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Summary

We studied the possible effects of market-based demand response on DSO loads in a
residential area in a future market setting. The future Nordic power market with significant
share of wind power, solar PV, and heat pumps, as well as including the Olkiluoto 3 plant, was
first simulated with hourly resolution. Finland, Sweden and Norway were included in the
market simulation. The simulation took into account the stochastic nature of wind and solar
power as well as power plant dynamics. The resulting marginal cost of power was then used to
drive demand response of residential electric heating. As a result we obtained the possible
change in power demand curves for a residential area.
DR providers where single-family houses and terraced house apartments equipped with direct
electric heating. Single-family houses with partial storage electric heating were included in the
load simulation but their DR was not enabled. We also studied the case where a significant PV
capacity was installed on the consumer premises.
As a result we found that the payback peaks of DR can occasionally lead to higher overall load
peak in the residential area. The effect is not large in these results: the annual peak load
increase is less than 5 % and peak load increase in any given 2-week period less than 15 %.
There are several options to affect the peak load. The DSO could apply different types of timeof-use tariffs, with dynamic grid tariffs being the extreme solution. Peak power tariffs could
also be one option.
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Preface
This work was carried out in the Smart Grids and Energy Markets (SGEM) research program
coordinated by CLEEN Ltd. with funding from the Finnish Funding Agency for Technology
and Innovation, Tekes. This report studies market-based demand response in the future
Nordic power market from the point of view of the DSO.
I wish to thank my colleagues both in the project consortium and at VTT for cooperation and
support.
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1 Introduction
Wind and solar power are rapidly gaining ground also in Finland. The amount of gridconnected PV is still small but decreasing equipment cost and rising electricity taxes
encourage small consumers to make investments. The output from wind and PV, both of
which fall into the class of variable generation (VG), is governed by the availability of the
primary energy source (wind or solar radiation). Thus, they are variable and partly
unpredictable. In addition, their correlation with load varies according to location and the type
of generation. For example solar power correlates well with the daily load variation, and the
correlation can be enhanced by proper panel orientation (Itron, 2011). In Nordic countries,
evening and morning peaks may be difficult to meet, depending on the time of year. Plenty of
balancing resources are thus needed to cover the net load (=gross demand minus VG output),
when VG covers a varying part of the gross demand. Balancing resources are the actual
means to handle the variation and unpredictability of demand and VG, such as flexible
generation, demand response, energy storages and interconnections to other countries.
Demand response (DR) is often market-based, i.e. it is activated based on prices in organized
power markets. DR can be sought from different types of loads, from industrial, commercial
or residential customers. DR of large customers is to large extent already activated in the
hourly power markets. Additional capacity should be collected from small and medium sized
customers. Here is when DSO’s come into the figure. Small and medium sized customers are
connected to LV and MV networks, managed by DSO’s. In some cases these networks may
present a limitation to controlled load increase. Notice that VG itself is causing increasing
problems in electrical networks (both in local distribution networks and transmission
networks) and in some places, we can already observe an increase in the network stresses
(Kärkkäinen, Ikäheimo, & Evens, 2008) as well as needs for upgrades to provide greater
capacity.
In other words, power balancing must be considered in two dimensions: the spatial dimension
where grid may form bottlenecks and the dimension spanning different balancing needs and
resources throughout time. In addition the different processes enabling the balancing, such as
markets, forecasts and planning must be taken into account. Figure 1 shows a schematic
illustration of the power balancing problem.
The scope of this study was reduced from the original plan. In this work we aim to study the
possible peak load and other load profile effects of market-based demand response in a future
market setting. The DSO can benefit from such information, although it does directly solve
the problem of possible peak load increases. Dynamic grid tariffs (tariff depending on time) or
peak power grid tariffs (tariff depending on the annual peak power of a customer)
(Honkapuro, Tuunanen, Partanen, & Niemelä, 2012) may offer a solution. Also more complex
solutions involving procedures for applying permission from the DSO for all load control
actions have been developed (ADDRESS, 2011). However, this solution may be
overwhelmingly complex especially for small DSO’s, plenty of which exist in Finland.
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In this work we concentrate on DR which is driven by organized hourly multilateral power
markets. DR can also be valuable in providing ancillary services but they are not considered
in this work.

Figure 1: Schematic illustration of the power balancing problem (adapted from (Chandler,
2011)).

2 Research methods and tools
The work consisted of three tasks. The largest task was to simulate the future Nordic power
market and determine the times when residential DR could possibly be activated. The second
task was to simulate the base load (unaffected by DR) for a group of residential consumers.
The third task was to check how market-based DR could affect the final load curve seen by
the DSO.

Figure 2: Workflow followed in simulating peak load changes.
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2.1 Simulating the Nordic power market
Wilmar Joint Market Model (WJMM) (Meibom et al., 2011) was used in finding the possible
times for DR activation in the future electricity market situation. WJMM is a unit
commitment and economic dispatch (UCED) model, which can perform system-wide
optimization of power plants scheduling. WJMM optimizes multi-region day-ahead and intraday power markets constrained by reserve requirements for forecast errors and intra-hour
variations. The simulation is based on system-wide plant scheduling optimization.
WJMM uses a rolling planning horizon, in other words optimization is done several times for
any given time period, simulating the improvement in demand and generation forecasts when
time draws closer to the operating period. In other words, starting at noon each day
(corresponding to the day-ahead power market), the system is scheduled over 36 hours until
the end of the next day. The model steps forward with a 3-hour time step, and reschedules the
units based on information from new forecasts as shown in Figure 4.
Figure 3 shows the structure of the energy system used in the market simulation. Balancing of
both electricity and district heat sectors is done. Several aggregated district heat networks can
be included in the simulation. Electricity is consumed and generated in several regions, where
the marginal cost can be different. Electricity flows between regions are limited but within
regions we use the “copperplate model”, i.e. network bottlenecks do not exist. Figure 5 shows
the different regions used in the simulation.

Figure 3: Schematic structure of the power system simulation model. The red lines denote
district heat flows and the purple lines electricity flows. One such illustrated system is built
for each region (part of country). Several district heating systems can be included in one
region.
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Figure 4: Rolling horizon in the WJMM. During each optimization (marked by blue and red
squares), a planning horizon of 36 hours is considered.

Figure 5: Regions in the power market simulation. Different marginal cost of electricity may
occur in different regions and transmission between regions is limited.
2.1.1 Future market scenario
There is a great number of parameters which affects how the power market behaves and what
kind of variations there are in the marginal cost of electricity. Some of the most important
parameters include generation capacity (including distribution among different types of
plants), demand level, market conditions in neighbouring countries.
In addition to existing nuclear plants in Finland, Olkiluoto 3 nuclear plant was assumed to be
in commercial operation during the study period. Solar PV capacity was assumed to be 2000
MW both in Finland and Sweden while in Norway only wind power was significant. Figure 6
shows the assumed wind power capacities in different countries.
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Figure 6: Simulated wind power capacities in different countries. Also the existing capacities
in 2013 are shown.
Surrounding regions such as Denmark, Germany, Poland and Russia were not explicitly
modelled. Instead we used a power price profile for Denmark/Germany and Russia. If the
marginal cost of electricity e.g. in Finland exceeded the value dictated by the Russian price
profile, power import was activated.

2.2 Simulating power consumption of residential consumers
Power consumption of residential consumers was simulated with hourly resolution based on
the research done by the association of Finnish DSO’s SENER (SENER, 1992). These are
rather old results but provide a solid basis for modelling the consumption of several different
types of consumers. In this work we used three load curves:
single family houses with direct (no storage) electric heating,
single family houses with partial storage electric heating and
terraced house apartments with direct (no storage) electric heating.
2.2.1 Changes in consumption patterns
Regarding changes in consumption patterns Rouhiainen et al (2013) have studied the changes
in electricity use of Finnish residential customers since 1993. They noticed that e.g.
consumption of home electronics has increased while lighting energy consumption has
decreased. An important type of heating device which practically did not exist before 2000 is
the air-to-air heat pump. Also the number of ground-source heat pumps has multiplied since
2000. According to the Finnish Heat Pump Association there were about 650,000 heat pumps
installed in Finland in 2013, most of which are air-to-air heat pumps. Figure 7 shows the
prevalence of air-to-air heat pumps in Finnish single-family houses. The abundance of these
heat pumps has grown rapidly during the past years. Air-to-air heat pumps decrease the
electrical power needed for space heating. The magnitude of the effect is dependent on
ambient temperature.
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Figure 7: Prevalence of air-to-air heat pumps in single-family houses with different types of
heating systems in 2011 (Rouhiainen et al., 2013).
2.2.2 Simulation method
Consumption curves of the SENER study do not include temperature correction which is a
major drawback when electric heating is considered. The model assumed that the ambient
temperature is constant during each two-week period of the year. Here we used a rough model
for the temperature dependency, which allows better treatment of electric heating than Sener
curves alone. Some of the issues which should be considered together with temperature
dependency include nonlinearity of the temperature dependency and temporal dependencies
in temperature dependency. Nonlinearity arises e.g. from reduction of ventilation in extreme
cold temperatures. The temporal dependencies take several forms. Naturally there is a time
delay between the changes in ambient temperature and indoor temperature due to the building
mass. When storage heating is used, the variation in the temperature dependency is very
different among different hours.
Variables which affect consumption include time of day, weekday and month, as well as
ambient temperature, solar irradiation and wind speed. Of these wind speed was not included
because reliable measurements were not available.
In our rough model we calculate the total power consumption of an individual consumer by
applying temperature and irradiation correction to the curves of the Sener study.
( )=

( )+

( )

( )

( )

+

( )

( ) ,

(1)

Where ( ) is the baseline power obtained from the Sener study on hour t, ( ) is the
temperature dependency during hour of the day ( ) , ( ) is the moving average adjusted
temperature calculated for hour t, ( ) is the baseline temperature in month ( ) and ( )
is the heating index function defined as follows:
( )=

0,

,

<

,

(2)
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In other words, space heating is not needed when temperature is above . We used the value
= 15 °C. ( ) of course the coefficient depends on the size and structure of the building
and different values have been presented in literature. For example Riihimäki and Koponen
(2012) obtained the average coefficient 150 W/°C when observing 24-hour intervals (both
consumption and temperature) for a group of 185 houses. Martikainen et al (1987, p. 19)
obtained the value 70 W/°C for a 120 m2 house built according to 1980’s standards when only
the controllable heating power was considered. For older houses the coefficient was higher.
( ) is the cooling index function defined as follows:
( )=

0,

,

>

,

(3)

( ) was calculated as a moving average of ambient temperature and Sun irradiation on the
south wall of the building.
( )=

( )+

( ) +

( )

( )

,

(4)

where
and
are constants related to current hour and longer time period, is the ambient
temperature,
is Sun irradiance on the vertical south wall, is the magnitude of the effect
of Sun irradiance and N is the time constant used in evaluating heat storage properties of the
building envelope. depends on the building structure (e.g. area of windows).

2.3 Simulating PV generation
We expect that solar power in the form of photovoltaic solar cells will play a certain role in
the future Nordic power system. Its magnitude depends on several technological and political
parameters and different scenarios can be built where the solar power capacity varies. PV
affects the results in two ways: on the one hand it affects the power market price and on the
other hand, when installed as microgeneration at consumer premises, it affects the net power
consumption of small consumers. The latter effect is then seen by the DSO.
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Figure 9: PV affects the consumer’s net consumption directly when installed at consumer
premises. It can also affect end consumption through market prices and DR §§.
The hourly values of direct and diffuse irradiance
and , provided by the Finnish
Meteorological Institute were used to calculate the total radiation on the panel surface, which
consists of direct, diffuse and reflected part as in Equation 5. Figure 10 illustrates these
components. We do not go into the details of the calculation process, as it has been explained
by Ikäheimo (2014). Of course, the reflected component is highly dependent on the terrain in
front of the panel. We assumed fixed south-facing panels in this work.
=

+

+

(5)

Figure 10: Components of Sun irradiance.
The total irradiance
must then be converted into electrical power by Equations 7 and 7.
The efficiency functions are specific to the panel and inverter type. Efficiency increases as
function of irradiation and decreases as function of cell temperature. Efficiency also depends
on the spectral distribution of the irradiation but in practise this produces only a small effect.
Note that often the inverter is dimensioned to be smaller than the peak power of the panels.
=

,

(6)
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= min

,

,

(

)

(7)

2.4 Simulating the effect of DR on power consumption
As we are dealing with market-based DR, we assume that DR is operated so that income is
maximized when consumption is valued according to the hourly market price. A common
approach for end customers is to optimize DR with known prices. An LP optimization model
was constructed where power consumption is valued according to the market price, payback
peaks are taken into account and the energy extracted using DR has been limited each day.
We used two different formulations for the description of DR behaviour. In the first
traditional “cut-off and payback” control, space heating power can be reduced during any
hour, respecting the daily limits. Payback peaks follow immediately each control action. This
way thermal comfort can be ensured, although the DR potential is somewhat reduced from the
maximal value. In the second, “storage” formulation, payback peaks can be more freely
shifted in time, which means that indoor temperature will be kept at suboptimal level (from
the point of view of thermal comfort) for a longer time. The cumulative power drawn from
DR is limited at any time.
An alternative way would be to make a physical model for the thermal behaviour of the
buildings and use its linear approximation in the LP model. This model would explain the
need of heating energy as function of time and thus make the consumption curves prepared by
Sener redundant, except for estimating household electricity consumption.

3 Results
3.1 Power market behaviour
As mentioned above, results for the power market are highly dependent on the assumptions
about generation capacity, demand elasticity, demand level, and market conditions in
neighbouring countries, among other parameters. The marginal cost of electricity, which in
our case drives the demand response activation, can thus vary quite a lot according to the
assumptions. Scenario analysis can be used to overcome this problem. The drawback is that
power market simulation of one year takes quite long (8 hours), which limits the number of
scenarios which can be studied.
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Figure 11: Simulated hourly marginal cost of electricity in the Finnish price area.

3.2 Power demand behaviour
We simulated the electrical demand of a residential area where the consumers listed in Table
1 were present. Jyväskylä hourly temperatures and hourly irradiation from 2011 were used to
perform temperature and irradiation corrections. Only the active power demand was
calculated. Reactive power demand and network losses were not calculated.
Table 1: Types of consumers in the simulated network and their PV microgeneration
capacities per consumer.
consumer type

number of
consumers

PV capacity per
consumer kW

single-family non-storage
electric heating

20

1.5

single-family partial storage
electric heating

15

1.5

terraced house apartment
non-storage electric heating

20

0.5

3.2.1 Base case power demand
Figure 12 shows the annual consumption profile of the whole portfolio without PV and Figure
13 with PV. DR has not been enabled here. PV can produce significant net load changes also
in February and March on sunny days but in our simulation does not affect the peak load,
which occurs near midnight.
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Figure 12: Annual consumption profile of the consumer portfolio before application of DR.

Figure 13: Annual consumption profile of the consumer portfolio when local PV generation
has been included.
3.2.2 DR operation during the whole year
Here we show the resulting market-based DR operation during the whole year with the two
different control types. Figure 14 shows the result from the market-based DR optimization
with the tradional cut-off and payback control. Most significant load changes take place in
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January and February, both in the morning and in the evening. This is because the heating
load is highest during these months. In February there are also some high price peaks, which
of course depend on the capacity adequacy. In summer there are also market opportunities for
DR but the heating and cooling loads are not sufficient to produce load flexibility.

Figure 14: Load increases (shown with grey ,yellow and red) and load decreases (shown with
green, blue and magenta) resulting from operation of the residential DR when cut-off and
payback control was applied.
Figure 15 shows shows the result from the market-based DR optimization with the storagetype control. We see that DR is used more and low market prices during night are exploited to
much greater extent. This is understandable because the payback peaks can more easily be
shifted to night, e.g. by reducing load in the late evening and increasing it at night. Of course,
there is a cost for delaying the payback peak in terms of thermal comfort.
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Figure 15: Load increases (shown with grey ,yellow and red) and load decreases (shown with
green, blue and magenta) resulting from operation of the residential DR when storage-type
control was applied.
In Figure 16 the peak loads of the portfolio during two-week periods of the year are shown.
We see that in market-based DR decreases the residential peak load only during one period
but during several periods increases it. The annual peak load is also increased. Figure 17
shows the same result when storage-type control was applied. The increase in peak load is
even greater, although the load peaks occur at different times.
400
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max consumption kW
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Period

Figure 16: Peak loads of the consumer portfolio during the 26 two-week periods of the year
in the base case without DR and in the case with residential DR when cut-off and payback
control was applied.
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Figure 17: Peak loads of the consumer portfolio during the 26 two-week periods of the year
in the base case without DR and in the case with residential DR when storage-type control
was applied.
Figure 18 shows the total consumption of the consumer portfolio on four days during which
the peak consumption in the case with DR takes place. We see that the market-based DR is
operated suboptimally from the point of view of the DSO. The payback peaks are timed so
that they coincide with the residential peak load and the peak load is greatly increased. The
peak load in this case is determined by the time-of-use (ToU) tariff, according to which partial
storage electric heating and electric water heating is operated. Indeed, the results will a bit
different if the ToU tariff will not be the main basis for controlling partial storage electric
heating heating in the near future. However, the same methodology can be used to examine
the magnitude and timing or peak loads if partial storage electric heating is operated as
market-based DR, although the thermal dynamics description of the buildings will be a bit
different.
Figure 19 shows the total consumption of the consumer portfolio on the same four days as
above. In this figure the DR resources are allowed more freedom with the storage-type
control. The payback peak does not immediately follow the load reduction in this case,
although the delay is not long. The delay reduces the thermal control of the residents, which
has been taken into account in the control optimization. We see that the load behaviour is
quite different in this case and DR peak loads do not coincide with the peak load of the rest of
the portfolio. However, this is a phenomenon, which depends on the market prices. As can be
seen in Figure 20, DR can also increase the peak load when the storage-type control is
applied.
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Figure 18: Consumption of the consumer portfolio during four days in the peak load period in
the base case without DR and in the case with residential DR (cut-off with payback control).
We see that DR increases the peak load in during this period. Indeed the 350 kW peak with
DR is higher than the annual peak load without DR.
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Figure 19: Consumption of the consumer portfolio during the same four days period in the
peak load period as above. The base case without DR and the case with residential DR
(storage-type control) are shown.
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Figure 20: Consumption of the consumer portfolio during the peak load period in February.
The base case without DR and the case with residential DR (storage-type control) are shown.

4 Summary and discussion
We studied the possible effects of market-based demand response on DSO loads in a
residential area in a future market setting. The scope of the work was reduced from the
original plan and thus we did not develop procedures or methods by which the DSO could
directly alleviate the problem of peak load increase. However, using the method presented
here a DSO can simulate the frequency, magnitude and to some extent timing of the peak load
increases
The future Nordic power market with much higher share of wind power, solar PV, and heat
pumps, as well as including the Olkiluoto 3 plant, was first simulated with hourly resolution.
The simulation took into account the stochastic nature of wind and solar power as well as
power plant dynamics. The resulting marginal cost was then used to drive demand response of
residential electric heating. The DR in this study was of the traditional type where power
could be cut off for 1–2 hours and payback peak immediately follows. DR providers where
single-family houses and terraced house apartments equipped with direct electric heating.
Single-family houses with partial storage electric heating were included in the load simulation
but their DR was not enabled.
Our results show that the payback peaks occasionally coincide with the baseload peaks and
this results in higher annual peak load – an unwanted phenomenon from the point of view of
the DSO. The effect is not large in these results: the annual peak load increase is less than 5 %
and peak load increase in any given 2-week period less than 15 %. DR of single-family
houses with partial storage electric heating was not enabled in these results. It is, however,
likely that enabling it would not increase the peak load because the peak power of these
consumers already coincides with the resulting peak load when DR was enabled.
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The results also depend on the way the power consumption is controlled. Tradionally DR has
been accomplished in electric heating by cutting off power for some time and then letting the
existing thermostats control the heating power when power is turned back on. More degrees
of freedom are possible if full control of the heating power and indoor temperature, within the
limits of thermal comfort, is possible. According to our results in the future market setting this
type of DR would produce slightly more peak load increases and their timing is different.
The peak load could be cut by affecting market-based DR operation or loads which do not
follow market-based DR, or both. E.g. different types of DSO time-of-use tariffs affect the
optimal operation of partial storage electric heating as well as direct electric heating. Peak
power tariffs (tariffs depending on the annual peak power of a consumer) (Honkapuro et al.,
2012) could be one option to cut the peak load but they are not very easy to use in DR
optimization. This is because all loads besides electric heating affect the peak power tariff.
Also, the consumer (or smart home controller) should always consider the possible peak load
occurrences during the whole year when planning load operation during a single day.
Furthermore, using residential loads for different types of DR services can reduce the
alignment of different loads and thus the peak load. The different services or markets include,
besides the hourly spot market for electricity, balancing market and different reserve services
for the TSO. Of course, these pose different technical requirements for the load control.
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