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This paper compares different operation models of the air-to-water heat pump (HP). Detail focus of this
study aims at a potential to increase seasonal coefficient of performance (SCOP) by utilising the pre-
dictive control. The considered predictive control uses an outdoor air temperature forecast for the up-
coming 48 h. The predictive control operates the heat pump so that it runs, preferably, during the periods
of the day with the highest air temperature. For a detailed assessment, a model of the heat supply system
with a heat pump supplemented by a heat accumulator has been developed. The mathematical model
involves detailed algorithm for time-dependent quantification of the heat demand for the considered
Keywords: oy . .
cop model building. Dataset of real operation tests of the HP helps correctly evaluate the coefficient of
performance (COP). An original algorithm of predictive control has been developed and tested for
different operating parameters and different capacities of the heat accumulator. A long-term record of air
temperatures from the last ten years is employed to evaluate the model. The mathematical model allows
for a complex parametrical study to evaluate the relations of SCOP - accumulator capacity, SCOP - method
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of heat pump control.
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1. Introduction

The general trend in the heating systems is to lower the energy
consumption of heat sources. This objective can be achieved by
improving the buildings' thermal properties or by enhancing
operational efficiency of energy sources and heating systems. The
efficiency of heat source operation is directly associated with its
control. The basic method for regulation focuses only on the actual
heat demand without any reference to the previous operational
record or prediction of future operational states. This method of
control is suitable for heat sources with constant efficiencies and
energy prices. HPs use electricity as their power source and its price
varies during the day. The controllers of HPs are made to shift the
operation time to periods with lower electricity price. In order to
eliminate operation of HPs during periods with higher electricity
prices, it is necessary to implement an adequate utilization of
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thermal storage. Advanced systems of HPs control use either static
models based on an operational history record or predictive models
operating with a heat demand forecast. The long-time operational
efficiency of an air-to-water HP can also be improved if the control
unit accounts for the prediction of future outdoor temperature.

Research constantly strives to produce effective and eco-
friendly ways of providing heating and cooling for buildings. One
of the ways to achieve this goal is to use a heat pump (HP). HPs are a
time proven and reliable technology but they still have a great
potential for improvements. The hardware of the technology could
be the state of the art with the coefficient of performance (COP) in
the range of 3.2—4.5 [1]. However, the control units are still mostly
rigid PID or equithermal regulation. With the development of
modern computers and connectivity technology, a control unit for
HP can be much more sophisticated and provide better operation
options.

A great deal of research has been done in that field on employing
different controlling approaches to HP. Numerous published
studies by different authors describe new designs of the HP control
units that apply a fuzzy control [2]. Another study presents
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Nomenclature

MPC model predictive control

PCM phase change material

EHPA European Heat Pump Association

Tmin minimal daily temperature (°C)

Tmax maximal daily temperature (°C)

Tout actual outdoor temperature (°C)

Tin actual indoor temperature (°C)

Tay average outdoor temperature in 24 h interval (°C)
Te standardized outdoor temperature (°C)

T; standardized indoor temperature (°C)

Tw2 temperature of heating water (°C)

Twan temperature of heating water for standardized

outdoor temperature (°C)
difference between actual outdoor and actual heating
water temperatures (°C)

ATaw

o] actual heat loss of a building (W)

QLn heat loss of a building for standardized temperatures
(W)

Qiav average heat loss of a building in 24 h interval (W)

Q4 total heat loss in 24 h interval (Wh)

Qup output power of a heat pump (W)

Pyp input power (electric) of a heat pump (W)

Pog energy input to heat pump in 24 h interval (Wh)

kyp ratio of nominal heat pump output power and heat

loss of a building

COP; coefficient of performance for average temperature of
period chosen by predictive control

SCOPA seasonal coefficient of performance with predictive
control and heat accumulation

ACU heat accumulator

relatively simple mathematical models for optimization of air-
source HP [3] and more sophisticated models for self-optimizing
control systems in air-source HP [4]. Some control units were
developed only for a particular type of heating systems. The [5]
introduces a control unit which optimizes an air-source HP sup-
plying a floor heating system. The ground source HPs can optimize
operations with respect to long-term heat potential of boreholes
[17]. Limited number of applications employs artificial neural net-
works for control units [6] and MPC [7]. All these approaches
improve HP operations from 1.7 [3] to 20% [2]. Another approach
that has been under intensive focus is to couple together renewable
energy sources (namely PV panels) and HPs for household appli-
cations and thus lower electricity bills. Research in this field is
taking advantage of today's advanced weather predictions [8] and
reports success in the HPs self-consumption in theory and experi-
ment alike [9]. Some authors optimize the control units of HPs for
economical operation in the fixed scheme of time variable elec-
tricity prices [10]. More complex approach was tested for
economical HP operation via real time pricing [11]. Another oper-
ation approach was tested for buildings with sufficient production
of electricity from PV panels [12]. HPs installations are frequently
connected with water heaters. The [13] introduces appropriate
control system developed especially for these installations.

Advanced algorithms for HP control are also advantageous for
applications in smart grids where they can provide better grid
stability and foothold for decentralized energy grids [1]. Weather
forecasts are not useful for the area of energy production only, but
also for actual energy consumption. Better prediction of building's
energy losses is also reported to provide a higher efficiency of HPs
[14]. Even for this purpose, advanced models were developed using
Stochastic Model Predictive Control and weather predictions [15].
The prediction of energy losses is more important for buildings
with large-scale HVAC systems [16].

Predictive control of air-to-water HP has a significant potential
for improvement of a seasonal coefficient of performance (SCOP)
that subsequently causes a shorter return on investment [18]. This
study focuses on assessment of the potential to increase the SCOP
that is attainable via selection of appropriate operating parameters.
The study in no way aspires to evaluate real operating costs paid by
owners of the HPs. Similar work has been previously done in a short
paper by Kandler et al. [19] who took advantage of HP, PV panels,
and weather forecast. The model and data are not well described
and the results are scarce, the prediction is considered only 24 h
ahead, but it reports a significant boost in performance and cost

reduction. More detailed work has been done by Fischer et al. [10]
who coupled PV panels with HP. The self-consumption of electricity
from PV is of the main focus and they reported a significant cost
reduction. However, the COP of the HP was lowered by running
mostly in times with low electricity prices, but also with low out-
door temperatures. The cost reduction was between 6 and 16%.
Another important result is that influence of a forecast error is
marginal. The carried-out literature review shows high sensitivity
of HP controlling systems to temperature fluctuations during day
periods. These fluctuations differ for different locations. So, it is
impossible to develop a generally valid control system optimized
for different geographical conditions. There is still a relevant need
to develop HP predictive control algorithm optimized for a specific
temperature pattern valid in a location of HP future installation.

This article focuses on a detailed assessment of the potential
improvements acquired through the usage of a predictive control
for an air-to-water HP. This type of HP represents a heat source
whose operational parameters are highly dependent on the out-
door temperature. The dependency of COP of the mentioned HP on
the varying outdoor temperature supports the importance of the
predictive control usage [20]. This method of regulation prefers
operation in periods when the outdoor temperature is higher.
Various predictive controllers for HPs are being developed with this
aim. These systems generally use local meteorological condition
forecasts. The prediction of the outdoor temperature is usually
known with a sufficient accuracy for the next 72 h. Any predictions
for longer time intervals are often burdened by significant errors
and they are not accurate enough for the purposes of the HP's
predictive control. This state is sufficient enough to meet the re-
quirements of the predictive control used for air-to-water HPs. The
predictive control is able to identify periods with the most efficient
operational conditions for HP for the next several hours (days).

In Central Europe, the outdoor temperature varies from 4 to
12°C during the day. These fluctuations allow for a significant
improvement of SCOP when an appropriate predictive regulation is
used. The real contribution of the predictive control to the
improvement of SCOP is related, among other factors, to the usable
volume of the thermal storage. For this reason, the systems using
HP with the predictive control require integration of an additional
thermal storage. Accumulators most often use direct heating of
water and less often heating of adequate phase change material
(PCM). The optimal volume of the thermal storage can be chosen by
a complex assessment of the technical parameters of a HP, opera-
tional demands of a heating system and the outdoor temperature
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progression.

The authors of this study focused on a detailed assessment of
the potential improvement of SCOP of an air-to-water HP located in
Central Europe, namely in the City of Brno (49.1961939N,
16.6071078 E). Various algorithms usable for predictive control are
compared and special attention is being paid to the quantification
of the potential improvement of SCOP via: (i) change in the length
of the time horizon used by the predictive control, (ii) change in the
volume of the thermal storage and (iii) change of the HP's output
power. Tests were carried out on historical records of the outdoor
temperature acquired from the central part of the city of Brno in
time-period from 2007 to 2016. Technical parameters of the HP that
are used in this study were acquired from the measurements
conducted by local laboratory European Heat Pump Association
(EHPA), located in the Czech Republic. These parameters represent
averaged operational values of the air-to-water HP measured by
EHPA during 2015 and correspond to the new HPs placed on the
market in 2015 and 2016.

The study works with a method for quantification of a potential
for improvement of SCOP which contains the following steps: (i)
assessment of the historical outdoor temperature records, (ii) cor-
relation of COP of the model HP with the outdoor temperature, (iii)
quantification of SCOP for a specific heating season. This sequence
of steps is employed for assessment of all intended cases.

The main goal of this work is assessment of benefits of the HP
predictive control algorithms. Two operation algorithms of a heat
pump predictive control were proposed and tested. The proposed
algorithms are based on information about 24 h and 48 h weather
forecast of air temperature. The tested HP control algorithms do not
account for prices of electricity. The predictive control algorithms
are primarily optimized to increase the HP's SCOP. The quantifica-
tion of the related increase in the HP's SCOP is carried out for
meteorological conditions valid for the City of Brno. The SCOP was
evaluated on the historical ten-year air temperature pattern ob-
tained from in-situ measurement. The particular temperature
conditions of the studied location provide unique results valid for
this part of the Central Europe.

2. Historical record of outdoor temperature in the studied
location

A comparison of tested predictive models is conducted on the
basis of historical data of outdoor temperature from 2007 to 2016.
These records of outdoor temperatures have been previously
collected in the central part of the urban area located in the City of
Brno (pop. 400,000). For the purposes of the study, the periods of
heating seasons are identified. The beginning of a heating season is
defined as three consecutive days in which the mean outdoor
temperature drops below 13 °C. Similarly, the end of a heating
season is defined as three consecutive days in which the mean
outdoor temperature rises above 13 °C. The time span of heating
seasons in individual years differ, but in general falls within a range
from 190 to 240 days.

In the following data analysis, the mean outdoor temperature
for each day is calculated. Those temperatures are the most com-
mon parameter used for the HP's efficiency factor evaluation. Their
usage is adequate for gross estimation of daily average COP of the
HP. Since the mean outdoor temperature does not include any in-
formation about temperature fluctuations during the day, the
maximum temperature Tmax and the minimum temperature Ty,
are identified for each day to capture the temperature changes.
Fig. 1 shows the maximal and minimal daily temperatures for all
days in all heating seasons from 2007 to 2016. The maximal tem-
perature difference for all individual days is expressed as a function
of the daily temperature average. The set of points in the graph is
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Fig.1. Max. and min. outdoor temperatures during 24-h intervals expressed as relation
of the average daily temperature, heating periods 2007—2016.

bounded from above by the line “maximal 24-h temperature Trmax”
and from below by the line “minimal 24-h temperature Tp;,".
Those lines are diverging from each other with the rising daily
average of the outdoor temperature. The boundary lines cannot be
used correctly for assessment of COPs since they do not represent
the statistically significant number of days. For assessment of the
HP's performance, it is appropriate to use the “average maximal
temperature Tmax” and the “average minimal temperature Tp;,”
(see Fig. 1). The daily average difference of the outdoor temperature
increases with the rising average of the daily outdoor temperature.
Fig. 1 also presents a group of points corresponding to an average
daily temperature above 13 °C. These points represent local ex-
tremes occurring during the heating season. These are the days
with a markedly elevated temperature that mostly occur randomly
at the beginning or at the end of the heating season.

The outdoor temperature typically fluctuates within a range of
4—12 °C during one day. Statistical evaluation of the outdoor tem-
perature recorded in individual days shows that the average dif-
ference of intraday temperature increases with the rise of the daily
average temperature. This trend is significant for the daily average
temperature above minus 5 °C. For days with a lower average daily
temperature, this is no longer valid. Under conditions with a mean
daily temperature below minus 5°C, the average difference of
intraday temperature is close to 8 °C. Fig. 1 shows that the values of
individual days have a considerable variance around the average
maximal temperature and also around the average minimal tem-
perature. For this reason, the mean values of the minimal and
maximal intraday temperature cannot be used for the detailed
evaluation of the SCOP of the air-to-water HP. For the correct SCOP
evaluation, it is necessary to separately evaluate the progression of
the outdoor temperature during each day of the heating season.
This procedure was used to obtain the results presented in this
paper.

3. Heat pump coefficient of performance

The HP's coefficient of performance (COP) is a basic parameter
used for evaluation of a heat pump effectiveness. The COP is equal

to the HP's heat power Qup divided by the electric power Pyp.

cop — P (1)
Pyp

The operation effectiveness of the HP rises with the increase in
COP. The COP is strongly affected by the temperature difference
between the input heat flux and the output heat flux of the HP [21].

For this study, we defined a so-called model air-to-water HP. For
this model HP, the relation between the COP and the temperature
difference was obtained from real measurements carried out by the
European Heat Pump Association, Czech Republic branch (EHPA).
The relation represents the average value obtained from mea-
surements of all air-to-water HPs tested by EHPA in 2015 [22]. The
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tested HPs were models introduced to the market in 2015 and 2016.
In Fig. 2, the obtained dependency of COP is expressed as the
function of AT,w. The temperature difference AT,y is expressed as a
difference between the temperature of the outdoor air Toyt and the
temperature of heating water T, (Eq. (3)).

The obtained relationship between the COP and the tempera-
ture difference has the following polynomial expression:

COP = 0.0023 - AT2, — 0.2851 - ATay + 10.677 (2)
where
ATaw = Tw2 - Tout- (3)

4. Heat pump with daily updated control

This chapter deals with the determination of the potential for
SCOP increase using the predictive control and supplementing the
system with a heat accumulator. The potential for the SCOP increase
is determined by comparing the HP operating without the predic-
tive control and the HP operating with the predictive control. The
predictive control considered in this chapter takes into account the
daily updated prediction of the outdoor temperature.

4.1. Heat pump without predictive control

The HP and its parameters have to be monitored under a wide
range of temperatures to properly assess the HP's operation. The
main indicator in this work is considered to be the HP's seasonal
coefficient of performance (SCOP). The first evaluated configura-
tion, shown in Fig. 3, is a direct connection of the HP to the heating
system. This heating loop does not include any kind of thermal
accumulator. COP, based on the outdoor temperature, is calculated
for each hour of the 24-h interval. SCOP is then defined from the
particular COPs.

Use of predictive control algorithms requires accurate time
dependant quantification of heat demand of the model building.
These are general requirements for all configurations considered in
this paper. The heat demand calculation must be involved in pre-
dictive algorithms, too. The heat demand of the heating system
supplied by the HP is considered as equal to the actual heat losses of

the model building Q,. The heat loss involves the heat flux through
the envelope of the building (walls, windows and doors) plus heat
utilized for heating of incoming fresh air, necessary for air exchange
in the rooms. The standard heat loss Q, , is calculated for standard
air temperature. The actual heat loss of the model building is

D>
<« Dt——

Heat
Pump

Heating
System

Fig. 3. Scheme of simple system with heat pump.

continuously calculated for real temperatures using the following
equation:

.o Tin—Tou
Qi =Qin T, -Te (4)

where Ql,n is the heat loss of the model building for a standardized
indoor temperature T; and standardized outdoor temperature Te.
The T;, is the actual indoor temperature of the building, Toy: is the
actual outdoor temperature.

The temperature of the heating water is a parameter directly
influencing the COP value of HP. This temperature must be
controlled by an equithermal regulation which uses outdoor tem-
perature as its input parameter. The result is an inverse proportion
of temperature of the heating water temperature to the outdoor air
temperature. That provides equilibrium between the heat supply
by the heating system and the heat loss of the building. The formula
providing the heating water temperature T,,, for a specific outdoor
temperature (Toyt) is written below:

Tin - Tout

TWZ = (Twz,n - Ti) :

Where Ty, is the computational temperature of heating water
corresponding to the standardized outdoor temperature Te.

To account for thermal inertia of the building, the losses of the
building are not considered to be dynamically changing each hour
but instead to be constant for each 24-h interval; the losses are
calculated from the interval's average outdoor temperature (Tay)
using the following formula:

Q24 =24 Qliav- (6)

Q, .y is calculated the same way as Q; but the Toy is replaced with
Tav.

The specific amount of heat power that has to be produced by
HP in order to fully cover the heat losses of the building during the
24-h interval is calculated as follows:

8 _
7 4
2 T ® COP measured
o4 4
o) 4
O3+
2 4
1 4
0 : : : : |
10 20 30 0 50 60

AT, [°C]

Fig. 2. Relation between COP and temperature difference AT,w.
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Q24
COP,s 7

The value of COP is different for each 24-h period (day) and is
affected only by the difference between the heating water tem-
perature and the outdoor temperature. To evaluate the perfor-
mance of the HP during the entire heating season, a seasonal
coefficient of performance (SCOP) can be applied. SCOP is essen-
tially a weighted average value of each day's COP where every day
of the heating season is accounted for, meaning that the SCOP is
dependent on the temperature pattern of the given location.

> _(COP24-Q24)
SCOP = &= — 2= =227
> Qo4

The model evaluation of the HP operation was performed for
following conditions. These conditions are used for all configura-
tions considered in this paper. Hourly temperature values,
measured throughout the heating seasons 2007—2016, were used
for evaluation of SCOP of an air-to-water HP. The measurements
took place in Brno, Czech Republic. For evaluation of the instant
heat power output of the HP, generalized dependency of HP's COP
(2) was employed. The following temperature inputs were used for
identification of heat loss of the model building: the uniform indoor
temperature of the building T;, = 22 °C; the standard uniform in-
door temperature T; = 22 °C and the standard computational out-
door temperature Te = — 12 °C. Three different computational
temperatures of heating water T, , were tested: 45 °C, 55°C and
65 °C.

Results of SCOP calculations are graphically presented for
different heating temperatures in Fig. 6 for all studied years. The
SCOP value varies significantly throughout the years. This behav-
iour is affected by the nature of each heating season. The heating
seasons differ in the average outdoor temperature and also in the
number of days included in the heating season. As the temperature
of the heating water decreases, the HP's SCOP value increases. The
following SCOP values were calculated for the first evaluated year
(2007): Typn=45°C .. SCOP=4.5; Ty, =55°C .. SCOP=4.0;
Tw2,n =65°C.. SCOP=3.5.

Py =

: (8)

4.2. HP with daily updated predictive control

Another configuration of the HP control is to enhance the pre-
vious configuration by adding a heat accumulator. The proposed
configuration is shown in Fig. 4 and is called “theoretical” because it
considers an infinite accumulator, which means it is always able to
provide energy to cover the heat loss of the building. The infinite
accumulator does not require temperature drop in order to be
charged or discharged, either [23].

Developed algorithm identifies the periods of the day with the
highest air temperatures. The predictive control operates the heat
pump so that it preferably runs during the periods of the day with

______ Control | | Temperature

: Unit Prediction

Y
Heat | | Infinite Heating
Pump Accumulator [~ | System

t -

Fig. 4. Configuration of HP connected to infinite accumulator.

the highest air temperature, see Fig. 5. The time interval for oper-
ation of HP is determined in relation to the predicted heat demand
of the heating system.

For an infinitely large accumulator, there is no need to monitor
the immediate operating capacity or charge level. This configura-
tion assumes that in the warmest periods of the day, it is always
possible to store all the heat produced by the heat pump into the
accumulator. The configuration further assumes that there is al-
ways enough heat in the accumulator to cover the needs of the
heating system during the cold period. Each day, the calculation
algorithm provides a balance between the amount of heat supplied
to the accumulator and amount of heat removed from the accu-
mulator. The configuration represents a significant idealisation.
Using the historical record of the outdoor temperature, it is possible
to determine the theoretical SCOP value achievable at the
maximum possible utilization of intraday outdoor temperature
fluctuation. Every day of the heating season is evaluated individu-
ally. The influence of the outdoor temperature on the previous and
the next day is not considered in this configuration. One day is
defined by a time interval 00:00—23:59. This controlling approach
represents the simplest application of predictive control with
minimal requirements on the control unit. The approach also
matches with the practical implementation of HP predictive control
that updates the outdoor temperature forecast once in every 24 h.
Moreover, this approach is also easily applicable when evaluating
the historical records of the outdoor temperature.

With the infinite accumulator in the heating circuit, it is possible
to operate the HP only during the hours with the highest outdoor
temperature. The heat loss of the building in the remaining hours is
covered by the accumulated heat. Intraday balance is kept in
equivalence between the demand of the heating system and HP
production. A number of starts and overall operating hours is
smaller than without the accumulator. Since the lifetime of several
HP's components is rather limited, accumulator may actually pro-
long durability of the HPs [24].

A mathematical model was developed to evaluate the HPs with
infinite accumulator that operate only in the warmest hours of a
day. To cover the accumulator discharge in every 24 h period, the
HP must operate in a certain period or periods that are defined as
THp-

o4
HP ™= Kyp-COP,4”

(9)

kyp is a coefficient that represents the ratio of the nominal HP
output Pyp and heat loss of the building Q;:

_ Q.

Kkyp
Q

(10)

To evaluate the SCOP of the HP, the following procedure was
followed: (i) intervals within the 24-h period with the highest
outdoor temperatures were identified and sorted in a descending
order; (ii) the operating period Typ was defined by the 24-h period
heat loss of the building for the intervals from the previous step;
(iii) an average outdoor air temperature was calculated from the
operating period defined in the previous step; (iv) using the
average temperature from the previous step, a COP; was calculated;
(v) daily COP;s for the entire heating season were calculated, SCOP4
of the heating season is determined as a weighted average:

SCOP, :%. (11)

Evaluation of the long-term operation of the HP was carried out
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Fig. 5. Schema of HP operation periods identified by intraday predictive control.
5. Heat pump with hourly updated predictive control
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55 4 A A Y RN . A This chapter focuses on use of hourly updated predictive control
= -4 for regulation of the HP operation. The predictive control runs the
=~ 5 A . . . . .
o) d —_ o e " o HP, preferably, in warmer time periods. During these periods, the
B A AT, A HP will cover immediate demands of the heating system for heat
4 NI~ ) =4 a X supply and ensure accumulation of thermal energy in the accu-
35 o— o ‘ N, mulator. During periods of low outdoor temperatures, the HP is not
3 o il operated and the accumulator is being discharged. The predictive

2007 2008 2009 2010 2011 2012 2013 2014 2015
Season starting year

~ A = 65°C SCOP,
—&— 45 °C SCOP

~—&— 55 °C SCOP
~ A —45°C SCOP,

~—&— 65 °C SCOP
~ A -55°C SCOP,

Fig. 6. Identified SCOP and SCOPA for air temperature pattern of heating seasons
2007-2016.

for configurations with and without the infinite accumulator. The
outdoor temperatures from the heating seasons 2007—2016 were
used to evaluate the seasonal coefficient of performance of the air-
to-water HP. The calculated values of SCOP,4 are graphically pre-
sented for heating water temperature of 45 °C, 55°C and 65 °C in
Fig. 6. The label “SCOP” identifies the results obtained for the
configuration without accumulation of the heat. The label “SCOP,”
identifies SCOP values obtained for the configuration with daily
updated predictive control and with an accumulation of heat. All
results presented in Fig. 6 were obtained via mathematical simu-
lations. The results of this study show an interesting potential of a
HP predictive control. The predictive control increases the SCOP by
up to 20%. The results are valid for the geographic conditions of
Central Europe which are characterized by significant intraday
temperature fluctuations. Engagement of the predictive control and
the infinite accumulator enables an approximate 20% decrease in
overall HP power consumption. The SCOP increase is more signif-
icant for heating seasons with a higher average outdoor
temperature.

This chapter compared two theoretical air-to-water HP config-
urations. In the first case, the SCOP was calculated for a configu-
ration completely without the heat accumulation. In the second
case, the SCOP for a theoretical configuration including the infinite
heat accumulator was defined. However, every real heating system
is associated with a certain, not negligible accumulation capability.
When the system actively supplements the heat accumulator, the
storage capacity is significantly increased but still rather limited
due to the limited size of the accumulator. Greater storage capacity
allows to take advantage of possibly greater optimization capabil-
ities utilizable by predictive control.

control cannot be used without a suitable accumulator. The
appropriate size of the accumulator can be determined using the
calculation model.

Two different accumulator capacities connected to the heating
system were tested in the study. The capacity of the first accumu-
lator was chosen to match the heat loss of the model building
during the coldest day of the heating season. This accumulator is
referred to as “ACU 100%.” The capacity of the second accumulator
“ACU 50%” was set as a half of the storage capacity of the first
accumulator. The connection of a real accumulator requires a
continuous monitoring of the actual charge of the accumulator.
When the accumulator is not fully charged, the HP is operated
during periods of the highest outdoor air temperature. In this case,
the HP operation is close to the operation of the configuration with
the daily updated predictive control. If the demand of heat for the
heating system increases, it is necessary to extend the operation
times of the HP even for hours with a lower outdoor air tempera-
ture. The predictive control is still trying to exclude the operation
during the colder hours of the day. Use of predictive control
therefore requires feedback for the control unit about the current
state of the accumulator charge, see Fig. 7.

5.1. Algorithm for hourly updated predictive control
To evaluate the influence of predictive control, an algorithm was

developed to identify suitable periods of HP operation. This algo-
rithm is based on a short-term prediction of the outdoor air

______ Control = Temperature

i Unit < Prediction

Y i
Heat | | Real Heating
Pump Accumulator | > | System

t .

Fig. 7. Configuration with predictive control of heat pump and real accumulator.
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temperature available for the upcoming 24 h. The predictive control
algorithm itself consists of several follow-up steps that repeatedly
evaluate the progression of the predicted outdoor temperature and
the current state of the accumulator charge.

The predictive control administers the energy accumulated in
the accumulator to provide the heat supply with the highest COP of
the HP for a specified period of time (the upcoming 24 h). The
accumulator is charged and discharged during the 24-h period. At
the end of the 24-h period, the accumulator is assumed to be
completely discharged. In the upcoming hour of operation, the
observed 24-h period is shifted by 1 h. The temperature develop-
ment over the upcoming 24 h is updated. The predictive algorithm
repeats the identification of the appropriate heat pump periods
with the highest outdoor temperature, see Fig. 8.

If the accumulator is fully discharged, the heat pump will
operate continuously with the heat power corresponding to the
immediate demand of the heating system. In this mode, the control
unit disregards the current outdoor temperature. Continuous
running of the HP takes up to a period of time determined by the
predictive control as appropriate for charging the accumulator.

Fig. 8 shows the temperature prognosis for a specific 24-h
period. The vertical line indicates the end of the 24-h period. Pe-
riods with the highest air temperature are indicated when the HP is
running and the accumulator is charging. The heat pump does not
work in other periods. During these periods, the heat for the
building is supplied by a gradual discharge of the accumulator. The
current state of the accumulator charge is presented in Fig. 8 where
itis indicated with a dashed line. The HP running plan is updated in
the following hour in a time period shifted by + 1 h.

The assumption of the accumulator’s full discharge is related to
the effort to make maximal use of the accumulator's capacity.
Lower water temperature in the accumulator causes a reduction in
the heat loss of the accumulator. For practical applications, the
accumulator would not be completely discharged for safety rea-
sons. The minimum charge level would be set to 20%.

The 24-h interval may be extended or shortened, as required.
The following chapters present results of a parametric study aimed
at comparing HP operating parameters, depending on the predic-
tive control used for the length of the evaluated interval. In
particular, the predictive intervals of 24 h and 48 h were compared.

5.2. Predictive interval: 24 h

The algorithm described in the previous chapter was put to use
in a parametric study using the outdoor temperature prediction for
the next 24 h. During calculation, the HP heat power “HP100%” was
determined as the heat production corresponding to the maximum
model heat supply demand on the coldest day of the relevant
heating season. Other tested HP heat powers correspond to 150%
and 200% of the maximum model heat supply demand. These HP
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Fig. 8. Illustrative record of HP operating with predictive control for particular outdoor
temperature pattern.

heat powers are labelled “HP150%” and “HP200%”, respectively.
Two different accumulator capacities were considered in the
parametrical study. The capacity of the first accumulator
“ACU100%” corresponds to a 24-h operation of a heat pump with
the heat power HP100%. The other accumulator “ACU50%” has half
the capacity of the “ACU100%”. The generally defined HP heat
powers (HP100%, HP150%, HP200%) and accumulator capacities
(ACU50%, ACU100%) enable us to work with the acquired de-
pendencies for an arbitrary building, based on available heat de-
mand requirements.

The parametric study tested all combinations of the considered
parameters. Historical records of the outdoor temperatures were
used for the evaluation. The temperature record was limited for the
heating seasons of 2007—2016. Figs. 9—11 present the average
values of the monitored parameters obtained from the carried-out
evaluation.

Fig. 9 shows the calculated dependencies between the number
of operating hours and the heat power of the HP. With the increase
of the HP heat power, the number of HP operating hours decreases.
The number of operating hours is further influenced by the tem-
perature of the heating water. The increase of the heating water
temperature causes an increase in the HP operating hours. Capacity
of the accumulator does not affect the number of the HP operating
hours.

Fig. 10 presents dependence between the HP number of starts
and the heat power of the HP. The trend of the individual de-
pendencies is not unequivocal. However, the decrease in the HP
number of starts and increase in the heat power of HP are notice-
able. The tested algorithm of the predictive control provides a
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greater number of starts when using a larger “ACU100%” accumu-
lator compared to the “ACU50%” accumulator.

Fig. 11 shows an increase in the SCOP of HP using the predictive
control in comparison to the operation without the predictive
control. The increase in the HP heat power causes the increase in
the SCOP thanks to the more intensive use of periods with the
increased outdoor air temperature for the heat pump operations.
The increase in the SCOP is more important for heating systems
with a higher heating water temperature. The highest achievable
SCOP increase value is 19% for one heating season.

5.3. Predictive interval: 48 h

The same evaluation method was put to use in a parametric
study using the outdoor temperature prediction for the upcoming
48 h. Figs. 12—14 present the average values of the monitored pa-
rameters obtained for all combinations between HP100%, HP150%,
HP200%, ACU100%, and ACU50%. The monitored parameters were
evaluated on a pattern of historical air temperature records from
heating seasons 2007—2016.

The general trends in the behaviour of the presented relations of
the monitored parameters obtained for temperature prediction for
the next 48-h interval are close to the trends presented in the
previous chapter for the next 24-h interval. The same number of
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operating hours is necessary to ensure the same heat supply, see
Fig. 12. Extending the predicted temperature period leads to a
significant reduction in the HP number of starts, see Fig. 13.
Extending the predicted temperature interval causes an increase in
the SCOP of the HP. The highest achieved SCOP increase value is 23%
compared to the option without the predictive control, see Fig. 14.

6. Conclusion

The presented study focuses on quantification of the potential of
the SCOP increase that may be available when predictive control to
operate the heat pump is employed. The predictive control together
with a heat accumulator enables operation of the HP during time
periods with the highest outdoor temperature. The mathematical
model of the heat pump configuration, the accumulator, and the
heating system requirements was developed and tested for pur-
poses of this study. The procedure detailed in this article quantified
the SCOP of the model air-to-water HP operating under climatic
conditions of the Central Europe. The historical long-time records
of outdoor air temperature were utilized for the presented study. In
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the sub-steps of the study, SCOP was quantified for 4 specific
configurations: (i) HP running without the predictive control, (ii)
HP running with the intraday predictive control, (iii) HP running
with the predictive control tracking a 24 h temperature prediction,
(iv) HP running with the predictive control tracking a 48 h tem-
perature prediction.

Trends in the behaviour of the main operating parameters were
obtained by comparing the evaluated configurations. The presented
results were obtained for temperature conditions of the City of Brno
located in the climatic zone of the Central Europe. The results of this
study demonstrate that the potential of heat pump predictive
control is an increase in the SCOP by up to 23%. This increase in
SCOP corresponds to approximately 20% decrease in a year based
power consumption. The potential increase in the SCOP rises with
an increase in the average air temperature of the heating season.
Applying the predictive control further reduces the number of HP
starts, which is an important operating parameter that significantly
affects the HP's lifetime.
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