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Abstract

This thesis presents a detailed investigation of the thermal energy system design and in-
tegration for the RoofKIT project, which was winner of the Solar Decathlon Europe com-
petition. The study focuses on optimizing the interaction between photovoltaic-thermal
(PVT) collectors, a ground-source heat pump (GSHP), and seasonal energy storage using a
geothermal system. Through simulations conducted in the TRNSYS environment. Three
operational strategies about the different interactions between energy systems were eval-
uated to maximize energy efficiency, thermal comfort, reduce CO2 emissions and achieve
near carbon-neutral performance.

Key elements of the system, such as the control strategies for heat pumps, energy storage
management, and the integration of solar energy, are explored in depth. Results indicate
that the optimal operational strategy leverages PVT collectors for both heat generation
and storage in the geothermal system, ensuring stable performance across seasonal vari-
ations. The RoofKIT building achieves impressive energy self-sufficiency, with renewable
energy sources providing up to 95% of its yearly electricity needs, highlighting the poten-
tial of integrated renewable systems in supporting sustainable architectural practices.

These findings highlight the feasibility of advanced energy systems in modern construction
projects, offering insights into sustainable building practices and the potential for future
applications in urban environments.

Keywords: RoofKIT, photovoltaic-thermal system, ground-source heat pump, geother-
mal storage, sustainable architecture, TRNSYS simulation.





Abstract in lingua italiana

Questa tesi presenta un’indagine dettagliata sulla progettazione e l’integrazione del sis-
tema energetico termico per il progetto RoofKIT, vincitore dalla competizione Solar De-
cathlon Europe. Lo studio si concentra sull’ottimizzazione dell’interazione tra collettori
fotovoltaico-termici, una pompa di calore a risorsa geotermica e lo stoccaggio stagionale
di calore tramite un sistema geotermico. Attraverso simulazioni condotte attraverso il
programma TRNSYS. Sono state valutate tre strategie operative riguardanti le diverse
interazioni tra i sistemi energetici per massimizzare l’efficienza energetica, il comfort ter-
mico, ridurre le emissioni di CO2 e raggiungere una performance quasi a emissioni zero.

Gli elementi chiave del sistema, come le strategie di controllo delle pompe di calore, la
gestione dello stoccaggio dell’energia e l’integrazione dell’energia solare, vengono esplorati
in profondità. I risultati indicano che la strategia operativa ottimale sfrutta i collettori
PVT sia per la generazione di calore che per l’accumulo nel sistema geotermico, garantendo
una prestazione stabile alle variazioni stagionali. L’edificio RoofKIT raggiunge un’elevata
autosufficienza energetica, con fonti rinnovabili che forniscono fino al 95% del fabbisogno
elettrico annuale, evidenziando il potenziale dei sistemi rinnovabili integrati nel supportare
pratiche architettoniche sostenibili.

Questi risultati sottolineano la fattibilità dei sistemi energetici avanzati nei progetti di
costruzione moderna, offrendo spunti sulle pratiche edilizie sostenibili e sul potenziale per
applicazioni future in ambienti urbani.

Parole chiave: RoofKIT, sistema fotovoltaico-termico, pompa di calore a risorsa geoter-
mica, stoccaggio geotermico, architettura sostenibile, simulazione TRNSYS.
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Introduction

The world is currently grappling with signi�cant challenges such as climate change and

the depletion of raw materials. These issues have intensi�ed the demand for sustainable

energy systems and propelled research into innovative solutions for the energy needs of

buildings.

Background

In its 2018 report, the Intergovernmental Panel on Climate Change (IPCC) observed that

"human activities are estimated to have caused approximately 1.0°C of global warming

above pre-industrial levels" and warned that "global warming is likely to reach 1.5°C

between 2030 and 2052 if it continues to increase at the current rate" [26]. A 1°C rise in

global temperature could result in a 12% decline in global GDP, due to extreme weather

events, reduced agricultural yields, livestock stress, droughts, resource con�icts, disrup-

tions to ecosystem services, increased cooling costs, climate-induced displacement, forest

�res, and ocean acidi�cation [30]. To mitigate global warming, anthropogenic greenhouse

gas emissions must reach net zero by 2050, as outlined in the Paris Agreement of 2015,

following the Kyoto Protocol [39]. The European Union (EU) has undertaken signi�cant

e�orts to address the impacts on the energy and residential sectors. According to the

International Energy Agency (IEA), the EU accounted for 11.1% of global CO2 emissions

in 2021 [23]. To tackle this, the EU has introduced the "Fit for 55" package, aiming for a

55% reduction in greenhouse gas emissions by 2030, and the "European Green Deal" for

its 2050 targets [15].

The building sector in the EU is responsible for 25.17% of the total �nal energy con-

sumption, primarily for space and water heating, as depicted in Figure??. Signi�cant

energy savings can be achieved through technological advancements such as using heat

pumps, which are more e�cient than fossil fuel-based systems, implementing ground heat

exchangers and heat storage systems, deploying PVT collectors for combined heat and

electricity production, and enhancing building insulation.
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Figure 1: TFC Sector Distribution and Energy Use in the EU

Legislatively, the EU's Energy Performance of Buildings Directive (EPBD) promotes

nearly Zero Energy Buildings (nZEBs), characterized by minimal energy requirements,

as a standard for new constructions. The IEA emphasizes that buildings with low energy

consumption and carbon footprints should focus on Energy Su�ciency (reducing energy

needs), Energy E�ciency (optimizing energy use), and Renewable Energy (minimizing

GHG emissions) [22].

The Project

The optimal technological solution involves using heat pumps for heating and cooling,

combined with solar energy systems and thermal energy storage. RoofKIT, the Solar

Decathlon Europe (SDE) winner project 21/22 in Wuppertal (Germany), is an example

of a project showcasing advanced technology integration to maximize energy e�ciency

and minimize environmental impact. Developed by the Karlsruhe Institute of Technol-

ogy (KIT), RoofKIT employs a holistic approach where the energy concept is integral

to the architectural design [41]. This project incorporates innovative energy supply solu-

tions to achieve annual carbon neutrality. The TRNSYS simulation environment is used

for system modeling and simulation of the RoofKIT energy system [40]. TRNSYS is a

�exible software environment used to simulate the performance of thermal and electrical

energy systems. It is particularly well-suited for projects like RoofKIT, where complex

interactions between various energy components must be modeled and analyzed. By using

TRNSYS, the RoofKIT project can optimize its design and operation, ensuring maximum

energy e�ciency and minimal environmental impact.
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Objectives

The purpose of this study is to extend the system concept applied in RoofKIT project to

numerically investigate the contribution of geothermal and PVT-supported heat supply in

a building unit and optimize it through various operational strategies. The primary aim

is to maximize the annual solar thermal yield. Additionally, the study will examine how

di�erent operational strategies a�ect the electricity demand of the heat pump and explore

the potential for this demand to be covered proportionately by PV modules, including

battery storage. The operation control are:

ˆ Use of the PVT collectors as the primary heat source for the heat pump and storage

of excess heat in the ground, taking into account the operating limits for the heat

pump and the geothermal probes;

ˆ Use of the ground as seasonal storage PVT collectors only charge the ground via the

geothermal probes, which serve solely as a heat source for the heat pump, taking

into account the operating limits of the geothermal probes and the heat pump

ˆ Use of the ground as seasonal storage (as above, but partially alternating use of the

PVT collectors as a heat source, taking into account the operating limits for the

heat pump and geothermal probes.

This study is important for advancing sustainable energy solutions by optimizing geother-

mal and PVT-supported heat supply in buildings, and will try to answer the following

questions:

ˆ Which operational strategy is the best? Are there more suitable depending on the

application? What KPIs consider?

ˆ Di�erent operational strategy leads to economic or e�ciency gains?

ˆ What are the bene�ts of applying PVT collector coupled with geothermal storage?

ˆ Can the right operational strategy reduce the GHG emissions?
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This work is organized in the following way:

1. Chapter 1: Literature Review : Overview of climate change in Germany, the

role of heat pumps and solar energy in buildings and the previous study about the

operation strategy.

2. Chapter 2: System Identi�cation : Description of the building energy system,

key components, data collection, modeling techniques and TRNSYS simulation.

3. Chapter 3: Energy System Design and Integration : Conceptual design,

integration of heat pumps and solar systems, thermal storage, for the proposed

operational strategies.

4. Chapter 4: Results and Discussion : Presentation and analysis of results, en-

ergy savings, CO2 impact, comparison with traditional systems, and discussion of

challenges.

5. Chapter 5: Conclusion and Future Work : Summary of �ndings, contributions,

recommendations, future research directions, and �nal thoughts.

Figure 2: Visualization of the building - roofKIT
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1| Chapter 1: Literature review

The RoofKIT project in Germany showcases advanced sustainable building techniques.

This review explores how Germany's background supports innovation, focusing on the

combination of photovoltaic-thermal (PVT) systems, which produce both electricity and

heat, with geothermal energy to improve building e�ciency. Additionally, it discusses

optimizing control systems that use smart algorithms and real-time data to manage these

systems e�ectively under various conditions.

1.1. German Background

Germany has high energy consumption in both industrial and residential sectors [23].

The building sector, which includes residential and most commercial activities, is a major

contributor to this energy use, as shown in Figure 1.1. Heating accounts for 90.44% of

residential building energy use and 73.58% of commercial building energy use, with the

rest mainly used for lighting. This high demand for heating is due to Germany's cold

climate, highlighting the importance of e�cient heating solutions.

Industry
27.6%Transport

25.9%

Agriculture/forestry
1.8%

Residential
28.2%

Fishing
0.01%

Commercial
14.1%

Non-speci�ed
0.03%

Non-energy use
12.8%

Figure 1.1: Energy Consumption by Sector in Germany
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Germany has introduced the German Buildings Energy Act (Gebäudeenergiegesetz, GEG)

to promote energy e�ciency in buildings. This act focuses on requirements for insula-

tion, heating, cooling, and the integration of renewable energy sources. It also indirectly

a�ects thermal comfort standards by specifying energy performance requirements for heat-

ing systems [2]. For detailed standards on indoor temperatures, it is advisable to consult

guidelines provided by DIN (Deutsches Institut für Normung), which o�er speci�c rec-

ommendations for indoor climate conditions, including comfort temperature ranges for

di�erent seasons [19]. All the comfort setpoints in this work are based on DIN EN ISO

7730.

According to [20], Germany's GHG emissions budget is around 4,200 million metric tons

to achieve the 1.5°C target. Meeting this requires signi�cant reductions in building sector

emissions through advanced insulation, energy-e�cient technologies, and increased use of

renewable energy.

A study by [29] explores the essential role of the German building sector in meeting

climate targets, emphasizing the urgent need to curb greenhouse gas (GHG) emissions.

This analysis includes both the operational and the embodied emissions from buildings.

The authors analyze current legal and regulatory frameworks, funding mechanisms, and

national and international strategies for achieving climate neutrality in the sector. They

�nd that existing approaches often overlook the importance of considering emissions from

construction to the full lifecycle of buildings. Consequently, they propose a comprehensive

framework and some recommendations to decarbonize the German building sector. These

recommendations emphasize the renovation of existing buildings, as renovations typically

release fewer emissions than new construction. Important strategies recommended include

the adoption of district heating, expanded use of photovoltaics and heat pumps, enhanced

operational e�ciency, and the integration of digital technologies. Most of them are key

components of the RoofKIT purpose. This project serves as an exemplary model of sus-

tainable architecture, demonstrating how innovative building techniques can help achieve

environmental goals, especially in the German context, highlighting the importance of

such initiatives in contemporary energy building engineering studies.
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1.2. Building's technology state of art

"A promising approach to enhance the energy e�ciency of residential buildings is the

integration of solar and heat pump systems. The PhD thesis of Danny Jonas [27] ex-

amines the current state of the art in these technologies, focusing on their e�ectiveness,

environmental impact, and economic feasibility."

Solar Energy Technologies : Solar energy can be harnessed through photovoltaic (PV)

systems, which convert sunlight into electricity, and solar thermal systems, which use sun-

light to generate heat. Photovoltaic-thermal (PVT) systems combine both technologies,

o�ering bene�ts of electricity and heat generation from the same surface area [27, p. 22].

Heat Pump Technologies : Heat pumps transfer heat from a source, such as the ground

or air, to a destination, such as a building's interior. Ground Source Heat Pumps (GSHPs)

and Air Source Heat Pumps (ASHPs) are the most common types. These systems are

highly e�cient, especially when combined with solar technologies [27, p. 28].

Integration of Solar and Heat Pump Systems

Danny Jonas's thesis,Model-based Analysis of Solar and Heat Pump Systems for the En-

ergy Supply of Residential Buildings, provides an analysis of various system combinations.

As this work on rootKIT, this study uses the TRNSYS simulation environment to model

di�erent system con�gurations (resumed in the article [14] with di�erent kind of heat

pumps and solar collectors coupling), considering factors like e�ciency, environmental

impact, and economic aspects across various climates and types of building [27, p. 35].

ˆ E�ciency and CO2 Savings: Solar and heat pump systems, particularly those

equipped with PV or PVT technologies and battery storage, can achieve up to 71%

CO2 emissions savings in moderate climates. These systems meet the requirements

for nearly zero-energy buildings (nZEBs) [27, p. 48].

ˆ Economic Viability: The economic e�ciency of these systems improves signi�-

cantly with cost reductions, subsidies, and appropriate carbon pricing. The study

highlights the need for �nancial incentives to make these technologies more accessi-

ble and cost-e�ective [27, p. 55].

ˆ System Performance: The integration of solar and heat pump systems can be

optimized through smart control strategies that use real-time data and algorithms.

These controls enhance the system's performance under varying conditions, ensuring

reliability and e�ciency [27, p. 62].
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Geothermal Heat Exchangers and Energy Storage

Geothermal heat exchangers, particularly vertical borehole heat exchangers (BHE), are

highlighted for their e�ectiveness in harnessing stable geothermal energy. These systems

o�er e�cient heating and cooling, but they have higher installation costs and regulatory

hurdles (i.e. it requires the purchase of a geotechnical report without the certainty of

obtaining authorization) [27, p. 70]. This kind of energy storage is similar to the one used

by RoofKIT as seasonal energy storage.

In addition, has been discussing both sensible and latent heat storage systems. Sensible

storage like water tanks, and latent storage such as ice storage, enhance the e�ciency

of these systems by balancing supply and demand. Ice storage, provides seasonal energy

storage, leveraging phase change properties to maintain stable temperatures throughout

the year, optimizing the overall e�ciency of residential heating systems [27, p. 78].

Challenges and Recommendations

The thesis identi�es several challenges in the adoption and optimization of solar and heat

pump systems:

ˆ High Initial Costs: Despite their long-term savings, the upfront costs of installing

these systems can be prohibitive for many homeowners.

ˆ Need for Standardization: The lack of standardized performance indicators and

modeling tools makes it di�cult to compare directly di�erent systems and con�gu-

rations.

ˆ Complexity in Design and Implementation: The integration of multiple tech-

nologies requires careful design and complex control strategies to maximize bene�ts

[27, p. 85]. That point particularly underlines the importance of this work in the

scienti�c communities as an example of operative strategy development.

ˆ Others: Governments and institutions should provide more subsidies and incentives

to reduce the initial investment costs [27, p. 92]. Creating standardized modeling

tools and performance indicators will help with the comparison of di�erent systems

[27, p. 95]. Emphasizing the renovation of existing buildings, rather than new

construction, can lead to signi�cant GHG emissions reductions [27, p. 98].

This review underscores the importance of innovative projects like RoofKIT, which ex-

emplify the future of sustainable architecture and energy-e�cient building practices [27,

p. 105].
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1.3. System design and modeling examples

The study by Kjellsson et al.[28] demonstrates, with a TRNSYS simulation, that inte-

grating solar collectors with ground-source heat pumps in residential dwellings can signif-

icantly enhance energy e�ciency and reduce electricity consumption. The optimal system

design involves using solar heat for domestic hot water during the summer and recharging

the borehole during the winter. This approach ensures that the borehole temperature

remains stable, improving the heat pump's performance during the coldest months. How-

ever, the study notes that the bene�ts of solar recharging in summer are minimal if the

system is well-sized because the increased borehole temperature is quickly dissipated.

The research highlights the importance of careful system design, including appropriate

borehole depth and heat pump capacity, to maximize e�ciency and minimize electricity

use. Moreover, the study demonstrates that the increased operating time of circulation

pumps, necessary for solar recharging, could increase the electricity demand if not properly

managed.

Mehrpooya et al. [33] investigated the optimization of performance for Combined Solar

Collector-Geothermal Heat Pump (CSCGHP) systems to meet the thermal load demands

for heating greenhouses. Their study focused on both technical and economic aspects.

Technically, they optimized the system by varying the operation of controllers, diverters,

and mixers through several control algorithms to preheat the �uid entering the heat pump

evaporator. This optimization successfully regulated the temperature to an ideal value,

enhancing ground heat recovery during peak extraction periods, increasing the ground

source heat exchanger outlet temperature, and improving the heat pump's coe�cient of

performance (COP). It also reduced the need for auxiliary energy for heating and improved

heat recovery during summer. Economically, they determined the optimal condition by

balancing technical and �nancial factors, resulting in a system with an average seasonal

COP of 4.14. Comparing the optimized system with a model using the best working �uid

for each loop versus a single �uid system showed signi�cant performance improvements.
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Conic Basket Geothermal Heat Exchanger

The article [10] presents an in-depth experimental analysis of a Conic Basket Geothermal

Heat Exchanger (CBGHE), similar to the geothermal heat exchanger technology employed

by RoofKIT. The CBGHE, made of high-density polyethylene, is evaluated for its energy

and exergy e�ciencies under the Tunisian climate. The study �nds that the speci�c heat

exchange ranges between 20 W/m and 50 W/m, with maximal energetic and exergetic

e�ciencies of 62% and 37%, respectively, at a mass �ow rate of 0.1 kg/s. The overall heat

exchange coe�cient is determined to be 52 W/m2K. This geothermal system is designed

to maximize heat transfer e�ciency while minimizing operational costs and land use.

The heat �ow rate ( _QGHE ) is calculated using the �rst law of thermodynamics and the

overall exergy loss rate(_EX,loss) in the system can be expressed as:

_QGHE = _mCp(Tout,s � Tin,s)

_EX,loss = _mCp

�
(Tout � Tin ) � Tsoil ln

�
Tout

Tin

��
�

_m� P
�

(1.1)

(1.2)

The following pressure drop calculation is taken into account for this work on RoofKIT:

8
>>>>>>>>>>>>><

>>>>>>>>>>>>>:

� P = � Plin + � Psin

� Plin =
�LV 2

2D
�

� Psin = �
�V 2

2

� = 1 �
�

S1

S2

� 2

� =
0:316

Re1=4

(1.3)

(1.4)

(1.5)

(1.6)

(1.7)

Figure 1.2: Visualization of a conic basket geothermal heat exchanger [10]
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1.3.1. Energy system control strategies

Developing a good control strategy is key to ful�lling the building's thermal loads while

using energy e�ciently. It's much cheaper to improve the control system than to replace

the heating equipment, and is also one of the main objectives of this work.

On/o� strategy

The paper Madani et al. [32] compares three common methods for controlling an on/o�

controlled Ground Source Heat Pump (GSHP) system:

A) Constant hysteresis

B) Floating hysteresis

C) Degree�Minute methods

These methods are analyzed using TRNSYS with yearly simulations.

Method A: Constant Hysteresis , has the highest energy use, the return temperature

(Treturn ) is controlled within a hysteresis band:

start limit compressor = Treturn required �
Hysteresis

2

stop limit compressor = Treturn required +
Hysteresis

2

(1.8)

(1.9)

Method B: Degree-Minute Method , has the lowest energy use and best temperature

control, it calculates the degree-minutes (D) by summing the product between� T the

di�erence between the actual temperature and the setpoint one and� t the time step

8
>><

>>:

D =
X

(� T � � t)

D < � 60 ON

D � 0 OFF

(1.10)

(1.11)

(1.12)

Method C: Floating Hysteresis , has the higher energy use if an auxiliary heater is

needed, it adjusts the hysteresis time since the last heat pump status change:

Hysteresis�oating =

 
Hysteresismax � Hysteresismin�

t
time factor + 1

�

!

+ Hysteresismin (1.13)
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Variable speed

The same authors [31] investigate also the behavior of the GSHP system with variable

speed control. The study compares the On/O� Controlled Systems (Four GSHP units

with single-speed compressors and pumps) with the Variable Speed System (A GSHP unit

with a variable-speed compressor and single-speed pumps). The annual performance eval-

uation consists of comparing the COP across di�erent temperature ranges and analyzing

the seasonal performance factor (SPF). The Building Model was made using TRNBUILD

(a tool of TRNSYS), the Heat Pump models use EES for simulations, the ground heat

exchanger is a 200m deep borehole with a U-tube heat exchanger and the climatic con-

ditions utilized Meteonorm data for Stockholm. Variable Speed system modulates the

power absorption of the compressor, with an inverter, so is possible to reach the exact

building heating demand, the main di�erence between the two kind of control are:

ˆ On/O� Controlled Systems:

� Dimensioning Impact: Lower SPF when the GSHP covers only 55% of peak

heat demand due to auxiliary heating. Similar SPF to variable systems when

covering over 65% (Similar SPF to well-dimensioned on/o� systems; oversized

units less e�cient due to cycling).

� Energy Consumption: Higher annual energy use due to frequent use of auxiliary

heaters.

� Temperature Swing: On/o� systems experience greater oscillation in water

temperature, leading to temperature swings.

ˆ Variable Speed System:

� E�ciency: Higher overall e�ciency with no need for auxiliary heating; lower

compressor energy use, often it have a higher COP at certain temperature

ranges..

� Liquid Pump Energy Use: Increased by 5-30% due to longer operational times.

� Reliability: increase the lifetime of the system due to less stress on the com-

pressor
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Optimization of the system

A study by [35] explores the optimization of an integrated PVT and GSHP system,

similar to the systems used in cold climates like those suitable for roofKIT. The system

is designed to operate across multiple modes, each tailored to maximize energy e�ciency

in response to varying environmental conditions and speci�c energy demands, ensuring

optimal performance and energy utilization. The operational modes include:

Mode 1: PVT Heat Storage Mode � The PVT collector captures solar radiation

and stores the heat in the ground. This mode is activated during periods without

heating demands. The circulation pump is controlled by solar irradiance (G) and

temperature di�erence across the �uid (� Tcoll ), activating when G > 150W/m 2 and

� Tcoll > 2� C.

Mode 2: GSHP Heating Mode � When the building requires heating, this mode

uses the stored ground heat, transferring it via GSHP to heat the building. The

system operates intermittently if the building's heating load is lower than 10%

of the design one. The pumps and compressor are activated until the operating

temperature setpoint is reached.

Mode 3: PVT-GSHP Heating Mode � Engages both the PVT system for electric-

ity generation and the GSHP for heating, utilizing heat stored in a thermal storage

tank. It uses an intermittent heating strategy, like Mode 2, but incorporates heat

from the ground and the storage tank.

Mode 4: PVT Heat Storage and GSHP Cooling Mode � During cooling periods,

it stores heat in the ground while providing cooling through the GSHP. It maintains

ground temperature balance by transferring excess heat from the PVT collector to

the ground.

The control strategy uses real-time data to adapt the operation dynamically, focusing on:

ˆ Adaptive Control: Adjusting operations based on real-time environmental data.

ˆ Load Matching: Ensuring that energy generation and storage match the building's

load requirements to minimize wastage.

ˆ Thermal Energy Management: Prioritizing the use of stored thermal energy to meet

heating demands with renewable energy.

ˆ Optimization Algorithms: Employing genetic algorithms [42] to optimize system

con�gurations and arti�cial neural network/fuzzy logic control for the control strat-

egy optimization [34].
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1.3.2. RoofKIT - Energy simulation and performance

A simulation of the energy performance of RoofKIT was made for the SDE competition

by [41], underlining the relations between sustainable architecture design and energy

performance. The simulation was run with Modelica Association [7] as a simulation

environment, considering a water tank as thermal storage instead of the CBGHE.

The main results of the energy simulations for the RoofKIT project are as follows:

ˆ The whole building model, consisting of a single zone, and shading e�ects caused

by surrounding buildings. For the House Demonstration Unit (HDU), the heating

energy demand is 24 kWh/(m² a) and the passive cooling strategy results to be very

e�ective [41, p. 7]

ˆ Extensive system simulations were performed to optimize the solar-based heating

system. The total heat delivered by the heat pump for �oor heating and domestic

hot water (DHW) amounts to 48 kWh/(m ² a). The total heating energy demand

was 1399 kWh and the DHW's one was 1172 kWh with a heating peak load of around

1,5 kW. The heat pump has a seasonal COP of 2.51, with a maximum COP of 5.85

in summer. For DHW alone, the system has a seasonal COP of 4.34 throughout the

year. [41, p. 7].

ˆ The total annual electricity demand for a 2-person household is 3424 kWh (1027

kWh from the heat pump), while the energy generated by the PV system is 3224

kWh. The HDU generates 95% of the annual electricity consumption and it almost

reaches carbon neutrality. The average self-consumption is 83% the rest is taken

from the grid [41, p. 8].

ˆ The RoofKIT building concept aims for CO2 neutrality during operation (5050 Kg

CO2 during the use phase considering an emission factor of 200 g CO2 e/kWh) and

minimizing the carbon footprint of the construction phase. The life cycle analy-

sis shows negative emissions of approximately -15,865.13 kg CO2, as the wooden

construction serves as a signi�cant carbon sink[41, p. 8].

ˆ Thermal comfort is ensured through high-level insulation, ventilation heat recovery,

radiant �oor heating in winter, and passive cooling with thermal mass in summer

(for discharging during the night through the buoyancy e�ect)[41, p. 8].

ˆ The RoofKIT project exempli�es how integrated design strategies can utilize materi-

als, construction methods, and renewable energy to achieve high-quality, sustainable

architecture [41, p. 8].
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This work aims to investigate the in�uence of the various operating strategies on the

electricity demand of the heat pump and the possible proportionate coverage of this by

the PV modules (including the battery). This chapter outlines the key elements integral to

our model, detailing their functionality, governing equations, and performance within the

TRNSYS environment. As previously mentioned, TRNSYS is a commercial simulation

software that integrates various components to simulate the behavior of transient systems,

including DHW, PVT and GSHP systems. It utilizes a �nite di�erence method to solve

the di�erential equations representing the entire system.

2.1. Methodology

All the system elements are modeled in the TRNSYS environment. For the yearly sim-

ulations, a time step of 7.5 min has been used. The solution method is the successive

substitution (suggested for systems with thermal capacity like buildings) A.1.5 with 0.5

as the minimum relaxation factor. The tolerance on integration is set at 0.001 and con-

vergence at 0.1 (speci�ed as a relative value). The di�erential equation algorithm is the

modi�ed Euler method.A.1.5 3 di�erent layout/operational strategies are compared:

A) Use of the PVT collectors as the primary heat source for the heat pump and storage

of excess heat in the ground, taking into account the operating limits. with an

ON/OFF strategy

B) PVT collectors only charge the ground via the geothermal probes, which serve solely

as a heat source for the heat pump, taking into account the operating limits with

an ON/OFF strategy

C) PVT collectors alternate to feed the heat pump and the ground

Changing some settings makes it possible to analyze the partially alternating use of the
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PVT collectors as a heat source ("virtual DHW heating" in summer, heating on sunny

days in winter).

2.2. Model Elements

Figure 2.1: Hydraulic scheme of the heat supply for the RooofKIT

2.2.1. Building

As architectural project for RoofKIT are available a lot of data about the geometry and

materials. The geometry is de�ned using SketchUp, see APPENDIX B The TRNSYS

Type56 component, utilizing the TRNBUILD software package, has been employed to

de�ne building characteristics such as wall and window orientation and size, as well as

layer thickness and materials. For simplicity, the house is modeled as a single zone with

a �at roof, featuring glazing only on the North and South walls. The heating model

incorporates radiative and convective heat transfer, air in�ltration, and internal heat

gains. Energy and peak power demands are calculated using Type56's "energy mode" to

maintain the indoor temperature at a speci�ed set point.

More details are already speci�ed in Chapter 1. The type 56 of TRNSYS, is also used:
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Figure 2.2: SketchUp geometry

type 168 for natural ventilation, type 77 for the soil temperature boundary condition,

and type 80 c for the calculation of the convection heat transfer coe�cients, the heating

system includes a �oor heating that is modeled as an active layer in type 56.

Surface

[m 2]

Thickness

[m]

Thermal

Transmittance

[W=(m2 � K )]

Wall 17.83/21.4 0.341 0.2

Floor 53.2 0.428 0.18

Roof 50.84/13.8 0.482 0.14

Windows Various 0.012 1.1

Table 2.1: Building surfaces and parameters

Type 56 - Building Zone

The orientation of the building is set to maximize the PV energy production, with the

entrance in the north direction and the back (with the PV system) in the south direction.

As internal gains are considered a person 95 W with low activity (ASHRAE library [5]),

and an electrical device from the TRNSYS library to simulate the technical room. The

heating schedule consists of keeping the temperature at 21°C in winter during the daytime

(from 30th September to 30th April, from 7 am to 9 pm). No active cooling schedule. A
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Figure 2.3: Building on TRNSYS

standard air change of in�ltration is set at 0.1 1/h. the ventilation is divided into winter

and summer schedules. In winter eversible push-pull ventilation devices manage it. The

device operates 60 seconds in supply mode, and then switches for 60 seconds to exhaust

mode with a volume �ow rate that could vary from 0 to 60 m3=h. In summer, a control

system that opens the roof windows for natural ventilation is taken into account through

type 168

Type 56 - Floor Heating

As �oor heating the active layer of type 56 is taken into account, see APPENDIX B.2.

The heating circuit is divided into 6 circuits to reduce the pressure drop and degrease the

pump consumption. A heat pump provides the heat, the heat transfer �uid is water-glycol

mixture 25%
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Figure 2.4: Active layer on Type 56 TRNSYS

The modeling of an active layer as �oor heating in TRNSYS involves the following key

equations:

Heat Transfer Between the Fluid and the Floor

q�uid = hpipe � Apipe � (T�uid � T�oor ) (2.1)

where:

ˆ q�uid is the rate of heat transfer from the �uid (W),

ˆ hpipe is the heat transfer coe�cient between the �uid and the pipe (W/m²·K),

ˆ Apipe is the surface area of the pipe (m²),

ˆ T�uid is the temperature of the �uid inside the pipe (°C or K),

ˆ T�oor is the temperature of the �oor material surrounding the pipe (°C or K).

Heat Conduction Through the Floor Layers

The heat conduction through the �oor layers is governed by Fourier's law (like 2.5):

@T(x; t )
@t

= � �
@2T(x; t )

@x2

where:

ˆ T(x; t ) is the temperature at positionx within the �oor layer at time t (°C or K),

ˆ � is the thermal di�usivity of the �oor material (m ²/s),

ˆ x is the spatial coordinate (m).

Energy Balance for the Floor
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The overall energy balance for the �oor can be expressed as:

m�oor � c�oor �
dT�oor

dt
= q�uid � qloss (2.2)

where:

ˆ m�oor is the mass of the �oor material (kg),

ˆ c�oor is the speci�c heat capacity of the �oor material (J/kg·K),

ˆ dT�oor
dt is the rate of change of temperature of the �oor material (°C/s or K/s),

ˆ qloss is the heat loss to the surrounding environment or adjacent room (W).

Heat Exchange with the Room

The heat transferred from the �oor surface to the room is calculated by:

qroom = hcr � A �oor � (T�oor_surface � Troom) (2.3)

where:

ˆ qroom is the heat transfer to the room (W),

ˆ hcr is the heat transfer coe�cient mixed convective-radiative at the �oor surface

(W/m ²·K),

ˆ A �oor is the area of the �oor (m²),

ˆ T�oor_surface is the temperature at the surface of the �oor (°C or K),

ˆ Troom is the room operative temperature (°C or K).

type 168 - Natural Ventilation

The type computes the Air Change Rate (ACR) with the Stack e�ect Model the stack

equation e�ciency � is set as 0.7

Stack e�ect Model:

ACR =
A top

Vzone
� 3600� � �

�
9:81� h �

(Top � Tamb)
Tamb + 273:15

�
A2

bot

A2
top + A2

bot

� 0:5

(2.4)

The natural ventilation keeps the temperature between 26 and 19°C in summer (from 1st

May to 1st October)
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Type 77 - Soil Temperature Pro�le

The soil temperature pro�le is calculated using the heat conduction equation:

@T(z; t)
@t

=
k
�c

@2T(z; t)
@z2

(2.5)

whereT(z; t) is the temperature at depthz and time t [38].

Boundary Conditions

1. Surface Boundary Condition: The temperature at the soil surface can be mod-

eled considering solar radiation, air temperature, and possibly surface vegetation

e�ects.

T(z = 0; t) = Tsurface(t)

2. Deep Soil Boundary Condition: At a certain depth, the temperature might be

assumed to be constant, re�ecting the average temperature of the ground at depth.

T(z ! 1 ; t) = Tdeep

Simpli�ed Solutions

For certain situations, the solution to the soil temperature pro�le can be approximated by

an analytical expression if the boundary conditions are periodic (e.g., diurnal or annual

temperature cycles):

T(z; t) = Tavg + A0e� z
� cos

�
!t �

z
�

�
(2.6)

where:

ˆ Tavg is the average soil temperature,

ˆ A0 is the amplitude of temperature �uctuation at the surface,

ˆ ! is the angular frequency of the temperature oscillation,

ˆ � =
q

2�
! is the damping depth (the depth at which the temperature �uctuation

amplitude decreases by a factor ofe).

Type 80c - Convective Heat Transfer Coe�cient Calculation

The convective heat transfer coe�cient, hc, is essential in determining the rate of heat

transfer between a surface and the surrounding air. It is calculated di�erently for internal
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and external walls [25].

Vertical Surfaces (Internal Walls)

For internal walls, the convective heat transfer coe�cient hc is determined by natural

convection using the following empirical formula:

hc = 1:31� (Tsurface � Tair )1=3 (2.7)

where:

ˆ Tsurface is the wall surface temperature (°C or K),

ˆ Top is the room air temperature (°C or K).

Vertical Surfaces (External Walls)

For external walls, the convective heat transfer coe�cient depends on both natural and

forced convection:

8
>><

>>:

hc;natural = 1:31� (Tsurface � Tair )1=3

hc;forced = C � vn

hc = max( hc;natural ; hc;forced)

(2.8)

where:

ˆ v is the wind speed (m/s)

ˆ C = 5:7 W/m ²·K

ˆ n = 0:8
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2.2.2. Electrical system

The electrical system comprises various devices (see Table B.1, with the most signi�cant

being the heat pump, hydraulic pumps, solar pump, and user loads. The electric supply

is further supported by a photovoltaic system coupled with a battery.

(a) Electrical Components on TRNSYS (b) PVT on TRNSYS Macro

Figure 2.5: Entire Electrical system developed on TRNSYS

Photovoltaic System

The HDU's roof (excluding the patio roof) is equipped with 18 solar modules. Among

these, 12 PVT collectors are installed to serve as a heat source for the heat pump. Addi-

tionally, 6 more PV modules have been installed, bringing the total capacity to 5.4 kWp.

This con�guration not only ensures a uniform roof cover but also provides su�cient elec-

tricity for the HDU's operation as a guest house in Karlsruhe on an annual basis.PVT

system The PVT system heat loop consists of a 3 group of 4 PVT modules connected

in parallel B.3. The PVT model is: solator PV+THERM INDACH Modul 330 Wp (the

datasheet are available: [21]) On TRNSYS type 50 was used; it simulates a combined

collector by incorporating both the analysis and work of Florschuetz [17] for �at plate col-

lectors operating at peak power and an analysis from a report by Arizona State University

for concentrating combined collectors [6]. The latter analysis utilizes the I-V curves of

the cells to solve for peak power or determine the current output at a speci�ed voltage.

Below are the key equations typically involved in the Type 50 model:

Energy Balance on the PV Cell: involves accounting for the incoming solar energy,

the portion converted to electricity, and the remaining portion that either contributes to

heating the cells or is lost as heat.
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8
>>>>>>>>>>>><

>>>>>>>>>>>>:

G � Apv = Qelectrical + Qthermal + Qlosses

Qelectrical = � pv � G � Apv

� pv = � pv,ref � [1 � � � (Tpv � Tref)]

Qthermal = _m � cp � (Tout � Tin )

Qlosses = Uloss � Apv � (Tpv � Tamb)

Tpv = Tamb +
G � (1 � � pv ) � � � �

Uloss

(2.9)

More details are available in the APPENDIX A.1.5, [16].

Parameter Value Unit

Dimensions (L/W/H) 1660/1000/5.5 mm

Number of Cells 60 -

Nominal Power (P max ) 330 Wp

Module E�ciency 19.75 %

Max. Power Voltage (Vm) 33.43 V

Max. Power Current (Im) 9.88 A

Open Circuit Voltage (Voc) 41.58 V

Short Circuit Current (Isc) 10.08 A

Max. System Voltage 1000 V

Temperature Coe�cient of P max -0.380 %/°C

Temperature Coe�cient of Voc -0.330 %/°C

Temperature Coe�cient of Isc 0.048 %/°C

Operating Temperature Range -40 to 85 °C

Thermal Absorber Area 1.582 m2

Flow Rate 50-90 l/h

Operating Fluid Water/Glycol 25% -

Operating Pressure 3 bar

Max. Operating Pressure 6 bar

Collector Peak Power 841 W

Thermal Collector E�ciency ( � 0) 0.554 -

Table 2.2: Technical Parameters of the PVTHERMIN330 Hybrid Module, including both

photovoltaic and thermal data.
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PV System The model of the 6 PV modules is AxSun AX M-60 3.2 300Wp, (datasheet

available [8]). On TRNSYS type 562h is used. This considers the interaction with the

environment and the building to determine the PV temperature. A.1.5.

Parameter Value Unit

Module Dimensions (L/W/H) 1655/995/40 mm

Weight 18 kg

Number of Cells 60 -

Nominal Power (P MPP ) 300 Wp

Nominal Voltage (V MPP ) 32.51 V

Nominal Current (I MPP ) 9.23 A

Open Circuit Voltage (V OC ) 39.99 V

Short Circuit Current (I SC ) 9.86 A

E�ciency 18.22 %

Max. System Voltage 1000 V

Operating Temperature Range -40 to 85 °C

Table 2.3: Technical Parameters of the AX M-60 3.2 Performer Solar Module

Inverter

The inverter model is Fronius Symo gen24 5.0 plus, de�ned with type 48 of TRNSYS to

connect the PVs with the battery electrically (the datasheet is available [18]).

Parameter Value Unit

Max. Input Voltage 600 V

Max. Input Current per MPPT 12 A

Number of MPPTs 2 -

Max. AC Output Power 5000 W

Max. Output Current 21.7 A

Nominal Output Voltage 230 / 400 V

Nominal Frequency 50 / 60 Hz

E�ciency (EURO) 97.8 %

Table 2.4: Technical Parameters of the Fronius Symo GEN24 5.0 Plus Inverter.
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Battery

The model of the Battery is BYD HVS 5.1 is a high-voltage battery system designed

for residential energy storage applications. With a modular design, it allows for �exible

scaling of storage capacity to meet speci�c energy needs. (total capacity is 5.1 kWh

divided in 2 cells in series of 2.55 kWh) It features advanced lithium iron phosphate

(LiFePO4) technology, which provides enhanced safety, long cycle life, and high e�ciency.

The battery is compatible with various inverters and energy management systems, making

it a versatile choice for optimizing energy usage in residential settings. On TRNSYS is

modeld with type 47

HVS 5.1 Unit

Number of Modules 2 -

Usable Energy 5.12 kWh

Nominal Voltage 204.8 V

Max Output Current 25 A

Peak Output Current 50 A

Dimensions (H/W/D) 762/585/298 mm

Round-trip E�ciency >96 %

Operating Voltage 160-240 V

Table 2.5: Technical Parameters of the BYD HVS 5.1 Battery

Solar Pump and Hydraulic Pump

The solar pump (Solator Pumpengruppe DN 25) has to carry a nominal �ow rate of 1040

l/h (see �gure 2.1), and the nominal power is 300 W. For the �oor heating part the pump

is inside the Heat Pump and the power consumption is computed from the Heat Pump

Data.
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User Loads

The loads consist of the equipment that is present in roofKIT (see table B.1), for this

simulation a standard weekly schedule is considered with an high load from Monday to

Friday (see �gure 2.6) and then lower in the weekend.
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Figure 2.6: Load Schedule

(a) Kitchen (b) Bathroom

Figure 2.7: Picture of the devices used by users
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2.2.3. Heat Pump

The heat pump present in the roofKIT is Bosch CS7800i LW 6 M(F), which uses R410a

as a refrigerant. The datasheet is available online [9].

Parameter Value Unit

Nominal Heating Power (average climate) 5 kW

Nominal Heating Power (low temperature) 6 kW

Annual Energy Consumption (average climate) 2749 kWh

Annual Energy Consumption (low temperature) 2166 kWh

Hot Water Heating E�ciency 135 %

Heating Power at -7 °C (average climate) 4.6 kW

Heating Power at +2 °C (average climate) 2.8 kW

Heating Power at +7 °C (average climate) 1.8 kW

Heating Power at +12 °C (average climate) 2.0 kW

Power Consumption in Standby 0.011 kW

Max. Operating Temperature 67 °C

Power Consumption 740 W

Seasonal Space Heating E�ciency (average climate) 147 %

Seasonal Space Heating E�ciency (low temperature) 211 %

COP at -7 °C (average climate) 3.01 -

COP at +2 °C (average climate) 3.91 -

COP at +7 °C (average climate) 4.59 -

COP at +12 °C (average climate) 4.63 -

Table 2.6: Technical Parameters of Bosch CS7800i LW 6 M(F)

On TRNSYS the Heat Pump is modeled with type 1221 (more type 1221 in parallel in

case of variable speed routine).1 The type model simulates a two-stage water-to-water

heat pump that conditions a liquid stream by absorbing heat from (in heating mode) a

second liquid stream. The model relies on user-provided (the producer didn´ t provides

the data) data �les containing catalog information, which includes normalized capacity

and power consumption based on the entering temperatures of the load and source, as

well as the normalized �ow rates of both streams. Type1221 acts as a real heat pump

1Variable speed Heat Pump models (i.e. Type 402) aren't available in the education license.
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by operating in temperature level control; it runs at a speci�ed capacity whenever the

user-de�ned control signal indicates the unit should be active in either heating or cooling

mode, continuing until the control signal changes.

The amount of energy absorbed from the source �uid stream in heating is given by:

_Qheating, absorbed = Capheating � _P (2.10)

The outlet temperatures of the two liquid streams can then be calculated using the fol-

lowing equations:

Tsource, out = Tsource, in �
_Qabsorbed

_msource � Cp
(2.11)

Tload, out = Tload, in +
Capheating

_mload � Cp
(2.12)

where:

ˆ Capheating is the Heat pump heating capacity at current conditions.

ˆ _P is the Power drawn by the heat pump in heating mode

The heat pump produces heat for both the DHW and the �oor heating. The DHW tank

is inside the heat pump structure.

The main source of uncertainty in this work is the simulation model, as it does not

perfectly replicate the real system with a variable-speed compressor and the data �les are

not the proper one for the type of heat pump used in roofKIT. However, it still provides

valuable insights into which strategy o�ers the best energy performance and e�ciency.

2.2.4. DHW Tank

There is a 100 L DHW tank without an auxiliary heater, the water withdrawal pro�le is

the following:
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Figure 2.8: Water Consumption Schedule

The Model for the tank is type 156 on TRNSYS, which simulates a cylindrical storage tank

with a coiled-tube heat exchanger immersed within it. The heat exchanger facilitates the

transfer of thermal energy between the �uid in the tank and the �uid circulating through

the coil. The heat transfer rate _Q between the coil and the tank �uid is calculated using

the equation:

_Q = U � A � (Tcoil � Ttank ) (2.13)

where:

ˆ Tcoil is the temperature of the �uid inside the coil,

ˆ Ttank is the temperature of the �uid in the tank.

The model also accounts for strati�cation within the tank by dividing it into multiple

vertical layers. The temperature in each layer can be expressed as:

dTm

dt
=

_Qin � _Qout � Uext � Aext � (Ttank � Tamb)
m�uid � Cp

(2.14)
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where:

ˆ Ti is the temperature of thei -th layer,

ˆ _Qin ;i and _Qout ;i are the heat transfer rates into and out of thei -th layer,

ˆ mi is the mass of the �uid in the i -th layer

2.2.5. Geothermal Heat Exchanger

The heat exchanger consists of 4 baskets (2 series 2 parallel) 6 m deep, the basket heat

exchanger facilitates heat transfer between the ground and the �uid circulating within

the pipes. In heating mode, the �uid absorbs heat from the ground, which is then used

to heat a building. The system extracts heat from the solar collectors and dissipates it

into the ground. The basket shape allows for e�cient heat exchange in a compact area,

making it suitable for limited space and easy installation.

Figure 2.9: Geothermal Heat Exchanger
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The type used on TRNSYS is 997, which models a horizontal ground heat exchanger com-

posed of more layers of buried pipes. The pipes interact thermally with the surrounding

soil as a heat transfer �uid circulates through them, either absorbing or rejecting heat

depending on the system's operation. The heat transfer rate_Q between the �uid in the

pipes and the surrounding soil is determined using the equation:

_Q =
T�uid � Tsoil

Rtotal
(2.15)

The energy balance for a �uid nodem within the pipe can be expressed as:

dTm

dt
=

_Qin � _Qout

m�uid � Cp
(2.16)

This model creates a mash of the ground, The meshing procedure requires user-speci�ed

parameters, including the number and arrangement of pipe layers, soil and groundwater

layers' depths and thicknesses, and the distances to various boundaries (pipe layer edges,

insulation layers, far �eld, and deep earth). Additionally, users must de�ne the number of

nodes along the pipes, a minimum node dimension, a node dimension growth multiplier,

and a factor for pipe-containing nodes.

8
>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>:

R00
hi;j;k i ;n =
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Ahi;j;k i ;n (Tn � Thi;j;k i )

R00
hi;j;k i ;n
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After gridding the domain, setting up energy balances, and enforcing boundary conditions,

the system of equations is solved using an implicit �nite di�erence method for the entire

simulation duration.

� soilVhi;j;k i csoil
dTsoil;hi;j;k i

dt
=

6X

n=1

Ahi;j;k i ;n

�
Thi;j;k i ;n � Thi;j;k i

�

� shi;j;k i +� shi;j;k i ;n
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(2.17)
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And Integrating over a �nite time step � t

T t+� t
soil;hi;j;k i = T t

soil;hi;j;k i +

2

4 � soil

Vhi;j;k i

6X

n=1

2Ahi;j;k i ;n

�
T t+� t

hi;j;k i ;n � T t+� t
hi;j;k i

�

� shi;j;k i + � shi;j;k i ;n

3

5 � � t (2.18)

In the parameter de�nition for Type 997, it is possible to con�gure the model with two

series of two parallel groups, each consisting of 60 layers with a 0.5 m diameter (1.57

m length), evenly distributed from 1 m to 7 m depth. However, this con�guration is

computationally intensive, signi�cantly increasing the simulation time beyond acceptable

limits. Therefore, a simpli�ed structure with only 10 layers is used, which is su�cient for

the objectives of this work (yearly simulations).

The ground model includes 2 di�erent soil layers according to the data provided by the

company that made the geotechnical evaluation [24] the groundwater level is kept �xed

at a depth of 5.34 m. More data are available in APPENDIX table B.2

2.2.6. Control System

The primary objective of this work is to analyze the di�erences between various system

layouts and operational strategies discussed in 1. Initially, we compare the impact of

implementing three distinct operational strategies:

A) Routing the evaporator's outlet to the ground when the system is active, or sending

the collector's outlet directly to the ground when the system is inactive, �gure C.1;

B) Utilizing the heat from photovoltaic (PV) collectors exclusively for charging the soil

storage, �gure C.2.

C) Directing the solar collectors' output to either the heat pump (HP) or the ground

heat exchanger (GHX), �gure C.3;

ON/OFF strategy An ON/OFF control strategy with a constant hysteresis method

was initially selected as the control strategy. Subsequently, a variable speed strategy was

developed more re�ective of real-world conditions.

The control system must ensure the operational limits of the heat pump (evaporator inlet

temperature between 3°C and 30 °C) and the GHX (soil temperature below 30°C).

Additionally, the setpoint for indoor temperature (Tope) is 18-21°C during winter, while

the setpoint for domestic hot water (DHW) is50 � C � 2:5 � C year-round.
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The TRNSYS simulation environment manages this by sending the controller outputs to

an EXCEL caller (type 62), which considers all possible inputs and returns control signals

for the pumps and valves in the heating circuit.

Figure 2.10: Control System Logic Scheme

The Solar Pump is activated during the day when the Solar when there are at least

100 W/m 2 of total solar radiation (to run the systems or charge the soil) or during the

night if the heat pump has to be turned ON.

Variable Speed

The real system includes a variable-speed pump that go with the 20% of the nominal �ux

when the di�erence at the collector is lower than 10

TOut � TIn < 10 (2.19)

Then increase linearly with the temperature di�erence till it reaches the nominal mass

�ow rate of 1040 l/hr. When the DHW signal is on, the mass �ow rate is the nominal

one.
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Figure 2.11: Variable speed control of_m vs. � T

As previously mentioned, the Educational TRNSYS License does not include a variable-

speed heat pump model. To simulate this functionality, three Type 1221 components,

each with di�erent capacities and power ratings, were connected in parallel to represent

a six-stage heat pump. The stages are activated based on the mass �ow rate provided

by the solar pump. Although this approach is not an exact replica of the real system, it

serves as a reasonable simpli�cation for the purposes of this simulation.

Figure 2.12: six stages Heat Pump
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Design

This chapter provides a detailed analysis of the various con�gurations associated with

the three proposed operational strategies. Each strategy is examined, highlighting how

they are designed to optimize system performance under di�erent operational conditions.

Importantly, these strategies are intended to be implemented in real-world systems with-

out modi�cations to the heat transfer �uid loop, ensuring compatibility with existing

infrastructure and minimizing interventions to the system's core functionality.

The chapter also covers the hydraulic characteristics of each con�guration and overall

system behavior. This analysis is critical for understanding how each strategy a�ects

the e�ciency and stability of the system. The chapter includes a focus on the TRNSYS

implementation, outlining the model development.

Through a detailed examination of both the physical and computational aspects, this

chapter provides a clear understanding of how di�erent con�gurations can be applied to

enhance energy e�ciency and ensure system reliability.

3.1. Strategy Comparison

The valves in the TRNSYS model are placed in such a way that the di�erences in the

control system logic are minimized

3.1.1. Strategy A: PVT as heat source for the heat pump

In this con�guration, the heat transfer �uid goes directly from the PVT collector to the

Heat Pump, the evaporator's outlet �ow rate is sent to the ground or back to the collectors.

Two 3-way valves avoid sending heat transfer �uid to the evaporator when is not needed

or the temperature is out of the operational limits or the ground temperature exceeds 30

°C
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Figure 3.1: Strategy A energy system

Advantages:

ˆ E�cient use of solar energy: PVT collectors are the primary heat source, directly

contributing to the heat pump's e�ciency and reducing the need on the ground as

a heat source.

ˆ Better ground thermal balance: Excess heat is stored in the ground, which helps

recharge the geothermal storage, minimizing long-term cooling of the ground.

ˆ Lower ground depletion: Since the ground is not frequently used as the main heat

source, the ground temperature remains more stable over time.

Disadvantages:

ˆ Seasonal reliance on solar availability: During periods with low solar input like win-

ter, the system may need to rely more on the ground, which could reduce e�ciency

during those times.

ˆ Limited �exibility : The strategy highly depends on the PVT collectors. It may be

less adaptable to sudden changes in heating demand or variations in solar input.
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