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Designing flexibility procurement markets for congestion management — Investigating two stage

procurement auctions by Julia Bellenbaum, Jonas Hockner and Christoph Weber

Abstract

Increasing infeed from renewable energy sources poses considerable challenges to system oper-
ators who are in charge of power system reliability. Accordingly, the frequency of network con-
gestion and the corresponding congestion management costs have increased dramatically over
the last years and give reason to extensively discuss alternative approaches. Among these, flexi-
bility markets bear the potential to complement existing congestion management practices by
incentivizing decentralized resources with large potentials of flexibility to participate in relieving
congestion. For this reason, multiple demonstration projects across Europe are currently testing

different flexibility market designs.

We contribute to this on-going discussion by investigating the auction design of such a flexibility
market. We analytically derive the optimal procurement strategy of a SO within a flexibility mar-
ket platform, recurring to the well-established methodology of the classical Newsvendor problem
and extending it in a stochastic programming framework with two stages. We apply our model
to a case study of a transformer that is frequently congested due to high infeed from wind farms.
Based on an analysis of relevant sources of flexibility, differentiated concerning lead time and
cost structure, we explore the effects of demand uncertainty and information updates between
auctions. The results of the case study, including a comprehensive sensitivity analysis, reveals
insights that are used to provide policy advice on how to design flexibility procurement markets

under specific conditions.

Julia Bellenbaum Jonas Hockner

(CORRESPONDING AUTHOR) House of Energy Markets and Finance

House of Energy Markets and Finance
University of Duisburg-Essen, Germany
Universitatsstr. 12, 45117 Essen
+49-(0)201 / 183-7383
Julia.Bellenbaum@uni-due.de

www.hemf.net

The authors are solely responsible for the contents which do not necessarily represent the opinion of the House of Energy Markets

and Finance.

University of Duisburg-Essen, Germany

Jonas.Hoeckner@uni-due.de

Christoph Weber
House of Energy Markets and Finance
University of Duisburg-Essen, Germany

Christoph.Weber@uni-due.de



EreHINC Y aVailable at: migys//RSoonPReLRac3e85b9



Contents

ADSITACT ..ttt et ettt et saree [
T INEOAUCHION L.ttt sttt s e e 2
2 LIEIATUIE Loeiiiiiiiiiiiie e 3
3 MOAEL et e 5
3.1 MOEI SEE-UP .t 6

3.2 Two-stage optimal procurement Strategy ...........ccceervueeriieiieriieeniiienieeeieeneeenee e 7

Y Y o) o] L or= 4 o o PSPPSR 10
4.1 Description of the reference case (Case A) .......cceiiruiiiriiiiniiiiniieenee e 11
4.1.1  Parametrization of flexibility demand in the reference case...........c........... 11

4.1.2  Parametrization of flexibility supply in the reference case ...........cccccccouuee. 13

4.2 Description Of fUrther CASES .......ccovuiiiiiiiiiiiiii e 15

4.3 Results of different Cases.........ocuiriiiriiiiiiiiii e 17
4.3.1  Optimal procurement StrateZies...........cueeevueiirieeeniieeriieeriee e 17

4.3.2 RESUIING COSES..cuutiiiiiiiiiiiteiit ettt 19

4.4 Sensitivity analysis of different parameters on model results............ccccccoeeerienncee. 20
4.4.1  COStS PArAMELErS ......uvvviiiiiiiiii i 21

4.4.2  Information update and level of initial uncertainty ..........ccoccoveiriieniinnens 23

5 CONCIUSION. ..ottt ettt s 24
6 ACkNOWIEdZEMENTS ... ...oouiiiiiiiiiiiee e 26
7 LiteraturverzeiChnis ..........ooiiiiiiiiiii e N
APPENAIX 1ttt ettt e sttt st s Vi



1 Introduction

In the zonal market design, typically implemented in European countries, congestion manage-
ment is applied in order to relieve internal congestion. Increasing infeed from renewable energy
sources (RES) poses considerable challenges to system operators (SOs) who are in charge of
power system reliability. E.g. in Germany, the transmission grid is currently not capable to
transport high volumes of wind power generated in the North to the load centres in the South
due to delayed network expansions. Moreover, high shares of RES are connected to the distribu-
tion grid and cause critical backflows from the distribution grid to the transmission grid in periods
of high RES infeed. Consequently, the frequency of network congestion and the corresponding
congestion management costs have increased dramatically over the last years' and give reason
to extensively discuss alternative approaches. Among these, flexibility markets bear the potential
to complement existing congestion management practices by incentivising decentralized re-

sources with large potentials of flexibility to participate in congestion management.

Such market-based approaches require an efficient market design to mobilise sufficient flexibility
sources on the supply side and to deal with uncertain flexibility demand. For this reason, multiple
demonstration projects across Europe are currently testing different flexibility market designs.” So
far, various market design issues are still in discussion (Radecke et al. 2019). We contribute to
this on-going discussion by examining the impact of the auction design choice based on the
optimal procuring strategy of a SO who relies on forecasts of the flexibility need. Therefore, fol-
lowing the approach taken in the on-going large-scale Smart Grid demonstration project enera
(Hockner et al. 2019b), we subsequently assume a regional flexibility market platform in the
context of a European power market design, on which the SO — as a monopsonist — procures
regional flexibility to alleviate network congestion. Here, technical and economic restrictions of
the flexibility options are relevant to organise an appropriate time schedule. Hence, the flexibility
market is to take place within a time interval before the expected congestion that is limited by
applicable forecasts on potential congestion in the system on the one hand and a lead time that
allows suppliers to balance the deviation from their scheduled positions or that is required due

to technical restrictions on the other hand.

Similar to conventional electricity markets, flexibility markets can be designed to trade flexibility
either auction-based or continuously, where the latter option may be represented by a series of
consecutive auctions (cf. e.g. Kyle 1985; Deutsche Borse 2017). According to Neuhoff et al.

(2016), auctions have the advantage of aggregating liquidity as all participants are required to

' The congestion management costs in Germany increased from approx. 58 million Euros in 2010 to 1550
million Euro in 2017 (bdew 2018).
2 A summary of different demonstration projects can be found in Radecke et al. 2019.
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place their bids simultaneously. However, a diversity of suppliers in terms of required lead time
implicates that two or more auctions broaden the range of flexibility supply and help suppliers
to place their bids at the individually optimal stage. This is a precondition for the SO to efficiently

exploit the existing flexibility options.

In this paper, we analytically derive the optimal procurement strategy of a SO within a flexibility
market platform, recurring to the well-established methodology of the classical Newsvendor
problem and extending it in a stochastic programming framework to two stages. As discussed in
more detail in section 2, we build on findings derived in the context of inventory theory and
supply chain management that have already been applied to staged electricity procurement by a
load serving entity (LSE) subject to demand uncertainty and to offering wind power purchase
contracts with variable production. In section 3, we present the analytical model with two se-
quential auctions in which a procurement strategy for the SO is intertemporally optimised.
Thereby, we consistently include the case of zero flexibility demand. Subsequently, the analytical
results are transferred to a numerical example, in which a distribution system operator (DSO)
purchases flexibility to alleviate a networks congestion at a high voltage/ mid voltage (HV/MV)
transformer, which was induced by high renewable infeed (section 4). The investigation of spe-
cific interesting situations is complemented with a comprehensive sensitivity analysis of the cru-

cial model parameters. Section 5 concludes.

2 Literature

The concept of flexibility markets with the objective to facilitate the integration of RES into the
power system has been discussed extensively as part of new market-based congestion manage-
ment methods. A prominent proposal emerges from the EU’s Clean Energy for All Europeans
package, which suggests introducing market-based redispatch (European Parliament 2019). Be-
yond that, European concepts like the USEF framework as well as academic research focus on
the same topic (Heer und van den Reek 2018; USEF foundation 2015). Requirements and regu-
latory challenges to establish flexibility markets as alternative to congestion management are ad-

dressed as well by (Ruester et al. 2014; Huber et al. 2018).

In Germany, the federal regulatory authority (Bundesnetzagentur) introduces the concept of smart
markets that give market signals in order to incentivize grid beneficial behaviour of market par-
ticipants (BNetzA 2011). In response, different configurations of smart markets have been pro-
posed, some of which include different forms of flexibility market platforms (Ecofys und Fraun-
hofer IWES 2017). Recently, several research projects across Europe investigate the practical im-
plementation of regional flexibility markets (Radecke et al. 2019). Most of the concepts aim to

make distributed flexibility options accessible for SOs and incentivize them to participate in con-



gestion management. In many cases, flexible resources can voluntarily offer to adapt their con-
sumption or generation for a remuneration, that is specified by their submitted market bids
(Radecke et al. 2019). The SO, as buyer on the flexibility market, can select the cheapest flexi-

bility options to efficiently alleviate grid congestions.

The underlying problem of procuring flexibility under uncertainty is in its general framing similar
to the Newsvendor Problem, known from inventory theory (Arrow et al. 1951; Morse und Kimball
1951). An entity is faced with uncertain demand for a perishable good with fixed prices and
procurement costs and needs to order a stock of goods in advance. This basic problem is the
starting point of a growing field of literature including various extensions to the original model.’
A stream of literature applies the methodology to perishable goods, such as the apparel industry.
Fisher et al. (1994) optimize the ordering strategy of a sports vendor by reducing demand fore-
casting errors. Yan et al. (2003) extend the classical Newsvendor problem to a two-stage ordering
problem in which an entity can order raw materials from two suppliers that differ in costs and
lead-time. They provide analytical formulations of the optimality conditions in both stages and
illustrate the analytical results exemplarily assuming a uniformly distributed stochastic demand
for the final product. They furthermore expand the problem to a multi-period problem and pro-

vide some numerical insights.

Similarly, Choi et al. (2003) investigate an optimal two-stage ordering policy with Bayesian in-
formation updates. They explicitly elaborate on the information update between the two ordering
stages and analytically and numerically prove the superiority of their two-stage ordering strategy
compared to two alternative single-stage ordering policies. Under the assumption of normally
distributed demand they find that the optimal ordering level increases linearly with the location
parameter of the demand distribution. Demand uncertainty is composed of an inherent uncer-
tainty that cannot and a further uncertainty component that can be reduced by making use of
market information. It is shown that the two-stage policy performs better when the first compo-

nent is smaller, and the latter component is larger.

Some work is related to electricity markets, more specifically the incremental procurement of
electricity by a LSE. Sethi et al. (2005) study the problem of staged purchases of electricity in a
time-sequential deregulated electricity market subject to demand uncertainty referring to the ex-
ample of the Texan ERCOT market. Electricity can thereby be purchased in the day-ahead and
hour-ahead market to serve a stochastic demand in the real-time market. In the real-time market,

the LSE is forced to balance deviations between purchased electricity and realized demand at

? Khouja1999 provides a review of extensions to the Newsvendor problem.
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respective prices. The authors use stochastic dynamic programming to derive optimality condi-
tions for the sequential purchase amounts and provide two algorithms for computing the optimal

staged purchases.

Another stream of literature applies an analogous methodology to stochastic infeed from RES.
Similar to the LSE that has to balance deviations from expected demand, wind power producers
participating in liberalized electricity markets are subject to penalties related to regulation costs.
Hence, the approach of staged purchases is adopted to forward sales. Yet typically only a single-
stage sales market plus a real-time balancing mechanism is considered. The methodology then
solves for the optimal offer by a wind power producer selling her variable power into a compet-
itive electricity market. Pinson et al. (2007) propose a general methodology for deriving optimal
bidding strategies based on probabilistic forecasts for wind generation. They express the optimal
forward contract as a probabilistic quantile on prices. Bitar et al. (2012) discuss optimal contract
offerings and the role of forecast information in this context. Dent et al. (2011) derive an optimal
sloped bid curve rather than a fixed quantity for a wind generator that offers forward contracts
and adjusts deviations on the real-time market at unknown and asymmetric prices. Matevosyan
und Soder (2006) investigate a methodology to minimise the imbalance cost of trading wind

power on the short-term power market.

We contribute to the existing literature by applying a methodology established in the general
procurement literature to the novel context of flexibility markets. We show that the single-stage
Newsvendor problem resembles the framework of a single-auction flexibility market in which the
SO only has a single buying opportunity. We then focus on the two-stage version and its appli-
cation to a flexibility market. This is particularly relevant when some of the cheaper flexibilities
require some lead time to be able to cope with the request by the SO. In contrast to electricity
demand met by a LSE that is usually positive, flexibility demand turns zero whenever there is no
imminent congestion, which is explicitly considered with a positive probability in our model.
Our analytical model formulation reveals basic relations between essential model parameters
and the optimal procurement strategy. Furthermore, our case study on a flexibility market at a
frequently congested transformer provides insights into that novel application area. Finally, the
impact of variations of the parameter relations identified in the analytical model are investigated

in a sensitivity analysis.

3 Model

We model a two-stage auction-based flexibility market for trading flexibility with a subsequent
realisation stage. The two market stages aim to resolve expected congestion and thus reduce RES
curtailment and corresponding costs at the third (non-market based) realisation stage. Infeed from

RES is a major reason for congestion in electricity grids. Since infeed from RES is fluctuating and
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associated with uncertainties, the SO has to procure flexibility to meet a yet uncertain need.
Therefore, she relies on forecasts about the extent of the imminent congestion, which match the
actual need more precisely the closer to the congestion the forecast is made. The two-stage ap-
proach is particularly appropriate to describe the trade-off between early procurement at low cost
(assets with limited flexibility and substantial lead time) and later procurement at higher cost but

with improved knowledge about the actual flexibility demand.

3.1 Model set-up

We consider a SO who is in charge of congestion management in a specific grid region. She
thereby may make use of two sequential, single-sided auctions to procure flexibility (cf. Figure
1). Alternatively, she may curtail excess generation at the third stage paying some penalty. The
SO acts as monopsonist (exclusive buyer) on the procurement platform with the objective to

minimize the sum of flexibility procurement costs and penalty payments.

The flexibility demand X is assumed to be ex-ante stochastic and forecasted at each stage i €
{1, 2} of the market before being revealed in stage 3 (Figure 1). It is modelled as a random variable
with probability density function (pdf) fx|;,(x) and cumulative distribution function (cdf) Fy;, (x),
where [; is the information set available at that respective stage. The pdf of the flexibility demand
is characterised by a locational parameter y, that corresponds to the expected value of the de-
mand and an uncertainty parameter o. We formulate the set-up with an information update be-
tween the stages 1 and 2 in which the locational parameter pu is updated and the forecast is im-

proved by a smaller forecast uncertainty o:
og=¢%0, with 0<&<1 (1)

Parameter ¢ represents the extent of the forecast improvement, i.e. the reduction of uncertainty
between both market stages. The timing of the auctions and the resulting uncertainty of the flex-

ibility demand are discussed and quantified in the application (section 4).

t ts t3

1 L [

| T T
Flexibility demand forecast: fx, () fxir, (%) X
Option for SO action: Auction1 atFM Auction 2 at FM Penalty
Flexibility costs: (] Cy Cg

Figure 1: Timeline of options for actions of the SO to alleviate a grid congestion.
The supply side is characterised by (groups of) suppliers differing in terms of lead time and costs.
There are flexible suppliers that can offer their flexibility at any lead time at costs ¢, and less

flexible suppliers that require a certain preparation time but provide flexibility at lower costs ¢y,



i.e. c; > cy. Flexibility can be provided by distributed energy resources like prosumers, storages
and local level generation capacities (Olivella-Rosell et al. 2018). Concrete sources of flexibility
with their corresponding costs and lead times are discussed in the numerical application (cf.
section 4). As it is assumed that the pool of potential suppliers at each stage is large enough as to
meet any flexibility need, the SO would not contract any flexibilities at cost c, in stage 1. Con-
sequently, either group of flexibility suppliers bids into one of the two auctions only. We assume
that suppliers do not bid strategically to exclude market power issues. We furthermore assume

that physical delivery of contracted flexibilities is compulsory, so that there is no secondary trade.

If the actual flexibility need exceeds the previously contracted quantities, RES still have to be
partially curtailed as ultima ratio to avoid congestion. As RES infeed is prioritised in many juris-
dictions, curtailment has to be compensated, which is modelled as a penalty ¢ to be paid by the
SO. Hence, this penalty caps the price on the flexibility market. On the other hand, when the
actual flexibility need remains below the contracted quantity the SO has still to pay the entire

contract volume.

In this setting, the SO has to decide on a strategy to procure flexibility* to meet an uncertain need
at minimal costs. The trade-off between decreasing uncertainty and increasing procurement costs
is modelled in a two-stage optimisation problem which is solved recursively. Thereby, optimal

ordering quantities are derived.

3.2 Two-stage optimal procurement strategy

To analytically derive the optimal procurement strategy, a recursive approach is applied starting

with solving stage 2.
Stage 2

It is assumed that the SO cannot sell flexibility on the market. To incorporate this restriction
consistently into the two-stage newsvendor problem we define the actually procured quantities
of flexibility §; as positive variables, whereas the (possibly negative) outcomes of the analytical
decision rules are labelled g;. Hence, §; = max (g;, 0) holds for both stages. The actual flexibility
demand is described by the stochastic variable X which may also take negative values — corre-
sponding to situations when the available grid capacities exceed the transport requirements, so
that none of the procured flexibility needs to be activated. The cost function in stage 2 can then
be written as the sum of procurement costs and penalty costs that arise if the flexibility procured

in both stages cannot cover the flexibility demand X:

* Flexibility is assumed to be a perfectly divisible good allowing the SO to size the purchase at her exact
need. Technical restrictions are hence assumed to dissolve in an aggregator’s pool of small-scale flexibility
options.



C2(X,q1,92) = ¢ Gz + cg - max[(X — §; — G;),0] (2)

Taking expectations over the randomly distributed flexibility demand yields the expected cost
function E; (where the index is a short-hand notation for the expectation being evaluated with
the information set I,):

oo

E>[C(X,q1,q2)] = sz(X'QLQZ)fxuz(x)dx

— 00

=4+ f [cg - (x — @1 — G2)] fxy, (x)dx

In line with (Yan et al. 2003), we assume that equation (3) is convex in g, and formulate the first-

order condition for an interior solution:

0E;[Co(X, q4, QZ)]/an —0 (4)

Solving for g, gives the optimal ordering quantity g at stage 2. Thereby the possibility of a bound-

ary solution is explicitly acknowledged:

ez = s (1= Fyp@ +49) =0Ag320] vgs =0 (5)
@ = {P(Hz) —q1 iff p(uz) 20Ap(u) =4, (6)
2 0 otherwise

We thereby define p(u,) = x_|}2 (CEC_CZ), where p, is the location parameter of the flexibility de-
E

mand distribution function at stage 2 which is part of the information set I,. At stage 1, this is a
stochastic variable — hence the information set I, differs from I; by the removal of the uncertainty
on py. p(uy) corresponds to the solution of the classical single-stage Newsvendor Problem and
is called critical fractile. Here, it explicitly refers to the information status of the second stage.
Hence, the optimal ordering quantity g5 at stage 2 is a function of the critical fractile given up-
dated information and the ordering quantity at stage 1 (cf. eq.(6)). If and only if the critical fractile
is positive and the ordering quantity at stage 1 is lower than the critical fractile with updated
information, the optimal ordering quantity g5 at stage 2 is positive, i.e. the SO procures additional

flexibility at that stage. In all other cases the SO will not be active on the market in stage 2.
Stage 1

The two-part solution of stage 2 is reflected in the cost function at stage 1 that is derived as fol-

lows:



C1(2, q1) = c1q1 + E3[C(X, q1, g3) 1]

a4
|( (c1 = cg)gy + ceE[X|pa] + ce J- [G: — x]fX|12(x)dx G1>p(a) vV p(uz) <0 7)
- 4 7w
L(Q = ¢2)Gs + (cz — cp)p(uz) + cgE[X | 2] + ci f [p(u2) — x]fX|12 (x)dx 0<q1<puz)

In line with Yan et al. 2003, we assume that the optimal procurement level p(u,) is a linear
function of the location parameter u, of the (flexibility) demand pdf, which constrains the class
of distributions that are eligible for the stochastic flexibility need. One of the possible choices is
to assume that the stochastic flexibility demand X is normally distributed.’ This is an appropriate
choice also in view of the case study — as long as we include the possibility that the actually
needed flexibility may become negative, as discussed before. Clearly such an assumption would
not be meaningful in the case of a newsvendor problem, yet it is interpretable in the present

context as highlighted above.

Hence we proceed by presenting the analytical solution in terms of the normal distribution with

p(uy) = py + zoy = §, withz = @1 (CEC;CZ) Consequently, the expected costs can be written as:
E

E; [leh + E;[C,(13, q4, qé)]]

— 00 —00

41-z02 41
= J- {CEE[XWZ] —(cg—¢1)qy +cg f @1 — ) fx, (x)dx} Fipi, (R2)d i,

o p(uz)
+ f {CEE[XWZ] —(c; =Gy — (cg — c2)p(p2) + ¢ j (p(uz) — x)fxuz (x)dx} fM2|11(M2)dH2

41-202
The first integral represents cases in which u, turns out sufficiently small so that the SO has
already bought enough flexibility in stage 1 and there is no need to procure additional flexibility
in stage 2. The expected costs in this case are determined as costs of curtailment valued with
penalty cg reduced by the cost saving through procuring flexibility in stage 1 ((cg — ¢1)§;). How-
ever, excess flexibility procured in stage 1, that is not required to cover demand, leads to addi-

tional costs which is considered in the last term of the first integral.

The second integral on the other hand represents cases with large u, and the resulting flexibility
need exceeds the flexibility procured in stage 1. Consequently, the SO procures additional flexi-
bility in stage 2. The expected costs in this case are calculated as in the first case but comprise

costs savings from both procuring flexibility at costs of ¢; and c,.

> Another eligible distribution is the uniform distribution (cf. Yan et al. 2003).
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Analogously to stage 2, the necessary condition for an optimal non-zero ordering quantity is

given by the derivative of the expected costs:

0E,[C1(X, q4)] /6q1 —0 (9)

The derivative is computed with the help of Leibniz’s Rule as:

41-203

IE[G (X, ql)]/aql =c¢—ct+(c;— CE)FM2|11(61 —20y) + cg f Fx1, (‘h)szul(.“z)d.“z (10)

—00

The second-order derivative is always positive so that the expected cost function is convex in gq;.
Hence, there exists an optimal order quantity g7 (and g3, cf. above) that minimises the expected

cost function.

The improvement achievable through this two-stage procurement approach is evaluated against
the benchmark of single auctions either at stage 1 or 2. The respective optimal quantity of a
single-auction market is given by the critical fractile based on the available information set. Con-
sequently, the flexibility procured and the associated costs of the two-stage auction design can
be compared to results of the single-stage alternative. The model results are visualised by the help

of a numerical application in the next section.

4 Application

As already discussed in the preceding section, a key driver of congestion management in elec-
tricity grids is the fluctuating infeed of renewable energy. This especially applies to DSOs as they

are in charge of those networks where most of renewables are connected to.

On this account, the numerical analysis is tailored to an illustrative example of congestion in the
distribution grid. In particular, a large wind park (55 MW) is connected to a HV/MV transformer
(110kV/20kV), which causes grid congestions in periods of high wind power infeed and low load.
In this case, the DSO can utilize all flexibility options that are located in the topological area of

the congested transformer (grey area in Figure 2) if they participate in the flexibility market.®

® It is hereby assumed that the medium voltage grids are not meshed between different HV/MV transformers
or alternatively that they are operated with open interconnections. Hence all flexibility options inside the
transformer area fully impact the congestion. In contrast, all other flexibility options outside this area have
no impact on the electricity flow via the transformer and cannot be utilized to resolve the congestion.
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Figure 2: Illustration of a congested HV/MV transformer and the transformer region (grey).
The timing of the auctions considers the trade-off between adequate lead times required by the
flexibility suppliers and decreasing uncertainty revealing the flexibility need more precisely. In
the numerical illustration, the auctions are scheduled corresponding to the flexibility resources
available in the exemplary market area. These include gas compressors that require some hours
of lead time and relatively fast cross-sectional technologies (s. section 4.1.2). Accordingly, the
first auction is scheduled three hours before delivery to acquire flexibility options with longer
lead times. The second auction is conducted one hour before delivery, so that DSOs have the

chance to purchase additional flexibility based on an improved demand forecast.

Subsequently we first describe the parametrization of our reference case A (section 4.1) and then
introduce further exemplary cases B-D (section 4.2). After reporting the results for these exem-
plary settings (section 4.3), we conduct a more systematic analysis of the impact of key model

parameters on the results (section 4.4).

4.1 Description of the reference case (case A)

To conduct the numerical analysis, all model parameters from section 3 are calibrated based on
empirical data. Sections 4.1.1 and 4.1.2 give a brief summary while the determination of the

parameters is explained in more detail in appendices A and B.
4.1.1 Parametrization of flexibility demand in the reference case

On the demand side, the locational and uncertainty parameters y; and g; of the distribution func-

tions of the flexibility define the information set at the two stages. The actual flexibility demand

11



is the result of high (back-)flows at the transformer Qﬁigxsform" that exceed its maximum capac-
ity Kiransformer 7 Therefore, the general rule for actual flexibility demand X, is given by
XAO _ maX(Qﬁygxsformer . K;rg;lsformer, 0) (11)

The load flow ng‘zsformer is the difference of the infeed of the (wind) power plants Qg and

the aggregated electricity demand Qg4 of all consumers

t
nygxsformer = Qgen — Qaem (12)

If Xo > 0, flexibility in form of an increase in consumption or a decrease in generation is de-
manded. Negative flexibility demand could be defined analogously, yet we subsequently focus
on situations with E[X,] > 0, i.e. situations with expected excess infeed. If both forecast errors
for (wind) infeed and demand are normally distributed, the uncensored flexibility demand varia-

ble X is then also normally distributed, cf. e.g. (Chen et al. 2019):

transformer transformer
X = Q f —K f

Ktransformer (1 3)

flow max = Qgen — Qdem — max

The illustrative example includes a maximum transformer capacity K/ of 40 MW. Em-
pirical data on vertical load flows of a HV/MV transformer show that if a congestion is expected,
the flexibility demand is on average 6.95 MW ~ 7 MW (cf. Appendix A). Based on this value a
typical situation can be designed that is characterized by low consumption Qe of 3 MW and
high wind power infeed Q 4, of 50 MW, in which flexibility would be procured. In this example,

the predicted flexibility demand in ¢ is calculated as:
E[X;] = sign(50 MW — 3 MW) - max(|50 MW — 3 MW| — 40 MW,0) = 7 MW (14)

The flexibility demand forecast is subject to uncertainty stemming from wind power infeed and
uncertain load. The parameters are also derived from empirical data by analysing the distribution
of forecast errors with lead times of one and three hours (Appendix A). Based on these data, the
standard deviation of the flexibility forecast at stage 1 oy is estimated at 4.65 MW. After the in-
formation update in t;, the SO is faced with an improved flexibility forecast with an updated
expected demand p, and reduced uncertainty g, of 3.45 MW in stage 2. The resulting reduction
factor of uncertainty is & = 0.74. p, is a random draw from the pdf of the flexibility with the
information set I;. In our scenario analysis, reference case A represents a situation with signifi-

cantly increasing flexibility demand after the information update in order to show the optimal

7 The consideration of the n-1 criterion is not necessary because the SO only needs to assure grid stability
with focus on demand side and not on supply side loads.

12



reaction of the SO in case of being short in flexibility (u; > u;, here we use u, = u; + ay). In

summary, the following demand side parameter values are used:

Table 1: Demand-side parameters of case A.

ty [9)
W =7 MW 1, = 11.65 MW
o, = 4.65 MW 0, = £0y = 3.45 MW

4.1.2 Parametrization of flexibility supply in the reference case

On the supply side, the relevant parameters of the model are the variable cost of the flexibilities
¢, and ¢, as well as the penalty cg. The cost ¢; and ¢, of the SO for flexibility procurement
correspond to the prices that the flexibility marketers would bid into the flexibility market to
provide flexibility. In the absence of strategic behaviour on behalf of the flexibility providers,

these prices are driven by the (opportunity) cost faced by the flexibility provider.

Alternatively, the SO can also fall back on curtailment as ultimate measure in case of insufficient
flexibility procurement in both auctions. In the event of curtailment, German regulation stipulates
that the grid operator being responsible for the curtailment is obliged to compensate the owner
of the wind power plant for lost revenues. Lost revenues comprise the remuneration tariffs of
wind power plants that are specified by the German Renewable Energy Act. In 2018, the average
remuneration for onshore wind power plants was approximately 85 € per MWh. This therefore

taken as our base estimate for cost cg.

One flexibility option for the SO are electric gas compressors, which are part of the natural gas
transmission system. Natural gas, while being transported through gas pipelines, needs to be
constantly pressurized by compressors. Usually, these compressors are powered by gas turbines
that withdraw natural gas directly from the gas grid. Currently, some gas grid operators expand
these compressor stations with electric motors to switch from gas fired to electrically driven tech-
nologies in times of low power prices. This innovative concept could be more economically
viable, if additional revenues are generated by selling this flexibility at the flexibility market.
Electric gas compressors can provide significant amounts of flexibility because their installed ca-
pacity usually exceeds 10 MW. However, as the main function of a compressor is to secure the
scheduled volumes of gas transportation, the actual amount of flexibility is limited by the demand
of transportation capacities. The number of limiting conditions the operator of the compressor
has to consider results in a lead time of several hours. Consequently, this flexibility option is only

accessible to the SO in the first auction.
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The costs ¢ © are determined by the cost spread between operating the compressor by gas turbine
and by electric motor. If the cost of electricity minus the additional revenues from the flexibility
market is lower than the cost of gas, it would be economically beneficial to perform a fuel switch

and provide flexibility in times of congestions. Besides the intraday wholesale prices for gas pgos

and electricity pl7, the efficiency of the gas turbine 7,445 and the electric motor 7,;, taxes and

levies

levies p? and the CO: price po, in case of the gas fired turbine need to be considered:
p] p 2 8
Pl Pga
e 1 c gas 1
—— P = " < T4 pgas® + o, (15)
Nei 77gas

The minimum revenues that the marketer of the electric compressor expects from the flexibility

market is therefore:

pmiholesale ] pwl;lsolesale ]
cJ > (—e + pfj‘”es> — (—g + plries + pr) (16)
Net Ngas

Thus, ¢J° highly depends on actual intraday prices. Especially in hours with low or negative
wholesale prices, the electric compressor may be a profitable option for congestion management.
However, driven by high taxes and levies for electricity, the electric compressor is very frequently
more expensive than curtailment in Germany. Thus, for the reference case, we assume that large
switchable loads, which participate effectively in congestion management, are exempted from
fees and taxes. This is a valid assumption because there are already several regulations in Ger-
many that exempt consumers from taxes and levies in case of electricity consumption that sup-
ports grid stability.? Otherwise the gas compressor could not compete with other flexibility op-
tions, which is discussed in section 4.2. Consequently, the reduction of taxes and levies decreases
the costs of the gas compressor’s flexibility significantly which leads to flexibility costs of the gas

compressor of c{° of 10 € per MWh (cf. Appendix B for a detailed consideration).

Flexibility potentials of business facilities are mainly provided by cross-sectional technologies
like air conditioning and ventilation systems. The load shifting potential of single facilities is usu-
ally limited to a maximum of a few hundred kilowatts. By pooling and marketing an aggregated
portfolio of potentials however, a significant amount of flexibility may be offered to the SO. A
prerequisite to participate on the flexibility market is the implementation of an energy manage-
ment system. These systems are usually applied to optimize the electrical demand to minimize
energy procurement costs. However, if additional revenues on a flexibility market incite load
shifting, these plants can shift their electrical withdrawal from periods with low energy prices

Pptannea t0 periods of excess wind power infeed. To provide an incentive, the revenues of the

8§19 StromNEV, for example, allows the grid operator to offer reduced network fees to a consumer on
condition that the electricity withdrawal supports grid stability.
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flexibility market have to exceed the additional costs that arise by withdrawing electricity during

periods with higher electricity prices pf7,,. Thus, the cost for such flexibilities cf% are given by:

Clcsz = ij‘[l)ex - pll)[l)anned (17)

The flexibility from cross-sectional technologies is limited by its primary purposes, so that the
related electricity demand cannot be shifted or pooled arbitrarily over several hours. Also result-
ing backlog demand has to be caught up within a restricted time period. Given that the scheduled
electricity consumption exploits lowest energy prices and with a maximum shifting time of six
hours, a spread of additional costs for load shifting for every quarter of an hour can be computed
(cf. Appendix B). The average of these spreads is taken as estimate for the cost of flexibility pro-
vided by cross-sectional technologies in our reference case. Based on intraday prices in 2018, it
equals cf% = 20 € per MWh. Due to a high degree of automatization lead times are expected to
be short so that these technologies are not restricted to a specific auction. A detailed explanation
how the costs are determined and how they vary depending on the maximum shifting time is

included in Appendix B.

Given that gas compressors suffice to meet flexibility demand in the first auction, it will drive the
more expensive cross-sectional technologies out of the market. These in turn are assumed to be
the only flexibility option in the market in the second auction. Thus, in stage 1 the costs for
flexibility is determined by the gas compressor at ¢; = ¢9¢ = 10 € per MWh and in stage 2 by

cross sectional technologies at ¢, = ¢ = 20 € per MWh.

4.2 Description of further cases
The setting and the parametrization of our reference case as described in the previous section is
summarized in Figure 3. To examine the impact of different parameter scenarios on the results of

the two-stage flexibility procurement, several alternative cases are considered.

t ta t3
; ; ;
Flexibility demand: X|Il;~N(7,4.65%) X|I,~N(11.65, 3.45%) x
Gas compressor Cross-sectional Penalty
Flexibility options: € € €
=10—+~ =20—+~ =85——+—
¢t MWh € MWh e MWh
Figure 3:Parameterization of reference case A.

Case B - Decrease of predicted flexibility after information update pu, < p,

The reference case describes an exemplary realization where the information update of the wind

power forecast results in a significantly increasing flexibility demand. Case B in turn represents a
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situation with a decrease in flexibility demand after the information update. The reference case
calls for a reaction by the SO to buy additional flexibility, whereas in case B, the SO faces a
situation where her upfront procurement is likely to be oversized. To illustrate this situation, the
same initial flexibility demand forecast with mean p; of 7 MW and an updated flexibility demand
with mean p, of 2.35 MW is assumed (u, = u; — ay). The forecast uncertainty and its improve-

ment remain at the same level as in the reference case.
Case C - Levies and taxes of the electric gas compressor

As stated before, levies and taxes have a strong impact on the economic viability of the compres-
sor station’s participation in the flexibility market. In our reference case, these cost components
are omitted so that the gas compressor is able to compete against the cross-sectional flexibility
options in stage 1. In case C, it is assumed that large switchable loads, which participate effec-
tively in congestion management, are still obliged to pay grid fees and taxes. The burden of taxes
and levies increases the costs of the gas compressor’s flexibility by more than 70 € per MWh to
80 € per MWh (cf. appendix B). Consequently, the compressor is more expensive than the cross-
sectional technologies which now provide the cheapest flexibility option in both auctions with

¢, = ¢ = 20 € per MWh.
Case D — Decreasing penalty costs

Within the recently adopted law NABEG 2.0°, provisions are made to integrate the current fall-
back option of curtailment into the redispatch process. Consequently, in our model renewable
curtailment can be interpreted as another flexibility option on the flexibility market. Due to in-
stalled control units, that allow wind power plant operators to react in real time, flexibility of
wind power plants is available without any lead time in t5. According to Hockner et al. (2019a)
considering subsidies in the calculation of opportunity costs of renewables in a flexibility market
can cause market distortions and lead to an inefficient selection of flexibility options to solve grid
congestions. This has also an impact on the calculated penalty costs cg. Hockner et al. (2019a)
propose the implementation of side payments, that are equal to the market premium (MP), to
achieve an efficient market outcome. Consequently, renewable power plants would not demand
the full tariff granted by the support scheme on the flexibility market, but only the difference
between the granted tariff and the market premium. In the German system, this difference is
called monthly market value (MMV). In 2018, the average MP equals 60 € per MWh, which leads

to costs of renewable regulation on the market of

° The intent of the Grid Expansion Acceleration Act (NABEG) 2.0 is to amend existing regulation with the
target to expand grid infrastructure and encourage renewable energy supply.
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— tariff — MP = MMV = 85— — 60—t = 25_¢ (18)
cp = tariff - = uwr” P Mwh T “CMwh

This case also corresponds to renewable power plants that run out of the remuneration guaran-
teed by the support scheme. Since 2000, the German support scheme guarantees wind power
plant owners a specified feed-in remuneration for a maximum period of 20 years. Thus, for the
first wind power plants, the remuneration period will end in 2021. Consequently, wind power
plant operators could still sell their electricity in the market, but they do no longer receive the
market premium which was paid by the SO as part of the support scheme. This would lead to the

same opportunity costs c; of 25 € per MWh as described above.

4.3 Results of different cases

Analyzing the results of the different cases, we focus on the optimal procurement strategies and

the resulting costs for the SO.
4.3.1 Optimal procurement strategies

In case A and B, the mean flexibility demand is predicted as 7 MW with the same uncertainty of
4.65 MW and the SO can buy flexibility of the gas compressor at costs ¢; of 10 € per MWh. The
corresponding optimal quantities are given in Table 2. Based on the available information at t;,
the optimal procurement quantity in t; is g =11.43 MW in both cases, which is much higher
than the expected value of 7 MW. The SO buys this additional flexibility in order to avoid falling
back on more expensive flexibility options in the following stages. Thus, this procurement quan-
tity is dimensioned considering the demand uncertainty and the anticipated increased flexibility
costs for later procurement. The information update in case A indicates a significantly higher
flexibility demand and the SO’s optimal strategy is to buy additional flexibility in t,. In contrast,
in case B, the predicted flexibility demand decreases substantially. The critical fractile p, specifies
the optimal amount of flexibility that the SO should buy given the information set I,. Therefore,
in case A, the SO procures some additional 2.71 MW to attain the optimal amount of 14.14 MW.
In case B, the SO has already procured 6.59 MW more flexibility in stage 1 than indicated by the
critical fractile after the information update. Thus, it would be optimal to sell the excess flexibility,
but since no flexibility sales by the SOs are allowed, the optimal strategy is to be inactive in stage

2.

Table 2: Optimal procurement quantities in different cases in MW.
q1 a9 total P2
Case A 11.43 2.71 14.14 14.14
Case B 11.43 0 11.43 4.84
Case C 0 14.14 14.14 14.14
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Case D 8.08 0.67 8.75 8.75

In case C, the costs of flexibility are identical in both stages, because the gas compressor is driven
out of the market by higher cost compared to flexibility from cross-sectional technologies. As a
result, the SO does not benefit from procuring flexibility at stage 1 under higher uncertainty than
in stage 2. Consequently, all flexibility is procured in stage 2 after the information update has
realised. In stage 2, the optimal ordering quantity of 14.14 MW equals the one in case A because
all parameters are identical except the cost of flexibility in t;. As the SO does not by any flexibility

at stage 1, she needs to buy all 14.14 MW in stage 2.

In case D, we assume significantly lower costs of the fall-back option curtailment. Accordingly,
the overall level of procured flexibility is much lower because the incentive to buy large amounts
of flexibility in excess of expected needs in order to avoid expensive penalty costs is much de-
creased. The reduction of cg from 85 €/MWh to 25 €/MWh leads to a reduction by nearly 40%
in the optimal procurement level p, to 8.75 MW compared to 14.14 MW in the other cases.

20
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Figure 4: Marginal change in expected costs at t1 as a function of procurement quantity q:

In addition to the previous results, Figure 4 illustrates the computation of the optimal procurement
quantities in stage 1 for the four cases considered. It shows the implementation of equation (9) to
determine q; as the root of the derivative of the expected cost function in stage 1. The actual
amount of flexibility that the SO requires in t; is not considered explicitly because it has no

impact on the preceding procurement strategy on the flexibility market.
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4.3.2 Resulting Costs

Analysing the resulting costs for the different cases indicates that changing single parameters can
have a great impact on the procurement costs of the SO. Table 3 gives an overview of the costs
arising in stage 1 and 2 following the optimal procurement strategies of section 4.3.1. It also
includes the expected costs in stage 2 considering all possible scenarios of the actual demand in
stage 3 and resulting additional costs by utilizing the fall-back option. It should be emphasized
that a different development of the flexibility demand is assumed in case B so that the costs of

this case are not comparable to the other cases.

Table 3: Costs and expected costs of flexibility procurement in Euro.

c, c, Cyes EC,
Case A 114.34 54.11 168.45 208.84
Case B 114.34 0.00 114.34 114.72
Case C 0.00 282.79 282.79 323.18
Case D 80.76 13.41 94.17 176.39

In case A, the SO pays 114.34 € for 11.43 MW of flexibility provided by the gas compressor and
54.11 € for 2.71 MW of flexibility provided by the cross-sectional technologies which results in
total costs of 168.45 €. The expected costs at stage 2 is 208.84 € which means that expected
additional costs for all scenarios in which actual demand exceeds the procured flexibility is ap-
proximately 40 €. In case C, all flexibility is procured at stage 2 which results in strongly increas-
ing costs compared to case A (55 %). The same result would be obtained if no first stage auction
would be implemented in case A. Thus, the cost increase illustrates also the economic benefits
of having more than one auction if this enables the SO to procure cheaper flexibility. In case D,
the costs of flexibility procured in stage 1 and 2 decrease significantly by 44%, because low
penalty costs in stage 3 induce a small-sized procurement strategy. However, due to this strategy
the probability of requiring additional flexibility in stage 3 increases significantly, which is re-
flected by the increased difference between the expected costs in stage 2 and the total costs of

advance procurement of almost 80 €.

Case B represents a case of decreasing flexibility demand after the information update in stage 2.
Due to an oversized flexibility procurement strategy in stage 1 it is unlikely that the actual flexi-
bility demand in stage 3 surpasses the already procured amount of flexibility. Consequently, the

total costs of advance procurement and the expected costs at stage two only differ by 0.38 €.
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Figure 5: Expected cost at stage 2 as a function of procurement quantity q:

Figure 5 illustrates the expected cost curves at stage 2 and points out the optimal quantities q;
that are calculated by equation (6). Black markers thereby highlight the expected costs at stage 2
when the optimal flexibility is procured at stage 2, which correspond to the cost EC, reported in

Table 3.

4.4 Sensitivity analysis of different parameters on model results

Exemplary situations with specific parameter constellations as discussed in sections 4.2 and 4.3
provide good illustrations of the basic functioning and the trade-offs captured in the model. Yet
the analysis of these situations may be complemented by systematically investigating the effect
of varying parameters using sensitivity analyses. All sensitivities build upon the parameterisation
of the reference case (case A) and compare the optimal procurement strategy in terms of quanti-
ties and expected costs to this reference situation. In contrast to the cases in the previous section
with a single realisation of u,, the sensitivity analyses are evaluated based upon expected values

to consider the full range of possible realisations of the random variables.

A crucial issue in designing flexibility markets is the number and the timing of auctions. The
efficiency of the timing depends on the flexibility options that bid into the scheduled auctions.
To assess the benefit of having two auctions as implemented in our model, the results of a market

with a single auction, either in stage 1 or 2, are furthermore displayed as a reference.

Section 4.4.1 focuses on the impact of ratios of the cost parameters and in section 4.4.2 the
impacts of the information update parameter ¢ and the level of initial uncertainty are discussed.

The sensitivity analysis is conducted examining the effect of parameter changes on the optimal

20



ordering quantities q; and E;[g3] as well as the expected overall costs for congestion manage-

ment C = E;[C;] and its split over procurement stages.
4.4.1 Costs parameters

In the first sensitivity analysis, the cost of the flexibility option in stage 1 is varied in order to

analyse the impact on the procurement strategy of the SO. The interval for the ratio of ¢; and c,

is chosen as E—l € [0.25;1], i.e. ranging from a large cost difference between the flexibility options
2

at both stages to equal costs.

Figure 6 (upper left) displays the optimal quantities the SO would procure at both stages — nor-
malised to the aggregate flexibility procurement of the reference case gy, 1° (marker) — depending
on the cost ratio of the flexibility options at stage 1 and 2. A low cost ratio results in a strategy
where flexibility procurement is limited to the first stage (dashed blue line). This result indicates
that the procurement resulting from a situation as the one presented in case B — i.e. exclusive
procurement in stage 1 — is more probable than the one resulting from case A."" As the cost ratio
increases, i.e. cost levels converge, the level of flexibility procured at stage 1 decreases. The
parallel increase of procurement in stage 2 (dashed orange line) yet does not compensate the
reduced early procurement as costs for flexibility increase in relation to the penalty for curtail-
ment. Interestingly, a sharp reduction of early procurement is observed for low cost differentials

only.

Comparing the optimal procurement strategies in the case of two auctions with the procurement
in single auctions reveals that the aggregate procurement volume (grey line) is between the
amounts of flexibility purchased in single-auction markets (blue and orange lines). This is intuitive
as the SO can combine benefits from lower costs in stage 1 and a more precise forecast in stage 2.
Reasonably, in the extreme case of equal cost levels in both auctions (i.e. cost ratio 1), the SO
postpones full procurement until stage 2 to exploit the reduced uncertainty as already demon-

strated in case C.

O with grer = q1 + Eq[qz]-
' The probability of the two exemplary cases is equal.
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Figure 6: Quantities and costs for the sensitivities of flexibility costs (left) and penalty cost (right) relative to the reference
case.

The efficiency of two auctions compared to single auctions can be evaluated from the expected
costs in Figure 6 (lower left). Expected costs are normalised with costs of the reference case Cy.¢
(marker). With almost exclusive procurement in stage 1 in situations with high cost differentials,
the cost advantage compared to a single early auction (blue line) is negligible whereas the cost
reduction compared to a single auction at a later stage (orange line) is high. The higher the
amount of flexibility that is shifted from the early stage to the later stage in accordance with the

increasing cost ratio, the lower this cost reduction is.
Case D shows that a reduction of the penalty for curtailment leads to a reduction of overall flex-
ibility procurement. This result is confirmed by the sensitivity regarding the ratio .. of the penalty

cost relative to the cost of the flexibility available in the second auction. This ratio is investigated

for the range Z—E € [1; 5] (Figure 6 right)). In case there is no difference between the cost of flexi-

bility that bids into the second auction and the penalty, flexibility is only procured in the first

auction (dashed blue line). In this extreme case, the amount is reduced to 60 % of the amount
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that is procured in the reference case. The increase in early procurement as well as in procure-
ment at stage 2, however, flattens out with the increase of the ratio of the penalty and flexibility

cost in the second auction.

The procurement strategies are mirrored in the costs. The cost advantage of a two-auction market
over a single-auction setting is lowest with a low penalty. The extent of the cost advantage is by
far higher compared to a single auction in stage 2 (orange line) as the major share (> 60 %) is

procured in stage 1 at lower costs.
4.4.2 Information update and level of initial uncertainty

Besides the cost relations of flexibility options and curtailment, the extent of uncertainty reduction
through the information update is relevant for the benefit of conducting two auctions compared
to a single auction. This effect is investigated by varying the parameter ¢ = 0, /0, which describes
the information improvement through the update respectively the relative reduction of uncer-

tainty at stage 2.

Figure 7 (upper left) shows that a considerable information improvement, i.e. reduction of uncer-
tainty is necessary for the SO to reduce her flexibility procurement. Compared to the reference
situation, in which the standard deviation of the updated flexibility demand is about three quar-
ters of the initial standard deviation, total procurement is only ten percent higher in a situation
without any forecast improvement. The aggregate procurement (grey line) varies linearly between
75 % and 107 % of the reference quantity on the interval of the varied ratio of the uncertainty
levels associated with the two information sets between 0.1 and 0.9. The limited effect of the
information update is owed to the fact that the relative high cost differential between the flexibility
options results in a generous procurement in the first stage (dashed blue line). This result is in line
with the findings derived in Choi et al. (2003) where the performance of the two-stage procure-
ment compared to early procurement only is better the lower the share of the inherent demand
uncertainty and the higher the reduction of uncertainty through the information update is. Ac-
cordingly, the cost advantage of two auctions (grey line) compared to a single late auction (orange
line) is considerably higher than compared to a single early auction (blue line). For the design of
flexibility markets this result indicates that in such a setting the timing of the auctions can be

largely chosen irrespective of the extent of the information update.
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Figure 7 Quantities and costs for the sensitivities of the information update (left) and the initial uncertainty level (right)
relative to the reference case.

The final sensitivity analysis explores the impact of the expected value of flexibility demand in
relation to the initial uncertainty level, i.e. the ratio u; /o, of location and uncertainty parameter
at stage 1. The composition of the flexibility procurement for a variation of the mean predicted
flexibility need in stage 1 is depicted in Figure 7 (upper right). The graph reveals a linear relation
of the quantities procured in the first auction (dashed blue line) and the initial uncertainty level
whereas the procurement in the second auction (dashed orange line) is on a constantly low level.
Hence, an increase in the initial mean flexibility demand forecast directly induces additional
quantities procured in the early stage. Similar to the previous sensitivity, the cost advantage of

two auctions mainly stems from the early procurement opportunity.

5 Conclusion

Our model shows that the two-stage Newsvendor Problem is applicable to the context of auction-
based flexibility markets. The analytical model provides a tool to compare the design of flexibility

auctions in relation to parameters constellations. These include the costs of different flexibility
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sources, which in turn depend on characteristics such as lead times and penalty costs for curtail-
ment. Furthermore, the distribution of the ex-ante uncertain flexibility demand is decisive. Our

findings are based on the assumption of an underlying normal distribution.

The numerical analysis shows that in all situations a major share of the flexibility is procured in
the first auction. Still, case A shows that an increase of the flexibility demand after the first auction
leads to procurement in the second auction. However, under the investigated normal distribution
of the flexibility demand, situations of significantly increasing demand have a low probability of
occurrence. According to the sensitivity analysis, considerable flexibility volumes are only pro-
cured in the second auction either in case of a very low-cost differential between the flexibility
sources or with a high reduction in uncertainty. In these cases, the cost reduction compared to a
single auction in the first stage is noteworthy whereas in all other cases the aggregate costs with
two auctions are almost as high as the costs of a single early auction but considerably lower than
the costs of a single late auction. Consequently, these results indicate that if the market design is
limited to a single auction, in most cases it is efficient to be scheduled rather early because the

surplus to procure cheaper flexibility options exceeds advantages of lower forecast uncertainty.

Furthermore, the sensitivity analysis visualises that given a high differential between the unit costs
of the flexibility options and a low uncertainty reduction through the information update, the
effect of the information update compared to a single early auction is rather limited. This provides
a basis for harmonised auction time schedules across different regional flexibility markets. Such
a harmonised design can be beneficial for the development of business concepts e.g. by aggre-
gators who might manage a portfolio of flexibilities and would therefore act in several flexibility

markets.

We assume that the costs of different flexibility sources are common knowledge or at least known
to the SO. This assumption can be justified by the repeated nature of the occurrence of congestion
and a limited range of flexibility sources depending on the market size. The implication of un-
certain cost of flexibility available in the second auction, however, can be directly transferred
from the discussion by Choi et al. (2003). They find that only if the first-stage ordering cost is
lower than the expected unit ordering cost at the second stage the optimal order quantity at the

first stage shall be positive.

An issue that can be highly relevant for the design of flexibility markets is market power. The
smaller a flexibility market, the higher the influence of the individual bid to relieve a congestion.
However, a small market with limited sources of flexibility is prone to market power as flexibility
auctions will be repeated and are therefore suitable to facilitate collusion among few market
participants. In an extension to the two-stage version of the Newsvendor problem, Zheng et al.

(2015) raise the issue of limited supply in the emergency ordering, i.e. second stage, that results
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from capacity constraints. In contrast to the assumption of sufficient flexibility supply in the model
of the present work, the impact of market power could be analysed by the help of this model
extension where the capacity constraint is intentionally created by withholding flexibility. An
approach to limit the market power in the flexibility markets is to introduce price caps that reflect
the actual opportunity costs at system level (cf. Hockner et al. (2019a)). This at least ensures that
even in the presence of strategic behavior, the market outcomes are an improvement compared

to a situation without any auction.
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Appendix
Appendix A — Parameterization of the flexibility demand

We assume that the flexibility demand forecasts — when a congestion is expected — follows a
normal distribution with locational parameter u and uncertainty o. To define the expected flexi-
bility demand y, the times series of empirical vertical load flow data'? of a HV/MV transformer is
evaluated (compare Figure 8, left) with positive values denoting flows from the MV to the HV
grid level and vice versa. The red line represents the assumed maximum transformer capacity of
40 MW, so that the boxed area shows a period in which the load flow exceeds the transformer
capacity. Consequently, this flow leads to a congestion that can be resolved on a flexibility mar-
ket. Assessing the empirical data, the expected value of all quarters with an imminent congestion

is on average 7 MW.
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Figure 8: Empirical data of vertical load flow at a MV/MV transformer (left) and the histogram with the distribution of
forecast errors € with one and 3 hours lead time (right).

The uncertainty of the flexibility forecasts with lead time of one and three hours are deduced
from empirical forecast data that include an expected value of the forecasted flexibility demand
at t; and t, and the actual demand for every quarter of an hour. The forecast errors are determined
by calculating the difference between forecasted and actual values of vertical load flows at the
transformer. Histograms of these forecast errors € are presented in Figure 8 (right). Analysing the
forecast errors indicates that the forecasts underestimate the actual flexibility demand™ (cf. Table
4). Table 4 shows also the uncertainty of the forecasts as measured through the standard deviation

of the forecast errors.

12 Data was collected within the enera project (Source: enera)

13 According to the Jarque-Bera test, the assumption of normal distribution of the forecast errors cannot be
confirmed. However, a t-test proves the underestimation of the actual flexibility demand of the forecasts
as stochastically significant.
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Table 4: Analysis of the empirical forecast errors.

t t;

E[€;] —0.54 MW —-0.21 MW

STD[€;] 4.65 MW 3.45 MW

Based on the standard deviation of the forecasts at different stages, the parameter § = % =0.74
1

can be calculated, which describes the improvement of the forecast by the information update
between stages 1 and 2. This value implies that the uncertainty of the flexibility forecast decreases
to a level of 74% at stage 2 relative to the uncertainty at stage 1. In our model, we focus on the
two stages of the flexibility market with lead times of one and three hours. Based on our empirical
data which comprises quarterly updated forecasts for every quarter of an hour, yet also the un-

certainty for different lead times cam be computed (Table 5).

Table 5: Uncertainty of flexibility forecasts with different lead times.

Lead time 0.25h 0.5h 1h 2h 3h 4h 6h 12 h

o; 1.53 2.42 3.45 4.27 4.65 4.83 5.01 5.31

As described before, the improvement factors of the forecast between all lead times can be de-

rived as well (Table 6).

Table 6: Improvement factors for flexibility forecasts with different lead times.

to12h 6h 4h 3h 2h 1h 0.5h 0.25h
from 12h 1 094 091 0,88 0,80 0,65 0,46 0,29
6h - 1 0,96 0,93 0,85 0,69 0,48 0,30
4h - - 1 0,96 0,88 0,71 0,50 0,32
3h - - - 1 0,92 0,74 0,52 0,33
2h - - - - 1 0,81 0,57 0,36
1h - - - - - 1 0,70 0,44
0.5h - - - - - - 1 0,63
0.25h - - - - - - - 1

One may note that the empirical forecast data used for this analysis is based so far on a time

series of 25 days for a real HV/MV transformer because the documentation of forecast values has

Vi



just been implemented before. With an expanding data basis, the quality of the estimates for the

forecast error are likely to improve yet not to change in substance.
Appendix B — Parameterization of flexibility supply

Gas compressor

The costs ¢/¢ that the operator of the gas compressor is expected to bid into the flexibility market
are determined by the cost spread between operating the compressor by gas turbine and by elec-
tric motor (cf. equation (16) in section 4.1.2). Besides the intraday wholesale prices for gas and
electricity, the efficiency of the gas turbine and the electric motor, taxes and levies and the CO:
price in case of the gas fired turbine need to be considered. In the example, the efficiency of the

electric motor is assumed as n,; = 90% and the efficiency of the gas turbine is 74, = 30%. The

tCo,
MWhp'

COe-factor for the gas fuel is given by 954 = 0.2

All levies and taxes that arise when withdrawing power or gas from public grids are charted in
Figure 9. In the reference case, a reduction of 80% of the EEG levy and network charges are
assumed, whereas in case C, the gas compressor is not granted any exemptions. This results in a
large difference in costs and has a significant impact on the competitiveness of the gas compressor

on the flexibility market.

Charges, fees and taxes of power and gas procurement

150.00
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W Energy tax 5.50
ERLM 0.08
B Other levies 17.38 17.38
WEEG & KWK 17.03 71.37
m Network charges 478 23.90
m Electricity tax 20.50 20.50

Figure 9: Electricity and gas taxes and levies 2018.

Using empirical wholesale prices of 2018 for power, gas and CO2-certificates, a spread for every
quarter of an hour can be calculated, which represents the minimum revenues that the gas com-

pressor needs to earn on the flexibility market to provide her flexibility.
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Figure 10: Distribution of costs spreads presented as histograms (left) and duration curves (right).

For the reference case, an average cost spread of 10— is assumed which is based on a time

period with rather low wholesale prices. This is a valid assumption because the flexibility demand
is mostly driven by high wind power infeed, which in turn is correlated with low electricity prices

in the wholesale market.
Cross-sectional technologies

It is assumed that cross-sectional technologies that will participate on the flexibility market are
connected to an energy management system with a flexible operation mode. Hence, cross-sec-
tional technologies are assumed to optimize their electricity demand in order to exploit the
cheapest intraday prices. However, if the flexibility market incites load shifting, these plants can
postpone their electrical withdrawal from periods with low energy prices pylynneq to periods in
which flexibility is needed. The additional costs that arise by withdrawing electricity during pe-
riods with higher electricity prices pf7,, define the minimum price at which cross-sectional tech-
nologies would provide flexibility (cf. equation (17)). This spread highly depends on the time
interval in which the flexible load can be shifted. This time interval is restricted by backlog de-
mand that arises when a specific plant shifts its load. Calculating the spreads between ID3 prices
of every quarter hour and the minimum ID3 price in the specific load shifting interval results in

a spread price at which the flexibility option would provide flexibility on the market.



Histograms of ID3 price spreads Empirical cumulative distribution
functions of ID3 price spreads
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Figure 11:1D3 price spreads to the ID3 price minimum in a certain time interval.
In Figure 11, the distributions of price spreads are depicted as histograms and empirical cumula-
tive distribution functions. It becomes evident that the price spreads highly depend on the con-
sidered time interval. The average spreads of the ID3 prices for shifting intervals of one, three and
=3h ~6h

. . ~1h _ € - € = £
six hours, respectively, are ¢jp3 = 7.71 e Cip3 = 13.97 —— and ¢y = 19.41——. Based on

the value for the shifting interval of six hours, the cost parameter of cross-sectional technologies

. € . . . :
is set by ¢1, = 20 ———. The other values are not considered in the cases, but a detailed analysis

of cost sensitivities is conducted in section 4.4.1.

Appendix C — Nomenclature

n; efficiency of technology j
locational parameter of a distribution

¢ forecast improvement factor

(1) ;)e;?ntimal procurement level of the single (late) stage Newsvendor prob-
uncertainty parameter of a distribution

Ygas CO: factor for gas fuel

Cg penalty for curtailment

Ne) unit cost of flexibility provided at stage i (provided by flexibility

t source n)

C; cost function in stage i

E; expected cost function evaluated with the information set I;

f(x) probability density function

F(x) cumulative density function



Xl

i €{1,2}
I;

K transformer
max

n € {gc, cst}

m

pj
qi

qi
qi
Qdem

Q transformer
flow

Qgen
ti
X
Xo

V4

set of two stages
information set available at stage i
maximum capacity of the transformer

set of flexibility sources (provided by gas compressors and cross-sec-
tional technologies)

price of good j in market m

(possibly negative) analytical outcomes for quantities of flexibility
procured

optimal ordering quantity
actually procured quantities of flexibility
aggregated electricity demand

(back-)flows at the transformer

infeed of the (wind) power plants
time step

flexibility demand

actual flexibility demand

multiplier
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