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Abstract

ELECTRICITY CONSUMPTION, ELECTRICITY PRICE, FLEXIBILITY, NETWORK

On November 24th, an extreme case occurred in the Nordic electricity market, especially in the Finnish market area, when
spot prices for half a day reached values of -500 € MWh. This meant that even with distribution fees and taxes added to
the spot price, end-users were still paid over 0.4 €/kWh for electrical energy use, providing a high incentive for electricity
end-users to consume electricity. Statistics show that consumption increased considerably as the spot prices declined. The
main increase in consumption was in the households having spot-price-based electricity retail contracts that provided a
direct incentive to increase electricity consumption. Because of increased loads, a considerable number of load points’

fuses melted and even some network fuses melted.

1. Introduction

Low or even negative electricity market spot prices have
become more common in recent years. This is a
consequence of the widespread energy revolution that has
accelerated the rapid increase in renewable power
generation, such as wind and solar power production. This
has led to large fluctuations in hourly electricity prices,
particularly in market areas like the Nordic countries, where
renewables, often dominated by wind power, frequently
play a significant role in power production alongside
nuclear power. As a result, prices are often very low when
wind power operates with high capacity.

In the Nordic countries, a significant proportion of
electricity retail customers also have spot-price-based
electricity contracts. For instance, in Finland, the present
situation is that almost 30% of the household electricity
consumers have spot-price-based electricity contracts [1].
Thus, these electricity users pay the hourly consumption
based on the hourly spot market prices. This means that
these end-users can profit when using electricity with a
negative price or they will pay more the hours with high
prices. However, it must be denoted that distribution fees
and taxes also impact the end-user's total electricity unit
cost. Thus, typically, the total end-user electricity price is
above zero even if the spot price is negative.

The flexibility of the electricity end-users comes mainly
from electric heating systems and electric vehicles (EVS)
that have become more common in the past years. In
Finland, for instance, over 1/3 of all buildings are

electrically heated, which means high capacity to be used as
demand response in power systems [2], [3]. Similarly, EVs
will be a significant source of flexibility, especially in the
future, when the numbers increase.

Traditionally, electricity distribution system operators
(DSOs) operate the network without a tight connection to
the power retail market. It is also regulated that distribution
system operation and retail must be separated. However, the
spot-price-based flexibility of end-users may create a
situation where DSOs are forced to react to the increasing
consumption during certain cheap energy hours.

1.1. Objective of the study

The objective of the study is to show the effects of negative
spot prices on the Finnish power distribution system. The
research questions in the paper are:
» How do negative electricity prices affect electricity
distribution system loading?
* How do electricity end-users react to negative
electricity prices?

1.2.Data used in the study

The study is based on electricity market data provided by
European power exchange operator Nord Pool, data from
the Finnish electrical power system provided by Finnish
transmission system operator Fingrid Oy, and data from
Finnish electricity distribution system operator (DSO)
Savon Voima Verkko Oy having approximately 118 000
small scale customers. In this study, we have used
consumption data from 100,000 customers.
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2. Electricity market prices

Finland belongs to the Nordic electricity market and Finland
forms an electricity pricing area. The annual average prices
are shown in Table 1. Annually on average, the Finnish spot
market price has been between 28-47 €/ MWh in 2014-
2020, but after that, the prices have increased being between
56-154 €/ MWh in 2021-2023 [4].

Table 1. Annual average, minimum, and maximum spot
prices in the Finnish price area [4].

Year Elspot price Minimum Maximum
annual average price price
[€/MWh] [€/MWh] [€/MWh]
2014 35.99 1.95 200.05
2015 29.79 0.32 200.05
2016 32.43 4.02 214.25
2017 33.19 2.99 130.05
2018 46.80 1.59 255.02
2019 44.05 0.12 199.98
2020 28.01 -1.73 254.44
2021 72.32 -1.41 1000.07
2022 153.66 -2.08 861.14
2023 56.47 -500 777.18

The volatility of the electricity market prices has increased
in the past few years. This is illustrated in Fig. 1, which
shows the hourly spot prices in Finland between 2021 and
2023. The higher price variation started in late 2021. In
2023 the prices were lower than in 2022, but the late part of
2023 brought again the higher prices but also low and even
negative prices including the exceptionally low -500
€/MWh prices on the day called Black Friday 24%
November 2023.
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Fig. 1. Electricity spot market prices in Finland between
2021 and 2023 [4].

One part behind the high price volatility is the increase in
wind power. The wider trend in Europe has been the
massive investments in wind power capacity, which is also
the case in Finland. The cumulative capacity has increased

in Finland from 0.2 GW in 2010 to 6.7 GW in 2023 and
EU27 from 84.3 GW to 221.5 GW.

Table 2. Cumulative wind power capacity in Finland and
EU27 [5]-[10].

2010 2015 2020 2023
Finland [GW] 0.2 1 25 6.7
Europe [GW] 84.3 142 164.5 2215

The increased wind power capacity and wind energy
production between 2021 and 2023 are presented in Fig. 2.
It can be observed that capacity has tripled in two years. The
production curve illustrates that the production varies
significantly so that in 24 hours the power generation can be
reduced from an all-time maximum to near zero. This will
inevitably affect electricity prices especially when the
proportion of wind power capacity of the total power
production capacity is over 30 % and the all-time peak
consumption is 15 GWh/h.
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Fig. 2. Wind power capacity and produced wind energy
hour by hour between 2021 and 2023 [10].

2.1. Electricity prices on Black Friday 24" November 2023

Electricity prices reached an all-time minimum on 24%
November at the end of year 2023 in Finland. On that
specific day, a market player made an incorrect offer to the
Finnish market area providing almost 6000 MWh for each
hour without floor price meaning high oversupply when the
hourly consumption in Finnish price is normally
11 000 - 12 000 MWh/h. This led to extremely low prices
for the whole day and the spot price was ten hours -500
€/MWh, which is the lowest possible value for the
electricity price. In addition to these extremely low prices,
the prices were low during the whole day, which meant -
181 €/MWh average price for the day. Fig. 3 presents the
electricity prices and outdoor temperature for the week of
201 — 27" November. It can be observed that there was one
day having high hourly prices and this one day with low
negative prices, when the electricity users were paid 50
cents for each used kWh.
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Fig. 3. Electricity spot market prices and outdoor
temperature in Finland for example week in November
2023 [4].

3. Results

Negative electricity prices on 24" November 2023 in
Finland affected considerably the electricity consumption.
Fig. 4 presents the total electricity consumption of Finland
in the example week of 20"-27"" November. At the national
level, the highest consumption of the week occurred when
the price was -500 €/MWh. In the afternoon, the
consumption increased by over 1000 MWh being nearly
10% of the total electricity consumption. As a comparison,
we can consider the other days of the week and no big
increase in the consumption of the other days’ afternoon can
be observed.
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Fig. 4. Total electricity consumption and spot price of the
example week [4],[10].

Experiences from Black Friday 24th November showed that
households played a key role in the increased electricity
consumption. Fig. 5 illustrates the electricity consumption
of household customers and commercial companies such as
small industries. From the figure, it can be observed that the
electricity consumption of the companies was relatively
similar in the day with negative prices. Nevertheless, the
household customers increased their consumption
considerably.

The effect of customers on the increased electricity
consumption is analysed with the correlation analysis.
Fig. 6 shows the Pearson correlation coefficients of 90,000
small-scale customers of Savon Voima Verkko Oy. The
correlation is determined between the electricity
consumption and spot price of the week of 20™-27%
November 2023. The analysis shows that half of the
customers have a negative correlation. However, the
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Fig. 5. Electricity consumption in the network of Finnish
DSO Savon Voima Verkko Qy.

negative correlation does not necessarily mean that the
electricity user has changed their consumption based on low
or high prices, but the correlation expresses that the
consumption is higher when the price is low.
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Fig. 6. Pearson correlation coefficients between electricity
consumption and electricity spot market price of all
electricity customers of Savon Voima Verkko Oy.

Electricity consumption of 20 customers having the most
negative correlation between (-0.83) — (-0.76) is shown in
Fig. 7. The figure shows that their consumption quadrupled
when the price declined to -500 €/MWh. Similarly, the
consumption decreased to a normal level when the price
became normal above 0 €/ MWh level.
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Fig. 7. Electricity consumption of 20 household customers
having the most negative correlation between the electricity
consumption and electricity spot market price.
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A consequence of the increased household consumption
was a high number of melted fuses in the distribution
system. Primarily, the melted fuses were the protection
devices of the load points located in the main distribution
board, but a few fuses protecting the low-voltage
distribution lines also melted. This information was
collected with the smart electricity meters that indicated 120
burned fuses in the distribution system. A typical number of
melted fuses is between 1-3 for a cold winter day. In
addition to household fuses, three network fuses burned due
to increased consumption in the distribution network.

4. Conclusion

The Finnish electricity market faced an extreme event on
24™ November 2023 when spot market prices fell to
-500 €/MWh for several hours due to a faulty bid of a
market actor. Because of the negative prices, a large amount
of electricity users increased electricity their consumption
compared with normal Friday evenings. The observations
indicate that the main role in the increased consumption was
played by households. The negative prices meant that the
electricity customers having spot market-based contracts
earned over 0.40 €/kWh for the consumed electric energy
when the electricity tax and network service fee were
included. The increased consumption caused melted fuses
mainly on the customer side but also a few fuses in the low-
voltage distribution network melted.

The conclusion from the study is that SPOT market-based
contracts encourage customers to flexible consumption and
DSOs must notify the effect of spot-price-based flexibility.
However, even though the case study shows that many
customers are flexible, it must be noted that in this case, the
prices were very low caused by the faulty bid. In the normal
case, the prices probably would not be as low even if the
wind conditions were best possible because the power
producers would not supply energy to the grid with
extremely negative prices. Nevertheless, the lower prices
will be a motivator for the spot price customers to minimize
their energy costs.
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