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Abstract

We examine wholesale electricity spot prices around the world. Based on a comprehen-
sive dataset of intraday prices for 28 market regions in 19 countries we compare the mar-
kets regarding their price variations and market structure. In particular, seasonal patterns,
volatility, and the occurrence of price spikes are examined and compared with respect to
determinants such as market design and the production characteristics in the market. In
particular, regional electricity markets in Australia are characterized by low price levels, rel-
atively low levels of annual, weekly and intra-daily seasonal patterns, but are by far the
most volatile markets in this study. We also conduct a principal component analysis (PCA)
based on the identified market characteristics to further investigate the differences between
the considered markets. Our results illustrate that more than 80% of the variance in the
data can be explained by three principal components, that, based on their loadings can be
interpreted as a dispersion factor, a weekly and intra-daily seasonality factor and a factor
related to price levels. We also find that electricity markets organized as day-ahead markets
exhibit a significantly lower overall price variation compared to markets with real-time trad-
ing. These differences exist in a cross-market observation, as well as for markets that feature
both trading schemes. Our results provide important information for market participants by

classifying the considered markets with respect to associated price and volatility risks.
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1. Introduction

Over the last decades power markets around the world became deregulated and in many
countries electricity is now traded under competitive rules. Often with the deregulation,
power exchanges or power pools were established, where producers, traders, and large con-
sumers can buy or sell power in organized markets (Pilipovic, 1997; Kaminski, 1999; Weron,
2006). After first attempts in the 1980s in South America, the first power markets in de-
veloped countries appeared in the 1990s, starting with markets in the United Kingdom and
Scandinavia. Since then, more and more competitive electricity markets have been estab-
lished, and by the end of the 1990s various markets in Europe, North America, and Australia
were operating. In North America the ambition to further raise power markets was damped
after the electricity crises in California, and the subsequent shut down of the Californian
power exchange in 2001 (Wolak, 2003; Sweeney, 2008). Unimpressed by this development,
further markets came into place in the early years of the 21st century in Europe and other
parts of the world. Nowadays, there exist markets around the world, in developed as well
as developing countries, and with coverage from regional to international areas. A good
overview of the development in the United States is given by Joskow (2006), and information
on the development in the European Union can be found in, e.g., Newbery (2002).

With the emergence of wholesale markets for power a new type of commodity became
tradeable. But due to some unique characteristics, the prices for electric power differs signif-
icantly from other commodities, or financial assets. Most important to mention is the need
for simultaneous production and consumption of power that, accompanied with the non-
storability,! leads to distinct price attributes. Knittel and Roberts (2005) lists stationarity of
prices, seasonal cycles, extreme price swings, and time-varying volatility as relevant charac-
teristics of power prices. The most prominent feature of spot electricity prices are probably
so-called price spikes, accounting for a large part of the high volatility in the markets. These
characteristics make power prices an interesting field for research and various studies have
been conducted on modeling power prices, see, e.g. Lucia and Schwartz (2002); Weron et al.
(2004b); Knittel and Roberts (2005); Bierbrauer et al. (2007); Seifert and Uhrig-Homburg
(2007); Huisman et al. (2007), just to mention a few.

Besides modeling the behavior of electricity spot prices, other studies have focused on
understanding the underlying market structure and the determinants of observed electric-
ity prices. Wolak (2000) analyzes the early markets in England and Wales, New Zealand,
Victoria, and the Scandinavian Nordpool market according to their deregulation and price
behavior. Broad studies on international power markets were performed by Li and Flynn
(2004a,b) with 14 different power markets in North America, Europe, and Australasia.? In Li
and Flynn (2004a) the seasonal intraday patterns of the markets are described and compared,

!Technically, electric power is storable in various ways, but for large scale storage only with hydroelectric
resources economically useful. However, hydroelectric resources require suitable geographic conditions and
thus are infeasible in many regions. Therefore, storage of electric power is strongly limited and is often
classified as non-storable.

2North America: Alberta, California, New England, PJM. Europe: Germany, Netherlands, Britain, Spain,
Scandinavia. Australasia: South Australia, New South Wales, Queensland, Victoria, New Zealand.



whereas Li and Flynn (2004b) focus on examining volatility in the 14 markets considered.

To the best of our knowledge, the studies by Ly and Flynn so far provide the broadest
overview of various deregulated power markets in the world. Typically studies on the volatil-
ity or behavior of spot electricity prices are focused on a single power exchange or only a
few markets. For example, Zareipour et al. (2007) analyze the volatility and market design
in Ontario, Bask and Widerberg (2009) the impact of market expansion in the Scandinavian
market, or Kalantzis and Milonas (2013) the introduction of a futures market on the volatil-
ity in Germany and France. Bessembinder and Lemmon (2002) analyze the effect of hedging
decisions for power producers and consumers on power prices, their season, as well as volatil-
ity. A study on the effect of data frequency on the volatility of power prices is performed by
Ullrich (2012) considering markets in the United States and Australia.

In this study, we examine intraday prices of 28 different power markets across the world,
focusing on key features of spot electricity prices such as seasonal behavior, price levels and
variation as well as higher moments of the observed price series. We also relate the observed
behavior of spot electricity prices to the structure and characteristics of the individual mar-
kets. We use a very comprehensive data set, comprising hourly spot electricity prices from
exchanges of 19 different countries in Europe, the US, Asia and Australia. To our best knowl-
edge this is the most extensive database that has been considered by the literature so far
to examine the behavior of spot electricity prices in various markets around the world. We
find significant differences between the considered markets with respect to price levels, the
frequency and magnitude of price jumps and spikes as well as the volatility, skewness and
kurtosis of spot electricity prices. While the Australian markets are typically characterized by
a low price level and relatively low levels of annual, weekly and intra-daily seasonality, they
are by far the most volatile markets considered in this study. On the other hand, European
markets in Belgium, Switzerland and Italy as well as the Asian markets in Singapore, India
and South Korea had the highest average price levels among all 28 markets considered.

We also conduct a principal component analysis (PCA) and illustrate that a high fraction
of the variation (over 80%) between the markets can be explained by three principal com-
ponents, that can be interpreted as a dispersion factor, a weekly and intra-daily seasonality
factor and a price level and annual seasonality factor. The results of the conducted PCA
also illustrate that the markets can typically be classified into different groups according to
the three identified factors.

We further find that electricity markets organized as day-ahead markets exhibit a sig-
nificantly lower overall price variation compared to markets with real-time trading. These
differences exist in a cross-market observation, as well as for markets that feature both trading
schemes. Overall, in real-time electricity markets, retailers and large customers with direct
access to power exchanges will be required to more thoroughly hedge their risks from extreme
price variation and price jumps in the spot market.

Our results provide important information for market participants by classifying the con-
sidered markets with respect to associated price and volatility risks. They also illustrate
how observed characteristics of spot electricity prices are related to market features such the
organization of the power exchange, electricity generation and fuel sources.



— Figure 1 about here —

The remainder of this article is organized as follows. Section 2 describes the development
of power markets and shows differences in the market structures. Section 3 presents the data
and methodologies we use. Empirical results are shown in section 4. Section 5 concludes.

2. Power markets

2.1. Deregulation and development of power markets

Before deregulation in most of the markets large, often state owned, monopolies were
responsible for production, transmission, and distribution of the electric power. Starting
from these background deregulation took place in various forms, but the common aim was
to stimulate competition in the markets. Usually the way to achieve this was to split up the
vertical integrated power producers and privatize the state owned utilities. As the power grid
is a perfect example of a natural monopoly, regulation on this part is still needed. Therefore,
the transmission grids were dissolved from generation and distribution of the pre-existing
utility as independent system operator, or are still part of the utilities, but separated from
the other businesses, and heavily regulated. Further, even when some countries focused on
competition at the retail side to reduce power costs for end customers, the supply side played
a crucial role in the deregulation. On the supply, or generation side, many countries and
regions established wholesale markets, where the generators can sell their electric power. In
contrast to other markets where commodities, or financial products are traded, these markets
need to account for the special characteristics of electric power. Most importantly, the grid
connection and the need to balance generation and demand instantly. As this service was
provided by the grid operator, the markets that were established in the beginning usually
used the area of the grid operator, and in some cases were operated by the grid operator.
Joskow (2008) describes detailed the deregulation process and a so called 'text book case’ for
deregulation.

Two basic models for power markets developed, one where the trading, dispatch, and
transmission takes place at the system operators side, the so called power pools, and the
other, where trading and an initial dispatch takes place at power exchanges that are indepen-
dent from the transmission. Thereby, the pool model can be seen more related to the technical
issues, whereas the exchange model as more related to markets in a classic economical way
of sight. The participation of generators in trading in the pool model is usually mandatory,
as the grid operator manages the whole power demand in this area. Furthermore, the total
demand for the area is estimated by the system operator, and no concrete consumer partic-
ipates in trading. All bids from the generators are assembled by an optimization procedure
of the system operator to fulfill technical constraints, like transmission capacities, or run-up
time and costs. As the pool model takes transmission into account, often price for each node
in the network are calculated, a so called locational pricing. Another form is zonal pricing,
where for areas without grid limitations a unique price is settled. Theoretically, this model
leads to a cost optimal dispatch of the power plants, when the cost information of each power
plant is correctly known by the system operator.



On the other hand, the participation in the exchange trading is usually voluntary, and
other bilateral transaction can be made outside the exchange as well. The demand side in the
exchange model are (usually large industrial) consumers, other generators, or power resellers.
The drawback of an exchange model is that the location of supply and demand is not consid-
ered in the process. As the market is balanced only based on the price, technical limitations
can make it impossible to physically fulfill the trades. For example, when generation and de-
mand are on different locations and the transmission network has a bottleneck, the original
power plant dispatch could result in a blackout. In this case, the network operator orders a
re-dispatch of the power plants, i.e. direct the producers on the one side of the bottleneck to
lower production and producers on the other side to increase production. Usually, the cost
associated with this process is covered by an transmission charge to the consumers.

Besides the basic model, there are further differences in the setup of the markets. Due to
the non-storability and the constant balancing of generation and demand, a real spot market
with immediate delivery cannot exist for power. Therefore, most market use a day-ahead
trading, where the prices and production amounts for the 24 hours of the following day are
determined. Often the price finding is done by an auctioning process. In contrast to the
day-ahead trading, markets with continuous trading until shortly before delivery (usually
5 to 15 minutes) exist. These markets are called real-time, or intraday markets. In some
markets, both trading mechanism exist, but then the real-time trading is usually used as kind
of balancing market to adjust the predetermined quantities of the day-ahead market.

2.2. Description of markets
2.2.1. Australia

In Australia exist the National Electricity Market (NEM) with nowadays 5 regions: New
South Wales, Queensland, Victoria, South Australia, until 2008 Snowy Mountains, and from
2005 on Tasmania (TAS). This study covers the four major markets of the NEM in New
South Wales (NSW), Queensland (QLD), Victoria (VIC), and South Australia (SA). The
market is operated by the Australia Energy Market Operator (AEMO) and organized as
power exchange model with solely real-time trading. The capacity mix in these markets vary
from hard coal based power plants in New South Wales and Queensland, to a lignite based
power plant fleet in Victoria, and gas based power plants in South Australia. To mention is
the significant increase of installed wind turbines in South Australia, that accounts for about
25% of total capacity in 2011. A detailed view on the individual markets’ capacities can be
found in Table 3, and Figure 2. On the western side of the Australian continent a wholesale
electricity market started in 2006 for the south-western part of Western Australia. The power
exchange is operated by the Independent Power Operator (IMO) with similar specifications
as the NEM, i.e. real-time trading of half hourly contracts. For Western Australia the
generation is dominated by gas fired power plants.

2.2.2. Europe

In Europe the development of power markets began in the early 90ths in England and
Wales, continued in Scandinavia, and followed by the countries in Central Europe. The
market in England and Wales started as power pool, but after restructuring the market



design, it switched to a power exchange model that is operated by the Amsterdam Power
Exchange (APX) since 2003. Except of Italy, that still has a form of pool model, all other
European markets are using the power exchange model. The largest operators are Nordpool
for the Scandinavian Market, EPEX Spot for markets in Germany, France, and Switzerland,
APX for markets in Netherlands and the United Kingdom, as well as OMEL in Spain and
Portugal. In Eastern Europe markets in Poland (POLPX), and Romania (OPCOM) are
considered.? All markets are using day-ahead auctions as primary trading scheme, but in
recent years intraday markets as secondary trading platform were introduced, e.g. at EPEX
Spot, as well. In Europe the markets in Scandinavia, Switzerland, and Austria are dominated
by hydro power generation that account for more than half of the total capacity in these
markets. Further, the French power supply is mainly based on nuclear power plants, which
are accompanied by hydro power plants. The most focused capacities are in Poland, where
about 85% of capacity consist of hard coal and lignite fired power plants. The other European
markets base there production on a diversified power plant fleet.

2.2.3. North America

This study covers the Canadian markets in Ontario and Alberta, and the markets in
New England, New York, Texas, the Midwest, as well as PJM (Pennsylvania - New Jersey
- Maryland) in the United States. The Canadian markets are markets are organized as
power exchanges, whereas the markets in the United States are organized as pool model.
Both markets in Canada (OIESO in Ontario, AESO in Alberta), are performing only real-
time trading, whereas the US markets are applying a standard market design with both,
day-ahead and real-time trading.? We focus our examinations for the United States on
the day-ahead prices, as the major part of trading took place day-ahead and the real-time
trading functions as short-term balancing with smaller volumes. Compared to the European
markets, the production capacities in the North American markets are less concentrated and
the markets use various different fuels and power plants to produce electricity. In Alberta,
and the Midwest coal and lignite fired power plants account for 40-50% of total capacity, but
for other plant types and markets, no dominant type occurs.

2.2.4. Asia

The development of wholesale power markets in Asia happens much slower than in Europe,
or North America. Therefore, this study contains only four Asian markets, Korea (KPX),
Singapore (EMC), India (IEX), and Russia (ATS).> Among these markets, Singapore operates
a real-time power pool, whereas the other markets are organized as bilateral power exchanges
with day-ahead auctions. The power production in Singapore is based on gas (=~ 45%) and oil

3Further markets exist, but due to non-available power prices, and data quality, these markets are excluded
in this study.

“The New England market was operated in the beginning from 1999 to 2002 as a real-time market, but
after the restructuring the standard market design with both types was applied. Therefore, we use for New
England only data after the restructuring.

®More markets in Asia exist, e.g. in Japan or on the Philippines, but we excluded these markets as no
intraday data, or data for only a short time period exist.



(~ 35%). In India, coal fired power plants are dominating the power production with a share
of more than 50%. A crucial role in the Russian electricity sector play gas fired power plants,
with about 40% of total capacity, that is accompanied by smaller shares of coal and hydro
plants. The Korean markets shows a diversified mix of coal, nuclear, and gas capacities.

3. Data and Methodology

3.1. Data

For this study we collected power price data of 28 different markets. Thereof, 5 in Aus-
tralia, 12 in Europe, 7 in North America, and 4 in Asia. Table 1 lists the markets and their
system area. Markets in Australia, Canada, and the United States are covering one or more
states, whereas the markets in Europe are usually national or even international markets.
Further the table shows information on the time of deregulation, the market organization,
as well as some basic information on the areas power consumption and generation. For all
markets intraday data on power prices was collected, either from the markets directly, or from
the Thomson Reuters EIKON Database.%. We used price data from the beginning of each
market until the end of 2012. Information about the data sources, the used time periods,
as well as further features of the data can be found in Table 2.7 Power prices of half-hourly
frequency were aggregated to hourly prices by averaging to make it comparable to the other
markets. In case of locational prices where no common price for the area was provided, the
prices were aggregated to an unique price for the markets based on each nodes price and load.

Information on power plant data is based on the Platts World Electric Power Plant
(WEPP) database and available for the years 2000 to 2011. The WEPP database contains
information of power plants around the world. The data includes information on the owner,
size, installation date, fuel type, turbine type, as well as geographical information, where the
plant is located. The database is the most comprehensive information on power plant infor-
mation, and covers all countries around the world.® For this study we aggregated the data
from individual plant data to market level data. Therefore, the geographical information of
the plants is used to allocate these plants to power markets, based on the country and area in
which they are situated.” An overview of production capacities in the different markets can

5This study selects only markets with intraday prices as the frequency of data plays a crucial role when
analyzing volatilities (see Ullrich (2012))

"Many markets are publishing the current and historical prices on their website and the data is freely
available. Links to the websites of the markets, and to the available data can be found in Table 1 and Table 2.

8 A detailed description of the database is provided by Platts’ “data base description and research method-
ology” (http://www.platts.com/IM.Platts.Content/downloads/udi/wepp/descmeth.pdf). Platts states that
“ltlhe WEPP Data Base covers electric power plants in every country in the world and includes operating,
projected, deactivated, retired, and canceled facilities. Global coverage is comprehensive for medium- and
large-sized power plants of all types. Coverage for wind turbines, diesel and gas engines, photovoltaic (PV)
solar systems, fuel cells, and mini- and micro-hydroelectric units is considered representative, but is not ex-
haustive in many countries. Nonetheless, about a quarter of the data base consists of units of less than 1 MW
capacity. Generating units of less than 1 kW are not included” (p. 5).

9Detailed information of the market area can be found in Table 1. The classification of the states in the
USA is based on information of the FERC, where most of the state is covered by the corresponding power
market.



be found in Figure 2, where the plants are grouped by their fuel and turbine type. The groups
represent the major technologies in the markets, as well as renewable sources like wind and
solar. The composition of the production capacities show big variations among the power
markets. Some markets are heavily focused on one type of fuel, for example the market in
Queensland, Australia is dominated by hard coal fired power plants. On the other hand some
markets, for example GME in Italy, show a broad diversification and various different plant
and fuel types. The production facilities for renewable energies are in most markets large
shares of hydro power plants. This holds for example for Austria, Switzerland, and Scan-
dinavia. Significant shares in wind turbines can be found in South Australia and Germany.
Installation in solar energies account only for a small amount in the markets.!? The different
fuel and plant capacities can be found in Figure 2 and the shares relative to the total capacity
in Table 3. As secondary source for capacity data on a less detailed level, and for aggregated

production information we use data from statistic agencies and other data provider.'!
— Table 3 about here —

— Figure 2 about here —
3.2. Methodology

The characteristics of electric power and its prices are very specific and therefore, classical
measures may be not suitable. The most distinctive feature of electric power is the non-
storeability, that impacts the behavior of power prices by various manners. It causes extreme
price spikes, strong seasonality in the short run, and even negative prices, see, e.g. Fanone
et al. (2013).

3.2.1. Return measure

When observing the prices and their distribution, the characteristics of power prices do
not influence the analysis, but when looking at the price movements, especially from one hour
to hour, it causes several issues. Usually, the standard deviation of arithmetic, or logarithmic
returns is used to measure the price variation in the financial literature. However, for spot
electricity prices, to base volatility and risk measures on a 'return’ causes some problems and
may not be appropriate. Most obvious, log-returns, as they are used in financial markets,
are not defined for all observations of electricity prices due to possible negative or zero price
observations. Further, as electric power cannot be stored, the arithmetic return that expresses
a buy-and-hold return is (at least for intraday prices) only of limited use. For example, as
the return measures percentage gains based on the buy price, immense returns would occur,
when prices are close to zero and recover afterwards. In case of a price increase from 1 USD

10To a certain extend the capacities for solar energies are not covered by the WEPP, as they are often of
small size and lay below the detection level. Even though, as this data is available for all markets, we prefer
it to other data sources.

" Capacity data for the United States is taken from EIA, for Canada from Statistics Canada, for the
European Union from FEurostat, for Norway from Statistics Norway. The generation data for whole countires
is based on EIA, and for the markets that operate only in certain parts of a country on EIA (United States),
Statistics Canada, and for Australia the data was provided by NEM-Review.



to 10 USD, the return would be 900%, whereas an increase from 50 USD to 200 USD only
an increase of 300%. For market participants, the first case may be only of limited impact,
whereas the second case with a much lower return, could affect the business of companies in
the electricity business far more seriously. To overcome this we use price differences instead
of returns, and standardize the differences by the average price level in a market, to keep the
measure comparable across different markets. Therefore, our measure of change in hourly
spot electricity prices is defined as

P — P
st p’

where P; denotes the power price at time ¢, P;_; the power price in the previous hourly

STANDDIFF; =

(1)

period t — 1 and T the overall number of prices for this market. Our main variable RETURN
VARIATION is the standard deviation of this ’return’ measure. Figure 3 shows the relation
between different variation measures. The first three measures based on price, the price
difference, and standardized price differences show a very similar appearance, whereas the
last measure based on arithmetic returns differs significantly.

— Figure 3 about here —

8.2.2. Seasonality estimation

Power prices show strong oscillations around a more or less constant mean level. Due to
the non-storeability, changes in demand for power are directly affecting the power price.'?
The demand for power depends on many outside conditions, for example, daytime, day of
the week, or seasons over the year. As these influences are repeating in a regular order,
every 24 hours the daytime, every seven days the weekday, and every twelve months the
month, a big part of the demand can be explained by these seasonal effects. As the seasonal
demands are directly expressed in the prices, we analyze the prices regarding their seasonality
on hourly, daily, and monthly characteristics. We use a least square optimization method
with dummies for 24 hours, 7 days, and 12 months, as well as year dummies to estimate the
seasonal fluctuations around the average price level.'® To limit the effect of extreme prices on
the estimation of seasonal patterns, see, e.g., Janczura et al. (2013a), we replace outliers by
typical prices for the specific value with the median value of the hour and day in the relevant
month.

12The power prices are usually set by the intersection point of demand and merit order, and as the merit
order is monotonic increasing with the load, the prices adjust directly to a change in the demand. In case of
a (costless) power storage, the storage would be filled when demand (and thus price) is low, and discharged
when prices are high. This would lead to more demand from storage when other demand is low and more
supply when demand is high, and thus, equalizing the prices.

13The estimations are performed with the Matlab optimization routine Isqlin. We apply constraints on the
function to ensure the characteristics of seasonal effects, i.e. the sum of the 24 hourly values has to be zero,
as well for the sum over the seven days of a week, and the weighted sum (by number of days in a month) over
the monthly values over the year.



3.2.8. Jump measures

The most prominent characteristic of power prices are their extreme price spikes. These
extreme prices occur, when the market is tight, and there is a lack of production available.
Often the prices are many times higher than the marginal cost of the most expensive power
plant and the prices cannot be explained by the merit order anymore. These price jumps
may occur due to the bidding behavior of suppliers as well as consumers, or due to expensive
demand response actions. As the demand, as well as the supply may be able to react on
high prices, the extreme prices will vanish after a short time and return to previous levels.
Various methods to measure jumps in power prices exist, e.g. Weron et al. (2004a). Some of
the measures are based on prices, whereas others are based on relative measures like returns.
As we are observing various markets, we use a relative measure to identify jumps and base
it on the STANDDIFF measure. We classify all movements that exceed 30% in absolute terms
as jumps.' Based on this identification, we calculate for each market the jump frequency,

jump size, as well as the remaining price variation when the jumps are excluded.

4. Empirical results

In the following section we will describe empirical results for the considered electricity
markets around the world. In particular we will focus on results for the markets with regards
to price levels, seasonality in prices at the annual, weekly and intra-daily level, price volatility
as well as the occurrence and magnitude of price jumps or spikes. We also conduct a principal
component analysis and illustrate that the key features of spot price behavior in the markets
can be classified based on a relatively small number of three factors. The identified factors
explain a high fraction of variation in the characteristics of spot electricity prices across the
power exchanges considered in this study. Finally, we examine in more detail the differences
between day-ahead and real-time power exchanges.

4.1. Descriptive Analysis

In a first step we investigate the considered electricity markets by analyzing price levels,
volatility, the occurrence of price jumps and spikes, the dispersion of market prices and
returns as well as observed annual, weekly and intra-daily levels of seasonality.

4.1.1. Price Behavior

In a first step, we have a look at the descriptive statistics for the considered markets.
Note that for different markets, we had access to spot electricity price data for quite different
time periods of spot prices, see Table 2, such that a comparison of the mean prices has to be
considered with care. For example, for the Australian NEM markets we have data available

from January 1, 1999 to December 31, 2012, while for some of the other markets, for example,
ERCOT in North America or IEX in India, we only have data from 2010, respectively 2008

14%We use the recursive filtering algorithm according to Clewlow and Strickland (2000) on all markets si-
multaneously with the separation level of three standard deviations. This results in an separation level of
3-9.73 ~ 30%. We used other separation levels as well, what changes the sizes of the numbers for jumps, but
not the order of markets, nor the regression results.

10



onwards. However, the analysis still allows us to get an overall view of price levels, volatility
of prices and the frequency and magnitude of jumps for all markets as well as a comparison
of individual market behavior to overall figures.

— Table 4 about here —

Table 4 provides descriptive statistics for all 289 market years. We find that the average
price level for all considered markets was around $50, however the standard deviation of
average annual price levels is quite substantial with $26.89.'> The strong variation between
average annual price levels is also indicated by a lower quartile of $30.25 and an upper quar-
tile $64.62. Thus, for 25% of the time, or more than 70 of the considered 289 years of price
data, average annual prices were below $30, while for 25% of the considered market years
average annual prices were $64 or higher.

Prices typically also exhibit high levels of standard deviation, skewness and kurtosis
throughout the year. The average standard deviation of prices throughout a year is around
$48 and prices are heavily skewed to the right with a coefficient of skewness equal to 9.27. As
expected we find prices to exhibit extreme kurtosis with an average kurtosis of 345.30. These
results are in line with many previous studies on the behavior of electricity spot prices, see,
e.g. Clewlow and Strickland (2000); Weron (2006) who also point out that spot electricity
prices are typically skewed to the right and exhibit extreme levels of kurtosis. Interestingly,
the high numbers for the average skewness and kurtosis can be attributed to a few markets
with extreme outcomes for these measures, for example the Eastern Australian NEM mar-
kets. This is evidenced by the fact that the average level of skewness (9.27) is well above the
median of the skewness for all years (2.24), while the average kurtosis for all markets (345.30)
is even higher than the upper quartile of the estimated kurtosis for all market years (297.20).
Therefore, the distribution of skewness and kurtosis of annual spot electricity prices for the
considered markets is not symmetric but also highly skewed to the right.

6 we find that the average variation in

For the calculated relative measure of variation'
hourly prices is 0.9. Again we find that the distribution for the variation is not symmetric
but highly skewed to the right with the lower quartile of the variation measure equal to 0.12
and the average variation for all markets being higher than the upper quartile of the variation
0.8. Thus, for more than 70 of the considered 289 years of price data, the average variation
of prices was below 0.12, while only for 25% of the considered market years, the variation
was actually greater than 0.8. Therefore, we observe a small number of market years with

extremely high variation in absolute hourly price changes.

15\When only observing prices from January 2010 to December 2012, the average annual price level is about
$59, with a standard deviation of $29.

16Recall that the relative variation is based on a standardized measure of difference between hourly prices
for each market STANDDIFF; = (P, — Pt,l)/(% Zle P).
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With regards to identifying jumps, we also apply a relative measure to identify jumps
and base it on the standardized measure of difference between prices STANDDIFF. Recall that
we classify all movements that exceed 30% in absolute terms as jumps based on a recursive
filtering algorithm initially suggested by Clewlow and Strickland (2000).!7 We find that the
average frequency of jumps is 8%, with equal probability of extreme downward and upward
price movements. Our results also indicate that upward jumps are of greater magnitude and
are usually 2.59 times the magnitude of average price levels in a market, while downward
jumps have a size of 1.16 times the average price levels. Again, the jump size is affected by
a number of markets with high jumps, since the average upward jump is significantly above
the upper quartile for the jump size (1.98).

— Table 5 about here —

Table 5 provides descriptive statistics for mean price levels, the standard deviation of
prices as well as the skewness and kurtosis of spot electricity prices for the five Australian,
12 European, seven North American and four Asian markets.

For Australia, we find that for the four Eastern and Southeastern Australian markets
contributing to the NEM, i.e. NSW, QLD, SA and VIC, have relatively low price levels for
the considered time period from January 1999 to December 2012. Average price levels are
between $27.15 for Victoria and $34.87 for South Australia, well below the overall average
price levels of $50.79. This can be attributed to the very high level of generation by hard
coal and lignite, i.e. brown coal. Since Australia is one of the major mining areas for hard
and brown coal, the commodities are available at very low prices. On the other hand, we
find that standard deviation, skewness and kurtosis for the Eastern Australian NEM markets
are well above overall average levels for these measures. The average standard deviation of
spot electricity prices ranges from $92.69 for VIC up to $157.60 for SA, the latter being the
highest standard deviation of prices for all markets. Skewness is between 25.09 and 36.61 in
comparison to an average level of skewness of 9.27 for all markets. Kurtosis of spot electricity
prices for the NEM markets is also way above the average level of 345.30 and ranges from
854.60 for SA up to 1680 for VIC. We attribute this specific price behavior of the Eastern
Australian electricity markets at least partially to the fact that they are markets with con-
tinuous trading, i.e. real-time markets. Therefore, NEM markets are unlike the majority of
other markets considered in this study where prices and volumes amounts for the 24 hours of
the following day are typically determined in a day-ahead auction. We will investigate the re-

lationship between price behavior, day-ahead and real-time markets more thoroughly later on.

The considered European markets typically exhibit higher price levels, but significantly
lower levels of standard deviation, skewness and kurtosis in comparison to the Australian

1"Recall that we use a recursive filtering algorithm on all markets and find a threshold of approximately
30%.
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NEM. The lowest price levels in Europe are observed for the POLPX exchange in Poland
($33.43) while in particular the Italian GME ($95.36), the Swiss EPEX CH ($74.86), the APX
UK ($70.13) and the Belgium BELPEX ($67.89) exhibit price levels well above the overall
average price of $50.79 across all markets. However, for none of the considered European
markets, standard deviation of prices reaches the same level as for the NSW, QLD, SA and
VIC markets. Observed standard deviation of prices is between $8.62 for the POLPX up to
$45.07 for the APX in the Netherlands. Spot electricity prices in Europe are also significantly
less skewed, such that only the BELPEX and the French EPEX exhibit levels of skewness
greater than 10. For the Romanian OPCOM market, we find that prices are symmetric, while
they are close to being symmetric for the POLPX. Interestingly, for some of the European
markets we still find very high levels of kurtosis, in particular for the BELPEX (1042.00),
the French EPEX (424.40) and the German EPEX.

For the seven North American markets, price levels are between $36.67 for the MISO
exchange and $58.49 for the Canadian AESO real-time market. Interestingly the AESO
market also exhibits the highest level of standard deviation $87.52, what may be another
indication for more volatile price behavior of real-time electricity spot markets. A similar
level of volatility is only exhibit by the Texas ERCOT market with $83.03, while all other
North American markets are significantly less volatile and typically have a standard devia-
tion of spot electricity prices around $20. Markets are slightly right-skewed with skewness
coefficients between 1.51 to 5.56 apart from the Texas ERCOT exchange where prices are
significantly more skewed and also exhibit high levels of kurtosis (471.50). The only other
other American market with a relatively high level of kurtosis is the second real-time market,
the Canadian OIESO in Ontario.

For the Asian markets we find relatively high price levels for three of the four markets that
are considered in this study. The the Korean KPX, the Indian IEX and the Singaporean EMC
market exhibit price levels between $74.85 and $108.20 well above the overall mean of $50.79.
Interestingly, the Singaporean exchange is also organized as a real-time market. On the other
hand, the Russian ATS exchange has the lowest price levels of all markets with average prices
of $21.64 for the period 2007 to 2012. For the real-time Singapore EMC exchange we also
observe by far the highest levels of standard deviation, skewness and kurtosis in comparison
to the other markets.

4.1.2. Return Behavior

The second panel in Table 4 lists summary statistics of the price evolution from one
hour to the next. The numbers are based on the standardized measure of price difference
in equation (1). In contrast to the variation based on prices in the first panel of Table 4
and in Table 5 that is a measure for the price variation over the year, the relative measure
provides information on how fast the spot electricity prices are fluctuating on an hourly
basis. The standard deviation of the return shows a high average level of about 90% (relative
to the markets’ price level), but similar as with the standard deviation of the prices, the
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average level is upward-biased by some extreme values. Nevertheless, with a median level
of approximately 23%, the hourly price movements are immense. Note that unlike actual
spot prices, standardized 'returns’ of spot electricity prices are almost symmetric, indicating
that after a sudden increase of spot electricity prices, they usually drop back to their normal
price levels in a similar manner. While the skewness of price differences across all markets
is slightly negative (skew = —0.20, the median value of skewness across all markets exhibits
a low positive value (skew = 0.35) such that there are no clear-cut results with respect to
returns typically being positively or negatively skewed in the considered markets. Similar to
the prices, the kurtosis for the returns show high numbers for most markets with a median
level of about 48. The fat tails, both to the upside as well as the downside are commonly
addressed by models that include jump components (Lucia and Schwartz, 2002; Cartea and
Figueroa, 2005; Seifert and Uhrig-Homburg, 2007) or a regime-switching mechanism (Weron
et al., 2004a; Bierbrauer et al., 2007; Janczura and Weron, 2010).

— Table 6 about here —

Table 6 presents the mean levels of the return variables for the individual markets. Ad-
ditional to the standard deviation, skewness, and kurtosis of the standardized measure of
US-Dollar differences from Table 4, average levels of the standard deviation of price differ-
ences, as well as arithmetic returns are presented. As for the considered measures of price
variations, we see the highest level in the NEM markets in Australia with values of more
than 3 for the standard deviation and high negative values for the skewness ranging from -2
to -5.5. It is particular these markets that also lead to an overall average negative value of
the return skewness across all markets. Price returns in Australian markets also exhibit very
high values of kurtosis between 800 and 1400. The findings for the NEM-markets confirm our
results of the variation prices in section 4.1.1 also for the 'return’ of relative price differences,
indicating that for the NEM extreme price differences occur really fast. Nevertheless, the
negative skewness for the returns in the NEM indicate even more extreme downward than
upward movements. The European markets show much lower levels of variation, with the
highest value of the return variation at the APX_NL in the Netherlands (0.5), and the lowest
variation in the Scandinavian Nordpool exchange with 0.07.'® Similar to the price variation,
we find for the markets POLPX and OME again very low variation of 0.12, and 0.13, respec-
tively. For all markets, except the British (APX_UK) exchange we find a positive skewness, '’
that is in line with the findings in section 4.1.1 and indicates sharp price increases and more
gentle price drops.

In North America, the market in Texas, ERCOT, shows the strongest variation with a
standard deviation of the returns of 1.5, and a negative skewness that is even more negative
than for the NEM-markets. The extreme price behavior in Texas is often attributed to

811 relative terms the Nordic market shows slightly lower variation as the Russian market ATS (0.08) that
can be attributed to a higher price level and therefore, a stronger normalization.

19The extreme kurtosis in the BELPEX market is the result of only three extreme prices in 200x and 200y,
and the low number of observations for this market.
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a tight market due to a lack of available power plants (see 7). Except for the ERCOT
market, the other US-markets show a below average standard deviation and kurtosis, typically
accompanied by a positive skewness around the median level of all markets. In contrast, the
Canadian markets in Alberta (AESO), and Ontario (OIESO) exhibit more extreme returns,
with variation of about 1 (AESO), and 0.5 (OIESO, as well as a negative skewness in both
markets, that is stronger in Ontario (-1.65).

For the Asian markets, we find low return variations for Russia (ATS), India (IEX), as
well as South Korea (KPX) that show standard deviations between 0.08 and 0.16. We also
observe relatively low values for the kurtosis of 11 to 16, and slightly positive values for the
skewness. The market with the highest price level in Singapore shows again higher standard
deviation, skewness, and a very high level of kurtosis.

Column four (Stdev Price Differences) and five (Volatility (classic)) in Table 6 present
the standard deviation of other return measures, in column four for the price differences in
US-Dollar, and in column five for arithmetic returns. As it can be expected, the difference
between column one and four are quite small and the order of the markets remain fairly
the same. On the other hand, column 5 indicates very different results for the variation
in price changes for the considered markets in comparison to the other two measures. For
example, the NEM markets that exhibit the highest variation for prices as well as for the
other return measures, are in the average range of markets now. Further, the Russian market
(ATS) with the lowest values for the other measures shows a larger standard deviation of
arithmetic returns than most of the other markets.?’ Therefore, we argue that a variation
measure based on the standardized price differences is clearly more suitable for the analysis

of high-frequency power prices than using actual returns or log-returns.

4.1.8. Seasonal Behavior

Let us now consider seasonal patterns and price differences for the examined markets.
Table 7 provides a summary of the range of average prices throughout the year, the week and
at the intra-daily or hourly level. The measures are calculated for each of the considered 28
markets separately, using the entire sample period for each market, see Table 2.

Following Janczura et al. (2013b), we also decided to estimate the annual, weekly and
intra-daily seasonal patterns based on outlier-filtered data. The authors find significant ev-
idence for a superior estimation of both the seasonal short-term and long-term components
when the data on electricity spot prices have been treated carefully for outliers. Among
the approaches suggested for outlier detection, the authors find a particularly good perfor-
mance for a ’recursive filter’ technique, where prices corresponding to the price increments
or returns exceeding three standard deviations of all returns are removed one by one in an
iterative procedure, see, e.g., Clewlow and Strickland (2000); Weron et al. (2004b); Cartea
and Figueroa (2005); Bierbrauer et al. (2007). We decided to follow a similar approach and
classified all prices exceeding the median price by more than three standard deviations as

20This changes in order can be attributed to the occurrence of low prices as basis for arithmetic returns.
Therefore, markets where prices often reach prices close to zero show much higher volatilities than markets
with medium prices and positive price jumps.
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outliers. These prices were then replaced by a ’typical’ observations for this hour, day and
month, i.e. the median of all prices for a particular hour on a particular day of a particular
month. The conducted procedure should guarantee a more robust estimate of the annual,
weekly and intra-daily seasonal pattern for each market.

We report descriptive statistics for the price range based on a monthly frequency the
following way: for each of the 28 markets, we calculate mean prices for each of the twelve
months. Then, for each market, we calculate the monthly price range as the difference
between the month with the maximum average price level and the month with the minimum
average price level. This statistic provides a proxy for seasonal price behavior throughout
the year, or, more exactly, it illustrates how much average monthly price levels can deviate
throughout the year for the considered markets. We find that the mean monthly price range
is approximately $13.75 with a standard deviation of $10.17, indicating overall substantial
differences between price levels throughout the year. We also report additional descriptive
statistics for the monthly price range and find that the lower quartile is around $8.43, while
the upper quartile is $14.48. Thus, for 25% of the considered markets, the difference between
the maximum average monthly price and the minimum average monthly price was greater
than $14.

— Table 7 about here —

Let us now consider the price range based on a daily frequency that yields an indication
of the weekly seasonal pattern: for each of the 28 markets, we calculate mean prices for
Monday, Tuesday, Wednesday, ... , Sunday. Then we calculate the daily price range as
the difference between the day with the maximum average price level and the day with the
minimum average price level. Clearly, we would expect that usually the day with the highest
average price level will be a week-day while the lowest average price level is usually observed
on a Sunday. The statistic provides a proxy for average seasonal price behavior throughout
the week. As expected, we also find evidence for a strong weekly seasonal pattern for the
considered markets. On average, the difference between the day with the highest average price
and the day with the lowest average price is around $10 with a standard deviation of $6.76.
As indicated by the lower and upper quartile, only for approximately 25% of the markets, the
daily range is less than $5.15, while it is above $17.96 for one quarter of the electricity spot
markets considered in this study. Overall, for the considered markets, seasonality throughout
the year, indicated by the monthly price range, seems to be more pronounced than the weekly
seasonal pattern that is measured by the daily price range.

Finally, we have a look at the price range based on an hourly frequency that provides
information on the intra-daily seasonal pattern. To do this, in a first step we calculate mean
prices for each of the 24 hours h = 1,2,3,...,24 for each of the markets. The hourly range
is then calculated as the difference between the hour of the day with the maximum average
price level and the hour of the day with the minimum average price level. We would expect
that usually the hour with the highest average price level will be during a peak period around
noon, while the lowest average price level is usually observed during one of the off-peak hours
at the beginning of the day. We find that in comparison to the monthly and daily price
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range, the intra-daily seasonal pattern is even more pronounced and yields an average hourly
price range of approximately $30 with a standard deviation of $14.12. For one quarter of the
markets, the range between the hour with maximum average price level and the one with
a minimum average price level is even above $40, pointing towards a substantial intra-daily
effect on electricity prices. This does not really come as a surprise as generally the difference
between demand for electricity during off-peak hours, e.g. during the night, and peak busi-
ness hours during the day is often quite substantial.

— Table 8 about here —

In a next step we have a look at these statistics for the markets individually. Table 8
provides information on the monthly, daily and hourly price range for the five Australian,
12 European, even North American and four Asian markets. For Australia, we find that for
the four Eastern and Southeastern Australian markets contributing to the NEM, i.e. NSW,
QLD, SA and VIC, the annual seasonal pattern measured by the monthly range is relatively
weak. The average monthly range for these markets is between $4.46 and $9.85 and, there-
fore well below the average range for the entire sample. On the other hand, the IMO market
in Western Australia shows much stronger seasonal effects with a range of $14.88 between
the month with the maximum average price level and the month with the minimum average
price level. Considering the weekly seasonal pattern, again we measure the difference between
the day with the highest average price and the day with the lowest average price. For the
NEM we find that the difference is between $4.05 for NSW and $6.19 for SA, while it is
$8.62 for the Western Australian IMO. These values clearly are all below the average spread
for all markets reported in Table 7 indicating that also seasonality throughout the week is
less pronounced for the Australian markets. Finally, for the intra-daily seasonal pattern, the
hourly range is between $15.85 and $20.48 for the NEM what is well below the hourly range
of $30.44 for all markets considered. Again the intra-daily seasonal pattern is significantly
more pronounced for the IMO in Western Australia with a range of $32.15. Overall, we find
that in comparison to electricity markets around the world, the annual, weekly and intra-
daily seasonal pattern is clearly less pronounced in the five regions of the National Electricity
Market (NEM) that contains the interconnected markets of NSW, QLD, VIC, SA and TAS.
On the other hand, the isolated IMO market in Western Australia exhibits a significantly
stronger seasonal pattern at the annual, weekly and intra-daily frequency. Our findings for
the annual seasonal pattern may be a result of clearly less variability in the temperature for
the Eastern Australian states. However, it is noteworthy that the markets also exhibit less
seasonality on the weekly and intra-daily scale.

Considering the 12 European markets, we generally find significantly higher levels of sea-
sonality throughout the year for most markets. Overall, the magnitude of the intra-daily
seasonal pattern is the strongest, followed be the annual one, while the weekly pattern shows
the smallest variation but still yields relatively large differences between price levels for differ-
ent days of the week. Typically, the difference between the month with the maximum average
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price level and the month with the minimum average price level is between $5 and $15 for
ten of the considered markets. Exceptions are the Belgian and Swiss electricity markets with
a higher monthly range of $22.38 (BELPEX) and $26.80 (EPEX CH). As illustrated in Table
5, these markets were also among the ones with the highest price levels in Europe. Also for
the weekly seasonal pattern we find strong effects for the European markets. The effects are
most pronounced for the Dutch APX NL, the BELPEX, the EPEX CH, the German EPEX,
the French EPEX, the Austrian EXAA and the Italian GME exchange, where the difference
between the day with the highest average price and the day with the lowest average price is
greater than $18. Also intra-day patterns are typically more pronounced than for Australia
such that the range between the hour of the day with the maximum and minimum average
price level is more than $40 for seven of the 12 European markets. Interestingly, for the
Italian GME that also yields the highest overall price levels in Europe the intra-day range is
extremely high with more than $70.

For the North American markets, we obtain results quite similar to Europe. Overall, the
intra-daily seasonal pattern is most dominant, followed be the annual pattern, while the
weekly pattern shows relatively small variations. For the annual pattern, the difference be-
tween the month with the maximum and minimum average price level is between $7.40 and
$14.34, the weekly range is between $2.12 and $9.13, while the intra-daily difference is the
strongest and is between $20 and $34 for the markets considered.

Finally for the Asian markets we observe very weak seasonal effects for the Russian ATS,
while the effects are the strongest for the Indian ITEX and the Singaporean EMC market.
Interestingly, for these markets the annual seasonal pattern is the most pronounced what is
a bit surprising since Singapore does not exhibit strong weather patterns or high levels of
seasonality in temperature.

Overall, our results indicate significant regular patterns on an annual basis as well as at
the weekly level and throughout the day. This also confirms the necessity of estimating a
long-term seasonal pattern and to account for additional weekly and intra-daily patterns as it
comes to modeling the behavior of spot electricity prices, see, e.g. Weron (2006); Bierbrauer
et al. (2007); Janczura et al. (2013b). We also find that for the majority of the considered
markets, the magnitude of the intra-daily seasonal pattern is typically the strongest, followed
by the annual cycle. While the weekly pattern usually shows the smallest variation, it still
yields significant changes between price levels for different days of the week.

4.1.4. Jumps and extreme price movements

In the next step we examine the individual markets with respect to the frequency and
magnitude of jumps in spot electricity prices. Recall that we classify all price movements that
exceed 30% for the applied standardized measure of difference between prices (STANDDIFF)
as jumps. Overall results for all markets have been reported in Table 4 and we found the
average frequency of jumps to be equal to 8%, with the average magnitude of an upward
jump being approximately 2.59 times the average price level, while the average magnitude
of a downward jump was significantly lower and around 1.16 times the average price level.
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Table 9 reports the results in more detail for the individual Australian, Furopean, North

American and Asian markets.

— Table 9 about here —

For Australia, we find that between 8% (for NSW) and 11% (for the Western Australian
IMO) of price observations are classified as price jumps. We observe that roughly the same
fraction of observations is classified as upward and downward jumps. However, we find that
the magnitude of the price jumps for the Eastern Australian NEM markets is well above the
overall level across all markets considered in this study. For the NSW, QLD and SA market
upward jumps have an average magnitude of more than three times the average price levels,
while the average size of downward jumps is even higher and is approximately 3.5 times
the average price levels. Note that this is not an entirely surprising result, given that these
markets exhibit significantly higher levels of volatility, skewness and kurtosis in comparison to
most of the other markets. Also note that in the NEM prices are determined in a constrained
real-time trading mechanism what might lead to a more volatile behavior with substantial
price spikes. For the Western Australian IMO that has exhibits much lower levels of volatility,
skewness and kurtosis, upward and downward jumps only have a magnitude of 0.62 times
the average price level in the market.

For Europe, we find substantial differences between the markets considered. For example,
the Scandinavian Nordpool market has a very low frequency of extreme price movements, with
slighlty less than 1% of the observations being characterized as jumps. On the other hand, for
the Dutch APX NL, the Italian GME and the Romania OPCOM market, approximately 10%
of the price observations are classified as jumps. For the other European markets, between
5% and 8% of observations are classified as jumps. In comparison to the Australian NEM,
we find that the mean size of an upward jump is significantly smaller, typically ranging from
0.43 to 0.65 times the average price level with the exception of the Dutch APX NL where
the mean size of an upward jump is 0.94 times the average price level in the market, what is
still well below the mean size of a jump in NSW, QLD, SA or VIC. The number of downward
jumps for most of the considered European markets is a bit lower than the number of upward
jumps, while the magnitude of positive and negative price jumps is quite similar for these
markets.

For the North American markets, we find that in particular for the Canadian real-time
markets AESO and OIESO exhibit a very high frequency of price jumps, with 22%, respec-
tively 20% of price observations exceeding the 30% threshold based on the applied stan-
dardized measure of difference between prices. Thus, roughly one in five prices exhibits a
substantial price movement in these markets. For AESO we also find a large magnitude for
the observed upward and downward jumps (1.50 and -1.50), what provides further evidence
for the more volatile behavior of real-time markets. The lowest number of jumps can be found
for the US ISO NE market that contains the states of Connecticut, Maine, Massachusetts,
New Hampshire, Rhode Island and Vermont as well as the New York NYISO market. For
these markets, also the magnitude of the observed jumps is rather low. Price jumps with the

19



highest magnitude are observed for the ERCOT market in Texas, where the mean size of up-
ward and downward jumps is 1.79, respectively 2.00 times the average price level. This ’spiky’
behavior also explains the high level of kurtosis for spot electricity prices in the market.

We find typically lower frequencies of price jumps for the Asian markets, ranging from
0.01 in the Russian ATS up to 0.06 in the Singaporean EMC and Indian IEX exchange. For
Singapore, the spikes are also of relatively large magnitude with the average size of both
upward and downward jumps being greater than 100% of average price levels. Recall that
Singapore is also the market with the overall highest average price level of $108.20 such
that the average jump size in this market is above $100 and quite substantial. Thus, spot
electricity prices in this market also exhibit extreme kurtosis, almost as high as for the Eastern
Australian real-time markets.

4.2. Tests & regressions

As shown in section 4.1, the power markets around the world show different price behavior.
Some are prone to a high variation, both in prices as well as in returns, others are more
exposed to extreme price movements and have a high frequency, or height of price jumps or
spikes. As the power markets and thus their prices are exposed to a multitude of influences,
e.g. demand and supply fluctuations, the structure of the merit order, the market design, as
well as limitations in the power grid, the sources for price and variation differences among
the markets are vague. This chapter analyze the relation between the price variations and
some extends of the market design, as well as the production characteristics.

4.2.1. Classification of the markets

In the following we try to classify the N = 28 markets based on the analyzed key charac-
teristics, using principal component analysis (PCA). PCA is a statistical method that applies
orthogonal transformation to a set of observations of typically correlated variables to con-
vert the data into a set of values of linearly uncorrelated variables, the so-called principal
components. Generally, the objective of PCA is dimension reduction in order to describe the
variation in a set of usually high-dimensional variables through those experienced by a small
set of factors. Hereby, observed variables are assumed to be linear combinations of the unob-
served factors, with the factors being characterized up to scale and rotation transformations.
In an orthogonal K-factor model an observable J-dimensional random vector of observations
X; = (Yi1,...,Y; y) for each market i =1, ..., 28 can be represented as

Y;‘J’ = Zi71m17j + ...+ ZLKmKJ +€ij, (2)

where Z; j, are (unobservable) principal components or latent factors, the coefficients m;
are factor loadings and ¢; ; are errors. 2
In the following, factors and loadings are estimated using PCA on a set of 13 character-

istics of the markets. In particular, we consider the following variables: the mean price level

21Please note that the terms factor and principal component are used interchangeably throughout this
analysis.
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of the market as well as the three price based measures, StDev Price, Skewness Price and
Kurtosis Price (see Table 5); three return based measures, namely the variation, skewness and
kurtosis of returns (see Table 6) based on the return measure defined in equation (1); three
seasonality based measures, Range Months, Range Days and Range Hours (see Table 8); and
three jump-based measures, Std Jumps, Jump Up Size, Jump Down Size (see Table 9). Thus,
for each of the i = 1, ..., 28 markets we consider j = 1, ..., 13 characteristics and identify prin-
cipal components that explain a maximum of the variation between the markets with respect
to the considered variables. Note that PCA is typically conducted using a data matrix X
with column-wise zero empirical mean and unit variance for each variable. Therefore, the
sample mean of each column has been shifted to zero and we also scale each variable to have
unit variance.

To derive the loadings my, ; and latent factors Z; i, a PCA seeks an orthogonal matrix M
which yields a linear transformation M X = Z of the matrix of characteristics for all markets
X and latent factors Z, such that the maximum variance is extracted from the variables.
The matrix M is constructed using an eigenvector decomposition. Assume

X = MgZ, (3)

where My consists of the first K columns of M and Z is the K x N-dimensional matrix of
factors Zk ;. Let ¥ denote the N x N covariance matrix of X, that can be decomposed as

S = MAM, (4)

where the diagonal elements of A = diag(A1, ..., Ax) are the eigenvalues, and the columns of
M are the eigenvectors. Eigenvalues and eigenvectors are both arranged in decreasing order of
the eigenvalues. Denoting the K largest eigenvalues as A1, ..., Ax and the associated eigenvec-
tors by Mg = [mu, ..., mg], the first K principal components (or factors) Z = [z1 n, ..., 2K, N]
are then defined by 21, ; = M, ,QXZ-. Hereby, X; is a J-dimensional vector of the characteristics
for market .

Applying a PCA to extract the latent factors allows for a data-driven selection of the number
of K factors. We decide to use the first three latent factors, since these factors have eigenval-
ues greater than 1. Hereby, the first principal component yields an eigenvalue of A1 = 7.83 and
explains approximately 60% of the variation in the considered variables across the markets;
the second component yields Ao = 1.60, explaining roughly 12%; and the third component
yields \3 = 1.27, explaining approximately 10% of the variation. Thus, for the considered
markets, the first three principal components are already sufficient to explain more than 80%
of the variation in the key characteristics of the spot price behavior across the considered 28
markets. Further details on the results of the conducted PCA are provided in Table 10 and
Table 11 and will be discussed in the following.

— Table 10 about here —

Table 10 provides the loadings my, ; of the considered variables on the first three principal
components. We find that the first component K = 1, explaining approximately 60% of the
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variance in the data, captures the price dispersion measured by the variables StDev Price,
Skewness Price and Kurtosis Price, the return dispersion measured by variation, skewness
and kurtosis of returns and the jump-based measures, Std Jumps, Jump Up Size, Jump Down
Size. Each of these nine variables has a loading with magnitude greater than 0.25 on the first
component what is indicated by bold letters in Table 10. The second principal component
K = 2 that explains roughly 12% of the variance captures mainly the weekly and intra-daily
seasonality, indicated by the high loadings m rangeDays,2 = 0.72 and mprangeHours,2 = 0.65 for
these variables, while the loadings for all other variables are below 0.20. Finally, the third
component, explaining approximately 10% of the variation captures the overall price level
of the markets, the kurtosis of returns and the annual seasonality measures by the variable
Range Months. As pointed out above the first three principal components explain more than
80% of the variance for the considered market characteristics. Overall the extracted factors
can be interpreted as a dispersion factor (K = 1), a weekly and daily seasonality factor,
(K = 2),and a price level and annual seasonality factor (K = 3).

— Table 11 about here —

Table 11 provides the estimated factor scores for the individual markets with respect to
the identified three principal components. We find that for the fist principal component,
the highly volatile Australian markets in NSW, QLD, SA and VIC as well as the ERCOT
market yield the highest factor scores (marked by bold letters in Table 11), identifying them
as markets with extreme price volatility, return dispersion and significant jumps. Typically
these markets do not yield high factor scores for the second and third principal component,
indicating that, while being extremely volatile, this group of markets do not exhibit strong
seasonality or high price levels. With respect to the second principal component that measures
mainly weekly and intra-daily seasonality, the APX NL, the BELPEX, the EPEX in Germany
and France as well as the the Austrian EXAA are classified as a group of markets with extreme
seasonality throughout the week and on an intra-daily scale (underlined in Table 11). Based
on the conducted PCA, we can also identify a third group of markets with very low price and
return dispersion levels and also low levels for weekly and intra-daily seasonality (marked
by italic letters in Table 11), namely the Nordpool, the Polish POLPX, the ISO NE in the
United States as well as three markets in Asia, the ATS in Russia, the IEX in India and the
KPX in Korea. Finally, we observe a group of markets with high factor scores for the third
principal component (underlined in Table 11), indicating high price levels in combination
with either high levels of kurtosis or annual seasonality. The conducted analysis identifies
in particular the Belgian BELPEX as well as the two Asian markets EMC in Singapore and
IEX in India yielding high factor scores for the third principal component.

Overall, the analysis illustrates that a high fraction of the variation in the key charac-
teristics for the considered markets, and, therefore a classification of the markets, can be
conducted using the identified dispersion factor, a weekly and intra-daily seasonality factor
and a price level and annual seasonality factor. The analysis also illustrates that five of the
eight markets where power trading is organized as a real-time market exhibit either very

high scores for the dispersion factor that refers to price volatility, skewness, kurtosis, return
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dispersion and price jumps (NSW, QLD, SA, VIC) or high scores for the price level factor
(EMC). These results reiterate the specific spot price behavior of exchanges with a real-time
market design that was also illustrated in the section 4.1 and motivate us to more thoroughly
compare the differences between real-time and day-ahead electricity markets.

4.2.2. Real-time vs. day-ahead

One inherent difference between power markets are their different market designs, that
appear in various forms and are only in certain features to distinguish clearly. One of these
features is the market trading, that can either occur day-ahead, usually in auctions, or on

a continuous basis?2

in real-time. The market sample consists of 8 pure real-time markets
with a total of 94 market years of data, and 20 markets where the major trading is made
day-ahead (with 195 market years of data). In the following we examine whether there are
significant differences between real-time and day-ahead power exchanges with respect to the
standard deviation of prices, the defined return variation measure as well as measures related
to the frequency and size of price jumps.

Table 12 shows the result of a Welch test on the difference of mean values between day-
ahead and real-time markets for the variables price standard deviation, return variation, the
frequency of jumps and the standard deviation of the magnitude of price jumps. The test is
performed with the null hypotheses that the difference is positive, i.e. that day-ahead markets
higher values for price standard deviation, return variation, jump frequency and magnitude.
The conducted Welch tests indicate that the null hypotheses can be rejected for all variables,
while the obtained p-values p < 0.0001 for all variables suggest that the test statistics are
highly significant. Thus, the real-time markets in our sample of power exchanges show a
significantly higher standard deviation of prices, return variation, jump frequency, as well as
standard deviation of the jump sizes than day-ahead markets.

— Table 12 about here —

As these differences may be related to other market characteristics, we also perform
the same test on markets with both, day-ahead and real-time trading. Therefore, we use
the markets in the United States, where under the standard market design both types are
applied. For the 5 US markets we have 43 calendar year observations for day-ahead, and
44 observations for the real-time prices. The test results are shown in Table 13 and confirm
the observations of the previous test. Real-time markets exhibit significantly higher standard
deviation of prices, return variation, jump frequency and standard deviation of jump size in

comparison to the day-ahead markets.

— Table 13 about here —

22For example, trading in the AEMO region in Australia takes place on basis of 5 minute intervals in a
so-called constrained real-time spot market, see e.g. Ignatieva and Triick (2013). For example, the power that
is traded for the interval 9:00 - 9:05 takes place at 8:55, for the interval 9:05 - 9:10 at 8:50, and so on. The
half-hourly prices we use in this study are arithmetic averages over these 5 minute intervals.
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Overall, these results confirm the special behavior of power exchanges that are organized
as real-time markets. Given the significantly higher volatility and price dispersion in these
markets as well as the higher frequency and uncertainty about the magnitude of price jumps,
most likely retailers and large customers with direct access to these exchanges will be required
to more thoroughly hedge their risks. Given that in particular retailers typically supply most
of their customers at prices that are fixed, or time-varying only to a limited extend, in real-
time markets they face the difficult task to manage the risk of highly volatile input prices,
while supplying an output with a more or less fixed price.

5. Conclusion

In this paper, we have examined hourly spot electricity prices of 28 different power mar-
kets across Asia, Australia, Europe and North America. In our analysis we considered the
most extensive database in the literature so far, comprising electricity exchanges from 19
different countries around the world. We focus on market characteristics such as price levels,
volatility, skewness, seasonal behavior and price jumps and relate these characteristics to
specific features of the markets such as electricity generation, trading and fuel sources.

Our findings suggest significant differences between the markets considered in this study.
While Australian markets are typically characterized by a low price level and relatively low
levels of annual, weekly and intra-daily seasonality, they are by far the most volatile markets
considered in this study. On the other hand, European markets in Belgium, Switzerland and
Italy as well as the Asian markets in Singapore, India and South Korea exhibit the highest
average price levels among all 28 markets considered. We also find that almost all markets
considered, with the exception of the Russian ATS and the Scandinavian Nordpool market
exhibit frequent price jumps or spikes.

We also conduct a principal component analysis (PCA) based on the identified market
characteristics to further investigate the differences between the considered markets. Our
results illustrate that more than 80% of the variance in the data can be explained by three
principal components, that, based on their loadings can be interpreted as a dispersion factor,
a weekly and intra-daily seasonality factor and a price level and annual seasonality factor.
Based on these three factors, we are also able to classify the markets considered in this
analysis into different groups of price behavior.

Our results also suggest that electricity markets organized as day-ahead markets typically
exhibit a significantly lower overall price variation compared to markets with real-time trad-
ing. These differences exist in a cross-market observation, as well as for markets that feature
both trading schemes. Further, different levels of price variations across the considered mar-
kets can be attributed to non-dispatchable generation capacities, for example wind turbines.
These results suggest that in particular in real-time electricity markets, retailers and large
customers with direct access to these exchanges will be required to more thoroughly hedge
their risks. They face the difficult task to manage the risk of highly volatile input prices,
while they will most likely not be able to pass through these costs to their customers, at least
not in the short term.
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Overall, our results provide important information for market participants by classifying
the considered markets with respect to associated price and volatility risks.
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Table 4: Summary statistics

n mean sd p25 p50 p75
Price
Mean 289 50.79 26.89 30.34 46.39 64.62
Stdev 289 47.74 57.40 17.95 25.66 49.60
Skewness 289 9.27 13.63 0.70 2.21 14.35
Kurtosis 289 345.40 731.80 4.89 22.21 297.20
Return
Variation (Stdev) 289 0.90 1.56 0.12 0.23 0.80
Skewness 289 -0.20 4.37 -0.18 0.35 0.73
Kurtosis 289 365.30 662.70 11.11 48.18 409.50
Jump
Frequency 289 0.08 0.07 0.03 0.06 0.10
Stdev 289 3.09 5.43 0.46 0.67 2.58
Non jump Stdev 289 0.09 0.03 0.08 0.10 0.11
Frequency up 289 0.04 0.04 0.02 0.04 0.06
Frequency down 289 0.04 0.04 0.01 0.03 0.05
Mean size up 289 1.07 1.15 0.44 0.56 1.14
Mean size down 289 -1.16 1.36 -1.19 -0.59 -0.44
Stdev size up 289 2.59 5.00 0.14 0.35 1.98
Stdev size down 289 2.95 5.82 0.14 0.37 2.10

This table shows summary statistics of the variables on basis of calendar year data. The
first part shows variables based on the power prices, the second part on the returns, and the
third part on the identified jumps. The last part shows variations of the time series, when
the jumps are removed, and when solely the jumps are considered.
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Table 5: Price variables listed by markets

Mean Price Stdev Price Skewness Price Kurtosis Price
Australia
AEMO_NSW 29.59 120.80 29.41 1215.00
AEMO_QLD 28.97 113.20 29.56 1213.00
AEMO_SA 34.87 157.50 25.09 854.90
AEMO_VIC 27.16 92.68 36.61 1680.00
IMO 44.64 33.06 3.08 23.50
Europe
APX_NL 57.16 45.07 5.64 86.70
APX_UK 70.12 30.77 4.27 50.44
BELPEX 67.88 40.40 15.21 1042.00
EPEX_CH 74.84 30.97 1.14 12.91
EPEX_D 51.69 29.13 7.30 306.80
EPEX_F 56.21 41.33 11.59 424.50
EXAA 58.42 27.44 2.73 44.59
GME 95.36 36.20 0.85 5.04
Nordpool 36.57 11.07 2.40 52.66
OMEL 48.15 15.19 0.32 4.33
OPCOM 58.94 23.90 0.00 2.60
POLPX 33.43 8.62 0.41 6.93
North America
AESO 58.48 87.50 5.05 39.20
ERCOT 36.85 82.94 18.78 471.80
ISO_NE 57.17 20.14 2.77 28.24
MISO 36.67 17.74 1.51 9.47
NYISO 57.57 21.89 2.04 14.47
OIESO 37.93 23.22 5.56 198.20
PIM 41.60 25.38 3.89 43.64
Asia
ATS 21.64 5.32 0.32 4.79
EMC 108.20 61.26 21.35 848.70
IEX 84.94 39.89 1.03 4.48
KPX 74.86 19.03 -0.93 5.16

This table shows the average values of the price variables for each market over all available
years.
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Table 6: Return variables listed by markets

Return Return Return Stdev Price Volatility
Variation Skewness Kurtosis Differences  (classic)
Australia
AEMO_NSW 3.60 -3.05 1023.00 106.50 1.29
AEMO_QLD 3.43 -3.19 860.80 99.38 1.46
AEMO_SA 3.63 -2.01 817.10 126.60 7.93
AEMO_VIC 3.12 -5.52 1415.00 84.69 1.22
IMO 0.27 0.83 78.11 12.33 0.90
Europe
APX_NL 0.50 0.49 173.60 28.50 21.57
APX_UK 0.23 -0.22 80.91 15.29 0.15
BELPEX 0.45 0.50 1019.00 30.24 25.62
EPEX_CH 0.16 0.57 47.82 11.67 1.39
EPEX_D 0.37 1.31 655.30 18.33 7.50
EPEX_F 0.44 1.75 735.80 24.77 12.92
EXAA 0.21 1.76 132.70 11.53 24.48
GME 0.20 0.14 12.32 18.26 0.20
Nordpool 0.07 2.67 297.50 2.64 0.08
OMEL 0.13 0.32 10.51 6.38 3.40
OPCOM 0.18 0.25 8.37 10.49 0.72
POLPX 0.12 0.36 18.65 3.91 0.12
North America
AESO 1.02 -0.33 42.03 59.44 1.20
ERCOT 1.48 -6.36 516.60 54.15 0.25
ISO_NE 0.11 0.80 21.79 6.04 0.10
MISO 0.18 0.73 8.57 6.71 0.31
NYISO 0.11 0.38 14.21 6.54 0.12
OIESO 0.46 -1.65 333.40 17.31 4.40
PJM 0.24 0.37 36.48 9.83 0.34
Asia
ATS 0.08 0.44 11.18 1.78 7.10
EMC 0.41 1.16 937.30 44.33 2.34
1EX 0.16 0.19 12.03 13.96 0.22
KPX 0.13 0.08 16.38 9.75 0.26

This table shows the average values of the return variables for each market over all available
years.
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Table 7: Summary statistics of seasonal patterns

n mean sd p25 p50 P75
Months Range 28 13.75 10.17 8.427 11.13 14.48
Days Range 28 10.27 6.76 5.154 7.677 16.96
Hours Range 28 30.44 14.12 20.44 28.7 40.44
Months Stdev 28 4.324 3.057 2.725 3.455 4.367
Days Stdev 28 3.868 2.519 1.961 2.969 6.369
Hours Stdev 28 9.705 4.646 6.493 9.703 12.72

This table shows descriptive statistics of the seasonal patterns in the time series. Seasonal
patterns are based on average prices for months, days in a week, and hours in a day. The
range variables thereby, show the difference between the highest and the lowest value for the
average month, day, or hour respectively.

Figure 1: This figure shows the power markets in our sample. The markets are colored according to their
structure, real-time markets red, and day-ahead markets blue.
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Table 8: Seasonal patterns listed by markets

Region Market Range Stdev
Months Days Hours Months Days Hours
Australia
AEMO_NSW 8.26 4.05 15.85 2.42 1.47 4.11
AEMO_QLD 4.46 4.17 17.36 1.21 1.65 4.71
AEMO_SA 9.85 6.19 20.48 291 2.37 5.49
AEMO_VIC 8.60 5.93 16.89 2.71 2.08 4.64
IMO 14.88 8.62 32.15 4.41 3.49 11.17
Europe
APX_NL 11.16 18.70 43.70 3.77 7.16 13.49
APX_UK 6.99 6.33 35.89 2.26 2.54 11.34
BELPEX 22.38 23.25 48.38 6.92 8.79 15.13
EPEX_CH 26.80 21.90 47.86 10.76 8.02 15.26
EPEX_D 9.54 19.70 36.02 3.08 7.45 11.30
EPEX_F 14.61 20.54 40.75 5.41 7.65 12.71
EXAA 12.39 22.13 40.93 3.64 8.35 12.99
GME 13.22 19.21 72.46 4.33 7.20 24.04
Nordpool 11.10 3.73 6.72 3.54 1.48 2.21
OMEL 8.64 8.04 24.77 2.75 3.03 7.68
OPCOM 12.37 9.72 40.13 3.36 3.42 13.21
POLPX 5.37 4.66 10.92 1.85 1.64 3.62
North America
AESO 10.77 6.65 32.18 3.37 2.69 10.93
ERCOT 12.43 2.12 28.77 4.06 0.84 8.68
ISO_NE 14.34 4.78 26.45 4.01 1.85 8.42
MISO 9.85 9.13 28.10 3.03 3.65 9.82
NYISO 12.01 7.32 33.79 4.19 291 11.21
OIESO 7.40 7.23 20.41 2.23 2.83 7.49
PIM 8.19 8.07 28.62 2.84 3.22 9.59
Asia
ATS 4.45 2.79 9.16 1.60 1.02 3.28
EMC 30.33 6.32 26.41 9.16 2.14 8.08
TEX 95.13 11.51 42.66 15.56 3.81 12.73
KPX 19.48 15.22 24.42 5.67 5.58 8.40

This table shows the average values seasonal patterns over all available years. The seasonal
patterns are based on average prices for months, days in a week, and hours in a day. The
for month shows the difference between the month with the highest average
price and the month with the lowest average price. The same holds for weekdays, and hours

range, e.g.

respectively.
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Table 9: Jump variables listed by markets

Jump Up Jump Up Jump Up Jump Down Jump Down Jump Down
Frequency Mean Size Std Frequency Mean Size Std
Australia
AEMO_NSW 0.04 3.09 11.86 0.04 -3.59 13.77
AEMO_QLD 0.05 3.05 10.61 0.05 -3.29 11.83
AEMO_SA 0.05 3.20 11.56 0.05 -3.76 13.04
AEMO_VIC 0.05 2.10 9.45 0.04 -2.46 11.34
IMO 0.05 0.62 0.52 0.05 -0.62 0.49
Europe
APX_NL 0.05 0.94 1.13 0.04 -0.95 1.14
APX_UK 0.04 0.59 0.41 0.04 -0.60 0.45
BELPEX 0.05 0.60 1.24 0.03 -0.65 1.48
EPEX_CH 0.03 0.47 0.25 0.02 -0.50 0.28
EPEX_D 0.05 0.65 0.99 0.04 -0.68 1.08
EPEX_F 0.05 0.65 1.23 0.03 -0.72 1.42
EXAA 0.04 0.53 0.41 0.02 -0.55 0.40
GME 0.06 0.47 0.19 0.04 -0.49 0.20
Nordpool 0.02 0.42 0.12 0.01 -0.42 0.15
OMEL 0.03 0.43 0.13 0.02 -0.42 0.12
OPCOM 0.05 0.46 0.15 0.04 -0.45 0.14
POLPX 0.03 0.47 0.18 0.02 -0.46 0.15
North America
AESO 0.11 1.52 1.66 0.11 -1.50 1.70
ERCOT 0.04 1.79 4.20 0.04 -2.00 5.09
ISO_NE 0.02 0.42 0.14 0.01 -0.42 0.15
MISO 0.06 0.48 0.16 0.05 -0.42 0.12
NYISO 0.01 0.65 0.46 0.00 -0.67 0.42
OIESO 0.10 0.70 0.73 0.10 -0.70 0.78
PIM 0.05 0.56 0.39 0.04 -0.51 0.40
Asia
ATS 0.01 0.42 0.10 0.01 -0.39 0.10
EMC 0.03 1.07 1.63 0.03 -1.04 1.57
TEX 0.03 0.46 0.16 0.03 -0.46 0.17
KPX 0.03 0.47 0.13 0.03 -0.46 0.13

This table shows the average values of the jump variables for each market over all years.
Jumps are classified when the standardized differences (see 1) exceed 30% up or down. Mean
size and standard deviation of the jumps depend on the standardized differences measure as
well.
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Figure 2: This figure displays the distribution of installed power plant capacities in the various markets based
on Platts WEPP, 2009. The data is based on gross capacities of the power plants and thus, the maximum
available capacities may deviate due to own use of electricity, or especially for renewable energies environmental
conditions.
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Figure 3: This figure shows scatter plots of the different variation measures. Starting with the standard
deviation of prices, then followed by the standard deviation of USD price differences from one hour to the
next. The third measure VARIATION is based on standardized price differences, i.e. the price differences divided
by the markets average price level. The measure is calculated as the standard deviation of these standardized
differences. The last measure, VOLATILITY is based on classical returns, i.e. the percentage gain from one hour
to the next.
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Table 10: Loadings for the first three Principal Components

PC PCy PCsy

A1 = 7.83 Ao = 1.60 A3 =1.27

Price-Based Measures Mean Price -0.15 0.02 0.59
Std Dev Price 0.33 0.00 0.06

Skewness Price 0.34 0.05 0.14

Kurtosis Price 0.32 0.10 0.21

Return-Based Measures Ret Var 0.35 -0.01 -0.08
Ret Skew -0.28 0.07 0.14

Ret Kurt 0.29 0.17 0.28

Seasonality Measures Range Months 0.03 -0.03 0.65
Range Days -0.05 0.72 0.05

Range Hours 0.04 0.65 -0.19

Jump Based Measures Jump Std 0.35 -0.03 -0.06
Jump Up Size 0.34 -0.07 -0.08

Jump Down Size -0.35 0.06 0.07

Loadings of the considered variables on the first three principal components. The first prin-
cipal component (the dispersion factor) explains approximately 60% of the variation in the
considered variables, the second principal component (the weekly and daily seasonality factor)
explains roughly 12% and the third component (price level and annual seasonality factor))
explains approximately 10%. Variables with loadings on a principal component of magnitude
greater than 0.25 are highlighted in bold.

Appendix

Appendix A: Definition of variables

Variable

Description

Price Variables

Mean Price
Stdev Price

Skewness Price

Kurtosis Price

Average price of electric power. Based on US Dollar price data.

Hourly standard deviation of the power prices.

that are aggregated to hourly data and converted into US Dollar on daily

exchange rates.

Skewness of hourly US Dollar power prices.

Kurtosis of hourly US Dollar power prices.

Seasonal Patterns

Intraday Spread

Weekly spread

Monthly spread

Intraday Stdev
Weekly Stdev

Difference between the price of the hour with the highest prices and the

hour with the lowest prices of an average day.

Difference between the average price of the weekday with the highest prices

and the weekday with the lowest prices of an average week.

Difference between the average price of the month with the highest prices

and the month with the lowest prices.

Standard deviation of the prices of an average day.

Standard deviation of the average day prices in an average week.

Based on power prices



Definition of Variables

Variable

Description

Monthly Stdev

Standard deviation of the average month price levels.

Return Variables

RETURN VARIATION

Standard deviation of the standardized differences of hourly electricity
Pt —Pt—1
average(p) *

prices. Standardized differences are defined as d =

Jump Variables

JUuMP FREQUENCY

Jump Up FREQUENCY
JuMpP DOWN FREQUENCY
MEAN Size Up

MEeAN Size DownN

No Jump STDEV

JUMP STDEV

ABs. Jumps
JUMP STDEV (WEIGHTED)

Frequency of jumps, either up or down, in the respective market. All hours,
for which the standardized differences d, in absolute terms, are above a
certain threshold are classified as jumps.

Frequency of positive jumps. All hours, for which the standardized differ-
ences d are above a certain threshold are classified as upside jumps.
Frequency of negative jumps. All hours, for which the standardized differ-
ences d are below the negative threshold are classified as downside jumps.
Average size of the positive jumps. Average of all standardized differences
above the threshold.

Average size of the negative jumps. Average of all standardized differences
above the threshold.

Standard deviation of the standardized differences that are not classified
as jumps.

Standard deviation of the standardized differences that are classified as
jumps.

Average absolute jump returns, multiplied by the jump frequency.

Standard deviation of the jump returns, multiplied by the jump frequency.

Power market characteristics

Stochastic capacity

Wind capacity
Solar capacity
Hydro capacity

Wind capacity (SA)

Wind generation

Market size

Market age

Share of non-dispatchable power plants in the corresponding market, i.e.
the share of wind and solar capacities. Source: Own calculations based on
the Platts WEPP database.

Share of wind power plants on the total capacity of the corresponding
market. Source: Own calculations based on the Platts WEPP database.
Share of solar power plants on the total capacity of the corresponding
market. Source: Own calculations based on the Platts WEPP database.
Share of hydro power plants on the total capacity of the corresponding
market. Source: Own calculations based on the Platts WEPP database.
Share of wind power plants on the total capacity of the corresponding mar-
ket. Source: Own calculations based on data of various statistic agencies
and data providers (EIA, Statistics Canada, NEM-Review).

Share of wind power production in the corresponding year in percentage
of total production. Source: Own calculations based on data of various
statistic agencies and data providers (EIA, Statistics Canada, FEurostat,
Statistics Norway).

Total power generation in the market in GW. Source: Own calculations
based on data of various statistic agencies and data providers (EIA, Statis-
tics Canada, Eurostat, Statistics Norway)

Time since deregulation of the market in years.
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Table 11: Factor scores for the individual markets for the first three Principal Components

Market Scores PCy Scores PCy Scores PCj4
Australia AEMO NSW 6.47 -0.57 -0.11
AEMO QLD 5.99 -0.26 -1.06
AEMO SA 6.15 -0.20 -0.24
AEMO VIC 6.23 0.63 0.59
IMO -1.27 0.48 -0.08
Europe
APX NL -0.75 1.72 -0.55
APX UK -1.36 -1.05 -0.69
BELPEX 0.43 2.22 1.84
EPEX CH -1.77 0.93 1.02
EPEX D -0.74 2.16 -0.13
EPEX F -0.36 2.23 0.63
EXAA -1.73 1.92 -0.24
GME -1.83 0.77 -0.04
Nordpool -1.64 -2.20 0.36
OMEL -1.82 -0.52 -0.83
OorPCOM -1.74 0.12 -0.54
POLPX -1.77 -1.49 -1.15
US
AESO 0.29 -0.92 -0.69
ERCOT 3.05 -0.44 -0.47
ISO NE -1.76 -1.88 -0.01
MISO -1.66 1.08 -0.81
NYISO -1.74 -0.52 -0.44
OIESO -0.54 -0.19 -0.86
PJM -1.37 0.38 -1.02
Asia,
ATS -1.77 -1.20 -1.31
EMC 0.63 -1.82 3.01
IEX -1.64 -0.90 3.19
KPX -1.98 -1.01 0.64

Factor scores for the individual markets based on the first three identified principal com-
ponents that explain more than 80% of the variance of the data based on the considered
characteristics of the markets.
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Table 12: Test statistics of real-time and day-ahead markets variation.

Day-ahead Real-time Difference p-value t-value

n = 195 n =94
Price Stdev 2.98 4.25 -1.27 i0.0001 -12.97
Return Variation -1.84 0.35 -2.19 j0.0001 -17.73
Jump Frequency -3.38 -2.37 -1.00 j0.0001 -7.81
Jump Size Std -0.48 1.52 -2.00 ;0.0001 -16.08

This table shows test results, based on the difference of mean levels of different variation
variables for the group of day-ahead and the group of real-time markets. All variables are log-
transformed. A Welch-test on the difference with Hy : dif ference > 0 and Hy : dif ference <
0 is performed and results are shown in column 5 and 6. All variables are log-transformed.

Table 13: Test statistics of variation between day-ahead and real-time markets in the US.

Day-ahead Real-time Difference p-value t-value

n =43 n=44
Price Stdev 3.08 3.41 -0.33 ;0.0001 -3.64
Return Variation -1.82 -0.71 -1.12 0.00 -8.86
Jump Frequency -3.18 -1.79 -1.39 0.00 -8.57
Jump Size Std -0.67 0.16 -0.83 0.00 -6.49

This table shows test results, based on the difference of mean levels of different variation
variables for the markets in the United States of America, where both (day-ahead and real-
time) types of trading is performed. All variables are log-transformed. A Welch-test on the
difference with Hy : dif ference > 0 and Hj : dif ference < 0 is performed and results are
shown in column 5 and 6. All variables are log-transformed.
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