
10Electricity Markets in Europe

After the theoretical explanation of markets and their functioning in the preceding
chapters, this chapter introduces the different European electricity markets and
explains the basic principles of these markets and how they are interlinked with
each other. Since liberalisation, rules of the markets have been adjusted several
times and adapted to new fundamental situations. A good example is the intro-
duction of intraday markets, which got relevant with higher shares of renewable
energies and the need to balance their uncertain day-ahead forecast in a further
market before real-time balancing.

This chapter starts with an overview of spot markets, including day-ahead and
intraday markets and cross-border trading. Spot markets generally act as a reference
for the other markets. But other markets are also crucial for a proper operation of
the electricity system. The role of the different markets and mechanisms –

derivative markets, control reserve markets, provision of system services, capacity
mechanism and congestion management – are explained in the adjoining sub-
chapters. Furthermore, retail markets and their functioning are described. Besides
sections on retail contract types, competition in retail markets and energy poverty,
key ratios (self-supply, autonomy) for the characterisation of decentralised energy
sources are also introduced. As electricity markets in Europe are differently
designed than in North America, this chapter ends with a comparison of the design
of European and North American markets.

Key Learning Objectives

After having gone through this chapter, you will be able to

• Describe the basic principles of European electricity markets and how they
are interlinked with each other.

• Describe the difference between continuous and spot market trading
making use of the example of intraday and day-ahead markets.

• Understand how cross-border trading is organised in Europe.
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• Explain what power reserves are distinguished and how these are
organised.

• Describe how congestion management is organised and which methods are
used for capacity allocation and alleviation.

• Explain the basic functioning of retail markets and corresponding contract
types.

• Understand competition on retail markets and how retail prices are formed.
• Explain the indicators self-supply, grid parity and level of autonomy.
• Explain the difference between European and US power markets.

10.1 Spot Markets

When electricity markets in Europe were deregulated, spot market trading usually
occurred the day before delivery. Correspondingly, the term spot market is fre-
quently used synonymously to day-ahead markets (cf. Sect. 10.1.1). But more
recently, intraday trading has become increasingly important (Sect. 10.1.2) and also
cross-border trade has been developed much further (Sect. 10.1.3).

10.1.1 Day-Ahead Markets

The market price in the day-ahead market is determined by matching offers from the
supply and demand side. Supply is primarily provided by generators and demand is
stemming mainly from energy utilities and large retailers who serve end consumers
(see, e.g., in Sect. 7.1.4). In an auction-based market (see Sect. 8.3), a supply and
demand equilibrium and the corresponding market clearing price is determined,
usually on an hourly – partly also on a quarter-hourly – time interval for the 24 h of
the following day. As prices are calculated for every single hour of a day, in
general, 24 prices for electricity on the next day are determined.

Trade on the day-ahead market is generally organised with a fixed closing time,
e.g. 12 o’clock on EPEX SPOT, where all collected bids are matched and a unique
market price for every hour of the following day and physical delivery at a given
location is derived. It is thereby not only possible to trade single hours of the
following day but also to submit so-called block bids.1 Multiple hours of a day can
be combined to block bids and various standardised products combining several
hours (e.g. base- or peak-load) are already defined on the energy exchanges. These
combined orders refer to different hour contracts for the same day and delivery

1 Block bids and multi-part bids are summarized under the term complex bids. For multi-part bids
see Sect. 10.8.
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location and have to be either buy or ask bids. All orders of block bids are either
executed entirely or not executed at all (so-called Fill-or-Kill criterion). This type of
bidding is especially relevant for less flexible technologies and smaller portfolios,
where the operator has to decide to turn on a unit for several consecutive hours to
fulfil minimum operation hour requirements (see Sect. 4.4.1.3). Even if the market
price for a single hour is below the accepted price of a block bid, this single hour
may be accepted as part of a block bid. However, this will only happen if the
average price over the combined hours is higher than the bid for the hour block.
Else the bid will not be executed at all. This allows, for example, to commit the
whole capacity of a plant for eight consecutive hours instead of risking a shut-down
of the plant in hours with low electricity prices (in the case of bidding every single
hour separately). This is an advantage for the market participants yet comes at the
expense of higher computational complexity for the energy exchange. Notably,
handling such bids requires the introduction of binary variables, leading to a
mixed-integer model for the market clearing (see also Sect. 4.4.1.3).2

Several day-ahead markets for electricity exist in Europe: electricity, e.g., from
Austria, France and Germany is traded on the EPEX SPOT in Paris, electricity from
Scandinavian countries on the Nord Pool. Further energy exchanges are Omie for
the Iberian Peninsula, PolPX for Poland, PXE for Czech Republic, Hungary,
Romania and Slovakia. Also, Great Britain and Ireland initially traded their elec-
tricity purely nationally.

Over the years, electricity markets have undergone several significant develop-
ments. Besides changes in the underlying generation mix (such as the increased
penetration of renewables and the nuclear phase-out in countries like Germany),
significant changes have been made in regulation and market design. The intro-
duction of the European emission trading system in 2005 (see Sect. 6.2.4.1) has
created additional interdependencies and affected the pricing in electricity markets.
Also, the introduction of negative prices and the establishment of competitive
procurement procedures for reserves (see Sect. 10.3) have affected price formation
and market outcomes. Furthermore, provisions have been made for the rare cases
when the day-ahead auction leads to tight market conditions (very low or very high
prices). Then a second auction is held, which allows participants to adjust their bids
to facilitate market clearing. However, the most significant changes over the last
two decades have been the introduction of intraday markets and an increasingly
international market coupling, as discussed in the following sections.

10.1.2 Intraday Markets

Day-ahead markets can be considered the reference markets in most power systems
and result in an allocation close to that at delivery or real time. However, after
closing the auction, new information can emerge within the time frame between the

2 This may even lead to paradoxically rejected block bids (for details see, e.g., Madani and Van
Vyve 2014).
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closure of the day-ahead market and physical delivery. Forecast updates for
weather-dependent renewables like wind and solar are one source of new infor-
mation. With higher penetration of these renewables, significant deviations may
arise between the forecasted and the final feed-in. Yet, power plant outages or
unexpected changes in demand also induce information updates, which cannot be
handled in day-ahead markets. So-called intraday markets therefore provide the
possibility to react to changes in forecasts over time by allowing market participants
to trade electricity close to physical delivery.

Whereas in the Scandinavian countries, some intraday trade has been practised
for more than twenty years in the ELBAS market and on the regulatory power
market platform run by the Scandinavian TSOs, mediated trading in continental
Europe only started around 2010. It has been expanding considerably, at least in
Central West Europe (Germany, Benelux and France). Contrarily to the day-ahead
market, it is organised as continuous trading, which enables an immediate reaction
to updated information, be it a power plant outage or an updated wind forecast.

Nowadays, intraday trading is possible in many European countries until 60 min
or even less before delivery. Day-ahead and intraday markets for electricity are
organised as double-sided markets, allowing buyers and sellers to submit offers. In
the day-ahead market for electricity, buyers and sellers submit their offers to a
power exchange, which determines the price periodically, in general once per day
for the 24 h of the following day. The power exchange uses the submitted sell
orders to construct a supply function and the submitted buy orders to find a demand
function for electricity. The intercept of both functions results in the price. In
contrast to that, continuous trading delegates the clearing process to the market
participants. The power exchange only provides a platform that gives information to
the participants and enables them to conclude transactions with each other. This
platform is usually the “open order book” with limit orders for purchases and sales
(see Sect. 8.3). Through market orders, i.e. orders with unlimited prices, traders
may then directly and on a continuous time scale execute trades – or alternatively
include their own limit orders to increase the available volume in the order book. In
general, European intraday markets are organised as continuous trading, some-
times there is also an opening auction, e.g. in Germany.

10.1.3 Cross-Border Trading

As with other goods, trade in electricity between two or more countries will
increase the welfare of all participating countries as market participants have access
to a larger market for sales or purchases (cf. also Sect. 7.2).3 As electricity trade is
only possible via cross-border power lines, two questions are crucial when

3 Each country engaging in trade will increase its overall economic surplus. In the simple models
of Sects. 7.2 and 7.3, this corresponds to a decrease in cost – when costs are adjusted for the value
of imports and exports. Yet not necessarily all market participants within the countries will benefit
from cross-border trading. Typically, producers in high-price markets lose profits whereas
consumers benefit from lower prices. The opposite is true in low price areas.
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organising electricity trade between two countries: How should the trade be
organised? And how much transport capacity between countries can be considered
for trading?

Allocation methods like first-come-first-served and/or pro-rata, which were
applied before deregulation and in the early years thereafter fail the criteria of being
non-discriminatory and market-based. Today, the applied methods may be distin-
guished by several aspects (see also Sect. 10.6). Two main mechanisms to allocate
capacity between two neighbouring markets can be distinguished: explicit versus
implicit auctions. While some years ago, explicit allocation schemes were
state-of-the-art in Europe, nowadays implicit auctions are dominating. Explicit
auctioning means that the right to cause a power flow over interconnections
between countries is auctioned to the market separately and independently from the
marketplaces for electricity trading. Hence, traders have to buy a transmission right
to implement a trade between two countries and they have to enter two separate
trades on the markets of the two countries. The transmission operators generally
care about the contracts and allows for exchange as long as physical interconnection
capacities are not exceeded. Capacity may be auctioned at different time scales, e.g.
in annual, monthly and daily auctions. Such trading requires a low degree of
integration and coordination between the involved grid and market operators.
Furthermore, there is no necessity for a common trading platform nor simultaneous
clearing of day-ahead markets between countries under such a market mechanism.
However, as prices for both markets and the price for the transmission right are not
known ex-ante, this mechanism may lead to an inefficient result. Frequently,
interconnector capacity is not fully used and cross-border traders have failed to
correctly anticipate the price spread between countries, sometimes resulting in
acquiring the transmission capacity in the “wrong” direction. Despite this being
recognised for day-ahead markets, long-term trading of cross-border capacities is
still based on explicit auctioning in Europe. Also here, a coordinated capacity
calculation was introduced in Europe. The Network Code on Forward Capacity
Allocation establishes rules for long-term cross-border capacity assignments. These
are intended to enable market participants to secure capacity on cross-border lines
up to several years in advance. These capacities often correspond to physical
transmission rights, as opposed to financial transmission rights used in nodal
markets (see Sect. 10.6.1). By allowing such deals a long time in advance hedging
against congestions is enabled. A so-called joint allocation office (JAO) has been
established, which provides a single auction platform and point of contact to
facilitate the purchasing and selling of transmission capacity.

In contrast to these explicit auctions, implicit auctioning means that
cross-border capacities are included in a centralised clearing of local power
exchanges. Market clearing for transmission rights and electricity occurs simulta-
neously and the resulting prices per area reflect both the cost of energy and con-
gestion. If no congestion occurs, prices in the two countries are equal (cf. Sect. 7.2).
In consequence, market participants only submit bids to the marketplaces in their
respective country. As part of the auction process, cross-border bids and, as a result,
deliveries are automatically generated by the system, which aligns the resulting
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prices of the two countries as far as available capacities allow. If, for example,
separate auctions in Germany and France have as a result that the daily price in
Germany is lower than in France, the affected power exchanges automatically
generate a delivery from Germany to France which either completely aligns the
price or, if this is not possible, at least utilises all short-term cross-border capacities
from Germany to France. In consequence, the best possible alignment of short-term
prices is achieved (see Sect. 7.2). Further aspects of organising trade between
countries, such as market coupling versus market splitting, volume coupling versus
price coupling, available transfer capacity versus flow-based methodologies and
zonal versus nodal prices are discussed in the section on congestion management in
electricity markets (see Sect. 10.6).

10.2 Derivative Markets

Besides trading on the spot markets, the European markets also offer numerous
possibilities to trade derivatives. Table 10.1 provides an overview of the exchanges
offering derivative trading for electricity market products in European countries and
the corresponding trading volumes.

Several points are worth noting:

• Derivative trading is possible in most countries. The only exceptions are Malta
and Cyprus and the South-East European countries Bulgaria, Croatia and
Slovenia. Derivative trading is usually organised as continuous trading with
opening and closing auctions, as is typical for financial markets.

• In some countries, multiple exchanges propose trades in power derivatives, even
if there is only one spot market operator. There has been substantial consolidation
across Europe and beyond in the active exchanges. Besides the Germany-based
European Energy Exchange (EEX), the US-based Intercontinental Exchange
(ICE) and NASDAQ are the most important players. NASDAQ notably has
overtaken the power derivative trading in the Nordic and Baltic markets.

• The trading volume on OTC markets exceeds in many countries the volume
traded on power exchanges. The opposite is yet true in the Nordic and Baltic
markets.

• Options are much less traded than forwards and futures – in some countries,
even no option products are offered. And when they are offered, trading is lower
by a factor of 20 or so than the trades in forwards and futures. Nevertheless, the
concept of options and the techniques for their valuation are useful for dealing
with flexibilities (cf. Chaps. 8 and 11).

• The churn rate is a useful measure to compare trading volumes among countries
of different sizes. It corresponds to the quotient of the trading volume and the
annual consumption. These churn rates strongly vary among countries. In gen-
eral, trading volumes and churn rates are the highest for large countries.

320 10 Electricity Markets in Europe



Table 10.1 Derivative trading for electricity in the EU, Norway Switzerland

Country Active exchangesa Trading volume [GWh] Churn rated

(all products
together) (%)

Exchange
traded
futures

OTC traded
forwards

Options

Austria EEX, ICE, NASDAQ 150 246 4 635

Belgium EEX, ICE 13 6 – 23

Bulgaria – – – – 0

Croatia – – – – 0

Cyprus – – – – 0

Czech Republic PXE 18 123 – 249

Denmark NASDAQ 74 54 ?b 408

Estonia NASDAQ 223 16 ?b 564

Finland NASDAQ 110 80 ?b 237

France EEX 83 786 198

Germany EEX, ICE, NASDAQ 1233 2026 30 635

Greece EEX 0.3 0

Hungary PXE, HUPX 7 144 434

Ireland SEM ?c ?c 0

Italy EEX, GME, ICE, IDEX 161 205 127

Latvia NASDAQ 16 12 ?b 415

Lithuania NASDAQ 20 15 ?b 393

Luxembourg EEX, ICE, NASDAQ 15 24 635

Malta – – – – 0

Netherlands EEX, ICE, NASDAQ 118 205 303

Norway NASDAQ 315 229 ?b 497

Poland PXE, POLPX 163 78 194

Portugal OMIP 6 – – 13

Romania EEX 0.1 13 33

Slovakia PXE 1 0 4

Slovenia – – – – 0

Spain OMIP, EEX 31 224 0.3 105

Sweden NASDAQ 310 225 ?b 428

Switzerland EEX 1 155 265

United Kingdom ICE, NASDAQ 5 301 97
a The incumbent market operator is marked in bold. In most cases, it has by far the largest market
share
b No separate indication is given in the source
c According to the source, anecdotal evidence points at low volumes
d In this context, the churn rate is a measure of market liquidity. A churn rate of 200% means that
the traded volume of power is equal to two times the electricity consumption on the observed
markets
Source ECA (2015, pp. 107–112) and own adaptations
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But derivative trading is also vital in the Nord Pool market (Nordic and Baltic
countries).

• A churn rate of 1000% is sometimes postulated as a minimum requirement for
liquid trading – which makes it attractive for pure financial players. No European
power derivative market reaches this churn rate and according to the numbers
provided, even a churn rate of 500% is only reached in the (then existing)
common market area Germany–Austria–Luxemburg and in Estonia. In recent
years, power derivative trading has even seen further slight decreases. This is
partly attributable to additional regulatory requirements related to European
directives put into place in the aftermath of the global financial crisis of 2008.4

Here the balance between the necessary preservation of financial stability and
overregulation of relatively small players (in the context of financial organisa-
tions) has to be found.

10.3 Management of Reserves

As discussed in Sect. 5.1.4.2, various so-called ancillary services or system ser-
vices are required to operate the electricity network. Among those, reserves used for
frequency control become more and more procured on a market basis. In recent
years, the European regulation has not only issued harmonised definitions of dif-
ferent reserve power categories, but also the European Network Codes5 streamline
the corresponding operational procedures in view of cross-border competitive
procurement. These define three processes along with the corresponding types of
reserves:

FCP: Frequency Containment Process. As indicated by its name, this process
aims at maintaining the grid frequency within an acceptable range around its set-
point of 50 Hz. This is done by automatically activating the so-called FCR: Fre-
quency Containment reserves.6

FRP: Frequency Restoration Process. Whereas the FCP aims at limiting fre-
quency deviations, the FRP has the objective to re-establish the frequency at 50 Hz
while at the same time also restoring the inter-area power flows to their scheduled
values. Thereby two types of reserves are used:

4 EMIR: European Market Infrastructure Regulation. MiFID II: Markets in Financial Instruments
Directive. REMIT: Regulation on Wholesale Energy Market Integrity and Transparency. While
the first two are applicable to a broad range of financial derivatives, the last one specifically applies
to the energy sector and imposes increased reporting requirements on energy traders.
5 Cf. Guideline on electricity transmission system operation CR 2017/1485 (EC 2017a) and
Guideline on electricity balancing CR 2017/2195 (EC 2017b).
6 Cf. Sect. 5.1.4.2 for this and the other reserve categories.
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• aFRR: Frequency Restoration Reserves with automatic activation
• mFRR: Frequency Restoration Reserves with manual activation.

RRP: Reserve Replacement Process. As the third step in reserve management, the
RRP may re-establish the previously activated reserves. This is done using so-called
RR: Replacement Reserves.

Note that the RRP, in contrast to the first two processes, is not mandatory across
the EU. For example, since the deregulation of the electricity market in late 1990,
Germany has not had a process for reserve restoration. Furthermore, these processes
are supplemented in the European Network Codes by processes for exchanging
reserves between TSO areas. The TSOs handle these processes, yet the assets used
to provide the reserves are due to unbundling requirements (see Sect. 6.1) usually
not under the direct control of the TSOs. Hence, the question arises of how these
resources may be procured. Over the years, more and more market-based pro-
curement mechanisms have been established and they have increasingly become
international, too.

For these markets, the following three general challenges arise:

• the close coordination needed between short-term grid operation and generation
(or more generally flexibility) operation

• the technical restrictions relating to the provision of reserves and the energy
provision in (conventional and other) power plants

• the avoidance of excessive market entry barriers and the related danger of
abuse of market power.

At the same time, several important design choices for reserve markets have to
be made:

1. Product design
2. Procurement periods
3. Prequalification requirements
4. Auction design
5. Bid remuneration approach
6. Auction timing.

1. Product design: Since imbalances between feed-in and off-take from the grid
may occur in both directions, one has to decide whether there should be one
symmetric product including both reserves for upward and downward regulations,
or instead separate products for upward regulation (positive reserve) and downward
regulation (negative reserve). In continental Europe, FCR is procured as a single
symmetric product since rapid activation in both directions is required. By contrast,
all other reserves are procured using separate products to enable bids from different
types of flexibilities, both from the demand and supply sides. So this contributes to
lowering the market entry barriers.

10.3 Management of Reserves 323



2. Procurement periods: From a TSO perspective, a long procurement period is
advantageous since reserve capacities are secured long in advance. However, in
terms of the economic efficiency of the reserve markets, short procurement periods
with as short as possible lead-times are advantageous. With short lead-times,
suppliers better know both their units’ availability and the opportunity costs
associated with reserve provision. Similarly, short procurement periods also enable
more targeted bids and will lead to a higher efficiency of the reserve markets
(cf. Just 2011). Over time, we have seen a gradual reduction of the procurement
periods – for aFRR in Germany from half-yearly bids down to four-hour block bids.
This has fostered market entry and increased competition.

3. Prequalification requirements: Participation in the reserve markets usually
necessitates the corresponding units undergo a prior prequalification. Thereby the
TSOs notably check that the technical equipment of the units enables them to follow
the activation signals received from the TSO. Very restrictive prequalification rules
may contribute to a higher technical reliability of the power system. Yet, they also
form barriers to market entry, especially for smaller and unconventional reserve
providers such as storages and demand response. Therefore, tight prequalification
requirements may contribute to a higher reliability but may reinforce the position of
the incumbents and may enable them to exercise market power.

4. Auction design: The reserve markets operate as single-sided multi-unit auctions,
i.e. with multiple sellers and the TSO(s) as a single buyer. This is different from the
day-ahead electricitymarketwith its double-sided auction (cf. Sect. 10.1). The central
question is whether the providers should be paid for the capacity, energy or both. A
capacity payment is analogous to an option premium, paid onfinancialmarkets, as it is
received independently of the actual use of the reserve. The energy payment then
corresponds to the strike price that is received when the flexibility is used.

Empirical evidence on the paid compensation is mixed. In Germany, FCR is
only remunerated on a capacity basis, whereas aFRR and mFRR are paid both for
the capacity and the energy they provide. In the Nordic countries, where pre-
dominantly mFRR was used in the past, it has been procured on the so-called
regulating power market and remunerated purely on an energy basis.

These at first sight inconsistent findings may be explained by the differences in
(opportunity) costs faced by the relevant providers. In the case of FCR, the sym-
metric product design and the over time rather balanced activation of positive and
negative reserves imply that there are little energy costs. Capacity costs arise since
the capacity may not be marketed on the power market. Since FCR has to be
provided from spinning units, capacity costs may also arise because the units have
to be kept in operation during periods with prices lower than variable costs – these
are the opportunity costs associated with the must-run condition. Those also may
arise when thermal power plants provide positive FRR. At the same time, the split
products imply that positive energy costs will arise when positive reserves are
activated. Conversely, the activation of negative reserves implies savings in fuel
consumption for conventional power plants (since they are producing less) or
additional electricity offered for consumption in case of demand response. Hence, a
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negative energy price for these reserves should be expected, i.e. paid by the reserve
provider to the TSO. The Nordic system is hydro-dominated, and reserves are also
mainly provided by hydropower plants (see also Sect. 8.5.5). At the same time,
generation capacity is not scarce in these systems, rather the energy stored in the
reservoirs. Therefore, it seems natural that capacity is not priced there but energy.

5. Bid remuneration approach: An aspect related to auction design is the payment
principle. In multi-unit auctions, either each unit may receive the same (marginal)
price – as in the day-ahead electricity market. Or each unit is paid its own bidding
price – this is then called “pay-as-bid” instead of “pay-as-cleared”. In the past,
reserve procurement auctions have been frequently held using the pay-as-bid
approach. The current European regulation advocates pay-as-cleared. At first sight,
this may be considered inefficient since some providers are paid more than they are
asking for. The advantage of pay-as-cleared is that suppliers have fewer incentives
to submit non-cost-based bids. In fact, in a pay-as-bid market, suppliers base their
prices on their best estimate of the marginal bid, so these markets may be named
“guess the clearing price” (cf. Cramton and Stoft 2006; Swider and Weber 2007).
This will foster collusion, i.e. anti-competitive behaviour, and raise entry barriers
for newcomers and small firms in general since those have typically fewer com-
petencies in forecasting the price.

6. Auction timing: Another key aspect for efficient market operation is the timing
of reserve auctions relative to the day-ahead electricity market. A co-optimisation of
energy and reserve provision will lead to the best results from an overall system
perspective. And this is the approach implemented in competitive US markets (cf.
also Sect. 10.8). In Europe, the markets are cleared separately, not least since the
power exchanges and OTC trading platforms are institutionally separated from the
grid operators. In contrast, the American Independent System Operators (ISOs)
have joint responsibility for market and system operation. In continental Europe,
the procurement auctions for reserves have traditionally been held before the
day-ahead power market. This ensures sufficient liquidity on the reserve power
markets7 since unit commitment decisions have not yet been taken and units
selected on the reserve power markets may sell their resulting must-run generation
on the day-ahead market. At the same time, the unit commitments obtained as an
outcome of the reserve market may be inefficient given the results of the day-ahead
market. If rescheduling is not possible through portfolio-internal swaps or a sec-
ondary market, this will result in inefficiencies. Therefore, a later selection of power
plants for reserve provision is, in principle, advantageous. It is typically imple-
mented in markets where unit commitment decisions are less constraining and also
further limitations to reserve provision like ramping constraints do not play an as
important role – i.e. the Nordic countries. In other countries, there is increasingly
the possibility for units not retained in the procurement auction for reserve
capacities to submit a so-called free energy bid, i.e. to propose un-scheduled
capacities after the day-ahead electricity market for activation as reserves.

7 If overall supply adequacy is satisfied; see Sect. 10.5.
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10.4 Provision of Other System Services

Besides load–frequency control, grid operators must perform other regular system
operation tasks and be prepared to cope with fault and emergency situations. The
most important tasks in normal operation are (see also Sect. 5.1.4):

• voltage control and
• congestion management.

In fault and emergency states, the following tasks have to be performed:

• short-circuit management and
• restoration of supply.

In future power systems with high shares of power electronics-based generation
technologies such as solar and wind power, also the following tasks are expected to
gain importance:

• very short-term frequency stabilisation and
• grid (or frequency) forming.

To perform these tasks, grid operators make use of the ancillary services dis-
cussed in Sect. 5.1.4.2. Subsequently, the possibilities for market-based procure-
ment of these services are discussed.

Voltage control ensures that voltage at all grid nodes remains within predefined
bounds. Voltage control is mainly performed by adjusting the reactive power infeed
locally. Like congestion management, it is hence a task to be performed locally in
the grid. Thus, the use of standard short-term markets without local discrimination
is not adequate. At the same time, conventional generation units can provide
reactive power within a broad range at relatively low costs. Therefore, the provision
of reactive power is either mandatory for large-scale power generation units in
European electricity systems or its provision and remuneration is dealt with through
bilateral contracts. In addition, devices installed and operated directly by grid
operators may be used for voltage control, e.g. tap-changing transformers or
FACTS, cf. Sect. 5.1.4.2. In this case, market-based solutions to voltage control
become even more questionable.8

Congestion management is dealt with in more detail in Sect. 10.6 and therefore
not considered further here.

Short circuit management, as described above, relies on the overcurrent
induced by faults and provided by the conventional large-scale generators. This
mechanism is more or less a by-product of the technical characteristics of

8 A profound overview of market mechanisms and remuneration concepts for voltage control is
given in Hinz (2017, Chap. 3).
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conventional generators and their operation mode. Correspondingly, no market
mechanism is currently in place to handle this ancillary service, instead it is
specified in the grid connection codes.

Restoration of supply capabilities are required to cope with the (hopefully
unlikely) event of large-scale disruption in electricity supply. In such a case, units are
needed that are able to black start. Grid operators (usually TSOs) have to ensure the
availability of sufficient generation capacities with black start capabilities in their
control area, and they will make emergency plans on how to rebuild an operating
grid after such a large-scale failure gradually. As this ancillary service is rarely
needed and requires appropriate location of resources and close coordination with
the TSO, it hardly may be procured through short-term markets. It is rather more
appropriately handled through negotiated bilateral contracts where competitive bids
from distributed generation may play an increasing role in the future.

As discussed above, conventional generation units currently provide vital ser-
vices to cope with the tasks mentioned earlier. With the transformation of the
electricity system towards a system based predominantly on renewable energies,
new concepts and solutions have to be developed to secure the stable operation of
the grid (cf. Sect. 12.3). Moreover, some additional issues arise where separate
ancillary services have not been defined so far.

Very short-term frequency stabilisation is currently provided by the instan-
taneous reserve that results from the inertia in the system (cf. Sect. 5.1.4.2). In
conventional systems, the rotating masses of generators and turbines in large-scale
units provide sufficient inertia to dampen frequency drops in the very short run and
achieve an instantaneous reaction to imbalances. However, as wind turbines, solar
panels and batteries are based on electronic DC-AC converters, they do not provide
such inertia to the system. Consequently, it may be required to treat instantaneous
reserve as an additional reserve category with a corresponding procurement market.
This reserve could then, e.g., be procured from very short-term storage – yet the
actual delivery of this service also requires methods of measurement that detect
very rapidly upcoming imbalances (cf. e.g. MIGRATE 2018).

Grid (or frequency) forming is an additional requirement that synchronous
generators currently deal with in large-scale conventional power plants. By rotating
at the pre-specified synchronous frequency (50 Hz in Europe), the synchronous
generators provide a sinusoidal voltage signal of precisely this frequency. The
converters in power electronics-based systems are also capable of following an
externally defined regular frequency signal. Without additional control concepts,
they will not be able to generate or stabilise such a frequency signal. Hence,
forming the grid frequency is an additional task to be performed by some grid
elements in future grids. However, the regulatory and market framework for the
provision of these ancillary services still has to be investigated.
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10.5 Capacity Mechanisms

There are serious concerns about whether an energy-only market (EOM), where
only the produced electricity is remunerated (€/MWh), can provide sufficient
investment incentives to ensure (long-term) supply adequacy. Supply adequacy is
thereby understood as the ability of the system to meet the energy requirements of
all consumers, so-called long-term supply security. In contrast, supply security is
the ability of the system to withstand disturbances, so-called short-term supply
security (cf. e.g. Oren 2003).

In contrast to regulated electricity markets, no specific player is responsible for
the provision of an adequate level of supply adequacy9 in a liberalised energy-only
market. This responsibility is handed over to market signals. A company will invest
as soon as the expected rate of return due to market prices satisfies the individual
investment profitability requirements.

In an EOM, times of scarcity are compulsory. In such scarcity hours, market
prices are higher than the short-run marginal costs of the price-setting power plant.
In reality, the market prices will be rather a function of the level of scarcity: the
scarcer the market is, the higher the prices are. In real scarcity, the equilibrium price
will be set by the demand side (see Fig. 7.1, outmost right demand curve). In such a
situation, the market price will correspond to the willingness-to-pay (WTP) of the
last served customer. This allows owners of power plants to recover their fixed
operational and capital costs (see Sect. 7.4). However, due to imperfections of
electricity markets, especially the lack of demand elasticity and the limited possi-
bilities to control the real-time electricity flows (cf. e.g. Stoft 2002, pp. 14–16 and
Joskow and Tirole 2007), the functioning of energy-only markets in reality is often
seriously questioned. Furthermore, scarcity prices might be rather seldom. For
example, they might only appear during a few hours of a freezing winter due to a
significantly increased heat demand. Therefore, the corresponding revenue streams
are highly uncertain. This holds especially true for electricity markets characterised
by overcapacities during most hours of the year, e.g. due to an increasing share of
fluctuating renewable electricity production, which is incentivised by additional
support schemes (see Sect. 6.2.4.2), and market coupling activities. Therefore, an
investment in new generation units will result in a high risk for the investor, and
such volatile revenues may discourage investments.10 Furthermore, very high price
spikes – even if they only arise for a few hours of the year – are sometimes seen to
be politically unacceptable, resulting in governmental intervention by introducing
price caps (upper limits) for electricity prices, which might lead to the so-called
missing-money problem and according to a discouragement of potential investors
(see, e.g., Cramton and Ockenfels 2012; Hogan 2005 and Sect. 7.4.1).

9 In this context, first the question has to be answered, how an adequate level of supply adequacy is
to be defined (quantitatively).
10 This might especially be the case for traditional energy companies that are often characterized to
be extremely risk-averse. On the role of risk aversion for generation investment see e.g. Neuhoff
and De Vries (2004).
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In general, a possibility to manage the volatility of wholesale electricity prices
and the corresponding risks would be an increased forward contracting between
generators and retail companies or load-serving entities (LSE), which would buy
these contracts for their customers (see de Vries and Hakvoort 2004, pp. 7–9). With
the help of such long-term contracts, electricity customers could be protected
against very high and power generators against very low electricity prices. Yet such
contracts might increase the costs and therewith also the prices for electricity sold
by companies participating in these long-term markets. This might reduce their
sales volumes as long as customers are free to choose their retailer. Furthermore, as
power flows to specific customers can currently hardly be limited (without limiting
all power flows in the corresponding district), even customers bound by contract to
another retailer (and not having bought these long-term contracts) would possibly
be supplied in the case of scarcity.

One possibility to avoid the flaw caused by the limited possibility to control
power flows is to allow competition only on the generation and not on the retail side
(see Newbery 2002, pp. 30–32). Then the obligation to order an adequate level of
supply adequacy would be given to load-serving entities. These entities would have
to be the supplier for all customers in a specific region and would purchase supply
adequacy for them. The obvious disadvantage of such a solution is that customers
may not freely choose their suppliers.

Another solution could be to let customers become an active part of the system,
which has only partly been realised in electricity markets. This could be achieved
with the help of so-called capacity subscriptions (see, e.g., Grande et al. 2001),
which would allow customers to choose the desired level of reliability. Again the
lack of real-time control of power flows has so far hindered the use of such con-
tracts, with the help of which consumers could choose their reliability level
according to their needs. In the future, installing smart meters with load-limiting
devices could remedy this flaw, transforming the good reliability into a private
good (see Table 6.4). On the other hand, such a solution means that customers
would have to estimate their capacity demand, which would require that consumers
have to look into the details of their power consumption in a much more intensive
way (which is not very likely for most (small) customers).

Another opportunity to provide less risky revenue streams for power plant
operators is to establish remuneration mechanisms to influence the installation of
electricity generating capacity (Joskow 2008), so-called capacity mechanisms. By
establishing an additional revenue stream (€/kW) for power plant operators, the
need for high wholesale electricity prices to provide sufficient investment incentives
will be reduced or even totally eliminated. These remuneration mechanisms can be
differentiated according to various aspects; most important seem to be at least the
following two:

• targeted versus market-wide remuneration mechanisms; whereas only selected
technologies would be addressed with a targeted mechanism, all units (e.g.
generation, storage, demand side) could participate in a market-wide mechanism.
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• volume-based versus price-based mechanisms; in a volume-based mechanism,
the regulator sets the required capacity and the price is fixed through the market.
Conversely, the remuneration price is exogenously set in a price-based
mechanism.11

Figure 10.1 shows the classification of capacity mechanisms used by the
European Commission (cf. EC 2016, p. 50). An overview of capacity remuneration
mechanisms in place in Europe and the USA is given in Bublitz et al. (2019).

A straightforward and easy way to establish a new revenue stream for the
provision of electricity generating capacity is that an authority pays a fixed price per
megawatt of installed (or available) capacity (see price-based mechanisms 1 and 4
in Fig. 10.1). The challenging questions here are which units are eligible for this
payment (all or only those fulfilling specific criteria) and how the price per
megawatt is determined.

Within the category of volume-based mechanisms, many different concepts exist
(for more information see, e.g., ACER 2013; Bublitz et al. 2016; Höschle 2018; de
Vries 2004):

• Tender for new capacity (2 in Fig. 10.1): by establishing a tender, the con-
struction of new units, e.g. new power plants, is supported in order to establish
the additionally needed capacity. Once the installations have been connected to
the grid, they can either be integrated into the energy markets or be further
supported through a power purchase agreement.
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Fig. 10.1 Different forms of capacity mechanisms. Source Own illustration based on EC (2016,
p. 50)

11 Depending on the slope of the supply and demand functions for capacity, the effects of an error
in setting the price or the quantity lead to a bigger deviation from the equilibrium (see e.g. Oren
2000).
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• Reserve (3 in Fig. 10.1): in a so-called strategic reserve, the required capacity is
contracted by the (transmission) system operator, e.g. using a competitive ten-
dering process. The strategic reserve is held back from spot and control reserve
markets and is only used in emergency cases. This means the reserve will be
activated through instructions of the system operator when there is a shortage of
generation capacity in the market or when a given threshold concerning
wholesale electricity prices is exceeded. Typically, this will result in rather old
power plants to be transferred into a strategic reserve. This capacity mechanism
can lead to the problem that more and more capacities are needed in the strategic
reserve, once power plants leave the regular markets to become part of this
reserve (a so-called slippery slope). Another kind of capacity reserve is the
so-called operating reserve. Here the system operator contracts the required
capacity by using frequent, e.g. daily, auctions.

• Central buyer (5 in Fig. 10.1): in such a centralised capacity market, a central
buyer is responsible for calculating and procuring the required capacity. The
dispatch of the corresponding units is not within his field of responsibility. To
open the concept for new units, the bidding process for the capacities should be
realised a considerable time before the delivery period. In so-called forward
capacity markets, the capacity required is tendered some years in advance,
giving multi-year contracts to new units and yearly contracts to existing units
(see, e.g., Cramton and Stoft 2006; Bhagwat et al. 2017). In general, the chal-
lenge of the central buyer concept is to calculate the capacity demand, which
should be sufficient to secure supply adequacy. To realise this, the central buyer
might develop a so-called downward sloping capacity demand curve, which
starts with a price cap that is often derived from the costs for new peak power
plants (Cost of New Entry, CONE) and ends with a price of zero for the
maximal demand level (see Fig. 10.2 and, e.g., Höschle 2018, pp. 46–48). The
intersection of this demand curve and the supply curve, determined, e.g., with
the help of a (Dutch) auction, leads to the capacity market clearing price and the
contracted capacity.

Volume (MW)

Price cap

Price
(€/MW) 

Fig. 10.2 Simplified typical capacity demand curve. Source Own illustration based on Bhagwat
et al. (2017)
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If generators have sold their capacity but are not producing during scarcity
situations, they have to pay a penalty. Sometimes this incentive to produce
during scarcity situations is seen to be insufficient, which has led to an important
refinement of centralised capacity markets: the so-called reliability options (see,
e.g., Pérez-Arriaga 1999). Under such a concept, the capacity owners sell call
options to the central buyer, giving him the right to be compensated by the
difference between the electricity wholesale price and the option’s strike price.
Therefore, the central buyer has not only to determine the demand of capacity
needed, but also the strike price, which should be higher than the highest
marginal cost of the capacity units available. Reliability options lead to an
incentive to make capacities, whose electricity production has been sold via a
call option, available during scarcity situations.

• Decentral obligation (6 in Fig. 10.1): an obligation is placed on all load-serving
entities to secure the total capacity they need to meet their consumers’ demand.
In contrast to the central buyer model, a central planning authority is not
required, and a central bidding process is not needed. Instead, individual con-
tracts between load-serving entities and capacity providers might be negotiated.

The fact that the costs of excess capacity are typically much lower than the costs
of undersupply supports the introduction of a capacity mechanism, yet the problems
of designing these mechanisms are manifold. Obviously, there is a risk of regula-
tory failure. The ongoing redesign of capacity mechanisms worldwide illustrates the
challenge to define adequate levels for the different parameters (e.g. the price in
price-based and the demand in volume-based instruments). Furthermore, the
cross-border effects of capacity mechanisms, e.g. due to lower wholesale prices in
countries with capacity mechanisms, have to be considered.

10.6 Congestion Management in Electricity Markets

Congestion in the electricity system means that the existing power lines cannot
realise all electricity flows requested by market participants. Accommodating
these flows could violate existing physical (thermal) limits of the lines and
transformers of TSOs or DSOs. But even if a congestion is identified, this will not
necessarily mean that thermal limits are violated because the system operators
detect a congestion with the help of load flow calculations considering the N-1
criterion12 (so-called contingency analysis; see Sect. 5.1.4). There are manifold
possibilities to classify mechanisms for congestion management, e.g. one might
differentiate:

12 This means that even in the case of a failure of one system element, a stable system operation is
feasible.
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• according to the technical reason responsible for the bottleneck into active
power induced and reactive power induced congestion management,

• according to the location of the congestion into inter-zonal and intra-zonal
congestion management,

• according to the voltage level, in which the congestion happened, into DSO or
TSO congestion management,

• according to the consideration of physical electricity flows into flow-based and
not flow-based congestion management, or

• according to the “lead time” into capacity allocation and congestion alleviation
methods (cf. Androcec and Wangensteen 2006).

Subsequently, we structure the discussion along the distinction between capacity
allocation and congestion alleviation methods.

10.6.1 Capacity Allocation Methods

Capacity allocation methods (also called long-term13 or ex-ante14 congestion
management methods) aim at allocating the existing transmission (or distribution)
capacity in an optimal way a certain period before the capacity is physically used.
To allocate existing capacities, first, the maximum available capacity needs to be
estimated. Therefore, limits for physical electricity transfer have to be calculated.
Depending on the level of incorporation of physical power flows, the calculation
procedure might be very demanding. Rather simplified calculations consider only
characteristic load flow situations at typical days between two regions, assuming a
direct pathway. Here the cross-border exchange is gradually augmented until the
given restrictions are reached. To avoid overestimating the existing capacities while
using such simplified methods, a reliability margin is subtracted from the calculated
total transfer capacity (TTC), leading to the so-called net transfer capacities (NTC).

Flow-based methods try to consider the existing physical restrictions of the grid
in a more elaborated way. An AC load flow or a linearised DC load flow model can
be used to calculate the input data for flow-based market mechanisms. With the
help of such a model, nodal Power Transfer Distribution Factors (PTDFs) are
estimated (see Sects. 5.1.2.3 and 7.3). Nodal PTDFs show the influence of a change
of the power infeed at a specific node on the power flows at critical branches in the
grid. Depending on the power flow model used, AC PTDFs or DC PTDFs are
computed (see Sect. 5.1.2.3). Furthermore, so-called Generation Shift Keys (GSKs)
are estimated, which are used to predict how the production of a generation unit is
affected by changes in the balance of the zone in which this unit is located. These
GSKs are then used to transform the nodal PTDFs into zonal PTDFs. In addition to
zonal PTDFs, an estimation of the still available transmission capacity for each

13 A (very) long-term measure not considered in this chapter would be to build new transmission
capacities.
14 Ex-ante in this context means before clearing of the (day-ahead) market.
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critical branch – the so-called Remaining Available Margin (RAM) – is needed.
For calculating these parameters, information about the power grid is again nec-
essary, underlining the need to involve the TSOs (and possibly also DSOs) into the
process. The use of PTDFs makes it possible to represent power flow restrictions in
a more realistic way than by using NTC values. Nevertheless PTDFs are still an
approximation and only valid under certain assumptions, e.g. static framework
conditions (e.g. no topology changes (Duthaler et al. 2008)).

In general, the available transmission capacity can then be allocated via
non-market-based mechanisms (e.g. priority rules like “first-come, first-serve(d)”)
or market-based ones (e.g. auctioning of transmission capacities). In an explicit
auctioning mechanism, separate markets for electricity and transmission capacity
are put into place (cf. Sect. 10.1.3). This means that market participants have to
submit bids for electricity and for physical transmission rights (PTR). As there are
two separate auctions, bidders will lack information about the other commodity
prices, which may lead to inefficient utilisation of transmission capacities. In par-
ticular, it can happen that market players do not use the PTR they purchased by an
auction; e.g. they only purchased a PTR to prevent the use of it by their com-
petitors, so that netting of opposite electricity flows15 cannot be realised. This can
be avoided by introducing compensation payments if the rights are not used or the
obligation to return the PTR in the case of not using it (“use it or lose it”). The
auction process will lead to revenues obtained by the TSO that have to be taken for
building new capacities or reducing use-of-system charges.

So-called implicit auctions might be used to avoid the information problem of
explicit auctions. Under such a scheme, electricity and transmission capacities are
traded together. Market participants in different regions do not have to trade
transmission capacity but just make bids for buying or selling electricity at their
exchange. The different markets are coupled (so-called market coupling), so that
the orders from different markets can be exchanged. If sufficient transmission
capacity is available, the wholesale electricity price will be the same in the different
markets.16 Otherwise, the electricity price difference shows the cost of congestion
(cf. Sect. 7.2). To realise this, the exchange operators in the different regions must
have information about the restrictions of the grid to consider the available trans-
mission capacity in the market clearing process.

Market coupling leads to the same results as a market splitting mechanism,
another form of implicit auctioning. The difference to market coupling is that there
is only one exchange operator responsible for the different markets under a market
splitting regime. As soon as congestions appear, the system splits into different
markets. These concepts are also called zonal pricing, where different prices arise
between zones (as soon as transmission capacities are scarce), but a uniform
electricity price is maintained within the zone. Zonal borders should correspond to
the bottlenecks of the specific transmission situations, meaning that zonal cuts

15 Netting means that electricity flows over the same line in opposite directions offset each another.
16 The interested reader is referred to a more detailed description of the market coupling
optimisation problem, which can, e.g., be found in Ringler (2016, p. 109).
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depend on the transmission situation and should therefore be set dynamically. The
current zonal pricing approach in Europe does not consider these dynamics but
consists of (static) zones normally corresponding to national borders.

Considering all existing congestions – not only those between different zones as
in zonal pricing – leads to the concept of nodal pricing (also called locational
marginal pricing (LMP)). The principle of nodal electricity pricing may notably
be traced back to Schweppe et al. (1988). These prices not only include generation
costs but also the costs of transmission losses and congestions. A node in this
context might be every location where electricity is fed into or withdrawn from the
grid. Nodal prices represent the locational value of electricity (cf. Sect. 7.3), setting,
on the one hand, the right incentives for investment decisions and guarantying, on
the other hand, the optimal dispatch. As there is a need for a central system operator
in charge of clearing the market considering network constraints, this kind of
market design requires a central dispatch market (cf. Sect. 10.8). An obstacle for
implementing nodal prices might be the corresponding distributional effects related
to the fact that the prices might differ substantially at two different nodes (poten-
tially even located next to each other).17 So-called Financial Transmission Rights
(FTRs) can be introduced to hedge against such price differences. FTRs are typi-
cally allocated with the help of auctions18 and give their owners the right to receive
payments according to the congestion rent, if a congestion and for this reason
different electricity prices occur (see, e.g., Kunz et al. 2016).

10.6.2 Congestion Alleviation and Redispatch

Congestion alleviation methods (which might also be called short-term or
ex-post19 congestion management methods) aim to manage expected congestions
on a shorter time frame (see, e.g., Kunz 2013), typically after the clearing of the
day-ahead market. On a short-term basis, e.g. based on results of their grid oper-
ation planning, system operators can partly alleviate congestions by grid-specific
measures, like topology changes (switching operations), to directly influence the
load flow. By switching transmission lines on and off or by using, e.g., flexible AC
transmission systems (FACTS; see Sect. 5.1.3.2), the power flow can be actively
channelled through the existing network. In addition to these rather technical,
non-costly measures, market-related measures like redispatch and countertrading
can be used.

17 In some markets, nodal prices are only used for the generation side, whereas on the consumption
side the nodal prices are aggregated e.g. to zonal prices. Aggregating nodal prices, e.g. across a
region, is often used to limit consumer price risk exposure (cf. Neuhoff and Boyd 2011, pp. 7–8).
18 In these auctions, it has to be guaranteed that only feasible FTRs are issued by running the
so-called Simultaneous Feasibility Test (SFT) (for more information see e.g. Hedman et al.
(2011)).
19 Ex-post in this context means after clearing of the (day-ahead) market. Sometimes this form of
congestion management is also called curative congestion management, which might lead to
confusion as curative actions can also be seen as post-fault actions (see, e.g., Hoffrichter et al.
2019).
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In the case of redispatch, the system operator relieves transmission system
overloads by giving instructions to installations located in front of and behind the
congestion to adjust their production or demand; e.g. generators located in front of
the congestion (in the so-called surplus region) have to reduce their output (negative
redispatch), generators behind the congestion (in the so-called deficit region) have
to increase their output (positive redispatch). It should be mentioned that by
redispatching generation units, the (transmission) system operator directly inter-
venes in power plant decision-making, which seems to be more or less the opposite
of what unbundling aims at (see Sect. 6.1). To illustrate the related costs of such a
redispatch, a market comprising the region A and the region B is assumed in the
following (cf. Nüßler 2012, pp. 12–18). In a one-price market, the grid is seen as a
copper-plate (in other words, congestions are not considered when clearing the
market), and therefore, market prices always have to be the same in both regions.
Due to generation units with lower marginal costs, electricity will be exported from
region A to region B (see diagram on the left in Fig. 10.3). If the resulting load flow
exceeds the existing transmission capacity, the transmission system operator must
adjust electricity generation in both regions (see diagram on the right in Fig. 10.3).
Compared to the situation without congestion, generators located in region A (in the
surplus region) have to decrease their output, generators in region B (in the deficit
region) have to increase their production (in Fig. 10.3 by an amount equal to the
distance between E and F). Savings partly compensate costs for increasing the
output in the deficit region due to the reduction of production in the surplus region.
Yet, the overall result is additional costs compared to a situation without conges-
tions (see “Additional costs” in Fig. 10.3).

Whereas in this form of redispatch (based on costs) only the directly connected
costs would be reimbursed, a so-called market-based redispatch would compensate
the redispatch by prices determined on a competitive basis. But, as the contribution
of a unit to relieve a congestion strongly depends on the location of this unit, such a
market has to take place on a local level, opening up possibilities to act strategically
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Fig. 10.3 Market prices without (left) and with congestions (right). Source Own illustration based
on Nüßler (2012, p. 15)
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(cf. Hirth et al. 2019). Nevertheless, a market-based redispatch may provide some
incentives to build power plants at locations where they are needed from a grid
perspective. However, these incentives are neither as strong nor as consistent as
under a nodal market design. To have sufficient installations that can be used for
redispatch in the deficit region, the system operator has to have enough capacity for
upward regulation. This could lead to the introduction of an additional “redispatch
reserve” (see, e.g., the so-called Grid Reserve in Germany), which could even been
seen as a kind of a capacity mechanism (see Sect. 10.5).

Another possibility to relieve the congestion is countertrading, where the
(transmission) system operator counter-trades against the direction of the congested
flow (e.g. between two bidding zones) to reduce the flow over the line.

If the described grid-specific and market-related measures are not sufficient to
guarantee the stability of the grid, the (transmission) system operator can adjust the
feed-in and outtake as a final measure. Within this feed-in management scheme,
the reduction of renewable generation is called “curtailment”. Since installations
based on renewable energy are mostly connected to the distribution grid, distri-
bution grid operators (DSO) are affected mainly by renewable curtailment. As in
many electricity systems, renewable energies enjoy priority access (see
Sect. 6.2.4.2) to the grid, curtailment of renewables is seen as a last resort to relieve
congestions. As electricity from renewable energies hardly causes any emissions
and variable costs, the regulation often demands that system operators (using
curtailment to relieve congestion) minimise the amount of curtailed renewable
energy (cf. e.g. Schermeyer et al. 2018). However, it has to be emphasised here that
curtailment may still be the least-cost option compared to alternatives such as grid
expansion. Many studies seem to agree that some level of curtailment is econom-
ically advantageous (cf. e.g. Moser 2015; Schreiber et al. 2021, pp. 191–193), and
at least in Germany, this is also foreseen according to the current regulation (cf.
Bundestag 2022, §11).

Most Western European countries are still one-price zone, and price differences
between zones (countries) reflect cross-border congestion. As congestions within
countries (internal congestion) have increased during the last years, e.g. due to more
electricity transport, (transmission) system operators had to intensify the practice of
congestion management, mainly using redispatch and feed-in management to
relieve the congestion. Using flexibilities provided, e.g. by demand-side applica-
tions (see Sect. 3.1.5), like cooling installations and cross-sector applications, like
power-to-heat units, might help enhance congestion management in the future (cf.
Chap. 12).

10.7 Retail Markets

The sales of electricity from electricity retailers to final customers are organised in
retail markets. The range of end-use consumers and their electricity consumption is
very heterogeneous, starting from small households via small businesses up to
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energy intensive industries, so a unique market with one price for all customers
does not exist. In contrast to most spot markets, retail markets are based on bilateral
contracts between electricity retailers and end-use consumers. The typical elements
of retail contracts are discussed in Sect. 10.7.1. Section 10.7.2 is devoted to
competition and prices in the retail market. The following two sections touch upon
two topics that are attracting increasing attention in the context of the transition
towards sustainable electricity systems: Sect. 10.7.3 addresses the issue of energy
poverty, whereas Sect. 10.7.4 focuses on self-supply of customers based on rooftop
PV or other distributed technologies.

10.7.1 Retail Contract Types

In general, retail contracts may be negotiated bilaterally (for large customers) or
may be based on standardised offers by the suppliers (in the case of smaller clients).
Yet even if negotiated bilaterally, contracts are primarily based on three kinds of
price components as discussed earlier in the context of electricity tariffs (cf.
Sect. 3.1.6):

• Prices for the connection per month or year, this is often called the service price
or the base price for retail customers,

• Prices for the power or capacity measured in kilowatts (kW) or megawatts
(MW),

• Prices for the electric work or electrical energy measured in kilowatt-hours
(kWh) or megawatt-hours (MWh).

In most European countries, retail markets for households, small commercial
customers as well as larger industries can be distinguished reflecting their different
needs for power and energy:

• Larger and especially energy-intensive industries partly purchase their electricity
directly on spot markets, ergo not on specific retail markets. However, this
necessitates an exact forecast of hourly day-ahead electricity demand profiles. As
a consequence, the hourly power demand of the following day has to be esti-
mated by the customer (cf. Sect. 3.1.5) and deviations of this forecast are billed
with the (possibly high) costs of balancing energy (see Sects. 8.2 and 8.4). An
energy management system is necessary to handle this process and can only be
operated economically if large amounts of (electrical) energy are purchased.

• In contrast to large energy consumers, households may consume electricity in
relation to their needs without being priced for the capacity used. Of course, the
power off-take is limited by the technical limits of the building connection, yet
there is no direct tariffing of power for households. However, the service fee (or
base fee of the contract) can be seen as a power price for being connected to the
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given maximum power of the technical system.20 In general, household con-
sumers are charged for consumed electrical energy (in kWh) during a year (or a
month) and the already mentioned additional monthly service fee (or base fee).
Since European energy markets have been liberalised, household customers can
select their energy contract from several energy retail companies. In general,
web-based market platforms give an overview about available tariffs for different
consumption levels (comparable to the communication market) and household
customers select their energy retail companies according to various criteria (e.g.
price per kWh, service charge, origin of power (e.g. green electricity), etc.).

• Contracts for larger commercial customers, including shops, services, etc.,
comprise prices for power and energy. These contract types are usually appli-
cable above a certain consumption threshold, e.g. more than 100,000 kWh in
Germany. Hence, companies have an incentive to reduce their peak power to
avoid paying huge sums on the capacity price, and they also have an incentive to
reduce energy consumption. Prices for capacity and energy depend for com-
mercial customers on the utilisation rate of the power connection. Among two
companies with the same yearly amount of consumed electricity, the company
with higher power peaks (and thus higher capacity charges) and correspondingly
a lower utilisation rate will generally be charged with higher costs. This kind of
pricing is plausible from a technical and economic point of view: the higher peak
power may necessitate a higher technical power input resulting in higher costs,
which the customer must cover. From an economic point of view, the higher
peak power offers more flexibility to the customer, which also justifies these
higher prices.21 Due to the various components of electricity prices, tariffs for
larger customers may also depend on the grid level they are connected to (see
Sect. 6.1.4 for principles of network pricing).

10.7.2 Competition on Retail Markets and Retail Prices

Competition in retails market is different from the wholesale competition as the
primary action variable for retailers are the sales prices (cf. also Sect. 9.4). Retailers
usually set their various above-mentioned price components, notably their base or
service price and energy price (kWh) (and the capacity price for larger customers).
Additionally, they may offer premiums for switching and provide specific products
like green or local electricity. Thus, it is not a homogenous market with a single
price as on wholesale markets. Another difference between retail and wholesale
markets is the time granularity. Typical retail contracts are set up for a delivery

20 In some European countries, contracts are offered for different power levels. In consequence, the
base rate is higher for higher power peaks. In Germany, DIN 18015-1 “Planning of electrical systems
in residential buildings” (DIN 2020) regulates the specifications of electrical house connections. The
standard assumes a power requirement of 14.5 kW for a (standard) residential unit.
21 Yet in principle coincident-peak and non-coincident-peak charges should be distinguished to
reflect different cost drivers (cf. Sects. 3.1.6 and 6.1.4.4).
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period of at least one year. In view of spot market procurement, the annual
quantities have to be transformed into hourly quantities using load profiles. For
pricing purposes, these load profiles are then combined with expected hourly price
profiles, called hourly price forward curves (short: HPFC). These are discussed
in detail in Sect. 11.2. Several authors have shown that the competitiveness of retail
markets strongly depends on the switching rate of customers. This is also discussed
along with further aspects of competition in retail markets in Sect. 9.4.

Exemplary per-unit costs of electricity are depicted in Fig. 10.4 for different
types of customers in Germany. These significantly vary due to unequal price
components. Large energy consumers are generally connected at high-voltage
levels resulting in lower grid fees (as they only have to bear costs of the
extra-high-voltage and high-voltage grid). For example in Germany, they are also
often exempted from surcharges financing renewable energies (EEG-levy). In
contrast, household customers are connected to low-voltage levels and thus have to
carry the costs of all grid levels22 and the full levy for renewable support. As
depicted in Fig. 10.4, household prices are in the order of 30 €ct/kWh, while prices
for energy-intensive industry (with privileged treatment23) are – with less than
6 €ct/kWh – by five times lower in Germany.

Comparing electricity prices in Europe, huge differences can be observed, with
the highest household prices in Denmark and Germany reaching 30 €ct/kWh and
the lowest in Lithuania and Bulgaria attaining approximately 12 and 10 €ct/kWh,
respectively (cf. Fig. 10.4). The share of taxes and levies in household prices also
varies enormously between the different European countries, being highest in
Denmark with approximately 67% and lowest in Malta with only 5%. The differ-
ences in taxes and levies result from different value-added taxes, electricity taxes
and levies for renewable energies. Besides absolute electricity prices, the relative
share of electricity costs compared to the average (net) income is an indicator of
how much of the income has to be spent on electricity. This share varies from 0.7%
in Luxemburg and 1% in the Netherlands up to 2.5% in Latvia and 3% in Bulgaria.
Prices for industrial customers are in all countries (except Malta) lower than
household prices and range in a magnitude between highest 14 €ct/kWh in Malta
and lowest 5.9 €ct/kWh in Finland for medium-sized customers with a consump-
tion between 500 and 2,000 MWh.

22 Of course, this statement depends on the regulation of power grids. In most European countries,
costs are passed-on from higher voltage levels to lower voltage grids resulting in higher costs for
consumers at low-voltage levels (cf. Sect. 6.1.4). This can be justified by the fact that the
customers at the lower levels additionally make use of the (electricity transport) services at the
higher levels.
23 Depending on their electricity consumption, energy-intensive industries can apply for
exemptions from non-energy related cost components of the electricity price such as the
renewable levy.
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10.7.3 Energy Poverty

An issue related to retail markets and retail electricity prices is energy poverty
which describes the lack of access to modern energy services. In a global per-
spective, energy poverty raises serious and growing public health concerns related
to indoor air pollution due to the use of polluting and less energy-dense fuels. Also,
physical injury during fuelwood collection, and lack of refrigeration and medical
care in areas that lack electricity are major issues (cf. Sovacool 2012). Energy
poverty is primarily a severe problem in developing countries.

However, energy poverty can also be defined more broadly than the lack of
access to modern energy: Bozarovski and Petrova (2015) formulate the following
condition for energy poverty: “the inability to attain a socially and materially
necessitated level of domestic energy services”. With it, energy poverty not only
refers to the situation of large numbers of people in developing countries but is also
a major concern across the EU, where about 50 million or approximately 10% of
the population say they are struggling to pay their energy bills.24 High electricity or
energy prices in relation to net income of households may result in energy poverty.
In the last years, awareness of energy poverty has been rising in Europe and several
EU institutions have identified it as a policy priority. For example, one third of the
Bulgarian population is in arrears with their utility bills, according to the EU Energy
Poverty Observatory, launched at the beginning of the year 2018. Energy poverty is
considered an increasing social problem in the European Union, especially since the
economic crisis in 2009 tended to worsen energy poverty in Europe (cf. Oliveras
et al. 2021), continued by the corona crisis and the rise in energy prices in the wake
of the Russia-Ukraine war.

8.41
4.19 4.61

0.45

0.16 0.09

6.17

6.17 0.31

4.8

2.05

2.05

1.68

0.12

0.63

0.06

5.88

2.06

0.41

0

5

10

15

20

25

30

35

Households Industrial
customers

without
privilege

Industrial
customers with

privilege

C
on

su
m

er
 p

ri
ce

 [€
ct

/k
W

h]
 

Grid fee (net)

Measuremet, billing
metering operation
Concession fee

Electricity tax

Value added tax

Renewable levy

Further levies

Energy procurement,
sales and margin

30.08

14.80

5.42

G
rid

 a
re

a
de

pe
nd

en
t p

ric
e 

co
m

po
ne

nt
s 

U
ni

fo
rm

 
pr

ic
e 

co
m

po
ne

nt
s 

Fig. 10.4 Average composition of retail prices for electricity in Germany in 2015. Source Own
illustration based on data from Bundesnetzagentur (2015)

24 Cf. EU Energy Poverty Observatory: https://www.energypoverty.eu/.
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In countries like Germany and France, the public debate touches related issues
often under the somewhat broader term of “affordability” of energy and energy
services. In the context of the transformation towards a sustainable energy system,
this implies that both cost efficiency and distributional aspects of decarbonisation
policies have to be taken into account (cf. Sect. 6.2.3).

10.7.4 Self-supply, Grid Parity and Level of Autonomy

With increasing household electricity prices and decreasing prices for PV systems,
distributed electricity production from photovoltaics is cheaper than procuring
electricity from the grid. Self-supply by small electricity generators at customers’
locations (e.g. photovoltaics) substitutes electricity purchase in small and decen-
tralised systems. In this context, the term grid parity describes the fact that an
alternative energy source (e.g. photovoltaics) can generate power at levelised cost
(LCOE) of electricity lower than the price of electricity purchased from a
(grid-based) supplier. In this case, the LCOE is compared to the retail price of
grid-delivered power, which includes not only generation costs but also further
upstream cost components like grid fees, renewable levies, taxes, etc. (see
Sect. 10.7.2). Retail prices are (much) higher than wholesale electricity prices and it
is unclear which price shall be used as a benchmark for grid parity. As a conse-
quence, different kinds of grid parity can be distinguished, depending on what is
taken as a benchmark for retail prices:

• A first phase of grid parity is achieved when an alternative energy source can
generate power at lower LCOE than the price of purchasing power, including
taxes and levies on electricity prices. This grid parity was reached for
utility-scale solar in 2011 and in 2012 for rooftop solar PV in Germany. In 2014,
grid parity for solar PV systems was already reached in most European coun-
tries due to further decreasing LCOE of PV.

• A second phase of grid parity is attained when an alternative energy source can
compete with the purchase price for electricity without taxes and levies. Hence,
the costs of small and decentralised electricity production from an alternative
source have to be lower than costs for production, transmission and distribution.
Alternatively, some definitions of this second phase of grid parity take prices of
industrial or commercial sectors as a benchmark. As shown in Fig. 10.5, elec-
tricity prices for medium-sized industries are roughly in the same order of
magnitude as prices for households without taxes and levies in many countries.
Due to rapid price decreases for PV modules, solar power generation has already
reached this second phase of grid parity in a wide variety of locations or will
reach it in the next few years.

• For the third phase of grid parity, different definitions exist. Japan’s New
Energy and Industrial Technology Development Organization (NEDO) defines
the third phase of grid parity when an alternative energy source can compete
with the cost of conventional power generation. This allows competition
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between conventional and also large-scale alternative resources based on LCOE,
but then the availability of the plants and the weather-dependability of the
alternative resource is not considered. An alternative definition of this third
phase of grid parity reflects more literally the term “grid parity”: this definition
refers to a competition between the purchase of electricity from the grid and a
demand-driven, self-sufficient provision of electricity from the decentralised
alternative system. In the above definitions of (first and second phases of) grid
parity, it is always neglected that the generation from the alternative source
depends on an external and not influenceable factor, the availability of the
renewable source, which is in general dependent on the weather (e.g. solar
radiation). A backup system is necessary to obtain electricity from an alternative
source that matches the demand, which could be a battery system. Hence, the
third phase of grid parity is sometimes also defined so that the decentralised
alternative source, including the balancing system (e.g. PV, including sufficient
battery capacity), competes with the purchase of electricity from the grid
(without taxes and levies). According to this definition, the third phase of grid
parity has not yet been reached. Competitiveness of decentralised systems
strongly depends on the development of storage cost and future CO2 prices.

The three phases of grid parity serve more as a rough guide when, at what level,
and in which country alternative sources for electricity are becoming competitive. As
the first phase of grid parity is reached in most (or even all) countries, the share of
self-produced electricity is getting more and more a variable being optimised by the
customers. This can be achieved by optimising the size of the PV field and the storage
capacity at the point of consumption (with regard to the consumption level).
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To characterise this kind of decentralised electricity production, there are several
indicators: The level of power autonomy describes how much of the electricity
consumed locally is taken directly or physically from the installed photovoltaic
system. This indicator is sometimes also referred to as the rate of self-sufficiency
(cf. e.g. Dietrich and Weber 2018). The level of power autonomy considers the
coincidence of production and demand and describes the share of PV electricity that
is directly or indirectly consumed within the household: a PV electricity production
yPV;t may be used directly in the household ydir usePV;t up to the current household load

Dt.
25 The surplus is yet fed into the grid Pgrid�in

t or used to charge a battery storage
ychST;t, if available (see also Fig. 10.6):

yPV;t ¼ ydir usePV;t þ ychST;t þPgrid�in
t ð10:1Þ

Conversely, the instantaneous household demand Dt may be met by the directly
consumed PV production ydir usePV;t , the discharging of stored electricity yST;t and the

outtake from the grid Pgrid�out
t :

Dt ¼ ydir usePV;t þ yST;t þPgrid�out
t ð10:2Þ

Accordingly, the level of power autonomy LPA is calculated by:

Electricity demand

Battery

PV panel

Grid connection

Legend
Curtailed PV production
Produced electricity from PV
Directly used PV production
PV surplus / feed-in to grid
Battery charging/discharging
Purchased electricity

Fig. 10.6 Schematic illustration of PV electricity production and its usage in a household

25 Note that the notation used here is aligned as far as possible to the notation used in Sect. 4.4 and
Chap. 7.
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LPA ¼
PT

t¼0 ydir usePV;t þ yST;t
� �

� Dt
PT

t¼0Dt � Dt
ð10:3Þ

A 25% level of power autonomy means that one-fourth of the electricity con-
sumed comes from the photovoltaic system. Sometimes, the level of energy au-
tonomy LEA is used as a further, more virtual indicator describing how much
electricity consumed is on average provided by the photovoltaic system on a yearly
basis. This indicator is based on annual values and neglects that power from the PV
system may be available when there is no demand and that the PV surplus is fed
into the power grid. The level of energy autonomy is per definition higher than the
level of power autonomy and is calculated by:

LEA ¼
PT

t¼0yPV;t � Dt
PT

t¼0Dt � Dt
ð10:4Þ

According to the schematic illustration in Fig. 10.6 and as described in
Eq. (10.1), the total PV production yPV;t used to calculate energy autonomy neglects
battery losses and considers the surplus feed into the grid within the balance.

In contrast to the levels of power and energy autonomy, the rate of
self-consumption RSC describes the share of self-consumed solar electricity in the
total solar electricity produced. Thereby also the curtailed production qcurtPV;t is
considered in the denominator. The rate of self-consumption is calculated by:

RSC ¼
PT

t¼0 ydir usePV;t þ yST;t
� �

� Dt
PT

t¼0ðyPV;t þ qcurtPV;tÞ � Dt
: ð10:5Þ

A self-consumption rate of 50% means that half of the self-produced solar
electricity is consumed directly on site.

Other things being equal, an increased size of the PV panel decreases the rate of
self-consumption, as there are limits to the direct use of the produced electricity (see
Eq. 10.2). The level of power autonomy yet increases for larger PV installations,
given that the denominator in Eq. (10.3) remains constant. Through intelligent
planning concerning the demand profile, the size and orientation of the PV field,
and the size of the battery system, the self-consumption rate of and consequently
the profitability of a photovoltaic system can be optimised.

A 100% self-consumption rate is technically achievable through sufficient
storage capacity as long as the solar production remains substantially below the
annual demand. Yet a 100% level of power autonomy is challenging to reach at
reasonable cost given today’s prices. A 100% level of self-consumption requires
storing the surplus of PV production and consuming this surplus in times of low or
no PV production. For a 100% level of power autonomy, shifting production from
summer (when PV production is high) to winter (when energy demand is highest) is
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necessary. This would require a large decentral storage for shifting energy from one
season to another which is, due to the size and the low full-load hours of storage
utilisation, far beyond being economically attractive. Moreover, this could also be
provided by sector coupling and power-to-heat with a seasonal thermal storage
system. In contrast to a 100% level of power autonomy, a 100% level of energy
autonomy could be easily achieved by dimensioning the solar field in a magnitude
that the energy production is larger than the yearly energy consumption, neglecting
time-dependencies of production and consumption.

Experiences from typical households with PV systems in central Europe show
that self-consumption is in the order of magnitude of 30% without battery systems.
However, self-consumption can strongly vary as it depends on the size, orientation
and location of the plant and the size of the household. Thereby the level of
self-consumption depends on the simultaneity of PV production and energy con-
sumption. This simultaneity can be relaxed by installing a decentralised storage
capacity. The economic attractiveness of such a storage system depends on the
electricity costs compared to the PV LCOE and the storage costs. Hence, solar field
size and battery size can be optimised concerning the own consumption profile. At
today’s battery prices and retail electricity prices of about 30 €ct/kWh in Germany
as well as PV LCOE in the range of less than 10 €ct/kWh, the self-consumption rate
in Germany can be increased up to 70% while still being close to a profitable
investment in single-family houses (cf. Dietrich and Weber 2018).

The self-consumption of locally produced electricity may not be restricted to
single-family houses but could also be extended to multi-dwelling buildings and
larger areas or districts of homes (“Energy communities” in the wording of the EU
legislation). Tenant electricity (also called district electricity) is locally produced
electricity offered to private or commercial tenants. The model is equally suitable
for condominium communities. The tenant electricity is produced in “immediate
proximity” to the rental property and does not need to be routed through public
networks. So grid charges and concession levies could be avoided making the
model economically attractive for consumers. In Germany, security of supply is not
affected by the purchase of tenant electricity. If additional power is needed, it can be
obtained via the public grid. Conversely, surplus electricity from the tenant elec-
tricity system can be fed into the public grid under the terms of the subsidy scheme
(renewable energy act). However, the success of such tenant electricity models
strongly depends on the regulatory framework conditions in the different countries,
especially whether additional taxes, levies and grid fees can be avoided and whether
costs for the electricity grid have to be paid per kWh and not per connection point.
Also, transaction costs are likely to be considerably higher for multi-stakeholder
arrangements than for PV installations owned and operated by one household.
Discussion is still ongoing, whether and how such models should be promoted,
especially as the state loses revenues from taxes on the other side. And also, levies
have to be borne by other customers. Furthermore, there is an ongoing discussion
about completely off-grid energy communities, which have backup capacities
instead of the public grid to ensure security of supply.
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10.8 Markets in Europe Versus North America

Whereas electricity market design also comprises elements like the design of
incentive mechanisms for greenhouse gas emission reduction and renewable
energies (see Sects. 6.2.3 and 6.2.4), the subsequent considerations focus on the
design of the core electricity market segments: short-term electricity markets,
long-term electricity markets, markets for reserve energy (as the most important
ancillary service) and congestion management. Table 10.2 summarises key design
elements of these submarkets of the electricity market that are typical for most
European and some North American electricity markets (for more details see, e.g.,
Baldick 2017; Chaves-Avila 2014; Ehrenmann 2018; Roques 2018, 2019;
Ockenfels et al. 2008; Grimm et al. 2008); thereby it is worth mentioning that in
both regions also electricity markets with quite different designs exist.

The European electricity markets are typically characterised by a high level of
decentralisation with different exchanges, whereas competitive markets in the USA
rely on a central and powerful institution – the so-called Independent System
Operator (ISO). In European markets, players are free to trade the electricity
bilaterally or send their bids to one of the power exchanges (like EPEX SPOT),
which execute auctions and facilitate continuous trading. As these auctions repre-
sent multi-unit auctions (cf. Sect. 8.3) with uncertain demand, theoretical results
obtained for single-unit auctions, like the revenue equivalence theorem (Vickrey
1961) cannot be transferred (cf. Stoft 2002, pp. 100–101). This market design is
also called MinISO or exchange model or bilateral market, or auction market
model. The bids of the market players are based on their strategies (notably
obtained through self-scheduling, cf. Sect. 4.4, i.e. self-unit commitment and
self-dispatch) and the market clearing process of the day-ahead market results in
one (zonal) market price, e.g. for every hour of the following day for the respective
market area. Besides bids for one specific hour of the following day (simple bid),
day-ahead markets usually offer the opportunity to put more complex (non-convex)
bids on the market. A prominent example of a complex bid is a so-called block bid
(cf. Sect. 10.1.1). Such a block bid has to be entirely accepted or fully rejected
(Fill-or-Kill criterion). It is not possible to accept the bid only for some of the hours.

The day-ahead markets are complemented by the possibility of trading electricity
continuously in intraday markets to consider new information, which was not
available day-ahead. Qualified market players can also decide to make bids to
provide reserve capacity and reserve energy via different reserve markets (taking
into account their opportunity costs), where the TSOs are single buyers (see
Sect. 10.3). Clearing these energy and reserve markets typically results in zonal
prices for the respective market area, mostly a country. To integrate European
electricity markets, the markets for different countries are coupled (Multi-Regional
Coupling) by exchanging information between European exchanges and using the
available transmission capacities for electricity transport between countries for
exports and imports to equalise differences in electricity market prices (see
Sect. 7.2). If the available transfer capacity is sufficient, this will lead to precisely
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the same market price in the two countries. Grid congestions between countries are
considered in the market process with the help of flow-based market coupling,
whereas internal congestions can hardly be handled by the market coupling. After
the market clearing process, the TSOs responsible for network operation must make

Table 10.2 Elements of electricity market design and their specifications in typical European and
North American electricity marketsa

Elements Subelements Europe North American
ISO markets

Long-term
markets

Electricity trading Forward and future markets Forward and future markets

Capacity trading Partly capacity mechanisms Mostly capacity mechanisms

Short-term
markets

Day-ahead market – Auction for hours of the
following day

– Bids of market players, in
case of generation and
storage portfolios based on
self-scheduling

– Paradoxically rejected bids
possible

– In principle physical
fulfilment

– Central
security-constrained
scheduling for hours of the
following day by ISO

– Side payments
– Financial settlement

Intraday/real-time
market

– Continuous trading
– Bids of market players, e.g.
based on self-dispatch
considering own portfolio

Central security-constrained
dispatch for the next 5 min
(base point for generators)

Forms of bids – Physical bids
– Block bids as complex bids

– Complex multi-part bids
(techno-economic
parameters of generators)

– Physical and virtual bids

Spatial dimension Zonal (often countries) Nodal (Locational marginal
prices)

Balancing
aspects

Responsibility Balancing responsible parties Independent system operator

Reserve
markets

Integration of
energy and
reserve markets

– Separate markets
– Opportunity cost bidding
– TSOs are single buyers

Co-optimisation of energy
and reserve markets
(day-ahead and real time)

Network
aspects

Congestion
management

– Interzonal constraints
considered in the market
clearing process

– Intrazonal congestions
mostly to be solved by TSO
(e.g. by redispatch)

Integration of network
constraints into short-term
market clearing (day-ahead
and real time)

a Despite the general classification, there are some exemptions, e.g. Poland has a central dispatch
with a nodal clearing. While capacity trading is common in USA, Texas has an EOM with an
operating reserve demand curve in place.
Sources Baldick (2017), Chaves-Avila (2014), Ehrenmann (2018), Roques (2018), Roques (2019),
Ockenfels et al. (2008) and Grimm et al. (2008)
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load flow calculations and apply different measures for congestion management
(e.g. redispatch) in the case of congestions (see Sect. 10.6).

In contrast to the European electricity market design, offers26 to buy or sell
electricity and capacity in North American markets like PJM (Pennsylvania, New
Jersey, Maryland Interconnection) have to be given to a central pool. The
responsible ISO then clears the whole market centrally. This system design is also
called MaxISO or the pool model. As the ISO is also in charge of operating the
transmission grid, although not necessarily being the owner of the grid, the ISO as a
central institution has all information needed to calculate the optimal solutions for
the energy and reserve markets simultaneously, considering electricity grid
constraints (so-called co-optimisation; see, e.g., Papavasiliou 2016). Therefore,
ISOs can execute security-constrained scheduling calculations day-ahead and
security-constrained dispatch calculations nearly in real-time (e.g. for every five
minutes) to determine locational marginal prices (LMP) for every node in their
system. The results of the security-constrained dispatch calculations show the level
of operation for all units in the system at five-minute intervals, which means that
reserve capacity is only needed for intra-five-minute variability (Baldick 2017).
Financial transmission rights (FTR) may be used under this market design to hedge
against different marginal prices in different locations (see Sect. 10.6). To conduct
security-constrained unit commitment and dispatch calculations, ISOs need a huge
amount of (truthful) information, e.g. about the costs and production constraints of
the production, storage and consumption units (multi-part bids) and of the trans-
mission assets. The optimal results of the central calculation can lead to situations,
where, e.g., a generation unit is “in the market”, although the nodal prices at the
location of this installation are not sufficient to cover the production costs, leading
to the necessity of compensation payments, so-called side payments.

The two market designs emphasise different aspects of competitive markets. The
European framework has been fostering on the freedom of market players to enter
into contracts and to dispose individually of their assets, limiting the role of the
monopolistic grid operators. In the USA, the emphasis has rather been on getting
the incentives for the market players right, especially since nodal pricing inter-
nalises grid constraints and thus does not incentivise power producers (and con-
sumers) to externalise costs on the grid (see also Wilson 2002).

In view of the transition towards a sustainable electricity system, both aspects are
highly important. Yet for Europe, the major issue is whether the intertwined
European and national legislators are willing to engage into the major institutional
overhaul necessary to establish locational marginal pricing. According to the
European treaties, the European Commission has an important role to play to enable
trade and competitive markets across Europe. Yet its mandate is limited when it
comes to imposing new international institutions.

26 In some day-ahead markets also virtual bids are allowed. This means that the virtual day-ahead
bid to sell or buy electricity has to be offset by a corresponding bid to buy or sell the electricity
back on the real-time market.
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10.9 Further Reading

Meeus, L. (2020). The Evolution of Electricity Markets in Europe. Chel-
tenham: Edward Elgar.

This book describes how Europe has experienced the evolution of modern
electricity markets since liberalisation in the mid-90s. The author explains the
sequence of electricity markets in Europe from wholesale to balancing markets.
He also discusses forward transmission markets, capacity mechanisms, redis-
patching and flexibility markets.

EC. European electricity market reports. https://data.europa.eu/euodp/en/data/
dataset/european-electricity-market-reports.

The European Commission publishes quarterly reports on European gas and
electricity markets and energy prices in Europe. These quarterly reports give a
good overview of recent developments of the energy markets and analyse main
developments on the markets and interactions between countries.

10.10 Self-check of Knowledge and Exercises

Self-check of Knowledge

1. Explain how a unique market price within one hour is determined.
2. Name at least three day-ahead markets for electricity (electricity exchanges) in

Europe.
3. What are block bids?
4. Explain the main difference between day-ahead and intraday markets, primarily

focusing on the aspect of continuous trading.
5. How is cross-border trading organised? Explain the difference between explicit

and implicit trading of cross-border capacities.
6. Name and explain at least two system services.
7. Name and explain at least three different types of capacity mechanisms. What is

the purpose of capacity mechanisms?
8. What is redispatch?
9. Explain the difference between ex-ante and ex-post congestion management.

10. Explain how market prices in two regions are determined with the help of the
standard supply and demand model in two cases: with and without congestion.

11. What are retail electricity markets and which general price components can be
distinguished on these markets?

12. Explain the average composition of retail prices at the example of Germany for
different customers.

13. What is the difference between energy and power autonomy? What autonomy
is easier to be achieved?

350 10 Electricity Markets in Europe

https://data.europa.eu/euodp/en/data/dataset/european-electricity-market-reports
https://data.europa.eu/euodp/en/data/dataset/european-electricity-market-reports


Exercise 10.1: Power Markets

1. In the context of electricity markets, characterise futures markets according to
the purpose the markets serve and classify them according to the time between
the commercial transaction and the physical delivery of the service.

2. Name elements of electricity market design and their specifications in typical
European and North American electricity markets.

3. Can generators cover their fixed costs if the market price always equals the
(physical) marginal costs of the price-setting technology? Distinguish in your
answer base, medium and peak-load technologies.

4. Discuss the role of capacity markets in this context. How do capacity markets
impact the market price?

Exercise 10.2: Market Clearing and Redispatch
In a European country (one market area), the following generation capacities are
available:

• 3 CCGT with a capacity of 300 MWel each, located in the northern part of the
country,

• 3 OCGT with a capacity of 100 MWel each, located in the southern part of the
country,

• 2 coal power plants with a capacity of 800 MWel each, located in the northern
part of the country,

• 1 coal power plant with a capacity of 800 MWel, located in the southern part of
the country and

• wind power plants with a capacity of 400 MWel, located in the northern part of
the country.

For the techno-economic characterisation of the technologies, please refer to
Chap. 4. The fuel costs for coal are assumed to be 12 €/MWhth, the fuel costs for
natural gas 45 €/MWhth and the CO2 price is 30 €/t.

(a) Calculate the clearing price of the day-ahead market assuming perfect com-
petition for an hour with wind feed-in of 200 MW. The demand in this hour is
estimated to be 2900 MW, equally distributed between the different parts of the
country.

(b) Considering the results of (a), the TSO identifies a congestion between the
northern and the southern part of the country in his day-ahead congestion
forecast. So, the TSO decides to demand a redispatch in the amount of
300 MWel to avoid this congestion. Which additional costs will arise?
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Exercise 10.3: Self-supply and Level of Energy Autonomy of a PV System
A PV system with a peak capacity of Pp = 4 kW will be installed on a building with
an annual electricity demand of 4000 kWh. The PV modules can be oriented to the
south or split to an east and west orientation.

The following data are given:

Assumptions 2010 2017

Capacity [kW] 4 4

Full-load hours South [h/a] 976.25 976.25

Full-load hours East–West [h/a] 828.75 828.75

Grid feed-ina South [kWh/a] * 2600

Grid feed-in East–West [kWh/a] * 1500

Specific investment PV [€/kW] 3500 1500

Interest rate [%] 3 0.1

Subsidy tariff [€/kWh] 0.41126 0.12

Electricity price [€/kWh] 0.23 0.3

Load [kWh] 4000 4000

Lifetime [a] 20 20
a Grid feed-in = Produced electricity from PV − self-consumption

(a) Determine the share of self-consumption and the level of energy autonomy for
the systems in 2017. What is the influence of the orientation on the level of
self-consumption?

(b) Calculate the electricity price at which an east–west orientation is preferable
compared to a south exposure in 2017?

(c) The south-oriented PV system shall be expanded to include a battery storage
system with a storage capacity of 4 kWh. The electricity consumption from the
grid decreases to 1.361.78 kWh/a. Calculate the share of self-consumption and
the level of energy autonomy.
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