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EEEEE R TEEEZE R (U.S. Power Market Deregulation)
E BIFA I E 7 E i 245 ¢)HH (Day 1 Open Access to Transmission)

s T RGE T 202 ( Market design elements)

s TN A % H HIl (Microeconomic principles to power market)
s T 2 EnELEEE[E (Nodal Pricing: Locational Marginal Price, LMP)
Sl EEfE (FTR - Financial Transmission Right)

U ay /R EESAE (Convergence bidding / virtual bids)

s T EEET ) 2~ [En(Market Power Mitigation)
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o HILIRELEERK 51824k (NSYSU) @15 1993

o 1L T AEL(NC State Univ.) @Raleigh, NC, 1998

* MAIN, Inc @Lombard (Chicago suburb), lllinois, 1998
* Midwest ISO (MISO) @Carmel, Indiana, 2004

* Paliza Consulting firm @Carmel, Indiana, 2005

* California ISO (CAISO), Dept. of Market Monitoring
(DMM)@Folsom, CA, 2008
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5 28 =% H FH L (deregulation) FF ZREHFFE
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* 19964FEFERC Order 888 /A2
* Deregulation of vertically integrated utilities #4857 &

* Open Access to Bulk Electric Power Transmission system [/ &8 {55 25 4

 High voltage(115KV, 138KV, 230KV, 345KV, 500KV, 765KV) =; BR {1545 E&
e 19994F.FERC Order 2000
e Establish Wholesale Electricity Market ZE17#t 288 771
* FERC (Federal Energy Regulatory Commission)
Re’E o (BRF RE R EHIZ B w) #HEIER L
* BRI EE T A4 R &
o (R HERT A RE R SR i S5
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California
ISO

ISO: Independent System Operator
RTO: Regional Transmission Organization

—

T2

Electric Reliability
Council of Texas

135(ISO/RTO)

A\ ISO
= New England

< New York ISO



Dayl: NERC (North Electric Reliability Corp.)
1t 2“':1?7735@%& =
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NERC INTERCONNECTIONS

NERC Regions and Control Areas
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Day 1: After Deregulation Before the Market
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« OASIS — Open Access Same-time Information System /N5 [GIF &R 4T

« Transmission Service Request (TSR) {&iii s & IR 552K

ATC Calculation - Available Transfer Capacityt] I {EIN R &
» Powerflow-based Z& JJ & & I RETEL

* Limits picking (Thermal, Phase-angle, Voltage stability)

* Posting of ATC to OASIS

TDF Calculation - Transfer Distribution Factor

BEn B mAEETR

 PTDF/OTDF Power/Outage Transfer Distribution Factor

* Flowgate Jfii & [#E5 22

Voltage Stability Analysis B ERE EE ST

* VSAT Modal Analysis by PowerTech

Security Coordination ZE442- &1
* TLR Transmission Loading Relief (Level 1, 2, 3)

Monitor: Council Creek - Petenwell 138KV
ontmgency Element Eau Claire - Arpin 345KV
—0. 85 o o

PTDF =-0.18
" counterflow

3
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lectricity Market Design
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Capacity
Market

Congestion

Convergence
Bidding
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Microeconomic Principles for Electricity Market

B T R &5 [ A

* Measuring benefits to market participants (MP)
e Supply and Demand functions < Willingness To Pay

* Key concept : economic Surplus L& EF|gx
 CS: Consumer Surplus (Value of Electricity — bill) J5& & | gx
 PS: Producer Surplus ( Profit = Revenue — cost) 4 & & 7 gx

 TS: Transmission Surplus ( Congestion Charge) {2#i 3 Fl|gx

e Market Benefits = Social Surplus #1 = {5 (called Social Welfare)
=CS+PS+TS




Soual Surplus Calculation (no Transmission)

(kIR

Y=

S S
‘j—l—‘

K /E[\/fﬁlélﬁﬂ ?Eﬁlgxﬁ‘r”)

y

>
A00MW 400 MW

SAONMWh

>
400MWh  Q

>
0MW - Q 0MW - Q

12



Social Surplus Calculation: &5 (& 4R B R

Transmission Line Net Benefit ASS
of adding 100MW
\ of Transmission Capacity

BUS 1 power flow Limit = 200 MW BUS 2

P' load

$40
P' Gen

iy

Generator >
300MW 400 MW Q

Py

P load

$40

P Gen

¥

> — > >
200MW 400 MW Q 200MW 400 MW Q 200MW 400 MW Q

* SP_gen = Marginal cost (supply Bus1)
* SP_load = Marginal Value (demand Bus2)

* Transmission Owner receives (SP_load - SP_gen) = _

13



Market Power T35 BEET /7

 The ability to manipulate prices (Ee32{Ef%) persistently to one’s
advantage, independently of the actions of others.

* Generating units (258 M2H):
The ability to raise prices above marginal cost by restricting

generation output.

* May exercise market power because of:
e Economic of scale &K EH f&
* Transmission costs, constraints (B4R 1% FEIEFR
* Flaw in market design T7355% 4



: 1
A generator total Production cost =3 +2Q + E Q?

> Marginal Cost (Z[Z R AMC) =2 +Q=Supply function
> SR DAsZ 288 JI 555 P
Demand function: P (S/MWh) =20 - 2Q,

Profit = Revenue — Cost
X
=(20-2Q) * Q- (3 + 2Q+%Q2) ¥

&
Monopolist Solution \ 0% ;),{\(;\e‘\o\(\ke&
dProfit/dQ = 0 © 0™
= dRevenue/dQ — dCost/dQ oV Qo““e

= MR - MC

s ]

Market Power example: Monopoly J&1{5¢

Competitive

E QMW |
f T 1

G 7 g

Q(MW)

4 5 6 7\ %

a (MW

onopoly

15
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Game Theory E ik

* Used to understand how markets evolve and operate

e Used in Auction Designh and bidding strategies
* Nash equilibrium  gNEFFffr (JEE{FF-Er)

* A rational expectation equilibrium
* No player can profitable deviate away Duopo|y B RSISE | B 55
1)

* Example Prisoner’s Dilemma ( [AIJE[E
AFFE  BHRFE Eﬁ 14
two-players game (duopoly) ~ 10fF
L Eede  HI0HE RBHBAE
Z 14

16
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Oligopoly EHH

 /VEYE TR EEI T > WE SIS
* Cournot Model [EEEETHEAY

* Quantity as the strategic variable 7 &= By =B

Mz AE - BRI ER (marginal profit) ZiL 22 R R4 (marginal cost)
* Bertrand Model F G (5

* Price as the strategic variable [E &R 5 5 Tl
* Best bet to charge a price equal to its Marginal Cost t5f#145 5 Z R s R pli AR
* Competitive commodity model!

s Rk EE R > AR R AT -

i
SBE




Strategic Modeling Example TRl it

Supply Generator A Supply Generator B Demand
A A A
Production cost A = 20 * Qa Production cost B = 20 * Qb
MC a MC b Price
($/MWh) ($/MWh) ($/MWh) P=200-Qa-Qb
$20 $20

_ > : >
Qa (MW) Qb (MW) Load (MW)

18



Cournot Quantity Equilibrium &5 = = 51

Profit ($) =PxQ-COST Demand curve: P = 200 - Qa- Qb COST=MCxQ
Qa\ Qb 50 52 54 56 59 60 63 64 66 63 70
50 4000 2000 3800 3700 3550 3500 3350 3300 3200 3100 2000
- 4000 4056 4104 4144 4189 4200 4221 4224 4224 4216 4200
59 4056 3052 3848 3744 3538 3536 3380 3328 3224 3120 3016
JL 2000 3052 2006 4032 4071 4030 4095 4096 4002 4080 4060
54 4104 3006 3883 3780 3618 3564 3402 3348 3240 3132 3024
- 3800 3348 3833 2020 3053 3960 3969 3968 2060 3044 3920
56 4144 4032 3020 3808 3640 3584 3416 3360 3248 3136 3024
- 3700 3744 3750 3808 3835 3340 3843 3840 3828 3808 3780
50 4189 4071 3953 3835 3658 3509 3422 3363 3245 3127 3009
- 3550 3538 36183 3640 3653 3660 3654 3643 3630 3604 3570
60 4200 4080 2060 3840 3660 3600 3420 2360 3240 3120 3000
3500 3536 3564 3584 3599 3600
63 4221 4095 3969 3843 3654 3591 @0 Price = SSO / |\/|Wh
- 3350 3380 3402 3416 3422 3420
64 4224 4096 1068 3840 3648 3584 339 Qa — GOMW
3300 3328 3343 3360 3363 3360
66 4224 4092 2060 3828 3630 3564 336 Qb — 60|V|W
3200 3224 3240 3248 3245 3240
68 4216 4080 3044 3308 2604 3536 333 Proﬂt Q= S36OO
3100 3120 3132 3136 3127 3120 —
70 4200 4060 2920 3780 3570 3500 320 Proﬁt b — S36OO
2000 3016 3024 3024 3009 3000 —

MC (barginal Cost FAunit) 20



Bernard Price equilibrium f3 B¢ (B #5259 {7

=
Profit ($) = P x Q - COST Demand: P = 200 - Qa- Qb Supply COST =MC x Q
BIDa \ BIDb $10 12 14 16 18 20 22 24 26 | 28
0 2950 “1800 1800 “1800 “1800 1800 “1800 1800 21809 18,9
1 950 0 0 0 0 0 0 o| 2\ (2
1 0 2752 1440 1440 _1440 1440 _1440 1440~ ()W 1440
_1800 752 0 0 0 0 VAt 0
0 0 558 _1080 _1080 21080 0\ Gy 30 A\ g0 _1080 21080
14 _1800 _1440 558 0 ol (A9 0 0 0
16 0 0 0 2368 720 T “720 720 720 720
1800 1440 1080 ETIAY 0 0 0 0
3 0 0 0 - o 2360 2360 2360 2360 2360
1 -1800 -1440 10800 \\ Do 182 0 0 0 0
0 0 0 0 0
20 1800 \& 144 ) 1080 ~720 2360 o Price = SZO/I\/IWh
0 0 0 0 0 1
22 A O\ = 1440 1080 720 360 of Qa=90MW
] 0 Q0 0 0 0
ﬁ_ -1800 -1440 -1080 720 2360 | Qb=90MW
: 0 0 0 0 0 0 . _
26 _1800 1440 -1080 2720 360 0 PrOfIt_a = SO
0 0 0 0 0 0 . _
28 _1800 _1440 _1080 2720 2360 0 PrOfIt—b SO

MC (Marginal Cost $/MVMWh) 20



Opportunity Cost Example f&ezr gl A

* Giving up an opportunity to earn revenue elsewhere is a Cost!

* A generating unit:

Cost \ Electricity Commodity A/S : Operating Reserve

Capacity 400 MW 50 MW
Fixed Cost (capital and fixed O&M) $16/h
Variable Cost S60/MWh S10/MWh

e Anticipated market prices

Price \ Electricity Commodity A/S: Operating Reserve

Market Price S70/MWh S25/MWh
» “Cost” of participating in each market (important for developing bids)

3l cost

% %5 £2 [ (Marginal Cost), ignored  $75 = $60 + $20 = $10 +
fixed cost (525-510) (570-560) oppc

opportunity cost

21



e BT B E R

Take a

way point:

Marginal Cost &= [& A

* Incremental cost (Y4 = k4~ ) for supplying additional unit quantity of
product, ignoring the fixed cost

FLATHE A AR 2 A, AN =5 R [ TE e AN

» PlanfdEkofficedelin /> B E— ek / B IRAEEA

* Wind powerzg—[E 3

EHYEIRALERA = 0

o 00 E = f%4H (Peaker, Combustion Turbine CT), WAHEME » MCP=
» HEEHIIG{EI&P K] average variable cost IS FACA » (HLIERT L& FH

~N
~N

/

i

At - Z/aH > AR E (!

AE = > B IRGE/ AR utility [

FEE  EH MR > 55 A



Electricity Market Clearing with co-optimization of A/S
B A B AR B TS A

* To minimize the total bid-based production cost G {KrEiE s 8 i A
* Equivalent to social surplus/welfare maximization

* Subject to

|'l'l'[l||

1. Energy balance constraint & JJ{t45 B FH BB &35 5K 7 Sty
2. System-wide reserve constraints Z 40 RS =5 K

3. Local reserve constraints &I sl & &= 0K

4. Transmission constraints {EHEgA5 S &S = R

5. Resource level constraints 22 25 H64H 5514 K7 PR




Market Clearing Resul

 Desired unit commitments & dis

ts B8 JIitE

patch schedules

SERRSHAVHRRE o N S8 B B (5 B LMW H )

* Nodal energy prices
A |5
ED%SE@@E
* Desired reserve schedules

A TR s

S R

* Reserve market-clearing prices

EH B AR T R S = Y TS ERE




HIE R

SCUC - security Constrained Unit CommitmentZz 21440 HEFZ
Unit On/Off status LR/MIP problem

L
\//

Market Clearing Procedures & /54

SCED - Security Constrained Economic DispatchZZ4= 4% 7% = &

Generating output Optimal power flow

A 4

RUC - Residual Unit Commitment F8[&5: (225572 8 M K4 H HEFE

Mandatory participation of certain units to ensure
reliability

Non-market process for reliability of system operation

25



Uniform Pricing(BE—7E (&) vs Pay-As-Bid (ZRIZT(E)

Uniform Pricing Pay-As-Bid Pricing
Total Demand

VErage price. _ o m wm

est-guess bid according to for

S/MWh
$/MWh

profit margin

MW




Nodal Pricing: Locational Marginal Price (LMP)
BIRGEEE: EIE IR (E S

- B = (EEAS R T FTaH R
L | -
- congestion

1. System Marginal energy price Component E[% 247 5E R [E 5
2. Marginal Congestion Component #E & 4R P IE(E T8
3. Marginal Loss Component EZ[Z 4R S EFEE TS

RBFe: AT (R JifHnode/bus) » £ Z IR —1F H & FL(IMW)
NI B&EKR » 24Py =388 AN (incremental production cost) o

27



GSF: Generator Shift Factor 288 )i &R 148

B IMW 3 A B4 I (sourceiBH) » [FIHGAE 55—

Uiig(Sink&h, 18 X freference bus 2= EIRHE i bF) I i HEH3

[ERIIMW » BB S Bl AR B HV R 7] 706 R HY 4 A {5 B -
 Three-Bus Example

===, &b

* EFk: Eb/ﬁ fAeAH 58 R

5

BUS 2

Gen 2

g Ly [iness L
Gen1l
Impedance X = 0.02

Gen 2

-1/3 2/3
Load 3 (ref.)

1/3
0

0 0
Reference Bus
@’ S BEE T E
7

Load 3
[N

28



3-PE R HEENEL EE (E T a0 - OF R ZE R AY)
Three-Bus LMP Example — (Unconstrained)

Genl=100MW Gen2=0MW

LMP1=S40/MWh BUS | BUS?2 LMP2=S40/MWh
Gen | Gen 2

Capacity & 100 MW

coal—fired unit

Capacity 5& 100 MW

. Marginal S40/MWh
Marginal $20/MWh production
production Cost
o BB A
WIS RA LMP3=$40/MWh = 7
a Reference Bus
N SEER
Load demand EE{FEK - - 25 TR
Load 3
100MW p .

29



3-PE PR L (E R T s (2 e
Three-Bus LMP Example (constrained)
Gen1=80MW (marginal)

LMP1=520/MWh BUS 1

Gen2=20MW (marginal)
BUS 2 LMP2=S40/MWh
Gen 2

coal—fired unit

- Capacity = 100 MW
Capacity 5= 100 MW :

. Marginal S40/MWh
Marginal $20/MWh production
production

Cost

Cost

s e T b
LMP3=$60/MWh 2 A
\ L
Load demand E&EBER

Reference Bus
’ S5 R
. - = Load 3

100MW *

30



Electricity Market Settlement & Congestion Charges
B 54 A &SR PR R U

 Method 1: ), (LMP..Sink — LMP..Source) * Flow
* Linel-2 s = ($40 - SZO) * 20MW = $400 Gen1=80MW (marginal) ~ Gen2=20MW (marginal)

« Linel-3 $ = (360 - $20) * 60MW = $2,400 = s P il
* Line2-3 S =(S60 -540) * 40MW = S800
Total Congestion charges= $3,600

* Method 2: Gen Revenue — Load Payment

4
T N T S R

LMP3=$60/MWh

A - Reference Bus
Gen 1 80 MW $1,600 — _\@'_ SHEBE
Gen 2 20 MW S 800 3 4 Load 3

T m

Load 3 100MW $6,000

ISO/RTO 17353 UYL | $3,600 (BEZEEULE)

* Transmission Surplus (TS)

31



Three-Bus LMP Exa
Problem Formulation 43

Objectitve

mple —

Va

|—at

|

L

A

=3
=]

—

g

Minmize Electricity Market Production Cost f(x)

MIN f(Q) =20*Qgen1 + 40*Qgen2
Subject to:
Meet load demand:
Qgen1 + Qgen2 = 100MW
Generation <= capacity:
Qgen1 <= 100MW
Qgen2 <= 100MW
Line flow <= Limit

Qgen1 * 2/3 + Qgen2 * 1/3 <= 60MW

Non-negativity:
Qgen1 >=0
Qgen2 >=0

I+

ek



Three-Bus LMP Example —

g

Excel Solver (KR &K A

B A Q SHRREEMCE

7, REKEE
e x>
WS RERER HHEE8 HEFr SR
=EBEHM W8 *
o fr
= OsrEM @s0MN OEBEW 0
R S T U \" w X
1 EHESEHEEED)
, . : +
2 |4V (Linear Program) $T85:5U35 =
3 Decision Variables RERRFI:(U)
4 Unit Name Qgenl Qgen? $T$5:6U%5 <= $T$6:5U%6 (A
5 Value (MW) 80.0 20.0 S’;g?;;g jj’v’g(g .
6 <= Capacity 100 100 - 220
7 Marginal Cost $S/MWh 20 40 Objective: f(x) Total Prod. Cost BID)
8 Prod. Cost 1599.9 800.2 2400.1
9 |Load Con;traints 2HELER
10 Constraint co-efficients (Left side)
11 Load | 1 | BAREEL
12 Constraint co-efficients x QgenValue LHS "G(x)" | RHS'B" | RARIRRIEHRBFRAK)
13 Load demand 79.994001| 20.0059988 100 = 100 BIRETEE =@ p v EE(P)
14 |Line flow Constraints
15 Const'ii?t C§1-ef1'icients (Left side) REAE
16 GSF linel-3 [ 0,667 0.3333 SHTBFLEMREIRREE . HEN GRG FEIE3IE - #HSWREFRES  BEWLP
17 Constraint co-efficient x QgenVaule LHS "G(x)" BiEs|E , FEEBENRERABENENEESIE -
18 Limit linel-3 | 53.332001] 6.6679994] 60 = 60
19

| BUE(E#= Constrained | 3 Bus LMP Excel Solver [ Solver | FHAH) KER(S) BEFA(0) 33




Shadow Price £2F{&f&

* Eﬂ%ﬁé{bﬁtﬁ%ﬁtj ’ %BE‘(%UT@{#A‘B‘Q%—‘{Eﬁ’ﬁZZf’é ; %ﬁe/\jﬂ%ﬁéﬁﬁ;ﬁ‘
HEAEHEEL -

* 13-Bus constrained network example, 7 & EiligaR 1-30V 7 &= R ]
1MW E61MW, [T 15 Line1-309 82 T8 k% By -$60/MWh

o X 3‘9\2#‘; Jjj}:}_‘)&ji (tOtal _‘ BUS 1 BUS 2
productlon cost) > [R4RES it &= PR “‘””.—-' 5 0w
REAMW > TR TS60MIR "

ZNE A= ’“\?ﬁsa@iiﬁém PRERIERH A e
%o 0 PRRRAH /D as BRI (ILE L
%\Ei > [S—_ﬁ%,zrz) _@_ L :‘%:11 Lﬁ: HP

34



=i G iR FHAA (O = ¢
= ¥ . _ . e | . E Tl D =2 | Tammg - A
[, . BT 12 A A El= - ®oses ‘ D D €= Bx @ > ZYEE;)
ML ¢ |BIU-H-2-A-d- === == Henge - §-% 0 5o RETELE=LREeE | BEA WE - #R mg. R B
HEE 0w~ Fi = HEL Fa HiE Fa &= fHFAE iREE ~
E16 - £ | -59.9880023995201 v
A B C D E F G H J K L M N O P -
1 Microsoft Excel 16.0 §ils/% #i3<
2 | I'{¥3: [3-bus LMP example.x1sx]3 Bus LMP Excel Solver
3 CLERTTHIIEE: 2021/2/19 A 10:11:20 ﬁ%ﬂﬁﬁ@ﬁ?éﬂﬁ@% o HJHR AT ERRFIAFIRER e
5 | @ (RETHE KRR .
6 |BULRETEHS . h
7 | & wwk  HESL st
8 | fhfFES Bl 5 HEA I i N -
9 ST$5  Value (MW) Qgenl 79.9940012 0 2 o [IEEIPREFRESE] MR PSS
10| $U$5  Value (MW) Qgen2 20.0039988 0 40 1E=30
11 HEE A AT A
12 |
13 & L 2 5 ) HIELRRRFIRE o TR F AR B AR -
| G e fi LU . W GRG 5I5%8% » MEDREETIRS /) (HE RS « (BFIFA0 LD B « EoRHBDREE ) T 4
15 $V$I3 Load demand LHS "G(x)" 100 59.9940012 100 40.00209985 10 Smpeges . e REEGHERE B L R
16 $V$I8 Limit linel-3 LHS "G(x) 60 -59.9880024 60 6.67
17

Shadow
Excel Solver

By 7 fo

I
T

I=fis
27\ B D R R =
WA SR E 22

3-bus LMP example - Exce

Fa BUEEHE _Constrained | 3 Bus LMP Excel Solver | Solver | &

Ana0s

35
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o NEELREZTEFE line losses ignored
* LMP_energy = LMP_reference Bus = LMP_bus3 = $60/MWh

* Shadow Price_constrained Line 1-3 = -S60/MWh
* GSF (DC Power flow AP =B’ A 8)

Location Shadow Price
energy congestlon Linel-3

LMP_busl  $20 -$60/MW 2/3
LMP_bus2  $40 °60/MWh -$20 1/3
LMP_bus3  $60 0 0

36



Negative LMP

« O[FEME?
. ,Q&Z%ﬁ?

N

I

LMP1

LMP2  _S20

$100 $100

LMP3
LMP4 $160

LMP5 S70

-$120

0

S60

S30

-$330

0.36

-0.18

0.09
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Two Settlement System BEZEE 75

* Day-ahead Market (DAM) HFiji#¥5and Real-time Market (RTM)E[JHEF

 DAM settlement is based on the schedule hourly energy quantity and day-

ahead hourly prices

* RTM settlement on the actual hourly energy deviations from the day-
ahead schedules, priced at real-time LMP A/ g1/ /7751 75 & K47

* Benefits:
* Enhancing robust and competitive market 58/-1& E i FHY T 5
* Providing additional price certainty to market participants (MP) Z& (& & E 14

40



Two Settlement System

X\%Dj—r‘ jbﬂ_j
* Load Serving Entity (LSE) & JJ/Z&E & //;\ﬁ: DAM Load < RTM Load
Day-ahead Market 100 MW S20/MWh $2,000
Real-Time Market 105 MW S45/MWh $225
Total Charge $2,225

* Generator / IPP 285 /35 85/ H]: DAM Generation > RTM Generatn
Day-ahead Market 200 MW S20/MWh S4,000
Real-Time Market 190 MW S35/MWh

-$350 (payment)
Total Revenue $3,650

41



Financial Transmission Right (FTR)
B R A (A

* Also called Congestion Revenue Right (CRR) X fH ZEIE N Er T
« HHY : Hedge Congestion Cost 47 [F& 17 TE it i s i
. /ﬁg% Egﬁ/ﬁil\ﬂw ’ 5),?\Eﬁifﬁ”%(50urce) ’ ?%L[Qi[ﬁﬁ(smk) ’ H%“E/%(Period)

» fEAH : Obligation F£15 1% / Option ZEFE1E
o SEHR - |PP/LSE R [EE A Bfinancial positionsHYEE K ©
o HV452E)JH: FTR Auction Market process (yearly, monthly)




FTR Auction (yearly / monthly) Example
>l (S R (/5 H ) Fa = s ]

40MW 27.5MW
(100 MW max) (100 MW max)

l/ll

43



R Offer/Bid Auction Example
using the Excel Solver (35 21| >K 4

Objective MAX f(x) Auction Revenue

g

27.5MW MAX 8#Qbid3A-C + 8.5Qbid2B-C - 3.5%Qoffer] C-B
(100 MW max)

Subject to:
Bid/Offer Capacity
Bid3A-C <= 125MW
Bid2B-C <= 75SMW
Offer1C-B <=50MW

Line flow <= Limit Offer1C-B Bid2B-C Bid3A-C existingFTR100B-C

TDF_AB 04 -0.4 0.2 04
TDF_AC 0.4 04 0.5 04
TDF_BC 0.6 0.6 0.2 0.6

-125MW' <= Line A-C <= 125MW
“90MW" <= Line B-C<=90 MW
-100MW' <= Line A-B <=100MW

QofferlC-B | Qbid2B-C |Qbid3A-C |FTRb< Objective MAX
FTR clearing MW o0 67.5 97.5 100 1178.75
ShadowP_A-B 0
ShadowP A-C 75
ShadowP_B-C g
Auction Clearing Price -8.5 8.5 8 Excess Auction Revenue
Settlement 425 573.75 780 928,75
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FTR Valuation & Hedge Example
< S I [ & P i 7]

aFor an FTR with the following characteristics:
=« 100 MW from Source Ato Sink B

a The value of the FTR obligation is calculated as:
= = (LMPg_congestion — LMP, congestion) x FTR MW
= = ($15-%5)x 100

=$ 1,000
LMP $27/MWh LMP $39/MWh
LMP_energy $20 LMP_energy $20
LMP_congestion $5 LMP_congestion $15
LMP_losses $2 LMP_losses $4

FTR obligation
Source Sink



FTR Payoff Example 4 Bl e fE i 45 G
ayoff Example % B HATFEE N
LMP (Gen node) $30/MWh $38/MWh LMP (load node)
Marginal Energy cost $35 $35 Marginal Energy cost
Marginal Congestion cost -$6 $1 Marginal Congestion cost
Marginal Loss cost $1 $2 Marginal Loss cost
C Il Coati
éj;t;g}:ﬂr;i ihpqc;wer f FTR obligation Customer bl;‘ys power
to IS0 market FTR Payoff to Customer @ 538/MWh LMP
. from 1SO market
— FTR [S1 - (-S6)] * 100MW h
Customer .|= NN ~ $700
‘.~ FTRcost  $5/MWh * 100MWh 00MW
Demand

=5500

$28/MWh PPA price ._-3[«_\_1 Net FTR ~ $700 - $500
to wind farm payoff =$200

Customer pays \

Sy



FTR Revenue Inadequacy W7 A &

LMP (Gen node) $30/MWh
Marginal Energy cost $35
Marginal Congestion cost -$6
Marginal Loss cost $1

1

—

$38/IMWh

LMP (load node)

$35

Marginal Energy cost

$1

Marginal Congestion cost

$2

Marginal Loss cost

@ Day-ahead Market
flow limit = 80MW

FTR Payoff to Customer
FTR [S1—(-$6)] * 100MW

= $560
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FTR Take-away Points
< L e S

Recelve revenue streams in Day-ahead market
Hedge congestion cost only H ¥ #2EFE 247 it
Does not hedge against transmission loss charges

Have financial risks (ﬁﬂ[ﬁﬁ) for holder of
obligation (57%&) FTR in being charged when
congestion flow Is in the opposite direction:
LMPcc_source > LMPcc_sink,

C O O O

Value of obligation FTR = (MCCsink — MCCsource)
IS negative, I.e., paying for the counterflow



Convergence Bidding Uggi (BB ) it

N

o Y FHVirtual bidding & i

« FEEH
* INC bid (virtual supply offer EEFEE T ALIE )
* DEC bid (virtual load demand bid % & & Z5°K)

« HHY

- IR En L e (E )
* W H A5 (DAM) AR 5 (RTM)AVENRE R (H A 52 - IR =EERE
« (AR EMLIEREHE T KEH RIS EER - fem SRR K ig e #H
 JARTTIGEEERTT Ny

- B

« Expectation and arbitrage the expected price difference m75HAFF&HEEVE 7

* Virtual awards paid or charged the day-ahead LMP

 fully liquidated (52 FEH)EE) at the real-time LMP



Convergence Bidding example YZ @i

S/Mwh

$52

5/MWh

$65

Day-ahead arket

7,000MW 1. LSE underbid load

due to expectation
of low RT price

Day-ahead arket

Real-time market

2. 1SO commits
maore expensive

units in DAM for RT

MW

9,000MW

DEC bid profit

Real-tume market

3. DEC bid (virtual demand) ¢/ wh
due to expectation of high
_______ EENYY S
: pric
€ Co i

: nderging

1

! MW MW

7,000MW 9,000MW

Load purchase cost =
7,000MW * S52 +
2,000MW * $188

= $740,000

$740,000 -$677,000 = $63,000

Load purchase cost =
7,000MW * S65 +
2,000MW * S111

= $677,000

et (5]

($111 - $65) * 50MW = $2,300
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Measurement of Market Competitiveness
7 H 3232 57 (A

DT A TN

=\ AT M

W /f_l ] :[:7%7 = L

 Structure based 1
e Concentration of supply

 Residual Supply Index RSI {45 TIER{Z5 Total supply ~ 120MW
e RS = Total Supply —Largest Supplier's supply One supplier ~ 30MW

Total Demand RS| 09

* The pivotal supplier test [g&#a AL & 2 HIE, = 12020l 0
* 4RSI <1 YA flae SR AL IES
» R nlge N Hige Rt - R EE Iy s R s o 2Cm e T K » Al gefd = E e
* Conduct-and-Impact-based 77 Fys2 M
* Bid price impact on market price
* Explicit assessment

« Market Power Mitigation T358EET 1[0
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Competitive Path Assessment (CPA)
(S SRS T i T AR T

* Test Only on potential Binding Constraints

e Use RSI Index Loeal Constra “
* to determine if there is competitive (effective)

supply of counter-flowi [5] 88 JJ/i &.
* Three Pivotal Suppliers Test

* Remove effective supply of up to three largest |
net suppliers for each binding constraint.

* If RSI > 1 then Path is competitive, otherwise it is uncompetitive

* Pass tested competitive / uncompetitive designations to LMPM
process for potential mitigation

Rest of system
[unconstralned area)

ctive counterflow

R E R
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SI Calculation for Path Competitiveness example

TE'E TR

YA

AN

g+ R R itas

SEG ke

Effective CounterFlow (MW x GSF)

Effective CounterFlow (MW x GSF)

Path Competitiveness

un-ompetitive (FFEIELRES 22T IS TR %)

BROLREIIRE BRGS A EIE
Dispatched Resource Capacity Dispatched Resource Capacity
LA B E WIS A E
Gen. Suppllier 1 50 100 90 100
Gen. Suppllier 2 60 100 60 100
Gen. Supplier 3 70 100 70 100
Other Suppliers 220 320 220 500
Total 620 800
Congested Path
Line Flow (MW) 1000 1000
(Totla Supply Capacity - 3 Largetst Capacity) (Totla Supply Capacity - 3 Largetst Capacity)
RSI_3-Pivotal Supplier / i | (Demand of Effective Counterflow
HESTRIRR (Gl T3 Aot (Demand of Ef_fectwe Counterflow
ARG R ITRETK) BRESFEITRETK)
=(620-100-100-100) /400 =(800-100-100-100) /400
=320/400 =500/400
=0.75 =1.25

competitive (FEZELRES A R 2T )
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CAISO Non-competitive Paths RSl example
o B NN eI F ik

Table 1, Summary of RN Resuls - Average RSI, Non-Competitive Paths (April-December, 2009)

(P4 3E ) &R B HYRSIE ]

Cong.| Avg. [IFM ARTN >
Row#|CONSTRANT NANE four| Flow | RS0 | RSIT [ RS2 | RS | RS | RSl | RSI2 | RSA
(24074 [AFRESA 200 24085 HINGON 230 BR 1 1| 431|601 52 210 254 242 116 02 00 012
2 |VICTVL BG o 2508 108 % &4 19 102 079 072 047
3 (LOSBANOSNORTH BG 0020 148 04 98 %) 110p 088 08| 084
4 124080 LOENEGA 230 24074 AFRESA 200 BR 1 1 | 209 699 672 16 16 16| 136 018 018 018
5 (SCE PCT VP BG 280 6577 159 142 13 130 101 0% 09 08
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Default Energy Bid (DEB)TEEY 28 BE A E

* Purpose: FEEAT A HIGHEEETHY R SEIB M © » &5 DEB BEERT/j#D
2% (market power mitigation) > LJ\EJELJELEW%RRU NHVEEE o
5L Emarket Clearing at or near Marginal Cost not bid submitted

* Incremental Energy Cost curve
* Must provide to ISO/RTO master file

* Variable Cost Option &k A
* Thermal Unit: Average Heat rate curve (BTU/KWh) 2528 85 ZhEE
* Non-thermal: Incremental Cost Curve (S/MWh)

—_—

* A 1_10% adder + Variable Energy Opportunity Cost if applicable

N
il

=X
LEEN




Default Energy Bid Example —
THE B AE e i (E A TR EI ] (PR SRR T ERAEAH CCGT)

* Incremental Heat Rate(Z£ EEZ0EEZH &= )segment: 8,700 Btu/KWh

(=8.7MMBtU/MWh) i Generator 1 / GAS Combined Cycle DEB

* Natural gas price: S5/MMBtu %"’"""' T Arerage Heat Rt o

. W = > = Current Incremental

* O&M Cost: $3.3/MWh f oo s

* DEB Calculation for the segment § 1000 | :i
=(8.7 MMBtu * $5 +$3.3)*110% s = Coooad | " 832
= $51.48/MWh f:

* Monotonically non-decreasing 000 DT ——
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24

2%

yalY

 Structural-based Process
e Day-ahead market (DAM) run with Only Competitive Constraints enforced (CC

run)

_ocal Market Power Mitigation (LMPM)

S

il

* Day-ahead market run with All Constraints including non-competitive paths
enforced (AC run) using DEB for bids above CC run schedule

* Triggering Criteria

* Units that are dispatched UP in AC run to relieve non-competitive constraints

are mitigated to DEBs

* Bids not dispatched up in AC run keep original market bid for final Day-ahead
market run

* Ex Ante Mitigation



_ocal Market Power Mitigation Example
(5 38k Ty S5 BE [ mnEn 7]

35N

5120 Local Constrained Amea E 5120 Rest of System (unconstrained area)
5110 Market Bids D ' 5110
- 5100 C 5100 1
) \ s90 sS40 Market Bids
’ Local Constrained Area ’ LMP CC S50 l&'—ﬁ— - $80 H
Rest of svstem S/MWh s70 | - - s70
. _ $60 = 364 Y
{UI'ICDnStI'aInEd area} ) .||.-..-- EEEEEE SRS SN NN NN NN NN EEEEEEEEEE . IIll-I-|_l--.."-.'_|_l.Iil_|_|.;...
550 . 530 'y .
/ $40 ; $40 .
% 530 . 530 - . DEB
O N - - L8 N 8 8 B B | - I
520 : 520 : § - - - -
C‘o,)) $10 : $10) .
:O@(‘ 01 CC MW 02 CC MW
% $120 E $120
® . §110 o] $110
Qfﬁj 5100 C 5100 |
Sap) _ e B S90
LMP AC &0 e L S0 H
S/MWh 570 - 570
SEO[ " A" $60 |
$50 . $50 F | :
S0l L e . $40 ———
530 : : 530 ananasesnnsnsse] :
520 H E 520 - x
510 - H 510 :

Q1 C(] e Q1 AC Q2_AC *'I—IQE_{JL‘
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Final Mitigated Bids Passed to DAM Rur

HE [

3120

5110

5100

590

LMP DAM 550
S/IMWh 570
56()

330

540

530

52()

510

Al En IR H 5 B R AH S AT &R

mitigated

01 _DAM DAM

.‘____
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* Electricity Market — Theories and Applications, Dr. Jeremy Lin, 2017

* California ISO Academy — Economic Principles for Electricity Markets
and Project Evaluation, Professor Ben F. Hobbs, Spring 2007

* Taiwan Power Company seminar, Dr. Jeremy Lin, Summer 2015

* California ISO 2019 State Of Market (SOM) Report, DMM

* Paliza Consulting firm

* PJM market participant filing comments from XO Energy, May 2016
* MISO BPM of FTR and ARR

 ERCOT 2019 State of Market Report
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