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ABSTRACT

This report describes the equations implemented in the Long-Term

Energy Analysis Program (LEAP) Model 22C The equilibrium equations of

each of the processes contained in the LEAP Model 22C are specified, and

the interrelations of the various equations are discussed No attempt

is made to derive the equations or to discuss their validity from an

economic point of view

vn



I INTRODUCTION

The Long-Term Energy Analysis Program (LEAP) is an energy-economy

model which resides in the Long-Term Energy Analysis Division (LTEAD)

of the Office of Applied Analysis, Energy Information Administration (EIA),
U S 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

Since only partial documentation " of the equations in LEAP Model 22C

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

equations that are presented here are the equations that are satisfied at

equilibrium, i e after the iteration has been completed and a solution

is obtained no serious attempt is made to indicate the form of the equa

tions used during the iteration before equilibrium is reached, but a

brief discussion of the quantities that are calculated during this itera

tion is given in each Chapter of the paper after the equilibrium

equations are presented Some discussions of the convergence procedures

used in LEAP have been given by E M Oblow The Model 22C equilibrium

equations are needed to determine the adjoint equations for analyzing
5 6

sensitivity using adjoint sensitivity theory, ' 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 in Ref 2 do not correspond to the com

puter source listing for Model 22C The FORTRAN code listing and the

input data tables for LEAP Model 22C will be found in the work of
Q

W E Ford, III et al Also, some of the generality allowed in the LEAP

code is not used in Model 22C and is not included in the equations given

here The interrelation of the various equations is discussed but no

attempt is 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 will be found in the work of J A Hansen et al Every

effort has been made to verify that the equations given in this report

are those in the computer code listing, but the code is quite complex and

the possibility exists that there may be minor differences between the



equations and the coding The symbols for the parameters used in the

equations given in this report, their FORTRAN variable name equivalent,

their actual value (or range) in the LEAP Model 22C Data Base and trans

lation equations which relate these input values to those implemented in

the calculations are provided in Ref 11

LEAP is a modular code system that is designed for the study of very

complex systems The system utilizes 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 is discussed

in Chapter IV of Ref 5 Each process corresponds to a series of equations

and it is these equations for the individual processes that are given here

The equations of the Basic Conversion Process are described in

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

inputs (e g , materials, fuels, labor) into a final product (e g ,
passenger miles or Btu of oil products) The Basic Conversion Process

may be used in 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 it 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 (l 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



and

where

TG(J) J=1to N (II 1)

TL(j) j-1to 2Np +N, (II 2)

TG(J) = global time function

Ti (j) = local time function

N = number of global time points

N = number of local time points before the first global time
P

and after the last global time

np
Int[L /A] +1 if L_ is not divisible by A (II 3)

c **

L /A , if L is divisible by A

where

L = characteristic plant life,

A = time interval between time points on both global

and local scaler

Int[ ] means the greatest integer less than the quantity in

square brackets

The global time vector consists of N equally spaced time points

An assumption underlying the model is 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 TQ(J), J=1to N, must be extended to points in time before
TJ1) and to points in time after TQ(N) This is 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 is defined by

TG(D =TL(Np +1) (n 4)
Unless otherwise stated, local time will be used, and the notation F(j)
means that the function F is to be evaluated at the time T.(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 index, is used to indicate which equations and parameters belong

together Thus, all of the variables and parameters in this section

should carry a node index, 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, i e , the price per unit
energy as a function of time on the output link 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 is used by the process, i e , the quantity of energy

(fuel) as a function of time required on the input link to the process
The variables of the Basic Conversion Process are assumed to be

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

QT(j) J=Np +1to Np +N

Nw(j) j=Np +1to Np +N, (II 5)

where

P(j) = price per unit of energy on the output link of the process

at local time j



Qj(j)

\U)

quantity of energy per year on the input link of the

process at local time j

capacity additions at local time j (a unit of capacity

will produce a unit of energy per year if the capacity

factor is 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 link of a conversion process, which are

determined from the condition that economic profit is zero, satisfy the

equations

2N +N-1

-Nrn(i) + £ tp(k) ~*(j'k)] Mj>k) °(j>k)
LU k=j+l

+ [P'(j) -*(J,J)] CfG(j J) D(j,j) = 0

j = Np + 1 to Np + N,

where

(II 6)

P'(j) = price per unit of energy at time j, calculated from

Eq (II 6)

P(j) = price per unit of energy at time j, on the output link of
the process, calculated as follows ,

P(J) = <

PT(J)

P'(3) + P,(J)

2

P'(J)
K.

j > N + N + 1

j= Np + N

j=N +1to Np +N-1, (117)



where PT(j) is the price per unit of energy at time j >N as given by
the terminal value model (see Eq II 31)), and

Nqq(j) = present value of capital expenditure for a unit of capacity
at time j (see Eq (A 1)) ,

<)>(j,k) = 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 indicate the time the plant is built and

the second argument will indicate the time the plant is

operating ),

Cf(j,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)),

D(j,k) = 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 in the latter part of this

section and in Appendix A

The quantities of energy per year produced by the conversion process

are given by

1

Prod(j) = £ Cf(k,j) Nw(k) J=Np +1to N +N, (II 8)

where Nw(k) has been defined in connection with Eq (II 5) Equation (II 8)
simply states that the quantity of energy per year produced at time j is

obtained by adding the contribution from all plants in place at previous

times while taking into account the fact that the capacity factor may

differ from unity In Eq (II 8) N (j) occurs for values of j < N +1,

*

The equations for NCq(j) are given in Appendix A because they are
lengthy and are the same for several different processes



and thus equations must be given to determine these N values The

calculation of the capacity additions for times j *? N + 1 is described

in Eqs (II 28) through (II 30)

The equations for the capacity addition Nw for j=Np +2to Np +N
may be written

3l Cf(k,j)Nw(k)
NWU)=SJ1-JC73^ 3=Np +2t0Np +N, (119,

where

*

Q(j) = quantity of energy per year at local time j demanded on

the output link of the basic conversion process, (this

quantity as a function is, in general, supplied to the

basic conversion process by the process that appears

immediately above it in the network diagram)

Cf(j,j) has been defined in connection with Eq (II 6)

The quantities N,,(j) for j = Nn + 2 to Nn + N must be positive by
W r r

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 N (j) < 0 for a particular j > N_ + 1 (say j') then Eq (II 9)
W K

is replaced by

NW(J ) =0, (II 10)

and the production available at local time j' from all plants built at

previous times (^j'-l) is changed as follows

Prodnew(j,) =Q(j')Prod(j')|JI Cf(k j')Nw(k)| (H ")

Since Nw(j') = 0, £ Cf(k,j')Nw(k) = Prod(j') and Eq (II 8) becomes
K— I

*

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



Prodnew(j') =Q(j') (II 12)

In other words, the production available equals the demand

The equations for the quantity of fuel (energy) which must be input
to the conversion process may be written

k

Qx(k) =£ QF(J k) Cf(j,k) Nw(j) k=Np +1to Np +N, (II 13)

where

Qj(k) = quantity of energy per year on the input link of the
conversion process at local time k,

Qp(j»k) = quantity of energy per year required at time k by a plant
built at time j to produce one unit of output energy per
year at time k

If a calculated quantity Nw(k) is negative, Eq (II 13) has to be
modified, by following the procedure described in Eqs (II 10) and
(II 11) Finally, Eq (II 13) becomes

r k ] fJ'-1 1-1
Qj^k) =Q(k)|J QF(j,k)Cf(j,k)Nw(j)j| ^ Cf(k'j)Nw(k)j (n 14)

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 <|>(j k) that occurs in Eq (II 6) is now

considered The prices on the input link to the conversion process,
Pj(j) are used in 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

<f>(j>k) =*0(j,k) +QF(j,k)Pj(k) (II 15)
k >j

k > N + 1

k <2N + N - 1,

where



<(>(j,k) = variable operating cost per unit energy of a plant

built at time j and operating at time k (see Eq (II 6))

(j) (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 in Eq (II 13), and

(k-N -N)A
PjCk) =Pj(Np +N) (1 +If) P

k > N + N . (H lfi)

where

I- = rate of inflation for time k > N + N

Equation (II 16) must be introduced since Pj(k) is not available
the input link to the conversion process if k> N + N The price, Pj(k)
for k = N + 1 to N + N is supplied to the basic conversion process by

P P 5
the process immediately below it in the network diagram

The quantity 4> (j,k) is determined directly from input parameters
and may be written

4>0(j>k) =£ V^P^k) fA(k -j) fc£(j) fo£(k) , (II 17)

where

on

V = a constant that is input to determine the variable operating
cost per unit of energy due to the cost of labor and

materials,

f =fraction of the constant VQ that is due to labor or material
cost {1=1 for labor, I =2 for materials),
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(I)
P '{k) = relative price of labor or material normalized to be

unity in 1975 (£=1 for labor, 1=1 for material), and,

fA(k - J) = exp (k -j)A
-.3 A

(II 18)

where

fA is the aging function which determines how the variable operating
cost increases as the plant ages,

Lc = characteristic facility life,
BA = the "steepness" parameter of the aging function, calculated

by using the facility aging rate (input parameter),11 and

, , , [tT+(j 1)A t.]

tj + (j - 1) A> tA > tj + N A

%, [(J DA NA]
9»£+ (1-9^) (1-Y£) P

tj +(j - 1) A> tj +N A> t.

1 + [tA-tj - (j - 1) A] p
(tA>tI +NpA

\ >t, +(j - 1) A

1 +
2TEF - 2EAV

LO 8 T£F Lc t(j - 1) A - N A]

tj + Np A> tj + (j - 1) A> tA

1 +
2TEF - 2EAV

0 8 TEF LC
[tA - tj - N A]

+ [tA - ^ - (j - 1) A] p

tj + Np A> tA > tj + (j - 1) A ,

(II 19)
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where

f „(j) = construction learning multiplier for factor I at

time of construction j,

tj = time that corresponds to T.(l),
tA = the year in which the technology first becomes available,

go = technological change limit for construction component of

factor I (input to the code) [l = 1 for labor, I = 2 for

material, 1=3 for energy),

Y» = technological change rate (percent per year) for construc

tion component of learning for factor I (input to the code)

{I = 1 for labor, I = 2 for material, I = 3 for energy),

p = penalty for early availability (input to the code),

TFF = thermal efficiency of the process for the initial model
year or the year of commercial availability whichever

comes later (before it is modified by time factors) (input

to code),

EAV = average process efficiency (input to the code), and

[t.+(k 1)A tA]

tj + (k - 1) A> tA > tj + Np A

[(k 1)A N A]
^+(l-f^) (l-«£) P

tj + (k - 1) A> tj + Np A> tA

/tA>t, +NpA
1 +[t. - tT - (k - 1) A] p \

A ! UA > tj +(k - 1) A

[2TEF ~2EAV]
U8TEF Lc J

l+l-it «1| [(k-l) A-Np A]

[2TEF - 2h
U 8 Tcc Lr

1+1 .. EAV
'EF UC

+ [tA - tj - (k - 1) A] p

tj +N A> tj + (k - 1) A> tft

[t. - tT - N„ A]

tj +N A> tA > tj +(k - 1) A (II 20)
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where

r»(k) = operation learning multiplier for factor I at time

of operation k,

f^l = technological change limit for production component of

factor I (input to the code) (I = 1 for labor, 1=2

for material, 1=3 for energy),
*ou = technological change rate (percent per year) for production

component of learning for factor I (input to the code)

[I = 1 for labor, 1 = 2 for material, 1=3 for energy)

The quantity Qp(j,k) used in Eq (II 13) may be written

QF(j.k) =T^pfC3(j)f03(k), (II 21)

where

Trp has been defined in connection with Eq (II 19),
fC3(j), fQ3(k) = functions, as defined in Eqs (II 19) and (II 20)

with I = 3 +

D Discount Factor D(j,k)

The discount factor D(j,k) that occurs in Eq (II 6) has the

form

k-1

1D(j,k) =ai(k) ri 1*! +r(m)1
m=j L ex J

and

D(j,j) = a.,(j)

J = N + 1 to N + N
P P

k = ] + 1 to 2N + N - 1,

(II 22)

In the present version of LEAP a» = yp

Equations (II 19) and (II 20) are written somewhat more generally than is
allowed in LEAP at present The code requires

9ooi = 9co2 = 9oo3> fcol = fco2' al = a2 = a3
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where -iA

«i(k) =

1 -
r i
1 + re(k)

1 -
1

1 + re(k)
(II 23)

is defined to be the first intra-penod discount factor for time period

k, and

r (k) = relative return on equity per year at time k

(input parameters)

E Capacity Factor

The capacity factor that occurs in Eqs (II 6), (II 8), (JI 9),
and (II 13) is the ratio of the actual rate of production to the maximum

possible rate of production and is written

Cf(j k) = 0 k < j

j k = 1 to N

j,k > N + N + 1

N„ + 1 < k < 2N„ + N
P P

1 < j < N + N ,

where

1 +'Ar1!
(II 24)

3 = maximum value of the capacity factor

a = equivalence factor when a times <j> is equal

to the price P the capacity factor is one-half

B (input parameter)

Y = parameter to determine how 'square" the capacity

function is, the larger y» the more sensitive

is capacity factor to price (input parameter)

<j>(j,k) = variable operating cost

P(k) = has been defined in connection with Eq (II 5)



14

Equation (II 24) expresses the fact that the capacity factor is assumed

to be a maximum for all time j and k less than T,(N +1) or greater than
T. (N +N) The lower expression expresses the important fact that the

capacity factor depends explicitly on the variable operating cost Since

P(k) occurs in Cf(j,k), Eq (II 6) contains an implicit dependence on
P(k) that is not readily apparent from the form in which Eq (II 6) is

written

The approximate capacity factor CfG(j,j) that occurs in Eq (II 6)
is given by

Cfr(j,j) =

1 +
[a<$>(3 J)1

j = N + 1 to N + N , (II 25)

where

PG(J)^(J j) +1+re^JIR.(j) j[1 + re(j)] NCQ(j)

P(J + 1) + 4>(j + 1. J + 1) 1

1- l1^rQ(j)
rR'(J)= i—5 (II 27)

[l +re(j)] Lc+1

j = N + 1 to N + N (II 26)

r (j) = the return on equity at time j
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The approximate capacity factor C~(j,j) has the same form as that

defined in Eq (II 24) but contains the estimated price PG(j) rather
than the price P(j)

F Calculation of the Capacity Additions for j <N + 1

The equations that determine the capacity additions Nw(j) for
j s N + 1 must be specified A linear assumption concerning capacity

additions for j ^N + 1 is used to give

where

"fc a(k) Cf(k N+1)
k=l H

TT(N„ + 1) a(j)

w
N(j) =ttt-1

j = 1 to N + 1 , (II 28)

t(j) = Max {0 [1 -r A (N + 1- j)]> (II 29)

r = the annual change in nameplate capacity characterizing
s

each specific process ,

and the quantity r is determined (by iteration) from the equation

V1
E QF(k. N + 1) Cf(k, N + 1) Nw(k)

E = JSll 1_ » (II 30)
AV Q(Np +1)

where
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Nw(k) as a function of r , is given by Eqs (II 28) and (II 29)
EAV = average process efficiency that is input to the code
Q(N + 1) = quantity of energy per year at time (N + 1)

demanded on the output link of the process

Cf(k,N +1) has been defined in connection with Eq (II 6)
Qp(k,N +1) has been defined in connection with Eq (II 13)

In other words, the quantity r is determined such that an average effi

ciency input to the model is obtained by the capacity additions determined

by rs

G Calculation of Prices PT(j) for j >W + N

The prices PT(j) for j >N + N, that occur in Eq (II 6) are calcu
lated using the terminal value model The equations used are

PT(J) = V(j)~(rrir-)A V(J +V
i -

1 + r

1 + r

Np +N<j<2Np +N- 1, (II 31)

where

^Np * N) - If
1 + I*

(II 32)

The quantity Q(N +1) is in general supplied to the basic conversion

process by the process immediately above it in the network diagram
However, on input links to demand processes Q(N +1) is an initial

value that must be specified in the data tables This is also the
case on input links to_allocation processes, but here the initial
value is the ratio of Q(N +1) to the sum of this quantity on all

P 5
input links to the allocation process
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V(j) = Vc(j) + V0(j), (II 33)

r (j) = return on equity at time j (input parameter)

If = rate of inflation for time indices greater than
Np +N

The term V (j) is expressed as

VJ(J)

where

1 \a
1 + r.

1 + r.

L V0f^(Np +N) (1 +If)

[J-(N +N)]A--1
+TEF Pl% +N) (1 + If)

{^lU) ^00Zi+goo£B2(£)^oo[Z2(£)]

JEL .mn /, ,TXL>(NP+N)]A

(II 34)

[tT+(j-i)A-tA] r -i
+[1 -9^] [1 -a£] BiU) ^[Z3(£)J

+ [i-g»£] [i -«£]
[tj+(j-l)A-tA]

b2U) nj^U)]},

Vo'f£' ^ for £ = 1 and £ =2 nave been defined in connection

with Eq (II 17),

Trp and P,(k) have been defined in connection with Eq (II 16),

tj, tA, g „have been defined in connection with Eq (II 19), and
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BlU) =f~l{\(yi nL - 1) +a0A^(yl5 nL _1}| (II 35)

^-Cl-^Cl-a^^-V

{t>cly2U) nL-l] +a0A*L[y2U), nL-l]| (II 36)

where

f^ and c*£ have been defined in connection with Eq (II 20), and

n, =

yi =

|1 + Int [Lc/A],
(lc/a >

r 2 1
A

L1 +rc\

if Lc is not divisible by A
if Lc is divisible by A

y2U) = (1 -a£)Ayi

1 - x¥x nL -1) =V^

^L(x nL - 1) = x
n, n. -1

1+ (nL - 1) x L-nLx L
(1 -x)2

n, A

1 + r

(II 37)

(II 38)

(II 39)

(II 40)

(II 41)

(II 42)
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z2(e) =Z3U) =(l-a£) Ln, Ar
1 + r.

n. A

(II 43)

Z4(£) = (1 -a£)
2nLA n. A

1 + r (II 44)

<U*> =t4 (II 45)

The term a in Eqs (II 35) and (II 36) is a constant obtained by

approximating the aging function fft(j) given by Eq (II 18) to be of
the form

fA(j) =1+ aQjA (II 46)

In the present code version aQ equals zero, therefore fA(j) =1for all
j > N + N + 1 Furthermore,

N'C0(J)
VC(J) =-^ Ax[A2 +A3]

where

and

Aj = 1 +
tT+(j-l)A-t.

k«>+ (i-kj (i-Br) l A

A2 = Ut(Hi)-l]

tT+ (j-l)A-t.
A3 =(1 -kj (1-0 ) A[^(w2) -1] ,

(II 47)

(II 48)

(II 49)

(II 50)
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k^ = technological change limit on capital cost (constant)

3C = technological change rate on capital cost (constant)

n, A

W1-[rhd (II 51)

n. A , 1 \niA
W2= t1-^ (r+r^) (II 52)

, , [J-(N +N)]A
NC0(J) =NC0(Np +N) (1+ If) P , (II 53)

where

Nco(Np +N)has been defined in connection with Eq (II 6),

If has been defined in connection with Eq (II 32),

B = maximum value of the capacity factor

Except for the present value of capital cost NCQ(J), all of the
quantities have now been determined Because the equations for Nrn(j)
are rather lengthy and do not involve any of the variables (i e , they

depend only on input parameters) and are common to several processes

they are given in 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 iteratively,

by alternating between "upwards" calculations, in which it computes the

prices required to fit the current guesses for future quantities and

capacity additions, and "downwards" calculations, in which it computes

the quantities and capacity additions required to fit the current guesses

for prices When convergence is reached, the final modified guesses

constitute the projections of LEAP which satisfy the equilibrium equations
g

simultaneously
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The following quantities are computed from the input data at the

beginning of each up pass

<J>0(j>k) = portion of the variable operating cost per unit of energy
that arises from the cost of labor and materials, for

N + 1 <k <2N + N - 1 and k > j (Eq (II 17))

D(j,k) = discount factor for N + 1 <j <k * 2N_ + N - 1 (Eq (II 22))

NCQ(j) = present value of capital cost of a unit of capacity at
time j, for N +1 <j <2Np +N-1(Eq (A 1))

P-r(j) = price per unit of energy at time j, for

N + N <j <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, is computed for k > j and

N +1 <k <2N„ + N - 1 (Eq (II 15))
P P

The capacity factor of a plant built at time j and operating at

time k, Cf(j,k), is calculated for j <k <H ,k 2>j >N + N+ 1 and
for k > N + N and 1 <j <N + N using the terminal value prices

(Eq (II 24))

Finally, the price per unit of energy at time j on the output link

of the process, P(j), is computed for N + 1 <j <N + N (Eqs (II 6)

(II 7)) During this calculation a three step loop is used Because

perfect foresight is assumed this loop starts in the year N + N and

goes backwards in time to the year N + 1

Step 1

P(j) for j = N + 1 to N + N is approximated by Pg(j) (see
Eq (II 26))

Step 2

The capacity factors encountered in Eq (II 6) are computed as

follows

a) Cf(j ,k) for j=N +1to N +Nand k=j+1to 2Np +N-1
using Eq (II 24),

b) CfG(j,j) for j=Np +1to Np +Nusing Eq (II 25)
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Step 3

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

As on an up pass, the following quantities are computed from the
input data at the beginning of each down pass

4>0(j>k) for Np +1 <k <2N +N-1and k>j(Eq (II 17))
D(j,k) for Np +1 <j <k <2N +N-1(Eq (II 22))
NCQ(j) for Np +1 <j <2Np +N-1(Eq (A 1))
PT(j) for N + N *j <2N + N- 1

Then, the variable operating cost per unit of energy 4>(j,k) is

computed for k >j and N + 1 <k <2N + N - 1 (Eq (II 15)) and the

capacity factor Cf(j,k) is calculated for j <k <N and for
Np +1 <k <2N + N- 1and 1 <j <N +Nusing the prices P(j) cal
culated during the up pass (Eq (II 24))

Next, the capacity additions at local time j, Nw(j),are calculated
for j <N + 1 using Eqs (II 28), (II 29) and (II 30) and the capacity

additions Nw(j) for N + 2 <j <N + N are computed using Eqs (II 8)
and (II 9) If Nw(j) < 0 for a particular j, the shutdown algorithm is used
(Eqs (II 10), (II 11) and (II 12))

Finally, the quantity of energy per year on the input link of the

conversion process Qt(j) is calculated for N + 1 <j <N + N

(Eqs (II 13) and (II 14))

To avoid wide fluctuations in new capacity additions between ltera-
k k

tions, a simple relaxation method is used Let N,, (j) and N., .(j)
W in W out

be respectively the input and output new capacity additions to the kth

iteration at time j Then a relaxed new capacity addition input to

the k + 1th iteration is computed as follows

C+\„<J> • "wk,„fc» +«w/outW - Nwkln(J» . <" 54>
where a is a constant equal to 0 7 for LEAP Model 22C This relaxation

method for new capacity additions is used in each basic conversion process
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III EQUATIONS OF ELECTRIC POWER CONVERSION PROCESS

The electric power process is very similar to the basic conversion

process, the difference being that in the electric power process there

is more than one load category The equations of the electric power

process reduce to the equations of the basic conversion process if the

number of load categories, L, is put equal to 1 The time notation in

the section is the same as in Section II and the node index is again

suppressed

A Prices, Quantities, and Capacity Additions

The equations of the electric power conversion process must determine

the price per unit energy as a function of time and load category, on the

output link 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 is required on the input link to the process

The variables of the electric power conversion process are

Pi(j) i=1to L j=Np+ 1to Np+ N

Ql(j) J = Np + ltoNp + N

ADi(j) i-ltoL j=Np+ltoNp+N

N(j) j =N + 1 to N + N (HI 1)
W r r

where

P (j) = price per unit energy in load category i, at local time j
on the output link of the process ,

Qt(j) = quantity of energy per year at local time j, on the

input link of the process

a (j) = new capacity built in load category i, at local time j ,

N (j) = capacity additions at local time j in all load categories,
w

i e ,

NW(J)= ZAD1(J) (HI 2)
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Since the number of load categories L in 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 link of the electric power process (assum

ing that economic profit is zero) satisfy the equations

2Nn+N-l 3

^co(J) + £ £ DMk)
k=j+l 1=1 z

-U)*(j.k)] C}^ (j k) D(j k)

E [p^(j)-<Kj J)] C<f>(j j) D(j j) =0
l^

i = 1 to 3

J= Np + 1to N +N

where

(III 3)

PitJ)

P£(J)

price per unit of energy in load category I, at local time

j, calculated from Eq (III 3)

price per unit of energy in load category £, at local time

j, on the output link of the process, calculated as follows

P£(J) =<

Pab)

PJ(J) + P£T(J)

PJ(J)

J> Np + N+ 1

J= Np + N

j=Np + 1to Np + (III 4)

where P^T(j) is the price per unit of energy at time j> N + N, in load
category £, as given by the terminal value model, (see Eq (III 48))
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NCQ(j) = present value of capital expenditure of a unit of
capacity at time j (see Eq (A 1)),

<}>(j>k) = variable operating cost of a plant built at time j

and operating at time k (see Eq (II 15)),

Cf (j»k) = capacity factor of a plant built at time j for category
l operation and used at time k in category I (see

Eq (III 25) through (III 32)),

ck:G(j,j) =an approximate capacity factor built at time jfor
category i operating and used at time j in category I

(see Eq (III 33) through (III 38)),

D(j,k) = discount factor (see Eq (II 22))

The equations of the quantities NCQ(j), <)>(j,k), and D(j,k) are the same
as in the basic conversion process, and are given in Appendix A and

Section II

The quantities of energy per year produced by the electric power

conversion process in the different load categories are given by

Prod, (j) =£ 4J}(k j) Nw(k) +AD1(j) 4j](j j) (HI 5)

i-l
•(2)/i, -,\ M ai + a m r(2)Prod2(j) =£ C}i;(k j) Nw(k) +AD1(j) C^;(j j)

K— 1

+AD2(J) C<|>(JfJ) ("I 6)

Prod3(j) =£ C^}(k j) Nw(k) +AD1(j) C^}(j,j)

+AD2(j) C^}(j,j) +AD3(j) C^}(j,j) (III 7)
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Thus, the output quantities satisfy the equations

p™<Mj) =£ C^fk.j) Nw(k) +Z AD£(J) C^(j,j)

where

i = 1 to 3

J = N + 1 to N + N , (III 8)
r r

Nw(k) and A^(j) have been defined in connection with Eq (III 1),
(I)and C^'(j,k) has been defined in connections with Eq (III 3)

Equation (III 8) simply states that the quantity of energy per year

produced at time j in load category i is obtained by adding the contri

bution from all plants producing in load category i at previous times

and the contribution of new capacities built in all load categories £ ^i
at local time j, while taking into account the fact that the capacity

factors may differ from unity In Eq (III 8), AD„(j) and N (j) occur
for values of j < N + 1 and j = N + 2 to N + N and thus equations

must be given to determine these AD„(j) and N (j) values The calcula
tion of the capacity additions for times j < N + 1 is described in

Eqs (III 41) through (III 47)

The equations for the capacity additions An for j = N + 2 to

N + N may be written

Qi(j) -E c<J>(k.j) Nw(k)

j = N + 2 to N + N (III 9)

Q2(j) -JZ 4i)(k J) Nw(k) ~adi(j) cn)(j J)
V- ^ cTf)^ (III10>

j=.p+2 to Np +N
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Q3(J) - Z C}f(k J) Nw(k) -AD1(j) C<f(j j) -AD2(j) C[3)(J j)
AD3(3) U ^y

C^'(J J)

j Np +2to Np +N, (III 11)

where

Q,(j)> i = 1 to 3 = demanded quantity of energy per year in load

category l at local time j (these quantities

supplied to the electric power conversion pro

cess from the electric load process),

Ci (j,k) has been defined in connection with Eq (III 3),

N (k) and AQ (j) have been defined in connection with Eq (III 1)

The quantities AD (j) (and therefore Nw(j) for l=1to 3 and
j = N + 1 to N + N must be positive by their definition, but according

to Eqs (III 2), (III 9), (III 10) and (III 11) they may be negative

When this occurs (the production available exceeds the demand), Eqs (III 8),

(III 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 AQ1(j) is negative for some value of j> Np + 1
(say j'), then Eq (III 9) becomes

Am(j') =0, (HI 12)
and the production in load category 1 at local time j' from all plants

built at times k < j' - 1, is changed as follows

Prodlnew(j,) =j'-l 'J P™dl(j,)
£ C|}j(k j') Nw(k)
k=1 k= 1 to j' -1 , (III 13)

and since ADl(j') =0, Eq (III 5) becomes
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Prodl new(j,) = Q1(J,) ("I 14)

In other words the production available equals the demand Similarly ,

if AQ2(j ') <0 for j'> N +1then

AD2(J') =0 , (III 15)

and the production available in load category 2, at local time j 'from

all plants built at time k < j '- 1 is changed as follows ,

Prod2 new (J')"TT-^ II) 2(J ]

k = 1 to j1 - 1 (III 16)

and since AD2(j') = 0, Eq (III 6) becomes

Prod0 (j1) = CLf l') /ttt i-,\
2 new W2U ' (HI 17)

If AD3(j') is less than zero for j'> N +1 then

AD3(j,) =°' (HI 18)

and the production available in load category 3 at local time j' from
all plants built at time k is changed as follows ,

3new (J } ^T7T) ^T 77 Prod3(j'>£ C}3)(k j•) Nw(k) +C(3)(J •Jf jAdi(jI) +c(3)(jl 3, }Ad2(j1 }

k = 1 to j' - 1, (III 19)

and since AD3(j') = 0, Eq (III 7) becomes
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Prod3 new(J,) = Q3(J') ("I 20)

In other words, the production available equals the demand

The equation for the quantity of fuel (energy) which must be input

to the conversion process may be written

qt(j) =£ QF(k j)|J:4i)(k»j)} vk)

where

+£ £ Qf(j j) aDi(j) 4f(j,3)
1=1 1=^

j=N +1to Np +N, (III 21)

Q (j) = quantity of energy (fuel) per year on the input link of

the electric power process at local time j

QF(k,j) =quantity of energy per year required at time jby a
plant built at time k to produce one unit of energy per

year at time j The quantity Qp(k,j) is defined in
Eq (II 21)

If acalculated quantity ADl(j )is negative (i =1to 3and j'>Np + 1),
Eq (III 21) has to be modified, by following the procedure described
in Eqs (III 12) through (III 20)

If AD1(j') <0, Eq (III 21) becomes

+

k

E1QF(k j1) [42)(k j-) +4j)(k j')l nw(
< 1 L J

+E iopl^l^'l^V) d" 22)
1 1 I 1
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If AD2(j ') < 0, Eq (III 21) is replaced by

V^=7'--T

k=l

Q2(J')

£ C^(k,j«) Nw(k) +AD1(j') C^(j',j')

|J£ QF(k,J') C^)(kfJ') Nw(k) +QF(J,J') AD1(j') C^)(j',j') >

+]£ QF(k J') C^(k,j') Nw(k) +QF(j',j') AD1(j') C^Jj'.j')

+°£ QF(k,j') C^}(k,j') Nw(k) +QF(J',J') AD3(j') C^J(j', J')
k=l

IIII 23)

Finally, if AQ3(j 'j < 0, Eq (III 21) becomes

Q3(J')
QI(J')=T^T

£ C^}(k,j') Nw(k) +AD1(j') C^)(j-,j') +AD2(j') C^^j-.J.)
K~" J.

|J£ QF(k j' ) C^)(k j' ) Nw(k) +QF(j ' j ') AD1(j ') C^}(j ',j ')
. k=l

+Qp(j'.J') AD2(j') C^tj'.j'jj
J'-1

+ £ QF(k,j')Nw(k) +QF(j,,j')AD1(j,)c|j)(j',j')

+ £ QF(k,j') c(2)(k,j') N(k)
k=l r fl w

+QF(J'»J') AD1(j') C^)(j.,j.)

+QF(J' J') AD2(j') C^)(j- j.) (in 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 in category 1 is given by

Lflrl

k < j

(3,k = 1to Np

IJ,k> N + N + 1
ci}}(j,k) =<
'fl

Lflrl [N + 1< k< 2N + N- 1

, + h(j,k)f1+Lp^tkrJ
1 < j < N + N

r

where
I

.thLf = load factor for i category ,

r = reliability factor for operation in l°" category ,

a, y = constants that determine the shape of the capacity factor,

<j)(j,k) = variable operation cost ,

P (j) = price per unit energy in load category l 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 > N + 1 in load category 1 is

Lflrl

Hence, the "unused" productive capacity at time k from one unit of

capacity built at time j is

.th

Lflr1
Lflrl

[(*!>( J, jQTY
PV*) j _

^IjTkTTY ~Lflrl i +ra*(3,kT|Y
1 +

(III 25)

(III 26)

which corresponds to unused nameplate capacity at time k > N + 1 of
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, lOKfr(J»k)1
LVk) J
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(III 27)

This capacity is unused in load category 1, but it is available for use

in categories 2 and 3

Therefore, the capacity factor of a plant built at time j for

category 1 operation and used at time k in category 2 is given by

c£p(j,k) =

Lf2r2
Yi+U(j,k)"|Y

1 D^rJ

Applying similar reasoning we obtain

C^(j,k) = lLf3r3

g<fr(j,k)
lP^OO

rpKl>(j,k)T

k < j

j,k > N + N + 1

j,k = 1 to Nn

N + 1 < k < 2N + N - 1

1 < j < N + N

(III 28)

(k < j

(j k > N + N+ 1

j,k = 1 to Nr

Lf3r3

J +
a<t>(j,k)T
P2(k) J 1+i^r1+ a4»(j»k)

P3(k)
Y

N + 1 < k < 2N + N - 1
P P

1 < J < N + N ,

(III 29)
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42}(J,J)

4|}(j,j) =

4f(j.j)
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Lf2r2

Lf2r2

1 +
f"a4>(j,j) 1Y

'Lf3r3

h(j»j)lY

+U(j.j)T
rain

Lf3r3

Lf3r3
Y

.P,(J) J

|J < Np +1
}j > Np +N+1

N + N > j > N + 1

(III 30)

j > N + N + 1
r

j< Np +1

Lf3r3 j> Np +1
1 + a<t>(j»j)

P3T3TJ
Y

J<Np +
(III 31)

j< Np +1

j > Nn + N + 1
Pt

N + N > J > N + 1

(III 32)

All the previous equations express the fact that the capacity factors
are assumed to be maximum for all times jand kless than TL(Np + 1)
and greater than TL(Np +N) Moreoever, for all times greater than
T (N + N) it is assumed that plants do not shift between categories,
if aslant operates in load category I during the first year of its life,
it is assumed to operate in load category I during its entire life
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The approximate capacity factors C^(j j)(i =1to 3, I =i to 3)
that occur in Eq (III 3) are given by

c<i»(j j) - Lflr!
ait(j..l)

(tf'o.j)

C(3)(i i)LflGu'j;

C««(J j)

f 2G '^

1 + p^ni

Y

Lf2r2

1 + [giLi j)
37

Y
1 + g^(j.j)

p2GI37
Y

g<l>(j»j) ["o"t>(j,j)~|Y

a^(j J) 1Y i . fa4)(j j)11 +

Lf2r2

i + fat J j)~lY
Lp^htJ

[i
W(j»j)1y
p2GI7T Lf3r3

1 + ["a<i>(j,j)~lY n , ra<p(j,j)"T
Lp^ttj ] Lp3g(j) J

(III 33)

J = N + 1 to N + N

(III 34)

N + 1 to N + N

Lf3r3

1 + a<t>(j J)

P3G^>

(III 35)

J = N + 1 to N + N

(III 36)

J = N + 1 to N + N

(III 37)

N + 1 to N + N
P P
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C(3)(J ,) = L^r3
Lf3GU'JJ r.w -i Yfa<l>(j»j)1 +

where

(Ill 38)

j = N + 1 to N + N ,

P£G(0) ^(j,j)+1+P'jjj.RI(j) [l+re(j)]NC0(j)
-P£(J+D

lflrl

+ *(J+1,J+1)

R'(J) =
1 " HrTnr

LC+1[l+re(j)]

r_(j) = the return on eauity at time j

(III 39)

j = N + 1 to N + N
r r

I = 1 to 3

(III 40)

U),The approximate capacity factors C^g(j,j) have the same form as the
capacity factors ci;Mj,j), but contain the estimated price P»G(j) rather

'fi

than the price P»(j)

C Calculation of the Capacity Additions An (j)
for j < N + 1

The quantity AD1(j) is obtained as in the basic conversion process
and is determined from

Q^Np+Datj)
"Q1(J) M+1N_+l

a(k)c[])(k,Np+l)
(III 41)

j =1 to Np + 1 ,
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where

a(j) =Max {0,[l-rsA(Np +1-j]} , (III 42)
and the quantity rg is determined from

Np+1

^QF(k,Np+l)c(11)(k,Np+l)AD1(k)
F _ k=l
bAV " TTHFTn ' (HI 43)

I p

where

Apj,(k) as a function of r , is given by Eq (III 41)

EAV = avera9e process efficiency that is input to the code

In other words, the quantity rg is determined such that an average effi
ciency input to the model is obtained by the capacity additions determined

by r$ The quantities AD2(j) and AD3(j) are given by

AD2(Np+l) , (III 44)

AD2(Np+l) ^ J=1to Np +1,

and

Ano(N+l) ,
AD3(j) = -?3-fi An3(j) (III 45)

AD3(N+1) D3
U6 P j = 1 to N + 1 ,

where the quantities AD2(j) and AQ3(j) are determined from the same
equations as AQ1(j) (Eq (III 41)) withTj^N +1) replaced by Q2(N +1),

C^ ^replaced by cL ,etc ,and using the values of r previously calcu
lated from Eq (III 43) The quantity AD2(N +1) is given by

N +1

AD2(Np+1) =AD2(Np+1) ~2 AD1(k)C^)(k,Np+l), (III 46)
k=l

to account for the production in category 2 by the added capacity in

category 1 and the quantity AD3(N +1) is given by
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N+l

AD3V> =AD3(Np+1) ->JADl<^Cfl)tk»V1)
Np+1

~^AD2(k)C^)(k,Np+l) (III 47)
k=l

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

D Calculation of the Prices P£T(j) for j> N +N

The equations for the prices P£T(j) for j> N + N are similar to
the equations of the basic conversion process, the difference being that

in the electric power process there is more than one load category

The equations used are

p£Tu) =[vj) -(^-J vj+d] '2_y (i" 48)
N + N < j < 2N + N - 1

I = 1 to 3 ,

where

r„ has been defined in Eq (II 32) and
c

V£(j) =V^(j) + VQ(j) I = 1 to 3 (III 49)

V (j) has been defined in Eq (II 34) and

i

Vc£(j) =̂ ^ Al [A2 +A3] l=]t0 3' (IH 50)
where NCQ(j) has been defined in Eq (II 53), and
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Lf£ and rl nave Deen defined in connection with Eq (III 25)
A-! has been defined in Eq (II 48)
A2 has been defined in Eq (II 49)
A3 has been defined in Eq (II 50)

E Calculational Algorithm of the Electric
Power Conversion Process

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

<t>0(j»k) = portion of the variable operating cost per unit of energy
that arises from the cost of labor and materials, for

k>jand Np +1 <k <2N +N-1(Eq (II 17)),
D(j,k) = discount factor for N + 1 < j < k < 2N + N - 1

P p
(Eq (II 22))

Nqq(j) = present value of capital cost of a unit of capacity at
time j for N + 1 <j <2N + N - 1 (Eq (A 1))

P£T(j) = price per unit of energy at time j in load category I,
for N + N <j <2N + N - 1 and I = 1 to 3, as given

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

Then, 4>(j,k) the variable operating cost per unit energy of a plant

built at time j and operating at time k is computed for k > j and

N + 1 Sk <2N + N - 1 (Eq (II 18))

The capacity factor of a plant built at time j for category l

operation and used at time k in category £, ci'T^(j,k) is calculated
for j < k *r N . k > j > N + N + 1 and for k > N + N and

P P p
1 < J < N + N using the terminal value prices (Eqs (III 25)

through (III 32))

Finally, the price per unit energy in load category I, at local

time j on the output link of the process P»(j) is computed for

I = 1 to 3 and N + 1 < j < N + N (Eqs (III 3) and (III 4)) During
r r

this calculation a three step loop is used Because perfect foresight

is assumed this loop starts in the year N + N and goes backwards in

time to the year N + 1



39

Step 1

P»(j) for £ = 1 to 3 and j = N + 1 to N + N is approximated

by P£G(j) (see Eq (III 39))
Step 2

The capacity factors encountered in Eq (III 3) are computed as

follows

a) C^(j,k) for £=1to 3, j=Np +1to Np +Nand k=j+1
to 2N + N - 1 using Eqs (III 25) through (III 29),

b) 4^,(5,J) for i=1to 3, £=ito 3and j=Np +1to Np +N
using Eqs (III 33) through (III 38)

Step 3

p'(j) for £ =1to 3and j=N +1to N +N is calculated from
Eq (IV 3), and finally P£(j) for £=1to 3and j=Np +1to Np +N
is 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
$ (j,k) for N +1 <k * 2N +N- 1and k >j (Eq II 17),
D(j,k) for N +1 <J <k <2Np +N-1(Eq (II 22))
NCQ(j) for Np +1*j<2Np +N-l (Eq (Al)),
P£T(J) for Np +N <J <2Npp (j) for NP +n<j <2N +N-1and £=1to 3(Eq (III 48))

Then, the variable operating cost per unit of energy 4>(j,k) is computed
for k>jand N +1 <k <2Np +N-1(Eq (II 15)) and the capacity
factor 4£)(J k) is calculated for j <k <Np and for
N +1<k <2N +N-1and 1<j <Np +Nusing the prices P(j) calcu
lated during the up pass (Eqs (III 25) through (III 32))

Next, the capacity additions in load category iat local time j,
A (j) are calculated for i=1to 3and j< Np +1using Eqs (III 41)
through (III 45) and the capacity additions at local time jin all load
categories N(j) for j<N +1are computed using Eq (III 2)

The capacity additions/^ (j) and Nw(j) for Np+2 <j<Np +Nand
1= 1to 3are calculated using Eqs (III 3) through (III 11) and
Eq (III 2), respectively If AQl(j) <0for aparticular jthe shut
down algorithm is used (Eqs (III 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 Qt(j) is calculated for

Np +1 <j <Np +N(Eqs (III 21) through (III 24))
At the end of each down pass the new capacity additions in all load

categories Nw, are relaxed to avoid wide fluctuations between iterations
The procedure is identical to the relaxation method used in 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, it must compute the schedule according to which new reserves

must be found and developed in 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 link but no input link The time notation in this section is

the same as that used in Section II and the node index is suppressed

as in Section II

The resource processes embody different assumptions about production

patterns Oil and gas production is exponentially declining (RESORC

Subroutine ), (i e , the rate of production is proportional to the amount

of oil/gas left in well) while coal is usually produced from a mine at a

constant level for a fixed number of years (CESORC Subroutine )

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 is quite

similar to the basic conversion process

A Prices and New Capacity Commitments

The variables of the resource process are assumed to be

P(J) J=Np+ltoNp+N (IV1)
Nw(j) J=Np +1to Np +N
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where

P(j) = price per unit energy (fuel) at local time j on the

output link of the process

N (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 link of a resource process satisfy the

equations

2N+N-1

\^ [P(£H>(j,J,-e)]Pr(j,J,£)D(j,£)

£=j+l

-nc(j.j) -n(j,j) +
(IV 2)

+[p'(j)^>(j,J,j)]PrG(jsJ»j)D(j.j) =0

j = N + 1 to N + N ,

where

P (j) = price per unit of energy (fuel) at time j, calculated

from Eq (IV 2)

P(j) = price per unit of energy (fuel) at local time j on the
output link of the process calculated as follow*

PT(J)

P(J)
P (J) + PT(J)

P (j)

j > N + N + 1

J=Np +N

j < N + N - 1 ,

(IV 3)
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where PT(j) is the price per unit of energy at time j >N + N as given
by the terminal value model (see Eqs (IV 34) and (IV 35)), and

Nc(j,k) = present value (at time j) of capital cost of a unit of
capacity committed at time j and first used at time k,

n(j,k) = the before-tax profit to the resource owner at local time

k of a well committed at time j,

4>(j.k,£) = variable operating cost of a well available at local

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

Pr(j»k,£) = the rate of production at local time £ of a well available
at time j and committed at time k,

PrG(j.k,£) = an approximate rate of production at local time £ of a
well available at time j and committed at time k,

D(j,£) = discount factor (defined in Eq (II 22))

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

this section

The equations for the capacity additions N for j = N + 2 to

N + N may be written

J-l

NW(J) -

wx

where

<KJ> -2Pr(k.k.J)Nw(k) (
k=l (IV 4)

w\
J-l

Q(J) -]>JV(k>k 3)Nw(k)
Nw(j) = ^ (Coal) (IV 5)

B/t

J = N + 2 to N + N

j=Np +2to Np +

t = Max{Lc,A} , (Iv 6)
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L = characteristic mine life
c

N (j) has been defined in connection with Eq (IV 1)
w

Q(j) = the quantity of energy (fuel) per year, demanded at
local time j (supplied to the resource process by the

process immediately above it in the network diagram),
P (j,k,£) has been defined in connection with Eq (IV 2)

B = maximum value of the capacity factor (assumed to be 1
in resource processes),

6 = the decline rate (input parameter)

The quantities Nw(j) for j=Np +2to Np +Nmust 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 for k=1to j-1, Cf(k,k,j)
is re-defined as follows

Cf new(k,k,j) =Cf(k,k j) r^ -9U) , (IV 7)
Pr(n n,j)Nw(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), N (j) occurs also for values of

j <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 is the number of years that
reserve could have been produced at the maximum rate and have produced
the same cummulative production as it actually produced In the case of
constant production over a fixed life, Lc, as in the coal mining process,
the cummulative production cannot exceed the reserve commitment and there

fore productivity age cannot exceed Lc
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On the other hand, in the case of a resource with an exponentially

declining production profile (Oil,Gas) the productivity age is not

limited

The recursive equations for the productivity age t may be written

t(j,k,£) =0 j£ < k (IV 8)
jk >J

t(j,k,£) =t(j,k,£-l) -jln l-[l-e"6A]Cf(j,k,£) (Oil,Gas) (IV 9)

j£ > k> j
11 > N + 1

t(j,k,£) =t(j,k,£-l) -1 In 1Hn-e"6A]e|
--^iHlnjwi-e-^l (Oil,Gas)
= U-k+l)A (IV 10)

j£ > k> j
\l < N +1

t(j k£) =t(j,k £-l)+Cf(j k£)ATLc(j k£) (Coal) (IV 11)
U > k > j

U>Np +1

t(j,k,£) = (£-k+l)A (Coal) (IV 12)

U> k > j

)£<Np +1,
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where

j = local time in which the well becomes available

k = local time in which the well has been committed

£ = local time in which the well is operating

6 has been defined in connection with Eq (IV 4)

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

T. (j,k,£) = min<l, max

1

L -t(j,k,£-l)~n

?' * JI
if Lc-t(j,k,£-l)>A

L -t(j k,£-l)
if Lc-t(j,k,£-l)<A

(IV 13)

C The Production Rate

The rate of production Pf(j,k,£) that occurs in Eqs (IV 2), (IV 4)
and (IV 5) may be written as ^

Cflj.Wle-^^^ll-e^)
Pr(j.k,£) = (Oil Gas) (IV 14)

Pr(j,k,£)
Cf(j,k,£)
-LI TLc(j,k,£)

Cf(j,k,£)

j£ > k>j>N +1
[k < N + N

(Coal)

if Lc-t(j,k,£-l)>A

Cf(j,k,£) Lc-t(j,k,£-l)
r- i

if Lc- t(j,k,£-l)<A

j£ > k^j>N +1
fk <N +N,

(IV 15)
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where

j = local time in which the well becomes available,

k = local time in which the well has been committed,

£ = local time in which the well is operating,

6 has been defined in connection with Eq (IV 4)

Cf(j,k,£) has been defined in connection with Eq (IV 11),
t(j,k,£) has been defined in Eqs (IV 8)-(IV 12)

Equation (IV 15) for coal mining production simply states that the
maximum average annual production rate will be (1/L ) if the produc

tivity age t(j,k,£-l) is smaller than the characteristic mine life, L ,

by at least one time interval (A) If not, the maximum annual produc
tion rate in the last time interval will be (1/LC)[(L -t(j,k,£-l))/A]

The approximate rate of production PfG(j,j,j) that occurs in
Eq (IV 2) is given by

and

PrG(j»J»j) =
(Wj.j.jJe-^'J'J-^O-e-^)

CfG(j J,j)(l-e_6A)
(Oil,Gas) (IV 16)

J = N + 1 to N + N

CfG(j,J,j)
Pv.c(j»J.j) = —-, if L_ > ArGvj»j.j/ L

c
c

(Coal) (IV 17)
CfG(j,J,j)

if Lc<A

J = N + 1 to N + N »

where

CfG(j,j,j) = an approximate capacity factor defined in 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) is written

Cf(j,k,£)

B \l > k > j

1

(IV 18)

f U(j,k,£)~]Y
i +L pw J

)l < N„ + 1
P

(£ > k> j
In +1 <£< 2N +N
1 p P

k < N + N

where

B has been defined in connection with Eq (IV 4)
<|>(j,k,£) and P(£) have been defined in connection with Eq (IV 2)
a,Y = constants that determine the shape of the capacity factor

The approximate capacity factor CfG(j,j,j) that occurs in Eqs
(IV 16) and (IV 17) is given by

r (111)= £ (IV 19)LfGU»J>j; r / \1y

where

J=Np +N

N + 1 to N + N
P P

j = N + 1 to N + N-l

(IV 20)

The approximate capacity factor CfQ(j,j,j) is identical to the
capacity factor Cf(j,j,j) for j=Np +1to Np +N-1, but for
j = N + N it contains the price given by the terminal value model,
P(N +N), rather than the price P(Np +N)
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E New Capacity Commitments for j < N +1

As in the basic (and the electric) conversion process, a linear
assumption concerning capacity additions for j < N + 1 is used to qive

_ p
N,* Q(N + l)a(j)
NW(J) = f^n K : — (Oil,Gas)

a(k)Cf(k,k,N +l)e-6t(k'k'Np )(11—) (IV 21)

and

j < N + 1

Q(N_ +l)a(j)

VJ)=S? U^JW) ^ (IV 22)a(k)Cf(k,k,Np+l) -^ E
C J<Np+1,

N +1

where

Q(N +1) = the demanded quantity of energy (fuel) at the first
global time

TLc(k,k N +1) has been defined in Eq (IV 13)
a(j) =Max{0, l-rsA(Np+l-j)} , (IV 23)

and the parameter r is the yearly change rate in capacity additions

(input parameter)

F Present Value of Capital Cost

value of capital cosl

Eq (IV 2) may be written as follows,

The present value of capital cost N~(j,k) that occurs for j = k in

Nc(j,k) =NCQ(k) {1 +Ccl[X(j)] C^}ER (IV 25)
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cc h
er = ai(k)NC0'(k) L1 "VtS^ J <iv 26>°̂ [l "feJ']

where

k=Np +1 if TG(1) + (N-1)A< tA

=J TG(1) + (j-l)A > tA

C0e = e" (Oil,gas)
(0 if L < A

c

•M" if A< Lc < 2A (Coal)

if Lc > 2A ,

Nff)(k) = the present (depletion free) value of capital cost for a
well opened at local time k (see Eq (A 1)
Appendix A)

y(j) = the cummulative commitments since N + 2 up to local time j,

and is given by

J< Np +1

X(J)

where

Nwd) ND+N+1 >J>Np +1

Nwd) j>Np +N+l

(IV 27)

..... . 0 , .. +1
p P

C , and C 2 = capital cost commitments depletion parameters
which define the present value of capital cost as

a function of cummulative commitments since starting

time N + 2 (input parameters)

ER = scaling factor for the present value of capital cost that is
introduced to account for the manner in which speci"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 (input to code)
INR = initial resource cost (input to code)

g-|(Np + 1) =mterperiod discount factor defined by Eq (II 23)
rc = defined by Eq (II 32)
Lc = characteristic life (input to code)
TG(1) = first global time point
tA = time when technology first became available (input to code)
6 = the decline rate (input parameter)

G Variable Operating Cost

The variable operating cost may be written as

0 C
♦(j.k £) =̂ k,£){l +0cl[x(j)] ^Hl+C^x^j.k,*)] h (IV 28)

£ > k > j

Np+1 < k,£ < 2N + N- 1,
where

<j>0(k,£) = portion of the variable operating (depletion free) cost
per unit of energy that arises from the cost of

labor and materials The equations for $ (k,£) are given
in Chapter II (Eq (II 17)

x(j) has been defined in connection with Eq (IV 26)
°cl and °c2 = °Perating cost/commitments depletion parameters that

are input to the code

X](j>k,£) = the cummulative production at local time £, from a
well available at time j and committed at time k,

given by

'1-e-^ k'^ (Oil,Gas)
X-,(:)»k,£) =

where --w »•-,- •,, -c

(IV 29)

t(j,k,£-l)/Lr (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, Jl(j,j) that occurs in

Eq (IV 2) is written (j > N_ + N +1

0

(j >Np +N+
(J < N + 1

n(j.j) = (iv 30)
1 Nrn(j)
lL<J'kM> TUT Np + Kj<Np + N,

where

L(j,kM) = Max[L(j,k)] = the largest lump sum lease
M k>j

payment (discounted to j) before taxes at local time k,

for a "/ell opened at +ime j

B(j) =base capital cost at local time j, defined by Eq (A 32)
in Appendix A

(j) has been defined by Eq (A 1) in Appendix AN
CO

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

LW^iffitirf'3*' (IV31)
where r is the owner's average discount rate (assumed to be constant)
and the profit n(j,k) satisfies the price equation

2N +N-1

n(j,k) - V [P(-e)-<Kj»k,£)]Pr(j,k,£)D(k,£)-Nc(j k) (IV 32)

I Calculation of Prices PT(j) for j> Np +N
Finally, equations to determine the prices Py(j) for j> Np +N

that occur in 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 (Oil,Gas) introduces amultiplicative factor
and the capacity factor Bis replaced by the maximum average annual pro
duction rate which is
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B/x for a constant production profile (Coal) and

l-e"6A
B —t for the exponentially declining production

profile (Oil,Gas),

where T = Max(L ,A) The equations used are

1+r.

PT(J) = VC(J) XX—r Vc(j+1)
(Hrc)' -feT

1+r.

(IV 33)

(Coal) (IV 34)

PT(J) = ve(j) (f^-)Ave(J+i)] \A » (Oil Gas) (IV 35)

fe)
where the upper indices c and e indicate constant and exponentially
declining production profiles accordingly, and

rc has been defined in Eq (II 32)
6 = the decline rate (input parameter)

and

0

yy =

Lc-A

vu(j) =Vcc(j) +VQ (j)

ve(j) =vce(j) +V0"(j)

if Lc < A

if A< Lc < 2A

If Lc > 2A ,

where

Jc2nv0 (j) =v0 (j) {i +ocl[x(j)] "}

VQ (j) has been defined in Eq (II 34)

(IV 36)

(IV 37)

(IV 38)

(IV 39)
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x(J) »0 -. »0 2 have been defined in connection with Eq (IV 28), and

c
11

V = NC0 TA1[A2+A3]/3, (IV 40)

where

... cc2
NC0 =NC0{1 +CC1LX(J)]^} (IV 41)

.

Nco has been defined by Eq (II 53)
x(j)» cci» cco nave Deen defined ii connection with Eq (IV 25)
t has been defined by Eq (IV 6)

Ar A2 and A3 have been defined by Eqs (II 48), (II 49), (II 50) ,
and finally

NrnA
'"(J) = -^6a VA^]
c B(l-e 6A) ' L 6
V.e(j) = C0 pt A^Ao+Aol (IV 42)

BC

J Calculational Algorithm of the Resource Process

1 Up-Pass

The following quantities are computed at each up-pass

(j) (j,k) = depletion free portion of the variable

operating cost per unit of energy that arises

from the cost of labor and materials, for k > j

and N + 1 < k < 2N + N - 1 (Eq (II 17))

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

D(j,k) = discount rate for N +1 < j < k < 2N + N - 1

(Eq (II 22))

Nc(j k) = present value of capital cost of a unit of
capacity committed at time j and used at time

k, for Np +1 <j<k< 2N +N-1(Eq (IV 25))
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<Kj>k,£) = variable operating cost (with depletion effect)

of a well available at local time j, committed

at time k and operating at time £, for £>k>j and

N + 1 < k < £ < 2N + N - 1 (Eq (IV 28))
r r

Pj(j) = price per unit of energy at time j, for
N + N < j < 2N + N - 1 as given by the

terminal value model (Eqs (IV 34

and IV 35))

n(j,j) = the before-tax profit at local time j for

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

P(j) = prices per unit of energy at time j on the output
link of the process, forN + 1 < j < N +N

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

foresight is assumed this loop starts in the year

N + N and goes backwards in time to N + 1

Step 1 P
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,£) for 1 < j < k < I < 2N + N- 1 and £ f N + N
using Eq (IV 18)

b) CfG(j jj) for j=Np +Nusing Eqs (IV 19) and (IV 20)
Step 2

The productivity age t(j,k,£) of a well available at local time j,

committed at time k and operating at time £, for 1 ^j <k <l C2N + N - 1

is computed using Eqs (IV 8) through (IV 12)

Step 3

The rate of production that occurs in Eq (IV 2) is calculated as

follows

a) Pr(j,k,£) for 1 *j <k <l <2N + N- 1 and £ f N + N using
Eqs (IV 14) and (IV 15),

b) PrG(j,J,j) for j = N + N using Eqs (IV 16) and (IV 17)
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Step 4

P (j) for j = N + 1 to N + N is calculated from Eq (IV 2) and finally

the prices P(j) for j = N + 1 to N + N are computed using Eq (IV 3)

2 Down-Pass

On the down-pass the new capacity committments Nw(j) for
N + 2 < j < N +Nare calculated (Eqs (IV 4 and (IV 5)) If
P P
N (j) < 0 for a particular j, the shutdown algorithm is used (Eq (IV 7))

To avoid wide fluctuations in new capacity additions between iterations,

a relaxation method, similar to the relaxation procedure described in

Section 2, is 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 indices will be used on all variables
and parameters The allocation process will be node n the output links
from this allocation process will be designated by an index iQ that
takes values 1 to I , and the input links to node n will be designated by
an index l that take values Ito I It is to be understood that both
I 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) will be indicated The case of electricity allocation
(LKN =4) will be treated separately in Section VC 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 links of the process and the quantities

of energy as a function of time on the input links of the process

The variables of the allocation process are assumed to be

Q(i j) i = 1 to I

j = N + 1 to N + N

(V 1)

P(VJ) \ = ] t0 lo
j=Np +1to Np + N,

where

Q(i j) = quantity of energy (or energy-related quantity)
input to node n from link i at local time j,

P(iQ j) = price per unit energy on the output link l from
node n at local time j

Therefore, N(IQ + I) variables are associated with the allocation
process and N(I+IQ) 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 i, S(n,i,j), satisfies the equation

QO>j) - S(n,i,j)Q(n,j) =

QO,j) ~S(n i,j) Yj Q(10'J) =° (V 2)
iQ=l i = 1 to I

j=Np +1 to Np +N,
where

Q(i »j) = quantity of energy output from node n through link iQ
at local time j Therefore,

I.

Qd0 J) = Q(n,j) ,

V1
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where

Q(i,j) has been defined in connection with Eq (VI)

The shares S(n,i,j) are calculated according to the behavioral lag

coefficient formula

,F(B)S(n,i,j)+G(B)S(n,i,j-l)

S(n,i,j) =

>S(n,i,j)

i = 1 to I

j=Np +2to Np +

i = 1 to I

J=Np +1,

(V 3)

where

B = the behavioral lag coefficient (0 < B < 1) which is input to

code The behavorial lage coefficient is used to represent

consumers reluctance to change their purchasing habits, and

F(B) =BX>-3)£l¥] (V4)
£=0

A-l
£ £ (V 5)G(B) =(1-B)A+ bJ]0-B) f

£=1

S(n l j) = the share of energy allocated to link l assuming no

behavioral lag (B = 1), given by

f(n,i)[P(i,j)+T(n i)67LKNrY
S(m,j)=-j (v 6)

5
f(n,i)[P(i,j)+T(n,i)57LKN]"Y

i = 1 to I

j=N +2to Np +N
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S(n,i,N +1) = the first year market share of each supplier l = 1
to I, satisfying

£ S(n,i,Np+l) =1 (V 7)
i:

and computed as follows,

QO.N+1)
S(n,i,N+l) = -j E (v 8)

tf^(i,Np+l)
l = 1 to I,

where

QO.N+1) = the first year quantity of each supplier l = 1 to I

which is part of the initial data of the model

f(n,i) = equal price shares (input parameters to the code), so that

I

2Jf(n,l)Sl' (V91

P(i.j) = price per unit energy, input to node n from link l at

local time j

T(n,i) = transportation increment when LKN = 7, which is input to

the code , and

!0 if a f LKN

(V 10)

1 if a = LKN

Y= sensitivity parameter of share to price which is input to the

code

The prices on the output links of the allocation process satisfy

the equation



59

P(V> -T'(n ^'S* -Jj{^U3m" ^+T(n'l)67KNl "° (v n)
1=1

i = 1 to I
0 o

j=Np +1to Np +N,

where

P(i >j) = has been defined in connection with Eq (VI)
T'(n!i )=transportation increment when LKN =8, which is input to the coc
S(n,i,j) has been defined in connection with Eq (V 3)
P(i,j) T(n,i) and 6LKN have been defined in connection with

Eq (V 6)

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

I

£s(n,i,j)=l j=Np +2toNp +N, (V 12)
1=1

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

V*S(n,i,N +1) = 1) Then, from Eqs (V 2) and (V 12),
i=l

Sq(l J) = VQ(VJ) J=Np +1to Np +N (V 13)

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+I ) equations to determine
the N(I+I )unknowns, provided that the demanded quantities Q(i0»j) and
the input prices P(i,j) are known
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B Calculational Algorithm of the Allocation Process

Up Pass

The following quantities are calculated at each up pass

S(n,i N +1) = the first year market share of each supplier l,

for i = 1 to I (Eqs V 8) and (V 3),

S(n,i,j) = the market shares of each supplier i, at local time

j, for i = 1 to I and j

(Eq (V 3)),

N + 2 to N + N
P P

P(i0»j) = the output transaction price per unit energy from

Down Pass

node n to link i at local time j, for l

lo and j=N +1 to N +N (Eq (V 11))
1 to

The following quantities are calculated at each down pass

the first year market share of each supplier l,

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

Q(n,j) = total quantity of energy demanded at local time j,

for j = N + 1 to N + N

S(n,i,j) = the market share of each supplier i, at local time

j for l = 1 to I and j = N + 2 to N + N

(Eq (V 3)),

Q(i»j) = quantity of energy input to node n through node i

at local time j, for i = 1 to I and j = N + 2

to N + N (Eq (V 2))

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

vergence involving the quantities of energy input to node n is performed

k kLet Qin(i,j) and Qout(i»j) be respectively,the input and output
quantities of energy to the kth iteration for supplier i at time j

Then, if

S(n,i,Np+l)

C«,'J>-«?n«1-J>
W1'"

< e
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for l = 1 to I and j = N + 2 to N + N, the algorithm is said to have

converged The usual value of e in Model 22C is 0 03 If the algorithm

has not converged after k iterations 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

S^(n,j) =5?n(n.j) ♦ Bk(j) [Sjut(n,j)<(n,j)]
where

ST^n.j) = vector of Imarket shares, input to the kth
iteration at time j

J> t(n,j) = vector of I market shares, output from the
kth iteration at time j

Bk(j) = a (Ixl) diagonal matrix of relaxation parameters
defined by

0 5 if k < 3

[Bk(j)]„

1 - Sk^2(n,i,j)-Skn(n,i,j)
for k > 3

It has to be pointed out however that no convergence test is made if

the allocation process has only one input link (I = 1)

C Electricity Allocation

The electric power allocation process (LKN=4) performs the same

function as the basic allocation process except that

a) it assumes the last input link is from a hydroelectric process,

and

b) the allocation is over several load categories

First, the prices on the last input link, P(I,j) (from a hydro
electric process) are determined, assuming the quantity of hydro-
electricity produced, Q(I,j), total demand, Q(n,j) and the prices of
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other sources of electricity P(i j) for i = 1 to I - 1 and j = N +1
P

to N + N, are given This calculation is performed by solving

Eq (V 2) for i = I, i e ,
i

Q(I»J) = S (n,I,j)Q(n,j) j = N + 1 to N + N (V 13)

where

[l-(l-B)A]S(n,I,j)+(l-B)AS'(n,I,j-l)

j = N + 2 to N + N

S(n,I,j) =j (V 14)

iS(n,I,j) j=Np +1,

S(n,I,j) = M f(n.I?rP(I.j)n (v 15)
~~V(n,i)[P(i j)]"Y+f(n,I)[P(I j)]"YSV" J=N +2to N +N,

r r

where B» y and f(n,i) have been defined in connection with Eq (V 3) ,

and S(n,I,N +1) is given by Eq (V 8)

The solution for P(I,j) is given by

P(I.J) =
1-1

[Q(I,j)Q(n,j-l)-(l-B)AQ(I,j-l)Q(n,j)]^f(n,i)[P(i,j)]-Y
i=l

f(n,DCQ(n,j)Q(n,j-l)-(l-e)AQ(n,j)Q(n j-l )-Q(n,j-l )Q(I ,j)+(l-B)AQ(I ,j-l )Q(n,j)]

J = N + 1 to N + N
P P

During the calculation of P(I,N +1) it is assumed that

Q(n,j-1) = Q(n,j) and Q(I,j-l) = Q(I,j)

(V 16)

1
Y
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Equation (V 16) is valid only if the hydroelectric share Q(I,j)/Q(n,j)

obeys

(l-B)A[Q(I.J-D/Q(n,J-l)]+[l-(l-B)A>^}> (1-B)A[Q(I,J-1)/Q(n,j-1)]
for j = N + 2 to N + N

(V 17)

If Q(I»j)/Q(n,j) violates the lower bound in any time period the

price P(I,j) is set at a nominal low value (0 001) and if the upper bound

is violated the price P(I,j) is set at a nominal high value (999) Once

the price of hydroelectricity has been set, the electric power allocation

process sequentially allocates demand in each load category, using the

same market share function as in the basic case (Eq (V 3))

Demand in each load category is 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

-™ -V'> fe^rf fe&P M (v 18)LP -I LP Jj=N+2toN+N,

where

Q(j) = the quantity of energy demanded at local time j (It is by
definition the quantity of energy on the input link to the

demand process )
Q(N +1) = initial value which is input to the code

P(j) = the price per unit energy on the input link to the demand
process at local time j

price path

Qp(j) = quantity path
Pp(j) = price path
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Qp(N +1) =Q(N +1) = initial value
S = behavioral lag parameter which is input to the code

E. = price elasticity parameter which is input to the code

The price path Pp(j) is defined as follows

|P(j) j =N+1 to N +5

p„<o> • (V 19)
(p(N +5) J=Np+6 to Np+10

The effect of this definition is to make quantity demanded inde

pendent of price for years j = N + 1 to N + 5 and dependent on the

ratio of the current model year price to the price in year j=Np +5
for later years

The recursive equation for the quantity path may be written

iA

QP(J) =

Qp(j-i)[r(j)Y(j)r ifr(j) t o
(V 20)

^Qp(j-i)[y(j)]a if r(j) =o
j=N + 2 to N + N

p P

where

A = length of time between model years (5 years in Model 22C)

, v Sectorial Index (j) + 1 Q (V 21)
yu; 100

and the Sectorial Index which is input to the code is a measure of growth

in GNP,

r(,) =[Demand Sensitivity (j) (y(jH 0)]+1 0 (V 22)

Values for the Demand Sensitivity are input for j = N + 1 to

N +6and j=N +10 The values at j=Np +7, Np +8and Np +9
are determined by linear interpolation between the input values at

N + 6 and N + 10

Substituting Eq (V 21) and (V 22) into the equation for Qp(j)
(Eq (V 20)) and assuming r(j)?*0, we obtain
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Demand Sensitivity (j) Sectorial Index (j) ,n 0
100

(V 23)

E The Electric Powev% Loading Process

The electric power load process is a necessary adjunct to the

electric power conversion process, to represent the fluctuating nature

of electric power usage, it allocates total demand for electric power

among the individual load categories during the down pass and calculates

an average price for electric power from the prices of electricity for

separate load categories in the up pass Each category, i, is characterized

by adifferent load factor, Lf1, (factor of time that the level of demand
persists) and an energy fraction, fr , (the fraction of the total quantity
of energy produced at each load category) Lfl and fr1 are input parameters

The equations of the electric power loading process are

^j)-^fr,P,(j) (V24)
where

i=i

j = N + 1 to N + N,
1=1 P H

L = the number of load categories (L=3 in Model 22C)
P (j) = price per unit energy in load category l at local time j

F(j) = average price per unit energy at local time j on output
link of process, and

Vo) -̂ ™ (V ^j=Np +1to Np +N
i = 1 to L ,

where

Q(j) =the demanded quantity of energy in load category lat
local time j

Q(j) = total demand of energy at local time j

Finally, the fraction of energy produced at load category i,

satisfies

L

fr •1 (V 26)
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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 in the same way that the
thermal efficiency of a conversion process is modeled

fhe equations of the transportation process are

VQ if D = 0

Vo = (V 27)

VQ D if D f 0

where

VQ = variable operating cost per unit of energy due to the cost
of labor and material

VQ = adjusted variable operating cost
D = distance (in thousands of miles) between two locations, and

JEf if D=0
Ef = (V 28)

'(Ef)D if Df0
where

Ef = efficiency of the process (i e , units of energy out of the
process per unit of energy put into the process)

Ef = adjusted efficiency
The price equation used during the up pass may be written

P(j) =Pj(j)/eJ: + \l'Q J=N +1to N +N, (V 29)
r r

where
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P(j) = price per unit energy on the output link of the process at

local time j (i e , after the transportation)

PT(j) = price per unit energy on the input link of the process at
local time j (1 e , before the transportation) This value

is input to the process

Finally, the quantities of energy calculated during the down pass

satisfy the equation

QjCj) =̂ J=Np +1to Np +N, (V 30)

where

E,

QT(j) =quantity of energy per year on the input link of the process
at local time j This is the value calculated by the process

Q(j) = quantity of energy per year on the output link of the process

at local time j (i e , amount of energy after it has been

transported) This value is input to the process

G Import Process

The import process reflects the importation of crude oil natural

gas and petroleum products

The equations of the import process may be written

(V 31)

P(K)(j) =PZ(K)(J) j=Np +1to Np+N
K = OIL, GAS or PROD ,

where

pOIL pGAS and pPROD are the output prices per unit energy (fuel) at
local time j of crude oil, natural gas and refined products, respectively

P0IL(j), P^AS(j) and PjR0D(j) are the fixed import prices per unit
energy (fuel) at local time j of crude oil, natural gas and refined pro
ducts, respectively, which are input 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 initial estimates of quantity cannot be altered by this
process during iteration 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 in Chapter 2 Expressions for the present value of capital
cost, NCQ(j), that were not given in Chapter 2and are also used in
electric power conversion and resource processes are given here

The present value of capital cost may be written as

TO
(J) =y^ CVp(Eq.j) +Vp(Prn,j)] +Vp(Int,j)

+Vp(Pt,j)- £-^ [Vp(Dt,j)]-r^[Vp(Itc.j)],
(A 1)

where

Vp =an operator that gives the present value at time jof
the first argument in the bracket

E = equity

P = principal
rn K
I . = interest
nt

P = property tax

Dt = depreciation for income tax purposes
r = investment tax credit
tc
fT = income tax rate

The present value of equity may be written as

Vp(E ,j)

where

Int

EEq£(jl}
L£=l

2

.£=1
S V(J2}

&-fe]

J-l

f| d+re(k)]z

J-l

J k=j
fr [l+re(k)r

J-^>Np +l
(A 2)

(A 3)
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J2=J1+1 (A 4)

VV =fEPJVb£(J)e£l(Jl'J2) J] > Np +! (A 5)
Eq£(j2) =fEP (J2)b£(j)e£2(jl'j2) J2 >Np +2 (A 6)

where

Eq£(j) = cost of equity financing for capital factor £ at time j
fE = fraction of the cost financed from equity

P (j) has been defined in connection with Eq (II 17)
L = time before the time of operation when capital is

required

r (j) has been defined in connection with Eq (II 32)

tT+(j-l)A-t.
b£(j) =b^+O-kJO-e^ l AJ,

tj+(j-l)A> tk> tj + NpA
(j-l)A-N A

=b£[kro+(l-k00)(l-Bc) P J tI+(j-l)A> tA
tI+NpA > tA

= b£[l + (tA - tj - (j-l)A)p] , tA > tj+N A
tA > tj+(j-l)A

t»-tT-il A
=b£{k00+ (1-kJO -Bc) A l P

+ (tA - tj -N A)p} , tA < tI+NpA
tA > tj+(j-l)A (A 7)

£ = 1,2

(A 8)

(A 9)

bl = ScCLF

b2 = sc(i-cLF)

k^ and B have been defined in connection with Eq (II 47) t-,t, and p
have been defined in connection with Eq (II 19)
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and

S = specific capital cost of a facility per unit capacity

C. F = fraction of the specific capital cost that is due to the
cost of labor

PfeJ(j1){[l-re(j1)f-[l-re(j1)]6,}+PK,(J2){[l-re(j1)]0-l}
P^(j2){[l-re(j1)]6'-l}

P^KD-r^J^-D-re^).! J
e£2(jl'J2) =̂(J1){[l-re(j1)]A^l-re(j1)]6l>+Pfe)(J2)([l-re(J1)6'-l>

(A 11)

where

«' =J2A-(JA-L) (A 12)

If j - L/A < Nn + 1
P r 2

VEq'j) =

. . then Eq (A 2) becomes
Pr o 1 J-l

[l-re(k)]A
k=N +1

,)]6'}

where

E^ =¥*H +1)b£^
l+re(Np+l)

[N+1-(J-^)]A

1 + I

I6'
(A 10)

(A 13)

(A 14)

f J

and il =rate of inflation for times j<Np +1
To calculate the terms Vp(Prn,j) and Vp dnt»j) m Eq (A 1) it

is convenient to define them as

VPrn^ =VPrno^ +VPrnc^
and

V1!*^ =Vp(Wj) +Vp(Intc'j)
where

(A 15)

(A 16)

ng

y ..v r

V (P ,j) = present value at time j of the principal dun
pv rno,J/ K

operation
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V (Prnc )= present value at time j of the principal during
construction

V (I . ) = present value at time j of interest during operation
p n uo»j

V (I . ) = present value at time j of interest during construction
p n lc 5j

Then

V

2 J_1 J_1y
(Prnc,j) =EWVU E^W^Jn+r^k)]

|£=1

2

m=J1

i-l

k=m

EBr£(j2)
£=1

1 ^ J

) m=J2 k=m
[l+re(k)]'

(A 17)

2 J-l ^.j fh-\
Vntc^EWZ «,(»)rDC) 1—TT-m D+re(k)]i

£=1 m=jn ]k=m£=1

2

£=1

ri 1 (m-J2)Afe> a1(m)rD(m) 1 -
m=j,

[l+re(k)]'
|k=m

where 1 1
1 V+re^\

1 1
1

L1+re(VJ

(A 18)

(A 19)

(A 20)

(A 21)

a-,(j-|)

MBr£(j1) = (l-fE)P^(J1)b£(j)b£1(j1,J2)

JO,Br£(j2) = (l-fE)P"7(j2)b£(j)b£2(j1,J2)

and where b^-,(j1,J2) and b^j-^j^ have the same form as e£1(j-,,J2) and
e£2(jrJ2) given by Eqs (A 10) and (A 11) except that rg(j) is replaced
by rD(j) (D =debt life and rQ(j) =debt rate at time j)

Note that Eqs (A 17) and (A 18) are to be used for j< Np +1for
which F^(j) must be defined The values are
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P^(J) =P^(Np +1)
(Np+1-J)A

fe)
It is also assumed that

and

rD(j) =rD(Np+l)

re(j) = re(Np +1)

Furthermore.

Int£V m-1

VW • Bo(J>rD 2 0,l(m)
m=j

and

j< Np +1

j < Np + 1

j < Np + 1

-w i Y\T^eTkT]
J

(A 22)

(A 23)

(A 24)

(A 25)

Int[DN]

Vp(Into,j> " B
Lv / \m~hr 1A;(J)FD ^ai(m)(l-^)^[^

m=J (A 26)

where

J-l

[hot] =1
k=J

1 r

B0(J) =
2

£"l
IjWV

rD(jl}
.£=1

(j-j^a ^Br£(j2)

+rD(j2)

L£=l

X>(j2}
£=1

D r 2

I
L£=l
ZBr£<V +ZBr£(j2}.

2
•HI

£="l

(A 27)

(J-J2)A

(A'28)

(A 29)



DN =

76

BQ(J)
-2 2 -i

Ew+EBrA]
L£=l £=1 J

D = debt life (constant)

The present value of property taxes may be written as

l+Int[Lc/A] m-1

^2 ai(m)TO

(A 30)

Vp(Pt,j) =B(j,j)(Prt) Km)

k=j L
l+re(k)

m=j
(A 31)

where

B(j,j) =^[Eq£(J1) +Eq£(j2) +Br£(j1) +Br£(j2)] (A 32)
£=1

P . = property tax rate

I(j) = assessed value inflator that is input to the code as a

function of time j

j, and j2 are given by Eqs (A 3) and (A 4)

The present value of depreciation for income tax purposes may be

written

m-l_

(m)R(j+l-m)y[
k=j

Vp(Dt,j) =B(j
l+Int[TL/A]

,j) 2^ al'
m=j

U(k) = (-0'
R(m) =U(mA) -Ur(m-1)A]

where

T, = tax life of the facility

1

l+re(k)
(A 33)

(A 34)

(A 35)
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Finally, the present value of the investment tax credit is given

by

V!tc'j) =Ttcr EVJl)+Br£(jl]
L£=l

jf [l+re(k)]A
Jk=j-

2

I=\
^Eq£(j2) +Br£(j2) "Jf [1+re(k)I

J k=j,

V1*:^ = Xtcr
J-l

TT [l+rQ(k)]z
y

2

•£~1
EEq^(NP+1)J k=Np+l

J-l

ZBr£(jl}
U=i J k=j

| D+re(k)r
1

ii i
Tf D+re(k)] IZ Br£(j2}

L£=l . k=j,

j-^Np +l

j-s<np +1-

where

r = investment tax credit rate
tcr

(A 36)

(A 37)
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