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� Short-term electricity markets include day-ahead, intra-day, and real-time markets.
� Short-term markets are important tools to deal with variability in the system.
� A good understanding of their design is important for analyses on flexibility.
� The market design determines the rules by which flexibility providers must play.
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a b s t r a c t

Short-term electricity markets are generally defined as markets that take place from the day-ahead stage
until physical generation and consumption. These markets include day-ahead, intra-day, and real-time
balancing markets. In Europe, the first two are managed by power exchanges, while the third consists
of reserve procurement and imbalance settlement and is operated by the local transmission system oper-
ator. Short-term markets are important tools to deal with net demand variability in the system, in which
the need for flexibility is expressed and its provision is valorized. Due to the ongoing integration of vari-
able renewables in the generation mix, the system’s variability is increasing as a result of the limited con-
trollability and predictability of those resources. As such, these markets become increasingly important.
The contribution of this article is a comprehensive up-to-date discussion of the key design parameters
and functioning of all three short-term markets, and their impact on the demand for and supply of flex-
ibility. An understanding of the design and its implications is useful to policy-makers who are considering
changes to facilitate the integration, availability, or valorization of flexibility, while also contributing to
the decision-making of flexibility investors and operators. The geographical scope is the Central
Western European region, including the Belgian, French, German, and Dutch market zones.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Electricity markets differ from other commodity markets
because electric energy is a real-time (RT) product. Therefore, it
is necessary to maintain a balance between generation and con-
sumption at all times. Historically, electricity was generated by
large centralized thermal and hydro power plants to match
demand, with the help of fuel storage and pumped-hydro storage
plants to compensate for the variability of consumption and the
partial inflexibility of conventional power plants. The ongoing
transition towards variable renewable energy sources (RES), i.e.,
wind turbines and photovoltaic systems, challenges the reliable
operation of the power system. Their limited controllability and
predictability results in an increasing need for flexibility, i.e., the
ability to provide upward and downward power adjustments to
compensate for temporary imbalances between generation and
consumption [1,2]. At the same time, the flexibility offered by
the generation side is threatened by closure of conventional power
plants that are currently experiencing decreasing profitability due
to lower electricity prices and a limited number of operating hours.
The former is due to the close-to-zero marginal cost of RES, while
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the latter can be attributed to the merit-order effect of RES [3,4].
Further, a paradigm shift is taking place from a situation where
generation was dispatched to follow inflexible demand to a situa-
tion in which flexibility is provided by both generation and con-
sumers. However, there will be a need for electricity storage as
well to fill the remaining gap, and for the further development of
interconnection capacity and integration of adjacent markets to
access flexible resources in neighboring regions [5].

1.1. Scope and motivation

In Europe, market players self-schedule their generation, con-
sumption, and storage assets as a result of trading, which starts
years prior to delivery and continues almost until RT. This is
accomplished by a series of sequential markets, of which the earli-
est are the so-called unstandardized forward and standardized
future markets. These markets usually continue until one day
before delivery, when the power exchange holds its centrally orga-
nized day-ahead (DA) market. After clearing of the DA market,
intra-day (ID) trading is possible until close-to-RT. After gate clo-
sure of the ID market, the transmission system operator (TSO) is
responsible to keep the system balanced. To maintain this balance,
the TSO contracts and activates reserve capacity from balance ser-
vice providers (BSPs) at the procurement side, and settles imbal-
ance positions with balance responsible parties (BRPs) at the
settlement side of the balancing market [6,7]. We focus on the Cen-
tral Western European (CWE) region, which, consistent with com-
mon definitions (e.g., [8–10]), includes the Belgian, French,
German, and Dutch market zones.

Due to techno-economic constraints of power plants, and lim-
ited ability to foresee renewable generation, outages of power
plants and grid elements, and load behavior, it is in short-term
electricity markets where the need for flexibility is most apparent,
and providers of flexibility are financially rewarded. These markets
are generally defined as those taking place from the DA stage until
physical generation and consumption in RT, i.e., including DA, ID,
and RT markets.1 Currently these markets are becoming more
important due to increasing levels of variability in the system,
resulting from the ongoing integration of variable RES. A good under-
standing of the current design and functioning of these markets, as
well as of possible future developments, is a foundation for analyz-
ing the need for and provision of flexibility.

1.2. Context: the theory of short-term energy pricing and rewarding of
flexibility

Despite the attention that the literature pays to the need for
more flexibility in power markets, we must first ask why that flex-
ibility would not be forthcoming in pure energy markets, and why
additional products (e.g., the flexible ramping products traded in
some markets in the United States (US)) may be needed. Indeed,
if the issues of within-interval ramps and abrupt changes in
demand at the start and end of intervals are disregarded, then in
theory, energy prices alone can support optimal flexible operation
of generating resources without a need for separate payments for
flexibility. Furthermore, energy prices can also support optimal
investment in flexible vs. inflexible capacity. In brief, the proof of
these perhaps surprising propositions proceeds as follows.

Assume that all resources make truthful offers to the market;
there are no floors or caps to prices; consumers bid their true
willingness-to-pay, so that in cases of shortage, prices rise to the
1 In the context of this article DA and ID markets refer to those organized by the
power exchanges. Bilateral over-the-counter (OTC) trading, in which market players
agree on a trade contract by directly interacting with each other, is not in the scope o
this article.
f

marginal value of consumption; and there is no uncertainty.
These results follow from formulating the generation capacity

expansion problem as a linear program, including continuous
capacity, discrete chronologic intervals (e.g., hours), ramp rate lim-
its, and, if desired, convex approximations of commitment con-
straints. This linear program yields a primal solution that is not
only the social least-cost solution, but also represents a market
equilibrium among price-taking generators who compete to supply
a fixed demand in each hour [11]. The model also yields energy
prices (the Lagrange multipliers associated with the hourly energy
balances) that support the optimal solution. ‘‘Support” refers to the
property that each generator’s capacity and operating decisions are
profit maximizing for that generator, given the prices; a generator
cannot earn more profit by deviating in a feasible way from the pri-
mal solution. The only revenue earned by generators is from
energy sales, showing that in theory only energy prices are needed
to support optimal schedules, even when there is highly variable
net demand with steep ramps. For instance, negative and positive
price spikes associated with steep net load ramps will theoretically
send the correct signals for operation and ultimately investment in
this simplified world. Flexible generators earn more revenue and
can justify their more expensive capacity costs because they can
turn down and up to avoid negative price spikes and grab positive
price spikes, respectively.

This result generalizes to a world of uncertainty with risk-
neutral (expected profit maximizing) generators. If the generation
capacity expansion model is formulated as a linear stochastic pro-
gram with random (e.g., Markovian) net demand and RES genera-
tion, then it can be shown that the resulting stochastic prices
support the optimal operations and capacity decisions by
generators.

Therefore, justifications for the creation of flexibility products
or paying separately for flexibility in addition to energy commodity
prices require a rationale based on market failures. Such failures
could include (1) lumpy/nonconvex investment and unit commit-
ment decisions that are not appropriately reflected in prices; (2)
price caps and floors that suppress spikes; (3) dispatch intervals
(e.g., one hour) that are too long and average out spikes so that
flexibility is not rewarded; or (4) failures in the investment market,
e.g., political or highly risk-averse decision making. The extent to
which these failures provide distorted incentives for supplying
flexibility has not been quantified and is an open research topic.
In this article, we review the design and performance of existing
short-term markets in the CWE region, focusing on how they
reward flexibility, and where they might be reformed to provide
improved incentives for providing that flexibility.

1.3. Literature review and contributions

1.3.1. Literature review on the design of short-term markets
In this section, we begin our review of how short-term markets

in the CWE region incentivize flexibility by providing a compre-
hensive overview of the literature on the design of short-termmar-
kets in Europe. We divide the literature into three groups in the
following three paragraphs. The focus of each reference is briefly
highlighted, with Table 1 classifying those that consider particular
market zones and short-term markets according to these two
dimensions.

The first group of works discuss the short-term market design
for individual market zones. Ref. [7] analyzes the occurrence of
negative balancing prices in Belgium (BE), while discussing the
functioning of its balancing market. Ref. [12] reviews changes to
the balancing market in France (FR) to enhance transparency and
competition. Ref. [13] focuses on the DA market in Germany (DE)
and investigates the impact of offshore wind, and in [14] a brief
overview of the functioning of the different German markets is



Table 1
Literature review classification.

Day-ahead (DA) Intra-day (ID) Real-time (RT)

BE [3,10] [3] [3,7,34,43]
FR [3,6,10] [3,6] [3,12,34]
DE [3,6,10,13,14,42] [3,6,14,15,32,35,42] [3,14,16–23,34,35,41–

43]
NL [10,24,32,42] [24,32,39,42] [24–26,32,34,39,41–

43]
Other [6,27,30,42,44] [6,27,30,33,36–

38,40,42]
[27–31,34,36–38,40–
42]
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given. Ref. [15] analyzes the implementation of a German discrete
ID auction, while discussing the functioning of both auction-based
and continuous ID trading. Refs. [16–18] focus on a variety of
design parameters of the German balancing market’s procurement
side. Ref. [19] analyzes the German balancing mechanism while
focusing on the interplay between imbalance pricing and conges-
tion. Ref. [20] discusses three interactions between variable RES
and balancing markets, and [21] studies the impact of the balanc-
ing market design on the participation of flexible consumption,
both with a focus on Germany. Ref. [22] analyzes incentives to
behave strategically in the German balancing market, while [23]
discusses its design together with historical data. Ref. [24] reviews
a general set of principles of the different markets in the Nether-
lands (NL), but only considers limited design parameters, while
in [25] the Dutch balancing market is discussed. Ref. [26] focuses
on the procurement side of the Dutch balancing market and the
participation of electric vehicles. Turning to discussions of individ-
ual market zones outside the CWE region, Ref. [27] analyzes the
participation of RES in the Spanish ID market, while providing an
overview of the Spanish short-term markets. Ref. [28] reviews
the Spanish balancing market, and identifies market attributes that
may hinder RES participation, while [29] provides an overview of
the procurement side of the Spanish balancing market. Ref. [30]
provides a general overview of the Nordic short-term markets
and analyzes the participation of wind generators, with a focus
on the ID market, and [31] provides an overview of the procure-
ment side of the Nordic balancing market.

The second group of studies focus on design of short-term mar-
kets that include multiple market zones. Ref. [32] discusses general
principles of the Dutch markets, and of the German ID market,
while assessing wind generator bidding strategies. Ref. [3] analyzes
negative prices that occasionally occur in DA, ID, and RT markets in
Belgium, France, and Germany, and generally describes these mar-
kets. In [10], the implementation of flow-based market-coupling
(FBMC) in the CWE DA markets is discussed. Ref. [6] analyses DA
and ID market liquidity in France, Germany, Scandinavia, Spain,
and the United Kingdom (UK), while discussing a selection of
design attributes. In [33], ID trading activity and prices are ana-
lyzed for a variety of market zones in Northern Europe, while also
discussing the impact of imbalance settlement rules in the Nordic
countries on ID trading. Ref. [34] compares balancing market
design parameters across 28 countries in Europe, while [35–40]
include empirical analyses of ID and RT markets in Germany, Italy,
Poland, Spain, the Netherlands, and the United Kingdom, respec-
tively. Ref. [41] compares the settlement side of the Dutch, Ger-
man, and Nordic balancing markets. In [42], a valuable discussion
on a variety of design parameters for the three short-term markets
is provided, based on observations from Germany, Italy, the
Netherlands, Poland, Spain, and the UK, to identify aspects which
may benefit from harmonization. In addition, in 2014 the Belgian,
German, and Dutch TSOs published a study on potential cross-
border cooperation [43], in which the design of their RT balancing
markets is discussed. Finally, Ref. [44] compares the European DA
market design with designs adopted in the US.

The third group of references are not zone-specific, but have a
more general focus. In [45] a variety of market design issues for
RES integration are discussed, while [46] analyzes the impact of
RES support schemes and certain market design parameters on
RES integration. Ref. [47] analyzes expected trading volumes in dif-
ferent European ID markets, while the general functioning of con-
tinuous and auction-based ID markets is explained. Ref. [48]
discusses different design parameters for balancing markets, in
order to facilitate wind integration, while [49] identifies important
balancing market design parameters for both individual control
areas and cross-border cooperation. Finally, Ref. [50] assesses dif-
ferent alternatives to allocate cross-border transmission capacity
in Europe, and [51] analyzes the impact of imbalance pricing on
the behavior of market participants.
1.3.2. Research gap in market design analyses and contributions
Although the design of short-term markets in the CWE region

has been discussed before, previous works focus on individual or
a limited selection of (1) design parameters, (2) sequential mar-
kets, or (3) geographical market zones. In addition, the extent to
which the market design affects the needs for and rewards to flex-
ibility is not considered. An integrated discussion of design param-
eters, and their interaction with the demand for and supply of
flexibility, for all three short-term markets and all four CWE mar-
ket zones has thus not been provided before. As such, this article
answers two research questions. First, how are the markets related
to flexibility, i.e., the short-term markets, designed in the CWE
region? Second, how do these markets express the need for and
reward the supply of flexibility? The answers to these research
questions provide insight in whether flexibility is treated consis-
tently and appropriately among the different geographical and
sequential markets.

Section 2 focuses on the DAmarkets, while Section 3 studies the
ID markets, and Section 4 encompasses the settlement and pro-
curement side of the RT balancing markets. In each section we
focus on the key design features and parameters. The structure of
the discussion for each parameter is as follows: we first summarize
the design for the CWE market zones, and then hypothesize and
analyze the implications for flexibility. The intent is to encourage
policy-makers to consider market reforms that would facilitate
the integration, availability, or valorization of flexibility, and also
to contribute to the decision-making of flexibility investors and
operators. In addition, at the end of each short-term market’s dis-
cussion, we provide a summarizing table, and present the trading
volume as a share of the consumption for 2012–2015 to give an
idea of its size. Finally, Section 5 states the conclusions, and Appen-
dix A provides a list of abbreviations.
2. Day-ahead markets

In the DA market, which is a double-sided blind auction facili-
tated by power exchanges, market players trade hourly and
multi-hourly products to adapt their position from the previously
held forward and future markets. These positions, resulting in
scheduled output profiles, can be adjusted by submitting demand
and supply quantity-price bids before DA market closure, which
is at noon (12:00 pm) D-1 in the CWE region [52]. The price in a
demand bid indicates the highest price a buyer is willing to pay,
while the price in a supply bid indicates the lowest price at which
a seller is willing to sell. The intersection of the aggregated demand
and supply curve determines the market-clearing volume and
price. The DA market is based on a pay-as-cleared principle,
through which all cleared demand bids in a market zone pay a uni-
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form market-clearing price, while all cleared supply bids in a mar-
ket zone are remunerated by that same price. In the CWE region
the market zones coincide with the countries, except for the Ger-
man market zone, which includes Germany, Austria, and Luxem-
bourg. However, there are plans to split the German market zone
in 2018 in order to create a separate market zone for Austria
[53]. While DA market trading within market zones is not con-
strained by the internal electric grid, its interaction with neighbor-
ing market zones is constrained due to the limited interconnection
capacity. As a result, DA prices may differ between market zones
when interconnection lines are congested [3,54]. Since the planned
output schedules after gate closure of the DA market may lead to
congestion within a zone, the TSO may be required to perform
redispatch actions to clear that congestion [55].

In the remainder of this section we discuss the CWE DA mar-
kets’ order types, temporal resolution, cross-border trading, price
cap and floor, and trading volumes.
2 These include Austria, Belgium, Czech Republic, Denmark, Estonia, Finland
France, Germany, Hungary, Italy, Latvia, Lithuania, Luxembourg, the Netherlands
Norway, Poland, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden, and the UK.
2.1. Day-ahead market order types

The standardized orders in DA markets are limit orders, i.e.,
hourly offered or requested quantities with a certain price limit.
Besides these hourly products, power exchanges may also allow
so-called complex orders. In the CWE region these include block
orders, linked block orders, and exclusive block orders. Block
orders are used to link several hours, whose quantity may differ
for each hour, on an all-or-nothing basis. That is, either the bid is
matched on all hours or is entirely rejected. The acceptance of a
block order depends on its bid price and the volume-weighted
average DA price in the hours contained in the block. A linked block
order is a block order that is part of a set of multiple block orders
that have a linked clearing constraint, while an exclusive block
order is part of a set of block orders of which, at most, one can
be cleared [1,56]. Complex orders allow the implicit inclusion of
cost non-convexities and intertemporal links. These include start-
up and shut-down costs, ramp rates, minimum load levels, mini-
mum up and down times, and energy buffer dynamics [57]. In
addition, they provide a means for more robust bidding under price
uncertainty. However, the amount of complex orders is limited per
market participant for computational reasons [58].

In addition, the introduction of so-called storage orders is cur-
rently being discussed [59]. This market product would require
storage operators to provide technical parameters (i.e., stored
energy at the start of the delivery day, energy and power bounds,
(dis)charge efficiency, and exogenous power flows) and economic
parameters (i.e., the price below which charge bids and above
which discharge bids may be cleared). Given these parameters,
storage participation can be decided upon by the market-clearing
algorithm.

In contrast to block bids, so-called multi-part bids (which are
present in some US and European (e.g., Spain) markets) allow play-
ers to explicitly include technical and economic parameters in
their bids [60–62]. As block bids require available flexibility to be
offered in a standardized format, which may not allow to represent
all technological capabilities, we argue that block bidding systems
prevent the full available capacity and flexibility from being
offered to the market. By allowing current generation, storage,
and consumption capacities to formulate their availability more
accurately without being restricted by the rigidity of current bid
types, part of the future need for flexibility can already be accom-
modated [42]. In contrast, it has also been argued that a design
with a limited number of standardized products may prove more
advantageous as transaction costs may be lower, transparency
may be higher, and markets may be more easily harmonized and
coupled [44]. This is a fundamental debate, and represents a differ-
ence in philosophy between what broadly can be called the Euro-
pean and US approaches to DA market design.

2.2. Day-ahead market temporal resolution

The DA market is based on hourly market periods, but the set-
tlement period over which market participants are responsible to
have a balanced portfolio, are quarter-hourly periods in Belgium,
Germany, and the Netherlands, and semi-hourly periods in France.
We argue that shorter market periods would allow for an improved
alignment with the settlement period, because when market play-
ers have the opportunity to trade at a sub-hourly time scale,
besides inter-hourly, this allows intra-hourly expected power vari-
ations to be dealt with by means of trading in the DA market.
While not having this possibility may not be a problem for players
with self-balancing capabilities, other (usually smaller) players
face the financial risk of being dependent on the TSO to deal with
those variations in RT by activating reserves, thereby facing the
imbalance price. It is clear that this is especially the case if the ID
market is based on hourly market periods as well, or if sub-
hourly ID products are characterized by low liquidity.

The illustrative example provided in Fig. 1 shows that hourly DA
market periods challenge players who face intra-hourly power
variations, with limited self-balancing capabilities, to avoid imbal-
anced positions (Fig. 1a). While this player has a net balanced posi-
tion, on average, over the DA market period 10:00 am–11:00 am,
imbalances occur in each quarter-hourly imbalance settlement
period due to discrepancies between the temporal resolutions. If
the DA market period and imbalance settlement period would be
aligned, such imbalance positions can be avoided (Fig. 1b).

Quarter-hourly intervals would thus shift some of the flexibility
demand from the TSO in RT to the DAmarket, and some of the flex-
ibility supply from self-balancing to the market and from BSPs to
DA market participants. As we argue in Section 1.2, a finer tempo-
ral resolution would also improve the extent to which the value of
flexibility for the system is reflected and rewarded, because the
resulting price signals would represent the physics of the system
more accurately [42,45]. While a finer temporal resolution would
improve the valorization of flexibility in the DA market, its addi-
tional value as part of a portfolio compared to standalone flexible
capacity might decrease. This can be explained as intra-hourly
variations can then also be dealt with through trading, not only
through self-balancing using one’s own flexible resources.

All of this leads to the hypothesis that BRPs with limited self-
balancing capabilities and TSOs may thus advocate for a finer DA
temporal resolution aligned with the imbalance settlement period.
Contrarily, challenges may arise for players whose resources are
subject to intertemporal links and non-convex costs, e.g., their
start-up cost has to be recovered within the bid of a shorter period.
However, the latter counter-argument can be dealt with by the
availability of adequate market products to deal with such con-
straints (i.e., sufficiently complex orders, multi-part bidding).

2.3. Cross-border trading in the day-ahead market

Through the so-called price coupling of regions (PCR) initiative,
23 European countries2 are currently coupled through the implicit
auctioning of interconnection capacity [63,64]. This means that all
bids of the participating exchanges are considered in the same
market-clearing algorithm to optimize the utilization of intercon-
nection capacity available to the power exchanges. Market players
only provide bids for electric energy, while interconnection capacity
,
,



Fig. 1. Impact of the misalignment between DA market periods and RT imbalance settlement periods.

3 The price elasticity of demand refers to the relative change in demand due to a
lative change in price, and is typically negative, as the demand for most
mmodities decreases with the price [68].
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is allocated implicitly to individual bids to maximize social welfare.
As a result, electric energy is exchanged in case of a price difference
between geographical markets until the price difference is elimi-
nated or until all available interconnection capacity is used. In con-
trast, explicit auctioning indicates that interconnection capacity is
allocated to individual market players that have obtained the right
to use it, after which they can use this capacity to capture price dif-
ferences between market zones. Such explicit auctioning was the
basis for managing limited interconnection capacity prior to the
establishment of the European market-coupling-based system
[1,8,65].

The interconnection capacity available for trade is challenging
to determine as electric energy flows according to Kirchhoff’s laws,
i.e., over all parallel paths in the network, not according to com-
mercial flows, i.e., directly from generator to consumer. In addition,
this determination has to make assumptions about the within-
zone distribution of generation and consumption. Since May
2015, market-coupling of the DA markets in the CWE region is
based on FBMC instead of the Available Transfer Capacity (ATC)
method. The ATC value on a border represents the maximum com-
mercial exchange between the two adjacent market zones, taking
into account expected market outcomes, security margins, and
long-term transmission capacity nominations. The TSOs calculate
this ATC value prior to the market-clearing process for each direc-
tion on each border of its control area. In contrast, in the FBMC
method, a simplified representation of internal grid constraints,
i.e., the collection of critical lines, is included in the market-
clearing process. Prior to the market-clearing the TSOs determine
the FBMC parameters that define the so-called ‘‘FBMC flow
domain”, in which each boundary refers to the limit of a critical
line, while during market-clearing all critical lines are taken into
account. In general, FMBC is believed to result in more available
interconnection capacity for trade, increased social welfare, and
increased price convergence between market zones [10].

Interconnection capacity can either be allocated through phys-
ical transmission rights (PTRs) or financial transmission rights
(FTRs) via long-term (i.e., yearly andmonthly) auctions. At the time
of writing, part of the available interconnection capacity at the
French-Belgian and Dutch-Belgian borders is allocated through
FTRs (since January 2016), while at the Dutch-German and
French-German borders this is done through PTRs. A PTR includes
the exclusive right to use part of the transmission line. In the CWE
region, PTRs are subject to a use-it-or-sell-it principle, which
means that if a PTR holder does not actually nominate the corre-
sponding capacity, it is transferred to the power exchange to use
in the market-clearing, in addition to the capacity not sold through
long-term auctions. In case of a positive price difference between
the two market zones in the direction of the PTR, the PTR holder
is paid this price difference for all non-nominated capacity. Con-
trarily, FTRs are financial instruments, so they do not give their
holder the exclusive right to use part of the line. All physical capac-
ity subject to the FTRs is transferred to the power exchange,
thereby not interfering with optimal market-clearing. What the
FTR holder is entitled to is a payment equal to the price difference
between the two locations for all transmission capacity subject to
the FTR in case of a positive price difference between the two mar-
ket zones in the direction of the FTR. This use of FTRs is consistent
with the US system, where it is believed that separating financial
rights from physical operation results in a more efficient use of
the grid and hedging of risks [50,66,67].

Since variability is spread over a larger area through market-
coupling, non-correlated power variations are smoothed and oppo-
site power variations compensate each other. We conclude that
this results in lower total flexibility needs. In addition, intercon-
nection capacity is a ‘‘vehicle” for flexibility. Flexibility in neigh-
boring areas can be used to compensate for the local system’s
variability, allowing the sourcing of cheaper flexibility abroad.
Alternatively, local flexibility providers have the opportunity to
offer services to other regions as well. This reasoning shows that
market-coupling thus impacts flexibility demand and supply by
enlarging the relevant geographical market to trade flexibility [65].
2.4. Day-ahead market price cap and floor

The DA markets in the CWE region include a price cap of 3000
€/MWh [52]. Such a cap is usually implemented to avoid excessive
pricing by generators, especially when the price elasticity of
demand is rather low.3 Although in general price caps should be
set at the value of lost load (VOLL) [69] in order to encourage invest-
ment in needed peaking plants, they can be set lower if the purpose
is market power mitigation. The VOLL represents the average value
that consumers attach to a unit of electric energy not supplied,
and thus reflects their willingness-to-pay to avoid demand curtail-
ment. Although country-specific estimates are available in the exist-
ing literature, and they depend on many specifics (e.g., notification
time, duration, time of the day), they are typically between 2000
€/MWh and 20000 €/MWh [45,70]. Because of the large-scale inte-
gration of variable RES in the generation mix, conventional power
plants currently experience diminishing profitability due to a
decreasing number of operating hours and lower electricity prices
[7]. The imposed price cap should thus be high enough to allow these
conventional power plants to recover their fixed investment cost
over a decreased number of operating hours. Although capacity
mechanisms are currently also discussed and implemented in the
re
co
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CWE region to ensure generation adequacy [71,72], such markets are
out of the article’s scope as we focus on flexibility, not adequacy. It is
possible for capacity markets to be designed to incent investment
and retention of flexible capacity, as in California, but this is not pre-
sently done in Europe [73]. Next to system adequacy, we argue that,
when set too low, price caps interfere with the market signal repre-
senting the scarcity of upward flexibility.

The price floor is set at �500 €/MWh [52]. In contrast to price
caps, Ref. [45] argues there is no incentive to impose price floors
in electricity markets. Negative prices occur when conventional
generators are willing to pay to generate in order to avoid costly
shut-downs or downward ramping, and when renewable genera-
tors are willing to pay up to the subsidies they receive in order
to generate [3,7]. When set too high, we argue that price floors
interfere with the market signal representing the scarcity of down-
ward flexibility, and may result in the arbitrary curtailment of gen-
erators during excess generation periods rather than having a
pricing mechanism determine who values most being kept on.

2.5. Day-ahead market trading volume and summary

The DA market plays an important role in terms of trading vol-
ume. Based on hourly traded volume data from the power
exchanges [74–76], and country-specific hourly consumption data
from the European network of transmission system operators for
electricity (ENTSO-E) [77], Fig. 2 shows the hourly traded volume
as a share of the hourly consumption for 2012–2015. The trading
volume in the German and Dutch market zones represents a larger
share of the consumption than that of the Belgian and French mar-
ket. However, in the latter countries this share has been increasing
significantly in recent years, while for Germany it has remained
constant and for the Netherlands the share seems to be decreasing.

To summarize, Table 2 provides an overview of the key charac-
teristics of the DA markets in the CWE region.
3. Intra-day markets

After the DA market-clearing, each BRP is required to submit a
balanced position to the TSO for each settlement period. These so-
called ‘‘nominations” provide information on the planned sched-
ules for every individual unit, and usually differ from the accepted
bids in the DA market as they take into account all transactions,
including the volumes traded in the previously held long-term
markets and through bilateral contracts. However, these nomina-
tions can still be adjusted through trade in the ID market based
on updated information (e.g., more accurate RES generation fore-
casts). ID trading is the last opportunity for market-based transac-
tions before submitted schedules become financially binding.4

After gate closure of the ID market, the TSO takes over the responsi-
bility to keep the system balanced. It is clear that the possibility of ID
trading may shift a share of the flexibility needs away from RT to the
ID stage, i.e., from the TSO to BRPs, and likewise for the supply of
flexibility, i.e., from BSPs to ID market players.

This section discusses the CWE ID markets’ market types, order
types and temporal resolution, cross-border trading, price cap and
floor, and trading volume.

3.1. Intra-day market types

While the Belgian, Dutch, and French ID markets are based on
continuous trading, the German ID market includes both continu-
4 Submitted schedules are not physically binding, unfulfilled positions (i.e.
imbalance positions) are settled at the imbalance price set by the TSO (see
Section 4.2).

5 While hourly products can be traded from 03:00 pm D-1 in the German
continuous ID market, quarter-hourly products can only be traded from 04:00 pm
D-1.
,

ous trading and a discrete auction. With continuous trading, mar-
ket participants submit supply and demand bids to a central plat-
form, and matching bids are continuously cleared on an individual
basis. Continuous trading is possible from 02:00 pm D-1 in Bel-
gium, and from 03:00 pm D-1 in France, Germany, and the Nether-
lands.5 This trading can occur until close-to-RT, i.e., until 5 min to RT
in Belgium and the Netherlands, and until 30 min to RT in France and
Germany. The continuous trading order book is visible to all market
participants, and contains all submitted bids that have not cleared
yet. In addition, players can cancel submitted non-cleared bids at
any time. Continuous trading bids are matched according to a
price-time priority: orders are matched in order of the attractiveness
of their price, with the time of submission to the central platform
being a tie-breaker if there are two identical price offers. A continu-
ous trading ID market may thus result in different prices for each
trade, with the price being the price of the bid that initiated the
match (i.e., the first of the two involved bids, or the ‘‘initiator”),
which may be referred to as pay-as-bid. The discrete auction imple-
mented in the German ID market since December 2014 is based on
principles similar to the DA market. Players submit supply and
demand bids, with gate closure at 03:00 pm D-1. These bids are then
aggregated to form the supply and demand curve. The intersection
determines the uniform market-clearing price [15,42,78].

We argue that there are four implications of these designs for
flexibility. First, compared to a discrete auction, continuous trading
may pose less risk to flexibility consumers and suppliers as they
can procure and valorize flexibility immediately instead of having
to wait until market-clearing, that is, if there still is a market-
clearing to come. Second, when bidding truthfully, non-marginal
flexibility providers may face lower remuneration for their services
compared to an auction-based ID market including pay-as-cleared
pricing if they are the initiator. Meanwhile, non-marginal flexibil-
ity consumers may satisfy their flexibility need at a higher cost if
they are the initiator. Naturally, in such cases the (second-mover)
counterparty faces more favorable prices compared to a discrete
auction, but risks losing the opportunity to match bids if it waits
too long. Thus, continuous trading may incentivize players to not
bid truthfully, which may result in incorrect flexibility demand
and supply signals. Third, a market based on continuous trading
instead of discrete auctions includes a certain first-come-first-
serve characteristic, as matching bids are immediately cleared,
which may not lead to welfare maximization and optimal alloca-
tion of flexibility, especially in illiquid markets. Finally, an impor-
tant question regarding the organization of ID auctions that is
not answered yet includes the optimal number of auctions and
their timing, taking into account the impact on liquidity.

3.2. Intra-day market order types and temporal resolution

The Belgian, French, and Dutch continuous ID markets include
both hourly and multi-hourly (i.e., block) products, while the Ger-
man ID market also includes quarter-hourly products. In contrast
to the DA market, the German ID auction includes 96 quarter-
hourly market periods. Block bids have not been introduced yet
in that auction [15,78].

While market participants have the opportunity to update their
nominations, which are submitted after clearing of the DA market,
on an hourly basis, this does not allow them to tailor output sched-
ules through market-based transactions to the temporal resolution
on which their imbalance positions are calculated. The presence of
quarter-hourly products in the German ID market provides this
opportunity, as players are able to compensate for the misalign-



Fig. 2. The hourly DA market trading volume as share of the hourly consumption, for Belgium (a), France (b), Germany, Austria, and Luxembourg (c), and the Netherlands (d).

Table 2
Key characteristics of the (fully harmonized) CWE region’s DA markets.

Belgium France Germany The Netherlands

Power exchange BELPEX EPEX SPOT EPEX SPOT APX

Market closure 12:00 pm D-1 12:00 pm D-1 12:00 pm D-1 12:00 pm D-1
Market period 1 h 1 h 1 h 1 h
Price cap 3000 €/MWh 3000 €/MWh 3000 €/MWh 3000 €/MWh
Price floor �500 €/MWh �500 €/MWh �500 €/MWh �500 €/MWh
Block orders
Linked block orders
Exclusive block orders
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ment between the DA market periods and RT settlement periods
(Fig. 3), and incorporate updated information on an intra-hourly
basis. As such, players with limited self-balancing capabilities can
be less dependent on the TSO to balance their imbalance positions,
and are thus less exposed to imbalance prices. Following this rea-
soning, lower reserve needs are expected for the TSO in RT. Similar
to the DA market, we hypothesize that a finer temporal resolution
would improve the valorization of flexibility in the ID market due
to price signals, but might reduce the additional value of flexibility
in a portfolio compared to standalone flexible capacity. This is
because intra-hourly variations can now also be dealt with through
ID trading, not just through self-balancing.

3.3. Cross-border trading in the intra-day market

In contrast to the DA market, ID markets are currently less well
aligned and integrated [42], and no interconnection capacity is
reserved for the ID market. Here, only the residual cross-border
capacity is made available to the market. In the CWE region, con-
tinuous ID markets are, depending on the considered border, cou-
pled through the explicit or implicit allocation of remaining
interconnection capacity, which is calculated according to the
ATC method. Here, explicit means that market players can obtain
remaining interconnection capacity for free on a first-come-first-
serve basis, after which they can engage in cross-border ID trading.
If however a player does not use the obtained capacity, this unful-
filled position will be settled (i.e., penalized) at the imbalance price
since allocated transmission capacity automatically means nomi-
nated capacity [79]. On the other hand, with ID implicit allocation,
orders in one zone are automatically matched with orders in the
neighboring zone, as long as transmission capacity is available.
Unlike explicit cross-border transactions, players do not need to
obtain the interconnection capacity before making a transaction.
On the Dutch-Belgian border, implicit continuous capacity alloca-
tion applies [80], while on the Dutch-German and the French-
Belgian border, explicit allocation is in place [81,79]. Finally, on
the French-German border, implicit allocation runs in parallel with
explicit allocation, the latter for OTC trading purposes [82].

With continuous trading, the value of the transmission capacity
is captured by the first mover in case of explicit auctioning and by
the first matching cross-border bids under implicit auctioning. In
general, this fails to maximize welfare because the capacity is
not necessarily allocated to the most valuable transactions. In addi-
tion, this does not provide revenues to the owner of the intercon-



Fig. 3. Impact of the misalignment between ID market periods and RT imbalance settlement periods.
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nector (that could be used to lower costs for consumers or incen-
tivize new investments in interconnection capacity), as is the case
in the DA market through the sale of transmission rights. In con-
trast, it has been argued that the use of discrete ID auctions could
facilitate the most efficient allocation of the remaining intercon-
nection capacity and remunerate the owner similar to the situation
in the DA market [15,42].

When the ID market is rather illiquid, flexibility consumers may
not find a counterparty, and as such become exposed to imbalance
penalties, while flexibility suppliers may not be able to valorize
their flexibility. It is obvious that this can be dealt with by match-
ing bids over a larger geographical area through cross-border ID
trade.
3.4. Intra-day market price cap and floor

In the CWE region, the continuous ID market price cap is set at
9999 €/MWh, and the price floor at �9999 €/MWh, which repre-
sents a wider range compared to the DA market, while for the Ger-
man ID discrete auction these price limits are more similar to the
DA market at 3000 €/MWh and �3000 €/MWh, respectively. A sim-
ilar reasoning as for the DA market applies with respect to the
rationale behind price limits and their interaction with flexibility.
3.5. Intra-day market trading volume and summary

The ID market plays a minor role in terms of trading volume,
but it is an important tool to guarantee the reliable operation of
the power system: each trade may contribute to a reduction in
the activation of reserves by the TSOs. Based on hourly and
quarter-hourly traded volume data from the power exchanges,
and country-specific hourly consumption data from ENTSO-E,
Fig. 4 shows the traded volume as a share of the hourly consump-
tion for 2012–2015.6 While for all four market zones the role of the
ID market has increased in 2014–2015 compared to 2012–2013, a
much larger share of the consumption is traded in the German ID
market compared to the other market zones (note that the y-axis
of Fig. 4c indicates a different scale). This may result from the fact
that Germany experiences larger shares of RES generation, and
includes more ID trading possibilities due to the presence of
quarter-hourly ID products. The large increase from 2014 to 2015
is in part due to the implementation of the discrete auction in
December 2014.

While in 2015 continuous trading remains more important in
terms of trading volume in Germany compared to the discrete auc-
6 Data for the continuous ID markets in Germany/Luxembourg and Austria are
provided together as one market, but they might be disconnected temporarily due to
measures performed by the TSOs [83].
tion, the latter already represents a significant share (Fig. 5a). In
addition, Fig. 5b shows that market players seem to have a large
interest in quarter-hourly products (i.e., both in the continuous
and auction-based ID market), which take a large share of the trad-
ing volume.

Table 3 summarizes the major attributes of the ID markets in
the CWE region.
4. Real-time balancing markets

After gate closure of the ID market, unforeseen differences
between scheduled and actual generation or consumption can
occur. These differences may originate from (1) unexpected RES
generation variations, (2) unexpected consumption variations, (3)
unplanned outages of generation and consumption capacity, and
grid elements, (4) discrepancies between the duration of DA/ID
market periods and RT settlement periods, and (5) the discretiza-
tion of continuous time in discrete market periods [17].

These events are dealt with in RT by the balancing market,
which is coordinated by the TSO. First, the TSO calculates the total
system imbalance (SI), i.e., the demand for flexibility in RT, result-
ing from the aggregated individual imbalances of BRPs. The TSO
then compensates for this SI by activating reserves, i.e., the supply
of flexibility in RT, that may have been contracted ahead of time
frommarket participants who provide balancing services, i.e., BSPs.
In general, this demand for the activation of reserves is rather small
compared to the system load, and is highly volatile and price
inelastic as well [21]. The reservation and activation of reserve
capacity is referred to as the procurement side of the balancing
market. Afterwards, the TSO settles individual imbalances with
BRPs by applying imbalance prices to their imbalance positions.
This is referred to as the settlement side of the balancing market.
BRPs thus ‘‘trade” balancing energy with the TSO, which in turn
procures these services from BSPs [7,17,48]. BRPs can also deal
with unexpected power variations by activating flexibility in their
own portfolio instead of relying on the TSO to provide flexibility at
the settlement side of the balancing market.
4.1. Control areas

Belgium, France, and the Netherlands each consist of one con-
trol area, each managed by one TSO, i.e., Elia, RTE, and TenneT,
respectively [25]. In contrast, Germany includes four control areas,
each being operated by its own TSO: Amprion, 50 Hertz, TenneT,
and TransnetBW. The German TSOs cooperate to keep their control
areas balanced through the so-called Grid Control Cooperation
(GCC). The GCC includes four modules that were introduced one
after the other, and focuses on automatic frequency restoration



Fig. 4. The hourly ID market trading volume as share of the hourly consumption, for Belgium (a), France (b), Germany, Austria, and Luxembourg (c), and the Netherlands (d).

Fig. 5. The hourly German ID market trading volume (a) continuous vs. auction-based trading, and (b) hourly vs. quarter-hourly products, both expressed as share of the total
ID trading, 2015.

Table 3
Key characteristics of the (partially harmonized) CWE region’s ID markets.

Belgium France Germany Germany The Netherlands

Power exchange BELPEX EPEX SPOT EPEX SPOT EPEX SPOT APX

Continuous trading
Market opening 02:00 pm D-1 03:00 pm D-1 04:00 pm D-1 03:00 pm D-1 03:00 pm D-1
Market closure 5 min to RT 30 min to RT 30 min to RT 30 min to RT 5 min to RT
Market period 1 h 1 h 15 min 1 h 1 h
Price cap 9999.99 €/MWh 9999 €/MWh 9999 €/MWh 9999 €/MWh 9999.90 €/MWh
Price floor �9999.99 €/MWh �9999 €/MWh �9999 €/MWh �9999 €/MWh �9999.90 €/MWh
Block orders

Discrete auction
Market closure – – 03:00 pm D–1 – –
Market period – – 15 min – –
Price cap – – 3000 €/MWh – –
Price floor – – �3000 €/MWh – –
Block orders – – – –
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reserve (aFRR), i.e., secondary control.7 The objective of the first
module, imbalance netting, is to reduce the total activation of
reserve capacity by avoiding counteracting activations. The second
module includes a common reserve sizing and access to reserve
capacity in other control zones in case of a local shortage. The third
module procures reserves using a common market, i.e., bids are
accessible to all TSOs. The implementation of the fourth module
leads to a common merit-order for the activation of reserve capacity
in order to activate the cheapest bids, respecting limits on the con-
necting transmission lines [17,23,84]. In contrast, the activation of
manual frequency restoration reserve (mFRR), i.e., fast tertiary con-
trol, is currently still done in a decentralized way, but is based on
common rules. This advanced inter-TSO cooperation also includes
a single imbalance price over the different control zones, whose cal-
culation is discussed in Section 4.2. We conclude that such coopera-
tion is likely to provide similar benefits as market-coupling in the DA
and ID market, and similar impacts on the need for and supply of
flexibility.

4.2. Settlement side

In the settlement side of the balancing market, the BRPs’ imbal-
ance positions and the imbalance prices are determined. As stated
before, BRPs have to submit nominations for planned grid-
exchanges on the plant-level to the TSO after DA market-
clearing, and again after transactions in the ID market. Although
this detailed plant-level information has to be reliable in order
for the TSO to effectively analyze congestion on the internal grid
of its control area, there is no incentive for BRPs to do this on a
plant-level, since they can only be held accountable for imbalanced
positions aggregated over their portfolio. Although it has not been
quantified to which extent this may be a problem, a requirement
for plant-level balance responsibility might ensure that TSOs
receive more reliable information [42].

A BRP’s imbalance position is the difference between the nom-
inated position after closure of the ID market and the actual net
exchange of electric energy with the grid in RT. During each settle-
ment period, a BRP can have a long, short, or balanced position. A
long position indicates a positive imbalance, thereby injecting
more and/or withdrawing less than planned. A short position indi-
cates a negative imbalance, in which the BRP injects less and/or
withdraws more than planned. Both long and short imbalance
prices have to be determined by the TSO. BRPs with a long position
in RT receive the long imbalance price, while BRPs with a short
position in RT pay the short imbalance price [51].

Through the imbalance settlement, the TSO allocates the activa-
tion cost of reserve capacity (in €/MWh) to responsible BRPs, while
reservation costs (in €/MW) associated with contracting reserves
are recovered through grid tariffs. Imbalance prices are available
shortly after RT in Belgium, France, and the Netherlands, while
German imbalance prices are only published a few weeks after
delivery [34,43]. As the former provides BRPs with valuable market
information soon after RT, which can be used to make informed
decisions with respect to their portfolio, we hypothesize that BRPs
prefer this to the latter.

In the remainder of this section we discuss the settlement side’s
temporal resolution, pricing rules, and price cap and floor.

4.2.1. Imbalance settlement temporal resolution
The Belgian, Dutch, and German balancing markets are based on

quarter-hourly market periods, while semi-hourly periods are used
in France [34]. Since imbalances vary on a continuous basis, instan-
taneous imbalance positions of BRPs differ from measured net
7 The different reserve categories are described in Section 4.3.
imbalance position over the settlement period. As BRPs are only
held accountable for the net imbalanced position over a period,
players that caused large instantaneous imbalances, and thus the
activation of additional reserves, may not be charged for the costs
they have caused. As this issue is related to intra-settlement period
imbalances, it is expected to occur less with shorter settlement
periods [85]. These provide an incentive to BRPs to keep their port-
folio balanced on shorter time frames, thereby most likely increas-
ing the demand for flexibility by BRPs, either as part of their
portfolio or by means of ID trading, which in turn would lower
the flexibility needs of the TSO in RT.

4.2.2. Single-pricing vs. dual-pricing
Imbalance prices can either be calculated through a dual or

single-pricing scheme. In a dual-pricing scheme, the imbalance
price applied to BRPs’ imbalanced positions in the same direction
as the SI is based on the activation cost of reserve capacity, while
the imbalance price applied to BRPs’ imbalances in the opposite
direction of the SI is typically based on the DA price. In contrast,
within a single-pricing scheme, a uniform imbalance price, based
on the activation cost of reserve capacity, is applied to all BRPs hav-
ing an imbalanced position [7,17,48].

In France a dual-pricing scheme is applied, while the calculation
of the imbalance price in Belgium, Germany, and the Netherlands
is each based on a single price that applies to all imbalances
[7,34]. However, the imbalance pricing scheme in the Netherlands
is not a pure single-pricing mechanism, since in case both up and
downward reserves are activated the prices differ: the long imbal-
ance price equals the marginal activation price for downward
reserve while the short imbalance price is the one for upward
reserve [78].

In addition, in Belgium and the Netherlands, the imbalance
price applied to short and long positions differs in the event of
large imbalances, thereby moving from a single to a dual-pricing
scheme. This is done by including a balance-incentivizing compo-
nent, to either punish BRP imbalances in the same direction as
the SI or to incentivize all BRPs to keep their balance. Although
such a component is applied in Germany as well, it does not result
in different short and long imbalance prices. The imbalance price is
increased for all BRPs if the system is short, and decreased for all
BRPs if the system is long [23]. In France, the imbalance price
applied to BRP imbalances in the direction of the SI is adjusted
by a multiplier 1þ K , set at 1.08 since July 2011 [86].

To lessen the need for activation of reserve capacity on the pro-
curement side of the balancing market, BRPs can help the TSO keep
the system balanced by intentionally incurring imbalanced posi-
tions in the opposite direction of the SI, which can be referred to
as ‘‘passive balancing” [87]. However, we argue that with dual-
pricing there is unfortunately little incentive to provide passive
balancing since the DA price is applied to imbalances in the oppo-
site direction of the SI. In contrast, single-pricing schemes incen-
tivize BRPs to perform passive balancing. The reasoning for this
proposition proceeds as follows:

� In case of a negative SI, the TSO activates upward reserve. Typ-
ically, this is activated at a higher price compared to the DA
price, and a greater quantity of activated upward reserve results
in a higher imbalance price, as it is selected according to a
merit-order of increasing activation prices. This incentivizes
BRPs to have a long position.

� In case of a positive SI, the TSO activates downward reserve.
Typically, this is activated at a low price compared to the DA
price, and a larger amount of activated downward reserve
results in a lower imbalance price, as it is selected according
to a merit-order of increasing activation prices from the TSO



8 We focus on frequency control, as other grid services (i.e., black-start capabilities,
oltage support, and congestion management) are not within the scope of this article.
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point of view, i.e., decreasing resulting imbalance prices when
considering downward reserve capacity. This incentivizes BRPs
to have a short position.

However, some regulators prefer a dual-pricing scheme (e.g.,
France), as this avoids BRPs to be incentivized to speculate on
the direction of the SI [85]. In addition, in Germany BRPs are con-
tractually not allowed to deviate from their nominated position to
benefit from favorable imbalance prices, even though that might
help the system [42]. Instead, both countries rely solely on the
TSO to balance the system by activating reserve capacity, which
can be justified in two ways. First, deviations based on passive bal-
ancing are not communicated to the TSO, which makes congestion
management difficult due to the lack of reliable information. Sec-
ond, forecasts of different players on whether to incur a long or
short position for passive balancing are often based on similar
algorithms. In case the algorithms suggest the wrong direction,
the need for balancing services would be further increased, while
when multiple BRPs provide such passive balancing and their fore-
casts about the system state is correct, they may turn oversupply
into undersupply situations and vice versa, instead of decreasing
the absolute value of the SI. In contrast to Germany where this is
not allowed, and to France where the dual-pricing scheme does
not provide an incentive, in Belgium and the Netherlands passive
balancing is possible and allowed. Those countries believe that
such behavior can serve a valuable social purpose and contributes
to the valorization of flexibility.

Finally, it has to be noted that in Belgium, Germany, and the
Netherlands, BRPs can still change their submitted nominations
after gate closure of the ID market, even after RT, by means of a
so-called OTC ‘‘day-after” market [34,43]. This trading of individual
BRP imbalances has no physical meaning, but changes the account-
ing in the settlement process. The volume traded in this market is
small (or negligible) if market participants have an idea of the level
of imbalance prices, as there are no win-win situations in case of
single-pricing. In case the imbalance price is positive, the player
with a long position is not willing to lose its long position since
he receives the imbalance price. Meanwhile, in the case in which
the imbalance price is negative, the player with a short position
receives an income because of its imbalance as he pays the imbal-
ance price. In Germany, day-after trading can reduce the uncer-
tainty until the imbalance price is known a few weeks after
delivery. However, as shown in [22], there is a high predictability
of the approximate level of imbalance prices, rendering this market
largely irrelevant in Germany as well [20,23].

4.2.3. Marginal pricing vs. average pricing
When the imbalance price reflects the procurement cost of the

activated reserve capacity, it is either based on the marginal or
average activation price [7,17,48]. With marginal pricing, the
imbalance price is set to the price of the marginal accepted bid,
while for average pricing the imbalance price is calculated by
dividing the net total activation costs of the TSO by the net acti-
vated reserve volume. The imbalance price is based on marginal
pricing in Belgium and the Netherlands, while France and Germany
apply average pricing [19,21,34,51].

In general, there is a widely held view that marginal pricing
provides BRPs with more accurate signals into the cost to cope
with their imbalances, and as such gives a greater incentive to
avoid imbalanced positions [85,21]. Since in single-pricing
schemes it may be profitable for BRPs to deviate from their submit-
ted schedules for passive balancing, it is clear that profits would
rise with more extreme imbalance prices. Marginal pricing leads
to more extreme prices compared to average pricing in case of
TSO balancing actions in one direction, while in situations where
the TSO activates both up and downward reserve capacity this
may not always be true. However, with average pricing, the imbal-
ance price is often capped by the marginal activation price (e.g.,
Germany). Therefore, we conclude that marginal pricing may be
preferred by BRPs wishing to perform passive balancing actions,
while average pricing appears to be advantageous for BRPs having
limited access to flexible resources to avoid the risk of being
exposed to more extreme (unfavorable) imbalance prices.

4.2.4. Imbalance price cap and floor
The imbalance price in the Belgian RT balancing market

includes a price cap of 3000 €/MWh, and price floor of �3000
€/MWh. Contrarily, the Dutch imbalance price is less heavily
bounded, with a (theoretical) price cap and floor of 100000
€/MWh and �100000 €/MWh, respectively [25]. The German
imbalance price is, after calculation according to the average pric-
ing principle, limited by the marginal activated up and downward
reserve bid. Afterwards, this capped price is compared to the aver-
age volume-weighted ID price. In case the net regulation volume
(NRV) is positive (i.e., SI is negative), the ID price represents a
lower limit, while if the NRV is negative (i.e., SI is positive), the
ID price represents an upper limit. Any remaining reserve activa-
tion costs that are not covered by the settlement mechanism are
recovered through grid fees together with the reservation costs
to contract reserve capacity [19]. In France, if the SI is positive,
the imbalance price for BRPs with a long position is capped by
the DA price, while if the SI is negative, the imbalance price for
BRPs with a short position must at least equal the DA price [86].
High imbalance prices are market signals that represent a relative
scarcity of cheap upward flexibility when facing negative SIs, while
negative imbalance prices signal the scarcity of cheap downward
flexibility with positive SIs [7].

4.3. Procurement side

At the procurement side of the balancing market, the TSO pro-
cures and activates reserve capacity from BSPs.8 Besides the dis-
tinction between up and downward reserve, ENTSO-E further
categorizes reserve capacity into three groups. Frequency contain-
ment reserve (FCR), i.e., primary control, is activated automatically
in a matter of seconds, in response to frequency deviations for the
entire synchronous zone, and needs to have the ability to be fully
operational in 0.5 min. Frequency restoration reserve (FRR) is either
activated automatically (aFRR), i.e., secondary control, or manually
(mFRR), i.e., fast tertiary control, and restores the system frequency
by restoring the balance in the control zone, thereby relieving the
activated FCR. Its activation is triggered by the area control error
(ACE), which is calculated as the difference between the scheduled
and actual power interchange of a control area. While aFRR capacity
needs to be fully operational in 5–15 min, for mFRR capacity this is
in 7.5–22.5 min, both depending on the control zone. Finally,
replacement reserve (RR), i.e., slow tertiary control, can be used to
support or relieve the activated FRR. RR is not further discussed as
it is currently not used by the Belgian, German, and Dutch TSOs.
Instead, they expect BRPs to already offset part of their imbalance
by means of self-balancing and trading on the ID market [43,88].

In what follows we discuss the procurement side’s reserve
remuneration, contract periods, selection and activation mecha-
nism, cross-border cooperation, and market size.

4.3.1. Reserve remuneration
In general, BSPs providing FCR only receive a reservation pay-

ment. This is because no activation payment applies since up and
v
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downward FCR activations are expected to compensate each other
and only represent very small volumes [22,48]. However, this is
not the case in France, where the DA price serves as proxy for acti-
vation payments [89]. For contracted aFRR and mFRR, both reser-
vation and activation payments apply.

Payments are either based on a fixed regulated price, pay-as-bid
pricing, or pay-as-cleared pricing.9 The reservation of FCR is remu-
nerated pay-as-bid in Belgium, Germany, and the Netherlands, and
through a regulated price in France. Both the reservation and activa-
tion remuneration of aFRR is pay-as-bid in Belgium and Germany,
while in the Netherlands pay-as-bid applies to the reservation and
pay-as-cleared to the activation. In France the provision of aFRR is
remunerated by means of regulated prices. For mFRR the reservation
is remunerated pay-as-bid in all market zones except for France,
where a regulated price applies, while the activation is remunerated
pay-as-bid in Belgium, France, and Germany, and pay-as-cleared in
the Netherlands [17,34,51,90].

We identify several reasons for the presence of reservation pay-
ments. First, in the case of FCR, a reservation payment is needed
since usually no activation payments apply. Second, reservation
costs compensate BSPs’ opportunity cost to keep the contracted
capacity available. Third, they lower BSPs’ risk by yielding a guar-
anteed income, instead of having to rely on non-guaranteed activa-
tions. Fourth, they may contribute to efficient dispatch in the
presence of cost non-convexities. Fifth, capacity payments may
be a means to recover costs in case BRPs cannot pass on all of their
costs via activation bids because of price limits [48]. In contrast,
the main disadvantage of reservation costs is the difficulty in accu-
rately allocating them to responsible BRPs, as they are currently
just spread over all system participants through grid fees.

4.3.2. Reserve contract periods
Recently, there has been a move from long-term contracting to

more frequent tenders for shorter durations. Currently, FCR is con-
tracted on a weekly basis in Belgium, the Netherlands, and Ger-
many, while aFRR is contracted for the duration of a year in the
Netherlands, and a week in Belgium and Germany. While mFRR
is contracted for the duration of a year in the Netherlands, and in
Belgium both monthly and yearly contracts apply, in Germany
daily tenders are organized for six 4 h periods. In France, the pro-
vision of FCR, aFRR, and mFRR is mandatory [21,34,43,90]. Next
to contracted reserves, in Belgium and the Netherlands (for aFRR
and mFRR), and in France (for mFRR), non-contracted voluntary
bids are allowed until close-to-real-time. In contrast, the German
TSOs only consider contracted reserves [43].

We identify four advantages of shorter contract periods. First,
they allow TSOs to size reserve needs more accurately for the
upcoming period. This may lead to lower total reserve needs, as
with longer periods reserve requirements may be oversized for
part of the period subject to the sizing. Second, when considering
the supply of flexibility, shorter periods allow BSPs to better esti-
mate their opportunity cost and thus more accurately price their
service [20,91]. Third, they also lower the availability risk for BSPs,
decreasing entry barriers and fostering competition. Fourth,
shorter contract periods allow to more often and accurate arbitrage
between different services, thereby improving the allocation of
resources to the most profitable ones at each time step. In contrast,
we identify two arguments against more frequent tender periods.
First, financing new investments in flexibility requires accurate
expectations of (future) revenue streams, which is easier with
longer contract periods. Second, TSOs may prefer longer contract
periods as this guarantees the access to sufficient reserve capacity
9 For a discussion on the different pricing rules in reserve markets, we refer the
reader to [17].
for a longer period of time [92].

4.3.3. Reserve selection and activation mechanism
FCR is contracted according to a merit-order of increasing prices

in the Netherlands and Germany, starting with the lowest, and is
co-optimized together with aFRR in Belgium to minimize total
combined reservation costs. The latter allows BSPs to better deal
with short-term operating constraints. In the Netherlands aFRR is
contracted such that its reservation cost is minimized, which
may include an overshoot since bids may not be fully divisible. This
may lead to situations where the lowest bid is not necessarily
always selected first. An identical approach applies to the reserva-
tion of mFRR in both Belgium and the Netherlands. In contrast, in
Germany aFRR and mFRR are reserved according to a merit-order
of increasing prices, with the lowest bid selected first [43].

While the reservation of reserve is based on the reservation
price, the activation of reserve is based on the activation price.
While contracted aFRR is activated simultaneously and pro rata
in Belgium and France, it is activated sequentially according to a
merit-order in the Netherlands and Germany. In contrast, mFRR
is subject to a sequential merit-order activation in all market
zones. It is important to note that while contracted aFRR is acti-
vated pro rata in Belgium, non-contracted aFRR is subject to
merit-order activation [34,43,93]. In general, pro rata activation
inherently results in a more flexible reserve portfolio, but as all
contracted sources are activated every time the reserve product
is activated, we argue that this can pose a barrier to BSPs operating
so-called limited energy resources that prefer infrequent
activations.

4.3.4. Cross-border reserve procurement
Given the full harmonization of DA markets in the CWE region,

and plans for increasingly coupled and harmonized ID markets, the
next logical step would involve the RT markets. Although some ini-
tial steps have already been taken in this direction, much more
work is required. In 2012 the TSOs from multiple neighboring
countries, among which TenneT NL and Elia, joined the first mod-
ule of the GCC, leading to the international GCC (IGCC) [7]. Besides
this, TenneT NL (2014) and Elia (2016) joined the existing FCR
common procurement platform of the German, Austrian, and Swiss
TSOs, for a share of their FCR obligations [42]. The participation of
RTE is planned for 2017. Further international integration, along
the line of all four GCC modules of the German TSOs (see Sec-
tion 4.1), is expected to result in less total reserve activations, more
efficient sizing, and the reservation and activation of the most effi-
cient bids across all participating zones.

4.4. Real-time market size and summary

In general, the NRV as share of the consumption has been
decreasing in recent years (Fig. 6). We explain this as follows:
improved RES forecast accuracy, better profiling in the DA and ID
market, increased liquidity in the ID market, increased interna-
tional cooperation, and increased passive balancing by BRPs. We
argue that TSOs may further incentivize the latter by reacting
slower to SIs, thereby temporarily keeping the SI at a higher level
to attract additional passive balancing.

Table 4 gives an overview of the key characteristics of the RT
markets in the CWE region.
5. Conclusions

In the CWE region, the need for and valorization of flexibility in
electric energy supply and demand is primarily expressed in the
short-term markets, defined as those taking place from the DA



Fig. 6. Illustration of the quarter-hourly NRV as share of the quarter-hourly consumption, for Belgium (a), France (b), Germany (c), and the Netherlands (d), for the period
2012–2015.

Table 4
Key characteristics of the (mostly nonharmonized) CWE region’s RT balancing markets.

Belgium France Germany The Netherlands

General Control areas 1 1 4 1
TSO Elia RTE 50 Hertz, Amprion, TenneT

TenneT, TransnetBW
Market period 15 min 30 min 15 min 15 min

Settlement Pricing Single Dual Single Single
Pricing Marginal Average Average Marginal
Price limits ±3000 €/MWh DA price Marginal activated ±100,000 €/MWh

bids, ID price

Procurement FCR contract period Weekly Mandatory Weekly Weekly
FCR reservation Pay-as-bid Regulated Pay-as-bid Pay-as-bid
FCR activation – Regulated – –
aFRR contract period Weekly Mandatory Weekly Yearly
aFRR reservation Pay-as-bid Regulated Pay-as-bid Pay-as-bid
aFRR activation Pay-as-bid Regulated Pay-as-bid Pay-as-cleared
mFRR contract period Monthly/yearly Mandatory Daily (4 h) Yearly
mFRR reservation Pay-as-bid Regulated Pay-as-bid Pay-as-bid
mFRR activation Pay-as-bid Pay-as-bid Pay-as-bid Pay-as-cleared
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stage until delivery, including DA, ID, and RT markets. Due to the
ongoing integration of variable RES, the variability in the system
is increasing, making these markets increasingly important to keep
the system balanced at different time scales. A good understanding
of their design, as well as of new developments, is essential for
analyses of the need for and supply of flexibility. This article there-
fore provides a detailed overview of the design of the three short-
term markets for the four market zones of the CWE region, while
focusing on their interaction with flexibility.

Considering the DA market, we discuss its general functioning,
and review its specific features, including available order types,
temporal resolution, cross-border trading, and price caps and
floors. For the ID market, a similar set of topics is considered, while
also discussing the difference between its two market types, i.e.,
discrete auctions and continuous trading. Finally, RT balancing
markets include both an imbalance settlement and reserve pro-
curement side. Considering the former, we analyze how the BRPs’
imbalance positions and the imbalance prices are determined,
while for the latter, we investigate how the TSO procures, activates,
and remunerates reserve capacity from BSPs.

While other potentially desirable reforms can be identified
when considering the implications for flexibility discussed
throughout this article, we conclude that policy-makers should
focus on four design improvements. The first one is the temporal
resolution. As BRPs are only held accountable for the net imbalance
position over a settlement period, and not for instantaneous imbal-



Table 5
List of abbreviations.

Abbreviation Description

Acronyms aFRR Automatic frequency restoration reserve
ATC Available transfer capacity
BRP Balance responsible party
BSP Balance service provider
CWE Central Western European
DA Day-ahead
ENTSO-E European network of transmission system

operators for electricity
FBMC Flow-based market-coupling
FRR Frequency restoration reserve
FTR Financial transmission rights
GCC Grid control cooperation
ID Intra-day
IGCC International grid control cooperation
mFRR Manual frequency restoration reserve
NRV Net regulation volume
OTC Over-the-counter
PCR Price coupling of regions
PTR Physical transmission rights
RES Renewable energy sources
RR Replacement reserve
RT Real-time
SI System imbalance
TSO Transmission system operator
VOLL Value of lost load

Country codes BE Belgium
DE Germany
FR France
NL The Netherlands
UK United Kingdom
US United States
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ances, quarter-hourly settlement periods in the French RT market
would increase the extent to which BRPs are charged for the
reserve activation costs they cause. In addition, the introduction
of quarter-hourly products in the Belgian, French, and Dutch con-
tinuous trading ID markets would allow players to align hourly
DA output schedules through market-based transactions to the
temporal resolution of the imbalance settlement, and improve
the extent to which capacity is rewarded for its flexibility. The sec-
ond recommended improvement is the introduction of an ID auc-
tion for Belgium, France, and the Netherlands. As the impact on
liquidity needs to be taken into account, further integration of
the CWE ID markets through market-coupling naturally follows,
which would also promote an efficient allocation of flexibility
and interconnection capacity. Third, as passive balancing can serve
a valuable social purpose and improve the valorization of flexibil-
ity, incentivizing design changes should be considered for the
French and German balancing markets. Fourth, more cross-
border inter-TSO cooperation should be promoted on the procure-
ment side in the CWE region’s balancing markets, similar to the
cooperation of the four German TSOs. Such cooperation is expected
to contribute to more efficient reserve sizing, reservation, and
activation.

In terms of relative size of the three markets, trading volume
analyses show that the DA market is an important market in the
CWE region. In 2015, it comprised on average 28.19% (BE),
23.48% (FR), 46.21% (DE), and 38.47% (NL) of the hourly consump-
tion. Although the ID market still plays a minor role in terms of
trading volume, i.e., in 2015 on average 0.81% (BE), 0.94% (FR),
7.95% (DE), and 0.83% (NL) of the hourly consumption, these vol-
umes have been increasing steadily over the past few years, and
are expected to keep on growing. In Germany the ID market is rel-
atively large due to the demand for ID flexibility resulting from
high RES penetrations, and because of its relatively sophisticated
market design including both continuous trading and a discrete
auction, and both hourly and quarter-hourly products, all of which
facilitate trade. Finally, the RT balancing market’s size, measured in
terms of the NRV, has seen its share of consumption decrease from
2012 to 2015, with average shares falling from 1.33% to 0.95% (BE),
from 1.19% to 1.05% (FR), from 1.38% to 0.63% (DE), and from 0.49%
to 0.44% (NL). This can be attributed to more accurate RES genera-
tion forecasts, improved profiling in the DA and ID market,
increased liquidity in the ID market, increased international coop-
eration, and increased passive balancing by BRPs.

We conclude that the details of market design are crucial to the
successful integration of variable RES, as they determine the rules
by which flexibility providers must play, and define the opportuni-
ties for these sources to valorize flexible operations. There are at
least two important topics for future research. The first is the
development of models to simulate the participation of flexibility
in the three short-term markets, in order to be able to quantify
its value in the CWE region. The second is the use of models or sta-
tistical analyses to analyze how specific market design rules may
affect this value, in order to quantitatively complement the quali-
tative study of this article and thereby provide useful advice con-
cerning future market redesigns.
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