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Motivation: Content-related

Costs in the Austrian balancing

electricity market constantly rising since

liberalization

137 Mio. €

98 Mio. €
89 Mio. €

203 Mio. €

171 Mio. €

2010 2011 2012 2013

2014

Unintendional deviation
Tertiary reserve

m Secondary reserve
Primary reserve

Specific costs (2012 and 2013) are
comparatively high relative to
neighbour countries

4
40% %

35%
30%

Schweiz

Daten: APG, Swissgrid, BNetzA

Osterreich Deutschland
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Motivation: Methodology-related

Integrated systems

Unbundled systems

Mandatory obligation to participate (suppliers)

Forward (day-ahead) optimization of all generation,
transmission and reserves simultaneously

Optimization includes intertemporal factors (start-up
commitments, ramping rates, reservoirs’ potential)

Pricing and settlement is based on system-wide
opportunity costs (shadow variables of system
constraints)

Multi-part bid and compensation format

Co-OPT Re-OPT
-24h RT m
1

Xingwang Ma (1999), Wu (2004), Cheung (2000),
Gan (2003), Zheng (2006), Ehsani (2009), Azadani
(2010)

PJM, NYISO, ERCOT, ...

-168h

Voluntary participation (except for must-run and local
reliability)

Independent clearing of markets for energy,
transmission and reserves (no explicit coordination)

One single (linear) clearing price for energy
(Intertemporal costs and constraints are not included
explicitly and must be internalized by participants)

Explicit (forward) auction markets for capacity
reserves

Loose market coupling via expectations

Sequential electricity
—> <— markets —

-24h  RT

I
Just and Weber (2008), Just and Weber (2011),
Heim (2011), Ritter (2012)

California, Australia, most European markets

Capacity reserve

<— .
auctions

-168h
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Methodology

Providing capacity reserves: Definition of costs

The costs of each generator 2 for providing positive C’Z.B T and negative reserve

capacity Of ¥ result from two different cost components: opportunity cost and
must-run cost (Just und Weber 2008, Miisgens 2014)

B B1,0C B BT, MR .
CPt =plhOc. QP 4 pPTME . Q, Vie B

(]

cBy — pBLME (Q;ﬂ + &) Vie B .

1 (]

In a perfectly competitive market each generator ¢ would bid exactly the sum
of opportunity and must-run cost in the reserve power auction.
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Methodology

Providing capacity reserves: Definition of prices

We formalize the composition of the capacity reserve price components
through

+
pm,oc BT Z / P2 ( —cz(q)) dq
dit —

Qi
prMR Q p;B¢MR (QH—Q‘% — / ci(q pt )) dg
0

To further simplify we linearize the model through the assumption of linear
cost functions, the price-taker assumption(perfect competition). Through the
former definition of costs we now derive the capacity reserve prices

pzT Z(pf—ci)++Z(Ci—PtS)+'pégi, Vie BT
t t i
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Methodology

Linearization of must-run conditions

Through linearization of the must-run conditions (spinning reserves)
S

Dit
S
it

T-@ Vtand 1 € B q2 >p. QT
29 ‘ ’Lt—
q

2P, %
>p ozt Qi+ Q7 Vtandi€ B ¢ > 1—|—p) QU

Now we can write the cost /price equations in a linear form as

= (St -e) 4 e )’ ) PP
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Methodology

Lower level

Simple linear power dispatch model minimizing the variable generation costs
cf of all generators 7 over the planning horizon 7'.

win Zt: ;- q
The constraints of the thermal units are restricted through
@+Q T —Q, <0 (A
p,- Q7T —qi <0 (A})
(14+p) Q7" —a; <0 (M)

thus incorporating next to the maximum technical limits of the generation units
also withholding and must-run conditions of providing spinning reserves.
System demand fullfillment in all hours leading to

> di—d; =0 (p))
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Methodology

Lower level vs. Co-optimization approach

Simple linear power dispatch model minimizing the variable generation costs
cf of all generators ¢ over the planning horizon 7'.

' S .S
4@ Qe Zt: o
The constraints of the thermal units are restricted through
S Bt A 1
G+ Q T —Q, <0 (A
B S 2
p, - Q; - 0t <0 (A7)
(14p,) Q7 —qh <0 (X))

thus incorporating next to the maximum technical limits of the generation units
also withholding and must-run conditions of providing spinning reserves.
System demand fullfillment in all hours leading to

> ai—d; =0 (p})

(A

— BT Bt _ pBt = BT

QP —QFT <o (BT Z Qi D 0 (»°1) Reserve capacities as
L endogenous model

QM -QF <0 () YoM pm_o. P
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Methodology

The dual problem of the Co-Optimization problem is

max
AL A2 N3, pS gPT gL pBT
S 1 A B
Hi:Z(dt'pt Ai Qi) + D T

t

subject to the constraints
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Derivations of the Lagrangian function of the
primal problem reveal

2.

_QBT.pBT 4 pBt.
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When substituting this into reserve price equations we get
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Co-optimization approach valid?

The dual variables of the Co-optimization problem are proxies for efficient capacity reserve
prices resulting from long-run auctions under the following conditions:

O The spot market and the capacity reserve auction is perfectly competitive and a market equilibrium
prevails.

O All participants behave rationally and internalize their costs based on the same methodology into
their auction bids.

O We interpret the input parameters of the model as a forecast common to all auction participants on
which basis they calculate bids in order to reflect their true cost of providing reserves.

O We assume the same ability of auction participants to anticipate how their actions and the
corresponding reactions of other participants influence their costs of providing reserves.

-> Assumptions are strong and do not generally hold in European balancing electricity markets
-> [mpact of rejecting assumptions is still an underesearched topic
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Model calibration

We use a simple study model

Marginal cost

100

80

60 [

40

20

20 30 40 50 60 70 80

Case description and assumptions

* Hourly model over 1 week (168 h)

* Normal distributed demand (no intertemporal
relations considered -> residual demand)

* 97 — 100 thermal power plants with linear
marginal costs a step-wise quadratic

» All plants have a capacity of 1 and do not face
and individual flexibility constraints

* 1 - 3 pumped hydro storages in different
configurations

* Exogenous demand for positive and negative
reserves (= 20 in basic scenarios)

96 + All plants are able to provide reserves

10
Thermal plants at ascending order of marginal cost
André Ortner ) 10 5 INREC conference
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Modelled scenarios

The following aspects have been analysed with the study model:

1. Sensitivity of prices to parameter variations (LP approach)
O Approach of must-run implementation (incl. discrimination per technology/generator)
O Consequences of neglecting negative reserve capacity requirements
O Impact of storages / DSM on prices (different storage sizes)
O Impact of linearized intertemporal constraints (start-up costs, part-load efficiencies)

2. Sensitivity of prices to model approach and auction design

O LP vs. MILP implementation effects on plant dispatch and capacity reserve prices

O Impact of commitment period on reserve capacity prices

3. Ability of participants to anticipate auction outcomes

O Comparison of prices stemming from duals vs. ex-post calculation

O Impact of parameter variation on difference between dual vs. ex-post calculated prices

/-\ndrg Ortner . 11 5" INREC conference
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Modelled scenarios

The following aspects have been analysed with the study model:

1. Sensitivity of prices to parameter variations (LP approach)
O Approach of must-run implementation (incl. discrimination per technology/generator)
O Consequences of neglecting negative reserve capacity requirements
O Impact of storages / DSM on prices (different storage sizes)
O Impact of linearized intertemporal constraints (start-up costs, part-load efficiencies)

2. Sensitivity of prices to model approach and auction design
O LP vs. MILP implementation effects on plant dispatch and capacity reserve prices
O Impact of commitment period on reserve capacity prices

3. Ability of participants to anticipate auction outcomes
O Comparison of prices stemming from duals vs. ex-post calculation
O Impact of parameter variation on difference between dual vs. ex-post calculated prices
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LP vs. MILP implementation

Non-convexities are essential for the dispatch and prices of negative of capacity reserves

LP 15 MILP 15

% mMq)' Q-7 —q  HMq"

C s ml" C Q-5 -4 "

Average produced/reserved/idle capacity

Average produced/reserved/idle capacity
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Ability of participants to anticipate auction outcome

Dual prices (marginal system costs) vs. ex-post calculation (incurred costs per generator)
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Ability of participants to anticipate auction outcome

Dual prices (marginal system costs) vs. ex-post calculation (incurred costs per generator)

® Bt Bt
@ 2 ¢ P
2 5000 . Iuﬂm . . maximum difference average difference
g D_Bp/Bn pos neg pos neg
. mw [eur/mw| % [EurR/mw|] % [FuR/mw] % [EurR/mw] %
2 4000+ | 5 0 0.00 0 0 0 0.00 0 0.00
£ 10 1 0.03 2 100 1 0.03 1 04 B
3 3000+ b 15 18 0.49 36 100 18 0.49 32 BR.OZ
g 20 116 2.59 232 100 116 2.59 205 BB 24
(5]
‘| 2000+ 1
a
@ maximum difference average difference
E 10001 | phlin pos neg pos neg
0 i1 [eur/mw| % [Eur/mw| % [FuR/mw| % [Eur/mw] %
= 0.25 9 0.52 5 100 1 0.22 2 24.40
§ % 20 40 60 80 100 0.5 16 0.57 48 100 5 0.57 21 85.93
8 Thermal plants at ascending order of cost 0.75 42 112 38 100 16 112 48 g7.41
1 116 2.59 232 100 48 2.59 205 BB.24
§ PBJ’ ¢ ?fi
&L _pus
2 8000 . . . . maximum difference average difference
g d_sNean pos neg pos neg
o i1 [eur/mwl/” % Neur/mw| % [EuR/Mwl/” % NEur/mw] %
= 6000+ | 40 476 \1395 / 963 100 146 \ 1074/ 528 9135
£ 50 116 . 232 100 48 2.59 125 BB 24
z 60 32 0.59 B4 100 13 0.59 34 BB 24
8 4000t 1
5 maximum difference average difference
g comP pos neg pos neg
¢ 2000¢ 1 i1 [eur/mw| % [Eur/mw| % [FuR/mw| % [Eur/mw] %
e 1 116 2.59 232 100 48 2.59 125 B8.24
% | 2 &8 2.99 136 100 26 2.80 68 B9.12
g 05 20 40 60 80 100 24 22 ﬂm\ 25 100 3 m 5 88.77
©
O Thermal plants at ascending order of cost 168 25 @ 22 100 4 \‘”_‘B 4 3770
André Ortner ) 15 5t INREC conference
TU Vienna — Energy Economics Group (EEG) - -

Essen, 23th March 2015



Ability of participants to anticipate auction outcome

In the MILP approach the derivation of market-clearing prices becomes tricky

O Due to non-convexities efficient prices withdrawn from the duals of system constraints are no
longer valid if no additional capacity price is paid to all units.

 One option to derive prices from MIP’s: Treat binaries like separate commodities (O‘Neill 2005)

U

Binary decisions variables on providing reserves or not are fixed. Resulting (positive) shadow
variables have to be paid in additional to other costs. LB _ (zBT)* (p1), Vi

BH= By (), i
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Conclusions

U The modelling of capacity reserve prices in European’s electricity balancing markets is not trivial
and needs some further attention

U The use of “Co-Optimization” or “Integrated modelling” approaches are linked to strong
assumptions

O Itis crucial whether dual variables (system marginal costs), or if price-taking ex-post calculations
(or price forward curves) are used to derive reserve price bids

U The applied methodology (linear vs. mixed-integer) has a considerable influence on what type of
generators provide (negative) reserves and corresponding prices

= However, both approaches enormously differ in computation time

U The use of shadow variables of system demand constraints in MIP problem formulations as
proxies for prices is not sufficient to derive efficient equilibrium prices

= Problems remain if positive capacity payments derived from duals of binary fixing equations have to be paid to
generators for not providing reserves
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