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Abstract

ENGLISH The building sector has been identified as one of the key sectors to reduce COq
emissions. A very promising concept for the efficient energy supply of residential buildings
with high amounts of renewable energies in compliance with the EU Energy Performance
of Buildings Directive is the combination of solar and heat pump systems. Due to the va-
riety of possible system combinations and boundary conditions, the model-based analysis
is a common method for comparison of different systems. The objective of this work is
to close the gap of widely ranged and comparable studies with consideration of both ther-
mal and electrical energy supply of buildings including energy storages by the systematic
model-based analysis of different system concepts with regard to efficiency, environmental
impact and economic aspects for different climates and types of single-family houses using
the simulation environment TRNSYS. The results demonstrate that solar and heat pump
systems, especially equipped with PV or PVT technologies and battery storages, are an
efficient solution to achieve high CO, emissions savings up to 71 % in moderate climate and
to fulfill the requirements of nearly zero energy buildings. In addition, the results point out
the need for cost reductions and subsidies as well as carbon prices to enhance the economic
efficiency of the systems. Furthermore, the developed model libraries will allow for further
investigations by other works.

DEUTSCH Der Gebédudesektor wurde als ein Schliisselsektor zur Reduzierung von COo-
Emissionen identifiziert. Ein vielversprechendes Konzept fiir die effiziente Energieversorgung
von Wohngebéduden mit hohem Anteil an erneuerbaren Energien im Einklang mit der EU-
Gebauderichtlinie sind solare Wéarmepumpensysteme. Aufgrund der Vielzahl méglicher
Systemkombinationen und Randbedingungen ist die modellbasierte Analyse eine tibliche
Methode zum Vergleich verschiedener Systeme. Ziel dieser Arbeit ist es, die Liicke um-
fassender und vergleichbarer Studien unter Beriicksichtigung der thermischen und elek-
trischen Energieversorgung von Gebéauden einschliellich Energiespeicher durch die systema-
tische modellbasierte Analyse verschiedener Systemkonzepte hinsichtlich Effizienz, Umwelt-
auswirkungen und 6konomischen Aspekten fiir unterschiedliche Klimazonen und Typen von
Einfamilienhdusern unter Verwendung der Simulationsumgebung TRNSYS zu schlieflen.
Die Ergebnisse zeigen, dass solare Warmepumpensysteme, insbesondere ausgestattet mit
PV- oder PVT-Technologien und Batteriespeichern, eine effiziente Losung sind, um hohe
CO,-Emissionseinsparungen von bis zu 71 % in gemaBigtem Klima zu erzielen und die An-
forderungen von Niedrigstenergiegebauden zu erfiillen. Des Weiteren zeigen die Ergeb-
nisse die Notwendigkeit von Kostensenkungen, Subventionen sowie CO,-Bepreisung, um
die Wirtschaftlichkeit der Systeme zu steigern. Die entwickelten Modellbibliotheken werden
zudem weitere Untersuchungen durch andere Arbeiten ermoglichen.
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Chapter

Introduction

1.1 Background and Motivation

Efficiency and sustainability of energy systems gain in importance due to the growing ef-
forts being made in the field of climate protection. In 2018, the Intergovernmental Panel
on Climate Change (IPCC) announced in its special report on the impacts of global warm-
ing of 1.5°C above pre-industrial levels and related global greenhouse gas (GHG) emission
pathways that “human activities are estimated to have caused approzimately 1.0°C global
warming above pre-industrial levels” and “global warming is likely to reach 1.5°C between
2030 and 2052 if it continues to increase at the current rate” [IPCC, 2018|. Furthermore,
the IPCC identified robust differences in regional climate characteristics (like mean temper-
ature, hot extremes, heavy precipitation or droughts), global mean sea level rise, impacts
on biodiversity and ecosystems (including species loss and extinction), increases in ocean
temperature as well as climate-related risks to health, livelihoods, food security, water sup-
ply, human security and economic growth between global warming of 1.5°C and 2°C. For
limiting the global warming within the modeled pathways to below 1.5°C, the global net
anthropogenic carbon dioxide (CO,) emissions have to be reduced by about 45 % from 2010
levels by 2030, reaching net zero around 2050. In order to meet this objective, rapid and far-
reaching transitions, especially in the energy sector, are mandatory which imply extensive
emission reductions in all sectors, a wide portfolio of mitigation options and a significant
upscaling of investments in those options [IPCC, 2018].

In 2015, the United Nations decided within the Paris Agreement, which follows the Kyoto
Protocol, to pursue efforts to limit the temperature increase to 1.5°C above pre-industrial
level [United Nations, 2015]. On the European level, the European Union (EU) key targets
on climate change and energy included initially 20 % decrease of GHG emissions by 2020, at
least 40 % by 2030 and as longer-term objective around 80 % to 95 % by 2050 compared with
1990. In addition, the EU targets implied a 20 % amount of total energy consumption from
renewable energy by 2020 (at least 27 % for 2030) and 20 % increase in energy efficiency
by 2020 (at least 27 % for 2030) [European Commission, 2019]. In 2016, the EU increased
the ambition of these targets to a 32% share of renewable energy and at least a 32.5%
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improvement in energy efficiency (compared to a business-as-usual scenario for 2030) by
2030. This was followed in 2018 by the objective to be climate-neutral by 2050 as vision for
a long-term EU strategy for reducing GHG emissions, which is also part of the European
Green Deal presented in 2019 [European Commission, 2020a]. As part of the European
Green Deal, the EU goes even further with the 2030 objectives and proposed in September
2020 (with agreement in April 2021) to raise the 2030 targets to at least 55 % decrease of
GHG emissions [European Commission, 2021a. In July 2021, the European Commission
adopted a package of proposals, called Fit for 55 package, to make the EU’s climate, energy,
land use, transport and taxation policies fit to meet the increased GHG emissions reduction
objectives [European Commission, 2021c¢,b]. The Europe 2020 indicators from 2018 showed
an EU GHG emissions reduction of 23.2 % and a share of renewable energy of 18.0 % for the
EU gross final energy consumption. Regarding the energy efficiency objective, the EU has
also made progress, although the trend reversed after 2014 [Eurostat, 2020b]. According
to preliminary data, the EU GHG emissions decreased by 10 % from 2019 to 2020 and the
EU achieved all 2020 targets. Nevertheless, the large decline was strongly related to the
Covid-19 pandemic and thus additional efforts have to be made as proposed in the Fit for 55
package to achieve the ambitious 2030 targets [European Environment Agency, 2021].

Solid fuels Space cooling
0.4%  Water heating

3.4% Oil and petroleum products
__ 14.8%

[ 11.6%

Cooking
6.1%

Lightning and appliances
14.1%

Renewables and wastes
19.5%

Other end uses

Derived heat 1.0%

Space Heatin,
8.7% P &

Electricity (incl. renewable energies) 63.6%
24.7%
(a) Final energy consumption by energy carrier (b) Final energy consumption by type of end-use

Figure 1.1: Final energy consumption of the EU residential sector by energy carrier and
type of end-use in 2018 [Eurostat, 2020a].

The building sector, which is responsible for nearly 40 % of total energy consumption and
36 % of CO4 emissions in the EU, has been identified as one of the key sectors to achieve the
EU’s 2020 targets and, furthermore, the longer term objectives of climate protection and
thus the transition to a climate-neutral society [European Commission, 2013, 2020b]. In
2018, the residential sector on its own represented 26 % of the final energy consumption in
the EU. Figure 1.1 shows the final energy consumption of the EU residential sector by energy
carrier and type of end-use in 2018. Currently, most of the EU final energy consumption in
the residential sector is covered by gas with a share of around 32 % in 2018. At this, 94 %
of the gas consumption can be allocated to space heating (SH) and water heating, which
represented around 78 % of the final energy consumption of the EU residential sector in
2018 [Eurostat, 2020a]. With 52 %, the main part of the building’s energy consumption for
space heating and water heating is covered by conventional heating systems with gas and
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oil as energy carrier and around 24 % by renewable energies. In a nutshell, these figures
clarify why the transformation of the residential energy sector requires the improving of
energy efficiency of buildings by renovation of the existing building stock and especially
the replacement of conventional heating systems by heating systems with high amounts of
renewable energies.

As main legislative instrument at EU level for improving the energy efficiency of buildings,
the EU Energy Performance of Buildings Directive (EPBD) introduced nearly zero energy
buildings (nZEB) with very high energy performance and a nearly zero or very low amount
of energy required, which “should be covered by energy from renewable sources, including
energy from renewable sources produced on-site or nearby” [European Parliament, 2010] as
standard for all new buildings by 2021. In 2018, an amended version of the EPBD was
adopted, which even goes one step further by rating the smart readiness of buildings. In
this context, a smart readiness factor was introduced which “should be used to measure
the capacity of buildings to use information and communication technologies and electronic
systems to adapt the operation of buildings to the needs of the occupants and the grid and to
improve the enerqy efficiency and overall performance of buildings” [European Parliament,
2018]. This also illustrates that energy systems for buildings have not only to be reliable,
economic and efficient, but also sustainable and smart. In its net zero by 2050 roadmap,
the International Energy Agency (IEA) further proposes to introduce zero-carbon-ready
buildings as new building standard for all new buildings by 2030 and for retrofits of most
existing buildings by 2050. A zero-carbon-ready building is mainly defined as highly energy
efficient building that “either uses renewable energy directly, or uses an energy supply that
will be fully decarbonised by 2050, such as electricity or district heat” [IEA, 2021]. In other
words, this means that all zero-carbon-ready buildings will become zero-carbon buildings
by 2050, without further changes to the building or its equipment [IEA, 2021].

A path to follow at the design stage of a building to achieve low-energy and low-carbon
buildings introduced by the IEA can be divided in three steps (cf. Figure 1.2) [IEA, 2013]:

e Energy Sufficiency
e Energy Efficiency
e Renewable Energy.

Energy Sufficiency means reduction of energy needs of buildings and mainly comprises a set
of non-technological solutions related to the design of a building and its daily management
and operation like building’s orientation, use of daylight and natural shading, volume and
ratio of glazed areas of the building or indoor temperature setpoints. FEnergy Efficiency
can be reached by the reduction of energy consumption and thus by the improvement of
the building envelope (through insulation and air tightness), which reduces the heating or
cooling energy demand, the use of efficient heating, cooling and hot water technologies like
heat pumps and the use of efficient ventilation technologies and appliances. Renewable
Energy generated by the building itself (e.g. solar energy) or nearby can then be used to
supply thermal and/or electrical energy to systems for space heating or cooling and water
heating as well as to cover the household electricity demand and consequently to reduce the
COs emissions of the building [IEA, 2013]. To fulfill the requirements of the EPBD, and
with regard to smart grids and the volatility of renewable energies, an additional fourth
step Smartness and Flexibility could be introduced, or it could be seen as part of energy
efficiency and using renewable energy. The IEA’s Energy in Buildings and Communities
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Figure 1.2: Pathway for building design.

Programme (EBC) Annex 67 defines the energy flexibility of a building as the “ability to
manage its demand and generation according to local climate conditions, user needs, and
grid requirements” [IEA, 2019]. According to IEA EBC Annex 67 energy flexibility of
buildings “will thus allow for demand side management / load control and thereby demand
response based on the requirements of the surrounding grids” [TEA, 2019]. Energy flexibility
of buildings can mainly be reached by a combination of energy storage (active or passive) to
shift the energy use or generation and smart control strategies including smart appliances.
At this, smart control can be simple like a heat pump switched off to a defined period,
more complex like rule-based control with several constraints or advanced like model-based
control including e.g. forecasts of weather, occupancy behavior or energy prices [IEA, 2019].
Furthermore, energy flexibility of buildings requires innovations in intelligent overall building
management systems (BMS) and appropriate communication technologies.

A very promising concept for the efficient and smart energy supply of residential buildings
with high amounts of renewable energies and high energy flexibility in compliance with the
EPBD is the combination of solar and heat pump (SHP) systems. At this, the notion SHP
system comprises all combinations of heat pumps and solar energy systems for application
in residential buildings, including photovoltaic (PV) and solar thermal systems as well as
hybrid or combined PV and solar thermal energy technologies (cf. Figure 1.3). Within
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these concepts, solar thermal systems are used to deliver heat (directly or on the source
side of the heat pump) to the system while PV systems provide electricity to the system or
building (household electricity). For heating applications, the heat pump is used to supply
the space heating and/or the domestic hot water (DHW) system (or a thermal storage)
with heat and is usually implemented as ground source heat pump (GSHP) or air source
heat pump (ASHP) but also other concepts are used like solar only systems with latent heat
storage and brine/water heat pump or water source heat pumps. At this, heat pumps and
innovative technologies like photovoltaic-thermal (PVT) collectors support the possibility
of linking heat and electricity in the energy generation as well as the energy consumption
of a building, which is becoming increasingly important with regard to the required energy
flexibility of buildings. Furthermore, the interaction of heat pumps with smart grids is
supported by technologies like the Smart Grid-Ready (SG-Ready) interface that can be
used to provide energy flexibility by different predefined operating modes of heat pumps.
In addition, SHP systems can include thermal as well as electrical storage systems and thus
support the decentralized thermal and electrical storage capacity of a building.

With regard to the increasing complexity of SHP systems and its importance in future
energy systems, the optimized design and control of such systems is mandatory and thus
systematic analyses and comparisons of different system designs and control strategies are
necessary. Due to the variety of possible system combinations and boundary conditions
(e.g. climate or considered building type), the model-based analysis is a common method
for comparison of different systems and determination of most useful concepts depending
on different evaluation criteria. Due to the extensive, well validated and accepted model



6 Chapter 1 INTRODUCTION

libraries for building energy systems and building simulation, the simulation environment
TRNSYS [TRNSYS, 2020] is often used for system modeling and simulation of SHP systems.
Most of the mentioned works in the following section also used TRNSYS as simulation
environment which clarifies that it is the common tool in this research area. For this reason
and due to the great flexibility of the software, TRNSYS is also used in this work for the
system modeling and simulation.

1.2 Related Work and Research Gap

In recent years, a lot of research has been carried out for SHP systems, primarily on spe-
cial topics of thermal system combinations. A comprehensive overview of earlier simulation
studies on solar thermal and heat pump systems within the IEA Solar Heating and
Cooling Programme (SHC) Task 44 / Heat Pump Programme (HPP) Annex 38 was given
by Haller et al. [2014a] and Hadorn [2015]. The authors presented summaries of simulations
which were performed by different authors and different simulation platforms within the
framework of the IEA SHC Task 44 / HPP Annex 38 using predefined boundary conditions
like climate data or heat loads for space heating and domestic hot water preparation of
different single-family houses (new, renovated and non-renovated buildings). But even if
these boundary conditions were used, the simulation results are not comparable in detail
as different simulation parameters and conditions were used for the solar thermal and heat
pump systems itself, e.g. different performance data of the heat pumps and solar thermal
collectors, different assumptions on the hydraulic components (e.g. electricity consumption
of pumps or hydraulic integration) or the system control. For example, Carbonell et al.
[2014a] analyzed the influence of direct use of solar heat in GSHP and ASHP systems for
different types of buildings and climates by simulation using different heat pumps with dif-
ferent performance data and efficiency in case of resizing the systems for different locations
and buildings. By contrast, Poppi et al. [2016] analyzed the influence of component size on
electricity demand for ASHP and GSHP systems combined with solar thermal collectors for
the climates of Zurich and Carcassonne by the use of scale factors. However, the analysis was
limited to renovated and non-renovated buildings. New buildings as well as cold climates
like Helsinki were not considered in the study. Regarding GSHP systems with use of solar
heat for regeneration of the ground heat source, especially the work of Kjellsson [2009] and
Bertram [2015] should be mentioned. Kjellsson [2009] studied the combination of flat-plate
solar thermal collectors with GSHPs, whereas Bertram [2015] concentrated on the integra-
tion of uncovered solar thermal collectors in heat pump systems with vertical ground heat
exchanger. Furthermore, Trinkl [2006] and Fanacht [2015] investigated the combination of
solar thermal and heat pump systems with latent heat (ice) storage on the source side of the
heat pump. Both works offered optimizations of the specific system concepts and special
topics like control strategy or component development but no comparisons with other solar
thermal and heat pump system concepts. So far, comparatively few studies like Haller et al.
[2014a] or Lerch et al. [2015] compared such system concepts with other solar thermal and
heat pump concepts. In a nutshell, as mentioned in Poppi et al. [2016], a lot of research
has been carried out for solar thermal and heat pump systems, but there are no structured
studies beside Poppi et al. [2016] that include GSHP and ASHP concepts with direct use
of solar heat for a wide range of boundary conditions. As Poppi et al. [2016] concentrated
on these concepts for renovated and non-renovated buildings for the climates of Zurich and
Carcassonne, a comparison for new buildings and the consideration of cold climates is still
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missing. Furthermore, little attention has been paid to compare those systems with solar
thermal and heat pump systems with latent heat storage or heat pump only as well as con-
ventional heating systems for a wide range of boundary conditions with uniform efficiency
parameters and assumptions on the main components of the systems.

Within the field of combined photovoltaic and heat pump systems, especially the
work of Fischer [2017] and Von Appen [2018] should be mentioned. Fischer [2017] offered a
study on the integration of heat pumps into smart grids regarding system design, controls
and operation on different system boundary levels, whereas Von Appen [2018] analyzed the
sizing and operation of residential PV systems in combination with battery storage systems
and heat pumps from a household investors and distribution network operators perspective
in Germany. Furthermore, many authors like Facci et al. [2019], Battaglia et al. [2017],
Thiir et al. [2018] or Bee [2019] have studied specific topics of PV and heat pump systems.
Facci et al. [2019] compared different PV and ASHP system concepts including heating and
cooling of an apartment building. Battaglia et al. [2017] presented different system designs
and control options using thermal or battery storages in SHP systems with PV, whereas
another concept for the storage of PV energy within buildings is presented in Thiir et al.
[2018] by overheating the building itself. In addition, Bee [2019] studied different aspects
like the relationships between building, heating system and boundary conditions or the
control strategies on the ability of heat pump systems to increase self-consumption of PV
electricity with special focus on ASHP systems. Nevertheless, a structured comparison of
different combinations of PV and heat pump technologies with and without electrical energy
storages for a wide range of boundary conditions regarding different types of single-family
houses with uniform efficiency parameters and assumptions on the main system components
is still missing.

Regarding solar and heat pump systems in general, Thygesen [2016] carried out a
study on the combination of a GSHP with PV and/or a solar thermal system for a specific
use case of a nZEB (single-family house) in Sweden considering heating applications and
household electricity including the analysis of two storage concepts for PV (with battery
storage or thermal storage with electrical heater). An energetic and financial evaluation of a
PV and air/air heat pump system in comparison with different water /air heat pump systems
using solar thermal or PVT collectors as heat source including a coupled system with solar
thermal collectors and PV as well as concepts with battery storages was presented by Bellos
et al. [2016] for the warm climate of Athens. In addition, techno-economic comparisons
between combinations of PV or PVT with GSHPs for multi-family houses were given by
Sommerfeldt and Madani [2018, 2019] for the cold climate of Sweden. Furthermore, Poppi
[2017] carried out a study on solar thermal as well as PV systems in combination with
heat pumps for heating applications. The author did a literature based economic analy-
sis and performed system simulations with special focus on a reference solar thermal and
heat pump system with ASHP. Additionally, the work presented investigations on special
system improvements like vapor injection cycle or the use of variable speed compressors for
the specific ASHP reference system. As a conclusion, the author recommended that more
techno-economic studies of solar PV and hybrid solar thermal / PV systems in combination
with heat pumps are required and as the results were only for a limited range of variation
in heat loads and system configurations, extended work for other heat loads as well as sys-
tem configurations is needed [Poppi, 2017]. Moreover, in Poppi et al. [2018] the authors
mentioned that there are no consistent boundaries or approaches regarding different studies
which make comparisons between systems difficult or impossible. In a recent systematic re-
view of ASHP systems in combination with solar thermal, PV and PVT, Wang et al. [2020]
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figured out that there is a lack of standardized indicators to evaluate the system performance
and only few papers take into account environmental and economic aspects. Furthermore,
the authors recommended the development of a common simulation tool [Wang et al., 2020].

Within other works, SHP systems were often used as application case for other investi-
gations like the control strategy for low exergy residential buildings [Goffin, 2014], the op-
timization of the combination of active and passive building components in refurbishment
projects to allow for net-zero emission architecture [Ritter, 2012] or the thermal management
of PVT collectors [Ldmmle, 2018].

Regarding the related works, typically a certain system concept and specific aspects for
fixed or slightly variable boundary conditions are taken into account but rarely widespread
system comparisons are done. Furthermore, especially different possibilities of thermal com-
binations of solar and heat pump technologies or the combination with PV as driving energy
for the heat pump were investigated but comparatively few studies have compared or com-
bined those systems. In contrast, this work has the objective to close this gap by considering
SHP concepts with integration of solar thermal and PV as well as hybrid concepts or com-
binations for a wide range of SHP system concepts and applications in residential buildings
(single-family houses). To sum up, due to the variety of SHP system concepts and the
gap of widely ranged and comparable studies on different SHP concepts, especially with
consideration of both thermal and electrical energy supply of buildings including thermal
and electrical energy storages, the objective of this work is the systematic model-based
analysis of different SHP system concepts with regard to system performance / efficiency,
environmental impact and economic aspects using consistent performance data of the SHP
system components as well as consistent boundary conditions like climates (cold, moderate
and warm) or types of residential buildings (new, renovated and non-renovated single-family
houses) including heat load (space heating and domestic hot water preparation) and house-
hold electricity demand. Consequently, this work is mainly assigned to the design steps
Energy Efficiency and Renewable Energy regarding the pathway for building design from
Section 1.1. Furthermore, the development of SHP model libraries in the context of this
work will allow for further investigations on the Smartness and Flexibility of future buildings
by other works.

1.3 Methodological Approach of Model-Based System
Analysis

The methodological approach of model-based system analysis used for the research investiga-
tions in this work is shown in Figure 1.4. The first step can be summarized as theoretical and
conceptual work including the selection of SHP system concepts which should be analyzed,
the definition of objectives and key performance indicators (KPI) to quantify the objectives
achievements and the general SHP system design. This is followed by the modeling which
comprises the component modeling (especially different building types including thermal
and electrical loads, heat pumps, solar thermal collectors, PV or PVT, thermal and electri-
cal storages or ground heat exchangers), its parameterization and finally the composition of
the component models to SHP system models including the system control. To consider the
state of the art in modeling of energy systems for buildings and to make the research results
comparable to other works, the models are based on earlier, established works or standards
if existing. If completely new models of components have to be developed, the developed
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models are validated with measurements of real components (e.g. for PVT collectors). For a
better consideration of real systems and its behavior, component models are parameterized
by standardized, validated parameter sets (literature based) or data from manufacturers
(directly as parameter or via parameter identification). For new models and components
without available valid parameter sets (like PVT), tests with real systems are needed. At
this, measurement data is used for parameter identification of the component models and
the parameter identification procedure is developed. The last step of this approach includes
the system analysis based on the developed models, starting with system design analysis and
ending up with case studies and system optimization, e.g. potential improvement analysis
by use of different PVT collector technologies.

Selection of SHP Definition of System desion
system concepts objectives and KPIs Y &

Theoretical / conceptual work

| —

J L

System modeling L Modeling of
including system Parameterization
components
control
Model

- | B | 1

System design Parameter
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Real system

Case studies and

system
optimization
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Figure 1.4: Methodological Approach.

1.4 Research Objectives and Thesis Structure/Approach

The research of this work can be divided into four main research topics. The subject of
research topic 1 is the analysis and development of new methods/approaches for SHP
systems (combined thermal and electrical) and give answers to the questions:
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e Which SHP system combinations exist and how can these systems be classified and
described? Are further developments for system description needed?

e How can SHP systems and buildings with SHP systems be analyzed and rated (in
general and in the context of nZEBs)? What KPIs exist? Do the KPIs fit the needs
or is further KPI development needed?

o Which systems should be analyzed in this work?
Research topic 2 goes on to the detailed system modeling and provide insights into:

e How can SHP systems be modeled and what models already exist? Are new model
developments needed?

e How can new models be validated and how can parameters of new models be identified
for system analysis?

Within research topic 3 a detailed analysis of different concepts regarding the system
design is carried out to answer the research questions:

o Which SHP system combination or technology is suitable for which application, con-
sidering different KPIs?

e Can SHP systems and solar technologies significantly reduce the COy emissions of a
building?

o Are SHP systems economically efficient?
o What are the benefits of hybrid systems and components (PVT)?

Research topic 4 represent case studies on different topics and optimizations of SHP
systems to show further system optimization potentials and investigation possibilities offered
by the use of the developed models:

e How does the system sizing influence the performance of SHP systems?

o Can the system performance be improved by choosing the PV'T collector technology
depending on the application?

e Can new buildings with SHP systems fulfill the requirements of nZEBs?
e How do subsidies and carbon prices influence the economic efficiency of SHP systems?

The thesis approach is summarized in Figure 1.5 including the assignment of the research
topics to the chapters of the thesis. Chapter 2 introduces the reader to the basics of solar
thermal, PV and heat pump technologies as well as whole SHP systems with special focus
on the energy supply of buildings and thus presents the necessary background information
to understand the research work performed within this thesis. Therefore, Chapter 2 also
includes a general introduction in energy performance of residential buildings, especially in
the context of nZEBs. In addition, this chapter describes the SHP system concepts that
are analyzed in this work in detail. Finally, KPIs for SHP system analysis and its further
development are presented.
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Figure 1.5: Thesis approach.

Chapter 3 then moves on to describe the detailed model development of SHP system
concepts. Starting with a general introduction to the model design in TRNSY'S, this chapter
includes the building modeling, the modeling of thermal and electrical system components
as well as the SHP system modeling and the explanation of implemented control strategies.
This also contains the description of general boundary conditions (like climate properties),
the parameterization of SHP component models (like heat pumps, solar thermal and PVT
collectors, PV modules, thermal and electrical energy storages) including model parameter
identification procedures and validation for new component models.

Based on the SHP system modeling and the previously defined KPIs, Chapter 4 provides
an analysis of the SHP system design regarding different evaluation criteria like performance
and efficiency, environmental impact and economic aspects by the comparison of different
system concepts. The performed system simulations are explained in detail including the
used boundary conditions. For a better readability, the chapter is structured by the different
evaluation criteria including summaries for each KPI and a final discussion on the results.

Chapter 5 then goes on to discuss the potential of SHP systems and special topics by
analysis of simulation case studies. This includes case studies on system sizing and potential
benefits by the use of different PVT collector technologies depending on the application in
SHP systems. Furthermore, this chapter provides a case study on SHP systems in the
context of nZEBs and an economic efficiency analysis of SHP systems with consideration of
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subsidies and carbon prices.

Finally, Chapter 6 summarizes the performed evaluations and offers conclusions on the
use of SHP systems for the energy supply of residential buildings. In addition, this chapter
gives an outlook on further works with special focus on the further use of the developed
models.



Chapter

Solar and Heat Pump Systems for Res-
idential Buildings

This chapter presents an overview of solar and heat pump systems for the energy supply
of residential buildings with special focus on system concepts considered in the model-
based analysis of this work. Beginning with an introduction to the enerqy performance
of residential buildings, especially in the context of nearly zero energy buildings, and a
general definition and classification of solar and heat pump systems, the fundamentals of
the individual technologies like heat pumps, solar thermal, photovoltaic and photovoltaic-
thermal systems are explained. This is followed by an introduction to solar and heat pump
system concepts including different combinations of the previously described heat pump and
solar energy technologies. Furthermore, this chapter includes the description of the basic
operation and design of the solar and heat pump system concepts that are analyzed in this
work and their evaluation by different performance figures regarding system performance
and efficiency, environmental impact as well as economic aspects.

2.1 Energy Performance of Residential Buildings

Regarding the energy performance of residential buildings, a large variation of energy stan-
dards and definitions exists, especially in different national regulations. Furthermore, within
these national regulations different calculation methods are defined. Hence, it is important
to define the main energy terms, balances and boundaries in the context of residential build-
ings used in this work. The energy balance of residential buildings with consideration of
different system boundaries as proposed in Kurnitski et al. [2011a,b]; Kurnitski [2013a,b] is
illustrated with some minor adaptions in Figure 2.1. Regarding different boundaries and
flow directions, energy is divided into energy demand, net energy demand, total energy use,
delivered energy, net delivered energy and exported energy. In the following sections the
different types of energy with respect to the different system boundaries and its calculation
are described in detail. Furthermore, Section 2.1.3 has a special focus on energy performance
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Figure 2.1: Energy balances and system boundaries for energy performance calculations
of residential buildings. Adapted from Kurnitski et al. [2011a,b]; Kurnitski
[2013a,b].

definitions and calculations for nZEBs in compliance with the EU EPBD.

2.1.1 Energy Demand

The energy demand (or energy need) of a residential building is separated in energy demand
for heating, cooling, ventilation, domestic hot water, lighting and appliances. Taking the
example of energy demand for heating, the energy demand represents the energy which is
needed to maintain indoor climate conditions in consequence of heat exchange (thermal
losses) through the building envelope. At this, the energy demand is reduced by solar and
internal heat gains and the net energy demand is the remaining energy demand after the
reduction by energy gains. In case of energy for heating, this remaining part of energy
demand - the net heating energy demand - is usually simplified referred to as heating energy
demand. The net energy demand of a residential building Ey,,; can be calculated with:

Ebui = Ebui,heating + Ebui,cooling + Ebui,el,hh7 (21)

where Fpyi heating 15 the net energy demand for heating including domestic hot water prepara-
tion, Epuicooling is the net energy demand for cooling and Eiyyi e1nn is the net energy demand
for household electricity of the building. Within this work, the cooling of buildings is not
considered and, furthermore, the driving energy demand for mechanical ventilation is ne-
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glected. Consequently, the net energy demand of residential buildings considered in this
work can be simplified and divided into

a. energy demand for space heating Q)sy and domestic hot water preparation Qpgw and
b. household electricity demand W, (lighting and appliances),

and thus the net energy demand of a residential building can be described with:

Eiyui = Qsu + Qpaw + Wernn (2.2)
or as net energy demand indicator with the useful floor area Ay et Of the building:

Ebui
EB = . 2.3
b Abui,net ( )

The net heating energy demand of a building is usually calculated as annual value, or
monthly values for a more detailed analysis, and is referred to as annual heat load. The
amount of annual heat load for space heating depends mainly on the thermal behavior of
the building whereas the annual heat load for domestic hot water preparation especially
depends on the user behavior and the number of residents. Regarding the space heat load,
it is important to define the detailed thermal energy balance of a residential building with its
different heat flows and losses. In general, the thermal energy balance of a building considers
all heat flows through the building envelope and all heat gains and loads within the building
envelope. Usually, the domestic hot water preparation and the heating system itself are not
considered within the building envelope as heating systems are often placed in the basement
and thus do not belong to the heated part of residential buildings. Consequently, losses
of the heating system itself including thermal losses of domestic hot water preparation or
thermal storages are often not considered in the thermal energy balance of a building. These
assumptions are also made in this work and, thus, the space heat load includes losses of the
heat transfer in the room, but no losses of the heat distribution, storage or generation in
the building. Subsequently, the space heat load is equal to the supplied space heat to the
rooms in the building (including heat transfer losses). Under these conditions, the thermal
energy balance of a residential building can be defined with (cf. Figure 2.2):

dUbui = Qloss,trans + Qloss,airﬂow + Qloss,ground + QSH + anins,int + anins,sola (24)

where dUy,,; is the change of internal energy in the building, Qioss trans are heat transmission
losses through the building envelope (without ground losses), Qlossairfiow are airflow heat
losses (by infiltration and ventilation), Qloss ground are heat transmission losses to the ground,
Qs is the supplied space heat (equal to the space heat load), Qgainsint are internal heat
gains (e.g. by persons, equipment) and (gains sol are solar heat gains.

Regarding the annual energy balance of a building, the change of internal energy in the
building is usually assumed to be zero and thus Equation 2.4 can be simplified to:

0= Qloss,trans + Qloss,airﬂow + Qloss,ground + C28H + anins,int + anins,sol- (25)

The net annual heating energy demand of a residential building Epy; heating includes the
annual heat load for space heating Q)sg and the annual heat load for domestic hot water
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Figure 2.2: Thermal energy balance of a building.

preparation Qppw and can be calculated with:

Ebui,heating = QSH + QDHW (26)

or as net annual heating energy demand indicator with the useful floor area of the building:

Ebui,heating

prui,heating = (27)

Abui,net

2.1.2 Energy Use, Delivered and Exported Energy

For the covering of the building net energy demand, technical systems are required such
as, for example, space heating circuits, heating devices, thermal or electrical storages. As
these systems have different energy conversion, transfer or storage losses, the energy use of
a building is higher than the energy demand of the building. For the provision of the energy
use of the building, on-site renewable energy can be used or energy must be purchased.
Regarding the energy purchase, the delivered energy Epyige through the system boundary
is divided into district heat, district cooling, electricity or fuels. Furthermore, the technical
building energy system can export energy (Ehuiexp) through the system boundary like solar
energy from on-site PV systems which is fed into the electricity grid. At this, the exported
energy is divided into heating energy, cooling energy and electricity. The total energy use
of a building Ejyi yse can be defined with:

Ebui,use = Ebui,del + Ebui,ren,self (28)

and the net total energy use of a building Fiyi usenet With:

Ebui,use,net = (Ebui,del - Ebui,exp) + Ebui,ren,selfa (29)
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where Epy renseif 1S the self-consumed on-site renewable energy without fuels. At this, total
means that self-consumed on-site renewable energy is included and the term net is used as
subscript to express that the exported energy is considered to compensate the delivered en-
ergy. In addition to the used definition in this work, the total energy use can be divided into
electricity and thermal energy use [Kurnitski, 2013a,b]. As cooling of residential buildings
is not considered and, furthermore, district heating is also not within the research focus of
this work, the delivered energy to the building can be calculated with the delivered fuel
energy Fipyi e and electrical energy from the grid Wy gria:

Ebui,del = Ebui,fuel + Wel,grid (210)
or as delivered energy indicator with the useful floor area of the building:

Ebui del
EPjidel = :

. 2.11
Abui,net ( )

The exported energy of the building can be calculated with the grid feed-in Wej feedin:

Ebui,exp = VVel feedin- (2 . 12)

Furthermore, the net delivered energy can be calculated with:

Ebuidelnet = Ebuidel — Fhuiexp, (2.13)
which can be transformed with Equation 2.10 and Equation 2.12 to:
Ebuidelnet = Ebuifuel + Welgria — Wel feedin (2.14)
or as net delivered energy indicator with the useful floor area of the building:

Ebui,del,net

EPbui,del,net = (215)

Abui,net

2.1.3 Nearly Zero Energy Buildings and Performance Indicators of
Residential Buildings

Within the recast of the EU EPBD from 2010, the term nearly zero energy buildings (n"ZEB)
is introduced as standard that is required for all new buildings in the EU by 2021. A nZEB is
defined as building with a very high energy performance and nearly zero or very low amount
of energy required, which should be covered by energy from renewable sources produced on-
site or nearby [European Parliament, 2010]. Each member state of the EU shall detail the
nZEB definitions, considering national, regional or local conditions, and define a numerical
indicator of primary energy use expressed in kWh/m? per year [D’Agostino and Mazzarella,
2019]. Furthermore, the primary energy factors used for the determination of primary energy
use may be based on national or regional yearly average values and may take into account
relevant European standards [European Parliament, 2010]. As a result, the definition of a
nZEB is not uniform and standardized as every member state has its own regulations how
the nZEB standard can be fulfilled. However, the European Commission gave mandate to
the European Committee for Standardization (CEN) to formulate standards to support the
member states in the transposition of the EPBD into national application [Zirngibl, 2014].
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This results in a set of energy performance of new and existing buildings (EPB) standards
like ISO 52000-1:2017 [ISO 52000-1, 2017] that establishes a systematic, comprehensive and
modular structure for assessing the EPB in a holistic way. An overview of the progress of
the nZEB implementation in Europe and a comparison of definitions is given by D’Agostino
and Mazzarella [2019].

Due to the different definitions of the nZEB standard, it is requisite to further clarify
the used definitions in the context of nZEBs in this work. As nearby renewable energy
production is no research subject in this work, the following definitions are limited to on-
site renewable energies. The CEN defines on-site as the premises and the parcel of land
on which the building is located and the building itself [I[SO 52000-1, 2017]. Regarding the
term primary energy, it should be distinguished between:

e primary energy: renewable or non-renewable energy which has not undergone any
conversion or transformation process and

e final energy: energy which reaches the final consumer’s door after conversion or trans-
formation processes.

Furthermore, if renewable and non-renewable primary energy are taken into account it is
referred to as total primary energy. Considering the recommendations of the European
Commission in European Commission [2016], it is mandatory to evaluate the energy needs,
the primary energy use, the on-site renewable sources as well as the net primary energy of
a building in the context of nZEBs. At this, the primary energy is not further specified as
renewable, non-renewable or total primary energy. According to the EPBD, all components
of the energy use of a building are mandatory except the energy use of appliances which
may or may not be included in the indicators [Kurnitski, 2013b]. Within this work, the
appliances are included and, as mentioned in Section 2.1.1, are summarized with the energy
demand for lighting to the household electricity demand.

Adapting an extended rating procedure incorporating the energy needs presented by Zirn-
gibl [2014] and the methodical proposal in ISO 52000-1 [2017], the following indicators are
proposed to evaluate a building regarding the nZEB standard:

e Net energy demand of a building: indicator for the energy needs (cf. Section 2.1.1)

e Total primary energy use of a building: indicator for the performance of the technical
building systems

e Non-renewable primary energy use of a building: indicator for on-site renewable energy
sources without compensation by exporting energy

e Net non-renewable primary energy use of a building: indicator for on-site renewable
energy sources with compensation by exporting energy.

Regarding the pathways of building design from Section 1.1, the net energy demand of a
building is mainly assigned to the assessment of the design step Energy Sufficiency, the total
primary energy use of a building to Energy Efficiency and the non-renewable primary energy
use and net non-renewable primary energy use of a building to Renewable Energy. Within
this work, the net energy demand of the building is given by predefined single-family house
standards and household electricity profiles resulting in different net heating energy demands
and household electricity demands depending on the considered climate. Furthermore, it
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is assumed that the defined new buildings in this work fulfill the requirements of the net
energy demand for the considered locations as the buildings represent new buildings with
very high energy standard.

The total primary energy use of a building Epe buitot can be defined as:

Epe,bui,tot = Z (Ebui,del,i fpe,del,tot,i) + Z (Ebui,ren,self,i fpe,ren,self,tot,i) ) (216)

(2 (2

where Elyi del; is the delivered energy for energy carrier 4, fyedeltot; i the total (renewable
and non-renewable) primary energy factor for the delivered energy carrier i, Epyiren self,i 15
the self-consumed on-site renewable energy for energy carrier ¢ and fpe ren self tot,i 15 the total
primary energy factor of the self-consumed on-site renewable energy for energy carrier 7.
As the total primary energy factor of the self-consumed on-site renewable energy for energy
carrier ¢ is usually 1, Equation 2.16 can be simplified to:

Epe,bui,tot = Z (Ebui,del,i fpe,del,tot,z') + Z Ebui,ren,self,i- (217)
7

)

The total primary energy use indicator £ P puitor can then be calculated with the useful
floor area of the building:

Epe,bui,tot . (218)

EPpe,bui,tot = A
bui,net

The non-renewable primary energy use Epe puinren Of a building can be defined as:

Epe,bui,nren - Z (Ebui,del,i fpe,del,nren,i) + Z (Ebui,ren,self,i fpe,ren,self,nren,i) ) (219)

A 7

where fpe delnrens 15 the non-renewable primary energy factor for the delivered energy carrier
© and fpe ren,selfnren; 1S the non-renewable primary energy factor of the self-consumed on-site
renewable energy for energy carrier i. As the non-renewable primary energy factor of the
self-consumed on-site renewable energy for energy carrier ¢ is usually 0, Equation 2.19 can
be simplified to:

Epe,bui,nren = Z (Ebui,del,i fpe,del,nren,i) . (220)

7

The non-renewable primary energy use indicator £ Ppe puinren can then be calculated with
the useful floor area of the building:

E. .

pe,bui,nren

EPpe,bui,nren = A . (221)
bui,net

The net non-renewable primary energy use indicator is typically the final numerical indi-
cator to determine whether a building fulfill the requirements of a nZEB and sums up all
non-renewable delivered and exported energy of a building into a single indicator. Follow-
ing the calculation principles presented in Kurnitski [2013b], the net non-renewable primary
energy use of a building Epe buinrennet 15 calculated from all delivered and exported energy
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with:

Epe,buimren,net = Z (Ebui,del,i fpe,deLnren,i) - Z (Ebui,exp,i fpe,expmren,i) ) (222)

) %

where Elyiexp 1S the exported energy for energy carrier ¢ and fpeexpnreni 1S the non-
renewable primary energy factor of the delivered energy compensated by the exported energy
for energy carrier ¢ which is by default equal to the factor of the delivered energy (substitu-
tion value approach) if not nationally defined in other way. The net non-renewable primary
energy use indicator E Ppe puinrennet can then be calculated with the useful floor area of the
building [Kurnitski, 2013b]:

o Epe,bui,nren,net
EPpe,bui,nren,net - A . (223)
bui,net
weighted
supply
f s
s
s
7
7
s
s
s
7 . ;
exported s impart /
eroy < xport halance
energy \500, // export Ihalance
\;(Q_"\ \\\\&{‘ LS\\ //
N RS
Q' o Q>
RN
¢ )
,\,\b @Q? /7\\
/ NOGE
/ R
monthly net /mont,hlv &s\”
generation net balance
’
il reference
d building .
s ° weighted
L 4 L 4
demand

monthly net delivered
load energy - y
enerqy efficiency

self-consumption
- i
virtual monthly self-consumption

Figure 2.3: Different types of energy balances of a building in the context of nZEBs.
Adapted from Sartori et al. [2012]; Voss et al. [2012].

According to Kurnitski [2013b], a net zero energy building (net ZEB) has an exact annual
net non-renewable primary energy indicator of 0kWh,,/m?a whereas a nearly zero energy
building (nZEB) has a technically and reasonably achievable use of > 0 kWh,,./m?a but no
more than a national limit value, which should be achieved with a combination of best prac-
tice energy efficiency measures and renewable energy technologies. If the net non-renewable
primary energy indicator is lower than zero, the building can be classified as plus-energy
building [Kurnitski, 2013a]. This definition refers to an annual primary energy balance cal-
culated from delivered and exported energy as shown in Figure 2.3 (import/export balance)
and described with Equation 2.22. Depending on the application, it could be necessary
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to use the load/generation balance between on-site generation and energy demand of the
building, e.g. in the design phase if no data on the time dependent load and generation
profiles is available [Voss et al., 2012]. The load/generation balance considers the building
independently from a grid and thus the generated energy, whether self-consumed or not,
does not affect the efficiency of the building. In contrast, the import/export balance is
seen in connection with the grid and the self-consumption reduces the amount of exchanged
energy and improves the efficiency of the system building-grid [Sartori et al., 2012]. Further-
more, a monthly virtual net balance that quantifies the monthly residuals between on-site
generation and load can be used to characterize the seasonal mismatch between generation
and load [Voss et al., 2012]. Within this work, the import/export balance is suitable as the
model-based system analysis gives detailed information on the time dependent generation
and load data and thus the imported and exported energy can be calculated. Starting from
a reference building which is built according to the minimum requirements of a national
building code or an existing building prior to renovation, the pathway to a net or nearly
ZEB is given by the balance of reduction of energy demand (energy efficiency, x-axis in
Figure 2.3) and energy generation (y-axis in Figure 2.3) to get enough credits to achieve the
balance [Sartori et al., 2012]. Due to the technical limitations, solar thermal energy is typi-
cally consumed entirely on-site and thus solar thermal energy is sometimes treated as energy
efficiency (demand reduction) technology (energy efficiency path in Figure 2.3) [Voss et al.,
2012]. Within this work, solar thermal as well as other self-consumed renewable energy are
treated as self-consumption to reduce the load (self-consumption path in Figure 2.3) and
thus contribute to the on-site renewable energy sources of a building.

Using only the net non-renewable primary energy use indicator to characterize a build-
ing as nZEB can provoke misleading results as it is not really able to assess the quality
of building energy performance. As a result, the nZEB standard could also be reached by
buildings with high energy demand and low efficiency as the energy demand can be com-
pensated by a high energy generation. Furthermore, the indicator gives no evidence on the
used renewable energy sources. Hence, as mentioned before, it is mandatory to evaluate the
net energy demand, the total primary energy use and the non-renewable primary energy use
indicators in addition to the net non-renewable primary energy use indicator of a building.
At this, the European Commission gives benchmarks for some of those indicators regarding
different climate zones. An extraction of the relevant values for this work (single-family
houses in cold, moderate and warm climates) with adaption as basic maximum values for
the net non-renewable primary energy use indicator £ Ph% and the total primary

pe,bui,nren,net
energy use indicator EPJY; o to achieve the nZEB standard is summarized in Table 2.1.

Table 2.1: Numerical benchmarks for nZEB primary energy use of single-family houses
depending on different European climates adapted and extended from European
Commission [2016].

Warm climate Moderate climate Cold climate
(Mediterranean) (Oceanic) (Nordic)
Maximum values in kWhy,./m?a
EPm 50 - 65 50 — 65 65— 90
EPmas 25 - 40 325 - 47.5 52.5 — T7.5
EPmax 015 1530 40 — 65
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Figure 2.4: Pathway proposal for nZEB rating.

As the European Commission gives no benchmarks for the non-renewable primary energy
use indicators, this work proposes that a maximum of 50 % of the difference between maxi-
mum total primary energy use and maximum net non-renewable primary energy use can be
compensated by exporting energy or, in other words, 50 % of the difference between the max-
imum values has to be covered by renewable primary energy. The maximum non-renewable
primary energy use indicators are then calculated with:

[ prax _ [ pmax

pe,bui,nren pe,bui,nren,net

+0.5 (EPRS: Eprax ) (2.24)

pe,bui,tot pe,bui,nren,net

and summarized in Table 2.1. The presented pathway proposal to reach nZEB standard
is illustrated in Figure 2.4. As appliances are included in the nZEB indicators within this
work, the presented numerical benchmarks in Table 2.1 will be increased and adapted in
the following studies to indicate whether a building fulfill the requirements of a nZEB in
the context of this work.

For the further evaluation of a residential building, the renewable energy ratio (RER) is
an important figure for the rating of the share of renewable energy use of the building. It
is complementary to the described primary energy indicators and is not directly required
by EPBD [Kurnitski, 2013a]. The RER considers all renewable energy sources including,
inter alia, solar thermal and PV or extracted energy from ambient used as heat source by
heat pumps. As the EPBD operates with primary energy, the RER is calculated relative to
all energy use in the building in terms of total primary energy and the substitution value
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approach is applied. For on-site renewable energies, the total primary energy factor is 1 and
the non-renewable primary energy factor is 0. The RER based on total primary energy of
the building RER e by is then defined as:

Zi Ebui,ren,i + Zz [Ebui,del,i (fpe,del,tot,i - fpe,del,nren,i)]

RER i =
e 21 Ebui,ren,i + Z,L (Ebui,del,z' fpe,del,tot,i) - Zz (Ebui,exp,i fpe,exp,tot,i)’

(2.25)

where Eyyi ren,i is the renewable energy produced on-site for energy carrier ¢ and fpe exp tot,i iS
the total primary energy factor of the delivered energy compensated by the exported energy
for energy carrier ¢ which can be set equal to the factor of the delivered energy (substitution
value approach) [Kurnitski, 2013b].

In addition to the primary energy, the COy emissions as result of the energy use in the
building mco, pui Without compensation by exported energy can be calculated from the
delivered energy with:

Mcogpui = Y (Ebuideli fcOzdel,i) (2.26)

i
and as COq emissions indicator EPco, pui With the useful floor area of the building:

MO, bui

EPco, bui = , (2.27)

Abui,net

where fco,.dei i the CO2 emission coefficient for the delivered energy carrier ¢, or as net
COy emissions of the building mco, buinet With compensation by exported energy:

Mco, buinet = 9 (Ebuideli fcosdeti) — Y (Ebuiexpi f00s,expsi) (2.28)

7 7

and as net COy emissions indicator EPco, buinet:

Y

TMCO,,bui,
EPCOz,bui,net = A 2.bul et (229)
bui,net
where fco, expi 1s the COg emission coefficient for the delivered energy compensated by the
exported energy carrier ¢ which can be set equal to the coefficient of the delivered energy
(substitution value approach).

2.2 Basics of Heat Pumps and Solar Energy Technologies

2.2.1 Heat Pumps

2.2.1.1 Basic Thermodynamics

In general, a heat pump is a device that transfers heat from a lower temperature level (heat
source) to a higher temperature level (heat sink) using a working fluid (refrigerant) that
goes through a thermodynamic cycle. According to the second law of thermodynamics,
heat always flows from higher to lower temperatures unless external work is performed on
the system. In other words, this process cannot run by itself and an additional driving
energy is required for practical implementation. This driving energy can be provided either
mechanically (compression heat pumps (electrical)) or thermally (adsorption and absorption
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Figure 2.5: Thermodynamic cycle of a heat pump process.

heat pumps). For heating and cooling applications in buildings, the most frequently used
heat pumps are vapor-compression heat pumps (hereinafter referred as heat pump), which
are also considered in this work. These heat pumps consist essentially of the four main
components compressor, condenser, expansion valve and evaporator (cf. Figure 2.5a). The
basic theoretical thermodynamic cycle of a heat pump is illustrated in Figure 2.5b and
contains four state changes:

e 1-2: Isentropic compression
e 2-3: Isobaric condensation
e 3-4: Isenthalpic expansion
e 4-1: Isobaric evaporation.

Beginning with the process from (4) to (1), the refrigerant is evaporated and slightly
overheated in the evaporator at constant pressure (Pevap) by the heat transfer Qevap from
the heat source (e.g. ambient air or the ground) at low pressure and temperature level.
At this, the thermal evaporator power can be calculated with the mass flow rate of the
refrigerant 7i2,, the specific heat energy of the evaporator geys, and the specific enthalpies of
states (1) hy and (4) hy:

Qevap = m, Gevap = my (hl - h4) . (230)

Assuming a heat transfer without losses to the ambient, the thermal evaporator power is
equal to the thermal power from the (cold) heat source Q.:

Qc = M Cp,c (Tc,in - Tc,out) = Qevap7 (231>

where 11 is the mass flow rate of the heat source fluid, ¢, is the specific heat capacity of
the heat source fluid, 7, ;, is the inlet temperature of the heat source fluid and 7, oy is the
outlet temperature of the heat source fluid.
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The refrigerant then enters the compressor as vapor and is compressed isentropic from
(1) to (2) to the condenser pressure peona With increase in temperature by the technical
compressor capacity Wt,comp. At this, it is assumed that the electrical power consumption
of the compressor Fej comp 18 equal to the technical compressor capacity. Furthermore, this
presupposes that the electrical compressor efficiency 7e) comp and the mechanical compressor
efficiency Mmech,comp are without losses and thus:

Wt,comp = Tel,comp "lmech,comp Pel,comp (232)
can be simplified with 7ej comp = 1 and Nmech,comp = 1 to:
Wt,comp - Pel,comp~ (233)

Consequently, the compressor power can be calculated with the mass flow rate of the refrig-
erant and the specific enthalpies of states (1) hy and (2) hg:

Pel,comp =1y W, comp = my (h2 - hl) s (234)

where W comp i the specific technical work of the compressor.

From (2) to (3) the heat flow Qeonq is transferred at high pressure and temperature level
from the hot refrigerant to a heat sink (e.g. a buffer storage, space heating or domestic
hot water circuit) in the condenser. Within this process, the refrigerant condensates from
a vapor to a saturated liquid at constant pressure and the refrigerant leaves the condenser.
At this, the thermal condenser power Qcond can be calculated with the mass flow rate of
the refrigerant, the specific heat energy of the condenser ¢.,nq and the specific enthalpies of

states (2) he and (3) hs:
Qcond = M, Qcond = "y (h2 - hS) . (235)

Assuming a heat transter without losses to the ambient, the heating power of the heat pump
transferred to the (hot) heat sink @)}, can be calculated with:

Qh = My Cph (Th,out - Th,in) = Qconda (236)

where 77y, is the mass flow rate of the heat sink fluid, ¢, is the specific heat capacity of the
heat sink fluid, 73 oy is the outlet temperature of the heat sink fluid and 7j, ;, is the inlet
temperature of the heat sink fluid. Finally, the refrigerant enters the expansion valve, is
expanded from (3) to (4) at constant enthalpy to the evaporator pressure and reenters the
evaporator.

Using the first law of thermodynamics, the general expression of the thermal power output
of a heat pump by means of a steady-state energy balance in a thermodynamic cycle can
be expressed as (cf. Figure 2.5):

Qcond = Qevap + I/.Vt,comp (237)

or

Qh = QC + Pel,comp- (238)
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Furthermore, the efficiency of a heat pump can be expressed in terms of the coefficient of
performance COP:

Qu

P, el,comp

coP = (2.39)

Thus, the COP is an expression for the ratio of the thermal power output (heating power)
to the required compressor power of a heat pump. Consequently, the higher the COP the
less driving energy is needed for the provision of the required heating power. The theoretical
maximum of the COP is the Carnot efficiency of a heat pump process. The Carnot efficiency

Ncamot €an be expressed as function of the temperatures of the heat sink 7}, and heat source
T. with:

Qn ) T (2.40)

TlCarnot = Max < = Th — TC .

Pel,comp
The Carnot efficiency illustrates that an optimization of the operating conditions of a heat
pump can be achieved by minimizing the temperature differences between heat sink and
heat source as the maximum possible coefficient of performance can be increased. On
the one hand, this can be achieved by lowering the required operating temperature of the
heating system. Therefore, the efficiency of a heat pump system increases if it is used in
low temperature heating systems like floor heating systems with low supply temperatures.
On the other hand, an increase of the heat source temperature also leads to an increase of
the heat pump efficiency. However, it should be noted that these are theoretical, maximum
efficiencies and the physical optimum is not achieved in practical operation. Nevertheless,
the previously described rules also apply in real systems.

For real applications, the COP definition often contains additional electrical power con-
sumptions like pumps, controller or in case of ASHPs additional ventilators. At this, the
COPyp is calculated with the electrical power consumption of the whole heat pump P, pp:

Qn

P up

COPyp = (2.41)

2.2.1.2 Heat Pump Heating Systems and Heat Sources

In general, heat pump systems for residential buildings can be divided into four main cate-
gories depending on their application [Chua et al., 2010]:

e Heating-only heat pumps: providing space heating and/or domestic hot water
e Heating and cooling heat pumps: providing both space heating and cooling

e Integrated heat pump systems: providing space heating and cooling, domestic hot
water and sometimes exhaust air heat recovery

e Heat pump water heaters: providing only domestic hot water.

As this work does not consider cooling of residential buildings, the following explanations
are limited to heating-only heat pump systems for combined space heating and domestic hot
water preparation. In addition, air heating systems and systems which use exhaust air as
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Figure 2.6: Classification of heat pump systems.

heat source are not in the research field of this work and are not considered in this section.
Therefore, all systems in the following are water heating systems which uses water as energy
carrier on the heat sink side of the heat pump. With the described restrictions, it is useful
to further classify the heat pump heating systems depending on the heat source into ground
source, air source, water source or hybrid source heat pump systems including systems with
solar energy technology integration on the source side of the heat pump, cf. Figure 2.6.

Air source or air/water heat pump systems mainly use ambient air as heat source and can
be divided into systems with compact units and split units. Compact units are single units
that include the heat pump and the evaporator in a single housing and are designed for
installation indoors or outdoors. Split units, on the other hand, consist of an indoor heat
pump unit and a separated evaporator with ventilator that is usually installed outdoors
[Bonin, 2015]. Water source or water/water heat pump systems can especially be divided
in ground water, surface water or waste water heat pumps. Basically, GSHP systems can
be divided into systems with direct expansion of the refrigerant in the heat source circuit or
systems with use of refrigerant-to-water/-brine heat exchanger to separate the heat source
circuit from the refrigerant circuit via heat exchanger. At this, heat pumps with refrigerant-
to-brine heat exchanger for water heating systems are referred to as brine/water heat pumps.
In addition, systems with separated heat source circuit can be classified in systems with
horizontal ground heat exchanger, systems with vertical borehole heat exchanger (BHE)
and others, e.g. systems with basket or spiral heat exchangers. GSHPs with horizontal,
basket or spiral ground heat exchangers are installed close to the surface of the ground
(e.g. approximately 1-2 m for horizontal ground heat exchangers) whereas vertical BHEs
are normally installed with depths between 20 m and 200 m [Sarbu and Sebarchievici, 2014].
Figure 2.7 shows some typical heat sources of heat pump heating systems for residential
buildings.
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Figure 2.7: Typical heat sources of heat pumps for heating applications in residential build-
ings.

Regarding the design of heat pump systems, a distinction is commonly made between
monovalent, monoenergetic and bivalent (parallel or alternative) system operation. In mono-
valent system concepts, the heat pump has to cover the entire heat demand of the building
even on the coldest days of the year. Hence, especially ASHP systems must be able to pro-
vide the maximum heat capacity at times with lowest heat source temperatures and high
heat sink temperatures which means at low efficiency. In contrast, within bivalent systems
an additional auxiliary heater either completely takes over the heating (bivalent alternative)
or is operated in addition to the heat pump (bivalent parallel) [Marguerite et al., 2019]. At
this, bivalent heat pumps are often sized between 20 % to 60 % of the maximum heat load,
but usually cover around 50 % to 95 % of the annual heating energy demand. The additional
auxiliary heater in bivalent systems uses a different energy source or energy carrier as the
heat pump, e.g. gas or oil. In contrast, within monoenergetic system concepts, that are
often used for ASHPs, the heat pump is supported by an additional electrical heater that
uses the same type of energy (electrical energy) as the heat pump [IEA HPC, 2010].

Assessing the heat pump market in Europe, heat pump sales have raised in the last years,
from 2015 to 2018 by around 12% to 13% every year. In 2018, the installed stock of
heat pumps was around 11.6 million heat pumps considering 21 European countries [EHPA,
2021]. Regarding water heating systems, ambient air and ground are the most common
heat sources for heat pump installations in Europe, while others like water and exhaust air
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cover only smaller market shares [Hadorn, 2015]. This is also illustrated in Figure 2.8 by
the heat pump sales development of 21 European countries from 2009 to 2018. In 2018, the
market share on the considered heat pump sales was 91.4 % for ASHPs (43.5 % for air/water
and 47.9% for air/air heat pump systems), while GSHPs achieved 7.8 % and others only
0.8%. As air heating systems are not considered in this work, the following investigations
of conventional heat pump systems are limited to the market-dominated heat pump water
heating systems with ambient air or ground as heat source. A common and often used
ground source concept is the mentioned heat pump system with vertical BHEs. Due to
its better representation of geothermal energy as consequence of the deeper heat exchanger
depths in the ground compared to other ground heat exchanger concepts it is chosen as
representative concept for GSHPs. A comparison of the main advantages and disadvantages
of GSHPs with vertical BHE and ASHPs is summarized in Table 2.2.
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Figure 2.8: Heat pump sales development by source of 21 European countries® from 2009
to 2018. Data from EHPA [2021].

! Austria, Belgium, Czech Republic, Denmark, Estonia, Finland, France, Germany, Hungary, Ireland,
Italy, Lithuania, Netherlands, Norway, Poland, Portugal, Slovakia, Spain, Sweden, Switzerland, United
Kingdom.
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Table 2.2: Main advantages and disadvantages of GSHP systems with vertical BHE and
ASHP systems for heating applications in residential buildings.

Limited (seasonal) source temperature
variation

No freezing of the evaporator

Efficient for heating (and cooling) appli-
cations

Advantages Disadvantages
ASHP Simpler installation (no extensive earth- High (seasonal) source temperature varia-
works) tion
Lower investment costs (installation and Coldest source temperature at times of
planning) highest heat demand
No extensive approval procedure Additional  de-icing/-frosting  energy
needed for the evaporator
Higher noise emissions due to air fan op-
eration
GSHP Relatively high source temperatures High installation costs

Risk of ground freezing (if not well de-
signed)
Extensive approval procedure

Feasibility study / soil survey required

2.2.1.3 Heat Pump System Concepts

The concept of the investigated heat pump heating system in this work, regardless of the
used heat source, is shown in Figure 2.9 and consists essentially of a heat pump unit, a buffer
storage tank as heat sink of the heat pump, a space heating circuit, a domestic hot water
circuit with heat exchanger and additional hydraulic components (pumps, valves). The
buffer storage tank is designed as combi-storage for both space heating and domestic hot

Space
Heating

O

P3

MV1

Heat Pump

Buffer Storage
Tank

Figure 2.9: Hydraulic scheme of the heat pump heating system independent of the used
heat source.
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water preparation (via an external heat exchanger). The main advantages of such combi-
storage concepts in comparison to systems with additional external domestic hot water
storage are the reduction of complexity and the number of components of the system as
well as the reduction of heat losses due to a better surface to volume ratio [Hadorn, 2015].
Furthermore, the buffer storage tank is divided in two zones. The lower/middle zone is used
for the supply of the space heating circuit (SH zone) by the space heating circuit pump (P3)
and the upper zone is used for the supply of the external heat exchanger for domestic hot
water preparation on a higher temperature level (DHW zone) by the domestic hot water
circuit pump (P2). At this, the space heating circuit is equipped with a return flow addition
by a mixing valve (MV1) for temperature control of the supply temperature of the space
heating circuit. The connections of the heat pump to the buffer storage are designed as
four pipe connections with a three-way switching valve in the supply (SV1) and the return
line (SV2), which means that the heat pump can charge the DWH zone with the storage
charging pump (P1) independently from the SH zone and thus without heating up the entire
storage (cf. [Poppi and Bales, 2014]). Depending on the current demands, the heat supply
by the heat pump is switching to the different zones with priority on domestic hot water
preparation. The purpose of this solution is to achieve better storage stratification and thus
avoid storage mixing and exergy losses. It should be noted that this requires that the DWH
and the SH zone do not overlap and the temperature sensor of the DHW zone for the control
of domestic hot water charging is placed with sufficient distance from the SH zone [Haller
et al., 2014b]. In addition, the space heating circuit is equipped with a three-way mixing
valve in the supply line (MV1) to the floor or radiator heating system to regulate the supply
temperature maintaining the set supply temperature by mixing colder water from the return
to the supply line of the heat distribution system. The hydraulics of the considered GSHP
and ASHP systems are shown in Figure 2.10. Beside of the described heat sink circuit of the
heat pump, the GSHP system consists essentially of a brine/water heat pump with vertical
BHE and heat source circulation pump as heat source circuit whereas the ASHP system is
equipped with an ASHP unit using the ambient air as heat source. Apart from the heat
source circuit of the GSHP system that uses frost protected brine, all circuits use water as
heat transfer medium.

Space
Heating

Space
Heatin

Ambient Au:@

' Heat Pump
Exchanger Buffer Storage Buffer Storage
Tank Tank

(a) GSHP (b) ASHP

Borehole Heat  pyau¢ Pump

Figure 2.10: Hydraulic schemes of the considered heat pump systems.
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2.2.2 Solar Energy

Solar energy is the most abundant available energy source of all renewable sources. The an-
nual solar radiation reaching the surface of the earth is around 3.4 x 10° EJ [Thirugnanasam-
bandam et al., 2010]. In contrast, in 2019, the primary energy consumption worldwide was
around 5.8 x 102 EJ which is equivalent to around 0.017 % of the annual solar radiation on
the surface of the earth. These figures illustrate impressively the huge potential of solar
energy usage for covering the global energy demand. The first known practical application
of solar energy was drying for preserving food [Kalogirou, 2014]. Nowadays, solar energy is
used for a multitude of applications and solar energy technologies can basically be divided
in passive and active solar technologies. Passive solar technologies involve the accumulation
of solar energy without transforming it into any other form, while active systems collect
solar radiation and use mechanical or electrical equipment for the conversion of solar en-
ergy to heat and electricity [Kabir et al., 2018]. Regarding the energy supply of buildings,
passive solar energy use comprises mainly the covering of heating demand by solar energy
transmitting through windows or transparent thermal insulation of external walls. Active
solar energy technologies for buildings can primarily divided in solar thermal systems to
provide heat for space heating and domestic hot water preparation, PV systems to provide
electricity to the building and hybrid PVT systems to provide heat and electricity (cf. Fig-
ure 2.11). Furthermore, in air-conditioned buildings, thermal cooling processes like open
and closed sorption processes can be supplied by active solar components [Eicker, 2003].
In the following sections, the solar energy technologies and the necessary background with
respect to the applications of solar technologies within this work are described in detail. As
investigations of air-conditioning and passive solar technologies are not part of this work,
this includes solar thermal, PV and PVT systems.

Solar technologies for
heat and electricity
supply of residential

buildings
Passive Technologies Active Technologies
. Solar energy transmission . Photovoltaic-
Solar energy transmission 2 Solar Thermal Photovoltaic
. through transparent . . Thermal
through windows . . Systems Systems \
thermal insulation Systems

Figure 2.11: Classification of solar energy technologies for heat and electricity supply of
residential buildings.

2.2.2.1 Solar Thermal Systems

A solar thermal collector is a special kind of heat exchanger that converts solar radiant
energy into heat and transfers this heat to a fluid (usually air, water or oil) flowing through
the collector [Duffie et al., 2020; Kalogirou, 2004]. Solar thermal collectors are used for a
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variety of applications like solar water heating, space heating and cooling, solar refrigeration,
industrial process heat, solar desalination or solar thermal power systems, to name the most
important applications [Kalogirou, 2004]. Within this work, the focus is on solar domestic
hot water and space heating systems. Regarding these applications with limitation on liquid-
based collectors, stationary (without sun tracking) solar thermal collectors can be classified
into wind and /or infrared sensitive collectors (WISC), flat-plate collectors (FPC), evacuated
tube collectors (ETC) and compound parabolic collectors (CPC).
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Figure 2.12: Basic principle of solar thermal collectors.

The basic principle of solar thermal collectors is shown in Figure 2.12 for the example of
a FPC (see also Figure 2.14b). When solar radiation (direct and diffuse) passes through a
transparent collector cover on the absorber surface, a large portion of this energy is absorbed
by the plate and then transferred to the fluid. The remaining parts of the solar radiation
are lost at the front glass cover, the absorber or the frame of the collector by reflection,
convection and long-wave radiation. Therefore, the frame of FPC collectors and the un-
derside of the absorber plate are well insulated to reduce convection losses. Furthermore,
the transparent cover is used to reduce the convection losses through the restraint of the
stagnant air layer between the absorber plate and the glass cover. In addition, the cover
reduces radiation losses as it is transparent to the short-wave radiation received by the sun
but it is nearly opaque to long-wave thermal radiation emitted by the absorber (greenhouse
effect). Another technology that is often used for the construction of solar thermal collectors
are selective coatings of the absorber that are highly absorbent to shortwave radiation by
the sun but have a relatively low emittance for long-wave radiation [Kalogirou, 2004].

In steady state, the performance of solar thermal collectors is basically described by an
energy balance that indicates the distribution of incident solar radiation into useful energy
gain, thermal losses and optical losses [Duffie et al., 2020]. With the absorbed solar radiation
G - (Ta)) and the overall heat loss coefficient Uy that represents the thermal energy loss
from the collector to the surroundings by conduction, convection and long-wave radiation,
the thermal power output of a solar thermal collector ch@l with the collector area A.o can
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be calculated with [Kalogirou, 2014]:
ch,sol = Acoll [G (TOé) - Uloss (Tabs - Tamb)] =m Cp (Tout - 7—‘1 ) y (242>

where G is the global solar irradiance in the collector plane, 7o the transmittance-absorptance
product, T,;,s the mean absorber temperature of the solar thermal collector, T,,,, the ambi-
ent temperature, 7 the mass flow rate of the collector fluid, ¢, the specific thermal capacity
of the collector fluid, T}, the outlet and T;, the inlet temperature of the collector fluid.
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Figure 2.13: Glazed solar thermal collectors sales development of EU-27 2020, United
Kingdom and Switzerland from 2009 to 2019 in m? collector area. Data from
Solar Heat Europe [2019, 2020, 2021].

Regarding the solar thermal market in Europe, sales of glazed solar thermal collectors
decreased from 2009 to 2017 by 1% to 23 % every year (cf. Figure 2.13). Since 2018 the
market grows slightly, by 11% in 2018 and 3% in 2019. In 2019, the installed stock of
solar thermal collectors was around 52.9 million m? glazed collector area considering EU-
27 2020, United Kingdom and Switzerland [Solar Heat Europe, 2020]. In 2018, FPCs had a
market share of 90.2 %? for all newly installed liquid-based solar collectors in EU-27_ 2020,
United Kingdom and Switzerland, which emphasize the importance of this solar thermal
collector technology for the European market. Consequently, the focus of the investigations
on solar thermal collectors within this work is on FPCs. Furthermore, as this work considers
solar thermal and heat pump systems with ice storage, WISC collectors are also part of the
following investigations as these solar collector types are often used for the heat supply of
ice storages in SHP systems. Figure 2.14 shows the main differences in the construction of
WISC and FPC collectors. WISC collectors are the simplest types of collectors and are also
known as unglazed/uncovered absorbers or collectors. The non-covered black absorbers of
WISC collectors are usually made of UV-resistant synthetic material like polyethylene (PE),
polypropylene (PP) or ethyl propylene dien monomers (EPDM) [Eicker, 2003]. Due to its

2Data for EU-27_ 2020, United Kingdom and Switzerland calculated from Weiss and Spérk-Diir [2020].
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Figure 2.14: Construction of solar collectors.

construction, WISC collectors have especially higher conduction losses than FPC collectors.
However, higher conduction losses mean on the other hand higher heat gains in systems with
operating temperatures below the ambient air and consequently WISC collectors are often
used for applications with ice storages. In contrast, as described above, FPCs are equipped
with technologies to limit the heat losses and, thus, are usually used for higher temperature
applications like space heating and domestic hot water preparation. As the integration
of solar thermal collectors in heating systems depends especially on the auxiliary heating
technology and the general system design, the integration of FPCs and WISC collectors in
different system concepts is described with special focus on the considered solar thermal
and heat pump systems within this work in Section 2.3.1.

2.2.2.2 Photovoltaic Systems

Photovoltaic conversion is the direct conversion of short-wave solar radiation into electricity
without any heat engine to interfere [Parida et al., 2011]. Solar cells consist typically of
semiconductor materials and its physical principle is the photovoltaic effect. Today, the
market is dominated by semiconductor solar cells based on mono- and polycrystalline silicon
[Fraunhofer ISE, 2020]. Furthermore, there are also other PV cells on the market or under
development like organic material-based, thin film or perovskite solar cells. As the electrical
output from a single cell is small, multiple cells are connected and encapsulated (usually
in ethylene vinyl acetate (EVA) film with a glass cover) to form a PV module [Kalogirou,
2014]. A number of PV modules can be connected together to a PV string to give the
desired electrical power output. As the PV modules produce DC current, an electronic
device called inverter is typically used to transform the DC current into AC current. In
addition, a maximum power point tracker (MPPT) is used to maximize the solar power
generation under varying operating conditions. The inverter, the MPPT, the mounting
system of the PV modules, an optional battery storage (usually lithium-ion) with battery
charger and inverter (if needed), the wiring and any other elements necessary to build a PV
system are called the balance of the system (BOS) [Luque and Hegedus, 2011].

Regarding the PV market in Europe, sales of PV modules decreased after the solar boom
of 2011 until 2017 by 4% to 46% every year, with the exception of the year 2015 (cf.
Figure 2.15). Since 2018 the market regrows, by 35% in 2018 and 88 % in 2019. In 2019,
the installed capacity of PV was around 132 GW considering EU-27_ 2020, United Kingdom
and Switzerland [IRENA, 2021]. Simultaneously, the residential battery storage market in
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Figure 2.15: PV sales development of EU-27 2020, United Kingdom and Switzerland from
2009 to 2019 in MW newly installed PV capacity. Data from IRENA [2021].
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Figure 2.16: Classification of residential PV systems.

Europe grows since 2013. In 2019, the additions grew by 57 % regarding the new installations
in MWh, which leads to a total installed residential storage capacity of nearly 2 GWh by
the end of 2019 in Europe® [SolarPower Europe, 2020].

3Tt is not specified which European countries exactly are included in the data.
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As shown in Figure 2.16, PV systems for residential applications can basically be divided
in grid connected (on-grid) and isolated (off-grid) systems (not part of this work) [Luque
and Hegedus, 2011]. The generated PV electricity in grid connected systems can either be
converted to AC current and fed into the grid or used on-site for the electricity supply of
the building (self-consumption). PV systems with self-consumption are classified in systems
with and without battery storage. Furthermore, PV systems with battery storage can
mainly be divided by the connection of the battery in DC-coupled and AC-coupled PV
battery systems, as illustrated in Figure 2.17.

S Battery N N Battery
Q PV Generator Storage \ 4 PV Generator Storage
i > % N _ _

. .

Battery

PV Inverter F Inverter with
with MPPT e Charge e

- Regulator
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Grid Energy Grid Energy
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Loads Loads
(a) AC-coupled (b) DC-coupled

Figure 2.17: AC-coupled and DC-coupled residential PV battery systems with simplified
energy metering.

AC-coupled systems consist basically of the PV generator (PV modules), a combined
PV inverter with MPPT, the battery storage, a combined battery inverter with charge
regulator, an energy management system (EMS), electrical loads and energy meter. AC-
coupled battery systems are connected to the AC-bus of the residential building and the PV
generator via a bidirectional AC/DC converter. In contrast, within DC-coupled systems,
the MPPT and the charge regulator are separated from the inverter and the battery storage
is connected to the PV generator on the DC side [Weniger et al., 2014, 2016]. In both system
concepts, the main purpose of the EMS is to control the energy flows in the residential PV
battery system. The generated PV electricity can be used to charge the battery, supply the
electrical loads or it can be fed into the grid. In addition, the battery can be discharged to
cover the electrical loads or the energy for the electrical loads can be delivered by the grid.
An advantage of DC-coupled systems is that there is no need for a second inverter which leads
to a slight reduction of costs and conversion losses. However, DC-coupled systems require
a good adjustment of the PV generator and the battery storage size and are less flexible
in scaling and retrofitting. As this work considers different types of buildings including
retrofitting and different types and scales of systems, the focus of the following investigations
is on AC-coupled systems. An overview of the main advantages and disadvantages of AC-
coupled and DC-coupled PV battery systems for residential applications is summarized
in Table 2.3. The integration of AC-coupled battery systems in SHP system concepts is
described in Section 2.3.2 for the considered system combinations within this work.
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Table 2.3: Main advantages and disadvantages of AC-coupled and DC-coupled PV battery
systems for applications in residential buildings [Graulich et al., 2018].

Advantages Disadvantages
AC-coupled - High flexibility - Higher conversion losses
- Easy retrofitting of existing systems - Higher space requirement
- Free scaling of the battery system - Higher investment costs due to second
inverter
DC-coupled | - Lower conversion losses - Lower flexibility
- Lower space requirement - Difficult retrofitting of existing systems

2.2.2.3 Photovoltaic-Thermal Systems

PVT collectors are hybrid solutions converting solar energy in both electrical and thermal
energy. At present, conventional PV modules convert around 10 % to 20 % of the incident
solar radiation into electricity, whereas the remaining part is mainly dissipated into heat
to the environment [Ldmmle, 2018]. The main objective of PVT collectors is to use this
large part of unused solar energy for thermal applications and to improve the utilization of
limited roof area on buildings. The thermal coupling of solar thermal absorbers to the PV
cells results in a thermal energy harvesting system for PV [Zondag, 2008]. The described
operating principle and benefits are also clarified by the utilization of the solar spectrum
by a PVT collector, as shown in Figure 2.18. Within this example, the unglazed PVT
collector reaches an electrical peak efficiency of 15 % and a thermal peak efficiency of 61 %
(at Yamb = Umpvr = 25°C, G = 1000 W/m? and u = Om/s). The remaining part (24 %)
are optical and thermal losses [Lammle, 2018].
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Figure 2.18: Utilization of the solar spectrum (AM1.5¢) by an exemplary PVT collector.
Adapted from Lammle [2020b)].

In addition, the heat transfer to a fluid leads to a cooling of the PV cells for fluid tem-
perature conditions below the operating temperature of conventional PV modules. As the
electrical efficiency of PV cells increases with decreasing cell temperature, cooling the PV
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cells leads to an improvement of the electrical performance in PVT collectors [Skoplaki and
Palyvos, 2009]. Depending on the PVT type and application, e.g. for the use in SHP sys-
tems for residential buildings, the use of PVT collectors can lead to a better utilization of
the available roof area and finally an optimized overall solar yield.
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Figure 2.19: Classification of PVT collectors.

The availability of many different types of PVT collectors on the market necessitates a
classification of PVT collectors based on the used technological approaches (cf. Figure 2.19).
In general, PVT collectors can be classified into liquid-based PVT, air-based PV'T or others,
like PCM-based PVT, depending on the used heat transfer carrier medium. Regarding
the design of the collector with limitation on liquid PVT collectors, PVT collectors are
often classified in uncovered (WISC), covered flat-plate, concentrating or evacuated tube
PVT collectors. One possibility to further distinguish between special types of WISC PVT
collectors is the classification into collectors with or without backside thermal insulation
and retrofit PV'T collectors. Covered flat-plate PVT collectors can also be further classified
into collectors with or without backside thermal insulation. A recent market survey of the
IEA SHC Task 60 that represents 26 PVT collector manufacturers and system suppliers in
11 countries showed that the majority of PVT collector types on the market, especially
in Europe, are liquid PVT collectors. The highest shares were achieved by WISC PVT
collectors with 48 % and covered flat-plate PVT collectors with 28 % of the considered PVT
collectors [Ramschak, 2020]. By the end of 2019, the total installed PVT collector area
in Europe was around 675000m? (including air-based PVT)%. At this, the market share
was 91.5 % for WISC PVT collectors and 8.3 % for covered flat-plate PVT collectors on all
installed liquid-based non-concentrating PVT collectors. The small remaining proportion
were evacuated tube PVT collectors.

Figure 2.20 shows the construction of a WISC PVT collector without backside thermal
insulation and a covered flat-plate PVT collector with backside thermal insulation. WISC
PVT collectors consist typically of a PV module (PV cells and glass cover) coupled to a heat
exchanger (absorber and pipes) on the backside of the PV module and a collector frame.
Some manufacturers offer heat exchangers for retrofitting of conventional PV modules to a

4Data for Austria, Belgium, Denmark, France, Germany, Hungary, Italy, Luxembourg, Macedonia, Nether-
lands, Norway, Portugal, Spain, Sweden, Switzerland and United Kingdom calculated from Weiss and
Spork-Diir [2020].
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Figure 2.20: Construction of a WISC (uncovered) PVT collector without backside ther-
mal insulation and a covered flat-plate PVT collector with backside thermal
insulation.

retrofit PVT collector with a similar construction. At this, as for PVT collectors in general, it
is essential to ensure a good and longtime thermal contact with high heat transfer coefficient
between the fluid and the PV cell [Lammle et al., 2020]. As WISC PVT collectors can only
be thermally insulated at the backside of the collector, the heat losses are relatively high
even for collectors with backside thermal insulation. Hence, the application of WISC PVT
collectors is rather limited to low temperature systems [Lammle, 2018]. Due to its lower
operating temperatures, WISC PV'T collectors are especially used on the source side of a
heat pump in SHP systems or as swimming pool heating, similar to WISC solar thermal
collectors. Moreover, some WISC PVT collectors provide an increased heat transfer to
the ambient air for the operation as heat source of heat pumps. In contrast, covered flat-
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Figure 2.21: Operating temperatures and applications for different PVT collector tech-
nologies. Adapted from Lammle [2020a].
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plate PVT collectors are typically equipped with an additional insulating air layer (air gap)
between the PV cells and the glass cover and a backside thermal insulation to limit the heat
losses, similar to flat-plate solar thermal collectors. In addition, some covered flat-plate
PVT collectors use anti-reflective coatings on the glass cover to reduce additional optical
losses by the front glazing. As a result, covered flat-plate PVT collectors can reach higher
operating temperatures than WISC PVT collectors and are also used for higher temperature
applications like space heating and domestic hot water preparation [Lammle et al., 2020].
A summary of the operating temperatures and applications of PV'T collectors is given by
Figure 2.21. Regarding the described characteristics, its high market relevance and its
typical applications, the investigations in this work focus on WISC PVT collectors used on
the heat source side of heat pumps and covered flat-plate PVT collectors used for the direct
supply of space heating and domestic hot water systems as well as their comparison for the
mentioned applications. Their integration in the different SHP system concepts considered
within this work is described in Section 2.3.3.

2.3 Solar and Heat Pump Systems

A general classification of SHP systems for the energy supply of residential buildings based
on solar energy conversion in thermal and electrical energy is presented in Figure 2.22. The
notion SHP system comprises basically all combinations of heat pumps and solar energy sys-
tems, including PV (electrical energy) and solar thermal energy systems as well as hybrid
or combined PV and solar thermal energy technologies. As cooling of buildings is not part
of this work, solar cooling technologies are not considered in the classification. Within the
mentioned system combinations, solar thermal systems are used to deliver heat (directly or
on the source side of the heat pump) to the system while PV systems provide electricity to
the system or building (household electricity). The heat pump is used to supply the space
heating and/or the domestic hot water system (or a thermal storage) with heat. With re-
gard to the solar energy conversion, SHP systems can be subdivided more precisely in solar
thermal and heat pump systems (Section 2.3.1), photovoltaic and heat pump systems (Sec-
tion 2.3.2) or photovoltaic, solar thermal and heat pump systems (Section 2.3.3) as thermal
and electrical hybrid energy systems. At this, photovoltaic, solar thermal and heat pump
systems can further be divided in photovoltaic plus solar thermal and heat pump systems
and photovoltaic-thermal and heat pump systems to indicate whether the system includes
only separated PV and solar thermal or hybrid PVT technologies. The following sections
go on to describe SHP system concepts (with particular regard to the analyzed concepts
in this work), their classifications and the state of the art for the different combinations of
solar energy and heat pumps.

Due to the increasing complexity of SHP system concepts, especially within combined
thermal and electrical energy systems, it is important to define a procedure to describe the
composition of a SHP system and the interaction of different system components within this
system concept. One possibility to describe the interaction within a SHP system is the use
of block diagrams (also called square views) for the visualization of energy flows between
the different system components as developed in IEA SHC Task 44 / HPP Annex 38 with
limitation on solar thermal and heat pump systems [Frank et al., 2010; Hadorn, 2015]. In
contrast, the developed approach within this work, which will be presented in the following,
can be used for thermal as well as electrical system concepts, and especially the interaction
of thermal and electrical parts in SHP concepts.
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Figure 2.22: Classification of SHP systems.

The main advantage of this method is the simple and structured way to describe the
functionality of a system and the interaction of its components, especially with regard to
their energy flows. It allows a better comparability and fast understanding of a whole
system and avoids misunderstanding of functionality. Furthermore, system developers /
manufacturers can easily describe their new products and make them comparable with
existing solutions and customers or engineers can identify system features and applications at
a glance. Especially in complex thermal and electrical systems like SHP systems, the method
shows the level of system integration of the solar energy components and whether it is part of
a whole system approach or a side-by-side installation to a heat pump system without high
level of integration. In addition, the method offers a possibility to define detailed system
and component boundaries for the definition of KPIs that is also an important aspect to
increase the comparability of systems and its analyses. The method had also been used for
the representation of PVT systems within IEA SHC Task 60 and was published in Jonas
[2019b].

Basically, this approach is based on the work of Frank et al. [2010] and TEA SHC Task 44
/ HPP Annex 38 for solar thermal and heat pump system concepts and can be seen as
an enhancement for electrical systems which were not part of the original concept. The
visualization is very similar to other energy flow charts, but with fixed boundaries, positions
and colors as well as defined connection line styles. In general, the system boundaries like
final energy which has to be purchased, useful energy like space heating or environmental
energy sources like the sun as well as different system components like a heat pump, solar
collectors, PV, PVT or a storage are shown at given places and are highlighted with given
colors if they exist in the system concept (cf. Figure 2.23 and Figure 2.24).

For the system components, the following given elements are defined and can be high-
lighted if they exist in the concept:

(1) Solar energy converters like solar thermal collectors or absorbers, PV or PVT

2) Thermal storage on the source side of the heat pump

3) Heat pump

(2)
(3)
(4) Backup heater like conventional boiler or heating rod
(5)

5) Thermal storage on the sink side of the heat pump
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Figure 2.23: Visualization of energy flows in SHP systems. Block diagram with highlighted
system components.

y . Waste
Ground Water
Heat

Solar 3
. 3attery
Energy .
. ) Storage
Converter

Storage

(source)

Heat
Pump

Energy .
C o Backup Cold
Carrier

Storage
(sink)

———————— » Electrical Energy
——— Driving Energy
—— Water

— — — Brine

- Refrigerant

System name

Figure 2.24: Visualization of energy flows in SHP systems. Block diagram with highlighted
system boundaries.



44 Chapter 2 SOLAR AND HEAT PUMP SYSTEMS FOR RESIDENTIAL BUILDINGS

(6) Electrical (battery) storage.

All of these components are displayed via placeholders. If a component is not used, it is
also shown but without highlighting (cf. Figure 2.23). A second solar energy converter can
be placed to the right of the first solar energy converters placeholder if needed, e.g. in PV
plus solar thermal and heat pump systems (cf. Section 2.3.3). Furthermore, three different
system boundaries are defined:

e Left boundary: final energy, which has to be purchased, e.g. gas or electricity (grid)

e Right boundary: wseful energy, e.g. for domestic hot water preparation or space
heating, and (final) electrical energy consumption/load (except the electrical energy
consumption of the system), e.g. residential electricity load for lighting and appliances

e Upper boundary: environmental energy sources, e.g. sun, ambient air or ground.

Within the system boundaries, the different elements are also highlighted if they exist /
are used in the concept (cf. Figure 2.24). To further differentiate system components and
boundaries, the following colors are used:

e Fmnergy converters: orange

Thermal storages: blue

Electrical storages: light blue (color also used for electrical energy flows)

Final energy: grey
e Environmental energy: green

e Useful energy: red.

The system components are connected among themselves and with the boundaries via
lines to depict the energy flows in the system. As shown in Figure 2.25, six different line
styles are used for the indication of:

e different energy carrier media (water, brine, refrigerant or air),
e electrical energy or

e other driving energies (e.g. solar irradiation or gas).

For the complete description of a system concept with the presented block diagram ap-
proach, the following steps need to be performed:

1. Highlighting of existing system components
Highlighting of used environmental energy sources
Highlighting of final energy which has to be purchased

Highlighting of existing electrical energy consumptions and useful energy demands

AN

Connection of the components of the system among themselves and with the bound-
aries with indication of the carrier medium / driving energy.

In the following sections, the presented system visualization approach is used to describe
the different SHP system concepts considered in this work.
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Figure 2.25: Visualization of energy flows in SHP systems. Block diagram with connec-
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2.3.1 Solar Thermal and Heat Pump Systems

The combination of solar thermal systems and heat pumps focus on the efficient energy
supply for space heating and domestic hot water preparation in buildings. The earliest
published research work on the combination of solar thermal and heat pump systems started
in 1955 by Sporn and Ambrose [1955]. The first research work with use of classification
in series (serial) and parallel systems was carried out by Freeman et al. [1979] in 1979.
During the past decade, a wide range of these hybrid heating systems entered the market.
Depending on the heat source of the heat pump, solar thermal and heat pump systems can
be divided in solar thermal and ground source heat pump (SGSHP) systems, solar thermal
and air source heat pump (SASHP) systems, solar thermal and ice storage source heat pump
(SISHP) systems and others, like solar thermal and water source heat pump systems, solar
thermal and waste heat source heat pump systems or direct expansion solar-assisted heat
pump systems. Independently of the heat source of the heat pump, the systems can be
classified in parallel, serial and regenerative system concepts by the interaction between
solar thermal system and heat pump (Figure 2.26) [Frank et al., 2010].

Parallel systems (Figure 2.26a) are systems with independent supply of useful energy for
space heating and/or domestic hot water preparation by solar thermal system and heat
pump, e.g. via a buffer storage tank. Serial systems (Figure 2.26b) are systems in which the
solar thermal system is used as heat source for the heat pump. In these concepts the solar
thermal system can either be used exclusively or as additional source and either directly
or via a storage tank. Regenerative system concepts (Figure 2.26¢) are systems in which
the solar thermal system is used for the regeneration of the main source of the heat pump,
usually the ground. Furthermore, there is the possibility to combine these system concepts
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(a) Parallel (b) Serial (c) Regenerative

Figure 2.26: Overview of solar thermal and heat pump system concepts independently of
the heat source.

[Frank et al., 2010; Hadorn, 2015]. The classification in parallel, serial and regenerative
system concepts (or combinations) can be indicated with -P, -S and -R at the end of the
abbreviation of the general solar thermal and heat pump system concept. For example,
SGSHP-P means parallel combined solar thermal and ground source heat pump systems.
The classification of solar thermal and heat pump systems based on the heat source and the
integration of the solar thermal system is shown in Figure 2.27. All possible integrations of
solar thermal systems (and their combinations) within SGSHP, SASHP and SISHP system
concepts are illustrated in Table 2.4.

Solar Thermal and
Heat Pump Systems

Solar Thermal and

Solar Thermal and Air

Solar Thermal and Ice

Ground Source Heat Source Heat Pump Storage Source Heat Others
Pump Systems (SGSHP) Systems (SASHP) Pump Systems (SISHP)
I I I
| Serial || Serial Serial Solar Thermal and
(SGSHP-S) (SASHP-S) (SISHP-S) — Water Source Heat
Pump Systems
|| Parallel L Parallel Serial and Parallel
(SGSHP-P) (SASHP-P) (SISHP-S,P) Solar Thermal and
— Waste Heat Source
|| Regenerative || Serial and Parallel Heat Pump Systems
(SGSHP-R) (SASHP-S,P)
Direct Expansion
— Solar-Assisted Heat
— Combinations Pump Systems

Figure 2.27: Classification of solar thermal and heat pump systems.
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Table 2.4: Possible combinations of solar thermal and ground, air or ice storage source
heat pump systems.

-S -P -R -S,p -S,R -PR -S,P.R
SGSHP X X X X X X X
SASHP X X - X - - -
SISHP X - - X - - -
Serial Regenerative
5.9% 0.7%
Parallel and Serial
17.0%
Parallel and Regenerative
5.9%
Serial and Regenerative
0.0%
Parallel Parallel, Serial and Regenerative
60.7% 9.6%

Figure 2.28: Market available system concepts by concept surveyed in 2013 by Ruschen-
burg et al. [2013].

A statistical analysis on market-available solar thermal and heat pump systems can be
found in Hadorn [2015] and Ruschenburg et al. [2013]. As a main result, parallel systems
were identified as the market-dominating system concepts with a share of around 61 % on
the market available system concepts (cf. Figure 2.28) [Ruschenburg et al., 2013]. Haller
et al. [2014a] compared simulation results for the performance of different system concepts,
especially for a renovated building in moderate climate (Strasbourg), and identified some
general findings on the direct use of solar heat in parallel solar thermal and heat pump
systems:

e The main benefit of direct use of solar heat in solar thermal and heat pump systems
compared to systems without use of solar energy is the increase of the performance of
the overall system and thus electrical energy savings.

e The increase of the performance and the electrical energy savings mainly depends on
the type of heat pump, the type and area of solar thermal collectors and the boundary
conditions, especially climate and heat load.

In Hadorn [2015] the reason for the significant increase of the performance by the direct use
of solar heat in SHP systems was explained by the fact that solar thermal collectors can
cover a part of the heating demand with much higher ratio of heat delivered to consumed
electricity (e.g. for pumps and controller) than the heat pump. Regarding the integration
of solar thermal collectors in conventional heating systems, the solar collector yield and also
the fuel savings decreased with increasing temperatures of the heat demand. In contrast,
in SHP systems the electricity savings compared with a heat pump system without solar
thermal collectors increased with increasing temperatures of the heat demand. The reason
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for this is that the reduction of performance of the heat pump by increasing temperatures
is higher than the reduction of solar yields.

Carbonell et al. [2014a] analyzed the influence of direct use of solar heat in GSHP and
ASHP systems for different types of buildings and climates by simulation. The perfor-
mance of the overall SHP system increased for both system concepts, ASHP and GSHP,
by adding solar thermal collectors. In GSHP systems, the performance of the heat pump
itself increased also by adding a solar thermal system due to the covering of domestic hot
water loads with high temperatures and low heat pump performance by solar energy. In
contrast, in most systems with ASHP, the performance of the heat pump itself decreased
in comparison with ASHP systems without solar thermal collectors. On the one hand, the
solar thermal system covered a part of domestic hot water loads and the ASHP worked less
time with high heat sink temperatures. On the other hand, the performance of the heat
pump decreased as a consequence of the covering of heat loads at times with moderately
high ambient temperatures and best performance of the ASHP system, e.g. in spring, by
solar energy. The decreasing effect for the ASHP performance in these periods usually dom-
inated in comparison with the effect of increasing performance in periods with covering of
high temperature demands for domestic hot water preparation by solar energy and thus the
performance of the heat pump itself decreased in comparison with ASHP systems without
direct use of solar energy [Carbonell et al., 2014b]. In terms of absolute electricity savings,
the benefit of adding solar thermal collectors to a heat pump system increased with the elec-
tricity consumption of the reference system without solar thermal system. Therefore, ASHP
systems have sometimes higher potential of electricity savings by the direct use of solar heat
compared to GSHP systems [Carbonell et al., 2014a]. Nevertheless, it should be noted that
the authors used different heat pumps with different performance data and efficiency in case
of resizing the systems for different locations and buildings. By contrast, Poppi et al. [2016]
analyzed the influence of component size on electricity demand for ASHP and GSHP sys-
tems combined with solar thermal collectors with limitation on renovated and non-renovated
buildings and the climates of Zurich and Carcassonne by the use of scale factors. Regarding
the influence of the collector area, the authors observed that the absolute electricity savings
by adding solar thermal collectors are higher for ASHP than GSHP systems and increase
with increasing collector area which is consistent to the results of Carbonell et al. [2014a)].

Regarding GSHP systems with use of solar heat for regeneration of the ground heat
source, especially the work of Kjellsson [2009] and Bertram [2015] should be mentioned.
Kjellsson [2009] studied the combination of flat-plate solar thermal collectors with GSHPs,
whereas Bertram [2015] concentrated on the integration of uncovered solar thermal collectors
in heat pump systems with vertical ground heat exchanger. Both came to the conclusion
that boreholes can be recharged by the solar thermal collectors, especially if neighboring
boreholes are thermally influencing each other. Depending on the system, the combination
also allows a ground heat exchanger shortening and to improve the performance of undersized
systems. In case of FPCs, the optimal design in a new system is to use solar heat directly
for domestic hot water preparation in summer and for recharging the borehole in winter
periods [Kjellsson, 2009]. At this, it is important to mention that the possibility to use the
solar heat directly (or via buffer storage) for space heating was not considered. Furthermore,
Hadorn [2015] observed that regeneration of single boreholes has little effect on the long-
term temperature level of the heat source if the boreholes are dimensioned appropriately
and gave the recommendation to use solar heat first directly and only excess heat or low
exergy heat (when the temperature for direct heat use cannot be reached) should be used
for regeneration.
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Figure 2.29: Temperature-enthalpy diagram for a sensible and a latent heat storage with
the same specific heat capacity for the liquid phase. Physical properties of
water are used to generate the diagram.

The combination of solar thermal system, heat pump and ice storage is usually realized
as serial system concept. Within these concepts, the ice storage is used as heat source of the
heat pump and is supplied with heat by the solar thermal system. In general, an ice storage
is a latent heat storage that use the phase change from solid to liquid and vice versa to
store and extract energy. In contrast to sensible storages of liquids like water that use only
the heat capacity of the liquid (cpiquia - d7°) to store energy by changing the temperature
of the storage, latent heat storages like ice storages use additionally the melting enthalpy
(hsolid—tiquia) and partially the heat capacity of the solid (¢, soia -d7T") if supercooling is used to
store energy (cf. Figure 2.29). As a result, the heat storage capacity of a latent heat storage
with use of phase change is higher than the heat storage capacity of a sensible heat storage
of a liquid with the same specific liquid heat capacity operated in the same temperature
range. As the temperature does not change during the phase change of water from liquid
to solid, the ice storage allows relatively constant source temperatures for a heat pump
around the melting temperature of water during the freezing process if it is used in a SISHP
system. In SISHP systems, the freezing is basically counteracted by energy supply of solar
thermal collectors. Furthermore, ice storages (especially with high volumes) are often buried
in the ground without thermal insulation and thus benefit from the ambient energy of the
surrounding ground when the storage temperature is lower than the ground temperature.
Due to the low temperatures of the ice storage, WISC collectors are often used for the energy
supply of the ice storage as they can also be used at lower ambient temperatures with low
or without solar irradiance due to their high heat gains from the ambient if the operating
temperature is below the ambient temperature. During summer, the ice in the storage is
usually completely melted and the storage is operated as sensible heat storage on the heat
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source side of the heat pump. Furthermore, ice storages are often used as seasonal storages
for solar thermal energy and ambient heat if the storage volume is adequately dimensioned
[Winteler et al., 2014]. Trinkl [2006] and Fafinacht [2015] investigated the combination of
solar thermal and heat pump systems with ice storage on the source side of the heat pump.
Both works offered optimizations of the specific SISHP system concepts and special topics
like control strategy or component development but no comparisons with other solar thermal
and heat pump system concepts. Regarding the results of different simulations of solar
thermal and heat pump system concepts within the IEA SHC Task 44 / HPP Annex 38,
Haller et al. [2014a] came to the conclusion that solar only concepts have the advantage
that no ventilated air source evaporators or ground heat exchangers are needed and that
the systems can achieve similar performance as ASHP systems with direct use of solar heat
or GSHP systems without solar thermal collectors. Similar results with focus on a renovated
building in moderate climate were obtained in Lerch et al. [2015] comparing different solar
only concepts with ASHP systems.

Due to its market dominance, the following investigations regarding the combination of
solar thermal energy technologies and ground source or air source heat pump systems are
restricted to parallel system concepts with FPCs. Ground regeneration is not considered as
it is more beneficial if the system is not well designed (undersized boreholes) or a special
attention has to be paid to shortening of the ground heat exchanger. Furthermore, this
work considers solar only concepts with ice storages as alternative to system concepts with
ground or air source heat pumps. To sum up, in addition to ASHP and GSHP systems and
with regard to the thermal combination of solar and heat pump systems, the investigations
in this work will focus mainly on the following system concepts:

a. Parallel solar thermal and ground source heat pump systems (SGSHP-P)
b. Parallel solar thermal and air source heat pump systems (SASHP-P)
c. Serial solar thermal and ice storage source heat pump systems (SISHP-S)

d. Serial solar thermal and ice storage source heat pump systems with additional parallel
solar thermal collectors (SISHP-S.P).

The concept of the investigated solar thermal and heat pump systems with parallel solar
thermal collector integration in this work, regardless of the used heat source, is shown
in Figure 2.30. The system consists essentially of a heat pump system as described in
Section 2.2.1.3 and an additional parallel solar thermal circuit that uses frost protected
brine as heat transfer medium. The solar thermal circuit comprises solar thermal collectors
and additional hydraulic components (pump, pipes). The solar thermal collectors are used to
supply the buffer storage directly with solar thermal energy via an internal heat exchanger
in the lower zone of the storage depending on the current solar thermal collector outlet
temperature and the buffer storage temperature. If the outlet temperature is high enough
and additional control conditions are reached, the solar circuit pump (P4) is switched on and
the internal heat exchanger is supplied with solar thermal energy. This system concept with
combi-storage for heating and domestic hot water preparation is based on typical market
available systems and storage concepts presented and analyzed by Poppi and Bales [2014]
and Haller et al. [2014b].

The considered SGSHP-P system in this work is shown in Figure 2.31a and consists of
the described parallel system concept with GSHP. The SASHP-P system corresponds to the
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SGSHP-P system with a replacement of the GSHP by an ASHP and is shown in Figure 2.31b.
At this, FPCs are used for the direct supply with solar thermal energy in both system
concepts. The SISHP-S system corresponds to the GSHP system with a replacement of the
heat source circuit with BHE by a heat source circuit with ice storage and solar thermal
collectors in addition to the brine/water heat pump and heat sink circuit of the heat pump
(cf. Figure 2.31c). The heat source circuit comprises the solar thermal source circuit,
the ice storage and additional hydraulic components (pumps, pipes). WISC collectors are
used to supply the ice storage with solar thermal energy if the outlet temperature of the
WISC collectors is high enough and additional control conditions are reached using the solar
source circuit pump. The ice storage is used as heat source of the heat pump and the heat
source circulation pump to the heat pump is switched on when the heat pump is operated.
The SISHP-S,P concept corresponds to the SISHP-S system with additional parallel solar
thermal circuit using FPCs for the direct supply of the buffer storage tank via internal heat
exchanger (cf. Figure 2.31d). Visualizations of the energy flows in the different system
concepts are given in Figure 2.32, Figure 2.33, Figure 2.34 and Figure 2.35.
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Figure 2.32: Visualization of energy flows in the considered SGSHP-P system.
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Figure 2.35: Visualization of energy flows in the considered SISHP-S,P system.

2.3.2 Photovoltaic and Heat Pump Systems

The combination of PV and heat pump systems is a promising technology for future resi-
dential energy supply systems, especially in combination with battery storages and in the
context of smart grids. In general, photovoltaic and heat pump systems comprise all combi-
nations of PV and heat pumps with exception of additional solar thermal system integration.
Within these concepts, the PV system supplies the heat pump system with electricity. In
contrast to solar thermal and heat pump systems, the combination and interaction of PV
and heat pump systems are less complex in terms of system design and the systems differ
especially in the combination of the used heat pump concept from Section 2.2.1.2 and the
residential PV system concept from Section 2.2.2.2. In addition, a further distinction can be
made whether the PV self-consumption comprises household electricity load (consumption)
or not.

With regard to future residential PV systems, a case study on PV and heat pump systems
from Von Appen [2018] showed that future PV systems require shifting technologies like
battery storage systems and heat pumps to activate the available PV rooftop potential when
feed-in tariffs significantly decrease close to zero. Furthermore, the author figured out that
battery storage systems and heat pumps complement each other and the combination might
offer benefits for non-modulating heat pumps. As conclusion, the author recommended a
tariff or investment incentive-based framework that allows heat pumps to be an appealing
economic alternative to conventional heating systems. The author summarized that this is
not only essential for decentralized sector coupling and rising demand flexibility, but also for
a promising business case for future residential PV systems [Von Appen, 2018; Von Appen
and Braun, 2019].

Regarding different locations across Europe, Bee [2019] concluded that the capability to
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consume self-produced PV energy on a yearly basis in PV and ASHP systems without any
electrical storage does not significantly change for different climates and the self-consumption
increases for all climates by adding a battery storage. In addition, Bee et al. [2019] observed
that in warm climates, the main benefit is in the winter months as the heating demand
occurs mainly during the night and it can be shifted by means of a battery storage to match
the daily radiation. In contrast, in colder climates the self-consumption for PV and heat
pump systems with battery storage increases especially in spring when the heating demand
is still significant and the available PV energy is higher than in winter.

In addition to electrical battery storage systems, PV and heat pump systems offer the
possibility to store PV energy in thermal storages. Thygesen and Karlsson [2014] analyzed
two storage concepts for PV (with battery storage or thermal storage with electrical heater)
for a specific use case of a nZEB (single-family house) in Sweden considering heating appli-
cations and household electricity. For the specific case, the results showed that the system
with heat pump in combination with a PV system can be profitable and had high solar
energy fractions and high levels of self-consumption while systems with storage were not
profitable but gave higher levels of self-consumption. Within the considered system con-
cepts, the hot water storage concept with electrical heater reached almost the same level
of self-consumption as the concept with battery storage but had only half of the batteries
(lead acid) levelized cost of electricity. Battaglia et al. [2017] reported that the advantage
of using thermal energy storages in PV and heat pump systems in comparison to the use
of battery storages are smaller investment costs while the reduction of the grid electricity
purchase within the analyzed systems was higher for battery storages. At this, it should be
noted that investment costs of battery storage systems have significantly decreased in recent
years and thus the results may have changed in the meantime. In addition, Battaglia et al.
[2017] suggested that the combination of thermal and electrical energy storages is a very
promising approach as this offers the possibility to reach the same degrees of self-sufficiency
with smaller battery sizes and thus smaller investment costs. Another possibility for the
thermal storage of PV energy within buildings is the overheating of the building itself as
analyzed in Thiir et al. [2018]. However, these concepts have the disadvantage that the
overheating of the room temperatures in the building directly affects the personal room
comfort and thus are not favored by every occupant. Facci et al. [2019] also figured out
that thermal storages can act effectively as electrical storages by the use of heat pumps and
that a decoupling of heating energy generation and consumption by thermal storages has
a fundamental role in optimal system operation, both in terms of energy cost savings and
GHG emission reduction. Furthermore, the authors recommended that legislations should
move towards promoting the self-consumption of renewable electricity.

Due to its potential and future role for residential buildings, the investigations in this
work will focus mainly on the following PV and heat pump system concepts:

a. Photovoltaic and ground source heat pump systems (PV-GSHP)
b. Photovoltaic and air source heat pump systems (PV-ASHP)

with or without AC-coupled battery storage system and with PV self-consumption for the
heat pump system as well as the household electricity load. The concept of the investigated
PV and heat pump systems is based on a GSHP or ASHP system as described in Sec-
tion 2.2.1.3 and a AC-coupled battery storage system as described in Section 2.2.2.2. The
PV and heat pump system is shown regardless of the used heat source and with optional
battery storage system in Figure 2.36. The generated PV electricity can be used to charge
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an optional battery storage, supply the heat pump system, cover the household electricity
load or it can be fed into the grid. In addition, the battery storage (if included in the
system concept) can be discharged to cover the electrical loads of the heat pump system
and the household electricity load or the energy for the electrical loads (heat pump system,
household) can be delivered by the grid. At this, the heat pump system includes electrical
loads for additional components in the heating system like controller or pumps.
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Figure 2.36: Hydraulic scheme of the PV and heat pump heating system independent
of the used heat source including PV system with optional battery storage
system.

Visualizations of the energy flows in the PV and heat pump system concepts are given in
Figure 2.37 and Figure 2.38 for system concepts with battery storage. In system concepts
without battery storages, the battery storage is removed and PV is connected directly with
the heat pump and the household electricity load.
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Figure 2.37: Visualization of energy flows in the considered PV-GSHP system with battery
storage system.
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2.3.3 Photovoltaic, Solar Thermal and Heat Pump Systems

The combination of photovoltaic, solar thermal and heat pump systems, also called hybrid
photovoltaic / solar thermal heat pump systems, focus on the efficient thermal and electrical
energy supply of buildings by solar energy technologies and is a very promising technology
for future residential nearly zero energy and energy flexible buildings, especially in combi-
nation with electrical and thermal storages. In general, PV, solar thermal and heat pump
systems comprise all combinations of PV, solar thermal and heat pump systems. As de-
scribed in Section 2.3, the systems can be subdivided in PV plus solar thermal and heat
pump systems and PVT and heat pump systems to indicate whether the system includes
only separated PV and solar thermal or hybrid PVT technologies. Within PV plus solar
thermal and heat pump system concepts, the PV system supplies the heat pump system with
electricity whereas the solar thermal collectors supply the system with thermal energy. The
systems differ especially in the combination of the used solar thermal and heat pump system
concept from Section 2.3.1 and the residential PV system concept from Section 2.2.2.2. In
contrast, in PVT and heat pump systems the PVT collectors supply the heat pump system
with both electricity and thermal energy. PVT and heat pump system concepts also differ in
particular in the combination of the used solar thermal and heat pump system concept from
Section 2.3.1 and the residential PV system concept from Section 2.2.2.2 but with a replace-
ment of the solar thermal collectors and the PV modules by PVT collectors. Furthermore,
PVT and heat pump systems can be combined with PV or solar thermal systems as PV plus
PVT, PVT plus solar thermal or PV plus PVT plus solar thermal and heat pump systems.
In addition, a further distinction can be made for all PV, solar thermal and heat pump
systems whether the PV and/or PVT self-consumption comprises household electricity load
or not.

Regarding PV plus solar thermal and heat pump systems in comparison with other SHP
systems, Thygesen and Karlsson [2013] carried out a study on the combination of a GSHP
with PV, solar thermal or PV plus solar thermal systems for a specific use case of a nZEB
(single-family house) in Sweden considering heating applications and household electricity.
In comparison with PV, the authors concluded that GSHP combinations with solar thermal
or PV plus solar thermal systems were not profitable and gave lower solar energy fractions
for the considered use case. However, as mentioned in the previous section, investment
costs have changed in recent years and thus the results may also have changed in the
meantime. Furthermore, Poppi [2017] did a literature based economic analysis of PV, solar
thermal and PV plus solar thermal and heat pump systems for heating applications and
performed system simulations with special focus on a reference solar thermal heat pump
system with ASHP. A general conclusion was that the economic performance of SHP systems
depends significantly on the climate and the different assumptions concerning the costs. In
addition, the author concluded that there are clear trends for decreasing payback times of
SHP systems, both solar thermal and PV, with decreasing heating degree-days and with
increasing solar resource. Nevertheless, the author figured out that more techno-economic
studies of combinations of PV or PV and solar thermal systems with heat pump systems are
required and, as the results were only obtained for a limited range of variation in heat loads
and system configurations, extended work for other heat loads and system configurations
is needed [Poppi, 2017]. Furthermore, Poppi et al. [2018] concluded that there are no
consistent boundaries or approaches regarding different studies which make comparisons
between systems difficult or impossible.

With regard to system comparisons including PVT and heat pump systems, Dott et al.
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[2012] did a simulation case study on different system concepts including PV and ASHP,
SASHP-P and a serial PVT and heat pump system for heating application in moderate cli-
mate without PV or PVT self-consumption. The authors concluded that SASHP-P systems
have the smallest electricity consumption while serial PV'T and heat pump systems used as
heat source of the heat pump generate more surplus electricity than PV and ASHP systems
for the specific use case. Furthermore, Sommerfeldt and Madani [2018] figured out that a
benefit of adding serial PVT collectors in GSHP systems is the reducing of the borehole
length with no or a limited loss of efficiency, whereas PV and GSHP systems with a fully
sized borehole field have the lowest costs in case of a multi-family house in Sweden regarding
a limited range of system design configurations. However, the reduction in borehole field
area for a given heat pump efficiency is notable as many multi-family houses cannot use
GSHPs due to a lack of drilling space and PVT and GSHP systems could open up a market
currently unavailable for GSHPs and thus increase the use of renewable energies in buildings
[Sommerfeldt and Madani, 2019]. Regarding PV, PVT or solar thermal and ASHP systems,
Wang et al. [2020] concluded that the comparison results of different studies indicate that
PV and ASHP systems have the best techno-economic performance. Furthermore, solar
thermal and ASHP systems have high efficiencies, whereas PVT and ASHP systems have
the highest solar energy utilization and most energy production. Nevertheless, the authors
recommend that many other aspects like economics and environmental aspects have to be
discussed in the future.

To sum up, the field of PV, solar thermal and heat pump systems is an ongoing research
field and comparisons of different PVT, PV, solar thermal or PV plus solar thermal and
heat pump system concepts especially for the heat and electricity supply of buildings are still
rare, as current studies focus more on individual system concepts or specific applications (e.g.
domestic hot water preparation in Martorana et al. [2021]). Consequently, as mentioned in
the introduction, this work has the objective to close this research gap for typical system
configurations with regard to thermal and electrical energy supply of single-family houses.

The investigations of PV plus solar thermal systems in this work focus on the combination
of the chosen concepts of solar thermal and heat pump systems from Section 2.3.1 with AC-
coupled PV battery storage systems as described in Section 2.2.2.2 and thus the following
PV plus solar thermal and heat pump system concepts will be investigated:

a. Photovoltaic plus parallel solar thermal and ground source heat pump systems
(PV-SGSHP-P)

b. Photovoltaic plus parallel solar thermal and air source heat pump systems
(PV-SASHP-P)

c. Photovoltaic plus serial solar thermal and ice storage source heat pump systems
(PV-SISHP-S)

d. Photovoltaic plus serial solar thermal and ice storage source heat pump systems with
additional parallel solar thermal collectors (PV-SISHP-S,P)

with or without AC-coupled battery storage system and with PV self-consumption for the
heat pump system as well as the household electricity load. The PV plus parallel solar
thermal and heat pump system is shown regardless of the used heat source and with optional
battery storage system in Figure 2.39. The functionality of the PV system part is the same
as described for PV and heat pump systems in Section 2.3.2. The solar thermal and heat
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pump system part is designed and operated as described in Section 2.3.1 and shown in
Figure 2.31. Visualizations of the energy flows in the PV plus solar thermal and heat
pump system concepts are given in Figure 2.40, Figure 2.41, Figure 2.42 and Figure 2.43
for system concepts with battery storage. In system concepts without battery storages,
the battery storage is removed and PV is connected directly with the heat pump and the
household electricity load.
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Figure 2.39: Hydraulic scheme of the PV plus parallel solar thermal and heat pump heat-
ing system independent of the used heat source including PV system with
optional battery storage system.
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Figure 2.44: Hydraulic scheme of the PVT and heat pump heating system independent of

the used heat source with optional battery storage system.

The investigations of PVT and heat pump systems in this work are also based on the com-
bination of the chosen concepts of solar thermal and heat pump systems from Section 2.3.1
with AC-coupled PV battery storage systems as described in Section 2.2.2.2 but with a
replacement of solar thermal collectors and PV modules by PVT collectors and thus the

following PVT and heat pump system concepts will be investigated:

a. Parallel photovoltaic-thermal and ground source heat pump systems (PVT-SGSHP-P)

b. Parallel photovoltaic-thermal and air source heat pump systems (PVT-SASHP-P)

c. Serial photovoltaic-thermal and ice storage source heat pump systems (PVT-SISHP-S)
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with or without AC-coupled battery storage system and with PVT self-consumption for
the heat pump system as well as the household electricity load. The PVT and heat pump
system is shown regardless of the used heat source and with optional battery storage system
in Figure 2.44. The functionality of the electrical part of the PVT and heat pump system
is the same as described for PV and heat pump systems in Section 2.3.2 with a replacement
of PV modules by PVT collectors. The thermal part of the PVT and heat pump system
is designed and operated as the SGSHP-P, SASHP-P and SISHP-S systems described in
Section 2.3.1 and shown in Figure 2.31 with a replacement of the solar thermal collectors
by PVT collectors. Visualizations of the energy flows in the PVT and heat pump system
concepts are given in Figure 2.45, Figure 2.46 and Figure 2.47 for system concepts with
battery storage. In system concepts without battery storages, the battery storage is removed
and PVT is connected directly with the heat pump and the household electricity load.
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Figure 2.45: Visualization of energy flows in the considered PVT-SGSHP-P system with
battery storage system.
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In addition, the following PV plus PVT and heat pump system concepts will be investi-
gated to use the entire available roof area in smaller sized PVT concepts:

a. Photovoltaic plus parallel photovoltaic-thermal and ground source heat pump systems
(PV-PVT-SGSHP-P)

b. Photovoltaic plus parallel photovoltaic-thermal and air source heat pump systems
(PV-PVT-SASHP-P)

c. Photovoltaic plus serial photovoltaic-thermal and ice storage source heat pump sys-
tems (PV-PVT-SISHP-S)

with or without AC-coupled battery storage system and with PV and PVT self-consumption
for the heat pump system as well as the household electricity load. Compared to Figure 2.44,
the PV plus PVT and heat pump system only contains a second parallel PV string in addition
to the PV'T collectors that is connected to the PV inverter with MPPT and hence the system
is not shown graphically. Visualizations of the energy flows in the PV plus PVT and heat
pump system concepts are given in Figure 2.48, Figure 2.49 and Figure 2.50 for system
concepts with battery storage. In system concepts without battery storages, the battery
storage is removed and PV as well as PVT is connected directly with the heat pump and
the household electricity load.
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Figure 2.48: Visualization of energy flows in the considered PV-PVT-SGSHP-P system
with battery storage system.
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Figure 2.49: Visualization of energy flows in the considered PV-PVT-SASHP-P system
with battery storage system.
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Furthermore, the use of WISC or covered flat-plate PVT collectors will be analyzed for
the described PVT as well as PV plus PVT and heat pump system concepts. Due to its
small market relevance and high complexity, further system combinations like PVT plus
solar thermal or PV plus PVT plus solar thermal system combinations are not considered
in this work to limit the possible system combinations for the following simulation studies.

2.4 Key Performance Indicators of Solar and Heat Pump
Systems

The comparison of different system concepts for the energy supply of buildings requires well-
defined and uniform KPIs. In a recent systematic review of ASHP systems in combination
with solar thermal, PV and PVT, Wang et al. [2020] figured out that there is a lack of
standardized indicators to evaluate the system performance and only few papers take into
account environmental and economic aspects. As a consequence, this section deals with
the definition of KPIs for SHP systems regarding both thermal and electrical energy supply
of buildings for the evaluation of performance and efficiency, environmental impact and
economic aspects. At this, the definitions of performance indicators from Section 2.1.3 are
adapted to SHP systems for its rating in the context of nZEB standards. Furthermore, a
procedure for the combined evaluation of economic aspects and environmental impact is
presented. The defined equations and figures for SHP systems in the following sections can
also be used for the analysis of ASHP and GSHP systems without solar thermal or electrical
energy contribution.

2.4.1 Performance and Efficiency

2.4.1.1 Seasonal Performance Factor

The seasonal performance factor (SPF) quantifies the final energy efficiency for heating
applications of a SHP system and is defined as the ratio of the overall useful heating
energy output to the overall driving final energy input for an adopted system boundary
over a period of one year [Malenkovié¢ et al., 2013]. In some cases, SHP systems may not
permanently provide the required comfort criteria (domestic hot water tapping temperatures
or the room temperature of the building) at all times and thus the useful energy supplied
to the rooms or the domestic hot water system is lower or higher than the heating energy
demand. Hence, penalty functions are defined as direct electric heating for times in which the
system does not reach the defined comfort criteria [Heimrath and Haller, 2007; Weiss, 2003].
In the following definition, the SPF of the overall SHP system with penalties SPFgup pen
indicates the amount of useful energy for space heating QQsp useru and domestic hot water
preparation Qppw userul divided by the amount of electricity consumption of the overall SHP
system including penalties W sgp+ pen for a period of one year [Haller, 2013]:

SPFSHP_hpen _ QSH,useful + QDHW,useful (243)

Wel,SHP-ﬁ-,pen

with

Wel,SHP—i—,pen = Wel,SHP+ + Wel,SH,pen + Wel,DHW,pen (244)
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Figure 2.51: System boundary (orange dashed line) for the seasonal performance factor of
the overall SHP system with penalties for the example of a PVT SASHP-P
system with battery storage.

and
Weasap+ = Wernp + Weisc + Weren + Weipu + Weletr + Wel pu,sH, (2.45)

where We sapy is the electricity consumption of the overall SHP system, We sppen is the
penalty for space heating and Wej prw pen 1S the penalty for domestic hot water preparation.
With the chosen system boundary shown in Figure 2.51 for the example of a PVT SASHP-P
system with battery storage, the electricity consumption We sgp4+ includes all electricity
consumptions of the SHP system:

o Wenp: electricity consumption of the heat pump including e.g. compressor, pumps,
controller

o Wesc: electricity consumption of the solar thermal circuit including e.g. pumps,
controller

o Wegn: electricity consumption of direct electric heating elements which are not in-
cluded in the heat pump or solar thermal circuit consumption

o W pu: electricity consumption of pumps which are not included in the heat pump or
solar thermal circuit consumption
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® W ctr: electricity consumption of additional controllers which are not included in the
heat pump or solar thermal circuit consumption

o Weipush: electricity consumption of circulation pumps for the space heating system.

The electricity consumption of the overall SHP system including penalties We sup+ pen can
also be calculated with:

WeisupP+ pen = Wel grid,sup + Welsol,sup + Wel bat,sHP, (2.46)

where Wi grig,sup is the used electrical energy from the grid for the supply of the SHP
system, Wesorsup is the self-consumed solar (PV and PVT) electricity generation of the
SHP system and Wejpatsup is the used electrical energy from the battery storage for the
supply of the SHP system. This also means that the electrical energy supply of the SHP
system includes the covering of penalties. Furthermore, here and in the following, the index
sol is used for solar electricity generation of both PV and PVT and the solar thermal circuit
comprises both thermal circuits with solar thermal collectors and PV'T collectors.

The penalty for space heating We) s pen is defined as:

Wel,SH,pen = /UAbui [ATSH,pen + (ATSH,pen + ]-)2 - ]-} dt (247>
with
ATsh pen = max {0,19.5°C — Uyoom } (2.48)

and the penalty for domestic hot water preparation We paw pen as:

Wel,DHW,pen = /15 mDHW,loc Cp,w ATDHW,pen dt (249)
with
ATprw pen = max {0, Ypaw set — Upuw} (2.50)

where UAp,; is the overall heat loss coefficient of the specific building, ATgypen are the
temperature degrees below the defined minimum room temperature of 19.5°C, ¥;oom is the
actual room temperature, mppw joc is the flow rate for hot water tappings at the specific
location, ¢, is the specific heat capacity of water, ATpuw pen are the missing temperature
degrees for meeting the domestic hot water set temperature Upnw ser and Uppw is the actual
domestic hot water temperature [Haller, 2013]. As the same SHP system with different
implemented control strategies can reach different values for SPFgup pen, the SPFgupy pen
can also be used for the efficiency rating of SHP control strategies for heating
applications.

Furthermore, in SHP systems with self-consumption of electricity generated by PV or
PVT, a grid-related SPF of the overall SHP system with penalties SPFsup4 pengria for a
period of one year can be defined as follows:

QSH,useful + QDHW,useful
SPFSHP-{-,pen,grid = . (251)

Wel grid, sHP
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Figure 2.52: System boundary (orange dashed line) for the grid-related seasonal perfor-
mance factor of the overall SHP system with penalties for the example of a
PVT SASHP-P system with battery storage.

The grid-related SPF of the overall SHP system with penalties rewards the self-consumption
of solar electricity generated by PV or PVT used for the SHP system in the same way as
solar thermal heat provided to the SHP system since the benefit of thermal solar energy
supply by solar thermal or PVT collectors is also a reduction of the delivered electricity
from the grid. Regarding the system boundary shown in Figure 2.52 for the example of a
PVT SASHP-P system with battery storage, the self-consumed solar electricity is included
in the inside of the system boundary [Zenhdusern, 2020]. The grid-related SPF of the
overall SHP system with penalties offers the possibility to evaluate the system performance
for heating applications related to the delivered electricity from the grid regardless of the
used solar energy technology and is especially useful to compare solar thermal and heat
pump systems with PV or PVT and heat pump systems (and combinations). As a result, it
is recommended as KPI for the efficiency comparison of different SHP concepts for
heating applications and thus the analysis of the thermal energy supply of a building.

In addition, the solar grid feed-in electricity Wejsol feedin could be taken into account and
a net SPF of the overall SHP system with penalties S P Fsip pennet fOr a period of one year
could be defined with:

QSH,useful + QDHW,useful
SPFSHP—i—,pen,net = . (252)
Wel,gri(LSHP - Wel,sol,feedin
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As the values of this figure can turn negative if the grid feed-in is higher than the delivered
electricity, it could no longer be interpreted as a performance factor [Zenhédusern, 2020],
and thus it is not useful for SHP system evaluation. Furthermore, the surplus energy fed
into the grid is not only related to heating applications and it should only be considered in
performance figures for the evaluation of the overall electrical energy supply or the thermal
and electrical energy supply of buildings including household electricity load (consumption).
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Figure 2.53: System boundary (orange dashed line) for the grid-related seasonal perfor-
mance factor of the building for the example of a PVT SASHP-P system with
battery storage.

For the analysis of the thermal and electrical energy supply of a building, the grid-related
SPF of the overall SHP system with penalties can be extended by the household electricity
load and its grid-related energy supply and a grid-related SPF of the building SP Fi,i gria
regarding the energy efficiency and the solar thermal and electrical energy use of
a building for a period of one year can be introduced as follows (cf. Figure 2.53):

SPF _ QSH,useful + QDHW,useful + Wel,hh
bui,grid —

, 2.53
Wl gria,sap + Wel grid,hh ( )

where Wey gria,nn is the used electrical energy from the grid to cover the household electricity
load. At this, the household electricity demand Wy 1y, is equal to the household electricity
load and can be calculated with:

Weinh = Welsol.hh + Welbat,hh + Wel grid s (2.54)
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where Weso1nn is the self-consumed solar electricity generation to cover the household elec-
tricity load and We pat.nn is the used electrical energy from the battery storage to cover the
household electricity load. As mentioned before for the net SPF of the overall SHP system
with penalties, the values of an extended figure considering the solar grid feed-in electricity
can turn negative if the grid feed-in is higher than the delivered electricity to the building
and thus it could no longer be interpreted as a performance factor and is also not useful
for further evaluations. In addition, the definition of a non grid-related SPF of the building
is not useful as the useful energy output (household electricity load) is equal to the final
energy input for the household electricity supply (used electrical energy from the grid and
PV/PVT self-consumption to cover the household electricity load).

For the evaluation of the performance of the heat pump itself, the SPF of the heat
pump SPFyp indicates the amount of useful energy output of the heat pump Qup divided
by the amount of electricity consumption of the heat pump W gp for a period of one year:

Qup
Weiup

SPFyp = (2.55)

2.4.1.2 Fractional Energy Savings for Heating Applications

For the comparison of SHP systems or SHP systems with conventional (non-renewable)
heating systems, the fractional energy savings for heating applications, which quantifies the
reduction of the delivered energy for heating applications achieved by the use of
a SHP system instead of a reference SHP or conventional heating system, are often used
as performance indicator, usually for a period of one year. The fractional energy savings
for heating applications fsay heating can be defined as the difference in energy consumption
for heating applications of delivered energy between the reference system E&et and the

del,heating

considered SHP system Eggieatmg to the energy consumption for heating applications of

delivered energy by the reference system:

Eref __ 1’SHP
__ “del,heating del,heating 2 56
fsav,heating — Eref . ( . )
del,heating

At this, the energy consumption of delivered energy for heating applications by the con-
sidered SHP system can be calculated with the used electrical energy from the grid for the
supply of the SHP system:

E(?é_ll,}f)leating = Wel,grid,SHP- (257)
If the reference system is a SHP system, the energy consumption of delivered energy for
heating applications by the reference system is calculated as described in Equation 2.57
using values of the reference SHP system. For the comparison of SHP systems with conven-
tional heating systems like gas-fired or oil-fired heating systems, the energy consumption of
delivered energy for heating applications by a conventional reference heating system can be
estimated with:

_ Qsu + Qpaw

ref
Edel,heating - T + Wel,grid,refa (258)
re
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where n,¢f is the overall efficiency of the conventional reference heating system and Wej grid ref
is the electrical energy from the grid for the supply of the conventional reference heating
system (including pumps for space heating and domestic hot water preparation and addi-
tional controllers). At this, the overall efficiency of a gas-fired or oil-fired reference heating
system is defined as ratio of useful heating energy output per final energy consumed by the
heating system using the net calorific value. Nevertheless, the presented figures are difficult
to interpret as the value of electrical energy and fuel energy is not equal.

2.4.1.3 Solar Thermal Fraction

For the evaluation of thermal solar energy, the solar thermal fraction finso is a useful
performance figure to specify the share of heating energy consumption that is covered
directly by solar thermal and PVT systems. It can be described as the ratio of thermal
energy provided by solar thermal and PVT systems to the total energy consumption for
heating applications in a SHP system, usually for a period of one year. For SHP systems
with buffer storage and without direct use of the heat pump or an electric heating device
to supply the space heating and domestic hot water systems, the solar thermal fraction can
be defined as the amount of solar thermal energy delivered to the buffer storage by solar
thermal and PVT collectors with respect to the total energy delivered to the buffer storage:

ch,sol,buffer
)
ch,soLbuffer + QHP,buffer + QEHbuffer

fth,sol = (259)

where Qun solbuffer 1S the solar thermal energy delivered to the buffer storage, Qup puffer iS
the energy delivered to the buffer storage by the heat pump and Qgmupuser is the energy
delivered to the buffer storage by a direct electric heating element (cf. Figure 2.54). Here
and in the following, the index sol is used for solar thermal heat generation of both solar
thermal collectors and PVT collectors. It is recommended to use the buffer storage as system
boundary to consider thermal losses of the buffer storage and the solar thermal circuit in
the evaluation of the solar thermal fraction. With this system boundary, thermal losses
of the solar thermal circuit reduce the solar thermal energy delivered to the buffer storage
and thus reduce the solar thermal fraction. In addition, thermal losses of the buffer storage
are assigned to all systems that supply the buffer storage with heat. In contrast, if the
SHP system is chosen as system boundary and the solar thermal energy output is related
to the useful energy output of the system, the thermal losses of the buffer storage are not
considered and thus the solar thermal fraction is higher for high thermal losses of the buffer
storage. Furthermore, if the thermal losses of the buffer storage are subtracted from the
solar thermal energy output, the losses are only assigned to the solar thermal system.
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Figure 2.54: Energy flows for the determination of the solar thermal fraction (with optional
direct electric heating element) for the example of a PVT SASHP-P system
with battery storage.

2.4.1.4 Electrical Self-Sufficiency Rate and Self-Consumption Rate

For the evaluation of electrical solar energy, the electrical self-sufficiency rate (SSR) is a
useful performance figure to specify the share of electricity consumption that is covered
by PV and PVT systems. It can be defined as ratio of on-site generated and consumed
solar electricity with respect to the electricity consumption of the household, the SHP system
or the building (both applications), usually for a period of one year. Within SHP systems
without additional energy purchase to the delivered electricity, the SSR of the building
provides information on the thermal and electrical energy self-sufficiency of a building,
whereas the SSR of the household electricity focus on the electrical self-sufficiency and the
SSR of the SHP system focus on the self-sufficiency for heating applications. The SSR of
the building S'SRy,; can be determined as follows (cf. Figure 2.55):

Wel,sol,bui + Wel,bat,bui

SSRbui -
Welsolbui + Wel bat,bui + Wel grid,bui

(2.60)

with the self-consumed solar electricity generation of the building

Wel,sol,bui = Wel,sol,SHP + Wel,sol,hh7 (261)
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Figure 2.55: Energy flows for the determination of the electrical SSR for the example of a
PVT SASHP-P system with battery storage.

the used electrical energy from the battery storage for the supply of the building
Welbat,bui = Welbat,suP + Wel bat,hh (2.62)
and the used electrical energy from the grid for the supply of the building

Wel,grid,bui = Welgria,sup + Wel grid,hh- (2.63)

At this, the solar grid feed-in electricity is not taken into account to avoid suggesting that
the building is self-sufficient if it generates more electricity than it consumes but still needs
electricity from the grid. Furthermore, battery losses are not included in this SSR definition
and thus high battery losses cannot lead to higher SSR values. In addition, the SSR of the
household electricity SS Ry, can be calculated with:

Wel sol.hh + Wel bat hh

SSRy, = 2.64
h Welsol,hh + Wel bat,nh + Wel grid,hh ( )
and the SSR of the SHP system S.SRgyp with:
We SO We a
SS Repp — 1,s0l,SHP + Wel bat,SHP (2.65)

Wl sol.sup + Welbat,sup + Wel grid, sHpP
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The SSR of the household electricity can be used for the analysis of the electrical energy
supply of the household without consideration of the electrical energy usage for heating
applications whereas the SSR of the SHP system can be used for the analysis of the electrical
energy supply for heating applications. In addition, the SSRs are helpful for the analysis
of control strategies of the building energy management system (BEMS).

The electrical self-consumption rate (SCR) is a performance figure to specify the share
of generated PV and PVT electricity that is consumed on-site. It can be defined
as the ratio of on-site generated and consumed solar electricity with respect to the total
on-site solar electricity generation, usually for a period of one year. A distinction must be
made, however, between the SCR including or excluding battery losses for the definition of
electrical self-consumption.

Sun

| bat Household
PVT ; N — * Electricity
. | soL Ll Load

77777777 » Electrical Energy
——» Driving Encrgy
PVT and Air Source Heat Pump System - Parallel
with Battery Storage: PVT SASHP-P w/ battery
PVT SHP/P

Figure 2.56: Energy flows for the definition of self-consumption for the determination of
the SCR including battery losses for the example of a PVT SASHP-P system
with battery storage.

The SCR for a building including battery losses SC Ry patloss can be determined with
(cf. Figure 2.56):

Weisorsap + Welsol,hh + Wel ol bat
)
Wel,sol

SCRbui,bat,loss = (266)

where We g0 is the total on-site solar electricity generation (including feed-in losses) and
Welsolbat is the self-consumed solar electricity generation for charging the battery storage.
For AC-coupled residential PV and PVT battery systems, the AC-sided total on-site solar
electricity generation W s ac is used for We o1 as it represents the useful generated solar
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electricity without losses of the solar inverter. It can be calculated with:
WeLsol,AC = Wel,sol,SHP + Wel,soth + Wel,sol,bat + Wel,sol,feedin + Wel,sol,feedin,lossa (267)

where W sol feedin loss are the grid feed-in losses of solar electricity. As battery losses are
included in this SCR definition, high battery losses can lead to higher SCR values even if
only smaller amounts of the stored electrical energy are used to supply the building. Hence,
it is recommended to use the following SCR definitions excluding battery losses, especially
for the optimization of control strategies.

Sun
B . Household
PVT ; ) P > Electricity
Wos | ‘ : Load
LI
A A4
Heat
Pump

———————— » Electrical Energy
——— Driving Energy
PVT and Air Source Heat Pump System - Parallel
with Battery Storage: PVT SASHP-P w/ battery
PVT SHP/P

Figure 2.57: Energy flows for the definition of self-consumption for the determination of
the SCR excluding battery losses for the example of a PVT SASHP-P system
with battery storage.

The SCR for a building excluding battery losses SC Ry, can be introduced as (cf. Fig-
ure 2.57):

Wel,sol,bui + Wel,bat,bui

SCR ui — 268
b Wel,sol ( )
In addition, the SCR. for the household electricity SC Ry, can be calculated with:
We SO We a
SCRy, = LsoL,hh T Wel bat,hh (2.69)

Wel,sol
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and the SCR for the SHP system SC Rggp with:

Welsolsup + Welbat.SHP
S CRSHP = 2 — .

2.70
Wel,sol ( )

For AC-coupled residential PV and PVT battery systems, the AC-sided total on-site solar
electricity generation Wejgoi,ac is also used for Weigo as it represents the useful generated
solar electricity without losses of the solar inverter. The SCRs can be used for the analysis
of solar electricity usage and the analysis of control strategies of the BEMS.

2.4.1.5 Specific Solar Yields and Utilization Ratios

For the evaluation of thermal and electrical solar energy, the specific solar yields and utiliza-
tion ratios are additional performance figures to assess the utilization of the available
solar irradiance. The solar thermal energy generation of solar thermal and PVT systems
can be quantified by means of the specific solar thermal yield g o1 that can be defined in
SHP systems as ratio of useful solar thermal energy delivered to the buffer storage Qn sol buffer
and the heat source Qi solsource (€-8. the ice storage in SISHP systems) with respect to the
gross solar thermal and PV collector area Ay 501, usually for a period of one year:

ch,sol,buf‘fer + ch,sol,source

Gth,s0l = (271)

Ath,sol

In addition, the solar electrical energy generation of PV and PVT systems can be quanti-
fied by means of the specific solar electrical yield we o1 that can be defined as ratio of on-site
solar electricity generation (self-consumed or fed into the grid, without feed-in losses) with
respect to the gross PV module and PVT collector area A s, usually for a period of one
year:

o Wel,sol,SHP + Wel,sol,hh + Wel,sol,bat + Wel,sol,feedin
Wel,s0l = A .
el,sol

(2.72)

Within this definition of the specific solar electrical yield, battery losses are included since
the thermal losses of the buffer storage or the heat source in the definition of the specific
solar thermal yield are also included and thus these values are more consistent. Furthermore,
in contrast to the SCR, the specific solar electrical yield focus on the analysis of the solar
electricity generation and not the solar electricity usage. In addition, the grid feed-in losses
are excluded and can be interpreted as a limit for solar electrical energy generation like the
maximum buffer storage temperature for storage protection in solar thermal systems.
Following Lammle [2018], the solar thermal utilization ratio U Ry 01 With respect to the
global solar irradiance in the solar module and collector plane G can be defined with:

Gth,sol
sol — v 2.
R = 273

and the solar electrical utilization ratio U Rg g0 With:

Wel,s0
URel,sol = fc;dlt (274)

A combined solar thermal and electrical specific solar yield or utilization ratio is not
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recommended in this work as the value of electrical and thermal energy is not equal and
thus a combined figure that simply sums up the thermal and electrical energy is difficult to
interpret.

2.4.1.6 Net Energy Demand and Net Delivered Energy

The main performance indicator for the thermal and electrical energy demand of a building
is the net energy demand indicator as defined in Equation 2.3 for a period of one year.
Furthermore, the net delivered energy indicator from Section 2.1.2, defined in Equation 2.15,
can be used to analyze the import/export final energy balance of a building for a
period of one year. At this, the net delivered energy from Equation 2.13 can be calculated
for a building with SHP system as follows:

SHP __ 1SHP SHP
Ebui,del,net — “bui,del,el — ~bui,exp,el (275>

with the delivered electrical energy to the building with SHP system (from the grid)
EELI;Ii,ljiel,el = Welgrid,saP + Wel grid,hh (2.76)
and the exported electrical energy of the building with SHP system (to the grid)
B el = Welsol feedin- (2.77)

For a building with conventional gas-fired or oil-fired heating system without PV as reference
building, the net delivered energy can be determined as follows:

Elra?lfi,del,net = ’E)?lfi,del,fuel + Eﬁifi,del,el (2.78)
with the delivered fuel energy of the building with reference system

re Qsu + Qpaw
Ebufi,del,fuel = - (279)

Nret

and the delivered electrical energy to the building with reference system (from the grid)
Elgifi,del,el - Wel,grid,ref + Wel,hh- (280)

Nevertheless, it is proposed to use the performance indicators described in Section 2.1.3 and
adapted for SHP systems in Section 2.4.2 for the thermal and electrical energy performance
rating of a building, especially in the context of nZEBs, and thus it is recommended to
analyze the primary energy use and CO, emissions instead of the final energy use of a
building.

2.4.2 Environmental Impact

The environmental impact analysis of SHP systems and buildings requires further investi-
gations on the usage of natural energy resources and the emission of GHGs. In this context,
the primary energy use, the RER and the CO;, emissions as result of the energy use are of
particular importance. For the nZEB rating of a building and the analysis in this work, the
described equations in the following are used to calculate the primary energy use and CO,
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emissions indicators as well as the RER based on total primary energy from Section 2.1.3
for a period of one year. In addition, further fractional savings indicators for the comparison
of buildings with SHP systems and buildings with a reference heating system are defined in
this section.

The total primary energy use of a building from Equation 2.17 is an indicator for the
performance of the technical building system and can be calculated for a building with SHP
system as follows:

SHP __ SHP SHP SHP
Epe,bui,tot — “~bui,del,el fpe,del,tot,el + Ebui,ren,self,th + Ebui,ren,self,el (281)

with the delivered electrical energy to the building with SHP system from Equation 2.76,
the thermal self-consumed on-site renewable energy

SHP
Ebui,ren,self,th = QHP,evap + ch,sol,buffer (282)

and the electrical self-consumed on-site renewable energy

Ephenseitel = WelsolsuP + Welbat,suP + Welsolh + Welbat uh (2.83)
where foe deltot,el 1S the total primary energy factor for delivered electrical energy from the
grid and Qup evap is the heat source energy of the heat pump evaporator (from ambient
air, ground or ice storage). For a building with conventional gas-fired or oil-fired heating
system without PV as reference building, the total primary energy use can be determined
with the delivered fuel energy and electrical energy of the building with reference system
from Equation 2.79 and Equation 2.80 as follows:

ref _ ref ref
Epe,bui,tot — bui,del,fuel fpevdeLtOt:fuel + Ebui,del,el fpe7d€17t0t7917 (284)

where foe del tot fuel 1S the total primary energy factor for delivered fuel energy of the reference
heating system, e.g. gas or oil.

The non-renewable primary energy use of a building from Equation 2.20 is an indicator
for the use of on-site renewable energy sources without compensation by exporting energy
and can be calculated for a building with SHP system using the delivered electrical energy
to the building with SHP system from Equation 2.76 as follows:

Sgllaaui,nren = Eksnl;li,}()iel,el fpe,del,nren,el, (285)
where fpe delnren,el 1S the non-renewable primary energy factor for delivered electrical energy
from the grid, and for a building with conventional gas-fired or oil-fired heating system
without PV as reference building using the delivered fuel energy and electrical energy of the
building with reference system from Equation 2.79 and Equation 2.80 with:

Eyr)if,bui,nrcn - ll;eufi,dcl,fucl fpe,del,nren,fuel + Elfl;eufi,dcl,ol fpe,del,nren,ela (286)
where fpe del fuel.nren 1S the non-renewable primary energy factor for delivered fuel energy of
the reference heating system, e.g. gas or oil.

Furthermore, the net non-renewable primary energy use of a building from Equation 2.22
considers the compensation by exporting energy and can be calculated for a building with
SHP system using the delivered electrical energy to the building with SHP system from
Equation 2.76 and the exported electrical energy of the building with SHP system from
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Equation 2.77 as follows:

Esgllo:’ui,nren,net = Ell:li}:(,lel,el fpe,del,nren,el - ElI:Ii,P;Xp,el fpe,exp,nren,ela (287)
where fpe expnren el 18 the non-renewable primary energy factor for delivered electrical energy
from the grid compensated by exported solar electricity which can be set equal to the non-
renewable primary energy factor for delivered electrical energy from the grid fpeexpnrenel =
fredelnren,el (Substitution value approach). For a building with conventional gas-fired or
oil-fired heating system without PV as reference building the net non-renewable primary
energy use is equal to the non-renewable primary energy use from Equation 2.86.

For the comparison of a building with SHP system and a building with reference system,
the fractional primary energy savings fsavpei, Which quantifies the reduction of the used
primary energy achieved by the use of the SHP system instead of a reference system, can
be determined with:

ESH]I;’ .
fsav,pe,i =1- EI;ef’ =, (288)

pe,bui,i

where i can be equal to tot (total), nren (non-renewable) or nren,net (net non-renewable).
If the reference system is a SHP system, the considered primary energy use by the building
with conventional gas-fired or oil-fired heating system without PV as reference building
is replaced by the primary energy use of the building with reference SHP system that is
calculated as described for SHP systems using values of the reference SHP system.

The RER based on total primary energy of the building from Equation 2.25 can be
calculated for a building with SHP system as follows:

SHP SHP SHP
RERSHP o Ebui,ren,th + Ebui,ren,el + Ebui,del,el (fpe,del,tot,el - fpe,del,nren,el) (2 89)
pe,bui T [SHP + [SHP + [SHP f _ ESHP f :
bui,ren,th bui,ren,el bui,del,el Jpe,del,tot,el bui,exp,el J pe,exp,tot,el

with the thermal renewable energy produced on-site of the building with SHP system (self-
consumed)

Esgﬁen,th = QHP,evap + ch,sol,buffera (290)

the electrical renewable energy produced on-site of the building with SHP system (self-
consumed or fed into the grid)

Eﬁﬁﬂen,el = Wersol,sup + Welbat,suP + Welsol,ih + Welbat,nh + Welsol feedin, (2.91)
the delivered electrical energy to the building with SHP system from Equation 2.76 and
the exported electrical energy of the building with SHP system from Equation 2.77, where
Jpe,exptot,el 15 the total primary energy factor for delivered electrical energy from the grid
compensated by exported solar electricity which can be set equal to the total primary energy
factor for delivered electrical energy from the grid fpe exp tot.el = fpe.deltot.el (Substitution value
approach).

The CO, emissions, expressed in CO, equivalent, can be used for the rating of the global
warming potential of a building or system. The CO, emissions as result of the energy use in
the building without compensation by exported energy from Equation 2.26 can be calculated
for a building with SHP system using the delivered electrical energy to the building with
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SHP system from Equation 2.76 as follows:

m%%l;bui = ESEZeI,e] fCOQ,del,ela (292)
where fco,.delel is the COy emission coefficient for delivered electrical energy from the grid,
and for a building with conventional gas-fired or oil-fired heating system without PV as
reference building using the delivered fuel energy and electrical energy of the building with
reference system from Equation 2.79 and Equation 2.80 with:

ref _ ref ref
ME0, bui = Phuidel fuel JCO2.deltuel T Ehi delel fCO2,del el (2.93)

where fco, delfuel 1S the COy emission coefficient for delivered fuel energy of the reference
heating system, e.g. gas or oil.

In addition, the net CO4 emissions of the building with compensation by exported energy
from Equation 2.28 can be calculated for a building with SHP system using the delivered
electrical energy to the building with SHP system from Equation 2.76 and the exported
electrical energy of the building with SHP system from Equation 2.77 with:

m%%lz,bui,net = Eks)lll{i,IZlel,el fCOz,del,el - Eglliliixp,el f0027exp7e17 (294)
where fco,.expel 18 the COy emission coefficient for delivered electrical energy from the grid
compensated by exported solar electricity which can be set equal to the COy emission
coeflicient for delivered electrical energy from the grid fco,expel = fco,,delel (Substitution
value approach). For a building with conventional gas-fired or oil-fired heating system
without PV as reference building the net COy emissions are equal to the COs emissions
from Equation 2.93.

For the comparison of a building with SHP system and a building with reference system,
the fractional CO9 emission savings fsav.co,, which quantifies the reduction of CO4 emissions
achieved by the use of the SHP system instead of a reference system, can be determined
with:

SHP
fsav,COz =1- M (295)

ref
MC0Oy,bui

or with compensation by exported energy as net fractional CO5 emission savings:

my

2,bui,net

fsav,COQ,net =1~ rof . (296)
M@0, bui

If the reference system is a SHP system, the considered CO5 emissions by the building
with conventional gas-fired or oil-fired heating system without PV as reference building are
replaced by the CO, emissions of the building with reference SHP system that are calculated
as described for SHP systems using values of the reference SHP system.

2.4.3 Economic Efficiency

2.4.3.1 Levelized Cost of Heat

The levelized cost of heat (LCOH) is a standard metric for the economic analysis of heating
systems and indicates the sum of heating related costs in relation to the considered energy
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amount over the lifetime of a heating system. It is often used to determine the lowest heat
generation cost over a certain time period for different technologies [Meyers et al., 2018]
and is based on the levelized cost of electricity or energy method, which is a well-known
approach in the electrical power sector [Louvet et al., 2018|. In general, the LCOH for a
heating system in the residential sector (without tax rate, asset depreciation and residual
value) can be calculated with (cf. [Louvet et al., 2018]):

Iy — So + Yi-, Gt h
LCOH = e (2.97)
Zt:l (1+7’)t

where [ is the initial investment, Sy are subsidies and incentives, O, are operation costs in
year t, M, are maintenance costs in year t, I} are fuel costs in year t, r is the discount rate,
T is the period of analysis and @), is the considered amount of heat in year ¢.

Furthermore, the LCOH can be calculated with a nominal (including inflation) or real
discount rate r. The relation between the nominal discount rate r,., and the real discount
rate e can be expressed with the inflation rate ¢ [Baez and Martinez, 2015]:

Tnom = T'real (1 + 2) + 1. (298)

In case of heating systems for single-family buildings, the total system costs are usually paid
up front and the real discount rate is set to zero [Louvet et al., 2018]. With this assumption,
the nominal discount rate is equal to the inflation rate (r,om = 7). As a consequence, LCOH
values can be expressed in nominal terms and real terms, depending on the selected discount
rate [Louvet et al., 2018]. At this, the cost variables have to be adapted accordingly using
constant cash flows for real discount rates and current cash flows for nominal discount rates
including inflationary effects [Short et al., 1995]. In addition, it is necessary to adjust all
price increase rates in the following for inflation if the cost variables are given in constant
cash flows and real discount rates are used [Louvet et al., 2018].

For the comparison of different SHP systems and SHP systems with conventional heating
systems, it is useful to set the yearly considered amount of heat to the energy consumption
(useful energy for space heating and domestic hot water preparation), which is assumed to
be constant over the years, instead of the heat generation. The levelized cost of heat for
SHP systems LCOH®HY without conventional auxiliary heating systems (F;=0) can then
be calculated with:

T OSHP+MSHP

SHP SHP t,th t,th
ISt — Sown + 21 T

SHP _
LCOH o T QSH,useful TODHW, useful ’ (2.99)
t=1 (14r)?
where I§4 is the initial investment for the thermal part of the SHP system, Sgii are

subsidies and incentives for the thermal part of the SHP system, Of’{{hp are operation costs

for the thermal part of the SHP system in year ¢ and ME&P are maintenance costs for the
thermal part of the SHP system in year ¢. At this, the thermal part of the SHP system
comprises costs of system components that are related to heating applications. The IEA SHC
Task 54 developed a guideline for LCOH calculations for solar thermal applications [Louvet
et al., 2018], which is based on the work of Baez and Martinez [2015]. The definition in
Equation 2.99 is similar to the overall levelized cost of heat generated by the solar assisted
heating system definition within this guideline, which has to be used to compare a solar
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assisted heating system with other heating systems. The operation costs for the thermal
part of the SHP system in year ¢ can be calculated with the operation costs for the thermal
part of the SHP system in year one O%}t{f and can include an additional electricity price

increase rate dg:
Ofiy = 0P (1+da) ™" (2.100)

The operation costs for the thermal part of the SHP system in year one can be determined
with the used electrical energy from the grid for the supply of the SHP system and the
electricity price for heating applications in SHP systems ce spp (e.g. a discounted electricity
tariff for heat pumps):

O?}t{yf’ = Wel,grid SHP Cel, SHP- (2.101)
At this, the electrical energy from the grid for the supply of the SHP system is assumed
to be constant over the years and thus degradation, e.g. of PV modules, solar thermal and
PVT collectors or battery storages, is neglected. The maintenance costs for the thermal
part of the SHP system are often calculated by a percentage of the initial investment, e.g.
between 1% and 2% of the initial investment per year for solar thermal systems [Louvet
et al., 2018], and replacements of system components are not considered explicitly.

The LCOH for a conventional reference heating system LCOH™ without subsidies can
be determined in a similar approach including the fuel costs of the system as follows:

ref T O;ef_i_Mgef_i_Ftref
IO + Zt:l (1+7)°

LCOH™ = (2.102)

T Qsu+Qpuw )
t=1 (1+7‘)t

where I1f is the initial investment of the conventional reference heating system, Or! are
operation costs of the conventional reference heating system in year ¢, thf are maintenance
costs of the conventional reference heating system in year ¢t and F*' are fuel costs of the
conventional reference heating system in year t. The operation costs of the conventional
reference heating system in year ¢ can be calculated with the operation costs of the conven-
tional reference heating in year one Of and can also include an additional electricity price
increase rate:

Orf = O™ (1 +dy)". (2.103)

The operation costs of the conventional reference heating system in year one can be de-
termined with the used electrical energy from the grid for the supply of the conventional
reference heating system and the electricity price for household electricity ceppn:

Olief - Wel,grid,ref Cel,hh- (2104)

The fuel costs of the conventional reference heating system in year ¢ are calculated with
the fuel costs of the conventional reference heating system in year one F'*f and can include
an additional fuel price increase rate ds.e (e.g. a gas price increase rate dg,s or an oil price
increase rate do):

Fref = Frf (1 + dpa)' ™! (2.105)
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with

pref = @t Conw (2.106)

Tref

where cpyel is the fuel price, e.g. the gas price cgs or 0il price cq. The maintenance costs
of the conventional reference heating system can also be calculated by a percentage of the
initial investment or a fixed value per year.

2.4.3.2 Levelized Cost of Electricity

Following the basic LCOH definition in Equation 2.97, the levelized cost of electricity
(LCOE) in the residential sector (without tax rate, asset depreciation and residual value of
an electricity generator) adapted from Branker et al. [2011] can be defined with:

Io— So + ZT Ort M4 Fy
LCOE = () (2.107)
Zt 1 1+r)

where Wy, is the considered amount of electrical energy in year ¢.

Furthermore, the LCOE for buildings with SHP systems can be defined in a similar
manner as the LCOH for SHP systems using the electricity load as reference value instead
of the often used electricity generation and considering net electricity consumption costs
Chelload (electricity consumption costs minus compensation for electricity fed into the grid).
Thus, the load-based levelized cost of electricity can be introduced with:

T Ot+Mt+Ft+Ct el,load

SR N 15} (2.108)
T Wel,load,t ) :
=1 (14r)*

LCOFE\paq =

where W) j0ad+ is the considered amount of electricity load in year ¢. As described for the
LCOH calculation, LCOE values can be expressed in nominal terms and real terms and all
price increase rates in the following have to be adjusted for inflation if the cost variables
are given in constant cash flows and real discount rates are used. For the LCOE analysis of
single-family buildings, the real discount rate can be set to zero as in the LCOH calculation.

As the used electrical energy from the grid for heating applications is considered in the
LCOH calculation, it is useful to relate the LCOE to the household electricity load. Assum-
ing that the household electricity load is constant over the years, the load-based levelized
cost of electricity for household applications in buildings with SHP systems LCOERLY
without conventional electricity generators (F;=0) can be introduced with:

ngP ngP 4 Z ) O§§1P+Mtsgllp+cz8§1 load,hh

SHP © e = (1+7)¢

LCOE aqnn = ST e , (2.109)
t=1 (14r)*

where I§4 is the initial investment for the electrical part of the SHP system, S5 are

subsidies and incentives for the electrical part of the SHP system, Oﬁle{lp are operation costs

for the electrical part of the SHP system in year ¢, MthP are maintenance costs for the
electrical part of the SHP system in year ¢ and C’Egload’hh are the net household electricity
consumption costs in year t for a building with SHP system. At this, the electrical part

of the SHP system comprises costs of system components that are related to the supply of
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the household electricity load. The operation and maintenance costs for the electrical part
of the SHP system are often calculated by a percentage of the initial investment or a fixed
value per year. In this case, replacements of system components are often not considered
explicitly. Furthermore, the net household electricity consumption costs in year t for a
building with SHP system can be calculated with:

SHP _ SHP SHP
Gt,el,load,hh — “telgridhh — “tel feedin’ (2110)

where Cts,g,l;rid,hh are the household electricity consumption costs in year t for a building
with SHP system and C}{.q1, is the compensation for electricity fed into the grid in year
t for a building with SHP system. The household electricity consumption costs in year t for
a building with SHP system can be calculated with the household electricity consumption
costs in year one for a building with SHP system CPHE i 1, and can include an additional

electricity price increase rate:
SHP SHP t—1
Ct,el,grid,hh = Ol,el,grid,hh (1 + del) . (2.111)

The household electricity consumption costs in year one for a building with SHP system can
be determined with the used electrical energy from the grid to cover the household electricity
load for a building with SHP system and the electricity price for household electricity:

Cls,le{l?grid,hh = Wel,grid,hh Cel,hh- (2.112)
At this, the electrical energy from the grid to cover the household electricity load for a
building with SHP system is assumed to be constant over the years and thus degradation,
e.g. of PV modules and PVT collectors or battery storages, is neglected. The compensation
for electricity fed into the grid in year ¢ for a building with SHP system can be set equal to
the compensation for electricity fed into the grid in year one for a building with SHP system
O} W feedin if the feed-in tariff and the grid feed-in electricity are assumed to be constant over
the period of analysis. This also means that degradation of system components is neglected.
The compensation for electricity fed into the grid in year one for a building with SHP system
can then be determined with the grid feed-in electricity by the solar electrical system and
the feed-in tariff ce feedin:

SHP
C(l,el,feedin = Wel,sol,feedin Cel feedin - (2113)

For a building with conventional heating system without PV (or a SHP system without
PV or PVT) as reference building, the load-based LCOE for household applications can be
calculated with the net household electricity consumption costs of the reference building as
follows:

ref
T Cz,el,load,hh

re t=1 14r)*
LCOEIOid’hh - T E/Vel,h)h ' (2114)
t=1 (1+T)t

The net household electricity consumption costs of a reference building with conventional
heating system without PV in year ¢ can be calculated with the net household electricity
consumption costs in year one C{f’;Erid,hh of a reference building with conventional heating
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system without PV and an additional electricity price increase rate as follows:
ref ref t—1
CVt,el,load,hh = C(l,el,grid,hh (1 + del) (2115)
with

ref
Ol gridnh = Welhh Celhn- (2.116)

2.4.3.3 Levelized Cost of Energy

Beside of the allocation of the different electricity consumptions to the LCOH and LCOE, it
is necessary to divide the costs of PVT collectors, PV modules and battery storage systems
in initial investments for the thermal part (heating applications including the electrical
energy supply of the SHP system for heating applications) and the electrical part (supply of
the household electricity load) of the SHP system. Furthermore, in contrast to the PV and
PVT self-consumption that reduces the used electrical energy from the grid for the supply
of a SHP system and thus the operation costs for heating applications, the grid feed-in
electricity by solar electrical systems is only assigned to the LCOE and the benefit is not
apparent in the LCOH analysis. Consequently, it is mandatory to compare the LCOH and
LCOE of different buildings in conjunction using the same allocations of costs, especially
for buildings with hybrid technologies like PVT.

For the analyses of SHP systems for the thermal and electrical energy supply of buildings,
it is thus more useful to evaluate the levelized cost of heat and electricity together as levelized
cost of energy (LCOEn) for a building. Following the basic LCOH und LCOE definitions in
Equation 2.97 and Equation 2.107, the LCOEn in the residential sector (without tax rate,
asset depreciation and residual value) can basically be defined with:

Iy — Sy + 7 OctMitFy
LCOEn = B (R (2.117)
2=1 {iry

where F; is the amount of energy in year t. As described for the LCOH and LCOE cal-
culation, LCOEn values can be expressed in nominal terms and real terms and all price
increase rates in the following have to be adjusted for inflation if the cost variables are given
in constant cash flows and real discount rates are used. In case of systems for the thermal

and electrical energy supply of single-family buildings, the real discount rate can be set to
zero as described for the LCOH and LCOE calculation.

Regarding the useful energy for the thermal and electrical energy supply of residential
buildings and thus following the LCOH and LCOE definitions in Equation 2.99 and Equa-
tion 2.109, the levelized cost of heat and electricity for a building with SHP system without
conventional auxiliary heating systems (F;=0) considering the net household electricity con-
sumption costs can be introduced as follows:

OSHP | \fSHP | ~SHP

ISHP _ SHP + ZT t,bui t,bui t,el,load,hh
LCOERSHP — 0wt “obw - =t ()’ (2.118)
bui T QSH,useful+QDHW,useful+Wel,hh :

t=1 (l+r)t
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with
Iohe = Iow + e (2.119)
Sobut = Soxh + Soel (2.120)
Ojs = Op + OP® (2.121)
MR = Mpy + Moy®. (2.122)

The LCOEN for a reference building with conventional heating system without PV and
subsidies LCOEnR. can be determined in a similar approach including the fuel costs of the
system and the net household electricity consumption costs as follows:

ref +Mref +Fref +Cr

66‘5, + Z t bui t,bui t,bui t,el,Joad,hh

ref ui (1+7‘)

LCOEnbUi - T Qsa+Qpaw+Welhh (2123)

t=1 (14r)®

with

el o=t (2.124)
0,bui — “0 .

05, = O (2.125)
M5 = M (2.126)
Ftr%ful - Ftref' (2127)

2.4.4 Economic Efficiency and Environmental Impact

An approach for linking economic efficiency and environmental impact is the pricing of GHG
emissions as established by the German government in 2021 with the purpose of accelerating
actions to reach the climate targets in the transport and building sectors. Following the idea
of penalizing CO4 emissions and considering environmental impact costs, the LCOEn from
Equation 2.117 can basically be extended by COq emission costs Cy co, over the lifetime:

T Ot+Mi+Fi+Cy co
Ip—So+ > 2

LCOEnco, = T avn) (2.128)
t=1 ( 1+7“)

As described in Section 2.4.3.3, LCOEn values can be expressed in nominal terms and real
terms and all price increase rates in the following have to be adjusted for inflation if the
cost variables are given in constant cash flows and real discount rates are used. In case of
systems for single-family buildings, the real discount rate can be set to zero as described for
the LCOEn calculation.

The LCOEn including CO4 emission costs for a building with SHP system without con-
ventional auxiliary heating systems (F;=0) can then be calculated by the extension of Equa-~
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tion 2.118 as follows:

SHP SSHP 4 Z O§§§1+M§§£+Csc1 load, hh+Ct ,COg,bui
LCOE SHP O ,bui 0,bui t=1 (1+r)t 92129
nCOQ’bUi - T QSH,useful+QDHW,useful+Wel,hh ’ ( : )
t=1 (1+r)t

where CPE0, by are the COy emission costs for a building with SHP system in year t. The
COy emission costs for a building with SHP system in year ¢t can be determined with the
CO, emission costs for a building with SHP system in year one C7{0, 1,; and an additional
carbon price increase rate dco, by:

G0 = O E0apui (1 +dco,) ™ (2.130)

In addition to the use of a carbon price increase rate, it is possible to calculate the CO,
emission costs for a building with SHP system individually for each year of the period of
analysis with a defined path for the carbon price increase, e.g. as implemented in Germany.
The COs emission costs for a building with SHP system in year one can be calculated
with the CO, emissions without compensation by exported energy for a building with SHP
system:

SHP _ ., SH
CYl ,CO2,bui — mCOQ bui €CO2 (2131)

or with the COs emissions with compensation by exported energy for a building with SHP
system if the compensation of CO, emissions by exported solar electricity is considered:

SHP o
Cl ,CO2,bui — mCOQ bui,net CCO3)» (2132)

where cco, is the carbon price. At this, the CO5 emissions for a building with SHP system
are assumed to be constant over the years and thus degradation, e.g. of solar thermal and
PVT collectors, PV modules or battery storages, is neglected. Furthermore, Equation 2.129
has to be calculated using electricity prices that have been adjusted for an included Carbon
price, e.g. the carbon price by the EU Emission Trading Scheme (ETS). Otherwise, CP'10), 1;
can be assumed to be zero since the CO emission costs are already included in the electricity
price.

The LCOEn including CO, emission costs for a reference building with conventional
heating system without PV and subsidies LCOEn&%zbui can be determined in a similar
approach including the fuel costs of the system by the extension of Equation 2.123 as follows:

ref ref ref ref
Jref 4 Z O My S i S i HOT S tond i TCF G ,COy,bui
LCOEns | = [t 2 (+7)" (2.133)
CO2,bui T Qsa+Qpaw+Welnn ’
t=1 (14r)®

where C} %o, 1y are the CO, emission costs for a reference building with conventional heating
system in year t. The COy emission costs for a reference building with conventional heating
system in year ¢ can be determined with the CO, emission costs for a reference building with
conventional heating system in year one C}%g, ;. and an additional carbon price increase
rate by:

CtreéOg,bul C{,eéOg,bui (1+dco,) . (2.134)
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In addition to the use of a carbon price increase rate, it is also possible to calculate the
CO4 emission costs for a reference building with conventional heating system individually
for each year of the period of analysis with a defined path for the carbon price increase. The
CO4 emission costs for a reference building with conventional heating system in year one
can be calculated with the CO45 emissions for a reference building with conventional heating
system:

O{,e(f:og,bui = mlg(f)g,bui CCOz- (2.135)
Furthermore, Equation 2.133 has to be calculated using electricity and fuel prices that have
been adjusted for an included carbon price. If the electricity prices are not adjusted for
an included carbon price, the CO, emission costs as result of delivered electrical energy
from the grid of the reference system can be assumed to be zero since the COy emission
costs are already included in the electricity price. In this case, the CO5 emission costs for a
reference building with conventional heating system in year one can be calculated with the
CO, emissions related to the delivered fuel energy of a reference building with conventional
heating system:

ref o ref
C'1,C02,bui - Ebui,del,fuel fCOz,del,fuel CCOs- (2136)

2.4.5 Summary

The following table (Table 2.5) gives an overview of the defined KPIs with assignment of its
evaluation quantity and usable fields of application. At this, it is marked for which types
of SHP systems the considered KPI can be used. KPIs that are not recommended to use in
the previous sections are not listed in the summary.

Table 2.5: Overview of key performance indicators for the evaluation of SHP systems.

Applications
Solar PV and PV, solar
. . thermal and thermal and
KPI Evaluation quantity heat pump
heat pump heat pump
systems
systems systems
SPFSHP+ pen Heating efficiency X _ _
SPFsup+ pengria | Heating efficiency X e <
Energy efficiency
S P Foui eri
bui,grid (bulldlng) X X X
SPFup Heat pump efficiency X X X
Jsav,heating Final energy savings (heating) X X X
Jth,sol Solar thermal energy fraction X - X
Electrical self-sufficiency
SS Rpui -
bui (building) * X
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Table 2.5: Overview of key performance indicators for the evaluation of SHP systems.

(continued)
Applications
Solar PV, solar
. . thermal and L e thermal and
KPI Evaluation quantity heat pump
heat pump svatems heat pump
systems Y systems
Electrical self-sufficiency
SSR -
hh (household) x x
Electrical self-sufficiency
SSR _
SHP (heating) * *
Solar electricity usage
SCRpy; -
bui (building) * x
Solar electricity usage
SCR -
hh (household) x x
Solar electricity usage
SCR, _
SHP (heating) x x
Gth,sol olar thermal energy generation X - X
Solar th 1 ti
Wel sol Solar electrical energy generation - X X
UR Thermal utilization of available < ) <
th,sol solar irradiance
UR Electrical utilization of available ) < <
el sol solar irradiance
Net energy demand (building)
E Py ’
bui nZEB rating * * *
Import /export final energy bal-
EPSI—_IP p
bui,del,net ance (building) * * x
Total primary energy usage
EPSHP .
pe,buitot (building), nZEB rating * * x
E pSHP Non-renewable primary energy < < <
pe,bui,nren usage (building), nZEB rating
Non-renewable primary energy
E pSHP usage (building) with compensa- < < <
pe,bui,nren,net tion (energy export), nZEB rat-
ing
Total primary energy savings
fsav,pe,tot (buﬂdlng) X X X
f Non-renewable primary energy < < <
sav.pe.nren savings (building)
Non-renewable primary energy
fsav,pe,nren,net savings (building) with compen- x X x
sation (energy export)
Renewable energy usage
RERSHP )
pe;bui (building), nZEB rating * * *
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Table 2.5: Overview of key performance indicators for the evaluation of SHP systems.

(continued)
Applications
Solar PV and PV, solar
. . thermal and thermal and
KPI Evaluation quantity heat pump
heat pump heat pump
systems
systems systems
SHP COy emissions (building), nZEB
EPCo, bui rating * * *
CO2 emissions (building) with
EP(Sjgf,bui,net compensation (energy export), X X X
nZEB rating
fsav,c0s CO3 emission savings (building) x X X
CO3 emission savings (building)
Jsav,COy net with compensation (energy ex- X X x
port)
LCOHSHP Economic efficiency (heating) X X X
Economic efficiency (household
LCOESHP Yy
load,hh electricity) x x *
Economic  efficienc (energy
LCOEnHY Y :
Mbui building) * * *
Economic efficiency and environ-
LCOEnZHY |
"GOz bui mental impact (energy, building) * x x







Chapter

System Modeling

This chapter presents the modeling of the solar and heat pump systems that are analyzed
in this work. Beginning with a general introduction to the model design and simulation in
TRNSYS, the used and developed simulation models are described in detail. First, the so-
lar and heat pump component models are presented including a newly developed TRNSYS
model for the simulation of photovoltaic-thermal collectors. At this, the parameter iden-
tification as well as the validation of the component models are explained in detail. This
is followed by the description of the system modeling. Starting with a model overview, the
system model is divided in subsystems that can be combined for the simulation of the differ-
ent solar and heat pump system concepts considered in this work. Within the descriptions
of the subsystem models, the boundary conditions (weather data, climate and ground prop-
erties), the residential building models and the different parts of the solar and heat pump
system itself (e.g. heat pump and heat source circuit, solar thermal circuit or photovoltaic
battery system) including the implemented system control strategies are explained.

3.1 Model Design in TRNSYS

TRNSYS is a simulation environment with a modular structure for the simulation of tran-
sient systems, especially thermal and electrical energy systems. The used version in this work
is TRNSYS 18.02.0000 [TRNSYS, 2020]. Typical TRNSYS applications are simulations of
energy systems with renewable energy technologies like solar thermal or PV systems or
multizone building simulations including heating, ventilation and air conditioning (HVAC)
systems or combined heat and power systems. TRNSYS consists essentially of the following
main programs:

e TRNSYS Simulation Studio (visual interface for model design, parameterization and
simulation)

e TRNDII (simulation engine) and TRNExe (executable)

e TRNBuild (visual interface for the building simulation input data)
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e TRNEdit (editor to create redistributable applications, known as TRNSED applica-
tions, or to perform parametric runs).

The source code of the kernel as well as the source code of the component models are
delivered with the software, which simplifies the modification of existing models and the
development of new individual models in order to fit the user-specific needs. The DLL-based
structure of the program allows developers to add component models using different common
programming languages like C++ or Fortran (common programming language for TRNSY'S
models). In addition, TRNSYS can be connected to other programs for pre-/post-processing
or for co-simulation with interactive calls during the simulation, e.g. with Matlab/Simulink
[Riederer et al., 2009; Engel et al., 2018] or with Modelica tools via Functional Mockup
Interface (FMI) [Elsheikh et al., 2013a,b].

Modeling and Simulation in TRNSYS

Parameterization and Engineer / User |
Validation |

(1) Real System d (5) Simulation
1 ”””””””” ModelDesignI ””” TRNSYS Bapert.
# (4) System Model

(2) Component
Models

oSpomouy| aIeM)Og
Application Knowledge

(3) Own Components
(TRNSYS Types)

Figure 3.1: TRNSYS model design and simulation procedure.

The general model design and simulation procedure in TRNSYS is shown in Figure 3.1.
First, the user starts on an engineering knowledge level with the detailed description of
the real system (1). Afterwards, the user has to decide whether the available component
models in TRNSYS fulfill the user-specific needs or not (2). Due to the variety of avail-
able component models, the user has to be a TRNSYS expert to decide which components
fulfill the specific requirements for the later simulation of the system. If the real system
can be designed by available models, the user can proceed with the design of the system
model in TRNSYS (4). If not, the user has to take a detour via designing detailed models
of the missing components and write his own TRNSYS components ( Types) in a program-
ming language like Fortran (3). Consequently, the user needs to have expert knowledge
in developing TRNSYS Types (TRNSYS expert) and in a usable programming language
(programming expert). TRNSYS Types typically consist of inputs (variable, e.g. input
temperature or mass flow), parameters (fixed, e.g. solar collector area or storage volume)
and outputs (e.g. output temperature or mass flow). Depending on the model, the Type
can also include external files, like data sheets (e.g. weather data), and derivatives as initial
values for the numerical solution of differential equations (cf. Figure 3.2). Now, the user



3.1 Model Design in TRNSYS 97

Inputs

4

Parameters ﬁ RN —

TYPE —
Derivatives
External
' Files
Outputs

Figure 3.2: TRNSYS Type.

is ready for the design of the system model in the visual interface TRNSYS Simulation
Studio (4). The TRNSYS Types are placed by drag & drop and connected to each other.
Afterwards, the simulation parameters are defined (usually by standardized, validated pa-
rameter sets (literature based), data from manufacturers or parameter identification). After
first test simulations, the user has to check whether the simulation results are valid or not,
e.g. by comparison with measured data from the real system (quantitative validation) or by
plausibility checks, e.g. comparison of the system behavior or energy balances (qualitative
validation). Finally, the desired TRNSYS simulation can be performed (5). The simula-
tion project information is saved in a TRNSYS project file and, via starting the simulation,
TRNSYS Simulation Studio creates a TRNSY'S input file, known as deck file. TRNDII reads
all information in the deck file; it is called by TRNExe for the execution of the simulation.
In case of building simulations, TRNBuild is used to create different files like a building
description file which will be read for the simulation of multizone buildings (Type 56). The
results can be printed in external files or visualized in an online plotter.

Alternatively, TRNSYS experts have the possibility to create a TRNSED application
with limited possibilities for the parameterization of the models and the simulation itself
as a user-friendly framework for end-users like engineers without experience in TRNSYS
as shown in Jonas et al. [2017c,a]. In this case, the end-user can bypass steps (2) to (4)
and start with the parameterization of the simulation model based on engineering knowl-
edge of the real system (1). Here, the user may perform TRNSYS simulations without any
knowledge of modeling or programming in TRNSYS itself. TRNSED applications are re-
distributable stand-alone applications based on TRNSYS which are executable without the
installation of TRNSYS itself. TRNEdit is a specialized editor which can be used for modi-
fying TRNSYS deck files and creating these simplified stand-alone applications as end-user
simulation tools without TRNSYS knowledge and license. Within TRNEdit, the TRNSED
developer has the possibility to create a graphical user interface (GUI) with multiple tabs,
pictures for illustration, links, pull-down menus for parameters or data files, check boxes or
radio buttons [TRNSYS, 2020]. At this, the developer can choose which parameters, data
sets or simulation options should be provided to the end-user of the simulation tool.
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3.2 Solar and Heat Pump Component Models

3.2.1 Brine/Water and Air/Water Heat Pumps

The performance of a heat pump can basically be described by a black box model presented
in Wetter and Afjei [1997] using biquadratic polynomials for the thermal condenser power:

Qcond :bfh + bQ2 Tn,evap,in + b(13 Tn,cond,out + b(J4 Tn,evap,in Tn,cond,out

(3.1)
+ bQ5 Trg,evap,in + bQG Tf,cond,out

and the compressor power of the heat pump:

Pel,comp :bpl + pr Tn,evap,in + bp3 Tn,cond,out + bp4 Tn,evap,in Tn,cond,out

(3.2)
+ bp5 Trievap,in + bpﬁ Tricond,out?

where bg; — bgs are the condenser model coefficients, T}, evap,in i the normalized evaporator
inlet temperature, bp; — bps are the compressor model coefficients and T, condout 1S the
normalized condenser outlet temperature. At this, normalized temperatures are calculated
as follows:

v; [°C]
273.15

The described model is implemented in TRNSYS Type 401 that is used for the simulation of
heat pumps within this work. The model coefficients of the polynomials can be determined
using a Microsoft Excel-based fitting tool provided with Type 401. Furthermore, as the de-
scribed polynomials are only valid for steady-state conditions, Type 401 offers the possibility
to model cycling losses (heat-up and cool-down process) using the solution of a first order
differential equation (PT1-element). Further details of TRNSYS Type 401 can be found in
Wetter and Afjei [1997]. As data basis for the parameterization of the brine/water (BW)
and air/water (AW) heat pump models, characteristics of market available heat pumps are
used and scaled for the different design heat loads of the residential buildings and the design
temperatures of the heat distribution systems. The up and down scaling of the charac-
teristics of the heat pump prevents an influence of the performance of the selected heat
pump itself on the performance of the system and thus ensure a better comparability of the
simulation results. The determined model coefficients of the polynomials for the basic heat
pump sizes are given in Table 3.1 and the main data of the heat pump models with different
scales of the condenser power are summarized in Table 3.2.

Tn,i =

+1. (3.3)

Within Type 401, the thermal evaporator power is calculated using a steady-state energy
balance in a thermodynamic cycle as described by Equation 2.37 with W} comp = Pel,comp:

Qevap = Qcond - Pel,comp- (34)

The heat pump characteristics of manufacturer data are based on condenser power and elec-
trical power measurements for different evaporator inlet and condenser outlet temperatures
according to the conditions of EN 14511:2013 [EN 14511, 2013]. In case of air/water heat
pumps, the characteristics according to the conditions of EN 14511:2013 are determined
with defrosting cycles and the electrical power consumption of the heat pump P pp for the
COP calculation considers the power consumption of the evaporator fans. Furthermore,
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Table 3.1: Model coefficients of the biquadratic polynomials for the basic heat pump sizes
of market available brine/water (BW) and air/water (AW) heat pumps. Per-
formance data for the determination of the model coefficients based on data
sheets of Viessmann Vitocal 300-G BW301.B10 [Viessmann, 2017] for BW10
and Viessmann Vitocal 350-A AWHI 351.A10 [Viessmann, 2013] for AW10.

Brine/water BW10
b bga bgs bqa bgs bgs
—267.8168283 43.38881036 387.7521406 —298.3932473 189.0651321 —43.27348465
bp1 bpa bps bpa bps bps
107.2997351 —76.83835214 | —127.7342516 14.36240554 29.27935843 55.05601971
Air/water AW10
bq bgz bgs bqa bgs bge
0.450247926 —69.38457583 11.70532773 —87.79855166 114.7072133 39.28456435
bp1 bp2 bps bps bps bps
—0.401377139 | —4.901184335 | —10.81683465 7.729934357 —0.304519072 9.457732335

Table 3.2: Key properties of brine/water (BW) and air/water (AW) heat pump models
(for brine/water at BO/W35 and for air/water at A7/W35). Performance data
based on data sheets of Viessmann Vitocal 300-G BW301.B10 [Viessmann, 2017]
for BW10 and Viessmann Vitocal 350-A AWHI 351.A10 [Viessmann, 2013] for

AW10.
Model Nominal condenser power QHP,nom COP
BWO06 (scaled) 6.01 kW 5.01
BWO08 (scaled) 8.08 kW 5.01
BW10 (manufacturer) 10.36 kW 5.01
BW13 (scaled) 13.05 kW 5.01
AWO06 (scaled) 7.62kW 4.10
AW10 (manufacturer) 12.70 kW 4.10
AW19 (scaled) 22.86 kW 4.10

the electrical power consumption of a heat pump listed in manufacturer data sheets often
contains additional electrical power consumptions of the heat pump like electrical power
consumptions of integrated pumps or controllers. Thus, if P pp is used for the fitting of the
compressor model coefficients bp; — bpg, the thermal evaporator power consumption is un-
derestimated. For air/water heat pumps, this effect can often be neglected as the outlet air
on the source side of the heat pump is emitted to the ambient and has no effect on the inlet
air temperature. In addition, most data sheets of air/water heat pumps, like those used for
the air/water heat pump modeling in this work, does not contain data on the thermal evap-
orator power or the compressor power for different operating conditions. For brine/water
heat pumps, the outlet fluid flows back to the heat source and has a direct impact on the
heat source temperature at the inlet of the heat pump. Thus, the power consumption of the
compressor Fecomp has to be calculated for each operating condition of the manufacturers
data of the heat pump and has to be used for the fitting of the compressor model coefficients
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bpy — bpg. The electrical power consumption of a brine/water heat pump in the simulation
can then be determined by the use of a correction factor fmup as mean value of the ratio of
electrical power consumption of the heat pump to the compressor power of the heat pump
for each operating condition i:

Pel,HP - Pel,comp fel,HP (35)
with
n Pel,uP,i
-1 P _
fomp = ——-cheomed nel’wmp’l : (3.6)

A comparison of measured COPs from the data sheets of the manufacturer and simulation
results in steady-state conditions of the air/water (based on AW10) and brine/water (based
on BW10) heat pumps are shown in Figure 3.3. Furthermore, a summary of further model
parameters for the brine/water and air/water heat pump models is given in Table 3.3.
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Figure 3.3: Comparison of measured COPs (data points) from data sheets of the manu-
facturer [Viessmann, 2017, 2013] and COP simulation results (lines) in steady-
state conditions for condenser outlet temperatures of 35 °C (W35), 45°C (W45)
and 55°C (W55) depending on the heat source temperature of the brine/water
(BW) or air/water (AW) heat pump.
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Table 3.3: Parameters of brine/water and air/water heat pump models.

Parameter Brine/water Air /water
Specific heat capacity of evaporator fluid 3.86 kJ /kgK 1kJ/kgK
Specific heat capacity of condenser fluid 4.19kJ /kgK 4.19kJ /kgK

—15°C for GSHP /

Set point of low-pressure thermostat _13°C for SISHP © —25°C*?
Set point of high-pressure thermostat 66 °C 66 °C ¢
Heat-up constant 30s ¢ 30s ¢
Cool-down constant 80s ¢ 80s ¢

feL,upP 1.075 -

@ Calculated by the minimum evaporator inlet temperature from manufacturer data considering the evaporator design
temperature difference (5 K for GSHP, 3K for SISHP) for determination of the minimum evaporator outlet temperature

b Calculated by the minimum evaporator inlet temperature from manufacturer data assuming 5K as temperature
difference for the minimum evaporator outlet temperature; within the following system simulations an external controller
is used to switch-off an air/water heat pump and use an electric heating element when the ambient temperature falls
below —20°C

¢ Maximum condenser outlet temperature from manufacturer data plus 1 K hysteresis

4 Data from Bertram [2015] for a brine/water heat pump, assumed to be equal for air/water heat pumps

3.2.2 Solar Energy

3.2.2.1 Solar Thermal Collectors

The thermal performance of solar thermal collectors can be described as one-node thermal
model with the effective thermal heat capacity of the collector c.g and the mean fluid
temperature T}, by the following differential equation, which is an expression of the energy
balance of the temperature node T}, in Figure 3.4:

dT, . . .
Ceff =7, = Qrad — {th,Joss — {th,sol, (37)

dt

where ¢,.q are the specific radiative energy gains (radiative energy balance), ¢noss the
specific thermal losses (or gains) due to heat conduction and convection with the ambient
air and ginso the specific thermal power output of the solar thermal collector, which is
transferred to the fluid. Within this approach all thermal capacities (e.g. fluid, absorber,
frame or insulation) are lumped together in the effective thermal heat capacity c.g and
it is assumed that the temperature of this node is represented by the fluid temperature
[Fischer and Miller-Steinhagen, 2009]. The thermal power output (useful energy gain) can
be defined with the mass flow 72, the specific thermal capacity c, and the outlet 75, and
inlet temperature 7;, of the heat transfer fluid relative to the gross solar collector area A 501
to:

Cjth,sol =m Cp (Tout - ,-Tm) /Ath,sol- (38)

With the assumption that the long wave radiation does not depend on the collector tem-
perature, the specific radiative energy balance can be expressed with the parameters of

ISO 9806 as:

Grad = Mo (K Gy + Kq Gq) + ¢4 (EL —0 T:mb) —csu G, (3.9)



102 Chapter 3 SYSTEM MODELING

\2\ CFm @th ol
X

Ceff—C5

q.‘[h,loss: Ci ( ﬂn‘ Tlmb) + CQ( T’m_ Tlmb) 2+ C3 U( ﬂn_ T’umb)

Figure 3.4: One-node model with one thermal capacity of solar thermal collectors.

where 7, is the zero loss collector efficiency, Kj, is the Incidence Angle Modifier (IAM)
for beam radiation Gy, K4 is the IAM for diffuse radiation Gy, ¢4 is the sky temperature
dependence of long wave radiation exchange, Ey, is the long wave irradiance, o is the Stefan-
Boltzmann constant, cg is the wind speed dependence of the zero loss efficiency, u is the
wind speed in the collector plane and G is the global solar irradiance in the collector plane.

Furthermore, the specific thermal losses (or gains) can be expressed with the parameters
of ISO 9806 as:

ch,loss =C (Tm - Tamb) + co (Tm - Cramb)2 +c3u (Tm - Tamb) ) (310)

where ¢; is the heat loss coefficient, ¢y is the temperature dependence of the heat loss
coefficient and c3 is the wind speed dependence of the heat loss coefficient.

With Equation 3.9 and Equation 3.10 and the use of coefficient c5 for the effective thermal
capacity c.g, Equation 3.7 can be transformed to the thermal performance model of the
quasi-dynamic collector model from ISO 9806:2013 [ISO 9806, 2013]:

ch7sol =Tlo (Kb CTYb + Kd Gd) —C (Tm - Tamb) — C2 (Tm - iramb)2
a7, (3.11)

— —cu G

—c3u (Thy — Toamp) + ¢4 (EL —0 Tfmb> — ¢s5 &

with

1
Kb — 1 - bO,th (COS@ - 1) 5 (312)

where b 41, is the constant for the thermal IAM for beam radiation and 6 the incidence angle
of the beam radiation. Depending on the collector type, some of the coefficients ¢; — c¢q4
can be neglected. In case of glazed collectors tested with artificial wind source at a speed
between 2m/s and 4m/s, the coefficients c3, ¢4 and ¢ can be set to zero right from the
beginning of the parameter identification. In case of unglazed collectors, the use of the full
collector model is mandatory excepting the case that cy is negative or has no statistical
significance. In this case the parameter identification can be applied without ¢y [ISO 9806,
2013].

The quasi-dynamic collector model of ISO 9806:2013 is implemented in TRNSY'S Type 832
Dynamic Collector Model [Haller et al., 2013b]. For the consideration of ISO 9806:2017
[ISO 9806, 2017}, Equation 3.11 has to be extended by the wind speed dependence of long
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wave radiation exchange c; as well as the radiation losses c¢g and the reduced wind speed
' = u — 3m/s should be used for the modeling. The ISO 9806:2017 model is currently not
implemented in TRNSYS Type 832 but could be a good improvement for further develop-
ment of the TRNSYS Type and its use for solar thermal performance characterization. For
this work, it was decided to use the ISO 9806:2013 model without reduced wind speed. In
addition to the missing implementation of the current standard in Type 832, this was also
done in order to use available parameters for solar thermal collectors and obtain physically
more comprehensible results that are comparable with parameters previously determined
by other test laboratories if the collector parameters are identified.

Furthermore, Type 832 offers an additional term to Equation 3.11 for the consideration of
latent (condensation and sublimation) heat gains ;. For the calculation of condensation
gains, two models are implemented which are based on the methods of Perers [2010] and
Bertram et al. [2010]. In addition, a frosting mode has been added to both models for the
possibility of consideration of sublimation. However, it is noted that there is no validation
of the frosting feature and no subsequent melting or increased heat transfer resistance is
calculated [Haller et al., 2013b]. In the following simulations, latent heat gains are not
considered for FPCs. In contrast, for WISC collectors that are used in SISHP systems
operated with low collector temperatures, condensation gains calculated by the method of
Bertram et al. [2010] and the frosting mode of Type 832 are switched on. For the FPC
models in this work, standard values for selective FPCs from the reference heating system
of IEA SHC Task 32 [Heimrath and Haller, 2007] are selected and summarized in Table 3.4.
As described before, the parameters c3, ¢4 and cg show only an insignificant influence on the
collector performance of FPCs and can thus be set to zero.

Table 3.4: Parameters of FPC collector model [Heimrath and Haller, 2007].

Parameter Value
Zero loss collector efficiency ng 0.800
Heat loss coefficient c¢; 3.50 W/mQK
Temperature dependence of the heat loss coeflicient cy 0.015 W/m?K?
Effective thermal capacity cs 7000 J/m?K
Constant for the thermal IAM for beam radiation by ¢n 0.1800
TAM for diffuse radiation Ky 0.90

The parameters of the solar thermal model for the simulation of WISC collectors are
identified by comparing and adjusting simulated results in TRNSYS to measured data in
steady-state conditions from a manufacturer. In general, identification or determination
of model parameters by comparing and adjusting simulated results to measured data is
a well-known procedure for different applications, especially in the field of solar thermal
systems. An objective (or cost) function is defined to assess the agreement of the model
results with the measured data. The model parameters are then adjusted to better fit the
measurement by minimization of the objective function. In the field of solar thermal col-
lectors and systems, the most common methods for the minimization process are multiple
linear regression (MLR), which has been introduced as extended version by Perers [1997],
and a dynamic parameter identification procedure with the fit program DF [Spirkl, 1997]
which uses the Levenberg-Marquardt algorithm [Fischer et al., 2012]. Furthermore, newer
approaches like Budig et al. [2009] or Almeida et al. [2014] use GenOpt [GenOpt, 2011]



104 Chapter 3 SYSTEM MODELING

in combination with TRNSYS for the parameter identification. GenOpt is a generic op-
timization program which is used to minimize an objective function that is evaluated by
an external simulation program like TRNSYS. GenOpt includes a library with different
local and global one-dimensional and multi-dimensional optimization algorithms, like Par-
ticle Swarm Optimization (PSO, meta-heuristic population-based algorithm, stochastic) or
Hooke-Jeeves algorithm (GPS-HJ, generalized pattern search method, deterministic). Using
these optimization algorithms, a systematic variation of specified parameters is performed
in order to minimize the objective function.

Set of thermal
parameters

no

Measured C:}izlrlggfd
LINLEAGALE) OUTPUTS
+
Comparison
Real Measured
collector » thermal
installation OUTPUTS
yes
Result:
Thermal
solar collector
parameters

Figure 3.5: Parameter identification procedure for solar thermal collectors.

The parameter identification procedure for the solar thermal collector model using
TRNSYS and GenOpt is shown in Figure 3.5. A set of measured values is used as time
dependent input for the TRNSY'S simulation via a data reader. In this case, as no dynamic
measurements were available for the considered WISC collectors, steady-state conditions
are used for a time interval of one hour. The available measured and from measurements
calculated inputs (Ey, G, 6, Toumy, u, m, T},) are then used to simulate the thermal outputs
of the TRNSYS model, especially the thermal power output of the solar thermal collector
ch,sol,sim. Subsequently, the calculated thermal outputs are compared via the absolute error
with the measured thermal outputs ch’sol,meas. At this, the results are filtered according to
predefined constraints if necessary. This is followed by the calculation of the thermal ob-
jective function which has to be minimized. In this iterative procedure, GenOpt is used to
systematically vary the thermal collector parameters (1, K4, both, ¢1-C) until the minimum
of the thermal objective function is reached. For the identification of the WISC collector
parameters, the GPS-HJ algorithm and continuous variables with lower and upper bounds
are used to adjust the thermal collector parameters. As no dynamic data was available,
the effective thermal capacity of the absorber cj is set to a fixed value recommend by the
manufacturer. The objective function is defined as mean absolute error (MAE) between
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simulated and measured thermal power output of the WISC collector:

MAEth,sol = nlAt Z (‘ch,sol,sim,i - ch,sol,meas,i . At) (313)

n
=1

The results of the parameter identification are summarized in Table 3.5 and a comparison
of measured solar thermal power from the manufacturer and simulations results with the

estimated model parameter in steady-state conditions is shown in Figure 3.6.
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Figure 3.6: Comparison of measured solar thermal power output (data points with two
measurements with similar conditions) from the manufacturer and simulation
results (lines) for the WISC collector in steady-state conditions for wind speeds
of 0.6m/s, 1.4m/s and 2.9 m/s and a net irradiance G” = 940 W/m? depending
on the temperature difference between the mean collector temperature 7}, and
the ambient temperature T,,.
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Table 3.5: Parameters of WISC collector model.

Parameter Value
Zero loss collector efficiency ng 0.699
Heat loss coefficient ¢; 32.79 W/m?K
Temperature dependence of the heat loss coefficient co 0 W/m2K?
Wind speed dependence of the heat loss coefficient c3 4.64 J/m3K
Sky temperature dependence of long wave radiation exchange ¢y 0.9338
Effective thermal capacity cs 20000 J/m?K
Wind speed dependence of the zero loss efficiency cg 0.034s/m
Constant for the thermal IAM for beam radiation bo tn 0.0327
TIAM for diffuse radiation Kq 1.00

3.2.2.2 Photovoltaic Modules

The electrical performance of PV modules can be described with a performance model that
mostly uses datasheet values of PV modules based on characterization according to standard
IEC 61853-1:2011 [IEC 61853-1, 2011]. The overall (or total) electrical efficiency 7 so1 of
PV modules is calculated with the overall instantaneous performance ratio P Ry as follows:

Tlel,sol = Tlel,sol,ref PRtot7 (314)

where 7o solref 1S the electrical efficiency of a PV module at reference conditions (usually
standard test conditions (STC)).
The electrical power output of the PV modules P4 is given by:

Pel,sol = Tel,sol,ref PRtot G Ael,sol (315)
and as specific electrical power output by [Lammle et al., 2017]:

Del,sol = Tel,sol,ref PRtot G, (316)

where G is the global solar irradiance in the PV plane and A s the gross PV area.

The overall instantaneous performance ratio PRy is calculated with [Lammle et al.,
2017]:

PRy, = PRiam PRy PRg. (3.17)

At this, the electrical performance model for PV takes the following loss effects (performance
ratios PR) into account:

e Loss effects of incidence angle PRiavm
e Loss effects of irradiance PRq
e PV cell temperature dependence of electrical efficiency PRr.

The instantaneous performance ratio due to incidence angle losses PRyay is calculated
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with [Duffie and Beckman, 2013]:

1
PRy =1—bog | —— — 1), 3.18
TAM 0,el (cos ) ) ( )
where by ¢ is the constant for the electrical IAM and 6 the incidence angle of beam radiation.

The instantaneous performance ratio due to irradiance losses PRq is calculated with
[Heydenreich et al., 2008]:

(3.19)

PRc=aG+bIn(G+1)+c [W—ll

G+1

with the model parameters a in m?/W, b and ¢ dimensionless, the global solar irradiance in
the PV plane G in W/m? and the Euler’s number e.

The PV cell temperature dependence of the electrical efficiency is calculated with [Skoplaki
and Palyvos, 2009]:

PRT =1- 5 (Tcell - Tcell,ref) ) (320)

where [ is the power temperature coefficient of the PV cells, T the temperature of the PV
cells and Teeprer the PV cell temperature at reference conditions (usually STC conditions).
For PV modules, the temperature of the PV cells Teep py is calculated with [Faiman, 2008]:

G

T :Tm T 17
cell,PV amb T Us+ Uh u

(3.21)
where 1,1, is the ambient air temperature, Uy the heat loss coefficient of a PV module, Uy
the wind dependent heat loss coefficient of a PV module and u the wind speed in the PV
plane. At this, the PV cell temperature is assumed to be equal to the module temperature
and is used for the calculation of the PV cell temperature dependence of the electrical
efficiency in Equation 3.20.

Table 3.6: Parameters of PV module model.

Parameter Value
Electrical efficiency at STC conditions 7ei sol,ref 0.1497
Power temperature coefficient 3 0.386 % /K
Heat loss coefficient Uy 30.02W/m?K
Wind dependent heat loss coefficient Uy 6.28 Ws/ m3K
Constant for electrical IAM by ¢ 0.041

Model parameter a for irradiance dependence —0.00008411 m? /W
Model parameter b for irradiance dependence —0.03388
Model parameter ¢ for irradiance dependence —1.367

For the implementation of the described PV model in TRNSYS, a new TRNSYS Type
(Type 835) was programmed within this work and published in Jonas [2019a]. The model
has different modes and is also used for the electrical modeling of PVT collectors (see Sec-
tion 3.2.2.3). The electrical parameters of the simulated PV modules are summarized in
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Table 3.6 and are set equal to the electrical parameters of the PVT collectors from Sec-
tion 3.2.2.3 to achieve comparable results without influences of the electrical power charac-
teristics of different PV module types. At this, Uy and U; determined by Koehl et al. [2011]
are used as values for a crystalline PV module.

3.2.2.3 Photovoltaic-Thermal Collectors

The thermal performance of PVT collectors is currently tested according to ISO 9806 and
the electrical performance according to different IEC standards (depending on the module
types). At this, the thermal performance characterization of PVT collectors shall take place
with simultaneous thermal and electrical generation under MPP conditions. As the instan-
taneous thermal and electrical power is interlinked [Hofmann et al., 2010], it is important to
further develop performance models specifically for the characterization of PVT collectors.

For the electrical performance modeling of PVT collectors, a variety of modeling ap-
proaches exist, like those presented in Chow [2003]; Perers et al. [2012]; Helmers and Kramer
[2013]; Bilbao and Sproul [2015]; Zenhdusern et al. [2015]. At this, the electrical per-
formance modeling is mostly based on the work of Florschuetz [1979], who extended the
Hottel-Whillier-Bliss equation and coupled the PV cell and fluid temperature node by a
heat transfer coefficient. All proposed performance models have their specific strengths and
weaknesses but there is currently no standardized modeling and testing approach [Lammle,
2018]. In this context, the main objective of the previously published work in Jonas et al.
[2019] was the development and validation of a novel PVT collector performance model
based on existing modeling approaches using mainly standardized model parameters, which
can be implemented in common simulation tools like TRNSYS and used for system simu-
lations. Furthermore, the performance model may form the basis for future PVT collector
performance testing, certification and standardization schemes.

Type 835
PV performance
ratio model

~ Upvr

Gth sol

T*, 1LPVT
e Thermal power output

7"lll

Pel sol

Electrical power
output

Type 832
Solar thermal
collector model

Figure 3.7: Coupled PVT model with electrical and thermal performance model.

The main concept of the proposed model was the development of a PVT performance
model, which connects the quasi-dynamic thermal collector model of ISO 9806 described
in Section 3.2.2.1 with the PV performance model described in Section 3.2.2.2 via a two-
node model approach with internal heat transfer coefficient Upyr (see Figure 3.7). The
numerical description is based on the work of Lammle et al. [2017] and Jonas et al. [2018].
The PV performance model implemented in TRNSYS Type 835 can be connected to the
ISO 9806 implementation in TRNSYS Type 832 for a combined PVT performance model in
TRNSYS. In addition, TRNSYS Type 835 can be coupled to other existing models of solar
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thermal collectors or absorbers for the calculation of the electrical power output of PVT
collectors or, as described before, can be used as PV performance model with internal PV
cell temperature calculation.

1/ Upvr

—_—
(th sol

Figure 3.8: Equivalent thermal network of the two-node PVT model between temperature
nodes T}, and Tcepp pyr interlinked by Upyr.

The major difference between the electrical performance calculation of PV modules and
PVT collectors in this approach results from the PV cell temperature calculation. Instead of
the described PV cell temperature calculation in Section 3.2.2.2 for PV modules, the PV cell
temperature of PVT collectors T py is calculated via an equivalent thermal network with
the internal heat transfer coefficient Upyr, which connects the PV cell temperature to the
mean fluid temperature 7y, of the PVT collector (cf. Figure 3.8). In this case, the PV cell
temperature of a PVT collector is calculated as second thermal node without capacitance
via the equivalent thermal network as follows [Lammle et al., 2017]:

Teenpvr = T + M, (3.22)

Upvr
where ¢ g1 is the specific thermal power output of the PVT collector calculated via the
ISO 9806 quasi-dynamic collector model from Equation 3.11 and T3, the mean fluid temper-
ature as average of inlet and outlet temperature T}, and T,,;. This approach was introduced
as two-node model with one thermal capacity in Jonas et al. [2019]. The PV cell temperature
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Figure 3.9: Two-node model with one thermal capacity of PVT collectors.
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of the PV'T collector is then used for the calculation of the PV cell temperature dependence
of the electrical efficiency in Equation 3.20 and the specific electrical power output pesol
in Equation 3.16 (cf. Figure 3.9). For the calculation of the thermal and electrical power
output of PVT collectors, the gross PVT collector area is used as gross solar collector area
and gross PV area. Regarding the thermal modeling, condensation and frosting is not con-
sidered for PVT collectors in the following simulations. In addition to the introduced solar
thermal and PV model parameters, the model requires the parameter Upyt for the explicit
calculation of the PV cell temperature of PVT collectors. As the electrical mode of oper-
ation has a significant impact on the thermal efficiency, it is important that the thermal
performance coefficients for the thermal power output calculation of PVT collectors are de-
termined in MPP mode [Lammle, 2018]. The constant parameter Upyr is characterized by
parameter identification during quasi-dynamic or steady-state performance measurements
according to ISO 9806. Alternatively, Upyt can be obtained numerically from the collector
efficiency factor F’, by dark-measurements with surface temperature measurements, or via
finite element methods [Lammle, 2018].

As alternative to the proposed approach, a second approach was introduced in Jonas et al.
[2019] as two-node model with two thermal capacities that considers the thermal capacitances
for each separate node of the mean fluid temperature T, and the mean absorber temperature
Twps- For solar thermal collectors, it is known as two-node model [Fischer and Miiller-
Steinhagen, 2009; Theis et al., 2009]. Nevertheless, as figured out in Jonas et al. [2019],
using two thermal capacities instead of one does not achieve a consistent improvement of
the model accuracy and both models achieve a good agreement between simulation and test.
On the contrary, the use of the standardized model with one thermal capacity from ISO 9806
leads to a better comparability with solar thermal collectors and an easier interpretation of
the model parameters. As a consequence, the two-node model with one thermal capacity is
recommended as standard model for PVT collectors and is used for the system simulation
in this work. Regarding the electrical performance modeling, a comparison of the described
electrical performance model with a four-parameter (single diode) PV model, presented in
Jonas et al. [2018], figured out that the implementation of a four-parameter PV model
has no noticeable advantages for the simulation of the electrical power output in case of the
analyzed PVT collectors and operating conditions. Hence, further investigations with a four-
parameter PV model are not subject of this work and the proposed electrical performance
model is used for the system simulation in this work.

The thermal and electrical parameters for the simulation of WISC and covered flat-plate
PVT collectors in this work are based on the parameter identification of a WISC and a
covered flat-plate PVT collector by experimental measurements previously published in
Jonas et al. [2019]. In the following, parts of the experimental measurements, the parameter
identification procedure and the model validation presented in Jonas et al. [2019] and used
for this work are explained in detail. This is followed by the summary of the PVT collector
parameters for the system simulation in this work.

The experimental measurements were realized on an outdoor test bench in Saarbriicken,
Germany at the Laboratory for Solar Energy Systems of the University of Applied Sciences
htw saar (Figure 3.10). The two different PVT collectors were installed on a test roof and
monitored under dynamic outdoor conditions during MPP operation:

e WISC PVT collector with rear collector cover and thermal insulation material on the

back of the PVT absorber

e Covered flat-plate PVT collector with front glazing, rear collector cover and no thermal
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insulation material on the back of the PVT absorber.

Figure 3.10: Outdoor testbench with the investigated PVT collectors [Jonas et al., 2019].

For PVT collectors, the standard measurements of the thermal performance of solar thermal
collectors according to ISO 9806:2017 are extended by the relevant electrical values and were
measured continuously. A systematic scheme of the measurement set-up including the main
measured values used for the performance characterization of the PV'T collectors is shown

in Figure 3.11.
£\
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Heater / Cooler

Figure 3.11: Measurement scheme of the outdoor testbench. Adapted from Jonas et al.
[2019].
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ISO 9806:2017 defines the following typical days that have to be included in the measure-
ment datasets for thermal performance characterization of solar collectors:

e Day type 1: ng-conditions, mostly clear sky conditions

e Day type 2: elevated operating temperature or 7y-conditions, partly cloudy conditions
including broken cloud and clear sky conditions

e Day type 3: mean operating temperature conditions including clear sky conditions
e Day type 4: high operating temperature conditions including clear sky conditions.

For a better representation of the thermal behavior of the PVT collectors over the entire
operating temperature range, two different temperature differences of the mean collector
temperature to the ambient (7, — Tym,) were measured for day type 3 for both PVT col-
lectors. Furthermore, it was possible to operate the covered flat-plate PVT collector with a
higher temperature difference to the ambient, due to the lower thermal losses in comparison
to the WISC PVT collector. Hence, in case of the covered flat-plate PVT collector, a second
temperature difference to the ambient was measured for day type 4. The assignment of the

measurements to the different operating temperatures of the PVT collectors is summarized
in Table 3.7.

Table 3.7: Performed measurements over the operating temperature range of the PVT

collectors.
Day type 1 2 3a 3b 4a 4b
T — Tamb 0K 0K or 10K 15K 20K 30K
higher
WISC PVT X X X X X -
Covered flat-plate PVT X X X X X X

For the identification of the model parameters for the WISC and covered flat-plate PVT
collectors, the measured test data were evaluated and usable test sequences were separated.
For each day type and each type of PVT collector, one test sequence was chosen and the test
sequences were combined to one data set. Within the combined test sequences, a Boolean
value was defined for each time step as indicator whether the time step should be considered
for the parameter identification or not. The objective of this process was the filtering of
start-up sequences between the test sequences of different day types and the exclusion of
invalid data, e.g. if something was changed in the test bench or measured values were outside
a reliable or usable range. To remove unsuitable data, the datasets were filtered to a set
of constraints (G < 100 W/m?; Gihsol; Pelsol < 0W/m?; pesor, Ga > G5 Ty < (Tamp — 3K))
considering the requirements of each day type. Data points at which at least one of the
constraints was violated were disregarded for the calculation of the objective function for
the parameter identification process. In addition, it was necessary to remove data points
manually, e.g. malfunctions of the MPP tracker, and to exclude these data generously from
the calculation of the objective function to ensure that the effects of the failure were balanced
out again.

The parameter identification procedure is nearly the same as described for solar thermal
collectors in Section 3.2.2.1 with an extension for the electrical parameters that are needed



3.2 Solar and Heat Pump Component Models 113

Set of thermal
and electrical
parameters

no

Calculated
thermal and

electrical
OUTPUTS

Measured
INPUTS

+
Comparison

Measured
Real PVT thermal and
installation "1 electrical
OUTPUTS

yes

Result:
Thermal and
electrical PVT
collector
parameters

Figure 3.12: Parameter identification procedure for PVT collectors.

for PVT collectors. The approach with combined thermal and electrical parameter iden-
tification procedure for the PVT collector model using TRNSYS and GenOpt is shown in
Figure 3.12. A set of measured values is used as time dependent input for the TRNSYS
simulation via a data reader. The measured inputs (Ey,, G, Gq, 0, Tamp, RHamb, Pabs, U, 11,
Tin) are then used to simulate the thermal and electrical outputs of the TRNSYS model, es-
pecially the thermal ch,sohsim and the electrical Py so15im power output of the PVT collector.
Subsequently, the calculated outputs are compared with the corresponding measured ther-
mal ch’sol,meas and electrical P so1meas OUtputs via the absolute error and filtered according
to the constraints described before. This is followed by the calculation of the combined
thermal and electrical objective function which has to be minimized. In this iterative pro-
cedure, GenOpt is used to systematically vary the thermal (19, K4, botn, c1-cs) as well as
the electrical (Neisolrefs 5, boel, @, b, ¢) PVT collector parameters and the parameter Upyr
simultaneously until the minimum of the combined thermal and electrical objective function
is reached. At this, the GPS-HJ algorithm and continuous variables with lower and upper
bounds are used to adjust the mentioned parameters. The used combined thermal and
electrical objective function is defined as the sum of the MAE of the thermal and electrical
power as follows:

n

- At + |Pe1,sol,sim,i - Pel,sol,meas,i| . At)
n At

(‘ch,sol,sim,i - ch,sol,meas,i

i=1
MAEtthel,sol =

(3.23)

For further analysis of the model accuracy, the MAE of the thermal power output (Equa-
tion 3.13), the MAE of the electrical power output and the corresponding normalized root
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mean square errors (nRMSEs) can be used and defined as follows:

1 n
MAEe sol — T A, Pe sol,sim,i Pe sol,meas,i| * At 3.24
1,s0l n At ;(l 1,s0l,sim, 1,01, ,| ) ( )
1 LIy
nl%1\/ISEth,sol — RMSEth,sol / |ﬂlt Z (ch,sol,meas,i : At>‘| (325>
=1
1 n
HRMSEel,sol = RMSEel,sol / [ Z (Pel,sol,meas,i : At)‘| (326>
n i=1
with the root mean square errors (RMSEs):
n . . 2
Zl [(ch,sol,sim,i - ch,sol,meas,i) ' At}
RMSE}, so1 = \| & 3.27
th,sol n At ( )
and
) {(Pel,sol,sim,i - f)el,sol,meas,i)2 : At}
RMSE¢ g0 = || = (3.28)

n At

The results of the parameter identification for the WISC PVT collector and the covered
flat-plate PVT collector using the described approach are summarized in Table 3.8. The

Table 3.8: Results of the PVT model parameter identification.

Covered flat-plate

Temperature dependence of the heat loss coefficient co
Wind speed dependence of the heat loss coefficient c3

Sky temperature dependence of long wave radiation ex-
change ¢4

Effective thermal capacity cs
Wind speed dependence of the zero loss efficiency cg
Constant for the thermal IAM for beam radiation by ¢n

TAM for diffuse radiation Ky

Internal heat transfer coefficient from PV cell to fluid
UpvT
Electrical efficiency at STC conditions 7e; sol ref

Power temperature coefficient 3
Constant for electrical IAM bg
Model parameter a for irradiance dependence

Model parameter b for irradiance dependence

Model parameter ¢ for irradiance dependence

Parameter WISC PVT PVT
Zero loss collector efficiency ng 0.532 0.595
Heat loss coeflicient ¢, 8.018 W/m?K 6.023 W/m?K

0.029 W /m2K2
1.7175 J /m3K
0.303

37925 J/m2K
0.031s/m
0.019
0.920
46.08 W/m?K

0.1497
0.386 % /K
0.041
—0.00008411 m2/W
—0.03388
~1.367

0.034 W/m?K?
0.0140 J /m3K
0.213

17031J/m2K
0.006 s/m
0.085
0.905
33.10 W/m?K

0.1376
0.474%/K
0.130
0.00004785 m2/W
—0.04900
~1.332
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MAEy, is 13.84 W for the WISC PVT collector and 9.34 W for the covered flat-plate PVT
collector. The MAE, reaches values of 2.36 W for the WISC PVT collector and 2.28 W for
the covered flat-plate PVT collector.

The presented approach was introduced as one-step approach with combined thermal and
electrical parameter identification procedure (combined fit) in Jonas et al. [2019]. As alter-
native to the proposed approach, a second approach was introduced in Jonas et al. [2019] as
two-step approach with separated thermal and electrical parameter identification procedure
(separated fit) in which the thermal parameters are identified in a first step and are used as
fixed parameters for the electrical parameter identification including UpyT in a second step
using the corresponding thermal or electrical MAE. Nevertheless, as figured out in Jonas
et al. [2019], the results of the combined fit are nearly the same as those of the separated
approach and due to lower effort and time demand the combined fit (one-step approach) is
preferable and thus it is used and presented in this work.

Instead of the described parameter identification of all electrical model parameters, the
electrical parameters 7 of and 3 can be obtained from the datasheets of PV modules. Fur-
thermore, the irradiance-dependent parameters a, b and ¢ can be determined by a parameter
identification of Equation 3.19 based on performance measurements according to standard
[EC 61853-1:2011. Since measurement data regarding this standard is rarely provided by
manufacturers, literature data, e.g. from Lammle et al. [2017], can be used as assumption
for the modeling of the irradiance behavior. In addition, the IAM parameter by o can either
be identified by the described parameter identification procedures or assumed to be equal
to the thermal IAM by 4,. Nevertheless, the results in Jonas et al. [2019] show that the pa-
rameter identification of all electrical parameters leads to an improvement of the electrical
model accuracy. As a consequence, the fit of all electrical parameters is preferable over the
parameterization with data sheet values or standard values from literature. Furthermore,
this leads to the advantage that the parameterization is independent from the availability
of manufacturer data which is often not provided with the required details. In conclusion,
for the parameter identification of PVT collectors a one-step approach with combined si-
multaneous fit of all thermal and electrical parameters was identified as the most suitable
method using the MAEs as objective function and the Hooke-Jeeves optimization algorithm
in GenOpt [Jonas et al., 2019].

For the validation of the TRNSYS model and the parameter identification procedure, the
PVT collectors were simulated with measurement data sets that are different to the data
used for the parameter identification and the simulation results were compared with the
measured values. The dynamic behavior of the thermal and electrical power output of the
WISC and covered flat-plate PVT collectors as well as the main solar irradiance data are
shown in Figure 3.13 and Figure 3.14 for validation sequence 1 (mostly clear sky, day type
1), in Figure 3.15 and Figure 3.16 for validation sequence 2 (partly cloudy, day type 2)
and in Figure 3.17 and Figure 3.18 for validation sequence 3 (mean operating temperature
conditions including clear sky, day type 3b).

In case of day type 1, the simulated dynamic behavior shows a good agreement to the
measured values of the thermal and electrical power output of the PVT collectors, which
is also expressed in a small nRMSEy, s, of 1.95% for the WISC PVT collector and 1.17 %
for the covered flat-plate PVT collector. The nRMSEq o1 amounts to 0.90 % for the WISC
PVT collector and 1.94 % for the covered flat-plate PVT collector. Regarding the ratio of
the difference between the simulated and measured thermal (AQ¢ s01) or electrical (AW so1)
energy generation related to the measured thermal (Qhsolmeas) Or electrical (Wl solmeas)
energy, the modeled energy production over the period is also in a good accuracy with
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WISC PVT: Solar Irradiance
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Figure 3.13: WISC PVT collector model validation - mostly clear sky (day type 1).
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Covered flat-plate PVT: Solar Irradiance

| = Global Irradiance G

Beam Irradiance G,

1400

Diffuse Irradiance Gy

1200 |

Long-wave Irradiance Ej

1000 T
800 VN

A
- Mg

ypg
400 /\/\r\ﬂ
N

200

600

Irradiance [W/m?|

M"’"‘\

— |

0
11:00 12:00 13:00  14:00  15:00  16:00  17:00
Time of the day

(a) Main solar irradiance data

Covered flat-plate PVT: Thermal and Electrical Power —

1400 . ‘ s00 2.
g - Qtll,sohueus chﬁol;sim - PeLsol.meus Pel.soLsilu g
= 1200 AQpa AWy 00 2
: g
g 1000 » 600 8
R 1
— 4
3 800 500 5
: %
§ 600 » 400 o
= 400 » 300 §
g’ o
g e
S 200 e 200 &
g 0 | i 100 <
O (-]
.ﬁ <
-200 - - =0 =
| :
-400 = -100 g
11:00 12:00 13:00  14:00 15:00 16:00 17:00 =

Time of the day
(b) Thermal and electrical power output and deviation

Figure 3.14: Covered flat-plate PVT collector model validation - mostly clear sky (day
type 1).
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WISC PVT: Solar Irradiance
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Figure 3.15: WISC PVT collector model validation - partly cloudy (day type 2).
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Covered flat-plate PVT: Solar Irradiance
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Figure 3.16: Covered flat-plate PVT collector model validation - partly cloudy (day
type 2).
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