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Abstract— We consider a portfolio of domestic heat pumps
controlled by an aggregator. The aggregator is able to adjust the
consumption of the heat pumps without affecting the comfort in
the houses and uses this ability to shift the main consumption
to hours with low electricity prices. Further, the aggregator
is able to place upward and downward regulating bids in the
regulating power market based on the consumption flexibility.
A simulation is carried out based on data from a Danish
domestic heat pump project, historical spot prices, regulating
power prices, and spot price predictions. The simulations show
that electricity price reductions of 18 — 20 % can be achieved
compared to the heat pumps currently in operation.

I. INTRODUCTION

With an increasing focus on climate-related issues and
rising fossil fuel prices, the penetration of renewable energy
sources is likely to increase in the foreseeable future through-
out the developed world [1]. The Danish electric power
system, which is the focus of this work, is a particularly
interesting case with a wind energy penetration of 30 %
today and an expected 2020 penetration of 49.5 % [2]. When
conventional power plants are outdone with renewables such
as wind turbines and photovoltaics, the ability to provide
balancing services in the classical sense disappears, as the
renewable energy sources often will fully utilize the available
power. It is therefore evident that in a grid with high
penetration of renewables, alternative sources of balancing
services must be established. One of the approaches to
obtaining such services is the smart grid concept, where
demand-side devices with flexible power consumption take
part in the balancing effort [3]. The basic idea is to let
an aggregator manage and optimize a portfolio of flexible
demand-side devices on behalf of the balancing respon-
sible party (BRP) for this consumption. This allows the
balancing responsible to utilize the accumulated flexibility
in the unbundled electricity markets on equal terms with
conventional generators [4]. In the future Danish electricity
system it is expected that domestic heat pumps will play
an important role as flexible consumption: already now,
around 27.000 heat pumps are installed in Denmark [5], and
potentially 205,000 households can benefit from replacing

B. Biegel, P. Andersen, T. S. Pedersen, K. M. Nielsen and
J. Stoustrup are with the Department of Electronic Systems,
Automation and Control, Aalborg University, Denmark; e-mail:

{bbi, pa, tom, kmn, jakob}Ges.aau.dk.

L. H. Hansen is with DONG Energy A/S (largest Danish power producer),
Copenhagen, Denmark; e-mail: LARHA@dongenergy . dk.

The work is completed as a part of two projects: the iPower project
supported by the Danish government via the DSR-SPIR program 10-
095378 and the READY project supported by PSO funds administered by
Energinet.dk via the ForskEl project program 2012-1-10757.

Tom S. Pedersen

Kirsten Mglgaard Nielsen
Lars Henrik Hansen

oil-fired boilers with heat pumps in the coming years [6]. It
is therefore most relevant to consider how to aggregate and
control this flexibility towards the electricity markets.

Control of smaller flexible consumers to support grid
stability has been discussed as early as the 1980s [7].
Since, the topic of demand-side management has received
much attention from a research perspective including control
of heat pumps [8], [9]. In particular, optimization of heat
pumps has received much attention in Denmark the last few
years. See, e.g., [10], [11], [12], [13], [14]. These works
consider how the operation of heat pumps can be optimized
to support grid stability and how to lower the operational
electricity costs by performing spot price optimization of the
consumption. None of the works do, however, account for
the structure of the Nordic system, which consists of a day-
ahead spot market and an intra day balancing market. As
an example of this, several works use the electricity spot
price as a price signal that the aggregator will face without
any planning phase. In this work we move closer to the real
electricity market by including both a day-ahead planning
phase and an intra-day balancing market. The aggregator will
purchase electricity based on spot price predictions at the
day-ahead market and will intra-hour adjust the operation of
the portfolio according to the experienced load and possibly
place bids of upward and downward regulation in the intra-
day market. Finally, the intra-day imbalances will be settled
as balancing power according to the regulations.

The structure of the paper is as follows. First in Sec. II we
model the heat pump portfolio and in Sec. III we describe the
electricity markets. In Sec. IV we develop a control strategy
that takes the spot prices into account and a control strategy
that further is able to bid into the regulating power market.
Following in Sec. V we show two simulation examples of
the developed control strategies and finally in Sec. VI we
conclude the work.

II. LUMPED PORTFOLIO MODEL

A. The Heat Pump Project “Styr Din Varmepumpe”

Several large projects dealing with flexible consumption
are currently ongoing in Denmark. The project “Styr din
varmepumpe” (meaning: control your heat pump) deals
specifically with understanding domestic heat pumps and
how they can be operated depending on the electricity mar-
kets [15]. In this project, around 200 heat pumps installed in
Danish homes have been subsequently equipped with various
measurement devices such that power consumption, flows,
temperatures etc. can be measured. The data is collected



via Internet connections and can be used for modeling and
analysis. This data forms the background for this work.

B. System Architecture

The starting point of this work is the Nordic unbundled
liberalized electricity system architecture. In this setup, the
Transmission System Operators (TSOs) are responsible for
secure and reliable system operation and must consequently
ensure balance between production and consumption. Gen-
erally, in an unbundled electricity system, TSOs do not
own production units and must therefore procure ancillary
services in the electricity markets to ensure system stability.

The aggregator is a legal entity able to enter into flexi-
bility contracts with consumers allowing the aggregator to
manage the consumers’ flexible consumption; in return, the
consumers will achieve some type of compensation. This
enables the aggregator to utilize the accumulated flexibility to
participate in the electricity markets through the consumers’
BRP. The flexible devices are managed by the aggregator
through a technical unit often referred to as a Virtual Power
Plant (VPP).

C. Aggregated House Model

It is desired to have a simple model that describes the
accumulated flexibility of all the houses in the portfolio
rather than a model for each of the houses. There are two
reasons for this. The first reason is that it can be computa-
tionally difficulty to perform optimization across thousands
of heat pumps each described by its own model. The second
reason is that it is difficult to predict the future behavior of
a single house due to the many unpredictable disturbances
affecting a house: fluctuating sunshine, opening/closing of
doors and windows, the use of wood stove etc. For a lumped
heat pump model, however, these local disturbances will,
however, smooth out as the number of houses in the portfolio
increases.

Several works have suggested the use of a first order model
to describe the energy level, or temperature, in a house; see,
e.g., [12], [14], [16]. Such a model can be formulated as
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for house number i where the constants R;,C; € R, are
the thermal resistance and the heat capacity of the house,
respectively, while T;(¢) € R is the indoor temperature and
T, ; € R is the outdoor (ambient) temperature affecting the
house. The input w;(t) is the electrical equivalent of the
stored thermal energy, v;(t) € R represents a deterministic
daily load pattern on the house, i.e. v;(t) = v;(t + 24 hours)
while w;(t) € R is an exogenous disturbance. Note that this
model covers houses with electrical heating, but also with a
transformation of parameters a house with a heat pump with
a given COP by letting C; = Chouse/COP, R; = Rpouse COP.
In this work we assume that we can describe the entire
heat pump portfolio by a first order model. This is clearly
a rough assumption: if the individual houses are described
by first order models as (1), the order of the lumped model

will be the total number of houses unless some houses have
identical parameters C;, R;. It may seem crude to make
a lumped first order model, as the houses definitely will
have different thermal resistance and heat capacity; however,
the parameters will be in the same order of magnitude as
all the houses are standard-sized Danish houses. Further, it
must be stressed that the purpose of the aggregated model
is not to accurately describe the houses’ states; rather, the
purpose is to have a model suitable for rough planning of
the future electricity consumption. The benefit of actually
having a very accurate model will also be very limited as
the flexibility optimization depends on several parameters
that we do not know accurately such as future temperatures
and spot prices. Finally, attempts on individual household
modeling on inhabited houses show that the disturbances
often are so great that the actual house dynamics cannot be
observed. Further argumentation and real life demonstrations
motivating the use of a lumped heat pump model can be
found in [17].

This leads us to the following model description of the
entire portfolio. Let T'(t) € R be the average indoor
temperature, T,(t) € R the average outdoor temperature,
u(t) € R the average heat pump power input, v(tf) € R
the average daily load profile, and w(t) € R the average
disturbance. The aggregated model can then be described as
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where the constants R,C' € R are the parameters of the
aggregated model. As mentioned, a benefit of this model is
that the outdoor temperature 7,(t), the daily load profile v(t),
and the exogenous input w(¢) to an extend will smooth out
as the number of houses increase. Note that we in this work
only consider scheduling of the operation of the accumulated
system represented by (2); we do not discuss how to control
the individual devices but assume that an underlying dispatch
algorithm distributes power to the individual houses in order
to be able to let local control loops reject individual distur-
bance patterns. For details on how this can be achieved, see
for example [18], [19].

D. Thermal Flexibility for House Heating

Figure 1 shows indoor temperature measurements from
four of the houses that are at part of the heat pump project
over a one-month period. The heat pumps operate using
the default heat pump controller. The figure shows that the
indoor temperature varies several degrees for all the houses
over the period, which indicates the foundation for this
work: that people are used to and comfortable with indoor
temperatures varying a couple of degrees, hence the indoor
temperature in a house does not have to be fixed at a given
temperature setpoint. This motivates a formulation where the
indoor temperature is allowed to vary within a given interval
for each house T, < T; < T,. This gives the following
requirement to the aggregated model:

T<T(t)<T 3)

T(t) T(t)

where T, T € R describe the average temperature limits.
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Fig. 1. One month’s indoor temperature measurements for four houses

during March 2012.

Finally, the power consumption of a heat pump is limited
u; < u; < u; which for the aggregated model implies that

u<u(t)<w 4)

where u,w € R describe the average power limits.

Further note that honoring the temperature and power
limits on the aggregated system as described by (3) and (4)
will not guarantee that the individual device constraints are
honored; this is the task of the dispatcher which is not
described in this work.

E. Model Estimation

The purpose of the heat pump portfolio is to optimize the
flexibility towards spot prices and the intra-day markets. As
these are hourly markets in the Nordic system we discretize
the portfolio model with a sampling time of 1 hour and obtain

Tk+1)=aT(k)+ (1—a)Ta(k)+ b (u(k) +v(k) + w(k))
5)
where a,b € R, which depend on R,C and are found by
discretization, and k is used to indicate the sample number.
One year’s data from 130 heat pump heated houses is used
to identify the parameters a, b via quadratic fitting. For details
on such parameter estimation, see for example [14]. Figure 2
shows the power added to the portfolio of houses from the
heat pump u, the daily load profile v, the exogenous input
w, and the energy that drains out due to the lower ambient
temperature, which we denote d for drain. The figure shows
averages for the entire portfolio over a two-month period.
The figure illustrates that the average heat pump power u
throughout the period is in the order of 1.0 —2.5 kW. Further
it can be seen that the load v varies daily between 500
and 700 W describing the average profile of heat added by
people in the house, electronics, wood stove, etc. Finally,
the unpredictable load w has a contribution in the magnitude
+500 W caused by the disturbances that cannot be captured
by the daily load profile. The parameters of the model reveal
a time constant of 33 hours.

III. ELECTRICITY MARKETS

In this section we briefly describe the electricity markets
that the aggregator faces.
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Fig. 2. Energy transfer to portfolio of houses from heat pump u, daily

load v, exogenous load w, and drain d.

A. Electricity Spot Market

In the Nordic system, electricity is bought and sold at the
electricity spot market. Every day before 12 p.m. (noon),
buyers and sellers of electricity can place bids into the
electricity spot market specifying what volume they will
buy/sell depending on the price of electricity for each hour of
the following day. The hourly spot prices for the following
day will be set to the intersection between the aggregated
supply and demand curves. All electricity traded in each
hour will be settled at this spot price; further, the spot price
determines the volumes of traded electricity. As the spot
prices are unknown at the time when electricity is purchased,
the aggregator must rely on a spot price prognosis when
purchasing electricity day-ahead.

Let the spot prices at hour k be denote (k) and let 7 (k)
denote the prediction of 7 (k) available day-ahead before gate
closure. To illustrate this, assume that the current time is
between 11 a.m. and 12 p.m. (last hour before gate closure);
further, let this correspond to sample k = 12. At this time we
know the spot prices for the current day 7(1),...,7(24), but
we do not know the spot prices the following day (the day-
ahead) m(25), ..., m(48), which are not announced until & =
13 (i.e. 1 p.m.). We do, however, have spot price predictions
for the following day, 7(25),...,7(48). This is illustrated
in Fig. 3. The figure further illustrates what is generally the
case, namely that the predictions are able to capture the shape
of the actual spot price realization.
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Fig. 3. Spot prices 7 and predictions 7 on January 9 and 10, 2011.



B. Balancing Power and Regulating Power

During the day, the portfolio of consumers will consume a
given volume of power u(k) for each of the hours of the day.
If the actual consumption u(k) deviates from the electricity
purchased day-ahead in the spot market, the aggregator will
by definition trade the difference as balancing power with
the TSO. The price of balancing power is the regulating
power price (RP price) which we denote mgrp(k). The total
cost Jei(k) of electricity in hour k thus depends on the
electricity purchased at the spot market, denoted ugpo(k),
and the electricity actually consumed u(k):

Jar(k) = tspor(F) (k) + (u(k) — uspor(K))mre (k) (6)

assuming that all consumers contributing to u(k) are hourly
metered and settled.

To counteract for the imbalances caused by electricity
traders, the TSO activates regulating power from the regulat-
ing power market. Providers of regulating power can place
bids in the regulating power market up to 45 minutes before
the hour of operation, specifying the price at which they are
willing to increase or decrease production or consumption.
The TSO will activate the required volume of regulating
power and will select the bids in merit order after price.
The RP price will be set as (defined by) the bidding price
of the most expensive regulating power bid activated in a
delivery hour. If the direction of regulation is upward, the
RP price will be greater than or equal to the spot price;
similarly, if the direction of regulation is downward, the
RP price will be less than or equal to the spot price. The
RP price will be used to settle all the provisions of regulating
power in that given hour. Further, it will be used to settle
all imbalances according to the power balancing settlement
procedures. Note that the RP price is not published until after
the hour in question.

An example of the regulating power price is illustrated
in Fig. 4 where we compare the hourly spot price m with
the regulating power price mrp. The figure illustrates that the
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Fig. 4. An example with relatively large differences between the spot
prices 7 and regulating power prices mrp. January 9 and 10, 2011.

regulating power price is lower than the spot price in the first
hours of the figure indicating that the system is in downward
regulation. If we have a higher consumption in these hours
than the purchased electricity at the spot market, we will buy
this additional electricity (balancing power) from the TSO at
RP price which is beneficial as the RP price is low; on the
contrary, if we have a lower consumption in these hours,

we will sell the excess electricity to the TSO at RP price
which is disadvantageous as the RP price is low. As the
RP price is not published until after the hour in question, it
is not possible to adjust the consumption corresponding to
the RP price.

IV. CONTROLLER SYNTHESIS

In this section we describe two strategies of operating the
flexibility of the heat pumps: a strategy that optimizes the
flexibility according to spot prices and a strategy that also
bids into the regulating power market.

A. Spot Price Optimization

The overall idea in the spot price optimization control
is that the aggregator achieves a lower operational cost of
the portfolio of heat pumps by shifting consumption into
hours of low electricity prices. This optimization is non-
trivial due to the fact that the spot prices only apply for the
electricity purchased at the spot market — if the consumption
of the portfolio deviates from the purchased volumes, the
difference will be settled using the regulating power price
according to (6). For this reason, the optimization is divided
into a day-ahead optimization that determines the volumes
that will be bought at the electricity markets and an intra-day
optimization that operates the portfolio hour by hour. This
is elaborated in the following.

1) Day-ahead Optimization: The key idea in the day-
ahead optimization is to purchase the electricity needed
for the following day based on spot price and outdoor
temperature predictions such that the cost of operating the
portfolio is minimized. To formally describe this, we assume
that the current hour k corresponds to the last hour before
gate closure, i.e., the hour between 11 a.m. and 12 p.m.
Define K = {k+13,...,k + 36}; hence K will correspond
to a set of the 24 hours of the following day which we have to
purchase electricity for. The overall objective is to minimize
the electricity cost for operation the following day which
is given by >, i m(x)u(x) where 7(x) is the hourly spot
price and u(k) is the hourly consumption. Again we remind
that the spot prices (k) are not available day-ahead; hence,
spot price predictions 7 (k) must be utilized to minimize the
objective.

Further, we want the portfolio to be at a temperature
setpoint Ty}, in steady state instead of converging to either of
the temperature limits 7, 7. This is achieved by minimizing
the norm of a state xz(k) € R that corresponds to the
integrated temperature error as described by:

z(k+1)=a(k)+T(k) — Ty )

In this work it is chosen to minimize the integrated tempera-
ture error in a two-norm sense as described in the following.

To perform this optimization, it is necessary to collect
predictions of both the temperature and integrated temper-
ature tracking error for the first hour of the following day
T(k + 13), Z(k + 13) which are 12 hours into the future;
besides, spot price and outdoor temperature predictions for

each hour of the following day 7(k),Ty(k),x € K must



be collected. Based on this data we can formulate the
optimization as follows:

minimize Z (7(k)u(k) + krz*(x))

KEK

subject to  T'(k + 1) = aT'(k) 4+ (1 — a)Tu(k)+
b(u(k)+v(k), kKeK
x(k + ) (k) + (H) Ty, KEK
u(k) € T(k) € keK
T(k + 13) T(k + 13)

z(k +13) = 2(k + 13)

®)
where the variables are u(x), T (k),z(k),x € K and k; € R
is a trade-off parameter. The data to the problem is the pre-
dicted spot prices and outdoor temperatures 7 (k), Ty (), & €
IC, the daily load profile v(k),x € K, and the predicted
temperature and integrated error in the first hour of the
following day T'(k +13), #(k + 13). The sets T, U represent
the power and temperature limitations as described by (3)
and (4). The solution uf,(x),x € K are the volumes of
electricity we will purchase for the following day.

The reason for choosing a horizon of 24 hours is that
24 hour forecasts of the following day’s spot prices is a
standard product that can be purchased from forecasting
providers. As the time constant of the aggregated houses
is in the magnitude of 33 hours, a longer horizon could be
beneficial; however, such long spot price predictions are not
available.

2) Intra-Day Optimization: Day-ahead we purchase elec-
tricity at the spot market based on predictions of load on
the heat pump as described above. Intra-day we decide how
to actually operate the portfolio. This intra-day operation
may differ from the plan made day-ahead, as the houses will
experience loads that differ from the predictions. Different
strategies can be chosen for the intra-day operation. One
strategy is to track the electricity we have purchased day-
ahead as closely as possible to avoid trading balancing power
with the TSO at possibly unfavorable prices. Another option,
which we choose in this work, is to simply consider the
known spot prices as predictions of the regulating power
price. The reason for choosing this approach is that the
upward and downward regulating power prices on average
only differs around 10 % from the spot price; further, we are
only penalized when our imbalance is in the same direction
as the overall imbalance — else we are rewarded according
to the (6). This indicates that deviations from the purchased
electricity typically are not associated with a large penalty.

Assume that we are at hour £ and let H describe the
number of hours into the future that the spot prices are
known. Further let H = {k,...,k + H — 1} denote the
set of future hours where the spot price is known. To
perform intra-day optimization we must collect the current
temperature and current integrated error T'(k), z(k); further,
outdoor temperature predictions and known spot prices must
be collected T} (k), 7(), & € H. The object of this problem
is again to minimize the cost of operating the portfolio and
the integrated error subject to the temperature bands. By

using the known spot prices as predictions of the regulating
power price, the intra-day optimization problem becomes:

minimize Z (m(k)u(k) + kiz*(k))

subject to T'(k+ 1) =aT (k) +
K

C))
where the variables are u(k),T(k),z(k),x € H. The data
to the problem is the known spot prices and outdoor temper-
ature predictions (), Ty(k), x € H, the daily load profile
v(K), Kk € H, and the current temperature and integrated error
T(k),z(k). We denote the solution u},., (k).

The first element of the solution u},, (k) is now applied
meaning that the VPP will regulate the portfolio to col-
lectively consume the electricity uZ, ., (k) within the current
hour. In this work we do not discuss how the power v}, (k)
is dispatched among the individual heat pumps — we only
state that the heat pump portfolio collectively should con-
sume uf,., (k) within hour .

Note that other strategies could be implemented instead;
for example, the day-ahead optimization could be merged
with the intra-day optimization when planning how to pur-
chase electricity day-ahead.

3) Algorithm: We are now able to describe the algorithm
for spot price optimization. This is presented in Algorithm 1.

Algorithm 1: Spot Price Optimization Algorithm

for k=1,2,... do

Collect the published spot prices 7(x) and
temperature predictions T (x) for the horizon

k € ‘H and collect current state of the heat pump
portfolio T'(k), x(k);

Optimize intra-day operation of the portfolio by
solving Problem 9 to obtain u},..(k), k € H;

Let VPP steer portfolio’s consumption to u,., (k);
if Current hour is between 11 a.m. and 12 p.m. then
Collect predictions of spot prices and
temperatures for the following day

7(k), Tu(k), k € K;

Collect state predictions T'(k + 13), Z(k + 13)
(available from the latest solution of (9));
Optimize spot trades by solving Problem 8 to
achieve u,, (k), k € K;

Purchase electricity ug,, (), k € K for the
following day.

end
end

B. Spot Price and Regulating Power Optimization

In this section we present an extension to the spot price
optimization strategy by letting the aggregator place bids
of regulating power via the BRP into the regulating power
market.



1) Consumer as Provider of Regulating Power: A BRP
for flexible consumption participating in the regulating power
market must submit operational schedules for the portfolio’s
planned consumption and is allowed to update this schedule
if it is discovered that the schedule cannot be followed [20].
The regulations do not specify the deadline for updating
the operational schedules. In this work we assume that the
aggregator is allowed to update the operational schedule for
consumption up to 45 minutes before the hour of operation;
hereafter, the aggregator must commit to the planned con-
sumption for the given hour.

2) Bidding in the Regulating Power Market: We enable
the aggregator via the BRP to bid in the regulating power
market by expanding Algorithm 1. Let ugp(k) denote the
scheduled power consumption at hour k. The aggregator
cannot update this volume after hour £ — 1, i.e., the hour
before operation. Further, let w, (k) denote the volume
of regulating power the aggregator is activated to deliver
in hour k; hence, the portfolio must consume the power
Ureg (k) = Useh(k) + tace(k) in hour k. Note that we use the
convention that u,e (k) < 0 corresponds to upward regulation
and u, (k) > 0 corresponds to downward regulation.

The bidding strategy must ensure that we only deviate
from the scheduled consumption ug(k) if this is econom-
ically favorable for the aggregator. A number of different
bidding strategies can be imagined. In this work we do
not seek to predict the future RP prices, which is a very
difficult task, but instead implement a simple strategy that
examines the marginal cost associated with being activated
in the following hour for a given delivery of regulating power.
This marginal cost is then used as our bid in the regulating
power market. As the Nordic regulating power market has
a minimum bid size of 10 MW, we simply examine the
marginal cost of delivering any feasible multiple of 10 MW.
As an example, for a portfolio with limits u = 0 MW, u =
40 MW with a scheduled consumption of un(k) = 10 MW
for the next hour, we will examine the marginal cost of
delivering 10 MW upward regulation and 10, 20, and 30 MW
downward regulation. Following, we use these marginal costs
as bids for the four regulating power deliveries.

Described more formally, we determine the cost of acti-
vating a regulating power activation of wu,e(k) by solving

minimize 3 (w(e)u(r) + kra?(s) - T(H) T2

b
subject to 5“(: +1) = aT (k) + (1 — a)Tu(k)+
b(u(k)+v(k), KeH
z(k+1)=a(k)+T(k) —Typ, KEH
ulk) e, T(k)eT, KeH
u(k) = ugen(k) + wact(k).
(10)

The variables and the data to the problem have all been
previously described (see Problem 8) except 7, which is
the predicted average spot price for the following day; hence
the term T'(H )% is a way to appraise the energy stored in
the portfolio at the end of the horizon. The optimal value is

denoted J*(uai(k)) and describes the cost if we choose to

bid and are activated for regulating power of volume (k).

The regulating power bid pig(tac(k)) for providing the
regulating power delivery wu, (k) can be found as the
RP price where the cost of not providing regulating power
J*(0) equals the cost of being activated for a delivery wuye (k)
given by J*(ua(k)) plus the portfolio’s imbalance cost
Uact (k) (7rp (k) — 7(K)). We can therefore find the regulating
power bid 7hia(uace(k)) associated with a regulation power
delivery wu,e (k) by solving

J*(0) = J* (tact) + tact (Toia (tace (k) — 7(k)). (1)

We illustrate the equation with a small example: assume
the cost of operating the portfolio with no activation is
J*(0) = 1000 DKK while the cost of delivering 10 MW
of downward regulation (u, = 10 MW) is J*(10) =
1.200 DKK and assume a spot price of 200 DKK/MW. In
this case, our downward regulating power bid is mq(10) =
180 DKK/MW according to (11) as we will break even at
this price while we will profit if the regulating power price
becomes even lower. If the cost of operating the portfolio to
provide 10 MW of upward regulation (uy = —10 MW) is
J*(—=10) = 1.200 DKK, the regulating power bid will be
mhia(—10) = 220 DKK/MW according to (11).

3) Algorithm: We can now describe the algorithm of
operating the portfolio to both perform spot price optimiza-
tion and also bid into the regulating power market. This is
presented in Algorithm 2.

Algorithm 2: Regulating Power Algorithm

for k=1,2,... do
Collect data and perform intra-day optimization
similar to Algorithm 1;
Determine regulating power bids 7yig(tact(k)) for
all feasible multiples of 10 MW based on
Problem (10) and (11) and place bids in market;
if Current hour is between 11 a.m. and 12 p.m. then

| Purchase electricity similar to Algorithm 1;
end
if Activated for delivery u,(k) then

Let VPP steer portfolio’s consumption to

‘ U(k) = Usch t+ uacl(k);

else

Let VPP steer portfolio’s consumption to
u(k) = usen(k);

end
update scheduled consumption for next hour
usch(k + 1);

end

V. NUMERICAL SIMULATIONS

We perform two simulations to examine the presented con-
trol algorithms and use data from the “Styr din varmepumpe”
project as a benchmark. Hereby we get a benchmark that
corresponds to heat pumps operating using their default



controllers which are only concerned with honoring a tem-
perature setpoint and do not take spot prices into account.
In both cases we consider a portfolio of 10, 000 heat pumps
with heat capacity and drain rate as estimated in Sec. II-
E and a nominal power consumption of 4 kW; further, an
allowable temperature band of & 2 °C around a setpoint of
21.5 °C is assumed. A sampling time of 5 minutes is used.
The utilized data are:

e Spot price data from Nord Pool,

e Spot price predictions provided by [21],

¢ Outdoor temperature and daily loads from the “Styr din
varmepumpe” project,

e Outdoor temperature predictions from the Danish Me-
teorology Institute.

We perform simulations for a full year and assume a liquid

market where we do not affect the market prices'.

A. Simulation 1: Spot Price Optimization

Algorithm 1 is utilized to operate the portfolio for spot
price optimization for a full year. The resulting average
temperature, power consumption, and costs are illustrated
in Table I. In Fig. 5 the operation over 5 days is presented
to illustrate the behavior of this controller. The top subplot
shows the spot price predictions (red) and realizations (blue).
The second subplot shows the power consumption of the
heat pumps in the “Styr din varmepumpe’ project (green)
upscaled from the 130 available measurements to 10,000
heat pumps. In the same subplot we show the power con-
sumption when the portfolio is operated by the controller
developed in this work (purple). Finally, the lower subplot
shows the resulting average indoor temperature with the spot
price controller operating the portfolio (purple) compared to
the observed data for that period (green).

Together, the three subplots show the main result of the
spot optimizing controller: that the developed controller is
able to shift the main consumption to hours of low spot
prices while keeping the temperature fluctuations in the
same magnitude as the houses currently experience. It is
important to notice that the aggregated portfolio is idealized
as no delays, ramping constraints, etc. are included. This
becomes evident in the idealized on/off characterized power
consumption of the portfolio as illustrated in Fig. 5. Hence,
the performance in the simulations will be higher than what
we can expect by implementing the strategy.

Finally, notice that the spot price optimization will cause
the natural smoothing of the heat pump portfolio consump-
tion to disappear which may distribution grid congestion
issues. This problem is, however, outside the scope of this
work.

B. Simulation 2: Regulating Power Optimization

Algorithm 2 is utilized to operate the portfolio both for
spot price optimization and for providing regulating power.

Tt is difficult to predict how the market volatility will evolve the
following years: increasing penetration of renewables and increasing oil
prices suggests higher and more fluctuating prices while increasing volumes
of flexibility and new transmission cables suggest the opposite.
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Fig. 5. Simulated heat pump portfolio optimized towards spot prices

(purple) compared to upscaled real measurements (green).

Data Spot. Reg.

Avg. temp. [°C] 21.5 21.6 21.6

Avg. pwr. [W] 732 737 744

Avg. spot. [DKK/MWh] 356 282 270

Total cost per hp.  [DKK] 2.285 | 1.819 | 1.759

Savings [%] 0 17.8 19.9
TABLE I

PERFORMANCE COMPARISON OF MEASUREMENTS AND THE TWO
CONTROL STRATEGIES DEVELOPED IN THIS WORK.

Again, the end results are presented in Table I while a 5-day
closeup is presented in Fig. 6. The top subplot shows the spot
price realizations (blue) and the regulating power realizations
(red). Following in the second subplot, the activations of
regulating power is shown (yellow) along with the resulting
consumption (purple) for the regulating power controller. It is
observed, that the portfolio is activated for upward regulation
in the cases where the RP price is significantly high; similarly
the portfolio is activated for downward regulation when the
RP price is significantly low. Note the portfolio is not able
to perform upward regulation (decrease consumption) in the
start of May 21st where the highest regulating power price
is observed as the consumption already is scheduled to be
zero and cannot be decreased further. Finally, the third plot
again shows the resulting temperatures indicating that the
fluctuations in the case of the regulating power controller
is in the same order of magnitude as the observed indoor
temperatures in the same period.

C. Comparison

In Table I we compare the two controllers with the data
observed the same year. The first row shows that the average
temperature based on measurements (data) is 21.5 °C, which
therefore is used as a setpoint for the two controllers resulting
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Fig. 6. Simulated heat pump portfolio optimized towards spot prices and the
regulating power market (purple) compared to upscaled real measurements
(green).

in almost identical average temperature. The next row shows
the average power consumption which is measured to be
732 W while the two control strategies require a slightly
higher power consumption. The average spot price based on
the data is 356 DKK/MWh which is close to the yearly
average spot price of 357 DKK/MWh - this is a result
of the smooth power consumption of the heat pumps. By
comparison, the spot price optimizing controller is able to
lower this around 18 % while the controller that also bids
into the regulating power market is able to save around 20 %.
We observe that the annual savings per heat pump is in the
magnitude of 470 DKK for spot price optimization but only
additionally 60 DKK when also providing regulating power.
We remind the reader that the simulated results are based
on a somewhat idealized model; hence it should be expected
that the savings when implementing this in real life will be
lower. As described, actual spot price predictions are utilized
for the simulation. By applying the actual spot prices, i.e.
perfect predictions, we gain additionally 5 percentage points
illustrating that the spot price predictions are of reasonable
quality.

VI. CONCLUSION

In this work we showed how the consumption of a
portfolio of heat pumps could be optimized towards spot
price predictions day-ahead and adjusted intra-day to ensure
comfort. Simulations were presented showing that savings
in terms of reduced electricity costs in the magnitude of
18 % could be achieved compared to conventional heat pump
operation. The controller was further extended to also bid
into the regulating power market increasing the savings up
to around 20 %. The savings 18 — 20 % correspond to
around 500 DKK/year indicating that the equipment and

installation costs must be very small to justify this type of
optimization. Both controllers were designed based on the
current regulations in the Nordic electricity market.
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