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ABSTRACT

Domestic heating systems often work with too high
supply temperatures. This means that heat genera-
tors and especially heat pumps work with a lower effi-
ciency than possible.

The influence of the supply temperature on the effi-
ciency of an air-to-water heat pump is discussed. An
adaptive supply temperature control is presented that
operates according to the heat load of the building
whereas information of electronic thermostatic valve
heads are used.

The control algorithm is studied through parameter
study with annual simulations of an air-to-water heat
pump system. A building model with four zones, each
equipped with a radiator and a thermostatic valve, the
hydraulic system and the heat generator are imple-
mented. The acausal modeling with Modelica consid-
ers interaction of the different components. The simu-
lations are carried out using the software Dymola.
The results show that the efficiency of the heat pump
can be increased through the usage of adaptive control.

INTRODUCTION

Advanced control strategies for buildings in recent
years have become one key element of research in the
energetic optimization of HVAC (heating, ventilation,
air conditioning) systems. Most of the presented con-
trol strategies require a deep understanding and knowl-
edge of the particular system.

In new buildings and newly designed systems, this
knowledge often exists which allows for exactly fit-
ted control parameters and for model based predic-
tive control (cf. Privara et al. (2011); Kim and Braun
(2012); Schmidt et al. (2010)). However, the appli-
cation to existing buildings often is difficult, as many
parameters are not known or can not be attained by
reasonable effort. This is why Bianchi (2006) presents
a predictive control for heat pumps that works with
a simple building model whose parameters are found
automatically.

Typical German heating systems work with heat gen-
erators that operate supply temperature controlled by
a heating curve as shown in figure 1 (without the part
in dashed lines). The heating curve is a feed-forward
control that works with the ambient temperature as
input (Thomas et al., 2005). Since there are more
influences on the heat load than the ambient tem-
perature (see the disturbances in the functional dia-

gram), in typical German heat distribution systems the
mass flows in radiators are controlled with thermo-
static valves. They use a feed-back control of the con-
trol variable, the room temperature. This kind of con-
trol allows for a control of multiple heated zones. A
feed-back of the room temperature to control the sup-
ply temperature usually is implemented for one zone
or a building with a main zone (cf. Seifert and Knorr
(2011)). Liao and Dexter (2005) developed a control
using boiler information and measurement of solar ra-
diation to estimate the room temperature in the build-
ing.
Thus, even in systems with correctly parametrized
heating curve controlling and thermostatic valves for
each heated zone the room temperature is likely to be
too high because of inner loads and solar gains. In-
stead of dealing with these gains by lowering the mass
flow using thermostatic valves, the supply tempera-
ture could be dropped. This can have a positive effect
on the efficiency of heat generators. Considering that
often heating curves are not correctly parametrized,
the effect of controlling the supply temperature in line
with the heating demands might bring additional ben-
efits.
Especially heat pumps do benefit from low supply
temperatures as their efficiency strongly depends on
the temperature lift. This applies for air-to-water
heat pumps (AWHP), which are commonly applied for
retrofit (Brugmann, 2006). In an AWHP system with
a water based radiator heating system the temperature
lift is

(Tusc - Tsourcc) = ﬁsu - ﬁamb (1)
where Vg, is the supply temperature of the heating sys-
tem and ¥, is the ambient (outdoor) air tempera-
ture. The Carnot efficiency describes the maximum
efficiency of a working fluid cycle by

Tuse
(Tuse - Tsource)

The actual COP of a heat pump can be described
by a share of COP¢ using the quality grade 7c or by
the quotient of used heat flow Qusc and electric power
input Py:

COP¢ = 2)

Quse

P: P . =
CO CO c - "Nc Pel

3)

nc depends on the source and sink temperatures, too.
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Figure 1: Functional diagram of a simplified heating system with one heated zone. The additional adaptive algo-

rithm is marked by dashed lines.
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Figure 2: Functional diagram of the adaptive algorithm.

However, the effect in equation 2 dominates the heat
pump efficiency.

Combining these considerations lead to the develop-
ment of a control, that adapts the supply temperature
according to the actual heating load of the building.
The load estimation can be done by using the informa-
tion of valve positions. This type of control is shown
in figure 1 in dashed lines.

SUPPLY TEMPERATURE CONTROL

Several publications dealt with an adaptive supply
temperature control (ASTC). Some describe the possi-
ble savings that can be achieved by theoretical evalu-
ations (cf. Seifert and Knorr (2011)). Others describe
implementations of ASTC algorithms in simulations
(cf. Kraft (2002)) or even implementations in real con-
trollers (cf. Kéhler and Ohl (2009)).

The authors presented an adaptive supply tempera-
ture control that decreases the supply temperature ac-
cording to the position of the thermostatic valves (see
Huchtemann and Miiller (2013)). The control algo-
rithm adapts the supply temperature in discrete time
steps depending on the position of the thermostatic
valve. Special attention has to be paid for the resulting
room temperature and its deviation.

The ASTC makes use of the following correlations:
By lowering the supply temperature the mean logarith-
mic temperature difference between the heating fluid
inside the radiator and the room air volume Ao is
decreased. This results in a lower heat flow rate which
is transmitted to the room (assuming a constant mass
flow rate in the radiator) and can be described by the

following equation (Gliick, 1990):

Qrad _ ( A1910g )e

Qrad,nom AﬁlOngom
Q is the radiator heat flow rate, e is the radiator ex-
ponent, which is approximately 1.3 for standard radia-

tors. The subscript 'nom’ indicates the nominal value
at the design ambient temperature.
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Figure 3: Characteristic of the thermostatic valve.

Figure 3 shows a typical control characteristic of a
thermostatic valve. At the room set temperature, the
valve position iS Z,om = 0.5 which allows the nomi-
nal mass flow rate to pass the valve. Above and near
to the position 0.5 the characteristic is linear. The pro-
portional range is the difference in room temperature
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between the point at which the valve is totally closed,
x = 0, and the nominal position z,oy, = 0.5.

With the adaptive supply temperature control, in the
functional diagram the part in dashed lines is added
to the existing system (cf. fig. 1). In reality the sys-
tem should feature electronic thermostatic valve heads
to allow for a signal processing to the heat generator
control. Besides that, no additional measurement of
control variables is necessary. By using the valve po-
sition, an indirect feed-back of the control variable (the
room temperature) is implemented.

As can be seen from the functional diagram, the con-
trol by the valve is still existing and it is necessary as
multiple zones shall still be controlled. With this con-
figuration there are two variables influencing the con-
trol variable. This can lead to an unstable behavior of
the control which should be prevented by the adaptive
algorithm.

The valves shall still deal fast with disturbances. In
addition to this, the adaptive algorithm shall recog-
nize possibilities to reduce the supply temperature.
Though, it shall act slower than the valves.

It has to be considered, that even with capacity con-
trolled heat generators at least in certain times of the
year heat generators are operating intermittently. De-
pending on the thermal inertia of the heating system
and the building, this causes the room temperature to
oscillate and with that the thermostatic valves to oscil-
late.

This is why the algorithm works at discrete time steps
At that are long enough to ensure a stable control be-
haviour. The adaptive algorithm presented here is de-
scribed in figure 2. The inputs to the controller are the
positions x . .. x; of all thermostatic valves in the sys-
tem. The supply set temperature is adapted according
to the maximum value of the positions to ensure this
critical zone to be heated properly.

At each time interval the algorithm decides according
to the valve position boundaries %15y and . if the
adaption temperature difference Ad,qapt is lowered
by A¥grop Of raised by Atdyise. A maximum adaption
of A¥Uadapt,max 15 allowed and Av,qapt can not get
negative, which means that an adaption towards sup-
ply temperatures higher than the one set by the heating
curve is not allowed.

The algorithm has been studied with one heating sys-
tem in the aforementioned study (Huchtemann and
Miiller, 2013). Here, the effect of the inertia of the
heating system (by varying the buffer storage volume)
and the speed of supply temperature adaption in an
AWHP system is studied.

MODELLING, PARAMETRIZATION

Modelling and simulation is done using the object-
orientated language Modelica in combination with the
software Dymola (Dassault Systems, 2011; Modelica
Association, 2011). The Modelica model libraries de-
veloped at the Institute for Energy Efficient Buildings

and Indoor Climate are used for this work (cf. Miiller
and Badakhshani (2010)).

The building models represent the building physics,
weather and user influences. The library contains mul-
tilayer walls, windows and doors including the phe-
nomena involved such as heat conduction, convection
and radiation. The air volume of the room is calcu-
lated by the medium models of the Modelica.Media
library. User influences are described by internal heat
loads and variable air exchange.

The building services installation library contains
components, such as pumps, pipes, boilers and valves.
All components use medium models of the Model-
ica.Media and models of the Modelica.Fluid libraries
Modelica Association (2011).

Cross correlations of weather, control, heating system
and building structure are considered. E.g. the room
air temperature is calculated dynamically according to
the heat flows of the radiator and the “disturbances”
such as weather and user influences. This kind of mod-
eling allows for an analysis of all parts of the building
services system and their interaction and thereby en-
able the study of the control presented in this paper.
However, slightly different room temperatures caused
by different control strategies lead to different calcu-
lated heat demands.

The heat pump cycle and auxiliary appliances of the
heat pump are represented by polynomial functions in
the system simulation, whereas on the hydraulic side
of the condenser the heat flow and pressure drop is im-
plemented by models of the Modelica.Fluid library.

The polynomials are calculated using a static work-
ing fluid cycle calculation with data for R410a us-
ing medium models of Lemmon et al. (2002). Con-
stant heat transfer coefficients in the evaporator and
condenser are assumed going together with 5 K super-
heating and 5 K sub-cooling. The compressor charac-
teristic is taken from manufacturer’s polynomials. The
electric power for the ventilator on the air side is im-
plemented according to Gasser et al. (2008).

As the heat pump is on-off controlled and cannot mod-
ulate its heat output according to the actual heat de-
mand, a thermal storage, usually called buffer storage,
with a volume of 5001 is included. It increases the in-
ertia of the heating system and reduces the necessary
operating intervals of the heat pump to avoid wear-out
of the compressor. Most heating is done at ambient
temperatures higher than 0 °C. Figure 4 shows that es-
pecially AWHP strongly operate in partial load condi-
tions.
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Figure 4: Dimensioning of the system with the on/off-
controlled heat pump. The vertical line represent the
boundary of operating domains: A: Bivalent opera-
tion; C: on/off-operation.

The buffer storage model consists of several fluid vol-
umes representing fluid layers. The layers are con-
nected to each other allowing heat and fluid flow.
Buoyancy effects are taken into account by an effec-
tive heat conductance depending on the temperature
differences between the layers. For the variation of
the volume, in this paper, the storage is proportionally
scaled (hydraulic connections and heights of tempera-
ture sensors included).

The heat sink, meaning the hydraulic heating system
and the building physics are modeled as follows. A
one family home is implemented with four zones. The
total heat loss coefficient is 232.4 W/K. The building
is located in the west of Germany (the German test
reference year of region 5, City of Essen is used, cf.
Christoffer et al. (2004)). The air exchange rate is set
to 0.5 1/h. The nominal heat load is 7.67 kW at a nom-
inal ambient temperature of -12 °C.

The heating curve is calculated according to the nomi-
nal supply temperature of 55 °C, the radiator exponent
and the heat load characteristic of the building. The
thermostatic valves are set to a target room tempera-
ture of 21 °C. The heating season is set from Septem-
ber 15" to May 1°. A heating boundary at an ambient
temperature of 15 °C is implemented as well as a night
setback between 10 pm and 6 am.

The system is equipped with an electrical back-up
heater that works below the bivalent temperature. It
is placed between the heat pump and the buffer stor-
age. A rough scheme of the total system is given in
fig. 5.

Control volume

Figure 5: Scheme of the modeled heat pump system
and control volume for calculation of performance
factor.

RESULTS

For the reference system with the buffer storage of
5001, similar results as in previous studies could be
achieved (cf. Huchtemann and Miiller (2013)), even
though a different heat pump model was used, that
achieves seasonal performance factor (SPF) values on
a higher level. Table 1 shows the main results for the
reference system. The control volume for SPF calcu-
lation includes the buffer storage and electrical pump
energy for the loading cycle of the buffer storage. (Qyse
is the thermal energy transferred in the heating circuit.
The SPF is calculated by

Quse
SPF = =< 5
Wor )

Table 1: Results of the reference system for one heat-
ing period.

SPF Quse
3.05 14665kWh

ﬁroom,day

21.6°C

The results for similar systems with smaller (1501)
or larger (10001) buffer storage volumes do only dif-
fer slightly from the reference system. The smaller
buffer storage leads to lower heat losses and slightly
higher SPF. The main difference can be recognized in
the number of operating intervals. A higher number
of operating intervals would lead to a lower efficiency
through cycle losses of a heat pump with thermal in-
ertia in the working fluid cycle, which is not imple-
mented here.

The focus here is on the implementation of the ASTC.
With the adaptive control the total number of operating
intervals is 10 to 15% lower than without. The num-
ber of operating intervals within one heating period is
shown in figure 6 for different storage sizes. The adap-
tive algorithm is parametrized with the values shown
in table 2. At the end of the night setback, the adaption
is set to zero for two hours, to assure the heating up.
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Figure 6: Number of operating intervals within one
heating period.

Table 2: Parametrization of the adaptive algorithm (cf.
figure 2).

Tlow 03
Tup 0.5
Abgep 1K
A'l9risc 2K
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Figure 7: Hourly values of supply temperature.

Figure 7 shows the heating curve and the hourly values
of supply temperatures with the reference system and
the system with ASTC. The usage of ASTC leads to
lower supply temperatures at many times of the heat-
ing period. According to equation?2 this leads to a
higher efficiency of the heat pump:

Figure 8 that the SPF of systems with ASTC is about
0.15 higher than the systems without.

Figure 8 also shows that the adaptive algorithm works
the best with small buffer storages or systems with low
thermal inertia. The large buffer storage is loaded less
frequently. This gives less probability for the storage

to be loaded at adapted supply temperatures, as often
one loading interval a day (the one after the night set-
back) is done at non-adapted heating curve set tem-
perature. However, the effect is not very strong and
as mentioned above the start-up losses of a heat pump
could influence these results.

3.3
3.25
32 ¥ % )
*
3.15¢
a
o 317
3.051 O O reference o
3l O standard control
X ASTC, At=60 min
295t + ASTC, At=20 min
* ASTC, At=5 min
2.9 - n .
0 150 500 1000

Volume of buffer storage in |

Figure 8: Comparison of seasonal performance factor

Systems with shorter adaption intervals At have
slightly lower efficiencies that nevertheless lead to
similar savings compared to the systems without
ASTC. These results show that the presented algo-
rithm works robustly.
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Figure 9: Difference of mean room temperature at
daytime and room set temperature. Standard deviation
of room temperature.

Figure 9 shows that the mean room temperature at day-
time are about 0.5 K above the room set temperature
which can be explained by the linear (proportional)
control characteristic of the thermostatic valve (see
fig.3). The temperatures in systems with ASTC are
closer to the set value and have similar standard devi-
ations.

Comparing the time series of supply and return tem-
perature in figures 10 and 11 it gets apparent how the
ASTC works. This is a sunny day with relatively high
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ambient temperatures in the afternoon. When the am-
bient temperature decreases in the evening, the heating
curve increases the set temperature, which is not nec-
essary as the building has stored thermal energy. In
the system with ASTC, the set temperature stays on a
lower level.
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Figure 10: Reference System: Supply and return tem-
peratures on 7" of March.
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Figure 11: System with ASTC, At = 60 min: Supply
and return temperatures on 7" of March.

CONCLUSION AND OUTLOOK

An AWHP system with buffer storage and heating
curve control and the same system with ASTC were
numerically analyzed and compared. Different stor-
age volumes and adaption intervals of the ASTC al-
gorithm were studied. It was demonstrated that the
ASTC could decrease the supply temperature indepen-
dent of these parameter variations. This leads to a
higher seasonal efficiency of the AWHP. A higher in-
ertia of the heating system (achieved through a larger
buffer storage) slightly diminishes the effectiveness of
the ASTC because fast changes in heating load can-
not be considered for reduction of supply temperature.
The adaption interval has a small effect on the effi-
ciency.

Thus, the ASTC presented in this paper seems to be
an effective measure to improve the efficiency of heat
pumps in buildings. There is no need for a detailed
knowledge about the building structure and its behav-
ior towards thermal disturbances. However, the adap-
tive control only works with a feed-back of the room

temperature. Here, the load estimation is implemented
with electronic thermostatic valve heads that transmit
the thermostatic valve positions to the adaptive con-
troller. It is also implied that the heating system is
hydraulically balanced. If it was not, the valve posi-
tions eventually would not include the information on
the load of the heated zones.

Further research is going to deal with different build-
ing and user types and their influence on the efficiency
of the AWHP system when being operated with an
ASTC. Modeling is going to deal with start/stop be-
havior of the heat pump. It shall also be analyzed how
to deal effectively with the heating up after the night
setback. It was found that it is not always necessary to
therefore reset the adaption as it has been done in the
investigated configurations. However, the results pre-
sented in this paper showed that the ASTC is robust
relating to the thermal inertia of the heating system.
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use Usable
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