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CHAPTER 22

The Trading of Electricity

Philippe Vassilopoulos and Elies Lahmar

1 INTRODUCTION

1.1  The Electricity Industry and Its Value Chain

Electricity is defined as a set of physical phenomena corresponding to the pres-
ence and flow of electric charge. Since the discovery of electricity in the nine-
teenth century, electricity has become an essential good to our society that has
played an immense role for mankind’s economic development, enabling a
widespread and cheap energy production and transportation that is used to
power our economy and daily lives.

Electricity is an energy source like no other, in the sense that it is immaterial.
Other energy sources like wood, gas or oil are material, can be contained and
quantified with a volume or a weight and are storable on a large scale, unlike
electricity. Moreover, electricity is not freely available in large amounts natu-
rally and must be generated from a primary energy source. Electricity can be
produced on a large scale from:

e Thermal power plants: A fluid (most often water) is heated by the com-
bustion of a fuel (gas, coal, oil) or by a nuclear reaction (nuclear reactor).
This energy in the form of heat is then converted to electric power. In
most designs, the water is turned into steam and spins a turbine driving
an electrical generator;

e Hydro power plants: The water flow coming from a reservoir or in a river
spins a turbine driving an electrical generator;
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e Wind turbines: The wind flow spins a turbine driving an electrical
generator;

e Solar photovoltaic installations: Electricity is generated through the con-
version of light into an electric current using the photovoltaic effect.

In this chapter, electricity is referred to as either power—expressed in mega-
watts (MW)—that corresponds to instantaneous ‘work’ or energy—expressed
in megawatt-hours (MWh)—which represent work over a period of time.

Once produced, the electricity is transported to the end-consumers through
the power grid, that can be divided in two parts:

e The transmission grid, that serves for the transportation of electricity over
long distances, mostly through high-voltage overhead power lines;

e The distribution grid, that represents the last stage of the grid before the
consumer. It is a low-voltage grid and consists of cables and lines con-
nected to the consumers.

The value chain of the electricity industry can therefore be summarized into
the four elements in Fig. 22.1.

1.2 The Emergence of Electricity Markets

When the electricity sector first developed in the nineteenth and twentieth
centuries, electricity was not traded or commercialized through markets. The
initially decentralized electricity grids were increasingly interconnected, and
publicly owned vertically integrated utility companies were created to manage
the whole value chain of the electricity system across large geographical areas:
electricity generation, transmission, distribution and sale to end consumers.
The price of electricity was regulated and determined by regulatory and gov-
ernment bodies. Such an organization worked well in many countries world-
wide and has enabled a wide development of the electricity systems, grids and
generation capabilities. It is in the late twentieth century that first concepts for
the introduction of electricity markets were formulated and implemented.

* In 1990, the United Kingdom privatized the electricity supply industry,
followed by the deregulation in several countries of the Commonwealth,
notably giving rise to the National Electricity markets of Australia and
New Zealand and the Alberta Electricity market in Canada.
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Fig. 22.1 Value chain of the electricity sector. (Source: Authors’ elaboration)




22 THE TRADING OF ELECTRICITY 409

e In 1991, the Norwegian electricity market is deregulated.

¢ In California, the market is deregulated in 1996, followed by many other
states in the USA.

e In Europe, a European Union directive dating back to 1996 creates the
framework for a liberalized European electricity market, which prompted
the implementation of electricity markets throughout Europe in the
early 2000s.

Essentially, the deregulation—or liberalization—of the electricity market
corresponds to the introduction of (1) competition to sell electricity produc-
tion with the creation of a wholesale electricity market, and in most cases (2)
competition for electricity sale to consumers with the creation of & retail mar-
ket. In practical terms, this means that formerly vertically integrated monopo-
lies must be unbundled or disintegrated: electricity production and retail
activities are competing in markets, whereas grid operations for the transmis-
sion and in most countries the distribution of electricity which are natural
monopolies are managed within separate independent and regulated entities.
The liberalization therefore sees the emergence of new types of companies (as
illustrated in Fig. 22.2):

e Electricity generation companies:
These are companies owning electricity generation assets that are com-
peting to sell their production on the wholesale market. They make
investment decisions to build new power plants in the hopes of making
returns from the sale of the electricity production on wholesale markets.

Before deregulation After deregulation
One vertically-integrated company Competition and Unbundling
. Production
Production Competition between

generation companies

I T

- Transmission
Transmission Neutral regulated monopalies:

Transmission grid companies

Wholesale market

i L ic space for bulk electricity
N Distribution ransactions
Dl st rlb ution Neutral (semi-Jregulated monopolies:

Distribution grid companies
Supply to Supply to Consumers
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companies (or « Retailers »)
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Fig. 22.2 Diagram showing the structure of the electricity value chain before and
after the deregulation of the market. (Source: Authors’ elaboration)
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e Transmission grid companies:
They operate the high-voltage transmission grid and are responsible for
grid stability and security of supply. They are regulated monopolies, and
offer a neutral non-discriminatory grid access to all potential grid users
(generators and consumers).

¢ Distribution grid companies:
They operate the distribution grids and offer non-discriminatory access
to the distribution grid. They are (semi-)regulated monopolies and, in
some countries, are not unbundled from retail or generation activities. In
this case, there might be no competition in the retail market, as the only
possible retailer in a given area is the local distribution grid company.
Most European countries and American states have now implemented
retail competition.

¢ Electricity retail companies:
They are commercial companies procuring electricity on the wholesale
market in large amounts (or producing it with their own generation capa-
bilities) and selling it to end-consumers on the retail market.

2 THEORETICAL FOUNDATION AND DESIGN OF WHOLESALE
ELECTRICITY MARKETS

The main ground for the introduction of electricity markets was to increase the
social welfare over the electricity value chain and enable long-term benefits to
consumers compared to the regulated monopoly structure, by means of
reduced electricity prices and improved security of supply. Indeed, the com-
petitive organization of the sector would (Joskow 2003):

e Provide incentives to improve capital investments and operating costs of
existing and new generation assets

e Encourage technological innovation in electricity generation

e Shift the risk of technology choice, construction cost and operating “mis-
takes” from consumers (through public monopolies) to suppliers (and
their private shareholders)

e Create better incentives for transmission and distribution monopolies,
that would reduce associated costs for consumers and enable more effi-
cient wholesale and retail markets

In Europe, there was also a second argument—a political one—for the
implementation of electricity markets. Such markets would de facto be inte-
grated into one common European market that would increase the coopera-
tion and political ties between European countries.

The implementation of an electricity market is however no easy task on a
technical level. Indeed, the electricity system relies on the electricity grid to
function. When an electricity quantity is produced, it is injected at one
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location—or node—of the grid and withdrawn at the same or another node of
the grid, where the consumer is. This physical system is bound by the laws of
physics, that make electricity a very special commodity. Here are its main
characteristics:

1. Grid balance: electricity cannot be stored on a large scale. Therefore, the
grid must be balanced at all times between electricity generation and
consumption;

2. Transmission constraints: each line or cable in the electricity grid has a
maximum amount of power that can flow through it at any given time. This
figure is called the transmission capacity. If a flow exceeds this limit, it cre-
ates a congestion that can lead, in the worst case, to a blackout;

3. Grid losses: the transportation of electricity through the power grid induces
thermal energy losses, as the electric current heats the lines and this energy—
in the form of heat—is dissipated into the atmosphere. On average, between
3% and 5% of the energy injected in the grid is lost through grid losses;

4. Electricity flows: electricity flows follow several paths in the grid from
injection to withdrawal (as per Kirchhoff’s laws) with complex interactions
between flow paths and generation or injection points, sometimes resulting
in so-called loop flows which are unintended flows that can cause conges-
tions on certain paths.

2.1  How to Define the Price of Electricity?

2.1.1  Marginal Pricing of Electricity

One of the most fundamental questions in the field of electricity system eco-
nomics, even before the introduction of electricity markets, is the question of
the price of electricity: at which price should electricity be sold in order to
maximize economic welfare?!

Long before the introduction of electricity markets, foundational work by
the French engineer, economist Marcel Boiteux, published in 1949 (Boiteux
1949), paved the way to answer this question. His research has shown that
electricity should be priced at its marginal cost.

In the case of an electricity system with several generation technologies, all
electricity generation plants are sorted in the ascending order of their short-run
marginal costs,” forming a step-wise curve called “merit-order.” The cheapest
generation plants to meet a given electricity demand volume are dispatched to
produce electricity. Finally, a unique electricity price is set for all consumers and

!'TLevel of prosperity in the society.

2The short-run marginal cost of electricity production is defined as the cost of generating one
more Megawatt-hour of electricity, which encompasses power plant fuel, operational costs (and
nowadays CO, emissions costs) but not investment or fixed maintenance costs, that must be paid
regardless of the actual electricity generation.
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Fig. 22.3 Graph illustrating the concepts of marginal price, merit-order curve and
short-run supply-demand equilibrium (as demand varies in time, several demand mar-
ginal benefit curves are shown in the graph). (Source: Authors’ elaboration)

all producers, as the (1) the short-run marginal cost (SRMC) of the most
expensive power plant dispatched to produce electricity or (2) the demand
marginal benefit® when the demand equals the generation capacity of a given
technology. In all cases, it is the price at the equilibrium of supply and demand
marginal costs and benefits. As the volumes and costs of supply and demand
vary in time, the electricity price varies accordingly, but always remains at the
equilibrium, as illustrated in Fig. 22.3.

Micro-economics theory shows that this price is generating the most eco-
nomic welfare for a given demand-supply situation. This result is intuitive: if
the prices were arbitrarily set any higher or lower, some value-generating con-
sumption or production would not take place (or take place at a loss).

The energy rent earned by electricity generators is the difference between
the electricity price and their short-run marginal cost of production. This rent
must reimburse sunk investment costs and fixed maintenance costs for a power
plant investment to be profitable. The electricity system reaches its long-term
investment equilibrium when the annual energy rent of the system marginal
power plant equals its annual fixed costs (capital annuities and maintenance).
This concept is illustrated in Fig. 22.4.

In Fig. 22.4, the annual energy rent of a power plant decreases as the ratio
of installed generation capacity versus peak demand in the system increases,
because electricity prices decrease as the offer to produce electricity relative to
peak demand increases. Let us review two cases to illustrate the investment
equilibrium:

3 Also called demand marginal utility, it is the maximum amount a consumer is willing to pay for
the electricity.
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Fig. 22.4 Graph illustrating the concept of long-term investment equilibrium.
(Source: Authors’ elaboration)

e [f the energy rent earned by existing generators is consistently higher or
expected to be higher in the future than their annual fixed costs—for
instance because of a wholesale price increase—this indicates economic
viability in investing in new generation capacity;

e On the contrary, if the energy rent is (or is expected to be) consistently
lower than the fixed costs, some built power plants are not or will not be
making positive returns on investment from their electricity sale, and it is
a signal that new power plants would not be economically viable.

The long-term investment equilibrium is therefore reached when the energy
rent of the least-earning generation plants equals their annual fixed costs, and
it sets the optimal amount of generation capacity in the system relative to a
given peak demand.

In the short term, because many consumers do not observe prices and can-
not respond to prices in real time (the demand is inelastic), when the system
load reaches the maximum capacity in the system prices can spike spectacularly
to reflect the need for additional capacity (that will not be built overnight).

2.1.2  Spatial Distribution of Electricity Prices

As explained in the introduction of this theoretical section, there are grid limi-
tations to the amount of electrical power that can be transferred from a grid
node to another (the transmission constraints) and costs associated with elec-
tricity transmission (the grid losses), making the location an important factor
for electricity price determination. In 1988, the spatial distribution of electric-
ity prices was theorized by the American engineer Fred Schweppe and his col-
leagues (Schweppe et al. 1988) and later complemented by Hogan (1992) in
1992, with the emergence of the concept of Locational Marginal Pricing. The
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underlying idea is that one optimal electricity price—the Locational Marginal
Price (LMP)—is determined at each node of the grid, as the price equilibrium
between supply and demand at the node, that is to say the cost of delivering
one extra megawatt-hour at the node, taking into account grid losses, loop
flows and congestion costs. The marginal transmission cost (cost of transfer-
ring power) between two nodes is the difference in the cost of generation at
these nodes. With such prices, a generator will produce if its SRMC plus the
transmission price is lower than the cost of generation at the destination node.
If the transmission capacity was unlimited between all grid nodes and there
were no grid losses, the price would be equal for all nodes.

A simple two-node LMP example is described in Fig. 22.5 in two cases, with
and without congestion.

In case 1 without congestion, the generation source at node A is used to
meet all the demand at nodes A and B, and their respective LMPs are equal to
the cost of meeting an extra megawatt-hour of electricity. At node A, it is at the
SRMC of the generation, equal to 30 €/MWh. At node B, it is the SRMC at
node A plus the 5% grid loss cost, in total equal to 30*(1,/0.95) = 31.6 €/MWh.

In case 2 with congestion, the transmission capacity from node A to node B
is fully used and the more expensive generator at node B is dispatched to supply
81 MW of demand at node B (as only 19 MW arrive from node A due to grid
losses). The LMPs at nodes A and B—in other words the costs of meeting an
extra megawatt-hour of demand at nodes A and B—are respectively equal to
30€/MWh and 40€/MWh.

Case 1: No congestion

Case 2: With congestion

Supply 200 MW
w/ SRMC = 30 €/MWh
50 MW demand

Capacity: 2000 MW
Grid loss: 5%

Supply 200 MW
w/ SRMC = 40 €/MWh
100 MW demand

®

Dispatch = 155 MW
LMP = 30 €/MWh

Supply 200 MW
w/ SRMC = 30 €/MWh
50 MW demand

Capacity: 20 MW
Grid loss: 5%

+(8)

Dispatch = 0 MW
LMP = 31,6 €/MWh

Supply 200 MW
w/ SRMC = 40 €/MWh
100 MW demand

®)

Dispatch =70 MW
LMP = 30 €/MWh

®

Dispatch = 81 MW
LMP = 40 €/MWh

Fig. 22.5 Simple two-node example illustrating the concept of LMP. (Source:

Authors’ elaboration)
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2.2 The Emergence of Diffevent Wholesale Market Designs

The aforementioned principles for the electricity price determination were for-
mulated before the implementation of electricity markets and were originally
meant to optimize electricity systems under the vertically integrated monopoly
regime. They were however fundamental economic principles for the electricity
price determination, that allowed the emergence of electricity markets. The
SRMC of generation units and marginal demand benefit are replaced by mar-
ket offers from generation and retail companies and the regulated investment
in generation capacity by monopolies is replaced with private investment.

Regardless of the market design, the wholesale electricity markets are always
divided into several timeframes:

¢ A long-term market allows for the trading of derivative products indexed
on the short-term spot price of electricity. Market participants can man-
age their long-term price risk based on their future consumption needs or
production capabilities;

e In the short term, a spot market allows for the physical dispatch of power
plants, starting on the day-ahead of delivery down to the real time. This
dispatch exercise is first done on the day-ahead of delivery as many large
power plants have long start-up and ramping times. The spot market sets
a spot price for electricity used to determine the dispatch of power plants
in the short term and as a price reference for longer term derivative
products.

e In real time, the electricity system is steered by system operators to ensure
security of supply as all system constraints must be respected to ensure
security of supply.

2.2.1  Nodal and Zonal Market Designs

Several wholesale electricity market designs have been studied and are currently
implemented around the world. They differ with regards to how grid con-
straints are considered, how prices are calculated and information on produc-
tion and consumption capabilities is centralized. This has consequences on the
determination of the spot price and on the form and type of transactions that
take place. The two general market designs that have emerged are the nodal
design (currently implemented in several US states) and zonal/ market design
(currently implemented in the European Union).

As its name suggests, the nodal market design corresponds to the determi-
nation of an LMP at each node of the electricity transmission grid (see Sect.
2.1), whereas in the zonal market design, zonal Market Clearing Prices (MCPs)
are calculated for large geographical area, called Bidding Zones, as illustrated
in Fig. 22.6. Biddings zones consist of many transmission nodes between which
capacity limits are neglected under the so-called copper-plate assumption. For
the price determination, each bidding zone in the zonal model is equivalent to
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Fig. 22.6 [Illustration of the notion of bidding zone, node, and capacity between bid-
ding zones. (Source: Authors’ elaboration)

a node in the nodal model as only transmission capacities between bidding
zones are considered for the MCP calculation. This leads to different para-
digms for congestion management.

In the nodal model, all potential congestions are considered “by design” for
price determination leading to LMP differences between nodes in case of con-
gestion. In the zonal model, only constraints between bidding zones are con-
sidered for the MCP calculation. Potential “intra-zonal” congestions are
alleviated by Transmission System Operators (TSOs) outside of the wholesale
market after the MCP has been determined, in several ways:

e Topological changes: changes to the grid topology to re-route electricity
flows and alleviate the congestions.

¢ Re-dispatching measures: changes to the schedules of specific power
plants to change the electricity flows throughout the grid and alleviate
congestions.

The costs of these congestion-management measures are not reflected in the
zonal MCPs and are borne by all grid users within the bidding zone. In nodal
markets, such congestion-management measures can also be taken by
Independent System Operators (ISOs) in case congestions appear due to an
unforeseen event (power plant or transmission outages, forecast errors, etc. ).

2.2.2  Centralized and Decentralized Market Organizations

One important characteristic of a market design is whether the market is cen-
trally or decentrally organized. The real-time system steering is necessarily cen-
tralized and managed by system operators regardless of the design. However,
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the spot markets can either be centrally organized (e.g. US nodal markets) or
decentrally organized (EU zonal markets).

In the US nodal markets, the short-term spot market algorithm sets the
dispatch of power plants based on their technical constraints and marginal
cost, submitted at a unit level to the market algorithm. These schedules are
binding for power generators and can only be changed in the real-time mar-
ket. The market bidding is therefore referred to as “centrally dispatched unit
bidding.” Each unit has an individual commitment and a tailor-made con-
tract (Ahlqvist et al. 2019). In some ways such markets reflect some proce-
dures from national monopolies and regional power pools that existed before
the deregulation (Wilson 2002). New England, PJM, Midwest, New York
and California nodal markets are all in central-dispatch. In Europe, the UK
England and Wales pool and the Single Electricity Market (SEM) in Ireland
were examples of centralized markets, most other markets being decentrally
organized. Britain and Ireland both changed to decentralized markets in
2001 and 2018 respectively.

In EU’s zonal spot market, market participants have the responsibility to
optimize their assets themselves. They provide aggregated portfolio bids in
accordance with the technical characteristics of their assets or with their con-
sumption needs. Accepted bids create a physical delivery responsibility that can
be adjusted in a continuous intraday market running until real time. This way
of functioning is called the “self-dispatch with portfolio bidding”. Market play-
ers have an implicit responsibility to balance the electricity system; the Balance
Responsible Parties (BRPs) are financially responsible for keeping their own
position (sum of injections, withdrawals and transactions) balanced over given
delivery periods, called the imbalance settlement periods. Depending on the
state of the system, an imbalance charge is imposed per imbalance settlement
period on the BRPs that are not in balance.

2.2.3  Ancillary Services

Under liberalized—or deregulated—electricity markets, the responsibility
of the security of supply and grid stability is taken by system operation com-
panies—the ISO in a nodal model and the TSO in a zonal model. As a
complement to the wholesale electricity market, and in order to guarantee
the security of supply throughout the interconnected electricity grid, there
are ancillary services—or system services—managed by these system operat-
ing companies. These ancillary services correspond to a large set of opera-
tions going beyond the commercial operation of electricity generation,
transmission and consumption activities. Historically, ancillary services
were procured by system operators from large power plants, but they are
nowadays increasingly more open to consumption and storage capacities as
well as smaller scale generation. The main services covered by ancillary ser-
vices are the following:
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Balancing and frequency control: the balancing of the grid to maintain
the physical balance between supply and demand at every instant. The
frequency of the grid is a value that can be monitored and reflects the
real-time demand-supply balance. System operators typically contract
flexible generation or storage that form “reserves” that are able to quickly
react to frequency variations to keep it within a given range, around
50 Hz in Europe and 60 Hz in the US.

Voltage control: the voltage in the electricity grid must be maintained
within a given range and this is done by system operators through active
and reactive power control on some generation assets.

Black start: this system service guarantees the ability of the electricity
grid to get back in operation after a black-out event. Power plants provid-
ing this service must be able to start their operations without relying on
the electricity from the grid.

Congestion management: system operators have the ability to steer
some power plants and change their scheduled generation in order to
solve expected grid congestions.

Ancillary services, although answering the same general objectives—as the
laws of physics are the same everywhere—are organized differently from one
market to another and are usually specific to given system operators. In the
nodal market designs as implemented in some US states, the procurement of
several ancillary services, such as the operating reserves for balancing, is co-
optimized within the day-ahead wholesale market optimization, whereas in the
zonal market design as applied in the EU, ancillary services are procured by
TSOs in separate mechanisms and markets outside the wholesale market
framework.

Table 22.1 summarizes the main characteristics of nodal and zonal market
designs.

Table 22.1 Summary of the main characteristics of nodal and zonal market models

Nodal market Zonal market
Day-ahead spot  Locational marginal price Zonal market clearing price
price
Market bidding ~ Centrally dispatched unit bidding Free portfolio-based bidding with
including technical constraints self-dispatch
Market operation ISOs Power exchange and TSOs
Real-time Through real-time market with virtual ~ Balancing organized by TSOs
balancing bidding between DA and RT independently of wholesale market
Congestion Included in the day-ahead optimization 1. Included in the day-ahead
management algorithm for all transmission lines optimization for inter-zonal
congestions

2. Solved through out-of-market
redispatch for intra-zonal
congestions
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2.3 The Problem of System Adequacy: Capacity Mechanisms

The adequacy or reliability of the electricity system corresponds to the system’s
ability to adequately supply the demand for electricity at any given time, and
especially in times of peak demand. It relates to system planning (by TSOs or
ISOs) and more specifically to the amount of available generation capacity
available in the system with regards to the level of electricity demand. Reliability
can be quantified with criteria such as the Loss-Of-Load Expectation (LOLE).*

In a liberalized electricity market, the amount of electricity generators pres-
ent in the system depends on the price of electricity and on the generators’
revenues from wholesale markets and ancillary services. This rent must reim-
burse sunk investment costs paid to build a power plant (capital cost annuities)
and fixed operations and maintenance costs (fixed O&M costs) to make a
power plant investment profitable.

In an “energy-only” market,® the installed generation capacity relative to
peak demand—and therefore the system adequacy—is set by market forces
through investment in generation capacity (see the long-term investment equi-
librium described in Sect. 2.1).

In some wholesale electricity market setups, the energy-only remuneration
of generators is not enough to guarantee the adequacy of the electricity system.
The American economist S. Stoft (2002) is the first to have highlighted this
issue in energy-only markets. For him, “The missing money problem is not
that the market pays too little, but that it pays too little when we have the
required level of reliability.” Such a situation can arise for different reasons:

e The market design and regulation do not allow generators to earn enough
money to cover their fixed costs. For instance, electricity prices should be
able to reach very high levels in times of supply scarcity, up to the level of
Value of Lost Load® (VoLL), which is rarely allowed;

o A reliability criterion arbitrarily set for the electricity system” is conserva-
tive and maintains many generators in the system, increasing competition
and bringing the market price and generation rents down.

*Number of loss-of-load hours in a year. A loss-of-load event corresponds to a market situation
in which the demand exceeds the supply, the price reaches the maximum market price and some
consumers must be curtailed.

>A market in which the only revenue of generators comes from their electricity sales on the
wholesale market (and payments for ancillary services).

¢The VoLL represents the maximum price that consumers are willing to pay to be supplied with
energy, and at that price they will be indifferent between, on the one hand, being supplied and
paying the price and, on the other hand, not being supplied (and pay nothing) [source: https://
www.emissions-euets.com/internal-electricity-market-glossary, /966-value-of-lost-load-voll ].

It is often estimated in the tens of thousands of euros or dollars per MWh.

7In the US, one common reliability criterion is one day of loss of load every 10 years (2.4 hours
per year). In France (EU), the criteria are set at 3 hours per year by the authorities.
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Fig. 22.7 Graph illustrating the “Missing” Money problem. (Source: Authors’ elabo-
ration inspired by The Brattle Group)

The “missing money” is the difference between the generators’ annual fixed
costs and their energy rent from the sale of electricity in the wholesale market
and ancillary services in a medium- to long-term perspective (the market could
be over-supplied in the short term).

The energy-only markets are therefore sometimes complemented with
capacity mechanisms or capacity markets, remunerating installed generation
capacity for being available in order to compensate the generators’ missing
money and ensure a given level of reliability in the system. In the case of a
capacity market, market forces adjust the capacity price to compensate the
missing money and ensure needed investments in generation capacity to meet
the defined reliability criterion. The graph in Fig. 22.7 illustrates the notion of
missing money with a comparison to the long-term “energy-only” investment
equilibrium.

3 ErLecTrICITY TRADING IN PRACTICE

After having introduced the theoretical foundations of electricity markets, and
some of the main design features, this section shows how they function in prac-
tice. We start by a description of the functioning of wholesale electricity mar-
kets where we focus on the derivatives and the spot market to analyse their
main features, the traded products, the trading venues, the rules, processes and
some of the challenges going forward.
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3.1  Wholesale Electricity Trading

Since liberalization started, it is not the vertically integrated monopoly that
decides which are the least-cost assets to start and stop in order to meet elec-
tricity demand. Nor where, when and what to invest. In a decentralized man-
ner, market participants take these decisions based on the long- or short-term
power prices.

3.1.1  Electricity Transactions

For various reasons that we will detail going forward, market participants trade
before electricity is delivered to end-consumers (residential, businesses or
industry) via the grid. A transaction is a contractual agreement made between
a buyer and a seller to exchange a given volume of electricity in megawatt-hour
during a given delivery period, at a given location for a given price.

3.1.2  Market Participants

Like in markets for other commodities, there are two general categories of
actors active in the wholesale electricity markets: fundamental participants and
speculative players:

e Fundamental market participants are active to value and optimize physical
assets in the market. They carry their “buyer” or “seller” positions until
delivery, based on their specific portfolio of assets, be it consumption,
generation or both;

e Speculative market players do not have a fundamental need to buy or sell
electricity. They participate in the market in hope of making a profit from
buying low and selling high. Their activity has a zero-sum volume effect
on the market as they do not carry positions to delivery.

In practice, the fundamental market participants are either electricity gen-
erators, who trade and sell the output from their power plants, or electricity
retailers who trade and source electricity to sell it to their end-consumers. For
companies that own generation assets and sell directly to end-consumers, part
of the electricity injected into the network is not directly traded in the markets
but delivered directly to end-consumers. A utility that produces more energy
than its customers’ needs can sell the excess power on the wholesale market
(net seller). Symmetrically, a retailer that doesn’t produce enough energy to
cover the needs of its customers can buy it from the wholesale market (net
buyer). In addition to these traditional actors, a new type of fundamental par-
ticipant has been emerging over the last decade: aggregators for Demand Side
Management (DSM) or small-scale renewables. They act on behalf of a group
of producers and/or consumers, aggregating assets they can steer and market
at the wholesale level. In Europe, Transmission System Operators are also
active participants on the wholesale market although their activity is regulated.
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They intervene on the spot markets to compensate the transmission system’s
grid losses.® In Germany, they are also in charge of marketing green electricity
subsidized under the feed-in tarift regulatory scheme.

Trading companies, hedge funds and banks have also entered wholesale
electricity markets since the first days of liberalization. They usually perform
speculative trading or trade for the account of customers. These financial par-
ticipants take positions on either the long-term derivatives market or on the
spot market and provide market access services to other counterparties (i.e.
hedge funds).

3.1.3  Trading Venues

Electricity can be traded on “organized markets” (managed by power
exchanges) or “Over-The-Counter” (OTC) bilaterally or through intermediar-
ies called brokers. Power exchanges run auctions and continuous double-sided
markets. Brokers usually offer phone and continuous screen trading coverage
to their customers.

OTC transactions are bilateral, non-anonymous transactions between a
buyer and a seller with the counterparty risk’ managed bilaterally between
them, even if a broker is involved. On their end, power exchanges give access
to anonymous markets creating a level playing field between all exchange mem-
bers. This is possible as the counterparty risk is centralized by a clearing house
that guarantees the fulfilment of all financial obligations of the trading partici-
pants through a daily settlement of profits and losses and a margining and col-
lateralization system. OTC transactions can be recorded for clearing at power
exchanges as a way of eliminating counterparty risk.

In both the US and EU, dedicated large commodity exchanges, such as
European Energy Exchange (EEX), Intercontinental Exchange (ICE), Chicago
Mercantile Exchange (CME) or Nasdaq operate power derivatives exchanges.
In Europe, amodel of exchange alliance has emerged in recent years. Established
stock exchanges acquire majority (together with minority TSO shareholders)
and integrate power spot and/or derivatives with their commodity businesses.
Examples are Nasdag OMX Commodities, ICE and Endex, EPEX SPOT and
EEX, IDEX and London Stock Exchange (LSE), Nord Pool and Euronext.

3.1.4  Liquidity

Liquidity is a desirable characteristic of a competitive market. It can be defined
as the ability to transact quickly with little price impact. Liquidity is material-
ized by a high level of trading activity and a high number of active market
participants. It can be measured by price resiliency for an auction and bid-ask
spread and market depth for a continuous market:

8In the US grid losses are not compensated by the ISOs and need to be taken into account by
the traders when performing their trades.
Risk of a party defaulting on its contractual obligations (e.g. non-payment or non-delivery).
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e Asa measure of overall market activity, the Churn ratio is the ratio between
domestic consumption of electricity (considered an indicator of fundamen-
tal trading needs) and the volumes traded on the wholesale market. In
Germany, the largest EU power market for spot and derivatives, the Churn
reached 12 times the total consumption (European Commission 2017).

e For an auction, price resiliency can be defined as the sensitivity of the
market clearing price to the submission of a price-independent bid of 500
and 1000 MW for a given delivery hour on either the buy or sell side.

e For a continuous market, the bid-ask spread is the spread between the
best buy and best sell prices in the order book. The lower the bid-ask
spread, the higher the chances are the prices on which buyers and sellers
agree reflect the fair value of the good.

Liquidity has traditionally been greater in less concentrated markets with
high number of participants.

A trading member can act as a market maker—or liquidity provider. The aim
of market makers’ service is to provide liquidity to a continuous market. Market
makers in power exchanges provide liquidity for a given product by standing
ready to purchase or sell a given amount of power, for instance by providing a
continuous bid-ask spread. The specific price range for market makers” orders
is contractually set in advance with the power exchange or broker. Market mak-
ers earn the bid-ask spread (when their buy and sell transactions compensate
each other) but they can also benefit from fee rebates when they fulfil their
bidding requirements based on the size of the spread and its duration.

3.1.5  The Trading Sequence
As first described in Sect. 2.2, electricity markets cover several timeframes,
ranging from years ahead of delivery until real time. Market participants use
longer term derivatives markets to hedge sales or purchases and manage their
electricity price risk. The short-term spot market lets participants schedule their
assets close to real time and manage their volume risk (i.e. forecast errors), as
described in Fig. 22.8.

The following sections explain in more details how the derivatives and spot
markets work, how they interact and what the listed products are.

Balancing (EU) /

Derivatives > Day-Ahead > Intraday (EU) Real-time markets (US)

Long and middle-term | Short-term Very short-term i Real-time
(Years/months/weeks) | (One day (several hours | (minutes)
i before deli before deli i
Anticipated covering of ! efore delivery) efore delivery) ! System security
need of supply, ! Balance of production Balance of production !
optimisation of ' and consumption and consumption '
i i
i i

production means

Fig. 22.8 Trading sequence from long term to real time. (Source: Authors’
elaboration)
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3.2 Power Dervivatives

Power derivatives correspond to traded contracts that are indexed on an under-
lying price of electricity, most often the short-term spot price. Most common
exchange-based derivatives are futures and options, competing with OTC-
traded forwards, options and swaps.

3.2.1  Hedging, Sourcing and Arbitraging
Fundamental market participants are exposed to price variations in differ-
ent ways:

e Retailers most often offer fixed-price contracts to their clients and their
margins are exposed to electricity price variations;

e Generators’ margins directly depend on the price at which they sell elec-
tricity and they are exposed to market price variations.

The basic idea behind a hedge is the limitation of the price risk associated
with the electricity price variations. Hedging allows consumers, retailers and
generators to take a known fixed price now rather than to accept the risk of this
price changing. Long-term derivatives markets allow this risk to be shared
among market participants through transactions over derivative contracts (e.g.
Futures, Forwards, Options, Swaps).

In long-term derivative markets, market players trade for the future supply or
demand of electricity for long delivery periods such as weeks, months, quarters
or years, at a price negotiated on the contract date. To make trading easier and
reinforce liquidity, these derivative contracts apply to standardized products, for
example, the supply of 1 MW of baseload electricity (constant power during all
hours of the delivery period) or peak load electricity (between 8 am and 8 pm,
Monday to Friday during the delivery period). Financial Futures contracts are
cash-settled against the spot price, and therefore represent the average of the
expected spot prices over a longer period. They are generally used as a basis for
determining the prices paid by end-consumers. When retailers enter into con-
tracts with customers, they generally purchase the derivatives products required
to cover most of the electricity they will need to supply. As the delivery time
approaches the remaining variations around the forecast and finer granularity
variations (hourly and sub-hourly) are handled in the day-ahead and intraday
timeframes in Europe and in day-ahead and real-time markets in the US.

The very limited storability of electricity explains the lack of a well-defined
relationship between spot and long-term power prices. According to the stor-
age theory (Kaldor 1939), companies trading commodities keep stocks to
respond to unanticipated demand variations. This exposes them to storage
costs but makes possible the selling of retained stocks later when the commod-
ity is valued more (the convenience vield). The non-storability of electricity
limits the standard no-arbitrage approach in modelling electricity futures prices.
The relationship between spot and futures electricity prices “only” reflects
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expectations about future supply and demand characteristics for electricity
(that determine the spot price) and risk aversion (Shawky et al. 2003).

Allowing participants the opportunity to hedge against locational price dif-
ferences is an important aspect of a power market. Long-term transmission
rights such as Physical and Financial Transmission Rights (PTRs and FTRs)
enable market participants to cover the risks of changing conditions between
the contracting and delivery of contracts and to hedge short-term price dif-
ferentials between two bidding zones (EU) or nodes (US). PTRs entitle their
holder to physically transfer a certain volume of electricity in a certain period
between two zones in a specific direction. FTRs are a mechanism for market
participants to hedge against the volatility of transmission congestion between
two points on the network. In the US only FTRs are used for the nodal mar-
kets. There are long term, yearly and monthly auctions for FTRs organized by
ISOs. In Europe, depending on the borders, both Physical Transmission Rights
and Financial Transmission Rights are used.

3.2.2  Power Derivatives in Europe and the US

Electricity is traded in Europe and the US on the “curve” several years ahead
of delivery through either OTC (bilaterally or through inter-dealer brokers) or
exchange-based! until the day-ahead of delivery when the “physical” market
starts. Traded futures are financially cash-settled against a reference price of the
underlying asset (the daily spot settlement price), but in Europe physical futures
can also be traded and give rise to a delivery of power (i.e. schedule to the rel-
evant TSO). In the EU, Futures with maturities of up to 10 years can be found
on the most liquid hubs but they are less liquid. However, most of the liquidity
is concentrated on the next three years ahead of delivery, next three months,
next three quarters.

In Europe, Nord Pool, the Nordic Power exchange was the first power mar-
ket for spot and derivatives in the Scandinavian countries in 1993, followed by
EEX and all major stock exchanges (e.g. ICE, Nasdaq, CME). Two standard-
ized products are traded on Futures and Options: quotation is made with a tick
size of 0.01 €/MWh and a minimum size of 1 MW. The nominal of the con-
tract is expressed in megawatt-hours. The futures price is denominated in Eur/
MWh, and the contract is financially settled against the average hourly spot
price (base and peak load contracts). The daily settlement price is used as a
reference for the clearing house!! to value on a daily basis a position and to
close a position in case of a defaulting buyer or seller. European power options
are financially settled on the futures index with monthly, quarterly and yearly
delivery periods.

19Tn Europe Financial products can only be offered by regulated Exchanges in the MIFID sense.

"""To ensure the financial and physical settlement of transactions as well as “collateralization” of
transactions to remove the counterparty/default risk exchanges use clearing houses for the futures
and spot transactions.
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In the US, Futures (Forwards and Swaps on the OTC) contracts listed at
exchanges have also been created to cover specific geographic regions or hubs
(electricity products can be traded at several dozen hubs and delivery points in
North America). After the COB (California Oregon Border) and PV (Palo
Verde, Arizona) contracts introduced in 1996, the NYMEX allowed trading
the Cinergy contract (covering the Midwestern region), Entergy contract
(Louisiana region) and PJM contract, whose delivery point is the border inter-
sect of Pennsylvania, New Jersey and Maryland (Eydeland and Wolyniec 2003).
Major hubs have developed around the Regional Transmission Operator
(RTO) markets:!?> ISO New England (ISO-NE), New York ISO (NYISO),
PJM Interconnection (PJM), Midwest ISO (MISO), Electric Reliability
Council of Texas (ERCOT), two locations in the California ISO (CAISO),
Louisiana (into Entergy), Southwest (Palo Verde) and Northwest (Mid-
Columbia) (Table 22.2).

With the expansion of the Nodal Pricing implemented in most competitive
power markets states, Nodal Futures can be traded allowing to decrease basis
risk management with futures contracts traded at the Nodal Exchange. Nodal
futures are financially settled using the monthly average of the appropriate
hourly Locational Marginal Prices (LMPs) for the location(s) specified in the
contract as published by the organized power markets, which are overseen by
the Federal Energy Regulatory Commission (FERC) (Fig. 22.9).

Although for derivatives both EU and US share similar arrangements, in the
case of spot markets there are major differences.

Table 22.2 Contract examples for US and EU

Exchange Type of Granularity Traded Physical vs.
contract maturities financial
European Energy Exchange Futures  Bidding zone Days, weeks, Cash
(Germany) months, settled
quarters, years
European Energy Exchange Options  Bidding zone Days, weeks, Cash
(Germany) months, settled
quarters, years
Nasdaq Futures  Bidding zone Months, Cash
(Nordics) quarters, years  settled
Intercontinental Exchange PJM  Futures ~ Hub (PJM) Days, weeks, Cash
Real-Time Western Hub months, settled
quarters, years
Nodal exchange Cash Settled Futures  Transmission Days, weeks, Cash
Financial Off-Peak Power, node/hub months, settled
CAISO SP15, Day Ahead (CAISO) quarters, years

Source: Authors’ elaboration

2In the US, the large ISOs have expanded geographically and have been renamed Regional
Transmission Organizations (RTOs).
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Fig. 22.9 Selected price hub for wholesale electricity and natural gas reported by
Intercontinental Exchange. (Source: US Energy Information Administration)

3.3 Spot Electricity Markets

Market structures in both continents differ by the nature and role of the stake-
holders. Day-ahead markets are operated in the US by Independent Systems
Operators (e.g. PJM, MISO, ERCOT, etc.) which are non-profit federally
regulated organizations, while such markets are organized in the European
Union (EU) by power exchanges which are for-profit companies that are des-
ignated as Nominated Electricity Market Operators (NEMO) in the European
legislation.’® In both the US and the EU the main physical market is the auc-
tion that takes place the day-ahead of delivery for all the hourly delivery periods
of the next day. Such a “physical dispatch” market on the day-ahead of delivery
is necessary considering that some power plants have long ramp-rates.

3.3.1  The Day-Abead Spot Market

Power Exchanges can be either based on the “pool” or “exchange” models.
Most European countries have adopted an exchange model with bilateral con-
tracts and a voluntary electricity trading (self-scheduling model) and the pools
running centralized dispatch with often some mandatory features. A power pool
is often the result of a public initiative, that is, a government wants to implement
competition at the wholesale level, and participation is mandatory, that is, no

13The Capacity Allocation and Congestion Management (CACM) guidelines released by the
European Commission describe the legal framework in which these NEMOs (e.g. EPEX Spot,
OMIE, GME, Nord Pool, etc.) operate. In particular, non-monopoly NEMOs can compete for
spot market services throughout Europe.
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trade is allowed outside the pool.'* Currently in Europe a semi-mandatory solu-
tion has been applied in Iberian OMIE and Italian GME where bilateral deals are
possible but need to be registered through the pool. In the US, for the states that
have moved to competitive power markets, spot market operation activities are
performed by non-profit Independent System Operators through semi-pool
type arrangements operating a central dispatch. Power plants may have obliga-
tions to bid in the pool or all trades need to register though the pool. The most
important characteristic of power pools is that they consider many technical char-
acteristics, like the availability of plants and unit commitment parameters.'®

In Europe, the day-ahead market is a single auction for all countries!® and all
24 hours of the next day’s delivery. The auction is run at noon 7 days a week,
year-round. The auction is a double-sided sealed-bid uniform-price auction
where all buyers and sellers make offers that are not visible to the other market
participants and pay/receive the same Market Clearing Price (MCP) respec-
tively. All cross-border interconnectors are considered in the market clearing
algorithm through a process called “market coupling” that implicitly allocates
the interconnection capacity between bidding zones together with the energy
and optimizes its usage. If enough transmission capacity is available, then a
common market clearing price is determined. If transmission capacity is satu-
rated, separate clearing prices are determined across the border. Market partici-
pants send their orders to their respective power exchange. All orders are
collected and submitted to the market coupling algorithm that decides which
orders are to be executed and which orders are to be rejected such that the
social welfare!” generated is maximal and the power does not exceed the capac-
ity of the relevant network elements.

In the US, ISOs run a nodal day-ahead auction taking into account a full
topology of the transmission grid. A second auction is performed for the real-
time market with the same grid topology but updated bids.!® In the Day-ahead
Market hourly clearing prices are calculated for each hour of the next operating
day based on generation offers, demand bids at the node level. Moreover, there
is a simultaneous clearing of energy and reserves (co-optimization). Market
participants bid technical /cost data by unit (unit-bidding) and the ISO solves
a co-optimization based on market participants bids and bilateral transaction
schedules submitted in the Day-ahead Market.

"“The England and Wales’s pool, as it existed before the New Electricity Trading Arrangements
(NETA), was a typical example of this model. The reader can refer to Newbery (1997).

15 Often costs of capacity can be considered in pool system, too.

"*Integrated in Multi-Regional Coupling encompasses Germany,/Luxemburg, Austria, France,
Belgium, the Netherlands, Great Britain, the Nordics and Baltics, Spain, Portugal, Italy and
Slovenia. This geographical scope is set to be expanded to more countries in the years to come
according to the European target model.

17Social welfare is the sum of the consumer surplus, producer surplus and the congestion rent
across the countries which corresponds to the price differential when a congestion occurs.

8 This is known as a two-settlement (multi-settlement) system design. In a multi-settlement
system, two successive runs of LMP are cleared with the first run occurring the day prior to the
operating day, appropriately named the Day-Ahead energy market.
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Fig. 22.10 Aggregated curves, Austria 2/06,/2020, hour 19-20. (Source: Authors’
claboration on EPEX Spot data)

In both the US and EU, price caps have been set on the energy market prices
for technical reasons but also to avoid extreme prices that would result from the
abuse of market power. Price-limits are set quite arbitrarily today in the 000
EUR/MWh or 000 $ /MWh level, due to the difficulty to define a market-wide
Value of Loss of Load and the difficulty of consumers to express their real will-
ingness to pay. Across Europe there are single day-ahead harmonized price caps
at (-500; +3000 €/MWh) (EPEX Spot 2020) with an obligation set by the
authorities to increase the price-cap every time it is reached (ACER 2017).
Figure 22.10 shows an example of supply and demand aggregated curves.

As an example of a US-based nodal design, the PJM market offers are capped
at 2000 $/MWh and need to justity cost-basis but during scarcity conditions
the price can rise to 3700 $/MWh (PJM 2018). Usually, offer caps on units are
imposed when the local market structure is non-competitive. Offer capping is
a means of addressing local market power. The market rules require that ofters
in the energy market be competitive, where competitive is defined to be the
short-run marginal cost of the units. The short-run marginal cost can and
should also reflect opportunity costs.

Because generators face non-convex cost functions due to technical con-
straints such as startup costs, minimum up and down times, ramp rates (depicted
in Fig. 22.11), in Europe, the market coupling algorithm allows for “block
orders” of a given amount of electric energy in multiple consecutive hours, as
an addition to simpler hourly orders.

Block orders “link” several hours and allow a better modelling and optimi-
zation of power plants in the day-ahead auction. The uniform price auction
rule means that the same price applies to all and there are no side-payments
(make-whole payments) linked with non-uniform pricing rules.

In the US, producers typically use three-part bids specifying start-up costs,
no-load costs and marginal costs (Sioshansi et al. 2009). Centralized markets
have a non-linear pricing scheme with make-whole or uplift payments to ensure
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Fig. 22.11 Technical constraints of a thermal power plant. (Source: Authors’
elaboration)

that a unit does not make a loss. Uplift payments are made to market participants
for operating a unit under specific conditions as directed by ISOs to ensure that
they recover their total offered costs when market revenues are insufficient or
when their dispatch instructions diverge from their dispatch schedule.

Spot power markets are very computation-intensive and hard to scale up,
especially if they include complex network topologies or complex bid struc-
tures (Ahlqvist et al. 2019). This is true for the US with nodal pricing and in
the case of Europe for the Day-ahead algorithm complexity with the integra-
tion of all borders, national requirements (i.e. Italian single national price
Prezzo Unico Nazionale (PUN)) and block order complexity in the market
coupling algorithm. This is a potential problem as the global trend is to increase
the geographical size of electricity markets, to introduce finer granularity prod-
ucts and integrate millions of assets, including storage which creates dynamic
time dependencies and high algorithmic complexity.

3.3.2  The Intraday and Real-Time Markets

As day-ahead auctions are based on a prediction of the next day’s required load
or generation, the actual demand or supply for power is not known when the
auctions are run. Intraday markets are the last opportunity for market partici-
pants to adapt their offers and assets before real time. These variations can
occur for several reasons, but traditionally the intraday and real-time markets
have been used to balance volume risk as a result of:

e Forced outages of generation units;

e Forecast errors of demand. A drop in the temperature or a rise in cloud
coverage might require additional generation resources to meet load in
real time;

e Forecast errors of intermittent Renewable Energy Sources (RES) such as
wind and solar.

In the US a real-time market is used to correct deviations very close to real
time. In the Real-Time Market the product is procured for immediate delivery.
The locational marginal prices are calculated for every five-minute step on the
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actual system operations security-constrained economic dispatch. The real-
time market acts as a balancing market where day-ahead commitments are bal-
anced against actual demand and system constraints. The generation offers are
updated and used to make real-time dispatching decisions. A higher amount of
price volatility can occur in the real-time market as dispatching is adjusted to
the real-time system load and outages. When the two-auction settlement sys-
tem is performing well and the day-ahead forecasts were accurate, the real-time
price will clear similar to the day-ahead. Virtual bids can be placed in both
markets (in opposite directions) to arbitrage the price differences between the
day-ahead and real-time markets (Jha and Wolak 2016).

In the EU, the aforementioned forecast errors can be rebalanced on the
cross-border continuous intraday 24 hours a day, 7 days a week, year-round.
From 3 pm on the day ahead of delivery until 5 minutes before delivery with a
gradual opening of 15, 30 and 60-minute granularity products. In 2015, an
additional uniform-price auction for 15-minute time slots was introduced in
Germany at the beginning of the intraday trading session at 3 pm to help the
market participants market their solar ramps (Fig. 22.12).

The continuous trading implements a pay-as-bid continuous matching algo-
rithm which implies that market participants must anticipate the market price.
Figure 22.13 shows an example of the evolution of the bid-ask spread and
market depth during a trading session.

Since their introduction in 2007, the intraday market volumes have increased
a lot reflecting the higher needs to re-balance supply and demand between day-
ahead and real-time as a result of ever-growing renewable capacities of wind
and solar. Figure 22.14 shows the evolution of intraday volumes in Germany
for the period 2010-2018 during which they have been multiplied by ten.

Other trends that have been observed following the integration of massive
amounts of renewables are trading in more granular products and closer to
real time:

12:00 15:00
Day-ahead 15-min call
market (H) auction (QH)

- ® —

f From 15:00 to 5 minutes before delivery I
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1 Continuous market for quarter hour (QH) contracts I

Fig. 22.12 The “Spot” trading process. (Source: Authors’ elaboration)
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Fig. 22.14 Continuous intraday volumes in Germany 2010 to 2018. (Source:
Authors’ elaboration on EPEX spot data)

e The finer granularity products allow market participants to match genera-
tion and demand for each 15-minute time step to satisfy their balancing
obligations. They represent roughly 20% of the total traded volumes of
the intraday continuous market;

e The trading activity in the last 30 minutes before real-time has increased
over the last years as participants benefit from trading opportunities until
the last minutes. On the German Intraday 15% of intraday continuous
volumes are traded in the last 30 minutes before real time (Fig. 22.15).
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e Automated trading applications are developed either in-house or by
Independent Software Vendors (ISVs) and automate power trading on
the basis of algorithms. The applications are connected 24 /7 through
APIs (Automated Programming Interfaces). This enables market partici-
pants to react quickly to fluctuations in power production and demand.

4  LooxiNG AHEAD, NEW CHALLENGES
FOR THE POWER MARKETS

Electricity systems around the world have been undergoing nascent but pro-
found changes in recent years, that are expected to further progress in the years
to come. These intertwined trends are sometimes referred to as the 3 Ds:
Decarbonation, Decentralization and Digitalization.

Global awareness around climate change makes the decarbonation of the
electricity sector one of the important stakes to curb global warming. Along
emerging carbon pricing initiatives creating an economic signal for CO, emis-
sions (by “internalizing” their negative externalities), many governments and
policymakers have implemented renewable energy sources (RES) support
schemes and subsidies to promote clean energy sources. As a result, there has
been a strong development of solar and wind RES worldwide. In Germany
alone, a pioneering country in this field, there is more than 110 GW of wind
and solar capacity installed with more than 36% of domestic electricity con-
sumption covered by RES in 2016 (BMWi 2017) (from only 6% in 2000). In
California, the famous “duck” curve illustrates the gradual penetration of solar
PV in the market (CALISO 2012) (Fig. 22.16).
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This RES development trend is expected to continue, as illustrated by ambi-
tious policy objectives. The EU aims to be climate-neutral by 2050 (EU
Commission 2019). Such a shift in the electricity generation mix, towards
more renewables, mostly intermittent electricity production, induces new chal-
lenges for cost-efficiency, resource adequacy and security of supply:

¢ Increased missing money: RES having an SRMC close to 0 € /MWh (as
there are no fuel and emission costs, and little O&M variable costs), they
have a bearish effect on wholesale spot clectricity prices!® and tend to
increase the “missing money” problem (first introduced in Sect. 2.3).
Indeed, they cannot fully replace dispatchable generation for system ade-
quacy, as the need for available dispatchable generation remains high to
cover peak demand events with no wind nor sun;

* Need for flexibility: furthermore, with rising RES penetration, resource
adequacy and system reliability do not only depend on peak demand any-
more. Production flexibility is also increasingly needed to compensate for
large and short-term RES-induced production variations. Capacity mech-
anisms can contribute to solving the intermittency backup problem
although their primary purpose is not to increase flexibility. Efficient
measures, in market design and regulatory fields, will be needed to fur-
ther enhance flexibility incentives in the market. Paradoxically, to further
develop RES going forward, there is a need for flexibility that can cur-
rently mainly come from fossil fuels (e.g. flexible gas power plants), as
demand-response and batteries remain respectively not fully exploited or
too expensive on a large scale, but could emerge as a result of decentral-
ization and digitalization trends.

Decentralization corresponds to the growing development of smaller scale
assets (RES, storage, demand-response) in the distribution grids, slowly shifting
the traditional paradigm of the electricity sector from a centralized electricity sup-
ply from large power plants to a more distributed supply. In this context, digitali-
zation acts as a catalyst with the deployment of smart metering, energy management
systems and new communication technologies, paving the way for a more precise,
data-intensive and coordinated power system management and enabling the
development of smaller scale flexibility. New opportunities can emerge for con-
sumers, suppliers and aggregators to adapt their load or production profiles, pro-
vided that the right price signals are in place to foster their development. It will be
needed to combine the largest number of players in the market with a better abil-
ity to react to prices to manage the electrical system at a lower cost.

Going forward, it seems essential to identify the future needs of the power
system and align them with global policy objectives in order to adapt and
enhance the way electricity markets generate social welfare. It is a continuous

1 But not necessarily on total electricity costs, as RES in most regions worldwide is not economi-
cally viable at market prices without subsidies.
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process that is becoming increasingly complex: how should the market archi-
tecture and regulatory framework evolve to meet ambitious climate targets
while maintaining efficient investment incentives and security of supply? The
answer probably lies in more temporal and spatial market granularity, the emer-
gence of the right price signals and incentives along with the proper integration
of new opportunities stemming from technological breakthroughs.
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