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Abstract—This paper introduces an innovative control concept
for electric heat pumps (EHP) applying a multi-objective
optimization. By using market, grid, electricity price and
storage signals, an optimum solution fulfilling different
objectives to a certain extent is reached. The results show that
the fulfillment of all objectives depends mainly on the system
sizing and on the signal composition. Simulations show, that a
solution fulfilling the objective function in compliance with all
restraints can be reached. With the developed control scheme a
significant shift of the EHP operation from high price periods
towards low price periods can be achieved. Further, grid
specific violations and market imbalance have been tackled
through a concept bringing different objectives together.
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l. INTRODUCTION

Due to the rising share of decentralized energy resources
(DER) and the electrification of the heating and transport
sectors, the German low voltage (LV) grids will be facing
more operational issues in the future as these trends are still
ongoing. However, the integration of renewables is not only
a local grid issue but also a challenge at the system-wide
level. The sometimes negative electricity stock prices make
this noticeable.

Energy management concepts, which enable an increase
in system flexibility are able to solve balancing and grid
problems. These measures are preferred to grid reinforcement
and extension as they typically have lower investment costs.

In order to support the integration of renewables in LV
grids, different electric heat pump (EHP) control concepts
have been proposed in the past. However, all these concepts
are either limited by the storage systems’ characteristics to
which the heating systems are connected or by the control
concept as such. In previous works the flexibility gain
through innovative storage concepts has been assessed [1].
This paper proposes a control strategy where various
stakeholders can benefit from.

This work is part of the project “Power to Heat for the Greater Region’s

Renewables Integration and Development” (PtH4GR2ID — 035-4-09-050)
and has been financially supported by the European Regional Development
Fund (EFRE) under the INTERREG V A-Greater Region program.

Il.  STATE OF THE ART OF HEAT PUMP CONTROL

A. Conventional control

Conventional EHPs are controlled based on a heating
curve, which mainly depends on the building and on the
heating system. This characteristic curve defines for each
ambient temperature a set point outlet temperature of the EHP
in order to keep the building at a required room temperature.
Thus, the EHP is controlled in a way that this outlet
temperature is guaranteed. This is achieved by means of a
two-point controller, which switches the EHP within a
hysteresis in order to respect the minimum on- and off-
durations and to prevent the compressor from fatigue.

In this case, the EHP operation is directly coupled to the
heat demand of the building, as the only control value is the
outlet temperature.

B. Advanced control

Recent research investigations show various other control
schemes, which have been used in order to improve the EHP
operation and provide additional flexibility for the system.
These control schemes can be divided into three classes
depending on the considered system and thus the extent of the
actions:

e “Central” as proposed in [2]. The EHP operation
follows the global electricity stock price. During low
price periods the EHP is more likely to be in
operation than during high price periods. With this
control scheme imbalances in the central European
System (CES) are counteracted, as extreme load
situations (peak loads and very low loads) are
avoided. Thus, the integration of renewables, which
contribute to low electricity market prices, is
supported by a market driven concept.

e “Local” as introduced in [3]. The EHP control
addresses a local problem like overload problems in
a LV grid.

o “Decentral” as described in [4]. This control method
tackles for example self-consumption optimization
and minimizes the costs of electricity for the end
customer.
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1. SySTEM DESIGN

In order to examine the developed control concept, a
system model based on a residential building equipped with
a heat pump and a buffer storage has been designed. This
reference building has a yearly heat demand of 150 kwWh/m?
and corresponds to the German energy efficiency class E of
the EnEV standard [5]. The dynamic building model has been
the subject of former work [1].

The sizing of the EHP is determined based on the heating
load of the building in the considered climate region 12 of the
DWD [6] and has a nominal thermal power of 12.1 kW and a
power factor of 0.72. A detailed description of the model can
be taken from former publications [7, 8].

The size of the water storage tank has been determined
based on a recommendation of EHP manufacturers [9]. The
volume of the considered tank is 800 I.

IV. CONTROL CONCEPT

A. Control objective

The main objective of each EHP control is to guarantee
that the heat demand of the building is met during the whole
heating period. In addition, the proposed control concept
fulfills the following sub objectives:

e Reduce active power balancing issues.

e Provide flexibility to the LV grid in order to avoid
grid specific limit violations.

e Minimize the operational costs for the end costumer.

These three sub objectives address all of the three above
described levels of action: central, local and decentral.

B. Status variables

The status variables describe the forecasted situation of a
system over time:

o m (“market”) is a central variable and reflects the
situation of a wholesale electricity market. m is based
on the German day-ahead EPEX stock price.

e n (“network”) is a local variable which describes the
situation of a LV grid. This can be determined either
by power flow calculations or by estimating the LV
grid loadings and voltage levels. For both cases a load
and generation forecast is necessary.

e [ (“level”) is a decentral variable and reflects the
storage level of the water tank.

e p (“price”) describes the end customer electricity
price. The price structure can be any scheme from
static to fully dynamic, depending on the availability
of the tariffs offered by the energy supplier.

These four variables are inputs for the constraints and the
objective function of the optimization problem of the MPC.

C. Constraints

For each discrete time step ¢ each of the status variables
m, n and [ should respect certain limits. A violation of either
the lower limit (II) or the upper limit (ul) leads to an undesired
state of the system. Depending on their specifications, the
status variables can be assigned to three different levels as
described in Tab I.

TABLE I. SPECIFICATIONS OF THE STATUS VARIABLES
Status variables
Level
m n |
High electricity The storage level
stock price level . . exceeds the
due to generation High residual maximum storage
. load or/and a ]
| scarcity, capacity due to the
low voltage P
bottlenecks or level limited outlet
active power ' temperature of the
imbalance. EHP.
Average
electricity spot No risk for The storage level
1l price indicating grid limit complies with the
that the balance is violation. boundaries.
not at risk.
The storage level is
. Low or
Low electricity . lower than the
- negative S
stock price due to . minimum value for
1 . residual load .
high renewable . serving the heat
h or/and a high
generation. voltage level demand of the
ge fevel. building.

Based on the three defined levels the forecasted status
variables can be represented by a color code (cc) — in the style
of a traffic light signal — illustrating the needed action to take
in order to counteract an undesired state. The relationship is
shown in Tab. Il. Note, that green doesn’t mean that the
system has no limit violations but the colors reflect the
suggested on/off signal of the EHP.

TABLE Il. OVERVIEW OF LEVELS IN TERM OF LIMIT VIOLATION, CC
AND PREFERRED EHP OPERATION
Level Ergba_bﬂlty of cc Preferred EHP operation
limit violations
| high off
1l low -
1 high on

D. Objective function

An optimal solution meeting the a.m. constraints can be
selected based on minimizing the operational costs for the
optimization horizon. These costs correspond to the sum of
the products of the electrical energy consumption Ey, ; of the
EHP and the corresponding electricity price p; for each time
step i of the optimization horizon. An optimization horizon
of 24 hours has been chosen and corresponds to the prediction
horizon of the MPC. The time step is set to 15 minutes.

E. Control process

For each time step the status variables m, n and [/ are
forecasted, assigned to one of the levels and represented by
the cc.

In order to determine the action to take for achieving the
different objectives described in section A, a prioritization is
needed. As providing the needed heat demand is the main
objective, the constraint related to the storage level has the
highest priority. The LV grid has the second highest priority.
The lowest priority is given to the market as this has many
other actors and mechanism to support its balance. Hence, the
priority decreases with increasing system extent (decentral,
then local and then central). This prioritization and the
resulting EHP switching signal yc are illustrated in Fig. 1.
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Figure 1. EHP switching signal y. based on the status of m, n and /

As each status variable m, n and / can have one of the three
defined cc, a total number of nine options is possible.

If the storage level [ is beyond the ul (cc=red) or below
the Il (cc=green) the EHP will be either in the must stop (off)
or in the must run (on) mode, independent of the values of the
other status variables n and m. In case that the storage level /
is in compliance with the boundaries (cc=yellow), the cc of
the LV grid signal » decides about the switching of the heat
pump without taking into account the market status described
by m. Only if both storage level and LV grid status are in
compliance with the boundaries (cc=yellow) the EHP
switching will be based on the market status.

In case of no limit violations for all three status variables
m, n and [ both operation modes — on and off — are
admissible. This leads to two possible solutions (on or off) for
the considered time step. The optimum for the control horizon
(24 hours) is then obtained using the objective function. The
solution is found by a full enumeration approach.

V. EVALUATION OF THE CONTROL CONCEPT

A. Control scheme

In order to demonstrate the control concept, grid and
market signals reflecting a typical situation of an average day
have been chosen. These signals are shown in Fig. 2. €) as cc
for nec and me.. Each of the signals shows 96 different time
slots corresponding to the length of the time steps
(15 minutes).

The grid signal ne represents the residual load level of a
typical LV grid with DER. In the morning and evening the
load is high (ncc=red) and during noon low (nc.=green) due to
the PV in feed. The market signal mcc is connected to the
wholesale electricity market and reflects more or less the
residual load of the whole bidding zone. A similarity to the
grid signal during the morning and the evening can therefore
be observed. High residual loads lead to high electricity stock
prices (mc=red). However low price periods, which correlate
with low residual loads (mc=green) occur mostly during the
first 5 hours of the day. Furthermore, the storage level status
is illustrated via Icc in Fig. 2. e).

These three signals lead according to the procedure
described in Fig.1 to the switching signal yc. shown in
Fig. 2. d). The switching signal shows the must run times
(vee=green), the must-stop times (y..=red) and free-choice
times (yec=yellow), during which the EHP can be either on or
off depending on the operational costs.

The end customer price p has been chosen in accordance
to the spot electricity price as shown in Fig. 2. ¢). The price
level p1, corresponds to low price periods, p» to the average
ones and ps to the highest price periods. Furthermore, a spread
of 10 % between the three price levels has been assumed. i.e.
p11s 10 % lower than p, and ps is 10 % higher than p.
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Figure 2. Exemplary control scheme showing a) the resulting storage
level, when applying b) the optimal EHP switching signal resulting from
the minimization of operational costs based on c) the electricity price and

the d) the possible switching options following from e) the market, grid

and storage constraints

Fig. 2. b) shows the resulting switching signal y, which
fits best to the constraint fulfillment and leads to a minimum
of operational costs. This switching signal leads to the actual
(act) storage level 3st shown in Fig. 2. a) which respects the
lower storage level (I1) and the upper storage level (ul) during
the whole optimization horizon.

B. Constraints fullfillment

The fulfillment of the constraints depends on the priority
given to each of the signals, on the storage capacity and on
the ambient temperature distribution of the chosen day.
Furthermore, the signal sequence over time is decisive for the
fulfillment of the constraints. An alternating signal with many
changes in the status and consequently in the cc is more likely
to get fully fulfilled than a signal with long periods of
preferred run or stop times, as the storage capacity is limited.

Fig. 3 shows the amount of constraint fulfillment. As the
storage level signal has the highest priority, a 100 %
fulfillment is reached and this should always be the case. A
violation of this constraint is an indicator for an insufficient
EHP power or a general system sizing problem. The market
signal shows a higher constraint fulfillment than the LV grid
signal although it has a lower priority. This is on the one hand
due to the low storage level at the beginning of the time
horizon, which is in favor for the market signal fulfillment
and on the other hand due to the correlation of the market
signal and the price signal, which leads to an optimal solution
favoring the market signal fulfillment.
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Figure 3. Constraint fulfillment of the status signals
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C. Comparison to conventional control

Both conventional (conv) and the proposed optimized
(opti) control schemes have been compared in terms of their
operating modes. Fig. 4. b) and c) show the EHP switching
signals for both cases. The resulting temperature profiles in
the buffer storage are shown in Fig. 4.a). A clear difference
in operation is observed. The conventional control is
characterized through a cyclic on/off alternation due to the
hysteresis control. The hysteresis has been set to 4 K, which
is a typical setting for present conventional EHP controls. The
optimized one is driven by the above described factors
(constraints and objective function) and therefore uses the
complete available storage capacity to buffer the energy,
when needed.
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Figure 4. Comparison between the output of the developed control
scheme and the conventional control

Both control schemes have been assigned the same price
signal in order to examine the difference in term of shifting
the operation times toward low price periods. Fig. 5) shows
the frequency of occurrence of each price level for the two
modes of control. A clear shift from high to low price periods
is noticed. The frequency of exploiting low price levels
increases from 23 % to 37 % whereas the frequency of
exploiting the highest price level decreases from 25 % to
13 %.

As higher storage temperatures lead to a lower efficiency
of the EHP and consequently to a higher electricity
consumption, an increase of 24 % in comparison to the conv
case is noticed. Through the better use of low price periods as
shown in Fig. 5 the operational costs show a lower increase
of 20 %. Consequently, with the given tariff scheme, the
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Figure 5. Comparison of the frequency of occurrence of the price levels
of the conventional (conv) control with optimized (opti) control

business case is still negative from an end-customer
perspective as the chosen spread is not high enough to
compensate the loss in efficiency. Alternatively, a
compensation for the ability of providing flexibility could be
offered.

VI. CONCLUSION AND OUTLOOK

The application of a multi-objective optimization taking
into account the central market status, the local grid status,
the decentral storage level status and the electricity price leads
to a promising result. All objectives of the control were
fulfilled to a certain extent within the available range of
flexibility offered by the storage system. An oversizing of the
storage or the application of a latent storage concept, as
proposed in former works [1], would increase the signal
response potential which is limited in the presented example.
Furthermore, the introduction of a latent storage would solve
the efficiency problem and make the concept attractive even
for small price spreads.

Nevertheless, for the given system an optimal solution
bringing together the main objective and all three constrains
has been achieved.

As the system sizing is still the limiting factor for the
fulfillment of the requirements, an assessment of the
influence of higher storage capacities will be examined in
future work.
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