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Expansion planning

Problem: for a given power plant candidate set, choose when the
candidate-power plant(s) should be built for all planning periods t such
that the discounted expected capital, operating, maintenance, and
penalty costs incurred during the planning horizon are minimal
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. Is output of power plant g at time interval ,
st Is a binary variable that have value 1 if new power
plant g is built at time interval t and 0 otherwise,
¢ is maximum output of new power plant g,
¢ IS maximum output of old power plant g,
‘¢ Is power plant g operational costs,
Ce s power plant g capital cost and fixed operating costs,
Y is demand at time interval L,
P~ is discount factor,
T is planning horizon.



Decision Tree
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Optimal path

. . (t-1)—t /
C = rprgou C. = ueznp {(C[ s, + (Co&m )S2 + (Cpenalty )52 }

A'd

(=)=t

(Cl L=, Investment cost for moving from state s, in year (t-7) to state s, in

year t (Investment cost * Rate of Return)

(CO&’” )/sz O&M cost for at state s, in year t
(Variable O&M + Marginal Fuel Cost)

(Cpenalty )Sz Penalty cost for at state s, in year ¢

p; o Path; Set of all possible paths

us my, Branch; Set of all branches that belongs to path p

C ; Cp Optimal strategy cost; Total cost for path p



DP — Tabular Approach

- States: State is existence of the power plants, both existing and new
candidate units. This variable is chosen as a state because the existence of

neygl power plant can be controlled by the action of building or not building a
unit.

1 if unit "}" exists in the state "1"
Si =[Si1 S ... Sin] Sij =

0 1f unit "}" does not exists in the state "1"

» Actions: Build the candidate-power plant(s) or do nothing.

X; = [xil Xy e xik] o 1 if unit " will be built with the action "1"
Y10 if unit "j" will not be built with the action "i"
! X,
- States and actions tables: S| : X=|:
Sm XI’I’Z




Reward function

If the system is in state Sf- and action this taken then in period t the reward will be:

( t t t+1 ¢ S
OC(s ;,1)+C(x j,t) s, —-s,;>0 (new power plant 1s built)
t ot t t+l _ ¢ - :
f(s;,x j,t) = J OC(s ;,?) S, =S, (power plant is not built)
00 S ?’1 -S f < O(power plant does not exsists in the next state)

Expected operation and maintenance costs: Capital costs:
. t . _ ] _ -
0C(i,) = OC(s =s',1) = mm; ¢, (Pg (z)] C, = RoR-C, C,
| t t t ¢ t
P,(t)=D", COxGp) =X Co =Xl = E X
/ ) xl.jEXj
C
t k
P, (1) =s; °P§nax |k

c,4(P,) = Variable O&M + Marginal Fuel Cost



DP — Tabular Approach

Reward table ] i
M A o i
S Fr o fom

F(state i,action j,?) = F(i, j,f) =F(s =s,,x = xj,t) =

S T2 am)
t t t t t
flj = f(s =sl.,x=xj,t) =OC(sl.,t)+C(xj,t)

Transition table: states correspond to rows and the actions correspond to
columns of the table and an element is the next state index from the state

matrix;

h1 1o Nim

t t t
TR(state i,actionj) = TR(i, j) = TR(s =s;,x = X]-) = 2.2 2m

L o tnm

t;; =1index of sk=sl-vxj)inS



Old power plants

Type:
Capacity:

Capital Cost per MW:
Capital Cost per Unit:

Variable O&M:

Heat Rate:
Annual Fuel Price:

Type:
Capacity:

Capital Cost per MW:
Capital Cost per Unit:

Variable O&M:

Heat Rate:
Annual Fuel Price:

Type:
Capacity:

Capital Cost per MW:
Capital Cost per Unit:

Variable O&M:

Heat Rate:
Annual Fuel Price:

Coal
15 GW

$1.200,000/MW

SO (existing unit - is already paid off)

$5/MWh

10,000 Btu/kWh

$1.36/MBtu (1994)
$1.32/MBtu (1995)
$1.29/MBtu (1996)
$1.27/MBtu (1997)
$1.25/Mbtu (1998)

Oil
6 GW

$350,000/MW

Marginal Fuel Cost:

SO (existing unit - is already paid off)

$10/MWh

10,470 Btu/kWh

$2.40/MBtu  (1994)
$2.60/MBtu (1995)
$3.01/MBtu (1996)
$2.76/MBtu (1997)
$2.38/Mbtu  (1998)

Gas
1.7 GW

$500,000/MW

Marginal Fuel Cost:

SO (existing unit - is already paid off)

$10/MWh

6,500 Btu/kWh

$2.23/MBtu (1994)
$1.98/MBtu (1995)
$2.64/MBtu (1996)
$2.76/MBtu (1997)
$2.38/Mbtu (1998)

Marginal Fuel Cost:

xample

Type:
Capacity:
Operational Life:

Capital Cost per MW:
Capital Cost per Unit:

Variable O&M:

Heat Rate:

$13.6000/MWh .
Annual Fuel Price:

$13.2000/MWh
$12.9000/MWh
$12.7000/MWh
$12.5000/MWh

Type:
Capacity:
Operational Life:

Capital Cost per MW:
Capital Cost per Unit:

Variable O&M:

Heat Rate:
Annual Fuel Price:

5.1280/MWh
7.2220/MWh
1.5147/MWh
9
1

Type:
Capacity:
Operational Life:

Capital Cost per MW:
Capital Cost per Unit:

Variable O&M:
$14.4950/MWh Heat Rate:
$12.8700/MWh Annual Fuel Price:
$17.1600/MWh
$17.9400/MWh
$15.4700/MWh

New power plants

Coal
3GW
40 years

$1,200,000/MW
$3,600,000,000

$5/MWh

9,380 Btu/kWh

$1.36/MBtu (1994)
$1.32/MBtu (1995)
$1.29/MBtu (1996)
$1.27/MBtu (1997)
$1.25/Mbtu  (1998)

Oil
5GW

30 years

$350,000/MW
$1,750,000,000

$10/MWh

14,430 Btu/kWh

$2.40/MBtu (1994)
$2.60/MBtu (1995)
$3.01/MBtu (1996)
$2.76/MBtu (1997)
$2.38/Mbtu (1998)

Gas
3.8GW
30 years

$500,000/MW
$1.900,000,000

$10/MWh

6,500 Btu/kWh

$2.23/MBtu (1994)
$1.98/MBtu (1995)
$2.64/MBtu (1996)
$2.76/MBtu (1997)
$2.38/Mbtu  (1998)

Marginal Fuel Cost:

Marginal Fuel Cost:

Marginal Fuel Cost:

$12.7568/MWh
$12.3816/MWh
$12.1002/MWh
$11.9126/MWh
$11.7250/MWh

$34.6320/MWh
$37.5180/MWh
$43.4343/MWh
$40.2597/MWh
$29.8701/MWh

$14.4950/MWh
$12.8700/MWh
$17.1600/MWh
$17.9400/MWh
$15.4700/MWh



Example -Load duration curve

 Forecasted Demand (GW): Basic load curve is ISO NE 1994. Load growth
is assumed 3% per year. Load duration curve (LDC) is calculate as an a
2920-hour average, except for the first interval where the maximum 2920-
hour maximum is used.

Load Duration Curve Approximation (2920-hour average)
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Example - States and Action
Tables

« States table « Action table
pl p2  p3 ppel ppgl ppol ppel ppgl ppol
sif11.1.0 0 O] X [0 0 0]
S»(1 111 0 0 X1 0 0
s;11' 110 1 0 X0 1 0
S(state, PowerPlant) =S4 e X(action,PowerPlant)=x PO
ss|11 110 0 1 X0 0 1
Sl 1.1 1 0 1 Xg|1 0 1
s.11' 1. 1.0 1 1 X710 1 1
sell 11 1 1 1 Xg[1 1 1




Example -Transition Table

Xl .X'2 X3 X4 XS X6 X7 XS

ss[1 2 3 4 5 6 7 8§
52 2 4 4 6 6 8 8
;13 4 3 4 7 8 7 8
s4|4 4 4 4 8 8 8 8

TR =
ss|5 6 7 8 5 6 71 8
scl6 6 8 8 6 6 8 8

ssvx=[l 1 1 0 0 1]v| 0 0 0]=[1 110 0 1]=s;=>indexinS=5
ssvx,=[1 1 1 0 0 1]v[ 1 0 0]=[t 111 0 1]=s5,=indexinS=6
ssvxg=[1 1 1 0 0 1]v[ 1 1 1]=[1 1 1 1 1 1]=sy=>indexinS=8



Example - Year 1

Statel: 111 000

Energy Produced

Eo1=(10,032+13,256+15,000) 2920=111,800,645 MWh
E02=2,807 2920=8,196,440 MWh

Eo3=1,700 2920=4,964,000 MWh

Cost Regulated

Co1=111,800,645 18.6 =$ 2,079,491,990
Co02=8,196,440 35.128 =% 287,924,544
Co03=4,964,000 24.495=9% 121,593,180

Statell: 111 1000

Energy Produced

Eo1=(7,032+10,256+15,000) 2920=94,280,645 MWh
Eo2=0 MWh

E03=1,507 2920=4,400,440 MWh

Ec1=3 3,000 2920=26,280,000 MWh

Cost Regulated
Co1=94,280,645 18.6000
Co2=$%0

Co03=4,400,440 24.4950
Cc1=26,280,000 17.7568

$ 1,753,619,990

$ 107,788,778
$ 466,648,704

4 MC($/MWh)

351280 -

244950 }———_____

10.032

13.256

|
|
18.6000 -lﬁ-————-:f—————— -—:——_
1 1 L Power (103 MW)

AMC{S/MWh)
|
35.1280 4-——-b-——————-
|
|
|
24.4950 4-—-—F---—--—-
|
18.6000 |_ 01
17.7568

15 16.7 227
| J| 02 I
—————— —:———— :- ﬁl-—
: I I
: | |
! 03
______ =1
l | |
i 1
:{.:: ::::::}::
t ™ Power (10° MW)

25.7



Example - Year 1 (cont'd)

Statelll: 111 010
A MC($MWh) 10.032 13.256 19.507 2
44,6320 f--——-—-—-————-—f-—-——f-- Fo———= i - ———
Cost Regulated ! ! i i
Co1=94,280,645 18.6000 = $ 1,753,619,990 : | o2 : !
Cozz $ O 351280 | ____ 4 ____}__ «E— ————— I_— -l- ——————— —:—--—
| |
Co3= 4,400,440 24.495 =$ 107,788,778 | : | |
Cc1=26,280,000 17.7568 =$ 466,648,704 ; i i |
Cc2=%0 244950 L4 ____| .__éL:f___- _____ e 4--
] | | |
18.6000 - o1 S O - EL _______ 45__
{ ’ : - Power (10° MW)
15 16.7 227 217
StateIV: 111 110
507 c2
446320 -: ------- —-----1'-
Cost Regulated ! i i
Co1=94,280,645 18.6000 = $ 1,753,619,990 351280 | i oz | i
Co2=$0 ! i i
Co3= 4,400,440 24.495 =$ 107,788,778 i ! !
Cc1=26,280,000 17.7568 =$ 466,648,704 24,4950 | PSR H A il
Cc2=%0 ! I |
18.6000 T i:: ::::::'_}I::____::::l::
177568 : ' > Power (10° MW)

3 18 19.7 257 307



Example - Year 1 (cont'd)

State V: 111001
Cost Regulated
Co01=111,800,645 18.6 =$ 2,079,491,990
Co2=$0

Co03=4,964,000 24.495=9% 121,593,180
Cc3=8,196,440 24.495=9% 200,771,798

StateVI: 111 101

Cost Regulated
Co1=94,280,645 18.6 =
Co2=Cc3=%0
Co3=4,400,440 24.495=9% 107,788,778
Cc1=26,280,000 186 = $ 466,648,704

$1,753,619,990

AMC($/MWh) 10.032 13.256 19.507
| | | 02 |
351280 T TTTTTTTTTTTTTTTTTTC :*——:* —————— 1'— —Ir—
b | i
| I : :
| |
1031 c3 |! !
244950 T TTTTToTTTTToTTo H-I ! “-I- _________ _:__
01 - i i
18.6000 -—I-——!- ————— -:-—_-_______:__
 — ! I Power (10° MW)
15 16.7 205 S
AMC(S/MWh) 10032 13256 19.507
‘ |
35.1280 #—
|
|
I
|
244950 | g — — — —— +_
|
|
18.6000 eyt i
17.7568 ! 3
= Power (10" MW)

295



Example - Year 1 (cont'd)

StateVIl: 111 011

Cost Regulated
Co1=111,800,645 18.6 = $ 2,079,491,990
Co2=Cc2=%0
Co03=4,964,000 24495=9% 121,593,180
Cc3=8,196,440 24.495=% 200,771,798

State VIII: 111111

Cost Regulated

Co1=94,280,645 18.6 = $1,753,619,990
Co2=Cc2=Cc3=%0

Co03=4,400,440 24495=9% 107,788,778
Cc1=26,280,000 186 = $ 466,648,704

AMC($/MWh) 10.032 13.256

19.507 21.458

c2
46320 +-————————— b ——— :——-: ————— [ E— 4|-----l-:-—
- : : :
[ : 1 1
o i 102 | |
3H1280 -t - T —— +-
b i | |
| | | | |
1 1 | | |
103l ¢3! : :
244950 -f—————————— b — = — — - g — - —————— to—————— Lo
[ ! ! I
o1 o [ I I
18.6000 -ﬁ}——{ ————— -i ————————— i— ———————— i——
[
T t — . l L3 Power (10° MW)
15 16.7 20.5 26.5 315
AMC(&’MWh) 10.032 13.256 19.507 c2
44,6320 {-===%==========f-======-- r—fi-—4-- e o
| IR
! b I 02 |
35.1280 -————1l —————————————————————— i ——ﬁ ———————— .
]
' b : | |
' 1| | | |
% od & | | |
]
244950 L. ! d ’
186000 | pq 0o J ot | 1 p I
A A1 B e i i i St H e Rt K N
—H P Power (10° MW)
3 18 19.7 23.5 29.5 345



Example - Decision tree

Year 0

SIE 111100\

SIIL: 111010

SIV: [11110

SV: 111001

SVI: 111101

SVIL: 111011

SVII: 111111

Capital Cost for the actions:

Year | Year 2 Year 3 Year 4 Year 5

2,757,671.009 2718.337.021

i\
W W W
W R\

2,548,539.149

xl: §0 x3: §1,925,000,000 x5 §2,090,000,000 x7: § 4,015,000,000



Example - Decision tree

Year( Year | Year 2 Year 3 Year 4 Year 5

2.694.464,670 2,757,671.009 2,718,337,021

SE 111100 ¢

SIL: 111100

SIL: 111010

SIV: [11110

SV: 111001

SVI: 111101

SVIL: 111011

SVIIL: 111111

Capita] Cost for the actions: x1: $0 x3: § 1.925,000,000 x5 §2.090,000,000 x7: §4.015,000,000

x2: § 3,960,000,000 x4: § 5,885,000,000 x6: $6,050,000,000 x8: §7.975,000,000



Example - Decision tree

Year 0 Year |
SE 111100 2.489,009715
SII: 111100 6,288,057 472

SIIL: 111010 4.414,009714

x4

SIV: [11110

8,213,057 472

SV: 111001 4,491,856,968

8,387,057 472

SVI: 111101
x7

SVIL: 111011

6415865968

x8

SVIIL: 111111

10,303,057 472

Capital Cost for the actions: xI: $0

x2: § 3,960,000.000

Year 2

787,717,804

6.520,217,803

9.914.891,558

6.540.773,629

x6

10,048,598,552

x7

8.273,273,629

X8

11.781.098,552

‘ B
AN \

2,757,671.009 ‘\

\\\\\
W \\\

N W
\

x3: $ 1.925,000,000

x4: $ 5,885,000,000

\
U

Year 3

2 694,464.67 0

2,694 464, 6/0

..46658I 154

2.424,876,002

2 535,184,919

2.424,876,002

x5 82

x6: $6

2470 QY

)
R\

AN\

050,000,000

Year 4

2,757,671,009

2 548 539,149

\‘ 2495358781

2,495358.781

2,632,604.665

2,632,604,665

Year 5

2,718,337.021
2573815417
2,718,337.021

57? 815,417

\\\\\ _

\\\ D "’966"61
\\ "649 509,642

332,966, ’161

x7: § 4.015,000,000

x8: §7.975,000,000



Example - Decision tree

Year 0 Year 1

SE 111100 2.489,009715

SII: 111100 6,288,057 472
x3

SIILE: 111010 4.414,009714
x4

SIV: 111110 [ 8213.057 472
x5

SvHHoo!
x6

8,387,057 472

SVI: 111101

x7
Y

SVIL: 111011 6.415,865,968
X8

SVIIL: 111111 10,303,057 472

Capital Cost for the actions: xI: $0

x2: § 3,960,000.000

xl

Year 2

4.787.717.804

8.182,391,558

6.520.217,803

x4

9.914,891 558

6.540.773,629

x6

10,048,

x8

11.781.09

x3: $ 1,925,000,000

x4: $ 5,885,000,000

Year 3

2,694,464,670

9.993,248,538

11,652,367 365

10,093,367 588

13,211,617 365

x5 $2,090,000,000

x6: $ 6,050,000,000

Year 4

2,757,671.009

2,548,539.149

‘\

\\

495358781

x7: §4.015,000,000

x8: $7.975,000,000

Year 5

2,718,337.021
2573815417

2,718,337.021

25 3815417

2,649, §O9 642

2,649, 509 642

".5’3" 966.361



Example - Decision tree

Year 0

SL: 111100

SII: 111100

SIL 111010

SIV: 111110

SV: 111001

SVI: 111101

SVII: 111011

SVIL: 111111

Capital Cost for the actions:

Year |

2489009715

6,288,057 472

x3

4414009714

x4

8,213,057 472

x5

4,491 ,856,968

8,387,057 472

x7

6,415,865,968

x8

10,303,057 472

xl: $0

2: §3,960,000,000

Year 2

6.520.217.8

x4

9.914,891,558

x5

6.540.773,629

827

I,

2 AT LG
273,62

x3: $ 1,925,000,000

x4: $ 5,885,000,000

Year 3

2,694.464,670

9.993,248,538

8.529.484,186

11,652,367 365

10,093,367 588

13,211,617 365

x5 §2,090,000,000

x6: $ 6,050,000,000

Year 4

2,757,671.009

11851133578

C20RFAED
10539826352 ‘\

‘

\\
=

11856611388 \

14643399139

x7: §4,015,000,000

x8: §7.975,000,000

Year 5

2,.718,337.021

=)
n

7

'.p)

815417

2.718,337.021

2 57’1 815417

2 649 509.642

2532966361



Example - Decision tree

Year 0 Year 2 Year 3 Year 4 Year S
xl x1
SI: 111100 2,694,464,670 2,757,671.009 2718,337,021
x2 \ x2
x3 x3
SIIE: 111010 4.414,009714 .520.217, 53982635 12,323.327.271
x4
SIV: 111110 [ 8213.057.472 9.914,891,558
x5 x5
SV: 111001 @ 6.540,773.629
x6 x6
SVI: 111101 8,387,057 472 10,048,598,552 11,652,367 365 13240074139
X7
)
SVIL: 111011 6.415,865,968 8.273.273,629 10,093 367,588
X8 x8
SVIIL: 111111 10,303,057 472 11.781,098,552 13.211,617,365
Capital Cost for the actions: x1: $0 x3: § 1,925,000,000 x5 $2.090,000,000 x7: $ 4,015,000,000

x2: § 3,960,000,000 x4: $ 5,885,000,000 x6: $ 6,050,000,000 x8: §7.975,000,000



Example — Optimal strategy

Optimal action policy is: x1; x1; x5; x1; x1 and the optimal states are
S(,1), S(1,2), S(V,3), S(V.,4), S(V,5). Total plan cost is
$12,191,629,664.

Year 0 Year | Year 2 Year 3 Year 4 Year 5
xl -
SI: 111100 =—————] 2.489,000715 —— 1= 4] 4787717804 2,694,464.670 2,757,671,009 2718,337.021

SII: 111100
SIIL: 111010
SIV: 111110

SV: 111001 8.534,117,588 0.453,286,388 -

SVI: 111101

SVIL: 111011

SVIIL: 111111

Capital Cost for the actions: xI: $0 x3: § 1.925,000,000 x5 $2,090,000,000 x7: §4.015,000,000

x2: §3,960,000.000 x4: $ 5.885,000,000 x6: $ 6.050,000,000 x8: $7.975,000,000



Example — Average Electricity Price

To earn 10% rate of return on the investment average electricity price is:

x| O IE
Fle Edit View Insert Took Deskcop Wndow +2b N ﬁlﬁeﬂr Edit View Insert Took Deskop Whndow +2b £
DEES kRANS | E|0E 50 DeE& hRANS E|0E 50

Awvarage Energy Price Awvarage Energy Price

% T : T T % 1 ! ! ! !

: : 20¢F

ol 18

15}
10 ¢

10

a) One time investment b) Uniform-investment over 30years



Summary

* The example given is for regulated least
-cost-planning

* See Marija Prica, PhD ECE CMU, June
2010 for the results on Centralized Peak
Load Pricing, as well as Interactive
Planning Framework using the same
numerical approach.

 Contact: milic@ece.cmu.edu for more info
on this.




