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Basics of approach: Isoquant

Isoquant:

Set of points that defines combinations of inputs that
provide a fixed output. Shows that the output is a defined
function of the two inputs.

Regulation Isoquant:

Set of combinations of RegD MW and RegA MW that
provide an expected level of ACE control.
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PJM Modeled Control Scores for various new
sighal based RegA/RegD combinations
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Basics of approach: MRTS

MRTS = Marginal Rate of Technical Substitution.

The slope of the isoquant at any point (where a pointis a
combination of inputs) for a specific level of fixed output.
Defines the marginal rate of substitution between inputs
at each point.

The rate of substitution between inputs holding output
constant.

An exchange rate that converts substitutable inputs into
common units so that they can be compared directly In
optimization and in the market.
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PJM based combinations: MRTS

MRTS * -1
2 2'2 J - 0.0046x 29533 MRTS = Point
3 L. TS * specific slopes of
g_g . ——Linear (MRTS * -1) the isoquant
s 0 defining the rate of
e ‘0w w0 wm ww %o w0 substitution.
2 0 RegD MW

Derivative of curve defining combinations of RegA/RegD
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Basics of approach: MRTS

MRTS: The rate of substitution between RegD and RegA

Example:
MRTS = (MRTS of D MW for A MW) = 2,

Indicates that at this point on the isoquant:
1 D MW can be substituted (1 MW D x MRTS = 2) for 2 MW
of A at that point on the isoquant.
OR

« 2 MW of A can be substituted (2 MW D/MRTS = 1) for 1 MW
of D at that point on the isoquant.
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Basics of approach: MRTS as exchange rate

« Using MRTS a RegD offer can be compared directly to a
RegA offer.
* If MRTS = (MRTS of D MW for A MW) = 2.
* ($20/MW D) / MRTS = offer in terms of $/MW A

* ($20 per RegD MW) /2 = $10/MW in terms of equivalent A
MW.
* Defines whether it is economic to exchange 1 MW of D
for MRTS * MW of A or (A MW)/MRTS for 1 MW of D .

- Basis of the decision at any point is based on the
marginal relative values in terms of output and price at
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Consistent Application of MRTS

Single clearing price (input) model.

Resources evaluated and paid on per marginal effective
MW basis.

MRTS converts offers into equivalent units

« MRTS of A=1, MRTS of D = MRTS (MW D)

P = marginal price of Effective MW, highest cost cleared
resource (A or D), in terms of $/RegA equivalent.

P =Max(MAX(PD (MW D) /MRTS), MAX(PA(MW A))
Payment is per marginal RegA equivalent MW.

« Payment =P x MRTS x MW
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Example of Market Optimization
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Basics of approach: Two input production model

Area under

Curve

Calculation of

effective L

from K

Effective (Displaced L

Labor R MRTS MRTS * -1 from K) Residual L

50.042  50.042 0 -10.51 10.51 0 50.042  50.042
50.042 40.3257 1 -89226  8.9226 9.7163 40.3257  50.042
50.042 32.1968 2 -7.3352 7.3352 17.8452 32.1968  50.042
50.042 25.6553 3 57478  5.7478 24.3867 25.6553  50.042
50.042 20.7012 4 41604  4.1604 29.3408 20.7012  50.042
50.042 17.3345 5 -2.57 2.57 32.7075 17.3345  50.042
50.042 15.5552 6 -0985  0.9856 34.4868 15.5552  50.042
50.042 15.3633 7 06018 -0.6018 34.6787 15.3633  50.042
50.042 16.7588 8 21892 -2.1892 33.2832 16.7588  50.042
50.042 19.7417 9 37766  -3.7766 30.3003 19.7417  50.042
50.042  24.312 10 5.364 -5.364 25.73 24.312  50.042
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Basics of approach: Isoquant

60
50 =—4—|soquant
——Poly. (Isoguant) L=0.7937R?- 10.51R+ 50.042
40
L R .
50.042 0 E
40.3257 1 20
32.1968 2
25.6553 3 10 1
20.7012 4 0 | | | | | |
17.3345 0 0 2 4 6 8 10 12
15.5562 6 Units of R
15.3633 7
16.7588 8
19.7417 9
24.312 10
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Solve for least cost combination

60
50 =—=—|soquant
——Poly. (Isoquant) L=0.7937R2- 10.51R + 50.042
ﬂo 1
$IL > 20 -
50.04 0 $20.18 $0.00
40.33 1 $16.26 $6.00 101
32.20 2 $12.98 $8.00 0 . ‘ . . . .
25.66 3 $10.34 $12.00 0 2 4 6 8 10 12
20.70 4 $8.35 $15.00 Units of R
17.33 5  $7.00 $18.00
$/L $/K
15.56 6  $6.27 $22.00 00 -
15.36 7 $6.19 $24.00 000 <2000 |
16.76 8  $6.76 $28.00 < 1500 52500 |
19.74 9  $7.9 $29.00 i 52000
24.31 10 $9.80 $0.00 | 7 T | s1s00 =i
50,00 155:00 .
0 10 20 30 40 50 60
Units of L 50.00
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Basics of approach

Isoquant

60 - - $1,200
Total 50 - 41,000
Labor (L) $/IR Cost
50.04 0 $20.18 $0.00  $1,010 10 | ss00
40.33 1 $16.26 $6.00  $662
32.20 2 $12.98 $8.00  $434 5 o0 —e—tabor ()
25.66 3 $10.34 $12.00  $301 E e otal Cost
20.70 4 $8.35 $15.00  $233 —— Poly. (Labor (1)
1733 5 §7.00 §18.00 211 - ? — [
15.56 6  $6.27 $22.00  $230
15.36 7 $6.19 $24.00  $263 ] 50
16.76 8 9676 $28.00  $337
19.74 9 $7.9 $29.00  $418 e "
24.31 10 $9.80 $30.00 $538 Units of R L= 0.7937R2- 10.51R + 50.042

Note, R paid $18/R per R, L paid $7.00 per L.
Will see that at least cost point both R and L are being paid $7.00 per equivalent

L_ ©2015 www.monitoringanalytics.com 13 Monitoring Analytics



Isoquant

Labor (L)
50.04
40.33
32.20
25.66
20.70
17.33
15.56
15.36
16.76
19.74
24.31

Robots
(R)

©2015

10.51
8.9226
7.3352
5.7478
4.1604

2.57
0.9856

-0.6018
-2.1892
-3.7766

-5.364

Derive the MRTS

S Point specific slope
%. 10 —— Poly. (Isoquant) L—0.7937R2—10.51R+50.Oﬂi%(derivative) Of the
Isoquant = MRTS

10 \l/

Units of R MRTS N -1
s
if . ‘\ﬁ\\.
=, |
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Basics of approach: MRTS as exchange rate

Isoquant

Labor (L)
50.04
40.33
32.20
25.66
20.70
17.33
15.56
15.36
16.76
19.74
24.31

Robots
(R)

©2015

10.51
8.9226
7.3352
5.7478
4.1604

2.57
0.9856

-0.6018
-2.1892
-3.7766

-5.364

« MRTS = Change in L/Change in R, holding
output constant.

« MRTS translates units of R into effective
units of L on the margin.
* (1 unit of R * MRTS) = marginal
substitution for L
« Total displacement of L by R at any point
can be calculated as area under the

MRTS curve defined in change in L for
change in R.

@ Monitoring Analytics
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Basics of approach: Staying on the curve

Area under
Curve
Calculation of
effective L
from R Total
Effective (Displaced L Effective
Labor R MRTS * -1 from R) Residual L L
50.042  50.042 0 10.51 0 50.042  50.042
50.042  40.3257 1 8.9226 9.7163 40.3257  50.042
50.042 32.1968 2 7.3352 17.8452 32.1968  50.042
50.042  25.6553 3  5.7478 24.3867 25.6553  50.042 |
50.042 20.7012 4 41604 29.3408 20.7012  50.042
50.042 17.3345 5 2.57 32.7075 17.3345  50.042
50.042 15.5552 6  0.9856 34.4868 15.5552  50.042
50.042 15.3633 7 -0.6018 34.6787 15.3633  50.042
50.042 16.7588 8 -2.1892 33.2832 16.7588  50.042
50.042 19.7417 9 -3.7766 30.3003 19.7417  50.042
50.042  24.312 0 -5.364 25.73 24312 50.042
©2015 www.monitoringanalytics.com 16

Displaced L per unit of R

MRTS

I
N

o & AN O N RO ® O
L L

MRTS * -1

== MRTS * -1

245‘\-\.\1:12

Units of R

AT 3 R, Displacing Area in terms of
L, holding output constant.
Producing the equivalent of 50.04
units of L using 3 R and 26.65 L

3 K displaces 24.39 L (area under
curve).
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Basics of approach: Staying on the curve

Area under

Curve

Calculation of

effective L
from R Total
Effective (Displaced L Effective
Labor R MRTS * -1 from R) Residual L L
50.042  50.042 0 10.51 0 50.042  50.042
50.042  40.3257 1 8.9226 9.7163 40.3257  50.042
50.042 32.1968 2 7.33%2 17.8452 32.1968  50.042
50.042  25.6553 3 57478 24.3867 25.6553  50.042
50.042 20.7012 4 41604 29.3408 20.7012  50.042
50.042 17.3345 5 2.57 32.7075 17.3345  50.042
50.042  15.5552 6 0.9856 34.4868 15.5552  50.042 |
50.042 15.3633 7 -0.6018 34.6787 15.3633  50.042
50.042 16.7588 8 -2.1892 33.2832 16.7588  50.042
50.042 19.7417 9 -3.7766 30.3003 19.7417  50.042
50.042  24.312 0 -5.364 25.73 24312 50.042

©2015 www.monitoringanalytics.com 17

Displaced L per unit of R

MRTS

I
N

o & AN O N RO ® O
L L

MRTS * -1

== MRTS * -1

245‘\-\.\1:12

Units of R

AT 6 R, Displacing Area in terms of
L, holding output constant
Producing the equivalent of 50.042
units of L using 6 R and 15.5552 L

6 R displaces 34.4868 L (area under
curve).

@ Monitoring Analytics



Solve for least cost combination

60
50 =—=—|soquant
——Poly. (Isoquant) L=0.7937R2- 10.51R + 50.042
40 -
$IL > 20 -
50.04 0 $20.18 $0.00
40.33 1 $16.26 $6.00 101
32.20 2 $12.98 $8.00 0 . ‘ . . . .
25.66 3 $10.34 $12.00 0 2 4 5 8 10 12
20.70 4 $8.35 $15.00 Units of R
17.33 5  $7.00 $18.00
L
15.56 6 $627 $2200 | .. » . */R
15.36 7 $6.19 $24.00 000 000
16.76 8  $6.76 $28.00 < 1500 §25.00
19.74 9 $7.96 $29.00 3 1000 520,00
24.31 10 $9.80 §30.00 7 T | 1m0 e
5.00 $10.00
50.00 55,00
0 10 20 Uniiooﬂ 40 50 60 $0.00 x >| . - - - - -
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Basics of approach: MRTS
« MRTS = Change in L/Change in R, holding

output constant.
« MRTS translates units of R into effective units

" of L on the margin.
50.04 0  10.51 o * — : TR
Y o (1 R* MRTS) = marginal substitution for L
32.20 2 7.3352 by R
25.66 3 57478 , .
T - Can compare cost on a per unit of L basis by
1. S o7 .«
15.56 6 0.9856 d|V|d|ng $/R offer by MRTS
R « Should exchange R for L when R is less
T expensive than L on a marginal per

effective unit of output basis.

©2015 www.monitoringanalytics.com 19 @ Monitoring Analytics



Basics of approach: Direct Offer Comparison

Isoquant

50.04
40.33
32.20
25.66
20.70
17.33
15.56
15.36
16.76
19.74
24.31

©2015

10.51
8.9226
7.3352
5.7478
4.1604

2.57
0.9856

-0.6018
-2.1892
-3.7766

-5.364

10
10
10
10
10
10
10
10
10
10
10

$20.18
$16.26
$12.98
$10.34
$8.35
$7.00
$6.27
$6.19
$6.76
$7.96
$9.80

$IR ($/RYMRTS

$0.00

$6.00

$8.00
$12.00
$15.00
$18.00
$22.00
$24.00
$28.00
$29.00
$30.00

www.monitoringanalytics.com
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To compare cost of R
on a per unit of L
basis at any point,
divide R offer by
MRTS.

Should exchange R
for L when R is less
expensive than L on
a marginal per
effective unit of

output basis.
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Basics of approach: MRTS as exchange rate

Isoquant

Labor (L)
50.04
40.33
32.20
25.66
20.70
17.33
15.56
15.36
16.76
19.74
24.31

MRTS

0 10.51
8.9226
7.3352
5.7478
4.1604
2.57
0.9856
-0.6018
-2.1892
-3.7766
10  -5.364

O N OB WD -

©

Output
10
10
10
10
10
10
10
10
10
10
10

$20.18

$16.26

$12.98

$10.34
—$835

$7.00

$6.27

$6.19
$6.76
$7.96
$9.80

$IR ($/R)IMRTS

$0.00

$6.00

$8.00
$12.00
$15.00
$18.00
$22.00
$24.00
$28.00
$29.00
$30.00

$
$
$
$
$
$
$
$
$

L3

3.61

7.00

22.32

(39.88
(12.79
(7.68
(5.59

)
)
)
)

$L>$R/MRTS

Toial
Cost
$1,010

0.67|  $662 $L=$R/ MRTS
i

$233
$211
$230

$337

$418 $L<$R/|V| RTS

$538

K and L paid the same in terms of a common unit (either equivalent K or L) per unit at
the margin = least cost solution

©2015
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Basics of approach: MRTS as exchange rate

Isoquant

* Unit of L costs > Cost
of equivalent unit of L

Toial from a unit of R

Labor (L) MRTS Output $/R ($/R)MRTS Cost + ($16.26/L from L vs.
50.04 0 1051 10 $20.18 $0.00 $1,010
4033 1 8922 10 [$16.26 600 § | o067]  $662 $0.67/L from R)
32.20 2 7.3352 10 $12.98 $8.00 $ 1.03/%9/ « Unit of L costs = Cost
25,66 3 57478 10 $10.34 $1200 § 2095 $301 . .
20.70 4 41604 10 _$835 $1500 § _ 361 $233 equwalen.t unit of L
17.33 5 257 10 | $7.00 $18.00 § | 7.00| $211 from a unit of R
15.56 6 0.985 10 | $6.27 $2200 § | 22.32 $230 + ($7IL from L vs. $7I/L
15.36 7 -0.6018 10 $6.19 $24.00 $  (39.88)
16.76 8 -21892 10 $6.76 $28.00 §  (12.79) $337 from R)
19.74 9 -3.7766 10 $7.96 $29.00 $ (7.68) $418 e Unit of L costs < Cost
24,31 10 5364 10 $9.80 $30.00 §  (559)  $538

equivalent unit of L
from a unit of R

©2015 www.monitoringanalytics.com 22 @ Monitoring Analytics



Basics of approach: MRTS as exchange rate

Isoquant

Labor (L)
50.04
40.33
32.20
25.66
20.70
17.33
15.56
15.36
16.76
19.74
24.31

MRTS
0 10.51
1 8.9226
2 7.3352
3 57478
4 41604
S 2.57
6 0.9856
7 -0.6018
8 -2.1892
9 -3.7766
0 -5.364

Output
10
10
10
10
10
10
10
10
10
10
10

$20.18

$16.26

$12.98
$10.34
—$835
$7.00

$6.27

$6.19
$6.76
$7.96
$9.80

$IR ($/R)IMRTS

$0.00

$6.00

$8.00
$12.00
$15.00
$18.00
$22.00
$24.00
$28.00
$29.00
$30.00

P N N P A P NN P P P

3.61

7.00

22.32

(39.88
(12.79
(7.68
(5.59

)
)
)
)

$L>$R/MRTS

Toial
Cost
$1,010

0.67|  $662 $L=$R/ MRTS
i

$233
$211
$230

25’;?; $L<$R/MRTS

$538

Note, R paid $18/R per R, the same as R being paid $7.00 per equivalent L (MRTS x R

www.monitoringanalytics.com
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Basics of approach: MRTS = Ratio of (unmodified)
Isoquant Prices Paid

MRTS = ($/R)/($/L)
Siope o 2.57 = $18/%7
Tou| - Ratoo $7/L = ($18/R)/MRTS = $7/L

$IL $/R  Cost Prices)] MRTS
50.04 0 $20.18  $0.00 $1,010 - 10.51
40.33 1 $1626  $6.00  $662 0.37 8.92 i
32.20 2 $1298  $8.00  $434 0.62 % ¢ MRTS converts R into L.
25,66 3 $10.34  $1200  $301 1.16 5.75 . y
070 4 3 s s 1s 41 1R provides 2.57 units of L.

1733 $7.00 $18.00  $211 2, 2.57 | -

s 6 sz so sm s o 1R costs ($18.00/R)/2.57= $7/L.
15.36 7 $6.19 $2400  $263 3.87 0.60 : :
16.76 8  $6.76 $28.00  $337 4.14 219 1L prOVIdeS T unit of L
19.74 9  $7.9 $29.00  $418 3.64 -3.78 1|_ COStS $7/|__
24.31 10 $9.80 $30.00  $538 3.06 5.36

« R and L paid the same in terms of a common unit (either

equivalent R or L) per unit at the margin.
©2015 www.monitoringanalytics.com 24 @ Monitoring Analytics



Basics of approach: MRTS = Ratio of
(unmodified) Prices Paid

12 iy — Where MRTS > $R/$L:
12 S « Ris cheaper than L
- . \\ 1 R can replace more than 1 L and still
§ s ~ produce the same output
4 = —B—MRTS * 1 « Efficient to replace L with K.
E 0 $ 2. A ’\\:\ : 1,0 1,2 Ratio of Prices
s 2 \ \ﬂ\. ___ Where MRTS < $R/$L:
-4 \ < * R is more expensive than L.
6 \ * 1 R can replace less than 1 L and still
N Units of\R produce the same output.

« Efficient to replace R with L.

MRTS = 2.57 = ($/R)($/L)

©2015 www.monitoringanalytics.com 25 @ Monitoring Analytics



Isoquant Demand fOr R
De/mand for R (MB of R)

Marginal
Price of 20 MC Of R
$/L $/R MRTS MC of R 200
50.04 0 $20.18 $0.00 1051  $212  $0.00
40.33 1 $16.26  $6.00 892  $145  $6.00 10 7
32.20 2 $1298  $8.00 7.34 $95  $8.00 100 1 —&—Demand for R (MRTS *
25.66 3 $10.34  $12.00 5.75 $59  $12.00 i-. Marginal Price of $L)
20.70 4 $835 $15.00 4.16 $35  $15.00 50 - MC of R
[ 1733 5  $7.00 $18.00 2.57 $18  $18.00] o
15.56 6  $6.27 $2200 099 $6  $22.00 5
15.36 7 $6.19 $2400  -0.60 ($4)  $24.00 50 -
16.76 8 9676 $28.00  -2.19 ($15)  $28.00
19.74 9 $79 $29000 378  ($30) $29.00 -100 - Units of R
24.31 10  $9.80 $30.00  -5.36 ($53)  $30.00

« R and L paid the same in terms of a common unit
(either equivalent R or L) per unit at the margin

©2015 www.monitoringanalytics.com 26 Monitoring Analytics



Demand
for R
(MRTS *

Marginal
Price of

Demand for R

Demand for R (MB of R)
|

/MCofR

250

$L) MCofR
$212  $0.00
$145 g
$95  $8.00
$59  $12.00
$35  $15.00
$18  $18.00
$6  $22.00
($4) $24.00

($15)  $28.00

[ $300 $2000] —

(§53)  $30.00

©2015

Units of K

15

=@ Demand for K (MBF of
K)--Marginal Savings

MC of K

$ benefit
per unit

of R=9%
MC of R
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Isoquant Demand fOr R

Marginal
Price of
$IL $/R  MRTS MC of R
50.04 0 $20.18 $0.00 1051  $212  $0.00
40.33 1 $16.26  $6.00 892  $145  $6.00
32.20 2 $1298  $8.00 7.34 $95  $8.00 °
25.66 3 $10.34  $12.00 5.75 $59  $12.00
20.70 4 $8.35 $15.00 4.16 $35  $15.00
17.33 5  $7.00 $18.00 2.57 $18  $18.00] °
15.56 6  $6.27 $22.00 0.99 %6  $22.00
15.36 7 $6.19 $2400  -0.60 ($4)  $24.00
16.76 8 9676 $28.00  -2.19 ($15)  $28.00 R
19.74 9 $7.9 $2900  -3.78 ($30)  $29.00
24.31 10  $9.80 $30.00  -5.36 ($53)  $30.00

R and L paid the same in terms of a
common unit (either equivalent R or L) per

unl&%tghe marg\i\m.monitoringanalytics.com 28

Least cost point:

- R andL paid the same in
terms of a common unit
(either equivalent R or L)
per unit at the margin.

Converted to $/unit of L,
clearing price is $7/L.

L is paid $7 per L.
« $7*L=PaymenttolL

R is paid $7 per unit of
marginal effective L provided.

« $7*MRTS *R
« $7*257*R=9%18*R

@ Monitoring Analytics



Basics of approach

Isoquant

60 - - $1,200
Total 50 - $1,000
Labor (L) $/IR Cost| MRTS
50.04 0 $20.18 $0.00 §$1,010 1051 " o
40.33 1 $16.26 $6.00 $662 8.92
32.20 2 $12.98 $8.00 $434 7.34 %30 | s600  —e—tabor (L)
25.66 3 $10.34 $12.00  $301 5.75 £ D
20.70 4 $8.35 $1500  $233 4.16 oy (tabor (1)
17.33 5 $7.00 $18.00 211 257 — 2 — 0
15.56 6 $6.27 $22.00 $230 0.99
15.36 7 $6.19 $24.00  $263 -0.60 107 3200
16.76 8 $6.76 $28.00 $337 -2.19
19.74 9 $7.96 $29.00 $418 -3.78 0 . . . . s 1250
24.31 10 $9.80 $30.00 $538 -9.36 Units of R L=0.7937R2- 10.51R + 50.042

Note, R paid $18/R per R, L paid $7.00 per L.
Will see that at least cost point both R and L are being paid $7.00 per equivalent

L. ©2015 www.monitoringanalytics.com 29 Monitoring Analytics



Direct Application to Regulation
Market Design: Need
Implementation Consistent with
MRTS Definition
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Sum of CPS-1  Column Labels: RegA MW

RegD MW

0
EY

100
150
200
250
300
350
400
450
500
550
600
650
700
750
800

850
900
950
1000
(blank)

0

146.425
147.175
147.925

148.6
149.275
149.875

151.475

151.975
152.425

152.85
153.275

50

148.4
149.275

150.85
151.55
152.2
152.775
153.35
153.825

154.325
154.825
155.275

100

1525
153.325
154.1
154.775
155.45
156.025
156.625

157.125
157.625

150

152.925
54
154.975
155.875

156.65
157.475

-

PJM: Assumed Relationship

150.7

200 250 300 350 400 450 500 550 600 650 700 750 800 850
146.8  147.625 148.425 149.2  149.95
146.75 147.725 148.725| 149.775| 150.725|  151.65] 152. 153.475] 154.3]
147.7 145.775' 150.025) 151.175| 152.375| 153.575 154725 15575 156.725 158.55 159.375
150.35) 15175 153.15 154.625 156.025  157.35 158.6  159.775 .
152.85 154.5 156.125 157.8_ 159.375 160.9| X
15505 156.95 158.825 16545  166.75 168.075 169.1

152.725

154.1
155.375
156.475
157.475

156.975
158.625
160.125)

159.075
160.975|

161.15] 164.9
167.075

168.925

166.55 168.025 169.475

158.425 .725 A
159.325| 164.725 167325 169.8
160.15 165.6  168.175
161 166.4

162.375

Two inputs, holding
output constant.

©2015

www.monitoringanalytics.com

155.075)

700

600
500

RegA

400
300
200
100

y =0.0023x%- 2.9533x + 1161.1

=@ RegA

——Poly. (RegA)

0 200 400 600 800 1000
RegD MW

31
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Solving for least cost combination

900
800
700
y =0.0023x2 - 2.9533x + 1161.1
600
Eo 500 == RegA
2
400 ——Poly. (RegA)
300
200
100
- RegD Supply C 260 460 6(I)O scl)o
$100.00
$160.00 egu supply Lurve oy RegA Supply Curve
5140.00 - RegD MW ’
$80.00
$120.00 <7000
5100.00 $60.00
s80.00 ——RegD Price $50.00
$60.00 $40.00 ——Regh Piice
$40.00 $30.00
$20.00 $20.00
5 ) : ) ) ) ) $10.00 7/
100 200 300 400 500 500 700 $ ; ; ; . : : ‘
RegD MW 0 200 400 600 80 1000 1200 1400
RegA MW
©2015 www.monitoringanalytics.com 32 @ Monitoring Analytics




(or A) according to the isoquant.

Solving for least cost combination
« Changing the amount of A (or D), changes the amount of D

$180.00
$160.00
$140.00
$120.00
$100.00
$80.00
$60.00
$40.00
$20.00
s_

RegD Supply Curve

== RegD Price

100 200 300 400
RegD MW

500 600

700

$100.00
$90.00
$80.00
$70.00
$60.00
$50.00
$40.00
$30.00
$20.00
$10.00
S-

RegA Supply Curve

&=t RegA Price

0 200 400 600 800 1000 1200 1400
RegA MW

« Rate of change is the slope of the isoquant at point = MRTS.

©2015 www.monitoringanalytics.com
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\

Solving for least cost combination

Find least cost combination

| TC

$180.00 s v C $40,000.00 . .
rv 100.00 40,000.00
$160.00 upply Curve 63500000 | g0 00 Re8A Supply Curve / s
: - $35,000.00
$140.00 - $30,000.00 | $80.00 / ¢
- $30,000.00
120.00 '
? - $25,000.00 | $70.00 /
$100.00 $60.00 v -~ $25,000.00
- $20,000.00
$80.00 - — $50.00 $20,000.00
~—RegD Price - $15,000.00
$60.00 —oal Cont $40.00 —#—RegA Pric15,000.00
otal Cos
540,00 - - $10,000.00 | $30.00 Total Co5$10,000.00
$20.00 - $5,000.00 | 52000
$10.00 - - 45,000.00
S- T T T T T $- $_ $_
0 100 200 300 400 500 600 700 ' ' ' ' ' '
0 200 400 600 800 1000 1200 1400
RegD MW RegA MW
©2015 www.monitoringanalytics.com 34 @ Monitoring Analytics




PJM based combinations: Smooth the curve

- Derivative of this function
| " is MRTS Function
600 y =0.0023x4% - 2.9533x + 1161.1
E"SOO =@ RegA
= 400 ——Poly. (RegA)
300
2°° Change in RegA for
102 | | | | | Change in RegD, holding
i w0 control metric constant

©2015 www.monitoringanalytics.com 35 @ Monitoring Analytics



PJM based combinations: MRTS

MRTS * -1
2 2'2 J - 0.0046x 29533 MRTS = Point
3 L. TS * specific slopes of
g_g . ——Linear (MRTS * -1) the isoquant
s 0 defining the rate of
e ‘0w w0 wm ww %o w0 substitution.
2 0 RegD MW

Derivative of curve defining combinations of RegA/RegD

©2015 www.monitoringanalytics.com 36 @ Monitoring Analytics



Basics of approach: MRTS
« MRTS = Change in A/Change in D, holding

output constant.
« MRTS translates units of D into effective units
of A on the margin.

10.51 (1 D*MRTS) = marginal substitution for A

8.9226

7.3352 by D

5.7478

104« Can compare cost on a per unit of A basis by

s dividing $/D offer by MRTS

au2 * Should exchange D for Awhen D is less

b expensive than A on a marginal per

effective unit of output basis.

50.04
40.33
32.20
25.66
20.70
17.33
15.56
15.36
16.76
19.74
24.31

0
1
2
3
4
)
6
7
8
9
0

—_
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Consistent Application of MRTS

Single clearing price (input) model.

Resources evaluated and paid on marginal effective MW
basis.

MRTS converts offers into equivalent units

« MRTS of A=1, MRTS of D = MRTS (MW D)

P = marginal price of Effective MW, highest cost cleared
resource (A or D), in terms of $/RegA equivalent.

P =Max(MAX(PD (MW D) /MRTS), MAX(PA(MW A))
Payment is per marginal RegA equivalent MW.

« Payment =P x MRTS x MW

©2015 www.monitoringanalytics.com @ Monitoring Analytics




Basics of approach: MRTS = Ratio of
(unmodified) Input Prices

MRTS/Slope of Pirces

N

Where MRTS > $D/$A:
Rate of substitution (D for A) > Ratio of
prices (Cost of D relative to A)
Example:
MRTS * -1 D is less expensive than A.
/ —+—Slope of Prices « Canuse 1D to replace more than 1 A
/ and still produce the same output.
« Efficient to replace A with D.

W
n

M
[ S ¥ B V¥

=
@]

=

0.5

0 T T T T 1
0 20 40 60 80 100
RegD MW

/

MRTS = ($/D)/($/A)

©2015 www.monitoringanalytics.com 39 @ Monitoring Analytics



Basics of approach: MRTS = Ratio of
(unmodified) Input Prices

MRTS/Slope of Pirces

N

W
n

/ °

[
[ I N V¥

=
@]

=

0.5

0 T T T
0 20 40 60
RegD MW

T
80

1
100

MRTS * -1

—4— Slope of Prices

/

MRTS = ($/D)/($/A)

©2015 www.monitoringanalytics.com

Where MRTS < $D/$A:
Rate of substitution (D for A) < Ratio of
prices (Cost of D relative to A)
Example:
* D is more expensive than A.
« Canuse 1D toreplace lessthan 1 A
and still produce the same output.
« Efficient to replace D with A.

40 @ Monitoring Analytics



PJM based combinations: MRTS

MRTS * -1

Demand curve for
RegD in optimization
Is determined by
calculating the
marginal displaced

2.5
Q
% y =-0.0046x + 2.9533
x 2
2
-] *
@ 15 MRTS * -1
2 —Linear (MRTS * -1)
as 1
=2
2 05
<
1]
(]
5 O T T T T T T 1
E (i) 100 200 300 400 500 600 700
b 0.5
RegD MW
©2015 www.monitoringanalytics.com 41

cost of RegA for each
MW of D
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PJM based combinations: MRTS

¥ _ $100.00
MRTS * -1 RegA Supply Curve
$90.00
A 2.5 $80.00
8 ﬁ\ y =-0.0046x + 2.9533
2 5 $70.00
>
= T I i N S < ~7 o WaVa
uuuuuu
° *
g 15 MRTS * -1 $50.00 <
S —Linear (MRTS * -1
5 _ ( ) $40.00 —&-F-Reg Price
a2 1
s3 $30.00
E 0.5 $20.00
& $10.00 #
5 0 T T T T T T 1 $_ . . . r T T )
(7]
e 1) 100 200 300 400 500 600 700 0 200 400 600 800 1000 1200 1400
S 0.5 RegA MW

RegD MW

If MRTS = 2, then 1 MW of RegD shifts demand of RegA to the
left by 2 MW, moving along isoquant. Cheapest D replaces most

expensive A (moving from 100% Ato less than 100%

©2015 www.monitoringanalytics.com
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PJM based combinations: MRTS

MRTS (RegA MW Displaced by RegD
MW)

* _
MRTS * -1 Swo‘zg RegA Supply Curve

\

\

\
L
100 \zoo 300

\\ RegD

$100.00 -

$80.00 -

$60.00 -
——MB of D\(Dema

$40.00 - D)

$20.00 -

$0.00 T T

200 400 600 800

-$20.00 -

RegD MW

©2015 www.monitoringanalytics.com 43

RegD demand curve (MB
of D MW) is calculated in
terms of the $/MRTS of
using D MW to displace A
MW.

Determined by calculating
the marginal displaced
cost of RegA for each MW
of D

@ Monitoring Analytics



PJM based combinations: MRTS

$100.00 Optimal level of D MW.:
$80.00 -
=—9—MB of D (Demand for
4 D)
6000 o Where Demand for D (MB
$40.00 - Solution b Of dISpIaCGd A hOIdlng
£2000 | control constant) = MC of D.
$0.00 T T
200 400 600 800
5200 RegD MW Point of intersection

between the demand for D
MW (MB of D) and the MC
of D MW (supply).
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PJM based combinations: MRTS

$100.00 -
$80.00 -
=== MB of D (Demand for
> D)
$60.00 -
=fli—RegD Price
$40.00 -
Solution D
$20.00 -
$0.00 . T
200 400 600
-$20.00
RegDh MW

800

$100.00

$90.00 -
$80.00 -
$70.00 -
$60.00 -
$50.00 -
$40.00 -
$30.00 -
$20.00 -
$10.00 -

S-

RegA Price

Demand for A

0

200

400

600 800
RegA MW

1000

1200 1400

Each MW of D reduces the demand for Reg A MW based on

MRTS (and vice versa). Resulting combination is on the PJM

Isoquant.

©2015
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Consistent Application of MRTS

Single clearing price (input) model.

Resources evaluated and paid on marginal effective MW
basis.

MRTS converts offers into equivalent units

« MRTS of A=1, MRTS of D = MRTS (MW D)

P = marginal price of Effective MW, highest cost cleared
resource (A or D), in terms of $/RegA equivalent.

P =Max(MAX(PD (MW D) /MRTS), MAX(PA(MW A))
Payment is per marginal RegA equivalent MW.

« Payment =P x MRTS x MW

©2015 www.monitoringanalytics.com @ Monitoring Analytics
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