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Abstract

The imbalance settlement design is the part of lactrecity balancing market design that
stimulates so-called Balance Responsible Parti@&P@} to balance their electricity production
and consumption portfolio and to stick to their gyeschedules by penalizing any deviations
from these schedules with an imbalance price. TesFenumerous imbalance settlement design
options, each of which gives different incentivedBBRPs. The aim of this work is to analyze the
impact of the imbalance settlement design on BRiaweur, and thereby on balancing market
performance. For this purpose an agent-based niadebeen built, in which the BRPs are the
agents that decide autonomously in each round ein bfalancing strategy based on results in
past rounds. Six alternative imbalance settlemesigis are analyzed. We conclude from the
analysis results that it is generally a bettertegyafor BRPs to opt for a long position rathentha
a short position, and to opt for a small imbalarat@éer than a large one. Furthermore, different
imbalance settlement designs will lead to differéuot still similar results, because of the
balancing market equilibrium that emerges as altreduhe dynamic feedback loop between
BRP behaviour and balancing market outcomes. Aeian is formed by two-price settlement,
which leads to much higher imbalance costs. Findlywas found that the imbalance costs for
large BRPs are relatively higher, and that the @hoif imbalance settlement design has a greater
impact on the behaviour of small BRPs.

[. Introduction

Balance management is the power system operatioricsethat encompasses the
continuous balancing of power supply and demangyroduction and consumption. We define
the ‘balancing market’ to be the institutional agament that establishes market-based balance
management in a deregulated electricity market. afaricing market consists of three main
pillars: balance responsibility, balancing seryizevision, and imbalance settlement. Balancing
service provision concerns the provision of balagcservices by market participants, and the
activation of such services by the TransmissionteésysOperator (TSO) for the real-time
restoration of the system balance. Balance respitibsiinvolves the submission of energy
schedules by so-called Balance Responsible P&BRBs) to the TSO, and imbalance settlement
involves the financial settlement of schedule dewns with an imbalance price between the
BRPs and the TSO. The Balance Responsible Pardéy nsarket party that has taken up the
responsibility for balancing a portfolio of genéoatand/or consumption connections.
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In the imbalance settlement process, which takesepafter real-time, both the schedule
deviations of BRPs and the imbalance prices arerahted. The schedule deviations are the
differences between the net planned electricalggnexchange with the power grid as specified
in the energy schedule and the actual electricaiggnexchange, which is measured in real-time.
The imbalance prices are determined accordingciertain pricing mechanism. Usually, they are
based on the prices for upward and downward reigulate. real-time balancing services. The
main time unit used within the balancing markehis Program Time Unit (PTU). For each PTU,
BRPs specify planned energy exchange, for each fa&schedule deviations are determined,
and for each PTU one or multiple imbalance prigesdetermined, depending on the imbalance
settlement design. In case of multiple imbalanaeegr BRPs with a surplus receive the ‘long
imbalance price’ and BRPs with a shortage pay #tert imbalance price’, which can be
considered as the selling and buying of ‘imbalaeoergy’. The financial settlement of the
imbalance costs, which are the product of schedeigations (in MWh) and the relevant
imbalance price (in €/ MWh), takes place for a largeriod at once (e.g. for an entire month),
between the BRPs and the TSO.

In the balancing market, there is a main feedbaock Ibetween the behaviour of BRPs
and balancing market performance, which is bagidaimed by system imbalance volumes and
imbalance prices and costs. The net sum of thelanba volumes of all the BRPs in a power
system (who represent all production and consumptiothat power system), determines the
system imbalance. The size of the system imbalal®termines the amount of upward and
downward regulation that is activated to restoe gkistem balance. This activation determines
the imbalance prices, which form the incentivesB&Ps to submit accurate energy schedules,
and to stick to those schedules. Although the@visys some unforeseen imbalance, BRPs are
able to influence their imbalance volume by meahswer- and under-contracting of energy
before final gate closure, and by means of intebancing in real-time [1]. The goal of this
‘portfolio balancing’ is usually to hedge againtst financial risks of imbalance settlement, i.e. to
limit imbalance costs, but it also possible thatFBRearn some profit. In short, as a result of
changing imbalance prices, BRPs may adapt theanlalg strategies, which affects the future
imbalance prices again. This incentive mechanisanasre part of the balancing market.

Viewing the different existing options in imbalansettlement design, in particular the
possible imbalance pricing mechanisms ([2], [3]),[the question arises what is the impact of
different designs on balancing market performaités question cannot easily be answered by
comparison of balancing markets data of differenintries, as there are usually too many other
differences between countries [1]. Furthermore pgnassessments that do not take into account
the dynamic feedback loop between BRP behavioutbatahcing market performance are likely
to be invalid. Therefore, we have built an agergeoamodel in MATLAB to analyze alternative
imbalance settlement designs. In this model, BRBgte agents that autonomously decide on
their balancing strategies and learn from the ihpgaat this has on balancing market results.

The goal of the work presented in this paper is ordy to find the relative value of
alternative imbalance settlement designs, but tdsget more insight into BRP behaviour and
into the functioning of the feedback loop betwedtis tbehaviour and balancing market
performance.

The structure of the paper is as follows. In Sectil, a description of the agent-based
model is given. Then, in Section Ill, the analysself is described, i.e. the model inputs and
outputs. Next, the analysis results are presentetl discussed in Section IV. Finally, the
conclusions are listed in Section V.



1. Model description

In order to analyze the impact of imbalance sewletndesigns on balancing market
performance, we have built a simplified agent-basedel of the balancing market in MATLAB.
In order to make the model as realistic as possitdehave dimensioned the input to the Dutch
balancing market design and results. The main tstre®f the agent-based model is shown in
Figure 1.
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Fig. 1. Structure of the agent-based model of #iartting market

To start, we assume there are 10 BRPs with diffguertfolio sizes, namely 8000 MW,
6000 MW, 4000 MW, 3000 MW, 1000 MW, 900 MW, 800 MWOO MW, 500 MW, and 200
MW. Thus, the total portfolio size of the modellbdlancing market is 25,000 MW, which is
similar to the sum of generation and load in thehsdands. Furthermore, the simulation run
length is 1000 rounds, with each round equallinBT&J of 15 minutes, as is the case in the
Netherlands. Thus, the run length equals ca. 18y4.d

Each BRP has for each round an unintentional inmgalgin MWh), which is calculated
by multiplying the portfolio size with a forecast@r. The forecast error is drawn from a normal
distribution function with a mean of 0 and a staddaeviation of 0.015. Furthermore, each BRP
has to decide for each round on an intentional lartze (in MWh), which is the only decision
variable in the model. For each round, the BRP& lhawlecide between six ‘options’:

= Option 1: -0.02 * portfolio size
= Option 2: -0.01 * portfolio size
= Option 3: -0.005 * portfolio size
= Option 4: 0.005 * portfolio size
= Option 5: 0.01 * portfolio size
= Option 6: 0.02 * portfolio size



The combination of these possible intentional imbeés and the probability distribution
function of the unintentional imbalance comes daava 80% chance that options 1 & 6 are large
enough to cover an unintentional imbalance in thposite direction (given that this opposite
direction occurred), a 50% chance that options 2 &re large enough, and a 25% chance that
options 3 & 4 are large enough. This combinatios Ibeen arbitrarily chosen, but is considered
to create a meaningful set of options for the BRPs.

The sum of the unintentional imbalance and thentideal imbalance of a BRP is his
BRP imbalance. The net sum of all BRP imbalancésragnes the system imbalance (in MWh).
Figure 2 shows what this looks like in the modké(black line represents the system imbalance).
In addition, the sum of BRP surpluses (positive BRPalances) determines the ‘market surplus’
(in MWh), and the sum of BRP shortages (negativd® BRbalances) determines the ‘market
shortage’.

In the model, there are fixed bid ladders assufoedipward and downward regulation.
These bid ladders consist of multiple regulatiogishbwith each bid containing a bid volume (in
MW) and a bid price (in €/ MWh). These bids are &ohin order of increasing bid price (upward
regulation) or decreasing bid price (downward ragiah). The bid ladders are based on bid data
from the Netherlands in 2009. For each round, ttieation of upward and downward regulation
is derived from the market shortage and marketlgsirjn the model, it is assumed that resp. the
required upward and downward regulation equals »5%esp. the market shortage and market
surplus (in MWh). As the bids are in MW, howevardaids are not fully activated at once, it is
assumed that an equivalent of 2 MWh of bid volureeds to be activated to deliver 1 MWh of
actual balancing energy. Finally, if the requiredulation in one direction is smaller than 0.75 of
the required regulation in the other direction, fir& (regulation in the ‘minor direction’) is st
zero. This has led to an around 17% occurrenceotth pward and downward regulation
activation, which is half of the occurrence of taided regulation in the Netherlands in 2009.

Based on the activation of upward and/or downwagllation, and on the assumption
that marginal pricing is used for the settlementrefulation bids (as is the case in the
Netherlands), two imbalance prices are determinmd elach round, applying the specific
imbalance pricing rules given by the imbalancelamtnt design. These are an imbalance price
for BRP surpluses, the ‘long imbalance price’, amdimbalance price for BRP shortages, the
‘short imbalance price’. The analyzed alternativibalance settlement designs are introduced in
Section Il

After the imbalance prices and the BRP imbalaficethe specific round are known, the
Actual Imbalance Costs (AIC) for each BRP can Heutated. Although the settlement involves,
as said above, the payment of the imbalance poicedch MWh of imbalance, the actual penalty
can be estimated by the difference between thelanba price and the day-ahead spot price, as
we can assume that the imbalance could have bemrenged by trading on the day-ahead
market. Thus, the AIC reflect the opportunity cosfsleaving an imbalance. The AIC is
calculated for each round, and for each BRP, aaugitd Equation (1).

(Psi,m - Pda, m) [”Vn m |f |Vn m < 0
AlCn m= (Pda, m— Pl , m) Dan m if |Vn m>0 (1)
0 if |Vn m=0



In this equation, Alg, are the actuambalance costs for BRP n in round m; iB the ‘short
imbalance price’ applied to BRP shortageg,i$?the ‘long imbalance price’ applied to BRP
surpluses, R is the day-ahead spot price, and, fMs the imbalance volume of BRP n in round
m.

To be able to calculate the AIC, the day-aheadketgsrice must thus be known. This
price has been set at 36 € MWh, which was aboutatrezrage day-ahead spot price for the
Netherlands in 2009. This price lies on purposewehe upward regulation bid prices and above
the downward regulation bid prices, as this is lgtlae case in reality.

A crucial model assumption relates to the decisudes the BRPs apply to choose a
specific option (intentional imbalance) in eachmdui.e. the decision-making algorithm. We
have assumed the following. For each option, eaR Balculates an ‘expected AIC’. This
expected AIC is calculated following equation (2).

E(AlC)n X = Pnx, short aVA|Cn,X, short + Pn. x, Iong* aVA|Cn,X, long (2)

In this equation, E(AIG)x is the expected AIC for BRP n for option X%, x@noriS the probability
that the system is short given that BRP n choasesgtion X, p.xiongiS the probability that the
system is long given that BRP n chooses for optipavAIC, x shoriiS the average AIC of BRP n
of past rounds in which he chose for option X amel system was short, and avAlGongiS the
average AIC of BRP n of past rounds in which hesehior option X and the system was long.
Thus, the expected AIC for each option is calcdat@king into account the likelihood of
occurrence of both system imbalance directionss Ehbecause the system imbalance has a large
influence on the imbalance prices, as becomes dlean the description of the different
imbalance settlement designs that are analysedSgseen 1ll). Moreover, with this equation the
BRPs take into account that their choice for aarntibnal imbalance has an impact on the system
imbalance.

For the calculation of the average AIC values,amney parameter has been included (see
e.g. [5]), so that the results of more recent reauweigh heavier in the decision-making of the
BRPs. The recency parameter has been set to the eB0.9.

The final choice of a BRP for a specific option mscthrough a draw from a probability
distribution function, with probabilities based dme relative size of expected AIC for the six
different options. We have opted for this, becaukeosing the option with the minimum
expected AIC leads to the same BRPs selecting ahee ptions time and time again, which
creates biased actual imbalance costs for indiViB&Ps. We could say that the BRPs keep on
experimenting (and being partly irrational), whileey also keep on learning from the results of
past rounds and make decisions based on thoséstesul



[11. Analysis

Six different imbalance settlement (IS) designsehbgen analyzed in this model. These
are represented by six cases. Case 1 is the reéeoase, from which the five other cases have
been adapted. The cases are described below.

» Case 1Single pricing.
The ‘long imbalance price’ (imbalance price appliedBRP surpluses) and the ‘short
imbalance price’ (imbalance price applied to BR®r&ges) are identical, namely the
marginal regulation price in the main regulatioredtion’. BRPs with a surplus receive
this price, and BRPs with a shortage pay this price

e Case 2Two-price settlement
The imbalance price for BRP imbalances in the timac opposite to the system
imbalance is still based on the marginal regulapdone of the main regulation direction,
but the other imbalance price is equal to the desad market price. This means that the
day-ahead market price is applied to the BRPs wdssipely contribute to reducing the
system imbalance (are helping the system).

» Case 3Dual pricing
If both upward and downward regulation are actigatbe ‘short imbalance price’ is the
upward regulation price and the ‘long imbalancegiris the downward regulation price.
If regulation occurs in only one direction, singlécing is applied.

» Case 4Alternative payment direction
The ‘long imbalance price’ is still applied to BRfarpluses and the ‘short imbalance
price’ to BRP shortages, but the direction of pagtr@hanges. Normally, BRPs pay the
when they are short and receive when they are lontf)is case they receive when the
BRP imbalance is opposite to the system imbalaneewhen the BRPs help to balance
the system) and they pay when the BRP imbalantetise same direction (i.e. when the
BRPs partially cause the system imbalance).

e Case 5imbalance pricing based on total costs
In this case, the imbalance price is not basechemtarginal regulation price, but on the
total balancing costs, i.e. the total costs forT8® of all the activated balancing bids in
both regulation directions. It is assumed that mmalgpricing is used for settlement of the
balancing bids. The imbalance price, which is thme for both imbalance directions, is
calculated by dividing the total balancing costs Eiuro) by the net activated balancing
energy (in MWh). Finally, imbalance price limitseagset, which are equal to the marginal
upward and downward regulation price.

» Case 6incentive component
For the PTUs in which the system imbalance is latpan 50 MWh, an incentive
component of 5 € MWh is added to the long imbalapdee and subtracted from the
short imbalance price, turning the single priciagime into a dual pricing regime.

! The main regulation direction is upward when thier@ negative system imbalance (system shortagehich
case the imbalance price under the single pricginme is equal to the upward regulation price efrttarginally
activated upward regulation bid. When there isstesy surplus, the imbalance price is the margioalmivard
regulation price.



The above IS designs are based on existing desighgropean balancing market. Single
pricing is applied in e.g. Spain and Greece [2].09pwvice settlement is applied in the Nordic
region. Dual pricing and an incentive componentagnglied in the Netherlands [3]. Dual pricing
is there only active when a specific ‘regulatioatst has occurred, however, which was only
about 10% of the time in 2009. Imbalance pricingdahon total costs is applied in Germany.
However, Germany applies pay-as-bid pricing togheing of regulation bids, which results in
lower imbalance prices, compared to case 5 in palyais. An alternative payment direction is to
our knowledge not applied anywhere, but is an @sténg hypothetical design.

The most important indicators for balancing magketformance in relation to imbalance
settlement are the total Actual Imbalance CostsqEaggregated for all BRPs and all rounds,
and the average AIC for different intentional indade options, in order to compare their relative
value. Furthermore, the Actual Imbalance PenaltfPJAEuro/MWHh) is also of interest. The AIP
for BRP surplus indicates the average costs ofngaad 1 MWh surplus as a BRP, and is
calculated as the average of the day-ahead maricet minus the long imbalance price over all
rounds. The AIP for BRP shortage is calculatechasawverage of the short imbalance price minus
the day-ahead market price over all rounds. Thisinglar to the calculation of the AIC, see
equation (1). The AIC and AIPs are of importancetfee economic evaluation of the different
cases. In order to evaluate security of supply,aherage system surplus (MWh), the average
system shortage (MWh), and the occurrence of syst@mlus (%) and occurrence of system
shortage (%) are useful indicators. In Sectionud, will compare the outcomes of the different
cases on the basis of these indicators. Imbalancespwill not be given, as these prices do not
reflect the actual costs of imbalance. However, dherage imbalance prices can easily be
derived by adding/subtracting the day-ahead mamie¢ to/from the AIP.

To obtain the results as presented in sectiorfiVéd, runs of the agent-based model have
been executed per case, and the averages of thisresthose runs have been taken. This way,
the results are more likely to be representativethermore, we have noted the similarity in the
results of different runs, which forms a verificati check of the model, and proves that the
results are consistent.

Fig. 2. Build-up of the system imbalance from tHeBimbalances
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V. Results

The results of the analysis of the six differentbalance settlement (IS) designs,
represented by the different cases, are summairnizédble 1. We will start the discussion with a
first brief comparison of the results. Next, we lvdiscuss the results of case 1, which is the
reference case, and then continue to discuss liee cases by comparing the results with those of
case 1. After that, we will look into the BRP-sgiecresults, which can provide insight into the
importance of the portfolio size for the impact I& design on performance from a BRP
perspective. Last, we describe the gained insighthé ‘balancing market equilibrium’ that we
have observed in the simulation.

A. First overview of results

Looking first at the average system surplus anortage in MWh and occurrence of
system surplus and shortage for the different ¢cagedind that these are quite similar for the
different cases, which could signify that BRPs hehaimilarly in the different cases due to
similar incentives provided by the imbalance priemwever, the average Actual Imbalance
Penalties (AIPs; see above) do indicate that theeelarge differences in incentives, which is
confirmed by the differences in average Actual Ilabee Costs (AIC; see above). Still, the total
AIC, i.e. the total actual imbalance costs aggredjdor all BRPs and all rounds, are not that
different for different cases. Case 2 is the exoept

Table 1. Results of the analysis of alternativeatabce settlement designs (cases)

Results Casel Case? Case3 Case4 Caseb Case6
Average system surplus (MWh 48.8 47.1 47.8 441 .6 46 46.6
Average system shortage (MWHh) -39.7 -39.1 -38.2 541 -41.2 -38.5
Occurrence system surplus (% 58.6 57.4 58.9 52.8 545 58.7
Occurrence system shortage (%) 41.4 42.6 41.1 4717 44.6 41.3
Average AIC 1 (Euro) 472 680 533 494 470 490
Average AIC 2 (Euro) 267 314 257 233 238 237
Average AIC 3 (Euro) 154 222 173 167 175 170
Average AIC 4 (Euro) 122 185 137 154 136 123
Average AIC 5 (Euro) 129 205 157 181 155 148
Average AIC 6 (Euro) 241 339 278 320 296 302
Total AIC (Euro) 1,917,526 2,703,96p 2,138,413 2,403 | 2,120,355 2,012,83b

Average AIP for BRP surplus

(E/MWh) -2.26 14.58 1.93 4.19 -0.08 10.20
Ave;i,gsfeﬂiﬂfglﬁgéf,\‘mﬁ)s and 5 g3 25.40 25.40 46.70 34.15 27,51
Avesgteeﬁlzggrrtfgip(éfl\mﬁ and - 42 05 0.00 3173 |  -4241|  -4272]  -39.5

Average /?LF;RL%E)RP shortage| 5 26 17.71 5.11 -4.19 0.08 3.82

A;’féi%,iéi ;%Zsssp(zmcﬁ%e -25.83 0.00 19.84 |  -4670|  -34.15|  -23.49

Qﬁgr";‘g;gfsfﬁgfazz ?gflvrlt\f‘v%&)’ 42.05 41.60 40.88 42.41 42.72 42,53
Difference AIP ‘shortage — 452 313 3.18 8.38 0.16 400

surplus’ (incentive to be long)




It is noted that a system surplus always occursenaften than a system shortage. The
proportion is generally 60%-40%. In then Netheramd2009, a system surplus occurred in 55.7
% of the PTUs which is also a clearly higher ocence. Also, the system imbalance volume is
relatively small, thanks to the BRPs who limit thenbalance and due to the fact that these
imbalances even out partially (see Figure 2). Furttore, we observe that the total AIC is
mostly in the order of 2,000,000 Euro, which cordes/n to 2,000 Euro per round, and to 200
Euro per BRP per round on average. This is ca.0R0Huro per BRP per day. Assuming that the
total included generation/load of 25,000 MW repnese500,000 MWh of energy per day, and
that its economic value is equal to 36 €/ MWh (tla-dhead market price), the total financial
value is 21.6 M€. The total AIC is about 0.9% oétthotal value, which is the right order of
magnitude, considering the BRP imbalance volumes 8ection II). Finally, we observe that the
average AlIPs for BRP shortage and BRP surpludtesm @s close to zero as has been the case for
the Netherlands in 2009 (average AlIPs were 3.8 €iVie¥ BRP shortage and 0.8 €/ MWh for
BRP surplus [1]). All this forms important proof thfe validity of the model.

B. Case-specific results

Case 1: Single pricing

The single pricing mechanism has led to a totauAlcimbalance Costs of 1,917,526
Euro over 1,000 rounds, which means an average fAlGhe average BRP of 192 Euro per
round. However, the average AIC for the differeptians (intentional imbalance choices)
deviate a lot from this. It can be clearly obserthdt over the entire range of options, an
intentional surplus is less expensive then an tideal shortage: Option 6 is twice less expensive
than option 1, option 5 is more than twice lessessive than option 2, and option 4 is still
clearly less expensive then option 3. This findsottigin in the relatively higher costs of upward
regulation compared to downward regulation as cedt in the bid ladders, which is usually the
case in real balancing service markets. Furthern@osenall intentional imbalance is clearly less
expensive than a large intentional imbalance imegitlirection. The analysis results show that the
BRPs generally go for the cheapest option, as Wwasxpectation given the included decision-
making algorithri. This can also explain the larger occurrence @elaf system surpluses.

The average AIP for BRP surplus is -2.26 €/ MWh #drelaverage AIP for BRP shortage
is 2.26 €/ MWh. Thus, being long by 1 MWh generatesaverage actual profit of 2.26 Euro per
round, whereas being short by 1 MWh costs 2.26 Elincs symmetry is the result of the single
pricing mechanism; after all, the short and longpatance prices are always identical. When we
specify these AlIPs for PTUs with either a systemplsis or a system shortage, we find values
that are much further from zero, which is causethieydependency of the imbalance price on the
system imbalance direction. When the system ist gtmal the BRP has a surplus, he has an actual
profit of 42.05 €/MWh. This is because he is helping siistem. This actual profit is clearly
higher than the one BRPs receive from being shbiewthe system is long — here they only gain
25.83 €/MWh. Also, the costs of being in the wratigection (i.e. contributing to the system
imbalance) are lower when BRPs have a surplus.,thasAIPs clearly show that creating a long
position is generally the best BRP strategy. ltusthde noted, however, that this is only valid as
long as the combined BRP strategies still creatdai balancing market results.

% The frequency of selection of different optionssvimaund to be clearly (negatively) correlated wétrerage AIC as
expected, which is why the inclusion of those faginto this paper was deemed superfluous.



Case 2: Two-price settlement

Two-price settlement leads to a total AIC sum G103,960 Euro, which is ca. 40% higher
than that of single pricing (case 1). This makesec2 by far the most expensive case. The IS
design can easily explain this: With two-price lestient, BRPs receive no profit for being in the
right direction. This is reflected in the AIPs. Theerage AIC are also much higher for the
different options. However, the relative heightaokrage AIC of different options remains about
the same, which explains the similar occurrence simd of system surpluses and shortages
compared to case 1. Finally, it is interesting déterthat the average AIP for BRP shortage minus
the average AIP for BRP surplus of 3.13 €/ MWh (Vhis an indicator of the strength of the
incentive to be long rather than short), is in #@me range as the 4.52 €/MWh of case 1.
Apparently, the different incentives provided bystiS design still lead to a general incentive to
be long that is similar to case 1.

Case 3: Dual pricing

Dual pricing also leads to a very similar occucerand size of system surpluses and
shortages, but the total AIC are ca. 10% highen timcase 1, as is also reflected by the
somewhat higher average AIC values for the diffeiatentional imbalance options. This is
clearly caused by the IS design; dual pricing makesalances more expensive for the PTUs for
which it is active. In the simulation runs, dualcprg was active in 17% of the rounds, which
shows that the potential impact of this IS desgylarge. Although the strength of the incentive is
similar to case 1, the average AIP for BRP surupositive here, meaning that BRPs do on
average have actual costs of having a positive lemica. The specific AIPs for being in the
wrong direction are clearly less favourable (lesgative) than in case 1, which is the expected
effect of dual pricing.

Case 4: Alternative payment direction

The results of this case are clearly differentrfroase 1; especially the occurrence of
system surpluses is significantly lower (52.3% carep to 58.6%) and the general incentive to
be long too, which is -8.38 instead of 4.52. Thisams there is a general incentive to create a
short position rather than a long position. Howewesystem surplus still occurs more than a
system shortage, suggesting that this is still ld@est-costs result for the system as a whole.
Apparently, this IS design makes a short positelatively less costly, which has resulted in a
larger occurrence of system shortages comparedase d&. This can be explained by the
peculiarity of this specific IS design. Because #iwrt and long imbalance prices are still
determined in the same way as in the single priogggme (case 1), case 4 makes BRPs with a
surplus pay the downward regulation price in PTUth & system surplus, whereas they would
receive this price in case 1. Furthermore, BRPh wishortage receive the downward regulation
price in PTUs with a system surplus, whereas thewylav pay this price in case 1. Thus, the
difference in AIP between case 1 and 4 for PTU#$ witstem surpluses is twice the downward
regulation price. This IS design still gives indeas to balance the BRP portfolio, but increases
both costs and profits for resp. BRP surplusesBRRH shortages during system surpluses, which
apparently brings BRPs to reduce the long positsigsificantly.
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Case 5: Imbalance pricing based on total costs

The results for case 5 show a somewhat lower osace of system surpluses compared
to case 1 (55.4% instead of 58.6%), which is, likecase 4, accompanied by a clearly lower
incentive to be long: only 0.16 €/ MWh, instead B2€/MWh. This means that new BRPs will
not be stimulated to balance their portfolio (olalbae passively), unless they change the system
imbalances and thereby affect the imbalance paoesincentives. Looking at the results of this
simulation, however, AIC and AIPs are neverthebpste high: the total AIC are higher than for
case 1, and so are the average AIC of most optamd,the average AIPs in case of system
surpluses are much higher. The latter observas@miilar to case 4. In case 5, the higher actual
costs and profits for respectively causing andlvesp a positive system imbalance are hard to
explain. Most likely, they are caused by the rgkl{i high added costs of activated upward
regulation bids in PTUs with a system surplus aoith lipward and downward regulation.

Case 6: Incentive component

For this case, the results are general increasActufal Imbalance Penalties for all
possible combinations of BRP position vis-a-vis teys imbalance direction. This is the
consequence of the incentive component, which kas lactive in ca. 36% of the rounds. This
explains the increase of total AIC from 1,918 Epev round to 2,013 Euro per round. Because
the system surpluses reach above the 50 MWh liroienoften than the system shortages, the
average AIC of option 6, the largest intentionalBgurplus, have increased the most.

C. BRP-specific results

The above results are from a systems perspectowelkbr, it is also interesting to look at
the analysis results from a BRP perspective, amd lat the importance of portfolio size.
Comparing the relative height of the average Actuabalance Costs of different intentional
imbalance options for different BRPs, we find tleige BRPs have a more stable preference
order of options. This preference order is equaldservations mentioned under the discussion of
the results of case 1: small and positive imbalarnae less costly than large and negative
imbalances. However, for small BRPs often veryeddht preference orders emerge. It is hard to
explain these, because they vary a lot betweeardiit small BRPs. Still, we do observe specific
changes in preference order in different casesgtwimakes the impact of IS design different for
large and small BRPs. The balancing strategiesmafllSBRP differ much more per IS design.
Looking at the total AIC for different BRPs in dffent cases, it is found that case 2 is the most
expensive option for all but the largest BRP. Fwr kargest BRP, case 1 and case 6 are clearly
the cheapest IS designs. For small BRPs, caseb® far the most expensive options. These
findings can be explained by the fact that largePBRhave a larger influence on the system
imbalance size and direction, as a result of wkivgy have a larger chance of being in the wrong
direction. As case 2 is the only case that prevBRBs from actually earning money for being
the right direction, this case is relatively expeador small BRPs. Finally, the AIC per MW of
portfolio is several times higher for large BRPgaia due to their larger influence on the system
(although in reality the netting of unintentionadbalances within the portfolio will offset this).

D. Balancing market equilibrium
Although the different imbalance settlement desido give different incentives to the
Balance Responsible Parties, as is indicated by Abtial Imbalance Penalties, overall
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performance is still strikingly similar. We obseraerelationship between the system imbalance
state (size and occurrence of system surplus astdrayshortage) and the relative strength of the
incentives that are shown by the specific AIP valugks BRPs try to minimize their Actual
Imbalance Costs, a combination of system imbalatetes and imbalance prices develops that is
economically optimal for the market. This optimiahlancing market state’, or ‘balancing market
equilibrium’, is apparently not very different fthre six analyzed imbalance settlement designs.

V. Conclusions

The six different imbalance settlement (IS) desigave a significantly different impact
on balancing market performance in terms of sysiaimalances, Actual Imbalance Penalties,
and Actual Imbalance Costs, but still the resulesquite similar. The largest differences can be
found in the Actual Imbalance Penalties for speafimbinations of BRP and system imbalance
direction.

Generally, the best strategy for Balance Resptdtarties to minimize their actual
imbalance costs is to create a long position (tieal surplus) rather than a short position
(intentional shortage), and to opt for a smallmtitenal imbalance rather than a large one.

The imbalance costs-minimizing behaviour of thePBRcreates a balancing market
equilibrium which is similar for different IS desig, even though specific incentives deviate
quite a bit. The consistently higher occurrenc@asditive system imbalances (system surpluses)
finds its origin in the shape of the bid ladderte upward regulation bids being generally more
expensive — in combination with the general featfrkS designs that the ‘short imbalance price’
is based on the marginal bid price for upward regoh and vice versa.

What can still be said about the differences inléSign is that two-price settlement is the
least performing design, both from a systems petsge and from an individual BRP
perspective. The imbalance costs resulting frora tlasign are much higher than for the other
designs. Furthermore, the specific IS designs efalkernative payment direction and imbalance
pricing based on total costs create such incentivaisthe occurrence of system surpluses drops
significantly, which can be regarded as a negaioiat from a security of supply perspective.

The impact of IS design is different for BRPs dffedent portfolio size. Small BRPs
attune their balancing strategies more to the ISigde In addition, small BRPs have lower
imbalance costs due to their smaller influence e gystem imbalance, but the level of these
imbalance costs are also more uncertain for theesaason.
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