n

where

(v 2)

Q(10,J) = quant1ty of energy output from node n through 11nk LA

at local time 3 Therefore,

I
Q(1, 3) = Qln,a) »
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where

Q(1,J) has been defined 1n connection with Eq (V 1)

The shares S{n,1,J)) are calculated according to the behavioral lag

coefficient formula
~ 1=1+tol
F(B)S(ns1sJ)+G(B)S(ns1’J']) J = Np + 2 tO Np + N

S(n,1,3) =
1 to I
Np +1,

>
-
n

S(n,1,3)

[
]

(v 3)

where
B = the behavioral lag coefficient (0 < B < 1) which 1s 1nput to
code The behavorial lage coefficient 1s used to represent
consumers reluctance to change their purchasing habits, and

A-1
fe) -8 3 (-pt o] (v 4)
£=0
A-1
a(g) = (1-8)2 + 8y (1-8)° £ (v 5)
£2=1
§(n 1 3) = the share of energy allocated tolink 1 assuming no
behavioral lag (8 = 1), given by
. £(n, ) [P(1,0)+T(n 1)8, MY
S(n 1,3) = 5 (V 6)
E 1’(n,1)[P(1,J)+T(n,1)67LK'\l]'Y
1= 1=1tol

N +2to N +N
35 % ° %y
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A

S(n,1,Np+1) = the first year market share of each supplier 1 = 1
to I, satisfying

§(n,1,Np+1) =1 (v 7)

I

1:
and computed as follows,

A 0(19N +])
S(ny,1,N +1) = P (v 8)
1=1toI,

P N +1)
+
(1, "

1:
where

Q(1,N +1) = the first year quantity of each supplier 1 =1 to I
which 1s part of the i1nitial data of the model

f(n,1) = equal price shares (1nput parameters to the code), so that

I
f(n,1) =1, (v 9)
1:

P(1,3) = price per unit energy, input to node n from link 1 at

local time J

T(n,1) = transportation increment when LKN = 7, which 1s input to
the code, and
0 1f a # LKN
sLKN (v 10)
a
1 1f a = LKN

Y= sensitivity parameter of share to price which 1s 1nput to the

code
The prices on the output 1inks of the allocation process satisfy

the equation
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P(1,,0) = T (n 1065 Zs 1,1, [P(1 )T (n,1) 5] = v

L 1 to Io

=N+ 1 to N+ N,

where
P(1,53)
T'(n,1o)

S(n,1,3) has been defined 1n connection with Eq (V 3)
P(1,3) T(n,1) and GEKN have been defined in connection with

Eq (V 6)
From Eqs  (V 3), (V 6) and (V 9),

has been defined 1n connection with Eq (V 1)
transportation 1ncrement when LKN = 8, which 1s 1nput to the coc

I
= = +2toN +N,
S(n,1,3) ] Np 0 D (V12
=1

1

and the values S(n 1 Np+1) must also satisfy this condition  (From
Eq (V 3), S(n,1,Np+1) S(n 1,Np+1) and accordingly Eq (V 7),

:E:S(n,1,Np+1) = 1) Then, from Eqs (V 2) and (V 12),

I I
Z Q(1,9) = Z:oho,a) 3=+ T o N (v 13)
= 1 =
o]

Equation (V 13) simply states that the total quantity of energy
input to the allocation process equals the total quantity of energy
output from the process

Equations (V 2) and (V 11) constitute N(I+IO) equations to determine
the N(I+Io) unknowns, provided that the demanded quantities Q(10,J) and

the 1nput prices P(1,3) are known
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B Calculational Algorithm of the Allecation Process

1 Up Pass
The following quantities are calculated at each up pass

S(n, Np+1) = the first year market share of each supplier 1,
for 1 =1 to I (Eqs V 8) and (V 3),
S(n,1,J) = the market shares of each supplier 1, at local time

J, for 1 =1 toI and J = Np +2 to Np + N
(Eq (Vv 3)),

P(10,J) = the output transaction price per unit energy from
node n to Tink s at local time 3, for L 1 to
I, and J = Np +1 to Np + N (Eq (Vv 11))

2 Down Pass
The following quantities are calculated at each down pass
S(n,1,Np+1) = the first year market share of each supplier 1,

for 1 =1 to 1 (Eqs (V 8) and (V 3)

Q(n,3) = total quantity of energy demanded at local time J,
for J = Np +1 to Np + N
S(n,1,3) = the market share of each supplier 1, at local time

Jfor1=1tol and J = Np + 2 to Np + N

(Eg (Vv 3)),

quantity of energy 1nput to node n through node 1

at local time J, for 1 =1 to I and J = Np + 2

to Np + N (Eq (V 2))

At the end of a down pass of the allocation process a test of con-

Q(1,3)

vergence 1nvolving the quantities of energy 1nput to node n 1s performed

Let Qﬁn(1,3) and qut(1,3) be respectively, the 1nput and output

quantities of energy to the kth 1teration for supplier 1 at time j
Then, 1f

k

Qout

k
(1,i) = Q,,(13) .

Qout(159)
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for1=1tol and J = Np + 2 to Np + N, the algorithm 1s said to have

converged The usual value of € 1n Model 22C 1s 0 03 If the algorithm
has not converged after k 1terations the quantities of energy allocated
to each supplier are relaxed before being sent through the rest of the
model  The relaxation algorithm proceeds as follows

=k+1 =k =k =K
Sip (M3) = S0, (n,3) + B, (3) [Sg,(ns3)-57,(n,3)]
where
S1n(n,J) = vector of I market shares, input to the kth
1teration at time J
§ﬁut(n,3) = vector of I market shares, output from the
kth 1teration at time )
Bk(J) = a (IxI) diagonal matrix of relaxation parameters
defined by
05 1f k<3
(8, (3)1,, = . -1
k=i $*T(n,1 3)-s £(ns1,9)
1 - ;"2 ﬁu for k > 3
Sipn (n:1,3)-8,(n,1,3)

It has to be pointed out however that no convergence test 1s made 1f
the allocation process has only one 1nput Tink (I = 1)

C Electricity Allocation

The electric power allocation process (LKN=4) performs the same
function as the basic allocation process except that

a) 1t assumes the last input 1ink 1s from a hydroelectric process,

and

b) the allocation 1s over several Toad categories

First, the prices on the last input Tink, P(I,3) (from a hydro-
electric process) are determined, assuming the quantity of hydro-
electricity produced, Q(I,3), total demand, Q(n,J) and the prices of
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other sources of electricity P(1 3) for 1 =1 toI —1 and 3 = Np + 1
to Np + N, are given This calculation 1s performed by solving
Eq (V2) fori1=1,1e,

Q(1,3) =S (n,1,3)Q(n,3) J=Ny* 1 toN +N (V 13)

where
[1-(1-8)215(n,1,3)+(1-8)%5" (n,1,3-1)
J = Np + 2 to Np + N
S (n,1,3) = (V 14)

S(n,I,3) J = Np +1,

g(n,I,J) - f(n,1)[P(1,9)]1°Y (V 15)

f(n,1)[P(1 3)17Y+F(n,I)[P(I 3)]7Y

=N +2toN_ +N
J p Y p s

where B, y and f(n,1) have been defined 1n connection with Eq (V 3),
and S(n,I,Np+1) 1s given by Eq (V 8)
The solution for P{I,J) 15 given by

'I:

P(I,3) =
I-1

[Q(1,0)Q(n,3-1)-(1-8)0(1,3-1)a(n,) ) "F(n,1)[P(1,0)177
1=1

f(n,1)[Q(n,3)Q(n,3-1)-(1-8)%Q(n,3)Q(n 3-1)-o(n,m)o(1,3)+<1-s)Ao(1,a-1)o(n,;;)?]

=N +1toN +N
J Np to p

(Vv 16)
During the calculation of P(I,N +1) 1t 1s assumed that
Q(n,3-1) = Q(n,3) and Q(I,3-1) = Q(I,3)

<|—
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Equation (V 16) 1s valid only 1f the hydroelectric share Q(I,3)/Q(n,J)
obeys
Y ) ) ) A Q1,3 A
for 3 = Np + 2 to Np + N

(V17)

If Q(I,3)/Q(n,3) violates the lower bound 1n any time period the
price P(I,3) 1s set at a nominal low value (0 001) and 1f the upper bound
1s violated the price P(I,J3) 1s set at a nominal high value (999) Once
the price of hydroelectricity has been set, the electric power allocation
process sequentially allocates demand 1n each load category, using the
same market share function as 1n the basic case (Eq (V 3))

Demand 1n each load category 1s allocated independently of the
others, so the electric power allocation proceeds according to the basic
allocation process for each of the load categories

D Equations of Demand Process
The demand process represents demands for various types of energy
products such as fuel, space heat and vehicle miles This process may
represent all households (or other end-use entities) or specific classes
of end-use activities The demand process occurs only on the down pass
and only quantities are calculated

The equations of the demand process may be written

s E
Qp(a) {3 () | (V 18)
P GET] PR

=N +2 toN + N,
37T p

Q(a)

where

Q(3) = the quantity of energy demanded at local time 3 (It 1s by
definition the quantity of energy on the 1nput Tink to the
demand process )
in1t1al value which 1s 1nput to the code
the price per unit energy on the 1nput Tink to the demand

o]

——~

=
T
— <+
o —
S S

1i 1

process at local time ]
PP(J) = price path
QP(J) = quantity path
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Qp(Np+1) Q(Np+1) = 1nitial value
S = behavioral lag parameter which 1s input to the code
EL = price elasticity parameter which 1s input to the code
The price path PP(J) 1s defined as follows

P(3) ] Np+1 to Np+5

P(N +5
( b ) J

N_+6 to N +10
p o %

The effect of this definition 1s to make quantity demanded 1nde-
pendent of price for years J = Np + 1 to Np + 5 and dependent on the
ratio of the current model year price to the price 1n year J = Np + 5
for later years

The recursive equation for the quantity path may be written

Qp(3-Dr(2) ¥(2) 1 1 T(3) # 0
- (v 20)
QP(J) -
Qp(a-1)I¥(2)2° 1f T(3) = 0
= +
J Np + 2 to Np N
where
A = length of time between model years (5 years 1n Model 22C)
Y(3) = Sectoyag] Index (J) . 10, (v 21)

and the Sectorial Index which 1s input to the code 1s a measure of growth
1n GNP,

r(y) = [Demand Sensitivity (3) (y(3)-1 0)]+1 0
y{3)

(v 22)

Values for the Demand Sensitivity are input for J = Np + 1 to
Np +6and J = Np + 10 The values at J = Np +7, Np + 8 and Np +9
are determined by Tinear interpolation between the input values at
Np + 6 and Np + 10

Substituting Eq (V 21) and (V 22) into the equation for QP(J)

(Eq (V 20)) and assuming T(3)#0, we obtain
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A
QP(J) - QP(J'1) [Demand Sensi1tivity %%% Sectorial Index (J) . %

(v 23)

E  The Electric Powe- Loading Process
The electric power load process 1s a necessary adjunct to the
electric power conversion process, to represent the fluctuating nature
of electric power usage, 1t allocates total demand for electric power
among the 1ndividual load categories during the down pass and calculates
an average price for electric power from the prices of electricity for

separate load categories 1n the up pass Each category, 1, 1s characterized
by a different load factor, Lf1, (factor of time that the level of demand

persists) and an energy fraction, fr1, (the fraction of the total quantity
of energy produced at each load category) Lf1 and fr1 are 1nput parameters

The equations of the electric power loading process are

L
P) =D P (0) (v 24)
1=1 T J = Np + 1 to Np + N,
where
L = the number of load categories (L=3 1n Model 22C)
P1(J) = price per unit energy 1n load category 1 at local time )
P(3) = average price per unit energy at local time J on output
Tink of process, and
q,(3) = fr, Q) (V 25)
= N_+ N
J Np +1 to b
1 =1tolL,
where
ﬁ}(J) = the demanded quantity of energy 1n load category 1 at
local time ]
Q(3) = total demand of energy at Tocal time J

Finally, the fraction of energy produced at Toad category 1,

satisfies

L
1=1
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F Transportation Process

The transportation process describes the technology and economics
of moving a commodity from one location to another (e g , natural gas
pipelines and cargo ships) The economics of transportation naturally
depends on the distance between the locations, the costs of terminals
and the materials being transported Simple adjustment formulas are
used to adjust the operating cost for changes from a reference distance
and losses of material transported are modeled 1n the same way that the
thermal efficiency of a conversion process 1s modeled

fhe equations of the transportation process are

V0 1fD=20
V0 = (v 27)
V0 D 1fD#0,
where
V0 = variable operating cost per unit of energy due to the cost
of labor and material
V0 = adjusted variable operating cost
D = distance (1n thousands of miles) between two locations, and
Ef 1f D=0
Ee = (v 28)
(£0)P 1D #0
where
Ef = efficiency of the process (1 e , units of energy out of the
process per unit of energy put 1nto the process)
Ef = adjusted efficiency

The price equation used during the up pass may be written

P(3) = P{(3)/E¢ + V| JEN, H T to N+ N, (v 29)

where
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P(3) = price per unit energy on the output 1ink of the process at
Jocal time J (1 e , after the transportation)
PI(J) = price per unit energy on the 1nput 1ink of the process at

local time 3 (1 e , before the transportation) This value
1s 1nput to the process
Finally, the quantities of energy calculated during the down pass
sati1sfy the equation

QI(J) = Ql J=N_+1toN_ +N, (v 30)
E Y Y
f
where
QI(J) = quantity of energy per year on the input 1ink of the process

at local time J This 1s the value calculated by the process
quantity of energy per year on the output link of the process
at local time J (1 e , amount of energy after 1t has been
transported) This value 1s input to the process

O
P
(4]
g
n

G  Import Process

The mport process reflects the importation of crude 011 natural

gas and petroleum products
The equations of the import process may be written

(v 31)
PR3 = p Ky 3=N_+1toN_ +N
I p p
K = 0IL, GAS or PROD ,

where

P?i%, P%?? and P?R?D are the output prices per unit energy (fuel) at
local time j of crude o011, natural gas and refined products, respectively

P?IL(J), P?AS(J) and P?ROD( ) are the fixed mport prices per umt

energy (fuel) at local time ) of crude o011, natural gas and refined pro-

ducts, respectively, which are 1nput parameters
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H Hydroelectricity Generation and Coal Export Processes

In the LEAP Model 22C, hydroelectricity generation and metallurgical
coal export activities have no process subroutine associated with them
Therefore, the i1n1tial estimates of quantity cannot be altered by this
process during 1teration toward a solution
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Appendix A

Present Value Of Capital Cost

The equations of the basic conversion process were presented and
discussed 1n Chapter 2  Lxpressions for the present value of capital
cost, NCO(J), that were not given 1n Chapter 2 and are also used 1n
electric power conversion and resource processes are given here

The present value of capital cost may be written as

Mol = Ty DVplEgad) # YplPrs0)] * VolIpe.0)

f
FVp(Pd) = T [p(0p0)] —]——‘_—?;[vp(xtc,a)l,
(A 1)

where
VP = an operator that gives the present value at time J of
the first arqument 1n the bracket

Eq = equity

— principal

nt - interest

Pt = property tax

Dt = depreciation for 1income tax purposes
Itc = 1nvestment tax credit

f. =

T 1ncome tax rate
The present value of equity may be written as

2 J-1
Vp(Egoa) = | D Eqelan)| T [1+rel0T’
£=1 k=J]
2 J-1
4> e I [1+ry(K)1° (A 2)
£=1 k=37 J-EEN T,

where

3T I“t[J “'L&] (A 3)
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Jp = I ;01 (A 4)

Eqe(dy) = fEPW(J])bK(J)em(J],JZ) 3y 2N, + 1 5)

Eqe(32) = FeP{3,)b,(a)epp(ay535) Jp 2N+ 2 6)
where

Eqﬂ(J) = cost of equity financing for capital factor £ at time J

fE = fraction of the cost financed from equity
J) has been defined 1n connection with Eq (II 17)
L = time before the time of operation when capital 1s
required
re(J) has been defined 1n connection with Eq (II 32)

tI+(J-1)A

_tA
bp (3) = by Lk +(1-k,)(1-8,) 4,

- 2
tI+(J 1)A > tA tI + NpA

(J-])A-NpAJ
= bplk*+(1-k,) (1-8) tr+(3-1)8 > t,
A >ty
= bpll + (ty —tp = (3-1)8)e] s £y > £+ A
ty > tI+(J-1)A
t,—t,—N_A
- _ ATl p
= bylk, + (1-k,)(1 = B,)
+(ty —ty - NpA)p} , ty <ty
tA > tI+(J—1)A (A7)
2=1,2
= A8
by = ScCyr (A 8)
= - A9
by = Sc(1-C p) (A 9)

k, and Bc have been defined 1n connection with Eq (II 47) tA,tI and p
have been defined 1n connection with Eq (II 19)
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and

SC specific capital cost of a facility per umit capacity
CLF = fraction of the specific capital cost that 1s due to the
cost of labor

o) (0131813

€p1(3753,) = A . ‘
) 10-r (0] vy (0018 14800, 101 -r (318"

(A 10)

P 0-r (31 D018

eﬂz(\]] ’\]2) = . .
P30 (3101 (018 180, ) T r g ()

(A1)
where
§ =350 — (380 = L) (A 12)
If J —L/AK Np + 1 then Eq (A 2) becomes
J-1
A
£ed) = Zeqﬂn e D I Dere(0] (A 13)
k=N_+1
p
where
[N +1-(3 — 5)]a
P A
' 1+re(N +1)
E =fEPm(N + )by (3) |——— (A 14)
® P 1+1
f
and If = rate of inflation for times 3 < Np + 1
To calculate the terms VP(Prn’J) and Vp (Int,J) in Eqg (A1) 1t
1s convenient to define them as
Vo (Prpsd) = Vp(Prpgsd) # Vo (Prpc2d) (A 15)
and
= 1
Vp(Tngsd) = VplTpgged) * Vo(lpgesd) (A 16)
where
Vp( rno’J) present value at time J of the principal during

operation
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—

-

~—
{}

p° rnc,J
construction
Vpllpgo, ) =
Vollnee,y) =
Then
2 J-1 J-1
_ 1 g
Vp(Prnc,J) - ZBN’_(‘]]) D 0‘1(m) {’
£=1 m=J; k=m
| 2 L&l -1,
+ 1 Bl 5
rete2/f D a](m)
= T2 kem
and
2 J-1
Ve o) = 1D Bre(ay) ay (m)rp(m)
£=1 m=J,
2 J-1
1 B (0)) ay (m)ry(m)
£=1 m=3,
7
where 1 — 1 A
]+re(31j_
O’-](J])

1
1 —'l1+reiJ]S]
Bp(37) = (1-F )P0, by )by (3953,)

@

Bp(0,) = (1-Fp)P (3,0 (3)byy(3753,)

and where bﬂ](J],Jz) and bﬂz(J],Jz) have the same form

present value at time J of the principal during

= present value at time J of interest during operation
= present value at time j of interest during construction

(A 18)

(A 19)

(A 20)

(A 21)

as eﬂ](J],Jz) and

eﬂz(J],Jz) given by Eqs (A 10) and (A 11) except that re(J) 1s replaced

by rp(3)
Note that Eqs

which ﬁmka) must be defined The values are

(D = debt 11fe and rD(J) = debt rate at time J )
(A 17) and (A 18) are to be used for J < Np + 1 for




p
Fw(a) = ,;W(Np +1) (1— ) (A 22)
'|+If J < Np + 1
It 1s also assumed that
rp(3) =rD(Np+1) J<Np+] (A 23)
and
re(J) = re(Np +1) 3 < Np +1 (A 24)
Furthermore,
Int[DN] -1 ,
8 O)F Z 1
VP(Prno,J) = By(3)rp o (m) l (1+re K ) (A 25)
m=) k=J
and
Int[DN] m-1 A
! — _(m-J)A T 1
Vp( nto,J) Bo(‘]) "D E : °L1(m) (] Dy )k{ []+r (ki]
- =J
m=J (A 26)
where
J']/ A
g 1 _
[ ] = (A 27)
k=3

(A 29)
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B,(3)
Dy = 0 (A 30)

2 2
[Z Bre(ay) + ZBr/a(Jz)]
=

£=1

= debt 11fe (constant)
The present value of property taxes may be written as

1+Int[LC/A] m-1 A
pPed) BDP) N am) pif) [ﬁ%m] :
- k=
m=J ’ (A 31)
where

2

8(3:9) = ) [Eqp(dy) + Eggl3p) + By(3y) + By(3,)] (A 32)
£=1

Prt = property tax rate

1(3)

assessed value i1nflator that 1s input to the code as a
function of time 3
3 and J, are given by Eqs (A 3) and (A 4)

The present value of depreciation for income tax purposes may be

written
1+Int TL/A] m- A
Vy(Dy53) = B(3,3) oy (mR(J+1-m) jﬂ { ]
m=J k=J (A 33)
2 k
U(k) = — = (A 34)
T
where
TL = tax 11fe of the facility
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by

where
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Finally, the present value of the i1nvestment tax credit 1s given

-
o
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1S Eeap) * Blap) | [1+r 0] (A 36)
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I = 1nvestment tax credit rate
ter
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