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Abstract

In recent years, electrically driven compression heat pumps have come to be widely used for the
heating of buildings. Their efficiency strongly depends on the temperature lift which is influenced
by the supply temperature of the heat sink. When used with radiator heating systems it is challeng-
ing to operate heat pumps efficiently because high supply temperatures are required. Therefore,
in order to efficiently operate heat pumps, this work analyses advanced control concepts for heat
pump heating systems that adapt the supply temperature according to the demand. The heat out-
put of radiators is influenced by the mass flow rate and the supply temperature. Today, usually
only the outdoor air temperature is used for controlling the supply temperature. However, control
strategies exist that consider additional disturbances.

In this work, heat pumps in existing buildings are analyzed on the basis of field test data. The
temperature of heat source and heat sink influence the efficiency of the heat pump. But addi-
tional influences such as the usage of additional appliances can be found which were studied and
documented comprehensively. However, without data on user influences, room temperature and

control settings, the potential of the field test cannot be fully realized.

Field test data are used to evaluate models of the heat pump and the buffer storage of the heating
system. The heat pump is implemented as a table-based model, the buffer storage is modeled as
a stratified fluid volume. The validated models and existing model components make up a model
of the overall system. It includes a model of a one-family home with nine heated zones. User influ-
ences implemented as different user schedules, the building physics, dimensioning of components
and control are analyzed in simulations of heating periods. The usage and insulation standard of

the building have a strong influence on the energy demand and thermal comfort.

The system model is also used to analyze different supply temperature control strategies. Three
control concepts are modeled: A rule-based one which adapts the set temperature step-wise, a
model predictive one which calculates the optimal supply temperature for each heated zone, and
a continuously operating controller which uses an integral element controlling the supply temper-
ature according to the room air temperature. The advantages and disadvantages of each strategy
are evaluated on the basis of the simulation results. A decrease of the mean supply temperature
leads to considerable savings in energy demand. However, an increased thermal discomfort can-
not be fully avoided. Attained energy savings crucially depend on the type of building physics and
the user influences. Energy savings in real buildings can exceed the ones simulated using ideally

parametrized systems.
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Zusammenfassung

Elektrisch angetriebene Kompressionswdrmepumpen haben sich in den letzten Jahren als War-
meerzeuger etabliert. Thre Effizienz hangt stark vom Temperaturhub ab. Dieser wird auf der Nut-
zungsseite durch die Vorlauftemperatur des Heizsystems beeinflusst. Der effiziente Betrieb von
Wiarmepumpen mit Heizkérper-Heizungen ist aufgrund hoher erforderlicher Vorlauftemperatu-
ren schwer zu erreichen. Deshalb werden in dieser Arbeit fortschrittliche Regelungskonzepte fiir
Wiarmepumpen-Heizsysteme untersucht, die bedarfsabhingig die Vorlauftemperatur anpassen,
um einen effizienten Betrieb der Warmepumpe zu erreichen. Die Leistungsabgabe von Heizkor-
pern ldsst sich tiber den Massenstrom und die Vorlauftemperatur regeln. Eine Regelung der Vor-
lauftemperatur wird heutzutage tiblicherweise nur anhand der Auflentemperatur realisiert. Es gibt
jedoch auch Heizungsregelungen, die weitere Storgrofien in die Regelung der Vorlauftemperatur

einbeziehen.

Es erfolgt eine Untersuchung bestehender Warmepumpen im Gebdudebestand anhand der Daten
eines Feldversuchs. Der Einfluss der Warmequelle und -senke auf die Effizienz der Warmepum-
pe wird aufgezeigt. Allerdings wird auch deutlich, dass zahlreiche weitere Einfliisse beriicksich-
tigt werden miissen. Letztere wurden analysiert und dokumentiert. Ohne Daten {iber die Nutzung,
Raumtemperaturen und Reglereinstellungen kann das Potential des Feldversuches nicht voll aus-

geschopft werden.

Modelle fiir die Warmepumpe und den zentralen Pufferspeicher des Warmepumpen-Heizsystems
werden mithilfe von Feldversuchsdaten tiberpriift. Die Warmepumpe wird als tabellenbasiertes
Modell umgesetzt, der Pufferspeicher wird durch ein geschichtetes Fluidvolumen abgebildet. Mit
den validierten Modellen und bestehenden Modellkomponenten wird ein Gesamtsystem erstellt.
Dieses beinhaltet ein Gebdudemodell eines Einfamilienhauses mit neun beheizten Zonen. Ver-
schiedene Nutzungsprofile werden definiert. Einfliisse der Nutzung, der Gebdudephysik, der Aus-
legung der Komponenten und der Regelung auf die Effizienz des Heizsystems und auf den ther-
mischen Komfort werden untersucht. Insbesondere die Gebdudenutzung und der Dimmstandard

haben einen starken Einfluss sowohl auf den Energiebedarf als auch auf den thermischen Komfort.

Das Systemmodell wird auerdem genutzt um verschiedene Vorlauftemperatur-Regelstrategien zu
untersuchen. Drei Regelkonzepte werden untersucht: Ein regelbasiertes, welches schrittweise die
Solltemperatur adaptiert, ein modellpradiktives, welches fiir jede beheizte Zone die optimale Vor-
lauftemperatur errechnet und ein kontinuierliches Konzept, welches die Vorlauftemperatur iiber
ein integrierendes Glied in Abhingigkeit der Raumtemperaturen regelt. Die Vor- und Nachteile der

Regelkonzepte konnen durch die Simulation iiber die Dauer einer Heizperiode dargestellt werden.
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Uber eine Absenkung der mittleren Vorlauftemperatur lassen sich deutliche Energieeinsparungen
realisieren. Diese sind aber immer mit Einbu8en im errechneten thermischen Komfort verbunden.
Die mégliche Energieeinsparung hingt stark von der Gebdudehiille und Nutzereinfliissen ab. In
realen Gebduden sind zusitzliche Einsparungen moglich, die iiber die mit optimal parametrierten

Systemen simulierten Einsparungen hinausgehen.
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Nomenclature

Abbreviations
AFUE Annual fuel utilization ratio

AWHP Air-to-water heat pump
BS Buffer storage
BWHP Brine-to-water heat pump

CoP Coefficient of Performance
DHW Domestic hot water

HC  Heating cycle
LC Loading cycle
MPC Model predictive control
PE Primary energy demand

PF Performance factor
PMV Predicted mean vote
PPD Predicted Percentage Dissatisfied

SPF  Seasonal performance factor

Greek Symbols
9 Mean temperature, °C
B Thermal coefficient of expansion, 1/K

nc Quality grade of heat pump

von Karman constant

Thermal conductivity, W/ (mK)

) Density, kg/m3

T Mixing time constant, s
) Temperature, °C
Symbols

m Mass flow rate, kg/s

Q Heat flow rate, W
c Specific heat capacity, J/ (kg K)
E Energy, J
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Nomenclature

f Relative error

fre Primary energy factor

g Acceleration of gravity, m/s?
H Heat loss coefficient, W/K

n Radiator index

nop  Number of operating cycles

P Power, W

Q Heat, ]

R? Coefficient of determination
s Height of storage layer, m

T Temperature, K

t Time, s

w Work, J

Subscripts

act actual

C Carnot

CcC Condenser cycle

d Daily value

DHW Domestic hot water
drop dropping

eff effective

el electrical

evap Evaporator

H Heating

HC  Heatingcycle
hcu  heating curve

hl Heat load
HP Heat pump

hyst  Hysteresis

ig inner gains
lay layer

LC Loading cycle
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log
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meas
nom
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pump
ref
rise
room
set
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sim
source
tot
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logarithmic
lower boundary
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rising
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solar gains
simulation
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total

upper boundary

usable

Codes used for configurations of simulation

B
E
EA

MPC

PI
RB
RR

var

Bivalent system set-up
High insulation standard of building (according to EnEV09)

Electric valve actuators with PI control

High occupation of building

Low occupation of building

Monovalent system set-up

Model prediction controlled supply temperature control
No occupation of building

PI controlled supply temperature control

Rule-based supply temperature control

Reference room control

Variable room set temperature profile

Low insulation standard of building (according to WSchV84)
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1 Introduction

The decision to use a heat pump for heating of buildings generally is made for two reasons: Through
its application energy savings and cost savings are expected compared with a standard heating sys-
tem. Additionally, the heat pump is considered environmentally friendly because usually carbon

dioxide emissions can be reduced as a result of energy savings.

But today not only energy efficiency is in the focus of homeowners. Users of buildings increas-
ingly request an individual and demand-based control that ensures thermal comfort within the
heated room and which also results in energy savings. These requirements can indeed be met by
electric valve actuators which additionally allow for a single room temperature control, an easy
programmability and remote access. However, energy savings are limited since these actuators are

commonly not intelligently linked with the heat generator.

Controlling the temperature of a heated zone according to user requirements provides potential
savings compared to a constant temperature level, e.g. when the room temperature is lowered out-
side the periods of user presence. This means that heat demand is reduced by means of a lower
average room temperature. If heat is generated by a heat pump, additional savings can result from
higher heat pump efficiency through lower necessary supply temperatures. Especially when con-
sidering high temperature radiator heating systems in existing buildings, any reduction of supply

temperature can yield substantial savings.

The temperature of the heat sink in standard heat pump heating systems is controlled depending
on the outdoor air temperature. Influences on the heatload other than the outdoor air temperature
are usually not considered in supply or return temperature control but instead thermostatic valves

control the mass flow rate in the heat emitter.

1.1 Objectives

The main objective of this work is the analysis of new, advanced supply temperature control con-
cepts for heat pump heating systems. These concepts are supposed to enable a demand-based
control of the supply temperature and an increase of heat pump efficiency using single room tem-

perature control.

Therefore, a detailed analysis of heat pumps in existing buildings has to be carried out. The depen-
dency of heat pump efficiency on the temperature lift has to be studied with a focus on the sink
temperature. Therefore, comprehensive measurement data of a field test with retrofit heat pumps

is available and has to be assessed.
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In order to be capable to execute parameter studies on heat pump heating systems and to develop
and evaluate control concepts, a model has to be created. It has to be able to calculate multiple
heated zones of a building, the proper hydraulic system, the heat generation system and the heat
pump source. Additionally, particular attention should be paid to the option of implementing dif-

ferent kinds of control.

1.2 Structure of this work

The objectives are attained in six chapters which are indicated in figure 1.1.

Chapter 1

Introduction

Analysis of advanced supply temperature control concepts in heat pump heating systems

Study on heat pump heating systems focussing on supply temperature

Chapter 4 Chapter 5
R e el AT ST Application
Y simulation of model

Chapter 6
Conclusion and
outlook

Figure 1.1: Overview on objectives and structure of this work.

The basic knowledge and governing equations for the analysis of heat pump systems and the heat
sink is discussed in chapter2. Based on these theoretical elaborations, findings from a field test
with heat pumps in existing buildings can be used to study the realistic behavior of heat pumps.
The field test is comprehensively analyzed in chapter 3 and provides data for the validation of heat
pump systems. In chapter4 the development of a heat pump model and the model of a buffer
storage is discussed. These models and additional components are combined in a model of the

total system which is subject to a detailed parameter study.

Finally, chapter5 discusses the development of different advanced control strategies which are
compared regarding energy demand and thermal comfort using the model of the total heat pump

system.
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1.3 Literature review

1.3.1 Current usage and potential of heat pumps

Electrically driven compression heat pumps can save primary energy compared to standard heat
generators such as gas condensing boilers. The seasonal performance factor (SPF) is used to de-
scribe the annual efficiency of a heat pump. Today, a SPF boundary value of 2.3! can be set, which
means that with higher SPF heat pumps achieve savings in annual primary energy demand com-
pared to gas condensing boilers. With a decreasing primary energy factor for electric energy in
the future due to growing shares of renewable energy in electricity grids, heat pumps will become

increasingly economically attractive.

According to BDH (2012), since 2007 the market share of heat pumps remains constant at 8 to 10%
in Germany (annual data until 2011, prognosis for 2012). In the last decade, the market share of
heat pumps in Germany has increased mainly at the expense of oil boilers that had a share of 26%
in 2002 and 12% in 2012, whereas the share of gas boilers increased. Heat pumps are independent

from local gas grids, thus they are a common substitute for oil boilers.

Additionally, a reason for increasing heat pump market shares are last years’ governmental grants
for heating systems that use renewable energy sources. The heat extracted from the environment
by a heat pump is considered a renewable energy source by the directive of the European Council
RES (2009), which serves as a framework for national directives and incentives. Michelsen and
Madlener (2012) give a overview on these political instruments in Germany, whereas the "BAFA"
funding? is mentioned as the most important one for heat pumps in Germany. The funding and
its amount depend on the heat pump type and the seasonal performance factor (SPF) which is
calculated using the guideline VDI 4650-1 (2009) (BAFA, 2011, 2012).

Ground coupled devices dominated the German market before 2010. Since then increasing sales of
air-to-water heat pumps have lead to an inverse market allocation®. 59,500 heat pumps for room
heating applications have been sold in Germany in 2012 (BWP, 2013). Until 2009, heat pumps
were merely used for retrofits, in 2010 the application in new buildings prevails (BWP, 2011). Heat
pumps in Germany are mainly used in one (88%) and two family houses (10%) (Platt et al., 2010).

The efficient operation of heat pumps in existing buildings usually requires an adaption of the
existing heating system (Brugmann, 2006). Existing buildings make up the majority of the German
and European building stock (BPIE, 2014). Especially considering the political will to save energy

in buildings* new heat generators will be increasingly implemented in existing buildings.

1Assuming the German primary energy factor for natural gas of 1.1, cf. (DIN SPEC 4701-10-A1:2012, 2012). For a typical
gas condensing boiler with an annual fuel utilization ratio (AFUE) of 0.96, cf. Wolff et al. (2004), related to the lower
heating value and a primary energy factor for electricity of 2.6, valid for Germany, in the evaluated years of the field
test analyzed within this work, cf. DIN SPEC 4701-10-A1:2012 (2012), the boundary SPF value above that the heat
pump achieves savings compared to the boiler, is 2.3.

2See BAFA (2012). BAFA: Abbr. for German Federal Office of Economics and Export Control.

3The share of air-to-water heat pumps is 62.7% in 2012, cf. BWP (2013).

4See e.g. RES (2009).
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1.3.2 Terminology

Within this work the term "heat pump" is used synonymously for electrically driven compression
heat pumps, which is commonly done in literature. The terminology concerning different system
parts is defined more precisely: In standardization and other publications (DIN EN 15316, 2008;
Bollin, 2009; Song, 1999; Wemhoner and Afjei, 2003) the terms heat pump system and heat pump
heating system are defined as follows: Heat pump system defines the heat pump including the hy-
draulic distribution but without the heat delivery system. A heat pump heating system combines

the heat pump system and the heating system and thus includes the heat emitters.

1.3.3 Methods of heat pump system evaluation

Literature provides various studies on heat pump systems which are analyzed with different meth-
ods, such as field tests simulation or laboratory test benches or combinations of both; in this con-
text, modeling according to field test data or hardware in the loop tests can be mentioned. In the

latter test bench measurements are combined with simulations.

Field tests

Several field studies have been conducted in recent years. In Germany several field tests have
been done by the Fraunhofer Institute for Solar Energy Systems, Freiburg (ISE) (Miara and Giin-
ther, 2011), amongst others the one which is analyzed in this work (chapter 3) introduced by Miara
et al. (2007). Field tests in other European countries are summarized in Nordman (2012). A very
detailed analysis of a field test in the UK is presented in Dunbabin and Wickins (2012). Special
requirements for dimensioning of heat pump systems in the UK due to characteristics of the elec-
tricity grid are emphasized. A large difference of field test and laboratory heat pump efficiency is
detected by Hoogmartens et al. (2011) in a Belgian field test. A field study with a ground coupled
heat pump is presented by Montagud et al. (2011) who evaluate heat pump performance after five

years of operation. In this study, no decrease of efficiency could be detected.

Boait et al. (2011) analyze a field test in the UK and study temperature set-back periods, which are
periods in which the heat pump is turned off because of requirements of the electricity grid. A
simple model of building and heat pump is used, which is validated against field test results. Low
efficiency of heat pumps in the UK is explained by over-sized aggregates and false control settings
such as too high heating curves. The authors propose heat pump control that takes into account

outdoor air temperature trend and user presence.

Field test data is used in model tests or transformed into models. Salvalai (2012) models a heat

pump for the building modeling platform IDA-ICE® and checks it against field test data of a German

5See IDA-ICE (2014).
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field test conducted by the Fraunhofer ISE. Djuric et al. (2011) use field test data for modeling of
heat pumps and reduce uncertainty by a data fusion method. Esen et al. (2008) use measurement

data in an artificial neural network for modeling of a ground coupled heat pump.

Simulation and calculation procedures

A common method for heat pump system evaluation is dynamic simulation, especially for the ex-
amination of control strategies. Whereas formerly, specific models where implemented on a very
basic level (cf. e.g. Ney (1990)) in the last years system simulation with the modeling environment
TRNSYS have become popular®. TRNSYS is a software for the simulation of building physics and
building engineering systems. There are interfaces or add-ons to TRNSYS as used by Madani et al.
(2013) or Seifert et al. (2009).

Another simulation environment for buildings is Energy Plus, which is also used for the simulation
of heat pump systems’. Simulink® is used for building simulation, too, commonly when the focus
is on controller development or coupling with other software or with test benches for example as
done by Partenay et al. (2010).

Various simulation studies deal with the implementation of ground source heat exchangers and
their impact on a system level®. The combination of heat pumps and solar collectors is also the

subject of simulation studies'®.

1

The building models used within these simulation studies sometimes are one-zone'! or two-zone

models'2. Many authors use three or more zone models'3.

Whereas dynamic simulation of heat pump systems is usually used in research!#, for design cal-
culations or prediction of energy demand, static calculation methods are commonly used. A very
simple one is presented in VDI 4650-1 (2009). It gives a rough estimation of the seasonal perfor-
mance factor and only needs few input variables. Wemhoner and Afjei (2003) give an overview on
static calculation methods for heat pump heating systems and compare their outcomes; further-
more, a detailed calculation method is proposed. Detailed methods operate with bins that repre-
sent operating points that are weighted according to their frequency and corrected to account for
specific system features. This kind of procedure is described in Eskola et al. (2011) and used in the
standard DIN EN 15316 (2008).

6See Olympia Zogou (2007); Rad et al. (2009); Seifert et al. (2009); Helpin et al. (2011); Hoogmartens and Helsen (2011);
Marx and Spindler (2011); Verhelst (2012); Madani et al. (2013); TRNSYS (2014).
See EnergyPlus (2014); Fisher and Rees (2005); He et al. (2009).
8See MathWorks (2012).
9See Fisher and Rees (2005); Olympia Zogou (2007); He et al. (2009); Rad et al. (2009); Partenay et al. (2010); Hackel and
Pertzborn (2011); Javed (2012); Verhelst (2012).
10E.g. see Helpin et al. (2011).
llgee Verhelst et al. (2012).
125ee Bianchi (2006); Verhelst (2012).
13gee Fisher and Rees (2005); Olympia Zogou (2007); Hoogmartens and Helsen (2011).
14 A literature review on different modeling approaches for heat pumps is given in section 4.1.2.
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Hardware in the loop

Hardware in the loop (HiL) tests are an additional method for the analysis of heat pumps. Riederer
et al. (2009) present a heat pump test bench which is coupled to a Simulink simulation as well as
a test and evaluation procedure that allows for the determination of seasonal performance. Chen
etal. (2012) present a HiL test bed that allows not only for emulation of the heating system but also

the local electricity grid and other home energy systems.

1.3.4 Control concepts for heat pump heating systems

Different levels of control in heat pump heating systems can be defined. The control of the heat
pump’s working fluid circuit sets boundaries for the heat pump system control which interacts with
the control of the heating system. These levels and their control is depicted in chapter 2. The next

paragraphs give an overview on literature that deals with control in heat pump systems.

Heat pump working cycle control

Within heat pump working cycle control, the control of the compressor is crucial. It can be either

on/off controlled or speed controlled, the latter meaning a capacity control of the heat pump.

In recent years, compressor capacity control has been studied intensively'®. Choi et al. (2011) im-

plement a fuzzy control for compressor speed control that performs better than a typical PI control.

On the working fluid level, another control unit is the expansion valve. Either thermostatic or elec-
tronically controlled valves are used. By conducting an exergy analysis, Gasser et al. (2008) find
that electronically controlled expansion valves improve the working fluid cycle by setting a precise
super-heating in the evaporator. A self-adapting control of super-heating is presented by Kiipper
(2010).

Standard heat pump heating system control

Little literature is available on standard heat pump heating system control concepts. This is also
stated by Madani et al. (2013) who compare three control concepts: a return temperature control,
a "degree-minute" control (this is a supply temperature control with a variable hysteresis which is
calculated with the integral of differences between set and actual value) and a return temperature
control with a floating hysteresis. Electric energy savings over controllers with a constant hysteresis
can be detected by using the variable hysteresis implementation. The room set temperature and
its control hysteresis are analyzed in Corberan et al. (2011); this publication deals with a heat pump

used for cooling purposes.

15gee Karlsson (2007); Bugbee and Swift (2013); Adhikari et al. (2011); Safa et al. (2011).
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Hoogmartens and Helsen (2011) do a parameter study on a heat pump system changing differ-
ent control parameters of the heating curve, room thermostats and a reference room compensa-
tion. The authors demonstrate savings in electrical energy usage due to different control strategies
which, in most cases influence thermal comfort marginally. The parameters of the heating curve,

however, have a strong impact on the energy demand as well as comfort.

A common control element in heating systems is the aforementioned heating curve which gen-
erates a heating water supply temperature depending on the outdoor air temperature. This is a
feed-forward kind of control, whereas other control systems in buildings generally use feedback
control (Thomas et al., 2005). Influences on the heat load other than the outdoor air temperature
are usually coped with using feed-back controllers such as thermostatic radiator valves or room
thermostats that calculate an offset on the heating curve from the temperature in a reference room
(Thomas et al., 2005).

Advanced heating system control

The following control concepts are not restricted to heat pump heating systems but are applied
to different kinds of heat generation systems. The advanced control systems found in literature
are often adaptive controllers or predictive controllers'®. The benefits of optimal, predictive and
adaptive control methods for heating systems are reviewed by Zaheer-Uddin (1993); the advan-
tages over standard control concepts are pointed out. Model predictive control can also be used to
control the interaction of multiple elements in buildings such as the heating system, active shading

or ventilation systems as has been investigated by Hube (2004).

In a basic simulation study using transfer functions Thomas et al. (2005) analyse a feed-forward
control system for an idealized electric heater. The inner gains of a room are fed forward. It is
concluded that the control performance as well as the energy consumption is optimized though

such control.

Privara et al. (2011) compare a MPC controller to a standard heating curve control in a test building;
the predictive control successfully saves heating energy over the standard controller while main-
taining the room comfort. However, the authors emphasize the importance of a well chosen model
and the difficulty of finding the right model.

A predictive control concept is used by Giannakis et al. (2011) using weather prediction. A fine-
tuning of proportional controllers is done using a cost function optimization alongside with a pro-

cess model. The same concept is applied by Constantin et al. (2013).

There are advanced control strategies that adapt the supply temperature according to the load con-
ditions. Their basic principle is described in Rietschel (2005). The algorithm proposed by Kihler
and Ohl (2009) works in discrete time steps and load conditions are taken into account by mea-

suring the position of thermostatic valves. A detailed description of this control method is given

165ee (Zaheer-Uddin, 1993; Privara et al., 2011; Giannakis et al,, 2011).
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by Kraft (2002). Another study evaluates these systems, where energy savings through lower heat
losses in the heat distribution system are analyzed (Matthes et al., 2007). These heat losses can be
reduced, but attention has to be paid to higher mass flow rates leading to higher return tempera-

tures.

In this context, the effect of influencing the efficiency of a heat pump has been studied, too. Seifert
et al. (2009) show that an adaptive control of the supply temperature can increase heat pump effi-
ciency. According to their results, in a well-insulated building the SPF can be increased by approx-
imately 0.2. Focusing on cooling applications, Beghi and Cecchinato (2011) present an adaptive
supply temperature control. They use the chiller supply and return temperature for load estima-

tion. This estimation is low-pass filtered to avoid unstable control.

Advanced heat pump heating system control

While standard control concepts are rarely described, literature provides several studies on ad-
vanced control concepts in heat pump heating systems. In many of these works controllers are
tested within simulation models. Usually, the building model has a reduced number of zones and
the room temperature of one reference room is used as the measured variable (Bianchi, 2006; Hube,
2004; Thron, 2001). The problem of multiple heated zones with different characteristics is men-

tioned by Thron (2001), who, however, does not explore the problem further.

Model predictive control is proposed for heat pump systems and has to be preferred over heating
curve control according to Zogg (2000). Bianchi (2006) proposes a predictive heat pump controller
that calculates the operating cycles of an on-off controlled heat pump with a pulse-width mod-
ulation scheme. The model used for control is a self-parametrizing one-node house model that
considers not only the room capacity but also the capacity of the heating fluid. The controller is
tested in a simulation environment with a two-zone house model where the room temperature of

one room serves as the measured variable.

Verhelst et al. (2012) study different heat pump models and cost function formulations for a model
predictive control in an AWHP heating system with floor heating and compare them to a standard
heating curve control. The advanced control strategies result in nearly the same energy and com-
fort as the standard one. However, with variable electricity tariffs being considered, cost savings

can be achieved with advanced control.

A multi-agent system control is studied by Mokhtar et al. (2013). The operating hours of a heat
pump supplying a floor heating system can be increased compared to a gas boiler that delivers
heat to radiators in the same heated zones, if the inertia of the heat emitting system is considered

in control.

Many publications dealing with advanced heat pump control address control according to elec-

tricity tariffs. By shifting a highest possible load to off-peak periods with low electricity prices,
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energy costs are lowered and heat pumps are indirectly used for load management on electricity
grid level'”. Rink et al. (1988) approach this subject by assuming a night-time low price period; ap-
plying the maximum principle, optimal operation schedules are found for the heat pump systems
for different outdoor air temperature levels. Knapp and Wagner (2012) propose applying predic-
tive control for this kind of load management. Ginsburg (1999) develops a heat pump control using

fuzzy control theory involving weather and off-time prediction.

17The potential of this kind of load management from an energy grid point of view is studied by Nabe and Seefeldt
(2011).






2 Fundamentals

2.1 Heat pumps

2.1.1 General definition and coefficient of performance (CoP)

A heat pump absorbs a heat flow on a low temperature level and extracts a heat flow on a higher
temperature level by using an external power P. With the high temperature heat flow being the one
used for heating Qyse, also called heat pump capacity, the efficiency of a heat pump can generally

be expressed by the coefficient of performance CoP:

Quse
p

CoP = 2.1)

The low temperature heat generally is extracted from the environment, more precisely the ground,
outdoor air or ground water. The power driving the process can be either a technical or thermal
one. However, thermally driven sorption based processes are underrepresented on the market, the
vapor compression cycle clearly dominates, whereas the driving power is usually electricity (Platt
et al, 2010). The usable heat flow is transferred directly to the indoor air or to a hydronic heating

system.

In this work, electrically driven compression heat pumps are analyzed which use the ground or the
outdoor air as heat source and have a hydronic heating system as heat sink. As mentioned before,

the term "heat pump" is used synonymously for this kind of heat pump within this work.

2.1.2 The working fluid cycle

A typical working fluid cycle of a vapor compression heat pump is shown in figure2.1 on page 12
and in a log(p)-h-diagram in figure 2.2 on page 12. Several variations of this kind of cycle exist that
use internal heat exchangers and/or multiple compressors and are optimized for certain operating
conditions. However, for the following basic considerations the simple set-up as shown in the fig-
ure is studied. It consists of the evaporator, compressor, condenser and the expansion valve. Heat
is extracted from a low temperature heat source while the working fluid evaporates on a low pres-
sure level, i.e. a low temperature level in the two phase region. Fully vaporized, the fluid enters the
compressor which raises the pressure to the upper pressure level and thus a higher temperature.
In the condenser/gas cooler heat is transferred to the heat sink while the working fluid condenses.

Passing the expansion valve the working fluid pressure falls to the lower pressure level. In real heat

11
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pump cycles pressure losses occur in the heat exchangers, the working fluid is usually super-heated

to avoid liquid in the compressor, the compressor works by producing entropy.

‘ sink ‘
Ty N
condenser
expansion
valve compressor
evaporator
@
4 1
‘ source ‘

Figure 2.1: Basic scheme of heat pump working fluid cycle.

log(p)—>
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Det 4 /

hs = hy hy  hy By

Figure 2.2: Basic heat pump cycle in a log(p)-h-diagram. Numbers refer to states marked in fig-
ure2.1.

The Carnot Cycle

The theoretical, ideal principle of the heat pump process is represented by the reversed Carnot

cycle which presumes isentropic pressure changes and isobaric and isothermal heat transfers. Its

12
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CoP is expressed by

T,
COPg= ——2¢ (2.2)

Tuse - Tsource

where Tyource is the temperature of heat gain and Ty is the temperature of heat output. The differ-
ence between these two temperatures is the temperature lift. Equation 2.2 shows that an increasing
temperature lift leads to a lower COP¢. The dependency of the CoP¢ on source and sink tempera-

ture is illustrated in figure 2.3.

Tuse
L

2656 270 275 280 285 290
TSOUTCB ln K

Figure 2.3: Dependency of COP¢ on source and use temperature, according to equation 2.2.

In real heat pumps the assumptions of the Carnot cycle are not valid; the internal temperature lift
is higher than the used temperature lift because of temperature differences in the heat exchangers.
Furthermore, auxiliary appliances are used to operate the heat pump. The source temperature in
real heat pumps is the temperature of the source medium entering the evaporator, the sink tem-
perature is the temperature of the sink medium leaving the condenser (here: supply water of the
heating system). This leads to a real CoP being distinctly lower than the COP¢. This circumstance
is expressed by the quality grade n¢ which is defined by

CoP

= 2.3
COPC 23)

nc

and ranges from 0.35 to 0.50 according to Zogg (2009), depending on the type of heat pump and its

application.

13
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2.1.3 Efficiency measures

On the one hand the aforementioned non-ideal changes of state and the non-ideal heat exchanges
are the reason for the quality grade being below one. The real CoP also depends on the control

volume that is used for its determination.

Coefficient of performance

The total electric power input to the heat pump device includes the power for the electric drive of
the compressor (with eventual power electronics) and auxiliary drives on the source and sink side

as well as power for internal control appliances. The CoP can thus be expressed as

Quse

CoP =
p el,tot

(2.4)
with Pgj1o¢ as total electric power input. The European standard EN 14511 (2012) defines the
boundary conditions to measure the CoP of electrically driven compression heat pumps. These
are inlet and outlet temperatures on source and sink of the heat pump, air humidity and the al-
lowed deviations and measurement time. It includes power for defrosting of air source heat pump
evaporators and the share of electricity of source and sink drives that is used to pass the pressure
differences of the evaporator respectively condenser. The standard defines conventions for no-
tation of CoP values: The source medium is abbreviated by one letter (e.g. A for air, B for brine)
followed by its inlet temperature into the evaporator in degree Celsius. This is followed by one let-
ter for the sink medium (generally W for water) and its outlet temperature from the condenser!.
This convention is used within this work, too. The former standard EN 255 (1997) should also be
mentioned. The main difference between this standard and EN 14511 (2012) is the temperature
spread in the condenser which is 10 K in EN 255 (1997) and 5K in EN 14511 (2012) which leads to

approximately 7% lower CoP values for EN 14511 (2012) (WPZ, 2009).

Performance Factor

In normal heat pump operation the source as well as the sink temperatures constantly change and
with them the operating point varies. The heat source temperature changes seasonally and diur-
nally. This is obvious for the outdoor air but also occurs for the ground temperature surrounding
the ground source heat exchanger depending on the amount of heat extracted from it (which is
usually higher in winter). The sink temperature (here the supply water temperature) usually de-
pends on the application. Domestic hot water (DHW) demand and radiator heating systems need

high supply temperatures in contrast to floor heating systems. The supply temperature often is

1 For example A2W35 stands for a air inlet temperature of 2 °C and a water outlet temperature of 35 °C.
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controlled according to the heatload. During an operating interval the supply temperature usually

increases.

This shows that in standard applications of heat pumps, the efficiency at one operation point does
not predict its efficiency for a longer operation. Therefore, the heat pump is evaluated by the per-
formance factor PE It is the quotient of the usable heating energy Quse and the total electric energy
Wel,tot: i

_ f Qusedt _ Quse
[ Peiordt  Weor

The calculation of the PF for one year is called SPF (seasonal performance factor). Standards and

PF

(2.5)

guidelines exist for the estimation of the SPF for different applications. Usually a weighting of CoP

values for corresponding operating condition profiles is done and empiric correlations are applied.

The calculation procedure according to the German guideline VDI 4650-1 (2009) calculates the
SPF for heating mode and for hot water production separately and the overall SPF is calculated
weighting the SPF for heating and the SPF for hot water demand. Heat produced through sec-
ondary heat generators is accounted for, too. The assumptions for the calculation are an average
ground temperature (ground coupled devices) and a factor taking into account the annual outdoor
air temperature profile (air source heat pumps). The CoP values used within this calculation are
those determined according to EN 14511 (2012).

The standard DIN EN 15316 (2008) calculates the SPF according to a sum curve of the outdoor air
temperature which is divided into so called bins with a characteristic operating point of the heat
pump. The control volume includes storages and loading pumps and thus offers a possibility to do
a system analysis.

Choosing an adequate control volume is of great importance for the calculation of SPE It becomes
especially important if heat pumps are compared to other heat generators. The efficiency of the
classical heat generator, the gas boiler, is calculated by dividing the useful heat flow in the water
circuit by the fuel power. This means that heat not transferred to the water circuit is considered
as heat loss, even if the boiler is placed in a heated zone. In a fair comparison, those heat losses
have to be considered in heat pump systems as well. The heat losses of the heat pump device are
accounted for in the control volume of EN 14511 (2012). But heat pump systems often contain
storages such as buffer and DHW storages. Their heat losses also have to be taken into account but
often are not, e.g. in the guideline VDI 4650-1 (2009). This is also true for the electricity used for
loading pumps in the storage loading circuit.

Within this work two control volumes for SPF are used. The first one corresponds to the one used in
DIN EN 15316 (2008), indicated by the index 1. The second one corresponds to VDI 4650-1 (2009),
indicated by the index 2.

Control volume 1 is meant to represent the substitute system to a standard boiler system. It in-

cludes all components that are required if a boiler is replaced by a heat pump. Depending on the
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given measurement positions in the field test that is analyzed within this work, the control volume
cannot be exactly matched: The field test objects do not consistently contain a direct heat metering
of domestic hot water (DHW). Generally, DHW is directly measured if a combined storage is used
which allows to calculate a complete energy balance of the storage. In the case of separated DHW
storage and buffer storage, in most cases only the heat being supplied to the DHW is metered. The

control volume is indicated in figure 2.4 and the involved components are listed in table 2.1.

For the same reason, the system in control volume 1 is not always the correct substitute system
for a boiler system. The boiler usually does not need a DHW storage. In spite of these constraints,
control volume 1 is used as it shows the influence of storage losses and supplementary electrical
energy consumption on the SPF compared to control volume 2. For all field test objects measure-

ment data exists to calculate the SPF,. It is also shown in figure 2.4 and table 2.1.

Table 2.1: Comparison of control volumes 1 and 2.

system boundary 1 system boundary 2

heat energy - delivered to heating system - delivered to the buffer storage
(+heating energy delivered by heat-
ing rod, if in buffer storage)

- for domestic hot water generation | - for domestic hot water generation

electric work of - compressor - compressor
- source pump or ventilator - source pump or ventilator
- heating rod - heating rod
- loading pumps

Control volume 2

P - = - - =-———=====ha
1
1

'H%— Heat

Figure 2.4: Scheme of the two control volumes using the example of an AWHP system.

Building
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2.2 Heating of buildings

2.2 Heating of buildings

2.2.1 Heat load

The heated building is one part of the system analyzed in this work. The heat load of the building

largely depends on the outdoor air temperature.

The nominal heat load of a building is usually determined according to the standard EN 12831
(2003). This standard defines nominal outdoor air temperatures Toynom and nominal indoor air
temperatures Troom,nom that are used to identify the nominal heat load of each room by summing
the transmission heat load, the heat load caused by air exchange and an eventual additional heat
load for the heat-up of the room in a specified time period. For the transmission heat losses each
room component’s heat loss is calculated by the product of heat transmission coefficient k and the

temperature difference between the two nominal temperatures:

th,trans,nom =k-A- (Troom,nom - Tout,nom) (2-6)

where k includes the heat conduction in the building part and the convection on the inside and
outside of the building. Both convection coefficients are assumed as being constant. A is the com-
ponent’s surface area relevant for the heat flow. Additional effects (such as thermal bridges or tem-
perature differences other than the aforementioned, e.g. towards the ground) are accounted for by
factors. The sum of the heat loads of all components is the overall nominal transmission loss of the

room. The nominal air exchange heat losses of a room are calculated by

th,vent,nom = Cp,air* 1+ Pair* Vioom - (Troom,nom - Tout,nom) (2.7)

with the specific thermal capacity of air ¢ ajr, its density pair, the volume of the room Vioom and the
air exchange rate n. Overall, the standards uses thermal resistances which are multiplied by the

temperature difference between the nominal temperatures.

The sum of all nominal transmission heat losses and all air exchange heat losses of a building is
the nominal heat load of the building. Considering equations 2.6 and 2.7 and presuming constant
convection coefficients on the inside and outside of all building parts the heat load of a building
can be simplified to a linear characteristic. It is shown in figure2.5 on page 18 and given in the
equation

Qnl,tot = Hiot* (Troom — Tout) (2.8)

with Hio as the total heat loss coefficient. It neglects different temperatures in different rooms
and inner heat gains as well as weather influences? other than the outdoor air temperature but is

commonly used to dimension heat generation systems.

2For example different wind speeds that would effect the convection on the outside of the building shell are not taken
into account.
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Q —building heat load

out,nom room,nom

Figure 2.5: Simplified linear heat load characteristic of a building.

The highest amount of heat demand during a heating season usually does not occur at nominal
conditions. The heat load of a building rises with decreasing outdoor air temperatures. However,
very low temperatures are infrequent. In Germany, usually at temperatures between 0 and 5 °C the

highest heat demand occurs during one heating period (Burger and Rogatty, 2003).

The capacity of a heat generation system often is not only fitted for handling of the nominal heat
load. The capacity of the heat generator is often chosen to fit for DHW generation. Heat pumps are

usually equipped with a DHW storage to avoid largely over-dimensioned devices for heating.

2.2.2 Evaluation of energy demand

The annual final energy demand of a building does not only depend on the outdoor air tempera-
ture. Inner and solar gains reduce the heat demand, DHW demand Qppw increases it. According
to DIN V 4701-10 (2003) the heat demand for room heating Qpearing is calculated with the thermal
resistances® multiplied by degree-day numbers, which are the integrated temperature differences
between the nominal room temperature and the outdoor air temperature. Solar and inner gains

during heating season are subtracted from this demand.

The resulting final energy demand can be multiplied by a primary energy factor fpr to calculate the

primary energy demand PE of the building.

PE = Qfinar - frE 2.9)

with
Qfinal = (Qheating + Qpnw) -lle; (2.10)

3The resistances determined in EN 12831 (2003) can be utilized, see section2.2.1.

18



2.2 Heating of buildings

whereas Ile; is the product of expenditure factors for heat control, emission, distribution, storage,
and generation. Calculation of primary energy demand is particularly interesting if heat genera-
tors that work with different types of final energy are compared to each other?. Primary energy
factors for Germany are usually applied according to DIN SPEC 4701-10-A1:2012 (2012), whereas
in this work due to the time that the field test was executed, DIN SPEC 4701-10-A1-2009 (2009) was
applied. These standards offer two types of mean primary energy factors: One that considers re-
newable energies as primary energy and another one that only considers the non-renewable part.
The latter is usually chosen for evaluation. The primary energy factor for electricity is fpg = 2.6
and for natural gas it is fpg = 1.1 for the non-renewable share (DIN SPEC 4701-10-A1-2009, 2009).
In the current version DIN SPEC 4701-10-A1:2012 (2012) the primary energy factor of electricity
is 2.4. This reflects the increased share of renewable energy in the electricity mix of Germany. It

shows that on the level of primary energy heat pumps are becoming increasingly efficient.

A study comparing the field test evaluated in chapter 3 to gas condensing boilers was conducted
in Huchtemann and Miiller (2012). It showed that regarding primary energy, heat pumps in ex-
isting buildings can be advantageous when compared to gas condensing boilers. In the field test,
however, a lot of them are not, as illustrated by the mean SPF of 2.3 for air-coupled devices and 2.9
for ground-coupled devices. The aforementioned trend of decreasing primary energy factors for

electricity will change this situation in the future.

In this work, the evaluation of primary energy demand is not necessary as it is not the goal to
compare different heat generators but different mono-energetic heat pump systems. Therefore,
a comparison of the final energy and the SPF is sufficient and this is thus the main concept of

energetic evaluation in this work.

2.2.3 Thermal comfort

Fanger (1970) defines factors that influence thermal comfort sensed by human beings. Besides
the ambient and mean radiant temperature, these are humidity, air movement, metabolic rate and
clothing. Whereas thermal comfort is usually assessed with PMV/ PPD®, DIN EN 15251 (2007) also
defines methods to evaluate operative temperatures alone. It defines a temperature band around
a reference temperature which is outdoor air temperature dependent. Discomfort is calculated
either by determining the percentage of hours that the operative temperature is not within the
boundaries or by integrating the differences between operative temperature and these bound-
aries. The latter is a commonly used approach to evaluate comfort, e.g. applied by Hoogmartens
and Helsen (2011). Liao and Dexter (2004) describe a method to evaluate discomfort in multiple
zones by weighting integrals of different zones according to their importance. Hube (2004) uses

the quadratic sum of deviations from a comfort band which thus penalizes high deviations.

4The analysis of primary energy demand allows for a comparison of the heat pump to other heat generation systems.
The standard heat generator and main competitor for heat pumps on the German heat generator market is the con-
densing gas boiler, cf. BDH (2012).

5PMV: predicted mean vote, PPD: predicted percentage dissatisfied, see Fanger (1970).
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Freitas (1985) asserts that people prefer warm over cold thermal sensation. Mayer (2001) states
that the original correlation of PMV and PPD has to be shifted towards positive PMV, which could
be confirmed through experiments at EBC (Streblow, 2010).

2.3 Heat pump systems

Within this section, components of heat pump systems are described from the system point of

view, focusing on the interaction of multiple components.

2.3.1 Heat pump

The heating capacity of boilers usually is chosen equal to or higher than the nominal heat load of
the building which allows for a monovalent operation. According to the characteristic of a heat
pump, the CoP characteristic and the frequency of outdoor air temperatures (and according sup-
ply temperatures) a monovalent operation might not be the optimal operation strategy. Figure 2.6
shows linearized characteristics of the building heat load and heat pump capacity. In a monova-
lent layout the heat pump is strongly over-dimensioned in the typical operation points. If the heat
pump is on/off controlled, which is the capacity control commonly used®, this leads to a strong
cycling behavior. To avoid a fast wear-out of the heat pump compressor through a high number of
operating intervals per heating season and to avoid a strongly fluctuating supply temperature, heat
pump systems are often designed for bivalent-parallel operation (figure 2.6). This allows for lower
heat pump capacities. The cycling of a heat pump is also reduced by an application of heating sys-
tems with high thermal masses. Therefore, radiator heating systems are often equipped with buffer
storages, whereas floor heating systems usually can operate without an additional buffer storage.

Nevertheless, there are also heat pump systems that are designed for monovalent operation.

In bivalent heat pump systems with electrically driven compression heat pumps the second heat
generator often is an electrical heater’. The heat generation system thus is mono-energetic. The
low efficiency with respect to primary energy demand of such heat generators can be justified with
a small number of operating hours, its low cost and the reduced heat pump cost. In Germany, only
15% of heating energy in buildings is applied below outdoor air temperatures of -5 °C (Burger and
Rogatty, 2003). Therefore, a typical bivalent temperature for heat pump systems is -5°C (Brug-
mann, 2006). The additional electrical heat generators are either installed directly into the heat

pump device or into a buffer storage.

The dimensioning of capacity controlled heat pumps follows the same principle. Indeed, within
certain boundaries the heat pump capacity can follow the heat load characteristic. But as a lower

and upper modulation boundary exists, the same considerations have to be taken into account as

6See Uhlmann and Bertsch (2010).
"Bivalent heat pump systems are studied in Huchtemann and Miiller (2010); Klein et al. (2014).
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_ heat pump capacity heat pump capacity
Q —building heat load Q —building heat load
A | A 2nd heat generator
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(a) Monovalent (b) Bivalent-parallel

Figure 2.6: Simplified heat load characteristic of building and heat pump capacity characteristic:
Monovalent and Bivalent operation strategy.

with on-off controlled heat pumps. It might be favorable to use a second heat generator to avoid

an over-dimensioning of the heat pump.

2.3.2 Storages

As mentioned above, it might be necessary to equip heat pumps, especially on-off-controlled heat
pumps, with a buffer storage that increases the inertia of the heating system in order to minimize

the number of operation cycles.

Different rules can be found for the layout of the buffer storage volume. Ochsner (2008) proposes
20 to 301/kW of heat pump capacity at BOW35. According to Viessmann GmbH (2011) a value
of 201/kW is recommended for run-time optimization. However, no information is given on the
power value this figure refers to. In (Viessmann GmbH, 2011) a value of 601/kW can be found for

storages that are to bridge off-periods of 2 h.

2.3.3 Heat sources

The most commonly used heat sources for heat pump heating systems are the outdoor air and
ground. Outdoor air can be utilized with different concepts: Either the heat pump is installed
indoors or outdoors. If it is installed indoors, either the air can be directed indoors, too, to pass
the evaporator, or the working fluid is lead to a evaporator split unit which is installed outdoors.

For heat pumps installed outdoors, higher demands are required for insulation of the unit and

21



Fundamentals

the heating water pipes against the ambient. All evaporators of air source heat pumps have to be
equipped with a fan forcing convection on the heat exchanger. If air has to be lead indoors, pressure
losses and thus required power for the fan is higher than for outside evaporators. Depending on
the conditions, icing of the humidity contained in the outdoor air can occur. This is why it has to
be arranged for defrosting. Several types of defrosting are known whereas the most common is the
reversal of the heat pump circuit which uses heat from the heating system (Hubacher and Ehrbar,
2000).

The most common options of using the ground as heat source are vertical (borehole) and hori-
zontal (collector) heat exchangers. Whereas borehole heat exchangers need a restricted surface for
installation, horizontal heat exchangers consume much more space during installation. Generally,
with the higher depth of boreholes a more stable and higher temperature level can be achieved.
Usually, plastic u-pipes or double u-pipes are used. In all ground source heat exchangers an an-
tifreeze fluid ("brine") is used which has lower heat capacity than water. A specialized brine pump

is used for circulation. Usually, a plate heat exchanger is used as evaporator.

2.4 Hydronic heating systems

Hydronic or water based heating systems are common in German one family homes. A standard is
the two pipe system with a supply and return line. The heat delivery system in existing buildings is

usually a radiator. Floor heating systems are also applied with water based distribution systems.

2.4.1 Distribution

Heating at nominal conditions, the two-pipe hydronic heating system has to deliver the nominal
mass flow to each distribution unit (radiator or floor heating). Usually this is accomplished by
executing the hydraulic balance. It means that the hydraulic section with the highest pressure drop
at nominal mass flow conditions is detected. In a next step all other sections are equipped with an
additional pressure drop to allow their nominal mass flows to pass at the same pressure difference.

Therefore, radiator control valves are often equipped with an adjustable hydraulic resistance.

The pump of the heating system is designed according to the maximal pressure drop and the total

nominal mass flow rate which is the sum of nominal mass flows of all distribution units.

2.4.2 Heat delivery

Radiator heating systems are generally designed to deliver a heat flow rate matching the nominal
heat load @ of the building. During the design process, the nominal heat load is determined for

every room of the building and the radiator for each room is chosen accordingly. The radiator has

8See section 2.2.1.
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a sufficient heat emitting surface to deliver the nominal heat load of the room using the nominal
supply temperature Tsy nom and the nominal temperature spread (Tsunom — Tre,nom) (With Tre nom
as the nominal return temperature). The nominal temperature spread implies a nominal mass

flow, presuming the design heat emission of the radiator is met.

The heat flow to the heated room can be expressed with the mass flow rate 7z, the specific thermal

capacity of water ¢, w and the supply and return temperature of a radiator:

Q=rir-cpw (Tou— Tre) 2.11)

The dependency of the radiator heat flow on the involved temperatures (assuming a constant mass

flow rate in the radiator) can be described by the following equation (Gliick, 1990):

, ATy \"
Q _ ( log ) 2.12)

Qnom

A Tlog,nom

Q is the radiator heat flow rate, n is the radiator index which accounts for operation outside of
nominal conditions. The subscript 'nom’ indicates the nominal value. The mean logarithmic tem-

perature difference is defined by
TSll - Tre

Tsu—Troom ) ’
l n ( Tre_ Troom

ATiog = (2.13)
Here Ty, and Tpe are the supply and return temperature of the heating fluid and Typom, is the room

air temperature.

Figure 2.7 on page 24 shows qualitative characteristics of a radiator according to equation 2.12 and

the following equation: .
Q _ 1 Tsu—Tre

Qnom Mnom Tsu,nom - Tre,nom

(2.14)

It shows the possibilities of influencing the heat flow rate of the radiator by adjusting the flow tem-

perature and the mass flow rate.

2.4.3 Control

In two-pipe water based heating systems generally two possibilities of controlling the heat emis-
sion exist: The excess temperature can be controlled (equation 2.12) or the the mass flow can be
controlled (equation2.11). Typically both types of control are used in a typical hydronic heating
system. The supply temperature is controlled centrally depending on the outdoor air temperature
(heating curve). In this way, the main influence on the heat load of a building (see figure2.5 on
page 18) is considered. A decentralized control of the heat emission according to solar and inner

gains of a heated zone is done with thermostatic valves.

Presuming a constant nominal room temperature and nominal mass flow, the heating curve can
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ﬂroom = ﬁroom,nom
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(a) Dependency of heat emission on mass flow

(b) Complete characteristics

Figure 2.7: Qualitative characteristics of a radiator. Supply temperature 9g,, return temperature
Jre, room temperature 9yo0m, radiator heat emission Q, mass flow rate 77, Adgy = Ogu —
room, Are = Ore — Froom- Nominal values: 'nom’.
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be calculated with equations 2.8, 2.11, 2.12 and 2.13:

_ATl—l/rz
Troom,nom — (Troom,nom +Cp- ATout) e out
Tsuheu(AToud) = 1 PN L (2.15)
—e out

-1/
Wlth C] — Tsu,nom_Tre,nom Co = Cr* (Troom,nom_ out,nom) "

ATout =T, — Tout.
Tro0m,nom— Tout,nom ’ A Tlog,nom ’ out room,nom out

The heating curve is often calculated in a simpler way using an arithmetical instead of a logarithmic
temperature difference or using substitute equations with a similar characteristic. By lowering the
supply temperature, the mean logarithmic temperature difference between the heating fluid inside
the radiator and the room air volume ATjog is decreased. This implies a lower heat flow rate which
is transmitted to the room (assuming a constant mass flow rate in the radiator, figure 2.8). A heating

curve can also be calculated for the return temperature.

m = Mnom

79r00m = ﬁroom,nom
ﬁsu,nom I ) |

VUsu —>

,&room,nom’ T

ﬁout,nom 1901145 —> ﬁroom,nom

Figure 2.8: Qualitative heating curve and dependency of heat emission on supply temperature.
Supply temperature dJg,, outdoor air temperature Jqyt, room temperature 9yoom, ra-
diator heat emission Q, mass flow rate r1. Nominal values: 'nom’.

Besides the outdoor air temperature, inner loads and solar gains influence the heat load of a build-
ing. Therefore, on room level, thermostatic valves are used as controllers’. Thermostatic valves

usually adapt the mass flow rate in each section of the hydraulic network to control the heat flow

rate of the radiator.

The valve position x is defined as the relative valve lift. At a valve position of x = 0 the valve is fully

closed, at the maximum valve lift x = 1, the valve is fully opened. Figure 2.9 shows a typical control

9See Recknagel et al. (2009), p. 663.
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characteristic of a thermostatic valve. At the room set temperature, the valve position is x,om = 0.5
which allows the nominal mass flow rate to pass the valve. Above and near to the position 0.5 the
characteristic is linear. The proportional range AT, is the difference in room temperature between

the position x = 0, and the nominal position xyom = 0.5.

Lnoml Mnpom [

Al A
g | €
5| &
+ ~
(73]

S| 3
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= 2

O~ 0 *

ﬁroom,set 19room,set + Aisz
Room temperature ¥,oom —>

Figure 2.9: Characteristic of the thermostatic valve. Proportional range AT}, valve position x, mass
flow rate i1, room temperature Jroom, room set temperature 9room,set-

The typical control of a heating system with radiators is shown as a functional diagram in fig-
ure2.10. For simplification only one heated zone is shown. The two control loops are shown:
The supply temperature control is controlled by the operation of the heat generator, mostly im-
plemented with a sufficient hysteresis to avoid strong cycling behavior (in the case of an on/off
controlled heat generator). The mass flow rate through the radiator is controlled by a valve which

in turn is controlled by the thermostatic head .

2.5 Heat pump heating systems

2.5.1 Composition

The heat pump system and the heating system are usually hydraulically separated from each other.
This can be done using a low loss header or a hydraulic switch!?, whereas often a buffer storage

serves as hydraulic switch. The separation allows for different mass flow rates in the condenser

10gee Ochsner (2008).
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Figure 2.10: Functional diagram of a heating system with heating curve control and thermostatic
valves (simplified with one heated zone).

circuit and the heating circuit, which is beneficial as the mass flow rate in the condenser cycle can
be higher than in the heating circuit. In addition, when the heat pump is off, the heating system

can still be operated.

When zones with different heat emission systems exist in one heating system, the hydraulics can

be split into parts that are operated with different supply temperatures.

Domestic hot water (DHW) storages are usually integrated into heat pump heating systems by an
additional loading circuit that is connected to the condenser of the heat pump by using a three way

valve. Either heat is delivered to the heating circuit or to the DHW storage.

2.5.2 Control

111

This section does not cover the internal control'® of the working fluid cycle but the upper level

control of the heat pump system. Likewise, security control features are not part of this section.

Most standard concepts as well as most advanced concepts'? separate the control of the room or
heat emitting surface from the heating temperature or system control. However, a typical way of
including the room temperature in the system control is to apply a reference room temperature

sensor that calculates an off-set on the heating curve.

On-off controlled heat pumps are controlled using a hysteresis of the supply or return temperature.
The set temperature is calculated by a heating curve. The hysteresis can either be a constant or a
variable one. The return temperature control has the advantage of providing information from
the heated rooms. A high return temperature means that heat cannot be transferred to the heated

rooms, a low one means that heat is transferred to the heated zones. However, in this kind of

1A brief literature overview on this subject is given in section 1.3.
12gee section 1.3.4.
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system there is no direct control of the highest system temperature. Either it has to be assured that

the system is well designed or additional sensors or controls have to be applied.

Besides the heating system inertia and the heat pump capacity, the hysteresis determines the length
or number of operating cycles of an on-off controlled heat pump. Whereas a constant hysteresis
leads to relatively short cycling with low heat loads (at low supply temperatures) and long opera-

13 evens out this

tion cycles at high heat loads (at high supply temperatures), an integral hysteresis
mismatch. Thus high hysteresis leading to unnecessary over-heating at high supply temperatures

is avoided.

For capacity controlled heat pumps a combination of a hysteresis control and continuous control
(e.g. PI) is required because in a certain range the capacity can be adapted to the heat load of the

building. Step-wise adjustment, however, is also common.

135ee Madani et al. (2013).
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3 Field test analysis

3.1 Description of the field test

3.1.1 General description

The analyzed field test, launched in 2007, was conducted by the Fraunhofer Institute for Solar En-
ergy Systems in Freiburg (Miara et al., 2007; Russ et al., 2008). It contains 77 heat pump systems
installed all over Germany. In this work, the field test was evaluated for the years 2008 and 2009
and for 42 objects based on available data records. 18 air-to-water heat pump (AWHP) systems as
well as 24 brine-to-water heat pump (BWHP), i.e. ground-coupled systems, are analyzed. The heat
pumps, produced by a variety of manufacturers, were installed by local companies. The institute
conducting the test did not have any influence on system design or choice of components. The test
does not show ’best practices’ but ’as built in’-results for heat pump systems for space heating and

domestic hot water generation in existing one family houses with water based heating systems.

Since the field test has been launched, several years have passed and there are new developments
for the heat pump as domestic heat generator. One main development is that today, capacity con-

trolled heat pumps are introduced to the heat generator market!.

Other developments concern the hydraulic setup or integrated solutions (EHPA, 2012). So called
reversible heat pumps are applied more often. Here the word reversible refers to the heat pump
function that can be reversed, thus it can be used for cooling purposes?. Working with BWHP dur-
ing cooling mode, mostly during summer, the heat inserted to the ground can recover the ground
temperature and raise efficiency during heating mode in winter. The ground works as a seasonal
storage (De Ridder et al., 2011).

Despite these developments, on/off-controlled heat pumps as used in the field test are still widely
used. However, manufacturers have reacted to the growing use of heat pumps in existing buildings

by introducing devices with economizers and injection working fluid cycles (Trockel, 2011).

3.1.2 Typology of buildings

The buildings of the field test are existing buildings that were formerly heated with oil boilers. The

users are clients of different regional electricity companies associated with E.ON SE.

1E.g. see (Bugbee and Swift, 2013).
2E.g. see Self et al. (2012).
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Figure 3.1: Annual specific heat consumption and corresponding year of construction of buildings
in the field test.

Figure 3.1 shows the construction years of the buildings represented in the field test and their spe-
cific heat demands. A correlation of heat demand (or insulation standard) with the year of con-
struction cannot be identified. In a diploma thesis dealing with this aspect no correlation of the
year of construction, the respective building insulation standard and the heat consumption or
heat pump efficiency could be found (Fiitterer, 2010). Even some of the newest buildings achieve
high heat demands, probably generated by user behavior. A comparable observation is made with
respect to the design supply temperatures of heating systems: some of the newest buildings are

equipped with heating systems that need relatively high supply temperatures.

3.1.3 Measurement and data processing

An overview on measurement equipment and data processing and transmission is given by Miara
et al. (2007). For loading and heating circuits heat meters with ultra sonic sound flow meters with
error margins according to EN 1434-1:2007 (2007) (grade 2) are used. For a temperature differ-
ence of 3K and a mass flow rate of 0.1kg/s, a relative error of +7% is calculated according to EN
1434-1:2007 (2007). It has to be noted that measured temperature differences have the strongest
influence on the error margin and temperature differences of 3K or less are likely to occur in the
condenser water circuit of a heat pump. Electric currents are measured with three phase current
meters of grade 1 according to EN 62053-21 (2003) which means that error margins of +1 % occur.

For the calculation of seasonal performance factors overall relative errors of £8% have to be ex-
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3.1 Description of the field test
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Figure 3.2: Scheme of an AWHP system with typical measurement points in the field test.
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pected. The heat meters in brine circuits and directly measuring DHW have higher error margins

because mechanical flow meters are used.

The field test data are available as time series of measurements of temperatures, volume flows,
and electric currents (1 minute time steps). Not all data is available for every time step and every
object due to breakdowns of measurement equipment or data transmission. In some cases, mea-
surement points are missing to calculate values within the desired control volume. To allow for the
comparability of objects, a small amount of missing data is tolerated and filled up with data cal-
culated by outdoor air temperature-dependent regression functions. Missing data of the outdoor
temperature is taken from the German Metrological Service weather station nearest to the field test
object. Objects with more than 15% of the 2008 and 2009 data missing are not taken into account
(Fiitterer, 2010). Finally, 42 objects have a sufficient data basis, whereof 18 are AWHP, 17 are BWHP

with vertical, and 7 are BWHP with horizontal ground source heat exchangers.

The typical measurement points of a heat pump system in the field test are shown in figure 3.2 for a
sample AWHP system. Each system has a different configuration and partly different measurement
points. In most cases, there are no measurement points closer to the distribution system than
the ones shown in the figure. This means that no conclusions can be drawn about the exact heat

distribution and user behavior. The exact positioning of sensors is not known.

The coverage of measurement differs between field test objects, as also system arrangements differ
in the field test. Thus, not every balance or examination can be accomplished for all field test
objects. For this reason, analyses in this chapter contain different numbers of objects (in figures,

the number of objects is indicated by the value n).

Within this work the data processing was done using the software MATLAB®3. The basic structure

of data handling was developed in a diploma thesis and is described in Fiitterer (2010). Curve

3See MATLAB (2014)
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fittings, which are mostly applied to fill up missing data are done using linear or nonlinear least
squares with the trust region method.

The measurement data series of electric power and heat flow show a certain delay to each other
which might be due to the sampling interval and reaction time of different measurement equip-
ment as well as data processing. When the time series of electrical power assumes a positive value
this shows a start-up of the heat pump. The same applies for the volume flow rate in the condenser
circuit. In figure 3.3 these time instants are compared to each other for the time of one day. The

delay is not constant over time.

T
!

2.5

week 1

Delay in min

0 1 2 3 4 5 6
Time in d

Figure 3.3: Measurement data, object6: Delay of electrical power start-up and volume flow rate
start-up at the beginning of an operating interval. "week 1" refers to the reference weeks
(see section 4.2).

3.1.4 Heat pumps and heating systems

The heat pumps used in the evaluated field test objects are electrically driven compression heat
pumps with standard refrigerants, such as R407C (29 objects), R404A (6 objects), R410A (4 objects)
and R134A (2 objects). They are not speed controlled. The heat pumps either operate at full load
or are off (on/off-controlled). This is why most of the heating systems are equipped with a buffer
storage to reduce the number of operation cycles. The heating supply temperature is generally

controlled depending on the outdoor air temperature.

Of the 42 analyzed objects, 26 are equipped with radiators, 6 with floor heating systems and 10

have both heating systems. In the latter case, it is not known how the two distribution systems are
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3.2 Seasonal performance factors

connected (serially or in parallel). Usual nominal heating supply temperatures for floor heating
systems are 40 °C, for radiator heating systems 55°C*. DHW flow temperatures are in a range of
45°C to 60°C in the field test. The fraction of heat used for DHW generation related to the overall
heat used is between 5 and 15% for most field test objects. Only four buildings with low specific
heating demands have values between 20 and 40%. In buildings with low heating demands the
percentage used for DHW generation is higher. This generally leads to a lower overall heat pump

efficiency because of a higher mean temperature lift.

3.2 Seasonal performance factors

3.2.1 Determination of SPF

The determination of performance factors requires the determination of the electric and thermal
energies in the respective control volumes. For each object a different amount of data at differ-
ent times of the year is missing. But a comparability of the field test objects has to be ensured.
Therefore, as mentioned above, the missing data is replaced by regression functions. Regressions
are done for the daily values of thermal energy output of the heat pump Qq and the daily values
of electric energy consumption of the heat pump W, 4 depending on the daily mean outdoor air
temperature. The daily thermal energy output consists of the thermal output for heating and for

domestic hot water generation:
Qa = Qa1 + Qd,pHW 3.1

Depending on the considered control volume, the thermal energy for heating can be measured in
the loading cycle (LC) or the heating cycle (HC) of the heat pump system. Usually, the LC connects
the heat pump condenser and a storage, the HC connects the storage and the heating system of the
building. If the system has no buffer storage, the HC is directly connected to the condenser of the

heat pump.
The aforementioned quantities are fitted to a sigmoid function according to BGW (2006):

1
C2

Eq= I
4+ ——2
(19011t,d —190)§

+C4 (3.2)

Here, Eq4 stands for the daily energy which is thermal or electrical energy depending on the quantity
fitted. ¢ to ¢4 are fitted constants. 9y is a parameter set to 40 °C (BGW, 2006).

Deviation of data occurs because of the non-outdoor air temperature dependent influences such
as other weather influences (wind, solar radiation), user influences such as inner gains, ventilation

or controller settings and transient effects (history of above influences).

4The nominal outdoor air tempreature usually is -16 °C to -12°C in Germany.
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The data of each field test object is manually revised. Non-typical data is deleted. For example,
relatively low values of heating energy on days with low outdoor air temperatures is not used for
regression. The data is plausible (e.g. the house is not used and the heating is therefore turned off)
and used for overall evaluation. However, the regression is supposed to be calculated for a typical

day of the according mean outdoor air temperature.

Figure 3.4 shows the data of thermal energy in control volume 2 for object 30. The regression fits
the original data set very well. Figure 3.5 shows the same kind of data for object 33. Here, a data
processing as described above is necessary (see right side of figure). This approach is also used for

the electric energy.
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Outdoor air temperature ﬁout,d in °C

Figure 3.4: Daily thermal energy and daily mean outdoor air temperature dependent regression
according to equation 3.2 for object 30.

The mean SPF; for all AWHP is 2.28, for all BWHP 2.90. The SPF; values are 2.51 respectively 3.19.
Figure 3.6 on page 36 shows that both groups achieve a wide range of SPF; (AWHP: 1.77 to 2.87,
BWHP: 1.94 to 3.95). And the same applies to the SPF, (AWHP: 1.63 to 3.45, BWHP: 2.15 to 3.95).

A comparison of the SPF according to the two control volumes in figure 3.7 on page 36 shows no
constant offset between them. Whereas the difference for certain objects is up to 0.8, both SPF
of object 2 are equal (value 3.95). This object does not include a storage. Four heat pump systems
have solar thermal collectors (three BWHP, one AWHP). Three of them achieve SPF below the mean
value. This is a common effect, as solar heat replaces thermal energy. This particularly takes place

in transition seasons when boundary conditions are advantageous for heat pump operation, too.
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Figure 3.5: Daily thermal energy and daily mean outdoor air temperature dependent regression
according to equation 3.2 for object 33.
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Figure 3.6: Seasonal performance factors in the control volume 1 of evaluated field test objects,
years 2008 and 2009. AWHP (left) and BWHP (right).
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Figure 3.7: Comparison of SPF calculated according to control volume 1 and 2, years 2008 and
2009.

36



3.2 Seasonal performance factors

3.2.2 Classification of heat pump heating systems

The major parameters influencing the performance of heat pump systems are determined by clas-
sifying the objects. Conclusion have to be drawn from this carefully as cross correlations occur. For

example, all systems without buffer or combined storages are BWHP systems.

Tables 3.1 and 3.2 show the mean SPF; and SPF, for groups of field test objects classified according
to heat source and heat emitting type. The tables also show the number of objects and the standard

deviation of the SPF in each group.

Table 3.1: SPF, for field test objects grouped according to heat source and heat sink type. In brack-
ets: number of systems, standard deviation. The group "Both" contains heat emission
with radiators as well as floor heating.

SPF,; Radiators Floor heating Both All systems
AWHP 2.12(10,0.24) 2.62(1,0.000 2.72(3,0.14) 2.28(14,0.34)
BWHP 2.77(10,0.49) 2.95(5,0.30) 3.06(6,0.53) 2.90 (21, 0.46)

All heat sources 2.45(20,0.50) 2.89(6,0.30) 2.94(9,0.45) 2.65(35,0.51)

Table 3.2: SPF, for field test objects grouped according to heat source and heat sink type. In brack-
ets: number of systems, standard deviation. The group "Both" contains heat emission
with radiators as well as floor heating.

SPF, Radiators Floor heating Both All systems
AWHP 2.32(11,0.36) 2.93(1,0.000 3.08(3,0.33) 2.51 (15, 0.47)
BWHP 3.03(11,0.40) 3.30(5,0.44) 3.36(7,0.32) 3.19 (23, 0.40)

All heat sources 2.68 (22,0.52) 3.23(6,0.42) 3.28(10,0.33) 2.92(38,0.54)

Generally, the BWHP are more efficient which can be explained with higher source temperatures in
the main heating season. Floor heating systems are generally operated with lower supply temper-
atures than radiator heating systems which leads to higher efficiency of the heat pump. Systems
with both heat emission types reach SPF values on the same level as systems with floor heating.
This allows the conclusion that low supply temperatures are used within these systems. Neverthe-
less, because of the number of objects in each group and the standard deviation a more detailed
evaluation of the heat pump efficiency is required. An analysis of quality grades of the heat pump

types is done in section 3.3.5.
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Figure 3.8: Monthly temperature lift and performance factor of object 6 (AWHP), field test results
for 2009, control volume 2.

3.3 The temperature lift

Figure 3.8 shows the monthly average of the operation temperatures in the loading circuits for heat-
ing and DHW, as well as the average of these two temperatures which is weighted according to the
particular heat consumption (indicated in pie charts). In this case the source temperature of the
heat pump is the outdoor air temperature. Thus, the mean temperature lift for each month is
shown in the upper chart. The monthly performance factors are influenced by the temperature
lift. This becomes even more obvious with the characteristics of a BWHP object in figure 3.9. The
strong impact of the temperature lift on the heat pump performance is shown as well as its yearly

deviation and the influence of DHW generation.

3.3.1 Main outdoor temperature of heating

in,heating . .
out 8 is defined as the outdoor air temperature at

A main outdoor temperature of heating 9
which the highest amount of heating energy is delivered to a heated zone. For the years of 2008 to
2009 it is calculated for the field test data set as follows: A frequency distribution of 9y 4 values is

generated which can be plotted to a histogram as shown in figure 3.10.
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Figure 3.9: Monthly temperature lift and performance factor of object 12 (BWHP), field test results
for 2009, control volume 2..
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Figure 3.10: Histogram of mean outdoor air temperature of field test object 1 (years 2008 and 2009).
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Figure 3.11: Histogram of the heating energy demand of field test object 1 (years 2008 and 2009).

From the correlation of daily heating energy and daily mean outdoor temperature® the histogram
in figure 3.10 can be transformed into the one in figure 3.11. The maximum value in this example
is at f_)out,d = 4°C, which is the main outdoor air temperature of heating for object 1. For all field
gheating,main

test objects 190ut' d

figure 3.12. This verifies the common use of an air temperature of 2 °C as the nominal operating

have values between -2 and 12 °C, whereas 2 °C is the most common, see

condition in Germany for AWHP (Burger and Rogatty, 2003).

3.3.2 Main source temperature, heating operation

For AWHP the source temperature is the outdoor air temperature. For heat pump heating opera-
tion, not the daily mean outdoor air temperature éout,d, but the outdoor air temperature at heating

operation determines the efficiency of the working fluid cycle. Therefore, the daily mean outdoor
eating
ut,d

outdoor air temperatures at times that the heat pump electric power is positive and when no DHW

air temperature at heating operation 192 is calculated. It is the daily mean value of measured
generation is active. Figure 3.13 shows that the two temperatures differ particularly at high out-
door air temperatures, when the operation time is short compared to the time of one day. It makes
gheating

) tends to be lower

out,d
than f_)out,d- At main outdoor air temperatures of heating operation ﬁgiiténg generally equals 1‘_)0ut,d.

sense that heating operation occurs in colder times of the day. Hence

For BWHBP, the brine flow temperature is the source temperature. The brine temperature changes

5See section 3.2.
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Figure 3.14: Daily mean of brine supply temperature in heating operation for field test object 2
(years 2008 and 2009), fit according to equation 3.3.

according to the direct outdoor air temperature influence and particularly according to the thermal
heat which is extracted from the borehole. The latter again depends on the outdoor air temperature
as has been stated in section 3.2. Given the inertia of the borehole, the daily mean of the brine
. gheating

supply temperature at heat pump operation 9 . == ,

outdoor air temperature 1E)out,d~ A typical correlation is shown in figure3.14. It shows that with

can be correlated to the daily mean of the

lower outdoor air temperatures the brine supply temperature decreases to a certain point (here it
is around 0°C) below that it stays on a constant level. An arc tangent function can describe this

type of correlation and is used as regression function to fill in missing data:

gheating, main A
brinesud = Cl° arctan ¢z -Oguq + €3 + €4 (3.3)

With the correlations for AWHP and BWHP the main source temperatures dsource,main can be de-
termined using the main outdoor air temperature of heating. For AWHP the two temperatures
are the same, for BWHP the main outdoor air temperature of heating is used in equation 3.3. The
main source temperatures of the field test objects are shown in figure 3.15. Its mean value is 2.1 °C
respectively 4.5 °C for AWHP and BWHP.
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Figure 3.15: Main source temperatures in the field test.

3.3.3 Main heating supply temperature

A heating curve®

usually describes a supply temperature control strategy that determines the sup-
ply set temperature of a heat generator according to the outdoor air temperature as a feed-forward

control.

In the field test, outdoor air temperature dependent control of heating temperature can be de-
tected. It is not known and one cannot determine from the data which kind of control is used (sup-
ply or return temperature). A linear function therefore fits the supply temperature to the outdoor

air temperature. This is shown in figure 3.16 on page 44 for the example of object 12.

heating,main .

The main heating supply temperature g, is determined by the linear heating curve value

at the main source temperature in heating operation. Figure 3.17 on page 44 shows the respective

values for the loading circuit. The mean values for the three groups "floor heating", "radiator and
floor heating" and "radiator" increase in this order. However, in all groups there is a wide range of

supply temperatures which makes a grouping according to the distribution questionable.

6See section 2.4.3.
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Figure 3.16: Daily mean supply temperatures of object 12, linearly fitted with the outdoor air tem-
perature (linear heating curve).
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Figure 3.18: SPF; and main supply temperature in the heating circuit (HC).

3.3.4 Temperature lift and heat pump efficiency

Given the dependency of the COP on the temperature lift, the supply temperature is the main in-

fluence on the efficiency of heat pumps presuming a given source temperature.

A clear dependency of the SPF on the heating supply temperature cannot be detected (figure 3.18).
Nevertheless, it can be seen from the figure that the supply temperature limits the efficiency. There
are obviously additional influences. In this figure it has to be noted that DHW supply temperature

and ratio are not taken into account.

The relevant control volume for an evaluation of the influence of the supply temperature on heat
pump efficiency is control volume ’2’, as temperatures are measured directly in the condenser wa-
ter circuit. The main correlation of the SPF, with the main supply temperature (according to sec-
tion 3.3.3) can be described by equations 2.2 and 2.3. This leads to the following regression func-
tion:

gmain 4 273.15K

19main _ 19main
su,HC source

Figure 3.19 (page 46) shows the regression classified for AWHP and BWHP of the field test. The
coefficient of determination R? is 0.47 for the data set of AWHP nc fitawnp = 0.32 and 0.12 for BWHP

SPF, =

‘TC fit (3.4)
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Figure 3.19: SPF, depending on main supply temperature in the loading circuit. Coefficient of de-
termination R? for the given fitting function is given in the legend separately for AWHP
and BWHP.

with n¢ 6t pwrp = 0.37. The quality grades achieved in the field test are at the lower boundary of the
range defined by Zogg (2009)”.

Regarding the low coefficient of determination, the evaluation method with mean temperatures
described before does not seem appropriate. Instead of this, in the following paragraphs, the char-
acteristic of the quality grade is evaluated at first and more detailed static calculation methods are
then applied to the field test data.

3.3.5 Quality grades

The quality of a heat pump device is expressed by the quality grade’. To evaluate the quality grades
of the devices used in the field test, the standard CoP is divided by the CoPc¢. The latter is calculated
according to equation 2.2 with the standard temperatures. The mean quality grade for AWHP is 0.36
in standard conditions and 0.51 for BWHP in standard conditions. The values range from 0.33 to
0.42 for AWHP and 0.49 to 0.57 for BWHP.

The quality grades achieved within the field test within 2008 and 2009 are calculated by :

Tsu,LC - Tsource

nc = SPF, . ————__Souce (3.5)
Tsu,LC

7See section 2.1.2 for more detail on quality grades.
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Figure 3.20: Quality grades of heat pumps used in the field test. Values are calculated with CoP
data from heat pump tests according to EN 14511 (2012) at operating points A2W35
and BOW35 (manufacturer data).

The results show lower values than in standard conditions which are shown in figure 3.20. The
quality grades calculated with equation 3.5 are 0.32 for AWHP and 0.37 for BWHP. These values
equal the quality grades resulting from the fit of equation 3.4 to measurement data, in spite of the
low correlation coefficients shown in figure 3.19. A correlation between the quality grades calcu-
lated from measurement data and those computed from CoP data can not be found. Especially the

mean value for BWHP shows a big difference to the one in standard conditions.

For each heat pump, a typical characteristic of the quality grade depending on the temperature
lift is identified from the manufacturer’s data. Quality grades calculated from field test data analo-
gously to equation 3.5 and quality grades calculated with manufacturer’s data and the mean daily
source and sink temperatures are compared. Qualitatively, the basic temperature dependent char-
acteristic can be modeled this way, but generally, an offset is detected. This can be seen in fig-
ure 3.21 (page 48): Two typical characteristics are each compared to the ones calculated with table
data using the daily mean temperatures as input data. Whereas for object 6 the calculated data

does not fit the measurements well, for object 33 it does.
Possible reasons for the differences are

> the uncertainty of measurements,
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Figure 3.21: Daily quality grades measured during 2008 to 2009 and calculated with manufacturer’s
data.
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> heat losses that are not accounted for in the manufacturer’s data,

> auxiliary energy demands that are not accounted for in the manufacturer’s data,

> mass flow rates different from nominal conditions,

> transient influences shorter than one day (such as on/off control and other control influ-

ences, DHW generation) and

> user interactions.

3.4 Static calculation methods

Calculation methods exist that try to include several of the aforementioned influences. As men-

tioned in section 1.3.3, the guideline VDI 4650-1 (2009) is commonly used in Germany for a rough

prediction of a SPE usually in the design phase. It uses CoP at one (BWHP) or three (AWHP) oper-

ating conditions. As expected, the results of this kind of calculation method correlate badly with

the field test results. However, a rough ranking of heat pump heating systems is possible (see fig-

ure 3.22).

4.5}¢

3.5¢

SPF,

2.57

1.5

Figure 3.22: Comparison of SPF calculated according to control volume 2, years 2008 and 2009 and

according to VDI 4650-1 (2009).

Another, more sophisticated calculation method for heat pump annual performance calculation is

described in DIN EN 15316 (2008). It calculates the heat pump performance in time steps based on
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Figure 3.23: Comparison of SPF calculated according to control volume 2, years 2008 and 2009 and
according to DIN EN 15316 (2008) with temperature input data from the field test.

the time step of the given outdoor air temperature data. CoP values are calculated for all occurring
air temperatures in 1 K steps. They are then weighted according to a frequency distribution of air
temperatures. For CoP calculation, performance maps of heat pumps can be used. Additionally,
DIN EN 15316 (2008) considers the following influences on heat pump performance:

> Back-up heaters in a bivalent operation,

> heat losses of storages and distribution,

\

DHW generation,

\

auxiliary electric energy demand and
> heating curve control.

Here, the calculation method is executed with input data from the field test: The outdoor air, supply
and brine temperature (the latter in the case of BWHP) and the ratio of heat demand for DHW and
heating are used as input data. When a comparison to SPF, is done, heat losses of the storage are
not accounted for. Ten field test objects are chosen for this evaluation - the results are displayed in

figure 3.23. The according table data is shown in appendix A.

The deviations are too high to be explained by the uncertainty of measurements®. Here, too, a

number of influences are not taken into account in the calculation. As a result of these analyses,

8See section 3.1.3.
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the need for even more detailed calculation methods becomes evident. With the given methods, it
is not possible to fully understand and evaluate the functioning of heat pump heating systems. An
approach for a calculation method including additional effects is developed in chapter 4. However,
the field test is further evaluated in order to additionally detect typical operating characteristics of

heat pump heating systems.

3.5 Operational characteristics

3.5.1 On-off cycling

The analyzed field test objects operate with on/off controlled heat pumps. This leads to a discon-
tinuous operating behavior where the number and length of operating cycles depend on various

influences.

The main influences are the head load with its level, its dynamics and the thermal mass or inertia
of the heating system. The basic characteristic of cycles can be explained by a simplified model of
the heating system: In a given AWHP system the heat pump capacity and the heat load are known.
A buffer storage represents the main thermal mass in the hydraulic system and is assumed being
fully mixed. Furthermore it is assumed that during heat pump operation the whole thermal mass
is heated up by a constant temperature difference AT.y. One is able to calculate the time Aty

during which the heat pump operates using an energy balance:

Qup—QBs—Qn =0 (3.6)

By assuming a linear increase of temperature we can calculate Azyn:

mgs- Cp,w

Aton = = -
o Qnp — Cni

(3.7

The same can be done for the time that the water temperature decreases Afqs. In this case the

energy balance is

Qs —Qn =0 (3.8)
This leads to
mgs - Cp,w
Atogg= ———2= (3.9)
Qni
The time for one operating period is
Atper = Alon + Al (3.10)

Assuming the AWHP and a building with outdoor air temperature dependent characteristics as
shown in figure 2.6 on page 21, it is possible to calculate the daily number of operating cycles and

the length of operating cycles both as outdoor air temperature dependent characteristics. This
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Figure 3.24: Qualitative characteristic of number of daily operating cycles n,p ¢ depending on the
mean daily outdoor air temperature Toy 4. The arrows indicate the shift of the curve’s
maximum with increased heat pump capacity Qyp, buffer storage volume Vg and
control hysteresis A Thys;.

kind of characteristic is shown in figure 3.24. For a given building (with its given heat load charac-
teristic) the influences of increasing heat pump capacity, buffer storage volume and on/off control

hysteresis are indicated.

Figure 3.25 shows the daily number of operating cycles n,p depending on the daily mean outdoor
air temperature for field test object 3. It was found that a Gaussian curve as shown in figure 3.25
describes the basic dependency of the daily operating cycles on the outdoor air temperature. The
correlation used is as follows:

- 2
Mopd = C1-€ ((Qoura—c2)/c3) ey (3.11)

When the heat pump capacity is lower than the building heat load, theoretically, the heat pump
can operate continuously. When the heat pump capacity is higher than the heat load (generally
at outdoor air temperatures above the bivalent point) the heat pump operates discontinuously. At
high outdoor air temperatures the heat load decreases or attains zero. A small number of operating
cycles suffices to deliver the daily heating energy (or only domestic hot water energy). There are
clearly other influences on the number of operating cycles than the outdoor air temperature, as
there are influences on the heat load other than the outdoor air temperature, too. The dynamic

during one day alone is one reason for different numbers of cycles at the same ’-E)out,d~

The distribution of the number of daily operating cycles across the outdoor air temperature and

the maximum of the curve can be identified. The according outdoor air temperature 9out,n,max
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Figure 3.25: Daily operating cycles depending on the daily mean outdoor air temperature. Field
test data of object 3, years 2008 and 2009.

(it equals c3 in equation 3.11) correlates with the bivalent temperature 9y;y, as can be seen in fig-
ure 3.26 (page 54). This indicates that the characteristic of operating cycles correlates with the di-
mensioning of the heat pump. The set-off of the curve is given by ¢4 in equation 3.11 and is close to
1 for most of the objects which indicates that aside from heating operation most heat pumps load

a DHW storage once a day.

For the calculation of annual operation cycles missing daily values are replaced by values from the
correlation in equation 3.11. The mean total number of operating cycles for AWHP and BWHP are
4370 and 4930. A dependency on the heat distribution system (and its thermal inertia) cannot be

observed.

The correlation of operating cycles and the buffer storage volume is studied as well as the one of
operating cycles and control hysteresis temperature difference. Both do not correlate well. The two

systems with the highest numbers of cycles, however, have no buffer storage.

The aforementioned correlations show high deviations which imply the existence of additional
influences on the number of cycles. However, the analysis of operating cycles with respect to addi-
tional influences is limited given the available data. These influences are controller settings, layout
of the hydraulic system and possible heat input from additional heat generators such as solar col-
lectors. An impact of the number of cycles on efficiency as described in literature (Uhlmann and
Bertsch, 2010) cannot be detected with the available data.

The effect of on/off control on the supply temperatures can be seen in figure 3.27, page54. The
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Figure 3.26: Bivalent temperature and daily mean outdoor air temperature at maximum number
of daily operating cycles Jout,n,max, field test data for 2008 and 2009.
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Figure 3.27: Supply and return temperatures in the loading cycle (LC), brine supply temperature,
object 7, March 25, 2009.
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3.5 Operational characteristics

supply temperature in the LC variates strongly with every cycle of the heat pump. The brine tem-

perature variates, too.

3.5.2 Auxiliary electric energy

The electric energy consumption of heat pump systems consists of the energy consumed by
> the heat pump compressor and its control,
> the drives for supply of the heat source (AWHP: ventilator, BWHP: brine pump),
> the drives for supply of the heat sink and
> the electrical back-up heater.

These energies are considered in the static calculation methods described in 3.4 either by being

included in the heat pump performance data or they are accounted for by approximate factors.
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Figure 3.28: Field test: Ratio of electric energy demand of additional back-up heater and total elec-
tric energy demand x,4q.

Figures 3.28 and 3.29 show percentages of auxiliary energy (back-up heater and source drives).
Both values differ strongly between field test objects. The back-up heater is extensively used in
AWHP systems. Two BWHP systems have relatively high ratios which is apparently due to an error
in the control as they are operating throughout the whole year. The ratios for source drives is higher
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for BWHP on average, but variates strongly for AWHP as well as BWHP. These results show the im-

portance of carefully designed heat pump systems including all components and the control.
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Figure 3.29: Field test: Ratio of electric energy demand of source drives (AWHP: ventilator, BWHP:
brine pump) and total electric energy demand Xsource-

However, the differences between static calculation methods and measurements cannot solely be
explained by different percentages of auxiliary electricity consumption. This has been tested by
correcting static calculations with the measured values (however, standard deviation decreases

from 0.46 to 0.41 with this correction).

3.5.3 Mass flow rates

The mass flow rate of water in the condenser cycle (storage loading cycle or heating cycle directly
connected to the heat pump) is important for the efficiency of the heat pump as it determines
the temperature spread along the condenser. Pahud and Lachal (2004) present an approximation
model for the CoP correction according to the condenser cycle mass flow rate which has been ver-
ified by Périsch et al. (2012)°. Figure 3.30 shows the ratio of mean mass flow rates in the condenser
cycle to the nominal value. The nominal value refers to the standard operating point of the heat
pump. This operating points is chosen according to the standard which is used for heat pump

testing.

9The model is described in section 4.2.1.
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Figure 3.30: Field test: Ratio of mean mass flow i, ° to nominal mass flow 7iccnom in con-

denser circuit (CC).

The performance maps of heat pumps are usually determined using this mass flow rate. In parts,
the measured mass flows in the field test differ strongly from the nominal ones. This may explain
differences between calculated and measured values as described in section 3.4. However, an ap-
plication of the model of Pahud and Lachal (2004) in the static calculation of DIN EN 15316 (2008)
does not lead to noticeably better results (the standard deviation decreases from 0.41 to 0.39). Also,
arelation of mass flow rates to the residuals of the SPF; fit in figure 3.19 cannot be found (linear fits

have coefficients of determination below 0.3).

Objects without buffer storage or with a serial buffer storage have only one heating circuit which
means that the mass flow in the heating circuit equals the one in the condenser circuit of the heat
pump. This is the case for object 38, which has a low mass flow rate. Objects 32 and 10, however,

do have buffer storages that would allow to increase the condenser cycle (CC) mass flow.

3.5.4 System control

As mentioned before, no information is available on the system control concepts or settings. Nev-
ertheless, certain control concepts can be deduced from the measurement data, e.g. an outdoor

air temperature dependent control'°.

10gee section 3.3.3
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A night set-back can be detected in 15 of the 42 field test objects. A night set-back is either done by
lowering the heating curve or by setting down the mass flow rate of the pump in the heating circuit
during nighttime. Start and end times differ from object to object. It generally begins in the late
evening (9 to 12p.m.) and ends in the early morning (4 to 6 p.m.). In 5 objects, the HC pump is
turned off or set back during the night while the heat pump is operating to balance the heat losses

of the storage. Energy demand could be reduced by turning off the heat pump during nighttime.

3.6 Concluding remarks on field test analysis

The analysis of the field test only can give general information on the correlations that influence
heat pump efficiency. Not enough data is available on the heating system, the building, its users

and control settings.

The main influences on heat pump efficiency are understood as described by standard calculation
procedures: i.e. source and sink temperatures, auxiliary energy demands and heat losses. It can
be deduced from field test data that the temperatures vary not only on a seasonal level but also in
shorter periods, meaning during one heat pump cycle. Auxiliary energy demand varies strongly
from object to object. Heat losses cannot be correctly identified with the available data and its

uncertainty.

Static calculation methods cannot correctly model the various influences in such systems. It has to
be considered that the buffer storage and the building form thermal masses that are not considered
in these calculations. Additionally, user influences are not taken into account. It is shown that the
on/off control dominates the system behavior which leads to strongly varying temperatures in the

hydraulic system.

For each analyzed object, the results are plausible regarding energy balances. As several boundary
conditions are not known, it cannot be evaluated if the systems operate optimally. E.g. it cannot be

definitely evaluated, whether

> supply temperatures are correctly controlled and if heat pumps operate optimally with re-

gard to the heat emission system and the room comfort,
> each use of back-up heaters is necessary
> the dimensioning of the components is correct.

However, the large differences between systems allows the conclusion that there is room for opti-
mization with respect to these points. Nevertheless, the main influences on heat pump efficiency
could be detected and the operating behavior of on/off controlled heat pumps is analyzed. This

knowledge is used in the following chapter.
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4 Modeling and simulation

4.1 Requirements and method

4.1.1 Requirements

One objective of this work is the development of a heat pump heating system model that allows
to study supply temperature and single room heating concepts. Possible characteristics of such

systems are listed in table 4.1.

Table 4.1: Options for system components and decisions (bold font).

Source Heat pump Storage Heat Building physics
control distribution
air on/off no storage floor heating new building
controlled
ground capacity buffer storage radiator existing
controlled heating building
water DHW storage
combined stor-
age

A system model that only considers the heating of a building and no DHW production is therefore
developed. As heat source, outdoor air is chosen as it is the more challenging source taking into
account its seasonally changing temperature level. Additionally it can be modeled more easily and
thus be simulated faster. An on/off controlled heat pump is chosen over a capacity controlled one.
This has to be considered for control and further system design. The field test can deliver data
for model validation. A buffer storage is chosen to cope with differences of heat pump capacity
and building heat load and to reduce operating cycles. An existing building with a radiator heating

system is modeled.

A dynamic simulation model should consider the heat pump performance and operating behavior,
the heating systems dynamics including the buffer storage and the building with multiple heated
zones. The interaction of the involved components has to be implemented in a multi-directional

way.
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4.1.2 Review on heat pump models

The general literature review in section 1.3 revealed that many theoretical studies on heat pump
systems exist and thus a large number of heat pump models exist. Nevertheless, it is possible to
identify three categories: Static calculation methods, dynamic models and design models. This

classification is also used by Afjei and Dott (2011) who, beyond that, introduce two subgroups each:
1. Calculation methods
a) Seasonal CoP (SCoP)
b) SPF
2. Dynamic Simulation
a) quasi steady state
b) dynamic effect
3. heat pump design models
a) refrigerant cycle model
b) heat pump component

SCoP describes a method in which a CoP characteristic is weighted according to weather data,
whereas SPF calculation methods consider additional influences (cf. methods mentioned in 3.4).
In dynamic simulation, performance maps represented by look-up tables or equation fits can be
supplemented by dynamic effects such as the modeling of a PT1 behavior. Models generally used in
dynamic simulation are black-box models. Design models are deterministic ones based on char-
acteristics of the working fluid cycle or the detailed modeling of heat pump components. They
are usually not combined with dynamic models of the source and sink but used within the design

process of heat pump working fluid circuits.

The dynamic simulation of heat pumps usually is done with dynamic source and sink models.
Common examples are most of the TRNSYS studies mentioned in section 1.3.3 that use heat pump
models as the one presented by Wetter and Afjei (1996) which is table-based with an added PT-1
behavior. Several enhanced or slightly changed models exist, just as the one by Marx and Spindler

(2011), which adds transient behavior to a heat pump model.

Jin (2002) gives a detailed review on black box and design models and presents a parameter es-
timation model that implements a working fluid cycle which is parametized with manufacturer’s
data. It is stated that accuracy of component models is higher than for equation fit models, notably

when operating points are extrapolated.

Generally, black box models have a sufficient accuracy for heat pump system simulation. Carbonell
et al. (2012) compare an equation fit and refrigerant cycle based model. It is stated that the equa-

tion fit model extrapolates better and has higher accuracy, provided that both models are fitted to
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measurement data. Corberan et al. (2011) fit equations to the outcomes of a detailed heat pump
design model. The equations are used within a system model of a ground coupled heat pump using
the software EES.

Fisher and Rees (2005) present a model that implements the refrigerant properties along with the
basic components of the refrigerant cycle in Energy Plus. In the same software, He et al. (2009)
use an equation-fit model based on manufacturer’s performance data which does not allow the
modeling of on/off cycling. Salvalai (2012) creates a simple table based heat pump model in the

software IDA-ICE and validates it with data from German heat pump field tests.

Uhlmann and Bertsch (2009) develop a model of the refrigerant cycle in the equation software
EES, (EES, 2014), which uses working fluid medium models of Lemmon et al. (2002). It considers
the thermal inertia of the refrigerant cycle components. Kinab et al. (2010) present a component
heat pump model which also uses RefProp as a source for working fluid implementation. Richter
(2008) presents a library for the programming language Modelica for modeling of working fluid
cycles. Trockel (2011) uses the simulation environment Dymola with the programming language
Modelica for component based models of heat pump cycles. Quoilin et al. (2014) present an open-
source Modelica library for the implementation of thermodynamic cycles which uses the CoolProp
library for medium data (Bell et al., 2014).

In this work, in order to conduct simulations of whole heating periods, a table-based black-box
model has been chosen. Three different types of heat pump models were compared during the
decision process: One is table-based and two two of them contain models of the refrigerant cy-
cle with its components. One of them uses the External Media library (Casella and Richter, 2008)
which means that external media models of Lemmon et al. (2002) are used. The other one is the

commercially available library called TIL initially developed by Richter (2008).

Within this work, a decision on an appropriate heat pump model for simulation of heating periods
was made comparing different types of heat pump models'. The table based model is chosen for
its accuracy on the whole operating range and its computation speed. For the system analysis, a

more detailed model is not required.

4.1.3 Review on storage models

Literature about storage tank models is often associated with studies on solar thermal heating sys-
tems. Storage tank models used within system simulation are usually multiple node models. The

water volume is discretized in one dimension with finite volume or finite differences method.

I Twelve simulations, each simulating 3000 s with a linear change of operating conditions are carried out for each heat
pump model. According to Schmidt-Holzmann (2010), the table based model takes 0.8 s on average for simulation,
the TIL model needs 122 times as much, for the External Media library model the simulation time has to be multiplied
by factor 1433. A high share of this time is used for initialization of the detailed models. In longer simulation runs
with a lot of events through starts and stops of the heat pump this would cause very long computing.
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Phillips and Dave (1982) introduce a stratification coefficient that puts into relation the energy
of a stratified tank and a ideally mixed storage tank which can be used to model stratification in
storage tanks. The basic storage models used in TRNSYS? use either an approach of multiple nodes
that are connected to each other allowing flow of mass and heat, or a "plug flow" that models
fluid volumes of a constant temperature which pass the storage volume without mixing. Kleinbach
(1990) extends these models by implementing a calculation procedure that considers buoyancy
effects. Nowadays, more complex models exist as the one by Druck (2006), which has multiple

nodes, heat exchangers and auxiliary heaters.

More sophisticated models using a two- or three-dimensional discretization of the fluid volume
are often not used in annual system simulations because their computing time is too high. Kenjo
et al. (2003) developed a zonal, two dimensional radial fluid volume. In this way the outer zone
of the volume which can be heated or cooled from the storage wall is separated from the central
zone which is not directly influenced by the wall. The model has been successfully tested against

measurements and is introduced into the TRNSYS environment.

Within this work, field test results are used for testing the model. The model has to assess the
thermal behavior of a buffer storage and is used within simulations of heating periods. A model

discretized in one dimension is chosen (see section 4.2.2).

4.1.4 General method

Many simulation studies on heat pump heating systems and building heating systems in general
use the TRNSYS environment, whereas implementation in EnergyPlus, EES and Simulink are com-

mon, too.

Modelica? is a object-oriented language which allows for equation-based programming. The Mod-
elica model libraries developed at the Institute for Energy Efficient Buildings and Indoor Climate
(EBC libraries) allow a detailed modeling of the whole thermo-hydraulic system of a building and
thus are used within this work. The libraries have constantly been developed and expanded®. Sim-
ilar approaches of modeling buildings and HVAC systems with Modelica can be found. Merz (2002)
developed a library called ATplus which was used as a basis for the EBC libraries. In recent years,
Wetter (2009) developed a library which focuses on HVAC systems. Nowadays, Modelica is used
increasingly in building and building system simulation (IEA EBC Annex 60, 2014).

A previous version of the models used within this work has been presented in Huchtemann and

2See TRNSYS (2014).

3See Modelica Association (2013)

4They are described in several publications (cf. Hoh et al. (2005, 2006); Matthes et al. (2006); Haase et al. (2007); Huchte-
mann and Miiller (2009); Miiller and Badakhshani (2010)).
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Miiller (2009)°. Within this work, as modeling environment for compiling and simulation the soft-

ware Dymola® is used.

4.2 Model components

4.2.1 On/off controlled heat pump model

The general characteristics of on/off-controlled heat pumps can be described by two-dimensional
polynomials or look-up tables. Usually the source input temperature and the sink output temper-

ature, Tsource,in and Tgink out, are used as inputs to these calculation procedures.

The heat pump is modeled as a black-box model which uses data from static tests of heat pumps
according to standards EN 255 (1997) and EN 14511 (2012). In most cases, this is data provided by
manufacturers. But also heat pump test centers as the one in Buchs, Switzerland publish this kind
of data’. It usually contains heat pump capacities, CoP and/or electric power values at standard

and additional operating points.

The electric power Pg p and condenser heat flow rate Qcond at different operating points is listed
in look-up tables which are read out at Tsource,in and Tgink,out- The internal energy balance of the

heat pump is used to calculate the evaporator heat flow:

Qevap = Qcond - Php 4.1)

The look-up tables linearly interpolate and use the first or last two values of the table for extrapo-

lation®.

The heat pump capacity is corrected for mass flows of the source and sink medium different from
those under standard conditions by a correlation according to Pahud and Lachal (2004). It pre-
sumes the arithmetic mean of inlet and outlet temperature as the relevant value for the calculation

of the CoP and follows The internal energy balance of the heat pump (Pahud and Lachal, 2004):

Oin + 9out _ Vin,nom + Jout,nom
2 2

and 4.2)
m- Cp (19out - 19in) = mnom : Cp (f)out,nom - 1()in,nom)

Périsch et al. (2012) verify the use of this assumption with measurements: It is concluded that the

5They allow for the modeling of heat pump systems including geothermal heat exchangers and the surrounding
ground. Models for geothermal sources have been described along with their validation in Rewitz (2010) and Huchte-
mann and Miiller (2014). They allow to model BWHP systems combined with the set of models presented here. How-
ever, due to a focus on the heat sink and the use of AWHBP, these models are not part of this work.

6See Dassault Systems (2011).

"See e.g. WPZ - Warmepumpen-Testzentrum (2011), WPZ - Warmepumpen-Testzentrum (2012).

8The Modelica Modelica.Blocks.Tables.CombiTable2D model is used therefore, see Modelica Association (2013).
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deviation of the calculated CoP is notably reduced using the correlation in equation 4.2 (from 5 to
2%).

The fluid volumes of the two heat exchangers are modeled with the thermal capacity of a water vol-
ume®. The condenser fluid volume is connected to a heat loss element which can be parametrized
by a heat loss coefficient, which models heat losses of the heat pump device!®. Generally, this
means that the thermal mass of the heat pump and its heat loss is modeled as being located in the
condenser. In real heat pumps the maximum supply water temperature is limited because of a lim-
ited achievable pressure ratio of the compressor. In the model, a PI controller limits the condenser
heat flow assuring a supply water temperature under a given limit, which models the maximum

temperature constraints given by the working fluid.

4.2.2 Buffer Storage

The buffer storage model'!

consists of 7,y fluid volumes!? representing horizontal fluid layers that
are connected to each other allowing for fluid and heat transfer. The heat flow between adjacent
fluid layers Qi,,url is implemented by a constant heat conduction and an effective heat conduc-
tance, the latter representing buoyancy effects:

. da?
Qiiv1=Aw+Aegp) -7 o (Tir1—Ty) (4.3)

with heat conductivity of water Ay, the inner diameter of the buffer storage d and the temperature
of the adjacent layers T; and T;1, whereas T;, is the upper layer. The effective heat conductivity
Aetf is modeled in three different ways. The first one, referred to as "1", implements no additional
conductivity:

Aefi1 =0 (4.4)

This implies a solely conductive heat flow (see equation 4.3). The second model "2" is a turbulent
heat conductance based on the work of Viskanta et al. (1977). It is a function of the layer thickness

s, its temperature and the temperature difference to the above layer:

Aetf2 =0, Tjp1 > T; (4.5)
2 Tiv1—T;
/leff,zzE'P'Cp'K-SZ'\/g'ﬁ'g, Tiq < T; (4.6)

p is the density of water, ¢, is the specific heat capacity, x is the von Karman constant, s represents

the turbulent mixing-length (which equals the height of the layer here), g is the gravitational ac-

9The fluid volumes are closed fluid volumes from the Modelica. Fluid library: Modelica.Fluid.Vessels.ClosedVolume
Modelica Association (2013).
10Measurements done by Miura and Ogino (2011) show that such modeling is appropriate.
H A former version of this model was implemented by Bartonicek (2007).
12The same as in heat pump model is used, Modelica.Fluid.Vessels.ClosedVolume Modelica Association (2013).
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celeration, g is the thermal coefficient of expansion. This is a common modeling which is e.g. also
used by Wu and Han (1978) and Liidemann (2001).

An additional model is implemented as a linear function of the temperature gradient as done in
the Buildings library (Wetter, 2009; Modelica Buildings, 2014):

Aett3 =0, Tip1 > T; 4.7
pP-Cp
Aetfz = S- — (Ti71 =T, Ti1 < T; (4.8)

where 7 is the mixing time constant'®. Combined with equation 4.3, the heat flow increases quadrat-

ically with the temperature gradient between two layers.

Furthermore, the cylindrical surface of each layer transmits heat to the storage wall. This heat flow
is modeled with a constant heat transfer coefficient. Heat conduction and thermal capacity of the
storage walls and the insulation layer are implemented and parametized with manufacturer’s data
and with standard material data for steel (storage wall) and polyurethane foam (insulation) which
are stored in a parameter set. The fluid inlets and outlets are connected to the layers according to
their height which is given in the parameter set. The convective heat transfer on the outside of the
storage is implemented with a constant heat convection coefficient and a constant surrounding
air temperature'. Pressure losses at the storage inlets and outlets as well as those on the inside
are neglected. The model has one dimension with respect to fluid and heat transfer inside the fluid
volume. This means that flow structures in other dimensions (e.g. convective mixing) are neglected

or have to be approximated adapting the heat transfer between the fluid layers.

4.2.3 Validation procedure

The validation of the core components heat pump and buffer storage are done for three sample
weeks with the mean outdoor air temperatures 0°C, 7.5°C and 15 °C. The intention is to validate
the model for different operating conditions. In the first week with outdoor air temperatures of
around 0 °C, heating operation dominates and AWHP defrosting occurs. In weeks with 7.5 °C mean
outdoor air temperature heating operation dominates DHW operation but defrosting occurs less.
With 15 °C being the general heating limit temperature for existing buildings (Recknagel et al., 2009,

p. 75), in the third week DHW operation dominates over heating operation.

Aside from graphic analysis, two measures are calculated to compare measurement data and sim-
ulation results. The relative error is calculated for the heat pump electric energy and the heating
energy in the loading cycle during one week:

fE _ Eweek,sim - Eweek,meas (4.9)

Eweek,meas

131t is set to 1s as default in the library which leads to very high heat flows. Here, it is set to 100 s which still produces
higher heat conductivity than using Aegf 2.
lsett0 18°C
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E stands for energy and is replaced by the heating energy measured in the condenser cycle Q.
or the electric work W pgp in the validation process. Measured and simulated temperatures are
likewise compared by the relative error, whereas their differences refer to the temperature range of

the measured temperature.

1 0;
f — Ndata 'Zi:I
9 max(9;) — min(9;)

(4.10)

where ngat, is the number of valid data points used in the calculation. Data points are valid under
the condition of volume flows different from zero. The temperature decrease of the sensors during
non-operation times due to heat losses cannot be appropriately simulated as information about

the installation is missing. During operation, these heat losses are assumed to be negligible.

The coefficient of determination is used to compare different parameter settings of the same sim-

ulation. It is defined by

Z?iafa (Xsim,i - )(meas,i)2
Z?ialm (Xsim,i - Xsim)z

where X represents either the electric power Py, the heat flow rate in the condenser circuit Q. or

R)Z( = (4.11)

the supply temperature in the heating circuit 9gy hc.

4.2.4 Heat pump model validation

Ten heat pumps have been parametrized with manufacturer’s data'® with respect to the tables for
electric power and condenser heat output. As an example, the results for field test object6 are

shown in detail. At the end of this section the results for all ten objects are summarized.

The simulation set-up for the validation of the heat pump model is shown in figure 4.1. It consists
of fluid sinks and sources on the condenser and evaporator side of the heat pump. These sources
supply mass flow rates and inlet temperatures that were measured in the field test. An on/off signal
is generated from measurement data and the heat pump model is controlled accordingly. It turns

the heat pump on when the measured electric power is positive and turns it off when it is zero.

No information is available on thermal masses of the heat pump. Thus, the first step of validation
involves an optimization of simulated condenser water volume. As pointed out in section4.2.1, in
the model the condenser volume represents the thermally relevant mass of the heat pump. Differ-
ent water volumes are simulated for each selected week and afterwards compared on the basis of

the coefficient of determination RZ.

Figure 4.2 (page 68) shows 1?2Q and the relative error with respect to the simulated heat pump heat-

C

ing energy fq,cc that were simulated in steps of 11 condenser water volume. In this example for

object6 a condenser volume of 241 is chosen as the overall coefficient of determination RZQ is

cC

maximal. Ré in the validation week 1 is the lowest because of intensive use of the defrost mode

cC

15This data is summarized in appendix A.
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Figure 4.1: Simulation set-up for validation of heat pump model.

which is only quantitatively modeled. In the case shown here, also the relative error is the highest
in week 1. As week 1 is the coldest of the three simulated weeks, the most operating intervals are
found (cf. section 3.5.1). With each operating interval an error occurs, if the on/off signal is not

exactly synchronized with the measurement data (cf. section 3.1.3).

Furthermore, the model is optimized by including the calculation of a condenser heat loss to the
surrounding air. If the heat pump is located outside of the building shell, the measured outdoor
air temperature is assumed to be the air surrounding the heat pump. Otherwise, a constant air
temperature of 18 °C is used in the heat loss calculation. In the case of object 6, this heat loss does
not lead to any improvement with respect to RZQ.CC. Anyhow, the relative error can be reduced as

figure 4.2 (page 68) shows.

Figure 4.3 (page 69) shows the electric power consumption of the heat pump for the second day of
the first validation week (mean outdoor air temperature of 0°C). The electric power is well repre-
sented by the model. During defrosting mode, measured power is positive and simulated power is

zero. The model represents defrosting by higher values of electric power.

The heat flow rate in the condenser circuit shows higher deviation, see figure4.4, page 69. The
measurement data contains negative values for two reasons: At the beginning of operating inter-
vals the return temperature might be higher than the supply temperature for short periods of time.
This effect is partly reproduced by the model. The second reason is defrosting mode, when the
volume flow is reversed. This means that a heat flow rate is extracted from the heating system. This

is only quantitatively considered by the model by lower total heat flow rates.

The validation results for the heat pump of object 6 are summarized in table 4.2, page 70. The elec-
tric energy is very well met by the model with a relative error of up to 4%. The simulated quantity of
heat has a relative error of up to 11%. This means that also the performance factor for the different

weeks has an error (up to -15% and overall -11%). The error is especially high in the first week.

The results of the validation process are listed in appendix C. The best fitting condenser water vol-
umes range from 1 to 361, the heat loss coefficients vary between 0 and 28 W/K (table C.1) with

28 W/K as an outlier. It has to be considered that these values do not represent real water volumes
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Figure 4.2: Heat pump model validation, object6: Comparison of coefficients of determination
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changed in steps of 1 L.
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Figure 4.3: Heat pump model validation, object 6: Heat pump electric power without heat loss of

condenser.
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Figure 4.4: Heat pump model validation, object6: Heat pump capacity without heat loss of
condenser.
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Table 4.2: Heat pump model validation, object 6: Results without heat loss of condenser.

2 2
week Wel,meas Wel,sim f W, el RW,el Qmeas Qsim f Q RQ

inkWh inkWh inkWh inkWh
1 482.05 465.19 -0.03 0.87 985.15 1095.10 0.11 0.79
2 202.81 208.71 0.03 093 48237 507.70 0.05 0.87
3 56.58 58.84 0.04 0.95 140.19 154.42 0.10 0.90

1to3 74144 73274 -0.01 091 1607.72 1757.23 0.09 0.86

but thermally used capacities which also depend on mass flow rates and sensor positioning. How-

ever, for same heat pump types, the same values are calculated (objects 12 and 36 in table C.1).

The goodness of the model compared to the test data does not clearly depend on the outdoor
air conditions!®. With the consideration of a heat loss, Rém only slightly increases but the overall
relative error is reduced!”. The chosen volume of condenser has a small influence on the goodness
of the model. The maximum relative error without heat loss optimization fg is 15%, with it is 10%.
For electric energy, maximum errors are 9%, for the performance factor 12%, independent from
the optimization. The lowest determination is for objects 1 and 33; both use heat pumps with an
insufficient number of data points in the look-up tables. Table 4.3 summarizes relative errors and
coefficients of determination for all objects that were optimized with condenser volume and heat

loss.

Table 4.3: Heat pump model optimization with heat loss: Relative error and coefficient of determi-
nation for week 1 to 3 of all objects.

fo fwe  fer Ré RS

01 0.07 0.06 0.02 0.85 0.57
05 0.07 0.06 0.06 096 0.93
06 0.10 -0.01 0.11 0.86 091
09 -0.09 -0.09 0.03 093 091
12 -0.02 -0.06 0.04 095 0.98
24 0.08 -0.04 0.12 0.81 0.96
25 0.01 -0.02 0.06 0.98 0.96
27 0.02 0.09 0.00 0.97 0.95
33 0.06 -0.01 0.07 0.79 0.88
36 0.04 0.02 0.02 094 0.99

Particularly the thermal energy is well modeled: The relative errors of seven objects is within the
range of the uncertainty of measurements'®. The errors in computing the electric energy are below

the measurement error margins in only two out of ten objects. The relative errors range from -9%

16gee tables C.2 and C.3.
17gee table C.4.
18g6e section 3.1.3
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to 10% for thermal energy and from -9% to 9% for electrical energy. As can be seen from the coef-
ficients of determination, in most cases, the model fits well the behavior seen in the measurement

data well.

Generally, the modeling of a heat loss at the condenser is not necessary. Five out of ten objects show
better results with consideration of a heat loss, but only two at considerably high values of heat loss.
These two cases could be caused by bad insulation of connection pipes. The correct parametriza-
tion of the condenser water volume however has a considerable influence on the goodness of the

model.

4.2.5 Buffer storage model validation

Five buffer storages have been chosen for validation. Figure 4.5 shows the validation set-up. The
supply temperature and mass flow of the loading circuit is given as well as the return temperature
and mass flow of the heating circuit. The simulated supply temperature of the heating circuit is

compared to the measured one.

Limitations to this analysis are as follows: On the one hand information on the buffer storages and
their layout is limited. The measurement is limited to data of temperatures outside the storage.

Thus the storage can only be investigated as a black box.

ﬁsu, C 19511, C
i (O—— (%)
Buffer

storage .
\\ / ﬁre,;c

Figure 4.5: Simulation set-up for validation of buffer storage model.

The model does not exactly match the real storage behavior as can be seen from figure 4.6, page 73.
The real temperature shows some fast changes that the model evens out. This might result from

certain flow conditions which are not modeled in detail. The general curve progression is well met.

For fitting the model to the measured data May {(in steps of 5) as well as the heat transfer model
{model 1 to 3) are studied. The three test weeks are simulated for each parameter. The coefficient
of determination as well as the relative error are calculated for each set of three week simulations.
Figure 4.7 on page 73 shows the coefficient of determination and the relative error depending on

Njay and the heat transfer model. The highest R? is yielded with 35 layers and using model 2. It has
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to be noted that this is the overall result for three weeks. If only the first week is considered, model
3 has the highest R?, for the other weeks it is model 2.

A different behavior can be found for object 35 (see figure 4.8, page 74). Here, a low stratification

models the storage the best. It can be deduced that no stratification occurs in this storage.

Table 4.4 summarizes the results with the highest R; for each object and the according heat transfer
models and number of layers. Of all simulations but the one for object 6, model 3 leads to the high-
est results with relatively low numbers of layers. The maximum relative errors are 4%. Both the type
of model and the number of layers indicate that generally stratification in the buffer storage does
not occur. Only the buffer storage of object 6 seems to have a certain level of stratification. Stratifi-
cation is prevented when the mass flows are to high. The level of stratification can be increased by

measures such as deflectors at the inlet of the storage.

Table 4.4: Results of buffer storage model validation

object heat transfer model n.y  fo Ré

06 2 35 001 0.97
22 3 15 0.02 0.96
27 3 5 0.01 0.98
35 3 5 0.04 092
36 3 20 0.04 o0.81

Model 1 is the simplest one and simulates the fastest. Models 2 and 3 take nearly the same time
to simulate. The simulation time increases exponentially with an increasing number of layers (fig-

ure 4.9, page 74).

The model does not consider all physical effects that occur. Because of this, adjusting the number
of fluid layers is necessary to fit the measured values. The mixing of the fluid through influences
other than buoyancy are not considered in the model. In the real storages mixing probably occurs
because of turbulence caused by the fluid entering the storage. Mixing in more dimensions than
the modeled one also occurs because of convection on storage walls. When low numbers of fluid
layers fit the best, it can be concluded that thermally the fluid volume is well mixed, or in other

words, that it is not stratified.
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Figure 4.6: Buffer storage model validation, object 6: Measured and simulated supply temperature.
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Figure 4.7: Buffer storage model validation, object6: Comparison of coefficients of determination
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Figure 4.8: Buffer storage model validation, object35: Comparison of coefficients of determina-
tion and relative errors for different numbers of simulated fluid layers and three heat

transfer models.
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Figure 4.9: Duration of the validation simulation of the three sample weeks for the buffer storage
of object 22 depending on the number of layers and the heat transfer model.
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4.2.6 Additional model components

Additional model components are used for composing a model of the total system. They are part of
the EBC libraries (see paragraph 4.1.2). The most important of these models are briefly described
in the following paragraphs.

The pump model computes the pumping head according to equation 4.12, where x is a value be-

tween 0.3 and 1 which represents the modulation rate:

H=x2-co+x-cl-V+(32-V2 (4.12)

The radiator model is part of the EBC libraries (see section 4.1.2) and is based on the works of Gliick
(1990), Nadler (1991) and Tritschler (1999).

The water volume of the radiator is lumped into several water volumes (here, five volumes are mod-
eled for each radiator) which allows for an estimation of the temperature gradient along the length
of the radiator. The thermal mass of the radiator wall and conduction is equally lumped. Radiative
heat flow from the radiator surface to the room is modeled according to the Stefan-Boltzmann law.
The convective heat flow is calculated considering the logarithmic excess temperature '°. The ratio
of convetive to radiative heat flow is a constant parameter. The pressure drop inside the radiator is

computed using a quadratic coefficient which is given in the manufacturer’s data®’.

The model of the thermostatic valve consists of the valve model and the model of the thermal head
and is also part of the EBC libraries whereas the valve model extends a model of the Modelica.Fluid
library?!. The valve uses a linear characteristic of opening position to flow coefficient. The thermal
head implements the characteristic shown in figure 2.9 and adds the influence of the heating fluid
temperature on the temperature of the sensor, the influence of the pressure drop inside the valve,

the influence of the static pressure and a PT1 behavior.

A building model developed at the Institute for Energy Efficient Buildings and Indoor Climate is
used (Constantin et al., 2014). The one-family dwelling consists of nine heated rooms on two floors
of which one is the corridor containing the staircase and thus extending over the two floors. It also
contains an attic. A radiator heating system with the nominal supply temperature of 55°C and a
return temperature of 45 °C is chosen. The layout of the hydraulic system is shown in figure 4.10,

page 76. A detailed plan of the building are shown in appendix F.

4.3 Development of a reference model

The following sections describe the parameters chosen for the different model components and

boundary conditions in order to complete the reference system model.

195ee equation2.13
205ee Kermi (2010).
21gee Modelica Association (2013).
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Figure 4.10: Layout of the hydraulics of the modeled building (Constantin et al., 2014).
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Table 4.5: Description of the heated rooms of the reference building.

Heated room Di,nom th,nom,WSchV84 th,nom,EnEVOQ
°C m? w w
1 Livingroom 20 23.8 2298 1222
2 Hobby 20 13.3 1229 654
3 Corridor 18 31.1 1169 396
4 WC 18 13.3 1132 559
5 Kitchen 20 18.9 1753 939
6 Sleeping 20 23.8 1803 910
7 Children 1 20 13.3 1238 629
8 Bath 24 13.3 1494 870
9 Children 2 20 18.9 1442 700
4.3.1 Building

The building model provides parameter sets for different insulation standards that apply for the
building physics as well as for the dimensioning of the hydraulic system. Within this work two
insulation standards are used: "WSchVv84" (W) and "EnEV 2009" (E)?2. The nominal heat load is
calculated for a nominal outdoor air temperature of -12 °C. For each room adequate radiators are
chosen fitting the heat load at nominal supply, return and room temperatures (55, 45, 20 °C). Ta-
ble 4.5 gives an overview of heated rooms with their areas, nominal air temperatures and nominal

heat loads according to the two insulation standards.

4.3.2 Dimensioning of components

For the layout of the heating circuit pump, the coefficients c) to c; (see equation 4.12) are extracted
from a pump maximum characteristic>3. The characteristic is scaled to match the nominal mass

flow of the two building in both insulation standards.

The heat pump is dimensioned as described in section 2.3.1. For each insulation standard a mono-
valent layout ("M’) is chosen as well as a bivalent one ('B’) with a bivalent temperature of -5°C. The
data of the heat pump Viessmann Vitocal 350 AWI 114 (cf. appendixA, table A.4) is scaled accord-
ingly. This means, each configuration has the same CoP characteristic. The bivalent configurations

are completed by an electrical heater.

As stated in section 2.3, no consistent rules exist for the dimensioning of the buffer storage in heat
pump systems. It should be mentioned that in the field test in AWHP systems an average volume

of 501/kW can be found, referring to the nominal heat load. Here, the buffer storage model is

22"WSchve4" stands for the "Wirmeschutzverordnung 1984", the German Heat Insulation Ordinance of the year 1984,
and "EnEV 2009" denotes "Energieeinsparverordnung 2009", the German Energy Saving Ordinance of 2009.
23Wilo Stratos Eco 25-1-5 BMS(x = 1), see appendixE.
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parametrized according to data of the Viessmann Vitocell 750 storage. For the different insulation

standards, the diameter of the storage is scaled ensuring a value of 50 1/kW.

In order to conduct the hydraulic balance of the hydronic heating system, valves with different flow
coefficients were chosen. The hydraulic balance is executed ensuring that each radiator is supplied
with the correct mass flow in the nominal point (see section 2.4.1). In reality, this is accomplished
by a pre-adjustment of the valves. The flow coefficients with the according nominal mass flow of
each radiator is listed in table E.2, appendix E. Each radiator valve is equipped with a thermostatic

head with a proportional range of 1 K.

4.3.3 Inner loads and natural ventilation

Standardized profiles of inner loads for one family homes are hard to find. However, the Swiss
standard SIA 2024 (2006) gives hourly values of occupancy and utilization of machines and lights
for different types of rooms. Heimrath and Haller (2007) have developed an occupancy profile with
the hourly presence of inhabitants in the whole building for a day. It is a mean value for occupancy
profiles derived from surveys in Austrian low energy houses that were documented in Streicher
(2004).

For the heat gained from humans, an occupancy schedule is developed on an hourly basis for each
room. It differentiates between weekdays and weekends. On average it matches the occupancy
profile given in Heimrath and Haller (2007) scaled to a presence of 4 persons during night time.
This profile specifies the occupancy in the whole building. In order to determine profiles for dif-
ferent rooms, indications of SIA 2024 (2006) can be used. This is done for the living room, the
sleeping rooms and the kitchen. Whereas the occupancy profile for the kitchen matches the over-
all building’s profile well, the peak at noon in living rooms given by SIA 2024 (2006) could not be
implemented as it would have interfered with matching the overall occupancy profile. The profile
is shown in appendix D along with a reduced profile with a maximum occupancy of three persons
and less occupancy at daytime during weekdays. The heat emission from people is calculated de-
pending on the convective room temperature for low activity according to the guideline VDI 2078
(1996).

The inner loads through appliances are applied within the living room, sleeping room, children’s
rooms and the kitchen according to the profiles of SIA 2024 (2006). The profile is shown in ap-
pendix D along with a reduced profile.

In addition to a lighting schedule, a hysteresis controls the lighting in each room of the building.
The schedule is shown for two scenarios in appendix D. Lighting is activated when the solar radia-

tion on horizontal surface falls below 150 W/m?; it is turned off when it rises above 180 W/m?.

Referring to the two schedules of internal gains (3/4 persons), two ventilation profiles have been

developed that can be found in appendix D, too.
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4.3.4 Boundary conditions

The weather data used for the simulation of the system is the test reference year data of the German

meteorological service for the city of Essen??.

The outdoor air temperature serves as input to the AWHP model and the building model. It is also
used for the system control. The wind speed is used for the calculation of convection on outside
walls of the building model. The weather data also gives horizontal values of the solar radiation
which are processed to radiation on vertical and differently orientated tilted surfaces of the build-
ing (Hoh et al., 2005).

4.3.5 Basic system control

The reference control of the system is described in the following paragraph. The supply set tem-
perature which is generated by a heating curve. The heating curve is calculated according to the

radiator equations?®

with a nominal room temperature of 20 °C. The supply temperature is mea-
sured in the upper part of the buffer storage. The on/off control of the heat pump is implemented
with a hysteresis of +3 K, the control hysteresis temperature difference thus is ATy = 6 K. Addi-
tionally, a heating threshold of 15 °C is implemented. At outdoor air temperatures higher than this,
the heat pump is off. The heating system operates from September 15 to April 15 (heating season).
An additional control is implemented for the electrical auxiliary heater. Its operation is restricted to
outdoor air temperatures below the statically calculated bivalent point®%. Its operation starts one
minute after heat pump operation has started. The electrical power is controlled by a PI controller

with the water temperature as measured value and the supply set temperature as target.

Changes to this control set-up are analyzed in chapter 5.

4.4 Evaluation of system configurations

The two main goals of the heating control in this work are
1. thermal comfort in all controlled zones and
2. energy efficiency of the heat pump system.

Energy efficiency is evaluated by comparing the electric energy demand of the systems studied?’.
The evaluation of thermal comfort needs a more sophisticated evaluation, which is described in

the following.

24Referring to region 5, see Christoffer et al. (2004).
25gee section 2.4.2.

265ee section 2.3.

27See section 2.2.2.
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The system analyzed within this work controls the room temperature. In addition, it is assumed
that the room set temperature is the operative temperature desired by the user. Assuming the other
influences on thermal comfort?® as being the same in the systems compared, it is adequate to focus

on the analysis of operative room temperature.

The comfort band is set from -0.5 K to +0.5 K. Excess of the comfort band not only happens due to
bad control but also because of inner and solar gains. Overall, violation of the temperature band is

defined as discomfort and calculated as follows:

> Onlyrooms1,2,5,6,7,8and9 are considered. In other words, the corridor and the WC/storage

room are not included in the evaluation.

> Temperatures not meeting the comfort band are squared and integrated, positive (too warm)
and negative (too cold) violations are treated separately (called cool/warm discomfort in the

following).

> Discomfort is summed up for all considered rooms during the analyzed period. This can be

either be done
« for the whole heating period (which is done in this chapter) or
o only during occupied periods on day time?? (which is done in chapter 5).

As mentioned above, within this chapter discomfort is defined as the violations of the comfort
band during the whole heating period. This is a theoretical approach which allows to compare
different user schedules on the same reference time period. Positive violations (too warm) are
analyzed when needed for a detailed comprehension of the system behavior. However, analyzing
configurations with changing room set temperature, in chapter 5 only discomfort in times of user
presence are compared. Then, comparison of the systems is done only with negative (too cold)
comfort violations (DIN EN ISO 7730, 2006).

Following DIN EN 15251 (2007), reference systems are also evaluated with PPD-weighted hours in
which a PMV comfort band is violated during occupation. This comfort band is defined ranging
from PMV of -0.5 to 0.5 (category II, DIN EN 15251 (2007)).

4.5 System model verification

The reference system is simulated for the whole heating period. Its characteristics are presented in
this section along with parameter studies on the buffer storage size, the control hysteresis and the
mass flow rate in the condenser cycle. Table 4.6 shows the different variations of the basic system
that are described in the previous chapters with the according abbreviations. The reference system

contains a building with the insulation standard according to WSchV84, a bivalent set-up and high

285ee section 2.2.3.
29These periods are between 6 am and 11 pm when users are in the room and windows are not opened.
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4.5 System model verification

occupancy (W-B-H). This system is analyzed in the following sections along with studies of basic

parameters, a basic scheme of the system is shown in figure4.11.

Table 4.6: Options for system layout.

insulation standard W -WSchVg4 E - EnEV09 see section4.3.1
Bivalent set-up B - bivalent M - monovalent see section 4.3.2
occupancy/inner gains and H - high L-low see section4.3.3
ventilation

Add.
heater

-@- Building
- 210)

Figure 4.11: Scheme with the main components of the reference model.

4.5.1 Basic characteristics

The overall simulation results of the reference system are listed in table4.7. An SPF; of 3.12 is
achieved with a heating demand of 13570 kWh and a simulated electrical energy of4319 kWh in one
heating season. The additional electrical heater is rarely used. The heat pump works 25% of the

total heating hours (4849 h). The characteristic of the supply temperature is studied in section 4.5.5.

Table 4.7: Simulation results of the reference system WBH for one heating season.

SPF; Wanp  Wel,add Qic Qunc Ton Hop
kwh kwh kwh kwh h

3.12  4319.2 328 13552.5 13570.3 1224.1 4217

The monthly values of energies and performance factors are shown in figure4.12. The highest

ratios for heating are in December and January, when PF are lowest.

The distribution of operative room temperature differs depending on the room. The two rooms
that are analyzed are room 1, the living room and room 8, the bath. Room 1 has a set temperature
of 20 °C and has lots of inner gains that change throughout the day. Room 8 has a set temperature
0f24 °C, which is the highest in the building, but comparatively low inner or solar gains. Figure 4.13
shows the cumulative temperature deviation of these two rooms. The mean room temperature of

room 1 is 2.1 K too high with a standard deviation of 1.8, whereas in room 8, the mean temperature
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Modeling and simulation

Table 4.8: Discomfort of reference system WBH, calculated according to section 4.4.

Type of discomfort too cold too warm
Squared Kelvin-hours 5022 K?h 95562 K*h
Squared Kelvin-hours, occupied periods 1325K*h 37049 K%h
PPD weighted PMV, occupied periods 198.5h 5002 h
Percentage of hours out of PMV comfort band, 2.2% 22%

occupied periods

is -0.17 K too low and there is a standard deviation of 1 K. The latter can be explained through the
heating curve which is theoretically too low for the high nominal room temperature of 24 °C. This,
however, is partially compensated by the over-dimensioning of the radiator and inner gains. In all

rooms, the opening of windows is the main reason for temperature falling below the set point.

The total calculated discomfort is shown in table4.8. The warm discomfort is much higher than

cool values, mainly resulting from inner gains.

The reference system is analyzed in an annual simulation considering DHW generation (see ap-
pendix G). The SPF; for this configuration is 2.59 and successfully reproduces a typical profile of

monthly performance factors as identified in the field test.

4.5.2 Insulation standard and bivalent set-up

The insulation standard has a strong effect on the efficiency of the heat pump system. Whereas the
building with the lower standard (W) has a heating demand during the whole heating season, the
building with high insulation standard (E) has a smaller number of operating hours. It is heated
throughout the times of lowest outdoor air temperatures when the inner and solar gains do not
suffice to heat the rooms. In times of low outdoor air temperatures the heat pump efficiency is
the lowest. Analogously, systems with the high level insulation yield smaller numbers of operating
cycles: Figure 4.14 on page 84 shows that operating time and number of cycles is lower for the in-
sulation standard E. The operating time is lower for high inner gains (H) than for low inner gains
(L) because inner gains partly substitute heating. The monovalent (M) systems have less operating
hours than the bivalent (B) ones because the heat pump capacity is higher. With high insulation
standard (E) high inner gains (H) lead to a lower number of operating intervals, for low insulation
standard (W) it is the opposite: whereas in buildings of standard E the inner gains can fully sub-
stitute heating during longer periods, in the buildings of standard W the heating demand is only
partly substituted. This means that the heating demand is decreased and leads to a stronger cycling

of the heat pump.

The aforementioned effects result in lower SPF of the high insulation standard building. Electric
energy demand of bivalent systems is a little higher than that of the monovalent system; the com-

fort of the systems is not affected. The high insulation level results in strongly over-heated rooms
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Figure 4.14: Simulation results for different insulation standards and bivalent set-ups: Number
of operating cycles and time. W/E: Low/high insulation standard. M/B: Monova-
lent/bivalent system. H/L: High/low occupation profile.

which leads to much higher warm discomfort. Taking into account only negative violation (too
cold) of the comfort criteria, the buildings perform roughly the same for same system design. Fig-
ure 4.15 summarizes the relative differences of positive (too warm) and negative (too cold) comfort

violation as well as electrical energy demand compared to the reference system WBH.

There is no strong difference with respect to efficiency between monovalent and bivalent systems.
The monovalent system performs slightly better, the number of operating cycles is not dramatically
higher. However, the investment in a high capacity heat pump seems unreasonable, given the small

differences; a bivalent system design is adequate.

It becomes clear from the analysis in this section that user influences play an important role in

system behavior which is why they will be analyzed in depth.
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4.5.3 Inner gains and user influences

Beside the two user profiles already presented (H and L), a theoretical one with no inner gains, no
user presence and no ventilation schedule is introduced (N). The occupancy can thus be studied

on the basis of three profiles.

As mentioned above, the SPF increases with lower inner gains because the heating period is ex-
tended (see figure 4.16). Accordingly, figure 4.17 (page 88) shows that the total electricity demand
is increased, too. An interesting effect is observed for operating cycles: With a decreasing level of
occupancy (H to N) the number of cycles increases in the low insulation standard building. For
insulation standard E it is the opposite. In the first case lower internal gains lead to longer and
through this fewer operating intervals, in the latter a longer heating season allows for an extended

operating time with more cycles.

Furthermore, figure 4.17 (page 88) shows that with respect to cold discomfort there is no difference
between the insulation standards: With a decreasing level of occupancy it is reduced by 50% (L) or
even 100% (N). The warm discomfort is not reduced in the same way. For insulation standard W
smaller reduction is yielded lowering the occupancy (up to 50%). This shows that too high room
temperatures are not only due to occupancy but also due to solar gains and the control: The ther-
mostatic radiator valves are proportional controllers that fully shut when the room set temperature
is exceeded by 1 K3°. In the configurations with high insulation standard (E) much stronger over-

heating is detected.

4.5.4 Building mass

The building inertia is studied by varying the wall construction from lime sand brick masonry
(heavy) over porous concrete (middle) to a wood beam construction®! (light) within the reference
system WBH.

The capacity of the building construction has a negligible influence on the heat pump performance
and the number of operating cycles which can be explained by the buffer storage water volume
having the much stronger effect on the heating system inertia. However, positive comfort vio-
lations (too warm) can be reduced by the higher thermal building mass, cool discomfort is not
affected.

30gee section 2.4.3.
31The wall parameters for different building constructions are part of the building model described in section 4.3.1. They
are in accordance with DIN 4108-2-2011 (2011), table 9, where heavy, middle and light wall constructions are defined.
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Figure 4.16: Simulation results: SPF; and operating cycles for different user schedules. W/E:
Low/high insulation standard. B: Bivalent system. H/L: High/low occupation profile.
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4.5.5 Measurement of supply temperature

Several system layouts exist for heat pump heating systems. Likewise, different control concepts
exist including different supply temperature controls. Generally, an on/off controlled heat pump
is controlled with a hysteresis controller. The input of this controller is the supply temperature in
the heating circuit, one buffer storage temperature or two temperatures measured in the buffer

storage. Four implementations of the supply temperature control hysteresis are analyzed:
(a) The supply temperature is measured in the upper part of the buffer storage.

(b) The supply temperature is measured in the heating circuit. The measurement is only valid if

the water is circulating in the heating circuit.

(c) The water temperature in the upper and lower part of the storage are measured. The heat
pump turns on when the upper temperature falls below the lower hysteresis set point (supply
temperature heating curve value minus 3 K), the heat pump turns off when the lower storage
temperature reaches the upper hysteresis set point (return temperature heating curve plus
3K).

(d) The water temperature in the upper and lower part of the storage are measured. The heat
pump turns on when the upper temperature falls below the lower hysteresis set point (tar-
get temperature minus 3 K), the heat pump turns off when the lower storage temperature

reaches the upper hysteresis set point (target temperature minus 3 K).

Depending on the place of measurement, different reaction times and time constants are reached,
which is the main difference between configuration (a) and (b). Configuration (c) is designed to
fully load the buffer storage. Configuration (d) attempts to minimize excess of supply temperature

compared to (c).

Figure 4.18 on page 90 shows the heating curve and the daily mean values of supply temperature re-
lated to the daily mean outdoor air temperature. Both configurations (a) and (b) match the heating

curve well. On average, (c) and (d) lead to excess of supply set temperatures.

There are only small differences between the SPF in these configurations (see figure 4.19, page 91):
Whereas (a) has the lowest mean supply temperatures resulting in to the highest efficiency. The
number of operating cycles, however, differs strongly with configuration (a) having the highest
number. Configuration (c) operating with two heating curves yields only 31% of cycles of config-
uration A. It optimally uses the buffer storage regarding the temperature spread required by the

heating system.

The differences in supply temperatures between the four configurations are too small to noticeably

affect the comfort.
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4.5.6 Buffer storage size and control hysteresis

Both the buffer storage volume, i.e. the inertia of the heating system and the control hysteresis in-
fluence the number of operating intervals and the variation of the supply temperature. The volume
of the buffer storage is varied by changing the inner diameter, all other parameters are unchanged.
Figure 4.20 shows the number of operating cycles during the heating period which is distinctly in-

fluenced by the storage volume as well as the control hysteresis.

Figure 4.20 on page 93 also shows that the main influence on SPF with different storage volumes

can be explained by storage heat losses that lead to decreasing PF with increasing volumes.

The effect of the hysteresis on the supply temperature can be seen in figure 4.20, too. The char-
acteristic of the Carnot CoP (see equation 2.2) leads to the effect that, even with the same mean
supply temperature a higher hysteresis band leads to lower heat pump efficiency. The efficiency
strongly decreases with higher supply temperatures which frequently occur with higher hysteresis
bandwidths.

4.5.7 Discussion of reference system simulation results

It has to be noted that results in energy efficiency and comfort differ strongly for a variation of
single influences that are not directly associated with the heat generation system and cannot be
modeled with static calculation methods. Figure4.21 on page 95 shows the relative differences in

electrical energy demand and discomfort compared to the reference system WBH.

The configurations with less occupancy, L and N have the strongest impacts on the violation of
the temperature band. Especially the negative violations (too cold) can be reduced with less occu-

pancy;, as also less window opening events occur.

The results of the monovalent system (M) virtually show no difference to those of the bivalent sys-
tem. The mass flow rate and with it the temperature spread in the condenser cycle has an impact
on the efficiency of the heat pump as has been pointed out in section 3.5.3. Simulations of the ref-
erence system with three different mass flow rates are therefore executed. The reference system
with the nominal mass flow rate achieves an SPF; of 3.12. With half the mass flow rate the SPF;
is 2.87, with the double of the nominal value it reaches 3.21. This means a 9% higher or 3% lower
electric energy demand. The adaption of the mass flow rate (72 1/ |) in the CC offers the highest

influence on energy demand without noticeably influencing the thermal comfort.

Whereas a higher building mass (C 1) can smooth out overshoot of temperature and analogously
a lower mass (C |) yields more warm discomfort, the effect on cool discomfort is negligible. The
adjustment of the control hysteresis (AT¢y 1, ATey |) in the given range (2K to 14 K) has a strong
effect on comfort; 18% more negative violations of comfort (too cold) are calculated for a hysteresis
with 14 K instead of 6 K. The volume of the buffer storage is varied from 0.083 m? to 0.83 m?. Lower

heat losses of a small buffer storage are gained by higher discomfort.
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The heating curve is calculated for a room temperature of 20 °C in the reference case. The high-
est room set temperature in the building is 24 °C which should be used for heating curve calcula-
tion. Nevertheless, usually 20 °C is sufficient, as heating surfaces are over-dimensioned through

the standard layout procedure3?.

The heating curve is calculated presuming a nominal room temperature of 20 °C in the reference
system. A heating curve calculated for a nominal room temperature of 24 °C is also shown in fig-
ure4.21 (hcut). With the higher heating curve, the energy demand is 6% higher. The SPF; is 2.98
instead of 3.12. The comfort is improved especially in the bath which is the only room with a 24°C

set temperature. But the higher heating curve also leads to higher warm discomfort in other rooms.

328ee section 2.2.1
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Figure 4.21: Relative differences in electrical energy and discomfort of single measures compared
to the reference system WBH. 71 1/ |: Higher/lower mass flow rate in the condenser
cycle. C 1/C |: Higher/lower building mass. AT¢y 1/ATey |2 Larger/smaller control
hysteresis. hcul: Heating curve set higher. N/L: No/lower occupation profile.
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5 Application of model

In chapter4 a comprehensive tool for evaluating heat pump systems was described. A reference
system was demonstrated in the last sections. On the one hand it showed that the mean supply
temperature considerably influences heat pump efficiency. On the other hand, user interactions

are detected to have a strong impact on seasonal performance.

In this chapter, using the reference system model of chapter 4, different control schemes are eval-

uated which take into account information from the heated zones.

5.1 Additional reference systems

Electrical actuators functioning as radiator valve controls allow the programming of the room set
temperature. This can either be done manually or automatically with an intelligent adaptive al-
gorithm as described by Adolph et al. (2013). In the latter case, the set temperature is lowered in
non-occupied rooms. The algorithm learns user profiles and raises the set room temperature be-

fore periods of occupancy, providing comfort when the user enters the room.

In this control concept, the standard thermostatic valve heads in each room are exchanged by elec-
tric actuators which are PI controlled. The actuators are modeled as ideal which means they can
perfectly access every position within the range of valve positions. In reality, actuators usually move
in steps!. One important difference of PI controlled actuators compared to thermostatic heads (P
controllers) is the lag of a permanent control offset. This can be seen in figure 5.1 (a) and (b) on
page 98: The air temperature in the room is kept at a value approximately 1K higher than the set
value in the reference system REF?; in the system with electric valve actuator and PI control (EA),
the air temperature is controlled to the set value. However, in this case it means that the operative
temperature is evaluated as too low for system EA because the mean radiant temperature is lower

in room8.

Based on the user presence profiles (see section 4.3.3 and appendix D) room set temperature pro-
files are generated. The set value is lowered by 2 K in times of no user presence and during night-
time (11 pm to 6 am). One hour before user presence or daytime starts, it is set to the nominal

value.

1Challenges occurring with real electric actuators are addressed by Reulen (2014).
2The bivalent reference system has the insulation standard of "WSchV84" and the "high" occupancy profile WBH, see
section 4.3.
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Figure 5.2: Relative differences in electrical energy and cool discomfort during occupation of sys-
tems with electrical valve actuators (EA) and variable room set-points (var) compared
to the reference system (REF).

Figure 5.2 shows a comparison of a system with the variable set temperature profile (REFvar) to the
reference system (REF). Discomfort is only compared during times of user presence in the heated
zones. In addition, electrical valve actuators with PI controls (EA) are simulated instead of thermo-
static valve heads which use P controls. The results of this system using a variable set temperature
profile are also shown (EAvar). The total values for the calculation of discomfort are listed in ta-
bles 5.1 and 5.2 on page 100.

By lowering the room set temperature in times of no user presence, 12% of electrical energy de-
mand can be saved. This is because of a lower heat demand. Another reduction of heat demand
is achieved by using PI controls instead of P controllers. Whereas a P control always has a offset,
the PI controller yields an exact match of room temperature to set temperature. This means that
with thermostatic heads the mean room temperature generally is too high. However, in both cases

deviations occur due to heat gains (positive deviations) and window opening (negative deviations).

In the case of variable room set temperatures, discomfort is considerably higher than for the con-
figurations with constant set temperature. Generally, the air temperature rises quickly after a pe-
riod of lower set temperature and as mentioned before, time for heating-up is part of the schedule.
Nevertheless, the mean radiant temperature needs much longer to increase. Especially in the bath,
which is only occupied during short periods, this is a problem. In addition, with adjacent rooms

being on a lower temperature level, heat loads of heated rooms are higher and walls need even
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Table 5.1: Discomfort of the reference system with variable set temperature profile (REFvar), cal-
culated according to section 4.4.

Type of discomfort too cold, occupied too warm, occu-
periods pied periods

Squared Kelvin-hours 1931 K%h 4381 K°h

PPD weighted PMV 636.2h 3006 h

Percentage of hours out of PMV comfort band 3.9% 17%

Table 5.2: Discomfort of the system with electrical valve actuators and variable set temperature
profile (EAvar), calculated according to section 4.4.

Type of discomfort too cold, occupied too warm, occu-
periods pied periods

Squared Kelvin-hours 3137K%h 3221 K°h

PPD weighted PMV 2521h 2532h

Percentage of hours out of PMV comfort band 15% 14%

longer to be heated up. This aspect has to be carefully addressed by the potential algorithm that

calculates the room set temperatures.

Figure 5.1 on page 98 shows the daily variation of the room air, radiation and set temperature of
room 8 for the reference system WBH with P controlled thermostatic valves (REF) and the system
with PI controlled electrical valve actuators (EA) for a constant and variable set temperature profile.
Room 8 is the bath which has higher room set temperatures than the other rooms of the building.
In all three figures the periods of window opening can be seen when the air temperature abruptly
declines and rises half an hour later. The P control in part (a) of the figure shows a deviation of the
air temperature: The deviation of supply temperature due to on/off control of the heat pump is
transferred to the room temperature. With the PI control in part (b) these deviations are smoothed
out by the control. Indirectly, this comparison shows the high amount of work of the PI controller
for adjusting the radiator valve position. With the variable profile the mean radiant temperature is
considerably lower because the room is only heated to the target temperature of 24 °C two times a
day. The air temperature attains the set value during periods of user presence. The second window
opening strongly interferes with a period of heating up. The development of the air temperature
after the first window opening shows that no precaution in the valve controller is implemented;
when the air temperature falls it fully opens the valve. When the window is closed the valve is still

open and the air temperature strongly overshoots the set value.

The main reason for thermal discomfort in the heated rooms is the pulse ventilation. In room5
which uses constant ventilation during daytime, no discomfort occurs (see figure 5.3). The highest
values for discomfort occur in room 8 which has been discussed above. The reasons for additional

discomfort with PI control and variable set temperatures have also been discussed before; figure 5.3
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Figure 5.3: Discomfort of reference systems without and with variable room set temperature pro-
file and without and with electrical valve actuators with PI control.
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shows that all rooms but room 5 are affected by this discomfort. Differences between the rooms are

due to various reasons, mainly the schedules of occupation, inner gains and ventilation.

In the following paragraphs, certain model configurations are calculated with a variable set temper-
ature profile or Pl valve controls. They are then compared to the reference configurations described

above and are marked accordingly.

5.2 Standard supply temperature adaption concept

The standard concept for implementing an influence of the room temperature on the supply tem-
perature is the reference room (RR) concept. Usually, one room temperature of a reference room is

measured. According to this temperature, an offset is subtracted from the supply set temperature.

The functional diagram in figure 5.4 shows this type of control. Basically, the diagram shown in
figure 2.10 is extended by a connection of the measured room temperature to the block calculat-
ing the offset on supply set temperature. This offset can also take positive values when the room

temperature is too low which can lead to a lower efficiency.
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Figure 5.4: Functional diagram of a heating system with heating curve control, room temperature
offset calculation and thermostatic valves (simplified with one heated zone).

Here, the living room (room 1 of the building model) is chosen as reference room. This concept is
based on the idea that the reference room is representative for the whole building. This leads to
discomfort in the other rooms if they do not behave like the reference one, e.g. if inner gains do not
occur at the same time. In existing buildings in Germany this poses a problem in reality because it

is unlikely that all zones behave similarly.

This concept is also tested with multiple reference rooms. In all rooms but rooms 3 and 4 (the
corridor and WC/storage) the air temperature is measured. For the calculation of the offset, the
minimum error signal of all rooms is used. Both concepts can save energy compared to the refer-

ence system (see figure 5.5). Yet, when controlling multiple rooms energy savings of the concept
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Figure 5.5: Relative differences in electrical energy and cool discomfort during occupation of sys-
tems reference room offset (RR), multiple reference rooms (mRR), without and with

variable room set-points (var) compared to the reference system (REF).
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(mRR) are negligible. The savings for the single reference room configuration are 1.2%. In the case
of a variable room set temperature, the concept yields a higher comfort than the reference system.
However, it has a higher energy demand (1.6% compared to REFvar).

5.3 Advanced supply temperature control concepts

When all thermostatic valves in a heating system are in a position® below the nominal value X,om,
the supply temperature can be lowered to a value at which one valve position reaches xpom. This
kind of control requires a communication interface with the (electronic) thermostatic valves (Ri-
etschel, 2005). To ensure that all rooms of the building are heated properly, only the maximum
valve position is taken into account for the supply temperature adaption. The adaption process has
to be designed carefully to prevent instabilities (Kdhler and Ohl, 2008). This is achieved through a
delayed adaption process (Rietschel, 2005) implemented either through a filter element or through
a discrete algorithm (Kraft, 2002). The first two of three control concepts which are proposed in the

following sections operate similarly to this supply temperature adaption concept.

5.3.1 Rule-based supply temperature adaption concept (RB)

Description of RB controller

A rule-based controller is presented in Huchtemann and Miiller (2013). It uses the position of the
radiator valve as control variable. It is proportional to the difference of the room set temperature
and the room temperature, the latter being the control variable. If it is measured directly, the room
temperature also can be taken as control variable, which is done here. The heating curve calculates
the basic supply set temperature. The functional diagram shown in figure 5.4 also applies for this

concept. It calculates an offset AT, st Which is added to the supply set temperature:

Tsu,set = Tsu,set,hcu +A Tsu,set (6.1)

Yet, the offset is calculated differently. The controller changes ATy, set Step-wise. If the difference
between room temperature and room set temperature AT;oom is within a given range, ATy et iS

not changed.

ATroom,min < ATroom < ATroom,max = ATsu,set(k) = ATgyset(k—1) (5.2)

3See section 2.4.3 for the characteristic of thermostatic valve heads.
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k denotes the current time step of the controller. When A T;om falls below or exceeds this range,

the offset is increased respectively decreased.

ATroom < ATroom,min = ATsu,set(k) = ATsu,set(k -1+ ATrise (5.3)
ATroom > ATroom,max = ATsu,set(k) = ATsu,set(k - 1) - ATdrop (5-4)

ATroom is limited to negative values which means that the supply set temperature is not increased

above the heating curve value. In addition, a lower boundary A Tgy set,min i defined:
A Tsu,set >A Tsu,set,min (5.5)

At set temperature changes the required supply temperature may abruptly increase. Therefore, in
one simulated configuration, ATy, ¢ is always set to zero when the room set temperature in any
room is increased. Research of Huchtemann and Miiller (2013) was used to find the parameters
which are listed in table 5.3.

Table 5.3: Parameters of the rule-based controller.

A Troom,min A Troom,max A Trise A Tdrop A Tsu,set,min
K K K K K

-0.5 0.5 1 1 10

In the system simulations, the minimum ATy of all rooms is taken as input to the controller.
The controller only takes into account rooms with closed windows to prevent a rising supply tem-

perature during times of window ventilation.

Simulation results of RB controller

The rule-based control concept uses standard thermostatic valve heads and therefore is compared
to the reference system REE Figure 5.6 on page 106 shows discomfort and electric energy savings.
With constant room set temperature the concept yields 7.4% energy savings and has a discom-
fort 60% higher than the reference system. When using a variable room temperature profile, only
1.9% energy is saved and the discomfort is 5% higher (RBvar(a)). The reason for this is that with
every room set temperature raise the supply set temperature returns to the heating curve value.
As described above, this is done as a measure to ensure a sufficient heat flow for heating up the
room. The system without this feature RBvar(b) yields higher energy savings (11%) but also higher
discomfort (90%).

Figure 5.7 on page 107 shows the simulation results of the supply temperature for both configura-
tions. Diagram (a) shows that supply temperatures are particularly lowered at colder outdoor air

temperatures when longer periods of heating occur. This is due to the functionality of the control
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concept which successively lowers the supply temperature. Part (b) of the figure shows that with
variable room set temperature supply temperature is not substantially lowered compared to the
heating curve value.

5.3.2 PI supply temperature controller concept (Pl)
Description of Pl controller

The second control analyzed uses a PI controller. The input is the maximum of all valve positions
that are measured in the heating system. The target value for valve opening is 1 (fully open). A
PI valve control in each room controls the valve position between a value of 0 and a theoretical
value of 1.2. The range for the actuating variable submitted to the valve is limited between 0 and
1. The range submitted to the PI supply temperature control is limited between 0.8 and 1.2. This
approach allows for a sufficient actuating range of the PI supply temperature control. It is depicted
in figure 5.8. The most obvious difference to the rule based control is that no heating curve is re-

quired in this control concept. The controller does not take into account valve positions of rooms
with open windows.
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Figure 5.8: Functional diagram of the heating system with the PI controller.

Simulation results of Pl controller
The system with PI controlled supply temperature mPI(a) saves 6.1% energy and has higher dis-
comfort (39%) than configuration EA (see figure 5.9 (a)).

PI control can be optimized with respect to valve travel which is crucial for the energy demand
of electric valve actuators. Here, two parameter settings with a integrator time constant of 600 s

(a) and 300s (b) are evaluated. As mentioned before, the highest discomfort occurs in room 8.
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Figure 5.9: Relative differences in electrical energy and cool discomfort during occupation of sys-
tems with PI supply temperature control (PI) compared to the reference system with
electrical valve actuators (EA) and variable room set-points (var). (a) to (d) refer to con-
figurations described on page 108.]
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Beside the standard configurations (a) and (b), two different measures are presented to prevent

low operative temperature in this room:

¢ Inthe first one, during user presence, the radiator valve is fully opened and the radiator sup-
plies a base heat load. An electric wall heating supplies the remaining power to heat the room
to the comfort temperature. The electric wall heating has a surface of 2m? and a high ratio of

radiation to convection heat emission (90%). It is activated one hour before user presence.

d The second measure employs a heating panel instead of the standard radiator in the bath. A
high share of the total heat is emitted as radiation and it is operated with low supply temper-
atures. It is parametrized with a ratio of radiation to convection heat emission of 75% and a

surface area of 4 m?.

With variable room set temperature 9.6% energy savings are yielded and discomfort is 50% higher
(PIvar(a), see figure5.9, page 109). Savings and comfort can be considerably influenced by the
parametrization of the PI controller: With the faster controller of Plvar(b), discomfort can be low-

ered compared to Plvar(a), but energy savings are lower, too.

Summing up the values of all rooms, configurations Plvar(c) and Plvar(d) both can reduce dis-
comfort compared to the reference system and nevertheless yield substantial savings in electrical
energy (7.5% and 13% respectively). However, as can be learned from figure 5.10 discomfort is only
reduced in room 8 at the expense of higher discomfort in the other rooms. This allows the conclu-

sion that the thermal comfort of all rooms benefits from higher supply temperatures.
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Figure 5.10: Discomfort in single rooms of reference systems with PI supply temperature con-
trol (PI) and variable room set temperature profile (var), relative values compared to
the system with electrical valve actuators and variable room set temperature profile
(EAvar).

Figure5.11 compares the supply temperatures of configurations Plvar(a) and Plvar(c). The char-
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Figure 5.11: Daily mean supply temperatures depending on daily mean outdoor air temperatures
of systems with PI supply temperature control (PI) and variable room set temperature
profile (var). (a) and (c) refer to configurations described on page 108.

acteristic of supply temperature to outdoor air temperature is less steep than the original heating
curve. For configuration PIvar(c) it can be seen that the limitation of the set temperature in room 8
results in lower supply temperatures. However, as an electrical heating is operated as an additional

heat source in this room, overall energy demand is higher than in configuration Plvar(a).

5.3.3 Supply temperature prognosis control (MPC)

As the heat pump operates periodically due to the on-off control, the supply temperature cannot be
controlled continuously but only during operation of the heat pump. The previous control concept
for the optimization of the supply temperature does not require information about the room, the
user behavior, weather influences other than the outdoor air temperature and the layout of the
heating system. However, in modern houses and with new concepts of room control equipment
(e.g. electronic valve actuators and control concepts as described by Adolph et al. (2013)), a lot of

this information is available.

With this information and a prediction of the according data, it is possible to calculate a heat load
estimation for each room. It allows to estimate the needed supply temperature for each room

during the next operating cycle of the heat pump. Such predictions can be done using the concept
of model predictive control.
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Description of MPC controller

Model predictive control (MPC) uses a simplified model of the controlled process to calculate the
optimal control sequence at each time step k for the next N; time steps, i.e. the prediction horizon.
Usually, the first value of this control sequence is used as manipulated variable whereas the rest of
the sequence is omitted. At the next time step the next sequence is calculated, this time from time

step k + 1, and again only the first value is used. This is also called rolling horizon concept.

In the controller presented here, the required supply temperature is calculated from a predicted
heat load sequence for each heated zone. Instead of using only the first value, the maximum of the
next Ngp predicted values is used as actuating variable. Ny, times the length of a time step is the
estimated time that the heat pump is off between two operating cycles. In this way it is assured that

the supply temperature is sufficient during the off-periods.

The concept of the controller is illustrated in figure 5.12, its integration to the heating system is
shown in figure 5.13. The MPC receives the actual measured room temperature, the outdoor air
temperature and their future set-points respectively predictions. It also has an input for the pre-
diction of the inner and solar gains of the room. The output is the sequence of predicted values
of heat load which are used to calculate the future supply temperatures (using the radiator equa-
tions in section 2.4.2) as well as IV, , (using equation 3.9). The maximum supply temperature within
the horizon of Nop is chosen as output. Like with the rule-based controller, only rooms with closed
windows are taken into account. Using this control scheme for multiple rooms, one MPC controller
is used for each room, the calculation of Nop is executed for the sum of heat load vectors and the

maximum of all calculated supply temperatures is chosen as controller output (see figure 5.12).

—
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T th,pred (k K+ Nl)
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Sum of heat loads
J, calculation of T,
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Nop calculation of TSH,Se£
max(Tsu(k. k+ Nop))

Figure 5.12: Concept of the MPC controller.
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Figure 5.13: Functional diagram of the heating system with the MPC controller.

The MPC uses a room model with three capacities: the air volume, the outer wall and a capacity
representing inner walls, floors and ceiling. Half of the heat gains through inner and solar gains are
transferred to the room air node, the other half to the capacity of inner walls. Heat emitted by the
radiator is split into 80% that are transferred to the air node and 20% that are transmitted to the
inner wall capacity, corresponding to the characteristics of the radiator with respect to radiation
and convection. The outer wall is modeled with two thermal resistances, one between the air vol-
ume of the room and the capacity of the wall and one between the capacity and the exterior. Heat
transfer to adjacent rooms is not accounted for. The model does not distinguish between radiation
and convection. The model is described in detail in appendixH and has been tested against the

Modelica room model to assure a realistic response of the room temperature.

The optimization within a MPC is done according to a cost function which here is chosen as:

N2 NZ . . 2
J= Z (WT‘ (Troom,k - Troom,set,k))2 + Z (WQ (QHk - QH,k—l)) (5.6)
j:Nl j=N1

Within the control horizon, this function is minimized by taking into account the constraints,

which are the boundaries of the heat emission of each radiator:

0< QH < th,nom (5.7)

According to the weights wr and wy, of the cost function, the optimization is done for compliance
of room temperature Tyoom (w1 > 0) or for a smaller variation of the actuating variable Ou (wQ- > 0).
Here, this means that for each room the controller can be tuned for higher comfort or higher energy

efficiency.

The controller is implemented in the MATLAB®-Simulink? software which contains a MPC tool-

4See SIMULINK (2014).
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box that allows direct implementation of the model in state space representation. For simulations
Simulink and Dymola (which runs the heat pump heating system and building model) are coupled

using the software TISC®.

This control concept requires very detailed knowledge on the controlled building. Therefore, es-
pecially when being implemented in existing buildings, the controller models should be equipped
with a model identification process which makes manual parametrization unnecessary (e.g. as
described in Bianchi (2006)).

Simulation results of MPC controller

Three different strategies are simulated for the MPC controller.

(@) In the first one, only the compliance of the room temperature is part of the cost function

which means that for all rooms, wy=0 and wr = 1.

(b) The second strategy includes the weighting of the actuating variable in all rooms (w, = 0.005

and wt =1).

(c) In the last configuration wg is twice as high as in (b) in room 8. This is a scenario in which

the user decides to accept discomfort in the bath in return for energy efficiency of the heat
pump.

With constant room set temperature, the control optimized for the compliance of room set tem-
perature MPC(a) yields higher comfort than the reference configuration EA (see figure 5.14). This
is at the expense of energy savings; the electric energy demand is 24% higher. The configuration
tuned for room temperature compliance and smaller variation of heat emission attains 6.9% en-

ergy savings and a 76% higher discomfort.

Being tuned for higher energy savings in room 8 (MPC(c)) the control yields higher energy savings
(13%) and higher overall discomfort (263%). And in figure 5.15 on page 116 it is shown that this is
mainly due to a considerably higher discomfort in room 8. However, the operative temperatures
of the other rooms are also affected. In reverse, this shows that supply temperatures increased
because of a demand in room 8 are advantageous for the thermal comfort of other rooms. This has

been detected for the PI control already (see section 5.3.2).

With variable set temperature profile all configurations of the MPC control have higher discomfort
than the reference EAvar. With the configuration tuned for room temperature compliance MPC-
var(a) the discomfort is 39% higher but energy savings only sum up to 2.9%. The other two con-
figurations yield higher savings and higher discomfort (MPCvar(b): 13% savings, 140% higher dis-
comfort; MPCvar(c): 19% savings, 251% higher discomfort, both compared to EAvar). Figure5.16
on page 116 shows that discomfort is not as clearly concentrated in room 8 as in the systems with

5See TISC (2014).
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5.4 Discussion of control concepts

constant set temperature profile. However, when looking at this figure, it has to be considered that

the absolute values of discomfort in room 5 are very low.

Figure 5.17 on page 118 shows the daily variation of the air, radiation and set temperature of room
8 for the three differently weighted cost functions in MPC controlled systems with variable room
set temperature. In all diagrams the mean radiant temperature is too low with values around 20
or 21 °C which is a general problem of this room, especially when setting back the set temperature
when the room is not used®. With the optimization for room temperature compliance, the air

temperature is well controlled to the target value for most of the day.

With increased weighting of the cost function for slower adaption of heat flow, the room set temper-
ature is less frequently kept. Especially in case of MPCvar(c) the valve in room 8 is opened through-
out most of the day and the room air temperature is influenced mainly by the supply tempera-
ture which fluctuates due to on/off control of the heat pump and due to demand of the remaining

rooms.

5.4 Discussion of control concepts

Generally, every reduction of supply temperature results in a higher discomfort than a reference
systems without such reduction. This is because at periods that the room is heated up, without
supply temperature reduction a higher heat flow rate is available. These periods occur after times of
no user presence, at set temperature changes or window openings. These effects are considered in
the simulations. Another reason is that positive discomfort is not accounted for in the evaluation.
By overheating heated zones, a safety buffer for the prevention of cool discomfort is build up. With
an intelligent supply temperature control, overheating is decreased. The model used in this work

does not consider the user intentionally using this overheating.

However, in real systems the user interacts with the control system, which is not considered in the
simulated model. If the user feels thermal discomfort he is likely to change the set temperature. In

this context systems that allow a fast reaction to these changes are favorable.

Additionally, it has to be answered if the lower energy demands of supply temperature controlled
configurations are due to higher efficiency or due to lower heat demand. Figure5.18 on page 119
offers an answer to that question. In diagram (a) of this figure the heat demand and the energy
demand of different configurations are compared to the reference system EAvar. On the right side
of the dashed line savings in heat demand are smaller than the savings in energy demand. The
efficiency of the system (the SPF) is thus higher in this zone than the efficiency of the reference
system. The opposite applies for the zone left of the dashed line. On the dashed line the same
efficiency as in the reference system is yielded.

6This has also been detected for the reference systems in section 5.1
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Application of model

Most of the systems with PI or MPC supply temperature control have a heating demand lowered by
less than 5%. Only one system has a lower efficiency than the reference system. It is system PIvar(c)
which features a direct electrical heating in room 8. The systems performing most efficiently and
with the lowest constraints regarding comfort (see diagram (b) of figure 5.18, page 119) are Plvar(a),
Plvar(b) and PIvar(d). They yield seasonal performance factors of 3.3 (PIvar(a) and Plvar(b)) and
3.5 (PIvar(d), compared to 3.1 of configuration EAvar). Apart from system Plvar(c), the SPF clearly
depends on the mean supply temperature of the heating season, see figure 5.19.

In order to qualitatively compare the simulated control concepts with respect to applicability, per-

formance and comfort, an overview of system characteristics is given in table 5.4.

Table 5.4: Selected characteristics of systems with different supply temperature control concepts:
Rule-based (RB), PI and MPC.

RB PI MPC
Required knowledge about the system normal low very high
Effort for parametrizing the controller normal normal very high
Computational effort low high very high
Comfort good fair tunable
Energy savings low high tunable
Required information transmitted from difference valve position room temper-
room to controller from set tem- ature

perature

The RB control does not require special knowledge of the controlled system. However, the hy-
draulic system has to be well designed. Errors in the determination of the heating curve can be
partly corrected by this controller. The heating curve is still required and with it an outdoor air
temperature sensor has to be installed which is, however, a standard component of heating system
controls. The computational effort of the RB supply temperature control is low. This means that

today’s controller hardware suffices for an implementation.

In a system with constant room set temperature, the RB concept works fine. This controller is well
suited to work in existing buildings without changing the radiator valve control. Theoretically, it
functions with standard P-controlled valve heads as long as the room temperature and the set tem-
perature is known. The easiest way for implementation is by transmitting the actual valve position
to the supply temperature controller. Energy savings are low, especially when many set tempera-
ture changes occur. Yet, comfort is assured as the set temperature can always be set back to the

heating curve value when rooms need to be heated up.

The PI control concept has the lowest requirements for knowledge about the controlled system

when parametrizing it. Though, besides the simple functioning of such a control it can be opti-
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mized for different purposes such as comfort, energy efficiency or minimized valve travel. This
requires more knowledge of the system or an automatized system identification process. In any
case it requires more computing capacity than the RB controller. A heating curve and a sensor

measuring the outdoor air temperature are not needed.

The PI supply temperature control needs electrical valve actuators on room level that transmit
their actual valve position to the central supply temperature control. Yielded comfort is generally
lower than with the RB control. It has been shown that measures such as the implementation of
additional heaters can be applied to assure comfort in special cases and still energy savings are

achieved (here: bathroom with substantially higher room temperature than the rest of the rooms).

The MPC control has the highest demands with respect to system knowledge, effort for parametrizing
the controller and computational requirements. It needs to be combined with a system identifica-
tion method (e.g. as described in Bianchi (2006)). However, this additionally increases computa-
tional effort. As a result, this kind of control is hardly applicable with today’s controller hardware in
one-family houses or standard heat pump heating system controller hardware. However, the MPC

control uses data which is available when using modern room temperature control systems.

The proposed control concept can be tuned either for the purpose of increased comfort or in-
creased energy efficiency. The control provides data to give the user information about the conse-
quences of control settings. The models implemented in the controller are not detailed enough to

fully consider the consequences of reduced comfort in single rooms.

Figure 5.20 shows how systems with different building insulation standards’ and occupancy pro-
files® perform with the PI supply temperature control. Each system is compared to a reference
system with the same insulation standard and occupancy profile but without advanced supply
temperature control. Energy savings of systems with a high insulation standard E are consider-
ably higher than with the lower level of insulation W. Increased occupation also leads to higher
savings when applying the advanced supply temperature control. Generally, inner gains are more
efficiently utilized for the purpose of heating the room to the set temperature; they do not lead to
the same amount of overheating as in the reference systems. But also energy efficiency of the heat

pump is considerably increased (SPF; of 3.3 compared to 2.9 for configuration EBH).

The reference systems within this work are ideally dimensioned systems. In real buildings, notably
in existing buildings, this is not typical. Often supply temperatures are set too high or radiators are
over-dimensioned. The latter often is the case in existing buildings where insulation measures have
been implemented. In order to illustrate the effect of different reference systems on the results, the
PI supply temperature control PIvar(a) is compared to three additional systems. Compared to the
initial reference system savings in electrical energy of 9.6% are yielded (comparison to a system

with electrical valve actuators and variable set temperature profile EAvar).

“The insulation standards are presented in section 4.3.1.
8These profiles are presented in section 4.3.3.
9See section 4.5.1.
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If Plvar(a) is applied to a building with a strongly over-dimensioned heating system!? the savings
are 12%. Presuming reference system EAvar with a heating curve calculated for a too high room
temperature!'!, PIvar(a) yields savings in electrical energy of 15%. Savings of 29% are calculated
if the system with supply temperature control is compared to a reference system with standard
thermostatic radiator valves and no user-dependent room set temperature profile. In conclusion,

savings in real buildings are likely higher than when comparing ideal systems in simulation.

The simulation results show large relative differences of discomfort between systems with supply
temperature control and reference systems. They mainly result from discomfort directly after times
of strong natural ventilation. It is disputable if a real user would judge thermal comfort during those
periods in the same way he would in other periods. Nevertheless, in this work, this difference in

perception is not taken into account.

10Therefore, the building shell is insulated according to "WSchV 1995" (German Heat Insulation Ordinance of the year
1995) and the heating system is dimensioned for "WSchV 1984". The heating system is over-dimensioned by 46%.
For simulation results of the additional reference systems see appendixI.

U The same heating curve as has been applied in section 4.5.7. For simulation results of the additional reference systems
see appendixI.
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6 Conclusion and outlook

6.1 Conclusion

Within this work heat pump heating systems were analyzed. The focus was on the interaction of
the heat pump with the heat sink. A field test was evaluated and a system model was developed.

This model was tested and applied to study advanced supply temperature control concepts.

The field test offers the opportunity to analyze heat pumps of different manufacturers operating in
existing buildings in Germany. A classification of field test objects according to type of heat sink
and heat emission system reveals the main influences on the system efficiency which were found to
be the source and sink temperature. Both directly influence the temperature lift that the heat pump
has to provide. However, the performance of heat pump systems depends on many more system
parameters and operating conditions. These were studied and documented comprehensively but
in many cases a definite correlation was not found or data was not sufficient for a detailed study.
Without data on usage, room temperature and control settings, the potential of the field test cannot

be fully realized.

The mean seasonal performance factors in the system control volume are 2.3 for air-coupled de-
vices and 2.9 for ground-coupled devices. The best systems in the field test achieved seasonal
performance factors of 3.0 (air-source) and 4.0 (ground-coupled). The large difference to the mean
values indicates both the high potential of this technology and the necessity to optimize the total

heating system, including its control and heat emission system.

Static calculation methods were tested with field test data. They are able to give a rough ranking
of the efficiency of field test objects. However, even detailed procedures do not allow a sufficient

prediction of seasonal performance factors of heat pump heating systems.

Models of heat pump and buffer storage were developed and they were tested with field test data.
Considering the uncertainty of measurements the heat pump and the buffer storage are well mod-
eled. Based on an existing Modelica model library an overall heat pump heating system model was
developed. The used building model was implemented with nine heated zones. The influence of
the insulation standard of the heated building, user presence and ventilation profiles were stud-
ied with this model and parameters such as the buffer storage volume and the control hysteresis
temperature difference for on/off control. Building insulation standard and user influences were
detected to have a profound effect on system efficiency and compliance with a band of operative

temperature in the heated zone.
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Conclusion and outlook

The model allows to comprehensively study control concepts in heat pump heating systems. The
type of room temperature control and the variation of room set temperature were analyzed as well
as one standard and three advanced supply temperature control concepts. These concepts were
compared with respect to energy demand, thermal comfort and energy efficiency. Generally, en-
ergy efficiency of heat pump heating systems can be increased and savings in electrical energy are
yielded with these control concepts. However, an increased thermal discomfort cannot be fully

avoided. Single rooms with higher set temperature can limit overall savings.

An MPC controller can be tuned for increased energy savings or increased comfort but requires
a very detailed programming and high computational effort. A simple rule-based control succes-
sively adapting the supply set temperature given by the heating curve yields low savings in electri-
cal energy when room set temperature changes occur. A PI supply temperature control using the
information of electrical actuators for radiator valves is the best compromise in terms of energy

efficiency, discomfort and feasibility (regarding computational and parametrization effort).

It is possible to yield higher energy efficiency through an intelligent supply temperature control.

Attained energy savings crucially depend on the type of building physics and the user influences.

6.2 Qutlook

Future field tests with heat pump systems require a comprehensive scheduling of user occupancy,
control decisions and room temperature. The documentation has to contain detailed information
on the type of heating system and building physics. A detailed documentation of sensor placement
allows for an accurate modeling; additional temperature sensors, for example in the buffer storage

and on working fluid cycle level, can enable a sound understanding of model components.

However, the gap between a field test with as many objects as the one analyzed within this work and
the level of detail achieved with the system model can be filled by hardware in the loop (HiL) testing
which combines real components and simulation. Single components and controller implemen-
tations can be tested interacting with each other and interacting with a simulation environment
by using a test bench which emulates the behavior of a building or a heat source. The proposed
control concepts have to be tested in a HiL. environment to assure a sound functioning with real

components.

Parts of the proposed system model can be used for an application in HiL test benches. Through its
object oriented type of modeling the system model enables a user-friendly extension or exchange
of model parts. The library including the proposed heat pump heating system model already con-
tains models for ground source heat exchangers, DHW storages, capacity controlled heat pumps
and a floor heating system. These models allow for a broader research of different types of heat

pump heating systems.

Weather is expected to have an important influence on system efficiency as well as the control’s or

user’s reaction to it. Within this context and the context of the proposed control algorithms, the
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6.2 Outlook

most obvious influence is solar radiation which accounts for solar gains depending on the possible

usage of shading appliances. Different weather scenarios are to be studied in future work.

Interactions of the main system components were implemented in the heat pump heating system
model. User influences are considered by internal gains, ventilation and room set temperature
schedules which have an impact on the control and system behavior. The scheme in figure 6.1
shows the interactions of a heat pump heating system, the user and control. The particular inter-
actions of the control with the heat pump heating system and the user with the heat pump heating
system are implemented in the model. A question which has not been addressed is how the user
would react to different levels of comfort. Instead of schedule-based implementation a dynamic

user model that makes control decisions could be implemented.

<=
) Control

N

Heat pump
heating system

Figure 6.1: Interaction of heat pump heating systems, user and control.

The main field of future development of the supply temperature control concepts should include
their combination with an adaptive room set temperature algorithm. The objective should be the
development of a controller that automatically finds the optimal room temperature and uses it to
calculate the optimal supply temperature. The MPC control concept has to be extended. By taking
into account the dynamics of the heat generation system the concept allows for an optimal use of

electricity tariffs. Literature provides different approaches for this kind of control.

Generally, another field of study with respect to heat pump heating systems is their interaction
with the environment (see figure 6.2). This does not only include the environmental impact of
the usage of energy but also the interaction with energy grids and the surrounding buildings. The
control of heat pumps cannot only be optimized for energy efficiency or comfort but also for the
best usage of renewable energies or their storage as heat in the buffer storage, the ambient ground

or by intentionally overheating the building structure.

Key components of the heat pump heating system offering research possibilities regarding system
control are the working fluid cycle with the compressor as the main controllable component and

the radiator valve. In this work, radiator valves and their actuators are implemented with ideal
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Figure 6.2: Fields of further research in context of this work.

characteristics. They are a key component for the implementation of supply temperature control

concepts and should thus be studied in detail.

The model developed in this work represents a basic tool for these studies. The findings on supply

temperature control strategies will be helpful for the practical implementation of advanced heat

pump heating system controllers with single room temperature control.
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A Heat pump table data

Table A.1: List of heat pumps used for model validation

object number manufacturer type reference to table source type
1 Alpha Innotec IW 80 M-A A2 AWHP
5 Ochsner GMSW 15 plus A3 BWHP
6 Viessmann Vitocal AWI 114 A4 AWHP
9 Viessmann Vitocal BWH 110 A.5 BWHP
12 Viessmann Vitocal BWH 113 A.6 BWHP
24 Nibe Fighter 1140-15 A.8 BWHP
25 Ochsner GMIW 19 plus A9 AWHP
27 Stiebel Eltron  WPL 18 A7 AWHP
33 Dimplex LA11AS A.10 AWHP
36 Viessmann Vitocal BWH 113 A.6 BWHP

Table A.2: Data of "Alpha Innotec LW 80 MA" according to manufacturer’s data ("Alpha Innotec
Wirmepumpen-Guide 2007/08"). Data according to EN 14511 (2012).

operating condition | Qcc Py
nW | inW
A-7TW35 6,300 | 2,625
A2W35 8,000 | 2,424
A7W35 9,400 | 2,410
A10W35 10,300 | 2,395
A7W45 9,000 | 3,000
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Heat pump table data

Table A.3: Data of "Ochsner GMSW 15 plus", according to data from heat pump test center "WPZ
Buchs", Swiss and EN 14511 (2012).

operating condition | Qc Py

inWw inW
B-5W35 12,762 | 3,225
BOW35 14,500 | 3,300
B5W35 16,100 | 3,300
B-5W45 12,100 | 4,000
BOW45 13,900 | 4,000
B5W45 15,600 | 4,000
BOW55 13,200 | 4,900
B5W55 14,900 | 4,900
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Table A.4: Data of "Viessmann Vitocal 350 AWI 114". Extracted from diagram given in manufac-
turer’s data sheet, according to EN 255 (1997).

operating condition Qcc Py
inW inwW
A-20W35 9204.5 | 3295.5
A-15W35 11136.4 | 3522.7
A-10W35 11477.3 | 3750
A-5W35 122159 | 3977.3
AOW35 13863.6 | 4034.1
A5W35 15056.8 | 4090.9
AI10W35 16931.8 | 4204.5
A15W35 19090.9 | 4375
A20W35 21250 | 4488.6
A25W35 21477.3 | 4488.6
A30W35 21761.4 | 4545
A-20W50 10795.5 | 4659.1
A-15W50 11988.6 | 4886.4
A-10W50 12215.9 | 5113.6
A-5W50 13068.2 | 5227.3
AQOW50 14545.5 | 5511.4
A5W50 15681.8 | 5568.2
A10W50 17613.6 | 5738.6
A15W50 20284.1 | 5909.1
A20W50 22500 | 6022.7
A25W50 23181.8 | 6250
A30W50 23863.6 | 6477.3
A-15W65 12954.5 | 6875
A-10W65 13465.9 | 7159.1
A-5W65 14431.8 | 7500
AOW65 15965.9 | 7727.3
A5W65 17386.4 | 7897.7
A10W65 19204.5 | 7954.5
A15W65 21250 | 7954.5
A20W65 22897.7 | 8181.8
A25W65 23863.6 | 8409.1
A30W65 24886.4 | 8579.5
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Heat pump table data

Table A.5: Data of "Viessmann Vitocal 350 BWH 110". Extracted from diagram given in manufac-
turer’s data sheet, according to EN 255 (1997).

operating condition Qce Pq

inW | inw
B-5W35 9522 | 2478
BOW35 11000 | 2522
B5W35 12520 | 2609
B10W35 14000 | 2696
B15W35 15520 | 2783
B-5W45 11610 | 3608
BOW45 12740 | 3652
B5W45 13910 | 3696
B10W45 15090 | 3739
B15W45 16220 | 3783
B-5W55 11610 | 4217
BOW55 12740 | 4261
B5W55 13910 | 4304
B10W55 15090 | 4348
B15W55 16220 | 4391
B-5W65 11610 | 5087
BOW65 12740 | 5130
B5W65 13910 | 5174
B10W65 15090 | 5217
B15W65 16220 | 5261
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Table A.6: Data of "Viessmann Vitocal 350 BWH 113". Extracted from diagram given in manufac-
turer’s data sheet, according to EN 255 (1997).

operating condition | Qcc Py

inW | inWw
B-5W35 14500 | 3750
BOW35 16292 | 3750
B5W35 18042 | 3750
B10W35 19750 | 3750
B15W35 21583 | 3833
B-5W45 14708 | 4833
BOW45 17167 | 4917
B5W45 18583 | 4958
B10W45 20083 | 5042
B15W45 21583 | 5125
B-5W55 15708 | 5583
BOW55 17167 | 5667
B5W55 18583 | 5750
B10W55 20083 | 5833
B15W55 21583 | 5958
B-5W65 15708 | 7000
BOW65 17167 | 7125
B5W65 18583 | 7250
B10W65 20083 | 7417
B15W65 21583 | 7583

Table A.7: Data of "Stiebel Eltron WPL 18", according to data from heat pump test center "WPZ

Buchs", Swiss and EN 14511 (2012).

operating condition | Qcc Py

inW | inW
A-7TW35 9700 | 3300
A2W35 11600 | 3400
ATW35 13000 | 3500
A10W35 14800 | 3700
A20W35 16300 | 3800
A-7TW50 10000 | 4500
A2W50 11200 | 4400
A7TW50 12900 | 4600
A10W50 16700 | 5000
A20W50 17500 | 5100
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Heat pump table data

Table A.8: Data of "Nibe Fighter 1140-15", according to manufacturer’s data. Data according to EN

255 (1997).
operating condition Qcc Pq

inW | inWw
B-5W35 13260 | 3360
BOW35 15420 | 3380
B2W35 16350 | 3380
B5W35 17730 | 3390
B10W35 19930 | 3400
B-5W55 12560 | 4830
BOWS55 14490 | 4910
B2W55 15330 | 4940
B5W55 16590 | 4990
B10W55 18900 | 5050

Table A.9: Data of "Ochsner GMIW 19 plus", according to manufacturer’s data. Data according to
EN 14511 (2012).

operating condition | Qcc Py

inW | inwW

A-10W35 12600 | 4100
A2W35 16800 | 4300
A7TW35 19800 | 4400
A-10W50 11700 | 5500
A2W50 15900 | 5700
A7TW50 18900 | 5800
A-10W60 11400 | 6300
A2W60 15600 | 6500
A7TW60 18600 | 6600

Table A.10: Data of "Dimplex LA 11 AS", according to data from heat pump test center "WPZ
Buchs", Swiss and EN 255 (1997).

operating condition | Qcc Py

inW | inW
A-7W35 6600 | 2444
A2W35 8800 | 2839
A7TW35 11300 | 3139
A10W35 12100 | 3103
A-7W45 6400 | 2783
A2W45 7898 | 2974
A7TW45 9600 | 3097
A10W45 10145 | 3013
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B Buffer Storage data

Table B.1: List of buffer storages used for model validation

object number manufacturer type reference to table
6 Viessmann Vitocell 100E SVP 750 B.2
22 Stiebel Eltron  SBP 700E B.3
27 Stiebel Eltron  SBP 700E B.3
35 Ochsner PU 500 B.4
36 Viessmann Vitocell 050 600 B.5

Table B.2: Data of "Viessmann Vitocell 100 E SVP, 7501" according to manufacturer’s data sheet,

4/2007.

inner height m | 1.873
height of lower port, LC | m | 0.272
height of upper port, LC | m | 1.605

height of lower port, HC | m 0
height of upper port, HC | m | 1.873
diameter m | 0.750
thickness of insulation | m | 0.105

Table B.3: Data of "Stiebel Eltron SBP 700 E SOL", according to manufacturer’s data sheet, values
partly extracted from drawing.

inner height m | 1.66
height of lower port, LC | m | 0.205
height of upper port, LC | m | 1.315
height of lower port, HC | m | 0.345
height of upper port, HC | m | 1.455

diameter m | 0.75
thickness of insulation | m | 0.080
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Buffer Storage data

Table B.4: Data of "Ochsner PU 500" storage, according to manufacturer’s data sheet

inner height m | 1.51
height of lower port, LC | m | 0.1
height of upper port, LC | m | 1.41
height of lower port, HC | m | 0.1
height of upper port, HC | m | 1.51

diameter m | 0.65
thickness of insulation | m | 0.085

Table B.5: Data of "Viessmann Vitocell 050, 7501" according to manufacturer’s data sheet.

inner height m | 1.873
height of lower port, LC | m | 0.269
height of upper port, LC | m | 1.604
height of lower port, HC | m 0
height of upper port, HC | m | 1.873

diameter m | 0.750
thickness of insulation | m | 0.105
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C Model optimization and validation results

Table C.1: Heat pump model optimization: Best fits for condenser volumes and heat loss

coefficients.
optimization without heat loss optimization with heat loss
condenser volume in 1 condenser volume in 1 heat loss coefficient in
W/K
01 6.00 6.00 1.00
05 8.00 10.00 28.00
06 23.00 23.00 0.00
09 17.00 19.00 9.00
12 19.00 19.00 0.00
24 25.00 25.00 0.00
25 36.00 34.00 0.50
27 13.00 9.00 3.50
33 1.00 1.00 0.00
36 19.00 19.00 0.00

Table C.2: Heat pump model optimization without heat loss: R? for best fits (see table C.1).

Ré Ré Ré RZQ. Ry, Ry R} Ry
week— 1 2 3 1to3 1 2 3 1to3
01 0.84 0.84 0.80 0.85 0.49 0.48 0.65 0.57
05 0.95 0.95 0.94 0.95 0.91 0.94 0.92 0.93
06 0.79 0.87 0.90 0.86 0.87 0.93 0.95 0.91
09 0.91 0.93 0.91 0.92 0.89 0.93 0.91 0.91
12 0.95 0.95 0.94 0.95 0.98 0.98 0.97 0.98
24 0.80 0.82 0.62 0.81 0.95 0.96 0.93 0.96
25 0.98 0.98 0.97 0.98 0.94 0.95 0.98 0.96
27 0.95 0.94 0.97 0.95 0.92 0.95 0.94 0.95
33 0.55 0.80 0.82 0.79 0.77 0.87 0.91 0.88
36 0.94 0.94 0.89 0.94 0.99 0.99 0.98 0.99

139



Model optimization and validation results

Table C.3: Heat pump model optimization with heat loss: R? for best fits (see table C.1).

Ré Ré Ré RZQ. R}, Ry R} Ry
week— 1 2 3 1to3 1 2 3 1to3
01 0.84 0.84 0.80 0.85 0.49 0.48 0.65 0.57
05 0.96 0.96 0.94 0.96 0.91 0.94 0.92 0.93
06 0.79 0.87 0.90 0.86 0.87 0.93 0.95 0.91
09 0.92 0.94 0.92 0.93 0.89 0.92 0.91 0.91
12 0.95 0.95 0.94 0.95 0.98 0.98 0.97 0.98
24 0.80 0.82 0.62 0.81 0.95 0.96 0.93 0.96
25 0.98 0.98 0.97 0.98 0.94 0.95 0.98 0.96
27 0.95 0.96 0.98 0.97 0.93 0.95 0.94 0.95
33 0.55 0.80 0.82 0.79 0.77 0.87 0.91 0.88
36 0.94 0.94 0.89 0.94 0.99 0.99 0.98 0.99

Table C.4: Heat pump model optimization, relative errors for week 1 to 3 with and without model-

ing of heat loss.

optimization without heat loss optimization with heat loss

fa Jwel Jfer fao fwel Jfer
01 0.09 0.06 0.02 0.07 0.06 0.01
05 0.15 0.07 0.07 0.07 0.06 0.00
06 0.10 -0.01 0.11 0.10 -0.01 0.11
09 -0.05 -0.08 0.03 -0.09 -0.09 0.00
12 -0.02 -0.06 0.04 -0.02 -0.06 0.04
24 0.08 -0.04 0.12 0.08 -0.04 0.12
25 0.02 -0.02 0.04 0.01 -0.02 0.03
27 0.12 0.09 0.02 0.02 0.09 -0.06
33 0.06 -0.01 0.07 0.06 -0.01 0.07
36 0.04 0.02 0.02 0.04 0.02 0.02
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D Inner load and ventilation schedules

Table D.1: List of tables in this chapter. More information on inner gains are given in chapter4,
section4.3.3.

D.2 Occupancy schedule
D3 Machines schedule
D.4 Lighting schedule

D.5 Ventilation schedule, high profiles
D.6  Ventilation schedule, low profiles
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Inner load and ventilation schedules

Table D.2: Occupancy in number of people per hour.

000 000 000 000 00T 00T 002 00C 000 000 000 000 000 000 000 000 000 000 €C
000 000 00 000 00T 00T 000 002 000 000 000 000 000 000 000 000 08T 000 (44
00°0 00°0 S20 ferA GL°0 GL'0 00°0 000 00°0 00°0 000 00°0 00°0 000 00°0 00°0 00'C 00'C 1C
000 000 000 000 0SS0 0SS0 000 000 000 000 000 000 000 000 000 0S°0 002 00C 0C
000 000 000 Prl) 0S0 00 000 000 000 09°0 000 000 000 000 000 000 002 002 61
000 000 000 000 00T 0S0 000 000 00T 00T 000 000 000 000 000 000 00T 00T 81
000 00°0 000 00°0 000 000 00°0 000 00°0 00'T 000 000 00°0 000 000 00°0 00T 00'T L1
000 000 000 000 000 000 000 000 000 00T 000 000 000 000 00T 000 00T 00T 91
000 000 000 000 000 000 000 000 000 000 000 000 000 000 00T 000 0S50 00T ST
000 000 000 000 000 000 000 000 000 000 000 000 000 000 00T 000 0S50 0S'0 jdt
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 002 000 €l
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 4}
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 1T
00°0 00°0 000 00°0 000 000 00°0 000 00°0 00°0 000 00°0 00°0 000 00°0 00°0 00'C 00°0 o1
000 000 fer4) 000 SL0 000 000 000 000 000 000 000 000 000 000 000 002 000 6
000 000 Sco Sco 00T 000 000 000 00T 0S°0 000 000 000 000 000 000 000 000 8
000 000 S20 S0 00T 000 I 000 000 002 000 000 000 000 000 000 000 000 L
000 000 000 Pr4l) 00T 0S0 00C 00T 000 or't 000 000 000 000 000 000 000 000 9
000 000 000 000 00T 00T 002 00C 000 000 000 000 000 000 000 000 000 000 S
000 000 000 000 00T 00T 002 002 000 000 000 000 000 000 000 000 000 000 14
00°0 00°0 000 00°0 00'T 00'T 00'C 00'c 00°0 00°0 000 00°0 00°0 000 00°0 00°0 000 00°0 €
000 000 000 000 00T 00T 002 002 000 000 000 000 000 000 000 000 000 000 4
000 000 000 000 00T 00T 002 002 000 000 000 000 000 000 000 000 000 000 T
000 000 000 000 00T 00T 002 002 000 000 000 000 000 000 000 000 000 000 0
ns-es aj-oux ns-es aj-our ns-es aj-our ns-es 1j-oux ns-es aj-oux ns-es aj-our ns-es 1j-our ns-es aj-oux ns-es ay-our oy
C uaIpyy weq 1 uaIp[iyd Burdealg uayoIy oM Jopiio) AqqoH woo13uIAT]
(agyoxd mo]) SIUR)IqeYUT 391} 10J S[NPIAYIS
00'T 00'T 000 00°0 00'T 00'T 00'C 00'c 00°0 00°0 000 00°0 00°0 000 00°0 00°0 000 00°0 €C
00T 00T 00 000 00T 00T 000 002 000 000 000 000 000 000 000 000 08T 000 [44
SL0 SL0 Sco Sco SL0 SL0 000 000 000 000 000 000 000 000 000 000 002 002 |4
0S50 SL'0 000 000 0S0 0S50 000 000 000 000 000 000 000 000 000 050 00°€ 002 0¢
0S50 020 000 fr4l) 0SS0 020 000 000 00T 09°0 000 000 000 000 000 000 002 00C 61
00T 0S°0 000 000 00T 0S0 000 000 00T 00T 000 000 000 000 000 000 00T 00T 81
000 000 000 000 000 000 000 000 000 002 000 000 000 000 000 000 00°€ 00T LT
0S50 00°0 000 00°0 0S°0 00°0 00°0 000 00°0 00'T 000 00°0 00°0 00°0 00'T 00°0 00'T 00'T 91
0S50 000 000 000 0SS0 000 000 000 000 000 000 000 000 000 0S'C 000 0S0 00T ST
0S'0 000 000 000 0S0 000 000 000 000 000 000 000 000 000 0S'C 000 0S0 00T 4!
0S50 000 000 000 0S0 000 000 000 000 00T 000 000 000 000 000 000 00°€ 000 €1
000 000 000 000 000 000 000 000 002 02’1 000 000 000 000 000 000 000 0€0 4}
08T 000 000 000 000 000 000 000 080 0.0 000 000 000 000 00T 000 000 000 1T
ST 000 000 000 000 000 000 000 000 000 000 000 000 000 00T 000 SL'T 000 0T
00'T 00°0 S20 00°0 00'T 00°0 00°0 00°0 00°0 000 000 000 000 000 SL0 000 00T 000 6
00T 000 fer4) Sco 00T 000 000 000 00T 0S°0 000 000 000 000 000 000 SL0 000 8
00T 000 Sco Sco 00T 000 T 000 000 002 000 000 000 000 000 000 000 000 L
00T 050 000 Sco 00T 0S50 002 00T 000 or'T 000 000 000 000 000 000 000 000 9
00'T 00'T 00°0 00°0 00'1T 00'T 002 00'C 00°0 00°0 000 00°0 00°0 000 00°0 00°0 000 00°0 S
00T 00T 000 000 00T 00T 002 002 000 000 000 000 000 000 000 000 000 000 i4
00T 00T 000 000 00T 00T 002 00T 000 000 000 000 000 000 000 000 000 000 €
00T 00T 000 000 00T 00T 00C 002 000 000 000 000 000 000 000 000 000 000 4
00T 00T 000 000 00T 00T 00C 002 000 000 000 000 000 000 000 000 000 000 [
00T 00T 000 000 00T 00T 002 00T 000 000 000 000 000 000 000 000 000 000 0
ns-es 1j-oux ns-es Jj-oux ns-es Jj-our ns-es 1j-oux ns-es Jj-oux ns-es Jj-our ns-es 1j-oux ns-es 1j-oux ns-es Jj-oux oy
2 UaIp[iyn) eg 1 UdIp[IYD Surdoarg UAYIIDY DM 10pL1I0D) AqqoH WOO0IBUIATT

(agoxd ySry) syue)IqRYUI INOJ 10J A[NPIYIS
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. Values from 0 to 1 that are multiplied by specific heat

flows and room area. Specific heat flows are 40 W/ m? for the kitchen, 1.5 W/m? for the

other rooms.

mes

Inner gains through machi

Table D.3

01°0 01°0 00°0 000 01°0 01°0 01°0 01'0 020 02°0 000 000 000 000 000 000 01°0 01°0 Y4
01°0 01°0 000 000 050 050 05°0 050 02°0 020 000 000 000 000 000 000 050 050 2
01’0 01’0 000 000 050 050 050 050 020 020 000 000 000 000 000 000 050 050 1C
01°0 01°0 00°0 000 050 05°0 050 050 02°0 02°0 000 000 000 00°0 000 000 050 050 0z
01°0 01°0 00°0 000 00’1 00’1 00'T 00’1 02°0 020 000 000 000 000 000 000 00’1 00'T 61
0r°0 0r'0 000 000 00T 001 00'T 001 0%°0 070 000 000 000 000 000 000 001 00'T 81
01°0 01°0 000 000 00'T 001 00'T 00T 00'T 00'T 00°0 000 000 00°0 00°0 00°0 00'T 00'T L1
01°0 01°0 00°0 000 00’1 001 00’1 00’1 0r'0 0v'0 000 000 000 00°0 000 000 001 00’1 91
0r°0 01'0 000 000 050 050 05°0 050 02°0 020 000 000 000 000 000 000 050 05°0 [
01’0 01’0 000 000 050 01'0 01’0 01’0 020 020 000 000 000 000 000 000 050 050 vl
01°0 01°0 00°0 000 050 01°0 01°0 01°0 02°0 02°0 000 000 000 00°0 000 000 050 050 el
01°0 01°0 00°0 000 050 01°0 01°0 01’0 0Z°0 020 000 000 000 000 000 000 050 050 Al
0r°0 01’0 000 000 050 01°0 01’0 01’0 02°0 020 000 000 000 000 000 000 050 050 i
01’0 01’0 00°0 000 050 01'0 01’0 or'o 020 020 000 000 000 000 000 000 050 050 o1
01°0 01°0 00°0 000 050 01°0 01°0 01'0 0Z°0 02°0 000 000 000 000 000 000 050 050 6
01°0 01'0 00°0 000 050 050 050 050 ov'0 070 000 000 000 000 000 000 050 05°0 8
01’0 01’0 000 000 00T 001 00'T 001 08°0 080 000 000 000 000 000 000 00’1 00'T L
01°0 01°0 00°0 000 050 050 05°0 050 0¥'0 0¥'0 000 000 000 00°0 000 000 05°0 050
01°0 01°0 00°0 000 01°0 01°0 01°0 01'0 0Z°0 02°0 000 000 000 00°0 000 000 01°0 01°0 S
0r°0 01’0 000 000 01’0 01'0 01’0 01’0 02°0 020 000 000 000 000 000 000 01'0 0r°0 v
0r’o 01’0 000 000 01’0 01'0 0r’o or'o 020 020 000 000 000 000 000 000 01'0 01’0 €
01°0 01°0 00°0 000 01°0 01°0 01°0 01°0 02°0 02°0 000 000 000 00°0 000 000 01°0 01°0 4
01°0 01'0 000 000 01°0 01°0 01°0 01’0 02°0 020 000 000 000 00°0 000 000 01°0 01°0 1
01’0 0r'0 000 000 01’0 01'0 01’0 0r'o 020 020 000 000 000 000 000 000 01’0 01’0 0
ns-es Jj-our ns-es Jj-oux ns-es Jj-oux ns-es Jj-our ns-es Jj-our ns-es Jj-oux ns-es Jj-ouwx ns-es Jj-our ns-es Jj-our ANOH

2 uaIp[iyn yeg 1 ua1p[Iy) Surdoolg uayIDY oM IopIop AqqoH WOOIUIAIT

a[goid moT

01’0 01’0 000 000 0r'o 01'0 01’0 01’0 020 020 000 000 000 000 000 000 01'0 01’0 €
050 050 00°0 000 050 05°0 05°0 050 02°0 02°0 000 000 000 00°0 000 000 05°0 050 [
05°0 050 00°0 000 050 050 05°0 050 02°0 020 000 000 000 00°0 000 000 050 050 1C
050 050 000 000 050 050 050 050 020 020 000 000 000 000 000 000 050 050 02
00'T 00'T 00°0 000 00'T 00'1 00'T 00'T 02°0 02°0 00°0 000 000 00°0 000 000 00'1 00'T 61
00’1 00’1 00°0 000 00’1 001 00’1 00’1 0r'0 0v'0 000 000 000 000 000 000 001 00’1 81
00'T 00’1 000 000 00’1 001 00'T 00’1 001 00'T 000 000 000 000 000 000 001 00'T L1
00'T 00’1 000 000 00T 001 00'T 001 070 070 000 000 000 000 000 000 001 00'T 91
050 050 00°0 000 050 05°0 050 050 02°0 02°0 000 000 000 00°0 000 000 05°0 050 o1
05°0 050 00°0 000 050 050 05°0 050 02°0 020 000 000 000 00°0 000 000 050 050 V1
050 050 000 000 050 050 050 050 070 070 000 000 000 000 000 000 050 050 €1
00’ 00'T 00°0 000 00'T 00’1 00'T 00'T 00'T 00'T 00'0 000 000 00°0 000 000 001 00'T 21
00’1 00’1 00°0 000 00’1 001 00'T 00’1 0r'0 0v'0 000 000 000 000 000 000 001 00’1 11
050 050 000 000 050 050 050 050 02°0 020 000 000 000 000 000 000 050 050 o1
05°0 050 000 000 050 050 050 050 020 020 000 000 000 000 000 000 050 050 6
050 050 00°0 000 050 05°0 050 050 0¥'0 0v'0 000 000 000 00°0 000 000 05°0 05°0 8
00'T 00'T 00°0 000 00’1 001 00'T 00’1 08°0 08°0 000 000 000 000 000 000 001 00'T L
050 050 000 000 050 050 050 050 070 070 000 000 000 000 000 000 050 050 9
0r’o 01’0 000 000 01’0 01'0 01’0 0r'o 020 020 000 000 000 000 000 000 01'0 01’0 S
01°0 01°0 00°0 000 01'0 01°0 01°0 01'0 02°0 02°0 000 000 000 000 000 000 01°0 01°0 v
01°0 01°0 000 000 01’0 01°0 0r°0 01’0 02°0 020 000 000 000 000 000 000 01°0 01°0 €
01’0 01’0 000 000 01’0 01°0 01’0 01’0 020 020 000 000 000 000 000 000 01'0 01’0 C
01°0 01°0 00°0 000 01°0 01°0 01°0 01°0 02°0 02°0 000 000 000 00°0 000 000 01°0 01°0 1
01°0 01°0 00°0 000 01°0 01°0 01°0 01’0 020 020 000 000 000 000 000 000 01°0 01°0 0
ns-es Jj-owr ns-es Jj-oux ns-es Jj-oux ns-es Jj-owr ns-es Jj-owx ns-es Jy-oux ns-es Jj-oux ns-es Jj-owr ns-es Jj-oux INOH

2 uaIp[iyn yeg T U21p[y) Surdaolg Uy oM 1opLIo) AqqoH wWooI3UIAIT

aryoid ySiy
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Inner load and ventilation schedules

Lighting schedule. Values from 0 to 1 that are multiplied by specific heat flows and room
area. Specific heat flows are 12.4 W/m? for the kitchen, 7.85 W/m? for living and sleeping

rooms, 7.5 W/m? for bath rooms.

Table D.4

000 000 00°0 000 000 00°0 00'T 000 00°0 000 000 000 000 00°0 000 000 00°0 000 €2
000 000 001 000 001 001 000 001 000 000 000 000 000 000 000 000 001 000 4
000 000 00’1 00'T 00'T 001 000 00'0 000 00°0 000 000 000 00°0 000 000 001 00'T 1C
000 000 00°0 000 00’1 001 000 000 000 000 000 000 000 000 000 00’1 001 00’1 0z
000 000 000 00'T 00’1 001 000 000 00°0 00’1 000 000 000 000 000 000 001 00'T 61
000 000 000 000 001 001 000 000 00'T 00'T 000 000 000 000 000 000 001 00'T 81
000 000 00°0 000 000 00°0 000 000 000 00’1 000 000 000 00°0 000 000 00’1 00’1 L1
000 000 000 000 000 00°0 000 000 000 00’1 000 000 000 00°0 00'T 000 001 00’1 9l
000 000 000 000 000 000 000 000 000 000 000 000 000 000 00'T 000 001 00'T St
000 000 000 000 000 000 000 000 000 000 000 000 000 000 00'T 000 00’1 00'T vl
000 000 00°0 000 000 00°0 000 000 000 000 000 000 000 000 000 000 001 000 el
000 000 00°0 000 000 00°0 000 000 00°0 000 000 000 000 000 000 000 00°0 000 Al
000 000 000 000 000 00°0 000 000 000 000 000 000 000 000 000 000 000 000 i
000 000 00°0 000 000 00°0 000 000 000 000 000 000 000 00°0 000 000 001 000 o1
000 000 001 000 00’1 00°0 000 000 000 000 000 000 00°0 000 000 000 001 000 6
000 000 001 00'T 00T 000 000 000 001 00'T 000 000 000 000 000 000 00°0 000 8
000 000 001 00'T 00T 000 00'T 000 000 00'T 000 000 000 000 000 000 000 000 L
000 000 00°0 00’1 00’1 001 00’1 00’1 000 00’1 000 000 000 00°0 000 000 00°0 000 9
000 000 000 000 000 00°0 000 000 00°0 000 000 000 000 000 000 000 00°0 000 S
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 00°0 000 v
000 00'0 00°0 00°0 00°0 00°0 00°0 000 000 00°0 00°0 00°0 00'0 00°0 000 00°0 00°0 00°0 3
000 000 00°0 000 000 00°0 000 000 000 000 000 000 000 000 000 000 00°0 000 2
000 000 000 000 000 000 000 000 00°0 000 000 000 000 000 000 000 000 000 1
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 0

ns-es Ij-our ns-es Ij-our ns-es Ij-ouwr ns-es Ij-our ns-es Ij-our ns-es Ij-our ns-es Ij-our ns-es Ij-our ns-es Ij-our INOH

2 UdIP[IYD yeg 1 UdIP[IYD Surdoalg U9y om lopruopn Aqqoy WOOIZUIAI]
a[goid mo

000 00'0 00°0 000 00'0 00°0 00'T 00T 000 00°0 00°0 000 000 00°0 00°0 000 00°0 00°0 X4
00’1 00’1 001 000 00’1 001 00’1 00’1 000 000 000 000 000 000 000 000 001 000 2
00'T 00T 00’1 00'T 00’1 001 000 000 00°0 000 000 000 000 000 000 000 001 00'T 1C
00'T 00’1 000 00'T 00T 001 000 000 000 000 000 000 000 000 000 00T 001 00'T 0z
00’1 00’1 00°0 00’1 00’1 00’1 000 000 00'T 00’1 000 000 000 00°0 000 000 001 00’1 61
00'T 00’1 00°0 000 00’1 001 000 000 001 00'T 000 000 000 00°0 000 000 001 00'T 81
000 000 000 000 000 000 000 000 00T 00'T 000 000 000 000 000 000 001 00'T L1
00'T 000 00°0 000 00'T 000 00°0 000 00'T 00'T 00°0 000 000 00°0 00'T 000 001 00'T 91
00’1 000 00°0 000 00’1 00°0 000 000 000 000 000 000 000 00°0 00’1 000 001 00’1 Sl
00'T 000 000 000 00’1 00°0 000 000 00°0 000 000 000 000 000 00'T 000 001 00'T V1
00'T 000 000 000 00T 000 000 000 00'T 00'T 000 000 000 000 000 000 001 000 €1
000 000 00°0 000 000 000 000 000 00’1 00'T 000 000 000 00°0 000 000 00’1 00’1 Al
00'T 000 00°0 000 000 00°0 000 000 00’1 00’1 000 000 000 00°0 00'T 000 00’1 000 11
00'T 000 000 000 000 000 000 000 000 000 000 000 000 000 00'T 000 001 000 o1
00’ 00'0 00’1 000 00'T 000 000 000 000 00'0 000 000 000 000 00’1 000 001 000 6
00’1 000 001 00’1 00’1 00°0 000 000 00'1 00’1 000 000 000 000 000 000 001 000 8
00'T 00’1 001 00'T 00’1 001 00'T 000 001 00’1 000 000 000 000 000 000 000 000 L
00'T 00’1 000 00'T 000 001 000 001 000 00'T 000 000 000 000 000 000 000 000 9
000 000 00°0 000 000 00°0 000 000 000 000 000 000 000 00°0 000 000 00°0 000 S
000 000 00°0 000 000 00°0 000 000 000 000 000 000 000 000 000 000 00°0 000 v
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 €
000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 4
000 000 00°0 000 000 00°0 000 000 000 000 000 000 000 000 000 000 00°0 000 1
000 000 00°0 000 000 00°0 000 000 00°0 000 000 000 000 000 000 000 00°0 000 0

ns-es Jj-ouwr ns-es Jj-oux ns-es Jj-oux ns-es Jj-our ns-es Jj-oux ns-es Jy-oux ns-es Jj-oux ns-es Jj-ouxr ns-es Jj-oux INOH

2 uaIp[Iyn qreg [ UdIp[IyD Surdeolg Dy oM IopLIon AqqoH wooI3uIAI]
argoxd ysiy
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Table D.5: Ventilation schedule, high profile in 1/h.

000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0g:€2
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 00:€2
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0g:22
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0022
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0812
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 00:12
000 000 000 000 000 000 000 000 0S50 0S50 000 000 000 050 000 000 0€:0¢C
000 000 00T 000 000 000 0021 00T 050 050 000 000 000 050 000 000 00:02
000 000 000 000 000 00zl 000 000 050 050 000 000 000 000 000 000 0£:61
000 000 000 000 000 000 000 000 050 050 000 000 000 000 0021 0021 00:61
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0£:81
000 000 000 0021 0021 000 000 000 050 050 000 000 000 000 000 000 00:81
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0g:L1

0021 00°CL 000 000 000 000 000 000 050 0S0 000 000 000 000 000 000 00T
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 08191
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 00:91
00°0 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 0g:5T
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 00:ST
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 0T
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 00:71
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 0€€T
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 00:€T
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 0g:z1

0021 000 000 000 000 000 000 000 050 050 000 000 050 000 000 0021 00:21
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 01T
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 00:1T
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 0£:01
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 00:0T
000 000 000 000 000 000 000 000 050 050 000 000 050 000 000 000 0£6
000 000 00T 000 0021 000 000 000 050 050 000 000 050 000 0021 000 006
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0g:8
000 000 000 0021 000 000 000 000 050 050 0021 000 000 000 000 000 00:8
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0g:L
000 000 000 000 000 000 0021 000 050 050 000 00ZL 000 000 000 000 00
000 000 000 000 000 00°CT 000 002t 050 050 000 000 000 000 000 000 0€9
000 0021 000 000 000 000 000 000 050 050 000 000 000 000 000 000 00:9
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0g'S
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 00:G
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0¥
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 001
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0g:g
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 00:¢
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0€'T
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 002
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0g1
000 000 000 000 000 000 000 000 050 0S0 000 000 000 000 000 000 00'T
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 0£:0
000 000 000 000 000 000 000 000 050 050 000 000 000 000 000 000 00:0

ns-es Jj-our ns-es Jy-oux ns-es Jy-oux ns-es Jj-oux ns-es Jj-our ns-es Jj-oux ns-es Jj-ouxr ns-es Jj-our ANOH

2 uaIpiyn yeg [ UdIp[Iy) Surdaojg Uy oM AqqoH wWooI3uIAI
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Inner load and ventilation schedules

1/h.

mn

Ventilation schedule, low profile
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E Additional model parametrization data

Table E.1: Coefficients for the pump model, see equation 4.12

symbol value for WSchV84 value for EnEV2009 unit
co 4.7277 0.4602 m
c 0.8982 0.06338 h/m?
o -0.8831 -0.06323 h?/m®

Table E.2: Nominal mass flows and flow coefficients of the radiator valves. The valve data is chosen

according to Danfoss RA N 15 valve characteristic for a proportional range of 1 K.

roomnb. Fipem inkg/s  kyg in m3/h
1 0.055 0.4300
2 0.029 0.1902
3 0.042 0.2835
4 0.027 0.1727
5 0.028 0.1787
6 0.042 0.3044
7 0.030 0.1928
8 0.034 0.2250
9 0.036 0.2394
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F Building model

WSchvg4 - W EnEV09 - E
Outer wall 0.6 W/ (m?K) 0.28 W/ (m?K)
Ground floor 0.7 W/ (m?K) 0.35W/(m?K)
Floor slap 0.45W/(m?K) 0.2 W/ (m?K)
Saddle roof 0.45 W/ (m?K) 0.2 W/(m?K)
Window 2.5W/(m?K) 1.3 W/(m?2K)
Outer door 3.1 W/(m?3K) 1.8 W/ (m2K)
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Figure E.1: Plan of the ground floor of the modeled building (Constantin et al., 2014).
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Building model
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Figure E.2: Plan of the upper floor of the modeled building (Constantin et al., 2014).
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Figure E3: Section view of the modeled building (see A-A in figure E1) (Constantin et al., 2014).
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G Reference system with DHW generation

DHW demand is not part of the studies in this work. Nevertheless, the possible influence on heat
pump efficiency is analyzed for one system which allows for better comparison to the field test
results where many heat pump systems also generate DHW. The reference system is therefore ex-
tended by a DHW storage that can be loaded by a coiled tube heat exchanger!. A three way valve in
the condenser circuit controls whether the buffer storage or DHW storage is charged. Loading of
DHW storage has priority over loading of buffer storage and is activated if the upper DHW storage
temperature falls below 45 °C and is turned of when reaching 50 °C. The cold water temperature is
10 °C during the whole year. The DHW tap profile is taken from DIN EN 16147-2011 (2011), profile
M; slight adjustments to this profile are adopted according to Haller et al. (2013).

The SPF; of the reference system WBH for a year long simulation is 2.59, the SPF, is 2.89. Figure G.1,
using the same representation as for field test objects in figure 3.8, shows the monthly performance
factors and monthly mean temperatures. The characteristic of the system with DHW generation is

in line with the field test results. This shows that the system characteristics are well modeled.

IStorage data from Buderus Logalux SF 300 is used.
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Reference system with DHW generation
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Figure G.1: Monthly temperature lift and performance factor of reference system WBH with DHW
generation, control volume 2.
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H Room model for MPC

For the room volume the energy balance leads to:

. —Hgw- Hy—- H H H H 1 .1
Tr=—— VR e Wy = T =Y To+ — O+ — Qg (H.1)
Cr Cr Cr Cr 2Cr 2Cr

Thereby, index R is for the room air node, W for the wall, index C for the capacity of inner walls, O
for outdoor. H is the heat loss coefficient representing heat conductance between different nodes
whereas Hy represents the heat loss coefficient for ventilation, i.e. between the room air node and
the outdoors. Qg represents inner and solar gains, Qy represents the heat gain through the heater,

i.e. the radiator.

The wall is represented as follows:

. — Hpw — H H; H;
Ty = — W WO i+ W e+ 0 (H.2)
CW CW CW

Hyyo is the heat loss coefficient for heat transfer from the wall node to the outdoor air. The capacity

is connected to the air node:

. . . . 1 .
To= =S Tp- =S To+ — QO+ — - H.3
C Co R Co C 2Ce Qu 2Ce Qg (H.3)

These three equations can be used as linear, time-invariant model for MPC in the form of

X=A-x+B-u (H.4)
with

—Hrw—Hy—Hgc Hrw Hgc _Hy 1 1

CR CR CR CR 2CR ZCR

_ Hrw —Hrw—Hwa Hwa
A= Cw Cw 0 B = Cw 0 0 ’

Hgc 0 _ Hgrc 0 L L

Cc Cc 2C¢c 2Cc

Tr Ta
x=|Tw|,u=|Qnu
Tc Qc

The model is compared to the room model implemented in Modelica, which implements radia-
tion, convection, multiple layer walls with respect to capacities and heat conductance. Figure H.1

shows a comparison of both models during two days. Short-time response of the simplified model
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Room model for MPC
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Figure H.1: Comparison of Modelica model and simplified room model for MPC control.

matches well the detailed model ones whereas certain behavior is not well modeled according to

different shares of convective and radiative heat gains than assumed.
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Detailed results of simulation studies

Table I.1: Results of system simulations: Different insulation standards and User schedules.

SPF) | Wepnp Wel 1R Qic Quc lon Nop
inkWh | inkWh | inkWh | inkWh | inh

WBH | 3.12 4319 32.84 13553 13570 | 1224 | 4217
WBL | 3.14 4518 31.11 14294 14267 | 1286 | 3559
WBN | 3.18 4718 32.65 15148 15119 | 1358 | 3293
EBH | 2.96 1178 6.19 3622 3508 680 | 2264
EBL 3.01 1327 7.23 4116 4009 771 | 2492
EBN 3.09 1518 4.18 4793 4698 893 | 2832

Table I.2: Results of system simulations: Monovalent systems.

SPF,

Wel,up Wel,HR Qe Quc Ton Nop
inkWh | inkWh | inkWh | inkWh | inh
WML | 3.15 4523 0.00 14141 14268 | 954 | 3884
WMH | 3.13 4337 0.00 13437 13574 | 909 | 3993
EML 3.03 1323 0.00 4072 4010 569 | 2707
EMH 2.98 1175 0.00 3581 3507 502 | 2451
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Detailed results of simulation studies

Table I.3: Results of system simulation: Supply temperature control.

SPF; | Wernp | Weladd Qe Quc fon Nop
inkWh | inkWh | inkWh | inkWh | inh

REF (WBH) 3.12 4319 32.84 13553 13570 | 1224 | 4217
REFvar (WBH) 3.08 3808 30.98 11857 11813 | 1073 | 3536
RR (WBH) 3.14 4271 29.96 13505 13504 | 1221 | 3840
mRR (WBH) 3.13 4303 29.18 13551 13550 | 1225 | 3905
mRRvar (WBH) 3.04 3870 30.66 11927 11873 | 1076 | 3444
RB (WBH) 3.28 4024 6.15 13091 13210 | 1199 | 6604

RBvar(a) (WBH) 3.12 3736 31.47 11789 11756 | 1069 | 3532
RBvar(b) (WBH) 3.31 3413 11.07 11259 11327 | 1037 | 5562

PI(a) (WBH) 3.29 3635 0.01 11803 11950 | 1090 | 6136
PIvar(a) (WBH) 3.32 3079 1.17 10130 10212 | 939 | 5476
Plvar(a) (EBH) 3.28 754 1.83 2552 2477 489 | 1648
PIvar(a) (EBL) 3.27 878 1.93 2954 2878 564 | 1799
PIvar(a) (WBL) 3.33 3212 0.99 10610 10700 | 982 | 5634
Plvar(b) (WBH) 3.29 3131 0.11 10240 10293 944 | 5253
PIvar(c) (WBH) 2.95 2896 254.2 8946 9034 838 | 4932
Plvar(d) (WBH) 3.45 2958 0.93 10110 10214 | 941 | 5348
MPC(a) (WBH) 2.63 4762 26.61 12800 12602 | 1106 | 2517
MPC(b) (WBH) 3.29 3603 0.48 11870 11867 | 1083 | 4049
MPC(c) (WBH) 3.41 3368 2.32 11428 11483 | 1051 | 4683

MPCvar(a) (WBH) | 3.10 3275 32.02 10366 10249 | 933 | 2275
MPCvar(b) (WBH) | 3.34 2960 6.37 9961 9914 911 | 2763
MPCvar(c) (WBH) | 3.49 2741 2.54 9553 9573 883 | 3716

Table 1.4: Results of system simulation: Study of additional reference systems. "Renovated" indi-
cates building physics according to "WSchV 1995" (German Heat Insulation Ordinance
of the year 1995). The "higher heating curve" is calculated as indicated in section 4.5.7.

SPF; | Weinp | Weladd Qic Quc fon Nop
inkWh | inkWh | inkWh | inkWh | inh
REFvar, renovated 3.11 2157 18 6880 6776 1279 | 2566
PlIvar(a), renovated 3.44 1893 15 6616 6560 1250 | 2259
EAvar, higher heating curve | 2.94 3587 31 10778 | 10630 | 966 | 2584
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