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e Classification of ancillary services and reserves
e Co-optimization of energy and reserves

* Markets for reserves
* Single type of reserve
* Multiple types of reserve

* Operating reserve demand curves
e Balancing



Ancillary services

Ancillary services: services necessary to support the transmission of electric
power from seller to purchaser given the obligations of control areas to
maintain reliable operations

Scheduling and dispatch

Frequency containment reserve and frequency restoration reserve
Energy imbalance

Real power loss replacement

Voltage control

oA wWNhE

Load following



Classification of ancillary services
and reserves



Uncertainty

e Continuous uncertainty: renewable energy and load forecast errors

* Discrete uncertainty/contingencies: outages of system components
(transformers, transmission lines, generators, large loads)



Frequency containment and restoration

System frequency is an indicator of supply-demand balance
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Frequency containment reserve

Frequency containment reserve (a.k.a. primary reserve, primary
control) is the first line of defense

1. Change of inertia in generator rotors: immediate

2. Frequency-responsive governors (automatic controllers): reaction is
immediate, may take a few seconds reach target

3. Automatic generation control (AGC, a.k.a. load frequency control,
regulation): updated once every few seconds up to a minute



Automatic and manual frequency restoration
reserve

Automatic and manual frequency restoration reserve (a.k.a.
secondary reserve, frequency responsive reserve, secondary control,
operating reserve): second line of defense

* Reaction in a few seconds, full response within 5-10 minutes

* Classified between spinning and non-spinning reserve
e Spinning reserve: generators that are on-line
* Non-spinning reserve: generators that are off-line but can start rapidly

* Requirements dictated by capacity of greatest generator in the system and
forecast errors



Replacement reserve

Replacement reserve (a.k.a. tertiary control, tertiary reserve,
replacement reserve): third line of defense

e Available within a few (e.g. 15) minutes



Sequential activation of reserves

Power
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A Frequency
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Reserves in Belgium
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Example 6.1: frequency restoration reserves
and replacement reserves

170
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Suppose:
* Upward/downward frequency restoration reserve limit: 20 MW
* Replacement reserve limit: 10 MW
* Min capacity: 100 MW
* Max capacity: 170 MW

e Planned production: 110 MW (hour 1), 120 MW (hour 2), 150 MW (hour 3),
150 MW (hour 4)

* How much downward restoration reserve?
 How much upward restoration reserve in hours 1, 2? In hours 3, 47
* How much replacement reserve in hours 1, 2? In hours 3, 4?



Example 6.2: interaction of spinning and non-
spinning reserve
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Suppose:
* Non-spin reserve limit: 150 MW
* Min capacity: 100 MW
* Max capacity: 170 MW
e Planned production: 110 MW (hour 1), 0 MW (hour 2), 0 MW (hour 3)

How much spinning reserve in hour 1? How much non-spinning reserve
in hours 2, 37



Co-optimization of energy and
reserves



Modeling reserve constraints

Power
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Gray indicates ramp rate, 1, can be offered as reserve at t;, if response
time is at least t; — ¢,



Factors that limit amount of available reserve Ty

* Generator capacity F,
Pg + 13 < F

* Generator ramp rate Rg
1y < Rg

* Note: R, depends on type (containment reserve, restoration reserve,
replacement reserve) of offered reserve

* Denote R as total reserve requirement:

ngzR

geEG



Co-optimization of energy and reserve

Assume:
* No transmission constraints
* Single type of reserve

D Pg
(EDR): maxy, o, f MB (x)dx — z MC,(x)dx
0 et lo
(A):d — z py =0
gEeG
(u):R < 2 Ty
gEeG
ry<Rs9€G



Example 6.3: provision of reserve by the most
expensive units

e Full activation time: 10 minutes Generator | Marginal Ramp
* Three generators . cost (MW/minute)
($/MWh)
0 100 +00

* Inelastic demand D = 100 MW Cheap

* Replacement reserve requirement 10 100 1
R =100 MW (why 1007) expensive

Optimal solution: use most
expensive generators for providing
reserve
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Solve for reserve first, in order of decreasing marginal cost:

¢ Tz —_ 50 MW
¢ T'l —_ 10 MW
¢ T'3 —_ 4‘0 MW

Then, solve for energy, in order of increasing marginal cost:
* p3 = 60 MW
* p; =40 MW
*p, = 0MW



Additional features

Notation

R1%, R1™: upward/downward frequency containment reserve requirement
R2, R3: restoration and replacement reserve requirement

rlg1,71g,, 715 5: fast capacity allocated to
containment/restoration/replacement reserve

r1,: fast capacity allocated to downward containment reserve

r242/724 3: moderately fast capacity allocated to restoration/replacement
reserve

r3,4: slow capacity allocated to replacement reserve

R1,4, R2,4, R3,: amount of frequency containment/frequency
restoration/frequency replacement reserve that a unit can make available



* One-way substitutability: frequency containment reserve > frequency restoration
reserve > replacement reserve:

z rl;, = R1%, z rl; = R17,

gEeG gEeG

Z(rlg,z +7124,) = R2, Z(rlg’g +1253+73;) = R3
gea JEG

 Technical min and max:

3 3
pg +Z7ﬂ1;i +Z7”Zg,i +T3g < Pg’pg —7‘15 > O,g E G
i=1 i=2

* Ramp constrgints: ;

zngﬁi < R1,7l; <Rly, » 12,; < R2,73, <R3, g€G
i=1 =2



Security constrained economic dispatch
(SCED)

SCED: two-stage model that determines secondary reserve by
representing contingencies within the model

* w: contingency

* pg: first-stage decisions

* py(w): second-stage decisions

* Constraint linking first and second stage:

—R, < py(w) —py <R,



Pg
(SCED): min,, z MCy(x)dx

geG 0
p;<P,g€EG
2P0 ="

gEeG
pg(w) <P -1,(w),g €G wEN

> Py (@) =D

gEeG
—R; <pg(w) —pyg <Ry gEG avly(w) =1
pg=0,9 € G

pg(w),g € G,w € Q

Note:
* Demand is inelastic, not a decision = all demand must be satisfied for all w
* Objective function: cost of the base case (no contingencies)



* D: system demand
It 1, (w) = 0, then generator g is not available in contingency w

* N — 1 security: being able to serve demand with N — 1 components
(i.e. outage of one component)

N — k security: being able to serve demand with N — k components
(i.e. outage of k components)

How do we model N-1 security using (SCED)?
Which model is easier to solve, (EDR) or (SCED)?



Example 6.4: security constrained economic
dispatch

* Three generators Generator | Marginal Ramp
* Inelasticdemand D = 100 MW cost (MW/min)
(S/MWh)
* The (SCED) solution is identical to the 0 100 oo
(EDR) solutlon:\%1 =40 MW, p, =0 10 100 1
MW, p; = 60 M expensive

m 80 100 5

... but the solution could have been
different if (EDR) had a different
reserve requirement R

What is the response when generator 2
is unavailable?
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Import constraints

Import constraints limit total power flow on sensitive groups of lines,
and protect against unplanned outages

2 Yik * Jx = 1C;,j € 1G
KEIG;

e |G: set of import groups

* ¥k reference direction

* IG;: set of lines in import group j

* IC;: flow limit over import group

* fi: flowonline k



Example 6.5: import constraints

Logic: if generator G within load pocket
B1 fails, power needs to come from

outside

frk1 — fk2 = 100 MW

¢ IG — {IG]_}
+ ICjg, = 100 MW

° )/IGl,Kl — 1’ )/IG]_,KZ — _1



Markets for reserve

Single type of reserve

Multiple types of reserve
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Simultaneous auction for energy and reserve

Coordination constraints of (EDR):
e Supply equals demand:

d—z:pg=0
ZrQZR

gea

* Reserve requirements:



Simultaneous auction for energy and reserve:

» Suppliers submit ramp rates and increasing bids. Buyers submit decreasing
bids.

* Market operator solves (EDR) and announces A as market clearing price for
power, u as market clearing price for reserve

* Note: generators submit ramp rates as part of bid
* Power bought by loads from generators
* Reserve bought by market operator from generators



Example 6.6: co-optimization prices induce
the optimal dispatch

* Three generators
* Inelasticdemand D = 100 MW

* Frequency restoration reserve requirement [Lel-ile il 8 EED Ramp rate
(response in 10 minutes): R = 100 MW o T

$/MWh MW/min
Prices: Cheap 0 100 +o00
* Energy: A* = 10 S/MWh

cZ10 ] Moderately 10 100 1
Reserve: u* = 10 S/MW SR
80 100 5
Transfers:
* Loads pay generators $1000 per hour for
energy

« System operator pays generators $1000 per
hour for reserve
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* Generator 1

. geserve market offers profit of 10 S/MWh, energy market offers profit of O
/MWh

* Profit-maximizing reserve: 10 MW
* Profit-maximizing energy: indifferent

* Generator 2

. geserve market offers profit of 10 S/MWh, energy market offers profit of -70
/MWh

* Profit-maximizing reserve: 50 MW
* Profit-maximizing energy: 0 MW
* Generator 3

. geserve market offers profit of 10 S/MWh, energy market offers profit of 10
/MWh

* Profit-maximizing energy + reserve: 100 MW



Sequential markets for reserve and energy

In markets without co-optimization, we often have the following
auctions, one after the other:

* First step: reserve auction

e Second step: energy auction



Example 6.7: sequential clearing requires
anticipation of prices

* Three generators

* Inelasticdemand D = 100 MW :
- Generator | Marginal Ramp rate
* Frequency restoration reserve cost limit
requirement: R = 100 MW $/MWh MW/min
0 100 +o0

Cheap
) Moderately 10 100 1
* Suppose all agents believe the energy expensive
price will be A* and bid truthfully, m 30 100 5

generator g bids opportunity cost:

max (A — MCy, 0)
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Opportunity cost

$/MWh A Marginal cost: M C (-

) Nl S

Opportunity cost:
A= MCy(Py —x)

Reserve

Allocate slice dx for reserves, instead of using it to sell energy at a price A™ =
opportunity cost:

max (0,4 — MCy(py — x))



Uniform price auction for reserve:
* Generator 1 cleared for 40 MW
* Generator 2 cleared for 10 MW
* Generator 3 cleared for 50 MW

Uniform price auction for energy:

e Generator 1: offers 60 MW at 0 S/MWh

e Generator 2: offers 90 MW at 20 S/MWh

e Generator 3: offers 50 MW at 80 S/MWh
Energy market clearing price: 1* = 10 S/MWh

Returning to reserve auction, we find that u* = 10 €/MWh



Sequential clearing of reserve and energy

S/MWh Reserve auction S/MWh Energy auction
80
G1
10
G2
20
G3 G2 G1
-l ] e——————————————— | m—
60
50 60 100 160 MWh 100 150 200 MWh
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Markets for reserve

Single type of reserve

Multiple types of reserve

A. Papavasiliou, NTUA
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Market design for reserve auctions

* We saw that sequential clearing of reserves and energy is equivalent
to simultaneous clearing

* Should the auctions be pay-as-bid or uniform price?
* Should the auctions for different reserves be simultaneous or sequential?

Complicating factor: one-way substitutability

Frequency containment reserve > frequency restoration reserve >
replacement reserve



Example 6.8: price reversals

Demand for frequency containment reserve: 400 MW

Demand for frequency restoration reserve: 350 MW

Bid 1: 600 MW for frequency containment reserve at 10 S/MWh
Bid 2: 50 MW for frequency containment reserve at 15 S/MWh
Bid 3: 25 MW for frequency restoration reserve at 5 S/MWh

Bid 4: 400 MW for frequency restoration reserve at 20 S/MWh

We consider three auction designs:
e Cascading 1

e Cascading 2

* Simultaneous clearing



Example 6.8: cascading design #1

 Clearing of frequency containment reserve — cascade of leftover bids —
clearing of frequency restoration reserve

* Uniform price based on most expensive accepted bid in current auction

* Price of frequency containment reserve: 10 S/MWh
* Price of frequency restoration reserve: 20 S/MWh

* Price reversals (this is bad)

* Cost: S8375

* Payment: $11000



Frequency containment reserve bids

$/MWh

MW
600 650
Frequency containment
$/MWh reserve clearing
MW

400 600 650

Frequency restoration reserve bids

$/MWh
A

200
5
> MW
25 425
Frequency restoration
$/k/|Wh reserve clearing

>MW
25 225 275 350 675
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Example 6.9: cascading design #2

* Clearing of frequency containment reserve — cascade of leftover bids —
clearing of frequency restoration reserve

* Uniform price based on most expensive accepted bid in current auction or
auctions of lower quality

* Price of frequency containment reserve: 15 S/MWh
* Price of frequency restoration reserve: 20 S/MWh

* Price reversals

 Cost: S8375

* Payment: $13000



Simultaneous clearing

(Res): min,q ,, 2 f 0C,(x)dx
0

geG

(u1): ) 115, 2 R1

geG

(12): ) (g +129) = R2
geG
(p1ly):irly, +71,, <Rl, g€G
(p24):124 <R25,9€G
rlg,l > O,rlg,z > 0, rzg >0,g€G



A simultaneous uniform pricing auction for reserves is conducted as
follows:

e Suppliers submit incremental bids for reserves: price-quantity pairs

that indicate the amount of reserves that they are willing to provide
for a given price

* The market operator solves (Res) and announces ul as the uniform

price for frequency containment reserve, and u2 as the price for
frequency restoration reserve



Preventing price reversals

In the simultaneous uniform price auction the price for higher quality
reserve is higher: ul = u?2



Proof

* KKT conditions:
O0<rl,; L MCg(rlg,l +rly, + rZQ) —ul+pl, =20,g€G
O0<rl,, L MCg(rlg,l +rly, + rZQ) —u2+pl; =20,g€aG

* Since R1 > 0, it must be the case that 1, ; > 0 for some g
ul = MCy(rily, +1ly, +12,) + pl,

* The conclusion follows since
u2 < MCy(rlyq +rly, +124) + ply



Example 6.10: correction of price reversals

* Price of frequency containment reserve: 20 S/MWh
* Price of frequency restoration reserve: 20 S/MWh
 Cost: $8375

* Payment: $15000

Criticism: high payments to generators, in order to induce them to bid
truthfully



Operating reserve demanad
curves



Price variability in scarcity conditions

e A drawback of markets with inelastic energy demand is that prices
can be highly volatile

* Specifically, in scarcity conditions:

* |f the system is on the verge of load shedding, the market price can be the
marginal cost of the marginal unit (e.g. 150 S/MWh)

* While if there is load shedding the price shoots to VOLL (e.g. 10000 S/MWHh)



Example 6.11: price volatility

e D MW of inelastic demand
e VOLL: 1000 S/MWh
e 100 MW of elastic demand

* Thus: .
$
1000 ——,0 MW < x < D MW
MBy(x) = < MR
1000 — 10 - (x — D) ——, D MW < x < D + 100 MW
\ &= D) Srwn *

* Marginal cost curve:

$

MCq(x) = 0.015 - X




Example 6.11: prices with inelastic reserve
requirement

e Suppose an inelastic reserve requirement of R = 1000 MW
* It can be shown that the market price behaves as follows:

A*

%

\

$
e <
0.015 - (0.9985 - D + 99.85) MW ,0 MW < D <8913.5 MW

$
— S <
1000 — 10 - (9000 — D) MW ,8913.5 MW < D <9000 MW

$
1 —,D M
000 MW > 9000 MW

* Nati; H avehaotikr epedpeia looduvapel pe to va Becoupe Tnv anaitnon epedpeiag oe
L. OTTOTLNON LEYAAUTEPN ATTO TN KEYLOTN ATTOTLUNON TNG ouvaptnong {nNtnong



Example 6.11: prices with inelastic reserve

requirement

* Price changes abruptly:
* 135 S/MWh at 8913.5 MW of

demand
+ 1000 $/MWh at 9000 MW of -
demand :
* Price volatility = investment risk
(-) % 400

|

A. Papavasiliou, NTUA
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Operating reserve demand curves

* Operating reserve demand curves (ORDCs): measure for mitigating
high volatility in market prices with limited demand elasticity

* |dea: introduce elasticity in the demand for reserve



Operating reserve demand curve

Intuition:

* For reserve below R,,, the system
operator is willing to pay a high — 1000
price, in order to avoid system
collapse 600

* For reserve above R, the system
operator is not willing to pay
anything, because the system is :

0 200 400

already secure Reserve (MW)



Co-optimization of energy and reserve with
ORDCs

* Denote MR(x) the marginal benefit for available reserve

 Market model:
Pg

d dr
(ORDC): maxy, o r.ar j MB (x)dx + j MR (x)dx — z MC,(x)dx
0 0 0
gEeG



Auctions with ORDCs

A uniform price auction based on an ORDC is conducted as follows:

* Producers submit increasing bids for energy, consumers submit decreasing
bids for energy

* The system operator submits decreasing offers for reserve

* The market operator solves (ORDC) and announces A as the energy price,
and u as the reserve price



Reducing energy price volatility through
ORDCs

The energy price behaves more smoothly with ORDCs:

* A peaking unit g that splits its capacity between energy and reserve must
earn an equal profit margin: u = A — MC,

* Thus energy price A and reserve price u differ only by the marginal cost of the
marginal unit

* And due to the elasticity of the ORDC reserve prices behave smoothly
* This “anchors” energy prices, which also behave smoothly
* And this despite energy demand being inelastic!



Example 6.12: reducing energy price volatility

through an ORDCs

e Suppose that we replace the
inelastic reserve requirement for oo
1000 MW with an ORDC

* ORDC parameters:
e R, = 500 MW
* Ry = 1500 MW :
« VR,, = 1000 $/MWh

* Note that the prices behave
as a function of

=

o
o (=]
o (=]

Energy price (S/MWh

demand

2000

4000 6000
Inelastic demand (MW)

ORDC e fDR

8000

10000



Shape of ORDC

* The shape of the ORDC determines how reserve prices behave

* Alternative shapes:

* |Inelastic curves: corresponds to existing inelastic reserve requirements which
show up in many systems
* ORDCs with steps: Ireland, ISO-NE, MISO, CAISO, SPP

* ORDCs depending on VOLL and loss of load probability (LOLP): used or
considered in a number of systems (PJM, ERCOT, Belgium, UK, Greece, Poland)



ORDC based on VOLL and LOLP

* Proposal for ORDC depending on VOLL and LOLP [2]:
MR(x) = (VOLL — MC) - LOLP(x)

* Where:
e VOLL: value of lost load
« MC: approximation of marginal cost for producing additional energy
« LOLP(x): loss of load probability given that the system has x MW of reserve

* Intuition: the incremental value of an additional MW of reserve is
proportional to the contribution of that MW in limiting the
probability of loss of load



Example 6.13: ORDC based on VOLL and LOLP

e Consider a system with
e VOLL equal to 1000 S/MWh
 Marginal cost MC = 50 $/MWh

* Normal distribution of imbalances with a
mean value of 0 MW and standard
deviation of 300 MW

* The ORDC is computed as follows:
MR(X) = 950 - (1 — Cpo)goo(X))

* Here, ¢, ,(-) is the cumulative
distribution function of a normal
distribution with mean u and standard
deviation o

500
450
= 400
350
< 300
v
= 250
.© 200
)
S 150
©
L 100
50

200

400 600
Reserve (MW)

800

1000



Certain virtues of ORDCs

* Flexible producers are paid for helping the system at the moment
when the system needs them most: pay for performance

* Flexible producers are paid not only for energy but also for the
availability of reserve

* The mechanism is implemented in real-time markets, but through
back-propagation (chapter 9) it creates a robust investment signal in
forward reserve markets



Example 6.14: remuneration of reserves in
real time

* Suppose that the (ORDC) model produces the following prices:
* Energy price: * = 60 S/MWh
* Reserve price: u* = 10 S/MWh

* And let us assume that:
* The unit has a technical maximum of 100 MW

* The unit produces 10 MW of energy in real time
* The unit has not sold energy/reserve in forward markets

* Payments:
* Energy: 601\%}\”1 X 10 MWh = $600

. Reserve: 10 —— x 90 MWh = $900
MWh



ORDC/scarcity adders

* Certain markets (e.g. the European) only solve real-time economic
dispatch (and not the (ORDC(C) model of slide 58)

* This does not mean that we cannot implement the mechanism of
slide 58 (e.g. Texas)

* How? With the ex post computation of ORDC adders/scarcity adders



Example 6.15: ORDC adders

* Consider a system without energy and reserves co-optimization

. T — 0
Real-time energy price: MC = 50 W

* Available real-time reserve: 600 MW (measured through telemetry)

* The unit that we are interested in produces 10 MW and has a capacity of
100 MW

e Scarcity adder based on the equation of slide 63:

i = (VOLL — MC) - LOLP(R) = (1000 — 50) - (1 — @4 300(600))
$

= 21.61 ——
MWh



Comparing payments in example 6.15

. Com%ensation in an energy-only market, without ORDC adder:

 Compensation in a market that trades reserve, with an ORDC adder:

* Energy payments: (50 + 21.61)% X 10 MWh = $716.1

* Reserve payments: 21.61% X 90 MWh = $1944.9

* The overall effect: relative to an energy-only market, the unit is

essentially compensated by the ORDC adder (21.61 jv ) for 100 MW

: . . : : h
of capacity that it makes available in real time, whether these MW are
used as energy or reserve




Balancing



What is balancing?

Balancing is the task of adjusting power production and consumption
in real time

What does this have to do with reserve? Balancing is offered by

* Balancing service providers (BSPs): resources that have committed to
offer reserve. Reserves are obliged to offer an amount of power at
least equal to the amount of their promised reserve capacity

* Free bids: resources that offer balancing energy without being
obliged to do so



Increment/decrement bids

To run a balancing market using increment/decrement bids:

* Collect bids by resources that can adjust their production or
consumption in real time

* Activate these resources in order to relieve any imbalances
* Charge market participants who deviate from their earlier positions



Logic of increment/decrement bids

Suppose that a resource has been cleared for Q; MW at Py S/MWh in
the day-ahead market

What if the resource would like to correct its position (in the balancing
market)?

* Upward change in production/downward change in consumption is
paid from the balancing market to the resource — increment bid

* Downward change in production/upward change in consumption is
paid from the resource to the balancing market - decrement bid



Example 6.16: balancing market clearing

Price

($/MWh)

Forward (e.g. day-ahead/hour-ahead) bids

Price
($/MWh)
D1
...... D |6
N b
pregeneton
s3 | i
S1| S2 D4
Qo Quantity
(MW)
Balancing INC bids Balancing DEC bids
A Price
Ine2 ($/MWh)
Decl
Inc3
Dec2 Dec3
Incl Quantity Quantity
(MW) (MW)
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e Black bids: consumers
* Gray bids: producers
e Dashed border: inflexible resources

* Solid border: flexible resources that participate in the balancing
market

* Lower left: increment bids
e Lower right: decrement bids



Example 6.16 in numbers

Supply offer Marginal cost Quantity (MW) Flexible?
(S/MWh)

S1 25 40 No
S2 40 80 Yes
S3 60 80 No
S4 70 50 Yes
S5 75 40 No
S6 100 50 Yes

Demand offer Valuation (S/MWh) Quantity (MW) Flexible?
D1 110 100 Yes
D2 80 120 No
D3 55 90 No
D4 30 70 Yes

A. Papavasiliou, NTUA

76



Example 6.16 in numbers

Inc offer Marginal cost (S/MWh) Quantity (MW)
Incl 70 30
Inc2 100 50
Inc3 110 100

Dec offer Valuation (S/MWh) Quantity (MW)
Decl 70 20
Dec2 40 80
Dec3 30 70

A. Papavasiliou, NTUA
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Example 6.16 explained

* The first market (e.g. day-ahead market) clears at a price of 70
S/MWh for a quantity of 220 MW

* For the balancing market:

* Incl originates from S4 (flexible resource and for which 30 MW have not been
cleared)

* Inc2 corresponds to bid S6

* Inc3 corresponds to bid D1

* Decl originates from the 20 MW of bid S4 that have already been cleared
* Dec2 corresponds to S2

* Dec3 corresponds to D4



Notation for balancing market model

* D: set of decrement bids

e U: set of increment bids

* MB;: marginal benefit of decrement bid d
* A,4: offered quantity of decrement bid d

* MC,: marginal cost of increment bid u

* A, : offered quantity of increment bid u

* 51 (respectively 6 ): amount of upward (respectively downward)
activation that is cleared in the balancing market

e A: demand for upward or downward activation (can be positive or
negative)



Balancing market model

max(SZMBd-&; — zMCu-&f

deD ueu
+ - _
ueu d€eD

5; <A, ,u€el
57 <Ay d€ED

5 >0, ueU
57 >0,d €D



Example 6.17: clearing the balancing market

Suppose that the generator offering S3 fails

Using upward offers:
* Shortage of 80 MW (inelastic demand for 80 MW of upward energy)

* The market clearing price is 100 S/MWh (or any price between 100 —
110 S/MWh)

e Offers Inc1 and Inc2 are fully accepted, offer Inc3 is fully rejected



Example 6.17: clearing the balancing market

Suppose that the generator offering S3 fails

Using economic dispatch:

e Offer S3 is not available because the unit has failed

e Offer S5 is not available because it is not cleared in a preceding market and is not flexible
e Offer D3 is not available because it is not cleared in a preceding market and is not flexible

e Offer S1 shifts to the left of the supply curve because it is inelastic and has been cleared
in a preceding market

o Offer D2 shifts to the left of the demand curve because it is inelastic and has been
cleared in a preceding market

Important observation: the clearing of upward/downward offers is equivalent to the
solution of economic dispatch




Example 6.17: graphical representation

Real-time supply/demand functions b Balancing INC bids
Price rice
(S/MWh) | D2 ($/MWh]
-------------------- Dl A l 2
S 110 ____I_l_C:__
100 foo g 100 |---
Inc3
S6
S4 ‘
S2 D4
> . .
S1 220 Quantity Incl gp Quantity
(MW) (MW)
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Example 6.17: real-time supply and demand

bids

Supply offer Marginal cost Quantity (MW)
(S/MWh)

S1 25 40

S2 40 80

S4 70 50

S6 100 50
Demand offer Valuation (S/MWh) Quantity (MW)

D1 110 100

D2 80 120

D4 30 70
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