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Abstract 

The sustainable principle of the “three-pillar-model” containing ecologic, economic and social 
targets, pursues three strategies to realize sustainability in the long term. Those strategies are 
made up of the principle of efficiency, consistency and sufficiency. A great number of the  
burgeoning sustainability movements focus on promising potential in the consistency and suf-
ficiency strategies. In general, the potential of efficiency in industrialized countries, like Ger-
many, is classified as well-developed while the phenomenon of a performance gap is rising. 
The performance gap describes the discrepancy between the intended, desired building per-
formance and the actual, observed performance. [1] 

The building sector in Germany, responsible for 40 % of total end energy use, holds a great 
potential for energy savings [2]. At the level of the building services of an edifice the code DIN 
18599 indicates the thermal energy demand. [3] Studying the extension of the International 
Airport in Calgary, this master thesis investigates the effects of an energy optimization of the 
airport’s geothermal heat-pump system.  

Its subsystems are divided into two categories. The first category is defined by fixed  
parameters that must be set at the beginning of the design process of a building system, as 
they cannot be changed throughout the life of the building. Conversely, the adjustable category 
is determined by components of the building system that can be adjusted by the control strat-
egy of the subsystem or even through a replacement of single components on a reasonable 
effort basis. The two categories will be investigated by changing individual characteristic values 
of the components in the subsystem for each optimization variant. Through the evaluation of 
the two classifications, the influence of the categories on the aspect of energy efficiency and 
the service life of a geothermal heat-pump system are going to be clarified. Furthermore, this 
master thesis endeavors to emphasize which of the two categories of optimization variants has 
a bigger energy savings and longevity potential.  

This energy analysis is performed through a dynamic system simulation with the software 
TNRSYS. The parametric values of the geothermal field are the undisturbed ground tempera-
ture, the architecture of the geothermal borehole pipes, the thermal conductivity of the ground, 
the medium in the geothermal loop and the balance of the building load of the system. The 
category for variable components includes the control strategy of the hydraulic separators, the 
power of the heat-pump/chiller component, the mass flow in the loops, as well as the heat 
transfer effectiveness of the plate heat exchangers. The variants are evaluated according to 
the non-renewable primary energy demand and the number of system changes of the building 
services. 

The category of the fixed parameters of the geothermal field mainly influences the demand of 
non-renewable primary energy, especially depending on the implemented borehole pipes and 
the thermal ground conductivity. The adjustable components of the building system influence 
both factors, above all depending on the performance of the heat-pump and the hydraulic sep-
arators. All in all, the adjustable components have a wider array of effects on the system.  
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Kurzfassung 

Das Drei-Säulen-Modell der Nachhaltigkeit beinhaltet, basierend auf der Ökologie, Ökonomie 
und dem sozialen Verhalten, wiederum drei Strategien, um das Konzept der Nachhaltigkeit 
langfristig umzusetzen. Die drei Strategien verfolgen die Prinzipien der Effizienz, Konsistenz 
und Suffizienz. Viele der aufstrebenden Nachhaltigkeitsbewegungen sehen besonderes Po-
tential in den Strategien der Suffizienz und Konsistenz. Im Allgemeinen wird in einem Indust-
riestaat wie Deutschland die Effizienzstrategie als gut entwickelt eingestuft. Doch genau diese 
Tatsache stellt das Prinzip der „performance gap“, die Lücke zwischen dem geplanten und 
dem realen Zustand eines Systems, in Frage. [1] 

Besonders im Gebäudebereich ist, mit einem Anteil von 40 % am gesamten Verbrauch an 
Endenergie in Deutschland, ein sehr großes Energieeinsparpotential vorhanden. [2] Auf der 
Ebene der Gebäudetechnik stellt die DIN 18599 die Rahmenbedingung für die Analyse der 
thermischen Lasten dar. [3] In Anlehnung an die Erweiterung des Flughafens Calgary in Ka-
nada analysiert diese Masterarbeit die Auswirkungen einer energetischen Optimierung der ge-
othermischen Wärmepumpenanlage.  

Insbesondere wird der Fokus daraufgelegt, die Optimierung in zwei unterschiedliche Katego-
rien aufzuteilen. Differenziert wird zum einen zwischen Parametern, die über die Lebensdauer 
des Gebäudes nicht mehr verändert werden können. Zum anderen werden Faktoren betrach-
tet, welche durch eine Veränderung der Kontrollstrategie oder zumindest durch einen Aus-
tausch einzelner Komponenten, mit einem vertretbaren Aufwand, in der Praxis umgesetzt wer-
den können. Durch die Analyse der Optimierungsvarianten soll geklärt werden, welchen Ein-
fluss die beiden Kategorien auf die Energieeffizienz und die Lebensdauer eines geothermi-
schen Wärmepumpensystems haben. Weiter soll herausgearbeitet werden, welche der beiden 
Kategorien größere Einsparungen erzeugt. 

Die Fragestellung wird durch eine dynamische Simulation mit der Software TRNSYS geprüft. 
Bei den charakteristischen Werten des geothermischen Feldes werden die ungestörte Erd-
reichtemperatur, der Aufbau der Bohrpfähle, die thermische Leitfähigkeit des Bodens, das Me-
dium des geothermischen Kreislaufes sowie unterschiedliche Balancen der thermischen Ge-
bäudelasten evaluiert. Die Kategorie der veränderbaren Faktoren wird anhand der Kontroll-
strategie der hydraulischen Weichen, der Leistungsfähigkeit der Wärmepumpe, des Massen-
stroms und der Übertragungsfähigkeit der Wärmetauscher analysiert.  

Die Kategorie der nicht veränderbaren Parameter des geothermischen Feldes beeinflusst vor 
allem den Bedarf an nicht erneuerbarer Primärenergie, speziell durch die verwendeten Ge-
othermiepfähle und die Leitfähigkeit des Bodens. Die Kategorie der veränderbaren Faktoren 
hingegen hat Einfluss auf beide Analysefaktoren, besonders durch die Leistungsfähigkeit der 
Wärmepumpe und die Kontrollstrategie der hydraulischen Weichen. Prinzipiell haben die ver-
änderbaren Komponenten des Gebäudesystems einen größeren Einfluss, als die unveränder-
baren Parameter des geothermischen Feldes. 
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1. Introduction 

„A society that allows itself to admit and articulate its nonmaterial human needs, and to find 
nonmaterial ways to satisfy them, would require much lower material and energy throughputs 

and would provide much higher levels of human fulfillment. “ [4] 

This statement describes a core message of the 2004 update of the world-renowned report 
“The Limits of Growth”, one of the most influential works on sustainability. Besides the fact that 
a sufficient use of the resources of the world is necessary, the two other parts of the triad of 
the sustainable strategies should be fulfilled. The principle of sustainability and its strategies 
are displayed in figure 1. 

The principle of consistency means coherence within a system, in this case either the technical 
or biological life cycle. Ideally, every life cycle of a product is circular, which means, that all 
matter is used again after its service life. The third part of the triad is efficiency. Every process 
needs to produce the maximum output while using the minimum input. This principle is the 
most integrated one in modern society. [5] 

Particularly in the process of planning buildings and cities, there are not many concepts for 
integrating sufficiency into operation. One of the core tasks of the recent planning generation 
is based on an intelligent connection of efficiency and sufficiency to generate “compass of an 
enlightened policy of sustainability”. [6] 

 

Figure 1 Dimensions of sustainability (own representation based on [5]) 
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1.1 Prospects of the construction industry 

As the report of the Intergovernmental Panel on Climate Change (IPCC) of 2013 shows, hu-
man activities’ effect on the energy system of the world, as well as on the local and worldwide 
climate on earth, trigger in short-, mid- and long-term consequences. The complexity of these 
implications can hardly be summarized or distinguished, because single consequences 
strengthen and weaken each other and even lead to new repercussions in the environment. 
To mention just a few: sea levels are rising, desertification is spreading throughout large parts 
of the planet, the ecological diversity is decreasing and besides the constant rise in the worlds 
ambient temperature, the occurrence of weather extreme events is more frequent. Unprece-
dented population growth of the last decades combined with the escalating globalization and 
urbanization leads to a huge demand for transportation and a higher standard of living and 
consequently to a heavy burden on the earth. Dividing the whole processes into pieces, the 
heating energy in Germany generates more than 17 % of the overall CO2-equivalent emissions. 
CO2-equivalent emissions are the summed-up greenhouse gases according to their individual 
greenhouse gas potential. [7] This shows that on the one side, planning engineers and archi-
tects are burdened with a high responsibility in their work. On the other side, one must realize 
that the potential of optimization in the construction industry is tremendous. This leads to the 
point that the building industry needs to find solutions for optimizations. [8] 

1.2 Performance gap  

"The Carbon compliance limit should apply to 'built' performance."  [9] 

As digitalization becomes more and more common in the modern building industry a compar-
ison of the measured and simulated data is state of the art. Thus, the principle of a performance 
gap is to be discussed very controversial nowadays. In general, it is the difference between 
the intended and the actual situation of a system and is therefore an indicator of the real effi-
ciency of an edifice in comparison to its intended design. [1] The appearance of a performance 
gap makes it difficult to accurately predict the performance of a building. A calculation of a 
performance gap is based on detailed information about every process in all phases of the 
building’s life cycle. In the course of digitalization more and more measurement data can be 
monitored. Based on this trend, an accurate and detailed performance gap can be evaluated.  

In numerical terms, the performance gap is the ratio between measured and calculated energy 
use of a building, as illustrated in the following equation. As per the calculation, a PG-value of 
0 % means that the operation matches perfectly the intended design performance. Further, the 
PG-value can be positive or negative. A negative PG-value corresponds with a building that is 
operating better than the design’s intent. A positive PG-value points out the underperformance 
of a building. [10] 

 

DE = 		
GHIJKLHM	HNHLOP	MHGINM

QNRHNMHM	HNHLOP	MHGINM	
− 1	 ×	100					 %    Equ. 1  [10] 
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With the rise of digitalization, especially in the United States of America, data monitoring be-
comes an ever more important factor of a building. The UK Green Building Council published 
a report during their campaign for a sustainable built environment called:” Building Zero Carbon 
– the case for action”. This report presents recommendations to the government on how to 
generate zero carbon dioxide emissions from commercial buildings. Based on measurement 
data provided by AECOM, who also managed the International Airport Calgary as a main 
agent, one of the main conclusion and recommendation is to implement the calculation of the 
performance gap into the process of monitoring a building. [11] 

Technically, the performance gap is created among other things by a wrong assumption of the 
energy demand of a building in the planning process, an absence of energy usage during the 
modelling of a building, assumptions of the planners resulting from missing information and 
communication and many other negative effects associated with the planning process of a 
building. [12] 

While technical solutions may be feasible and appropriate for individual challenges, the deeply 
rooted problem of the performance gap has its base in the principle of the whole planning 
process. Based on the fact, that a group of many different agents are involved in the planning 
process of a building, imperfect communication cannot be prevented. Hence this scrutinizes 
the comprehensive process of building but is not the topic of this thesis and would overplay 
the hand of this master thesis. As one example, out of many in North America, this thesis 
undertakes a generic approach to the achievement of energy efficiency in practice by outlining 
energy optimization variants at the International Airport Calgary 

1.3 Hypothesis  

A very common and popular source of renewable energy, especially for non-residential build-
ings, is a geothermal heat-pump system. Under suitable circumstances, the stored thermal 
energy of the ground is used to feed a heat-pump/chiller device which then supplies a heating 
and cooling system of a building. As mentioned in the previous chapter, the performance of a 
building system is not always living up to its intended function. The performance of a geother-
mal heat-pump mainly depends on the dimensioning of the geothermal field, as well as on the 
control strategy and the performance of the key system components. The geothermal system 
is defined by the undisturbed ground temperature, the thermal conductivity of the ground, the 
number, length and characteristics of the implemented borehole pipes and the medium used 
in the geothermal loop. In fact, the performance of the building services is conditional on the 
power of the heat-pump/chiller device, the heat transfer ability of the heat exchangers between 
the geothermal and the building loop, as well as on the mass flow and the sizing of the hydraulic 
separators.  

Looking closer into the specific factors of the performance of such a system, one can separate 
them between fixed, in the design process set parameters that cannot be changed after the 
construction of the building, and variable, interchangeable factors of the system. In accordance 
to the fact that over 40 % of the costs of geothermal wells are related to the drilling of the 
borehole pipes and the fact that the thermal condition of the ground cannot be changed, all 
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parameters of the geothermal field are generally fixed parameters. [13] In contrast to this, the 
other components of the building system normally are set according to the design process of 
the building but can be replaced and even more the control strategies of the single devices 
can be adapted easily. These aspects influence the energy efficiency and the performance in 
terms of a system longevity.  

This thesis claims that an optimization of the operating components’ control strategies of the 
building services has a bigger potential in terms of energy saving and longevity compared to 
the influence of the parametric planning of the geothermal wells at the beginning of the design 
process. By comparing and evaluating the characteristic values of the geothermal field, as well 
as the control strategies and the performance of the devices of a geothermal heat-pump sys-
tem, this master aims to answer the following research questions: 

1.4 Methodology 

To validate the hypothesis and answer the research questions, a thermal system simulation is 
implemented. Using the project specific information of the extension of the International Airport 
in Calgary, this thesis analyses the variation of the components and the geothermal field ac-
cording to the initial situation in Calgary. By implementing the project data in a system simula-
tion, this master thesis uses the dynamic simulation tool TRNSYS to create a detailed and 
accurate model of the building system. The components of the building system are integrated 
in such a way that each characteristic factor can be varied.  

In the following chapter, the thermodynamic principles of a building simulation, as well as the 
principles of a geothermal heat-pump system are detailed. Hence, chapter 3 evaluates the 
actual building situation of the International Airport in Calgary by analyzing the weather data, 
the current energy situation using data from the building measurement system and the internal 
energy balance of the building system. In addition, in chapter 4, the project specific information, 
the implied building load, as well as the structure of the geothermal field of the airport are 
described. Chapter 5 forms the main part of the analysis. In this section, the base case model 
as well as the structure of the plant simulation are pointed out. Furthermore, the evaluation of 
the two categories are analyzed. In chapter 6, the individual optimization results are compared 
and the ongoing hypothesis, as well as the scientific questions are answered. In the end an 
outlook is presented, and a brief assessment of the current situation of the building industry is 
given. 

  

• How does the variation of the design parameters of the geothermal field effect the energy 
efficiency and the service life of a geothermal heat-pump system? 
 

• What effect does the performance and the control strategy of the key devices of a 
geothermal heat-pump system have on the energy efficiency and the service life? 
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2. Principles of the simulation 

In this chapter, the focus is on the general principles of a simulation. The overall objective of a 
simulation can be to achieve thermal comfort in all rooms of a building. The key factors, the 
calculation principles and the conditions for a pleasant thermal comfort are described in section 
2.1. To generate thermal comfort in buildings, nowadays a simulation is used to analyze the 
building comfort. The principle and the functionality of such an analysis are touched upon in 
the following section. Furthermore, the principles of a coupled and uncoupled simulation are 
pointed out. One very common and accurate simulation software is TRNSYS. The functionality 
and setup of this tool is described in section 2.4. Finally, the specific situation of the Interna-
tional Airport Calgary with a geothermal heat-pump system will be showcased. In the following 
section, the general structure and the functionality of a geothermal heat-pump system will be 
depicted.  

2.1 Thermal comfort 

The complex principle of the Danish scientist and professor Ole Fanger from 1970 still defines 
thermal comfort and made it possible to calculate thermal comfort with a mathematical equa-
tion. In his dissertation, he pointed out that thermal comfort for human beings in interior spaces 
depends on six variables. [14] 

As Fanger emphasized, thermal comfort heavily depends on user activity and clothing levels. 
The building industry incorporated this information into their codes and nowadays the different 
functional usages of buildings and the year's seasonal components influence the norms and 
codes. In figure 2, key factors for thermal comfort are listed. Today, the thermal comfort is the 
base for nearly every planning process of a building. As mentioned, thermal comfort can be 
calculated. This calculation was also the base for the initial analysis of the International Airport 
in Calgary. The heating and cooling demands are used to analyze the optimization of a geo-
thermal heat-pump system. As the aim of this master thesis is to optimize the HVAC system 
of the airport, the building model of the airport is fixed. In the following section, this thesis 
delineates, how building energy simulation connects these components of thermal comfort 
within buildings and how it is possible to simulate building energy use and performance.  

 

• Ambient temperature 
• Radiant temperature 
• Humidity  
• Air velocity  
• Clothing insulation 
• Activity level  
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Figure 2 Thermal comfort (own representation based on [15]) 

2.2 Building energy simulation 

As mentioned in the previous section, the aim of a building energy simulation can be the gen-
eration of thermal comfort in a building. Building energy simulation is the response to generate 
a virtual replica of an edifice. A building energy simulation is based on physical calculations 
representing the energy flows in a building. Besides the construction of the building, a building 
energy simulation takes the heating and cooling system, the lighting system, internal gains 
from devices and humans, the ventilation system, the hot water system and the local weather 
conditions of the location of the building into account (Figure 3 Components of a building en-
ergy simulation). The individual components can be controlled via schedules for the occupancy 
with the goal being to achieve a more accurate calculation. As an output, the total energy 
demand, heating and cooling loads or the electrical energy consumption can be provided. [16] 
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Figure 3 Components of a building energy simulation 

As a starting point, it must be noted that the results of a simulation can only be as accurate as 
the input data of the simulation. Usually a building simulation is implemented in the design 
phase of a building. In this master thesis, the building energy simulation is done to analyze 
optimization variants of the building system.  

In general, the tools consist of a graphical user interface and a simulation engine, which per-
forms the actual simulations. This user interface collects the required data and hands it over 
to the simulation engine, where the actual calculation is performed and the desired output is 
generated. A thermal energy simulation can use the local weather data, the thermal envelope, 
the HVAC system and the internal loads, consisting of devices and humans, to predict the 
energy use and thermal comfort conditions in a building. Finally, one must mention, that a 
thermal energy simulation is based on many assumptions, starting with the weather data and 
the internal loads. During the whole simulation process many other assumptions must be in-
cluded which plays a large role in the scrutiny of the reliability of the simulation results. [17] 

A building energy simulation can be done with different goals. Architects use this tool to ana-
lyze the interaction between the construction and the other components of the building to gen-
erate an energy-efficient design. HVAC orientated simulations are implemented to reduce the 
energy demand of the building. This energy demand can be reduced in the form of heating, 
cooling or electrical loads. It also helps to test the control strategies of a building. Another 
reason to do a building energy simulation is to figure out the performance of a building during 
operation. This, in many cases correlates with certification and financial incentives. Further-
more, building energy simulation is used to provide information for standards and codes 
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through analyzing prototype models. Overall, the aim of a building energy simulation is to eval-
uate potential decisions and help to achieve long term goals. One of this simulation tools is 
TRNSYS that is used for the calculations of this master thesis and examined in section 2.4. 
[16] 

2.3 Coupled and uncoupled system simulation  

In general, an optimization of energy system is as good as the accuracy of its calculations. To 
increase the effectiveness of the interaction of two systems which affect each other, these 
systems can be connected via so called coupled simulations. A building system simulation also 
has two possibilities to implement the loads of a building with the system simulation. One dis-
tinguishes between a coupled and uncoupled simulation. A coupled simulation in this case 
connects to the thermal simulation of the building and calculates the thermal load in every time 
step. Through interaction with the building system the thermal comfort in the single rooms can 
be generated. This calculation process requires a lot of computing power and follows very 
complex structures in connecting the building with its mechanical system.  

Another possibility to perform a building simulation with a connected building is an uncoupled 
simulation. In this case, one uses a time-step based data reader to implement the building 
loads. Moreover, the planner must know the thermal loads of the building in advance. For this 
process, the user needs to know the supply and return temperatures as well as the mass flows 
of the total building. This has the advantage that the implementation is simpler, and the calcu-
lation time is decreased in comparison with a coupled simulation. Since the focus of this thesis 
is to optimize the performance of the building services and not the building itself, an uncoupled 
system simulation is the more reasonable approach. By keeping the calculation time short, the 
number of optimization calculations can be increased. 

 

Figure 4 Interaction between thermal and building system simulation 
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2.4 TRNSYS  

The Software used for the building energy simulation in this master thesis is called TRaNsient 
SYstems Simulation (TRNSYS). It was developed by the University of Wisconsin and was first 
released in 1981. TRNSYS is a simulation software to calculate energy concepts for multizone 
buildings. It is used for energy simulations on a small and large scale, from domestic water 
systems up to complex multizone building simulations. TRNSYS can simulate solar systems, 
HVAC systems, renewable energy systems, cogeneration plants or geothermal heat-pump 
systems. [18] 

The modular software works with a variety of more than 150 components. These components 
are called types. The software to manage the wide ranges of types is called Simulation Studio. 
In the Simulation Studio the different types of the model can graphically be linked to each other 
and the connection settings can be defined. In the building type TRNbuild a multizone building 
with its mechanical system can be defined. The building component models a thermal enve-
lope for the building based on the structure, the materials and the orientation of the construc-
tions. The TRNSYS simulation engine also refers to the kernel type Simulation Studio and 
performs the transient simulation. It is based on a mathematical solver for differential equa-
tions. Reading all data, it runs a detailed simulation. [19] 

TRNSYS makes a distinction between an input that changes with time and an input that is set 
for the whole simulation. Therefore, TRNSYS separates between inputs (time dependent) and 
parameters (time independent). In every defined time step TRNSYS generates a time depend-
ent Output. With the so-called plotter type a result file of the simulations, which can be visual-
ized, is produced. Based on the modular structure of the software the linking of TRNSYS with 
further simulation or calculation software is possible. [19] 

 

Figure 5 Simulation situation for the International Airport Calgary 
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In this master thesis, some of the input files are fixed in relation to the simulation base, as 
illustrated in figure 5. As the extension of the airport has been in operation since 2016, the 
components of the geometry are set and it is not the goal of this thesis to evaluate changes in 
the geometry. Furthermore, the location of the airport in Calgary is defined. A last assumption 
is, that the occupancy and the internal loads schedules are fixed. Since the occupancy sched-
ules and the control management of the building were implemented in the simulation in a very 
detailed way in earlier phases of the project, this thesis does not deal with the adaption of 
these components. As it is the aim of this thesis to analyze different optimization model variants 
of the HVAC system, the next section details the specific situation of a geothermal heat-pump 
system.  

2.5 Geothermal heat-pump 

A very common configuration for a building system is the combination of a geothermal field 
with a heat-pump/chiller device. Geothermal energy is usually located very close to the bound-
aries of the tectonic plates of the earth. By using near-surface geothermal energy, it is possible 
to utilize the energy for the heating and cooling system of a building. In the summer period, it 
is possible to inject the heat from the building into the ground. For the utilization of near surface 
geothermal systems an elevation of the energy level is needed. This is usually provided 
through a heat-pump, which can increase the temperature of a liquid by applying pressure. 
This principle was developed by the German engineer, winner of the Nobel Prize and former 
professor of the nowadays called Technical University of Munich, Carl von Linde. During his 
studies dating back to 1868 he invented the principle of the heat-pump system and made it 
possible to produce heating or cooling energy in a very simple manner. This principle is also 
applied in a geothermal heat-pump system. [20] 

In general, one can differentiate between an open or closed loop geothermal system. The 
International Airport Calgary uses a closed loop geothermal system with ethanol as a refriger-
ant agent in 588 vertical boreholes. The share of ethanol in the mixture with water is 20 %. The 
refrigerant agent is used to ensure a liquid state of the medium at temperatures below 0°C. A 
geothermal heat-pump consists of two heat exchangers, a compressor and an expansion 
valve, as pictured in figure 6. The geothermal heat-pump uses the earth or ground water or 
both as an energy source. Heat is removed by using liquid. This liquid is heated up by heat 
exchangers and transferred to the interior of the building in the heating mode. During the sum-
mer months, the process is reversed. The thermal energy inside of the building is transferred 
to the geothermal field and the heat is injected into the ground. In this case, the heat-pump 
component is called a chiller. [21] 
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Figure 6 Geothermal heat-pump schematic (own representation based on [21]) 

In figure 7, the two states of a geothermal heat-pump are shown. During the winter period, the 
geothermal heat-pump can provide heat from the ground. In the geothermal loop a heat ex-
changer conducts the heating energy from one medium to another. The compressor con-
denses the medium by increasing its pressure. During this compression, the temperature of 
the medium rises. In the second heat exchanger on the heating/cooling loop side, the heat is 
transferred to the building. The return flow of the second heat exchanger passes the expansion 
valve and cools down during this process. The refrigerant is pumped back to the underground 
piping system to be heated up again. For a cooling device, this process acts in reverse. The 
medium collects the heat from the building, cools it down and transfers the heat into the ground. 
In the underground piping, the heat is rejected to the ground and the refrigerant is transported 
back to collect heat from the building interior. [21] 

In addition to being used as a heating and cooling system for building, a geothermal heat-
pump can also be the base for a domestic hot water loop, profiting from the excess heat. 
Excess heat usually is available throughout the summer period and as well in the winter period, 
when the building system is not working at its full capacity or the weather conditions are mild. 
Preheating of domestic hot water is therefore possible even during the winter period. The pro-
cess of preheating uses a coil through which the refrigerant of the geothermal system can 
transfer the heat to the water. [22] 
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Figure 7 Geothermal utilization in summer & winter 

The temperature of the ground below ten meters converges towards the annual mean outside 
air temperature of the location. In Canada, where the temperatures can go below -25°C, the 
ground temperature is between -2°C and 8°C. With such constant temperatures, the energy 
system can reach a coefficient of performance (COP) between 2.5 to 4. This proves that a 
geothermal heat-pump can be a suitable and efficient system for the location of the airport in 
Calgary. 

If a geothermal field is imbalanced it can lead to negative effects for the upper 10-30 meters 
of the ground, where animalistic life can still be found. If the imbalance of the building load is 
too high, an operation of the building services related to a too small temperature difference 
between the supply and ground temperatures, is not possible anymore. Nowadays, the refrig-
erant agent must be composed of non-ozone-damaging materials. Based on the fact that near 
surface systems typically are closed loop systems, there is no direct connection between the 
system and the ground. Subsequently only the energy demand for the operation must be con-
sidered. This energy demand is commonly situated in the range of 20-25 % of the total energy 
heating demand of the building. [23]  

Furthermore, a key factor for near surface geothermal systems is the temperature difference 
with the ground water. The consequences of temperature variations depend on the respective 
substance in the ground itself. Small temperature differences (∆T ≤ 5°C) do not have a major 
effect on the ground water system. Constant heating of the ground water system, based on an 
imbalanced building system, significantly increases the likelihood of the occurrence of germs 
and bacteria. [24] 
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3. Fundamental analyses of the initial status 

In the following chapter, analyses are made to examine the prevailing, current situation at the 
International Airport Calgary. Beforehand, a comparison between the measured and simulated 
data is undertaken. The thermal simulation of the building was conducted in February 2017 
and is now used to evaluate optimization variants of the building system. The measured data 
for the cooling demand of the building management system (BMS) is available for the period 
from May until September in 2017.  

As a further analysis, the performance of the heat exchangers in the airport are examined. 
According to the temperatures on both sides of the heat-exchangers in combination with the 
mass flows of the fluids, the performances of the heat exchangers in the heating and cooling 
loop can be calculated. 

Furthermore, two sets of weather data are evaluated against each other. The first set of 
weather data is based on statistical weather data of the last three decades for the city of Cal-
gary. The other weather data set represents the current weather data for 2017. The goal of 
this analysis is to prove that the statistical weather data is representative of the current weather 
in Canada.  

Subsequently, an analysis of the energy balance of the mechanical room one (MR01) of the 
airport is performed. Using data from the BMS, an energy balance of MR01 is calculated. The 
resulting energy balance, applied to mechanical room one, stands representative for the whole 
building. The determined energy balance should prove that the internal energy flows are ful-
filled related to the 1st law of thermodynamics. In this analysis, all in- and output energy flows 
are measured quantitatively and evaluated according to the system boundary.  

3.1 Comparison of the measured & simulated data 

As a first analysis of the current status of the airport, a comparison between the real, measured 
data and the simulation data has been established. The comparison has been done for the 
cooling demand for the period from May until September. Because the measured data is avail-
able from May 2017 and this represents the time of the year, when the cooling demand is much 
higher than the heating demand, cooling data is used as the basis for the comparison.  

With the comparison of the data sets, this section attempts to shed light on the performance 
gap of the airport. In the course of this master thesis, the gained data will be used to represent 
the thermal loads of the building and analyze variants of the building system. As shown in the 
following figure 8, the simulated cooling demand represents at least 60 % of measured demand 
for every single month. In total, the simulated demand for the four-month period only represents 
68 % of the measured demand. This leads to the fact that the predicted energy demand is 
more than 30 % lower than the real energy demand of the building. In comparison with the 
other mechanical rooms, the simulation of mechanical room one covers the actual energy de-
mand the most. The simulation of MR01 is coincides better with the actual energy demand 
than the other mechanical rooms. 
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Figure 8 Comparison of the measured & simulated cooling demand 

3.2 Analysis of the heat exchangers 

One of the main components in the building system of the International Airport Calgary are the 
heat exchangers. An analysis of the heat exchangers in the heating and cooling system helps 
to draw conclusions about the quality of a building system. An established method to generate 
the coefficient of performance of the heat exchangers is an energy balance based on the 1st 
law of thermodynamics, as illustrated in the equation below. 

 

Energy balance heat exchanger - 1st law thermodynamics  [25] 

 

XY×	Z[,Y× ]	Y′	 − 	]Y′′ = 	 X_×	Z[,_× ]_′	 − 	]_′′    Equ. 2 

 

ρ    Density of a medium                   [kg/m3] 

cb     Specific heat capacity of a medium              [J/(kg K)] 

 T	     Temperature of a medium                       [°C] 
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In general, a heat exchanger is a device which transfers thermal energy from one loop to an-
other while keeping both loops separated from each other. The working media can be repre-
sented by fluids or gases. As illustrated in figure 9, a heat exchanger has a cold and a hot side. 
In case of a plate heat exchanger the thermal energy from the hot side is transferred to the 
cold side via the plates, according to the 2nd law of thermodynamics. In general, the heat re-
jection medium has the index 1 and the heat absorbing media the index 2. The incoming flow 
is marked with the index ‘ and the leaving flow is marked with the index ’’. The heat transfer 
coefficient depends on the size of the total plate area, the temperature difference and the at-
tributes (viscosity, flow velocity, heat transfer rate) of the medium constituting the two loops. 
[26] 

 

Figure 9 Schematic drawing of a heat exchanger (own representation based on [26]) 

The International Airport Calgary uses the geothermal field and a heat-pump/chiller system to 
supply the heating and cooling loop of the building. Since the geothermal loop is operated with 
a mixture of water and 20 % ethanol and the heating and cooling system is operated with water 
only, a direct connection between the systems is not possible. This principle is applied to all 
four mechanical rooms. The heat exchangers with the number HX01, HX05, HX10 and HX14 
supply the chilled hot water loop. The heat exchangers HX02, HX06, HX11 and HX 15 use the 
waste heat of the chillers to supply the low temperature hot water system. A schematic drawing 
including the HX01 and HX02 which influence the performance of MR01 is included in Appen-
dix A. In the following two sections, the performance of the heat exchangers in the chilled hot 
water loop (CHW) and low temperature hot water (LTHW) system are studied.  
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3.2.1 Performance of the heat exchangers in the CHW loop 

In figure 10, the heat transfer rates for the five heat exchangers for the chilled hot water loop 
are shown. The solid bars show the planned design intent for the analyzed heat exchangers, 
while the dashed bars represent the current power status based on measured data provided 
by the BMS of the airport. As the data base of this master thesis analyzes the MR01, repre-
senting the performance of the entire extension of the airport in Calgary, the heat exchanger 
of MR01 is colored for clarity. The total calculation is based on the summer period between 
May and September, when the building has the peak cooling demand. (See external Appendix: 
calculation HX_CHW) 

 

Figure 10 Performance of the heat exchangers in the CHW loop 

The specific performances of all heat exchangers in the chilled hot water loop do not live up to 
the intended design. HX01, HX10 and HX14 only show a cooling performance between 40 % 
to 60 % of the design intent. This results in the cooling energy demand of the building being 
much higher than intended. Prior calculations show that the reasons for the low performance 
of the heat exchangers are, on the one hand, the low specific heat transfer rates of 20-50 % 
of the initial design. On the other hand, the flow rates of the two separated loops stay below 
the target value. Furthermore, the volume flow rates on the hot side of the heat exchangers 
are mainly above the design intent. For a full performance of the heat exchanger these volume 
flow rates should be switched with regards to the design intent. 

  

378
439

372

497

152

376

171

275

0

200

400

600

800

1000

1200

1400

HX01 HX05 HX10 HX14

Sp
ec

ifi
c h

ea
t t

ra
ns

fe
r r

at
e 

[k
W

/K
]

specific heat transfer rate of heat exchanger [kW/K]

design intent

as-built status

MR01 MR02 MR03 MR04



Fundamental analyses of the initial status 

 

 

22 

3.2.2 Performance of the heat exchangers in the LTHW loop 

The analysis of the low temperature hot water system is completed in the heating period of the 
airport. Figure 11, depicting the performance of the heat exchangers, is structured in the same 
way as the CHW loop, represented in figure 10. Remarkably, both figures show similar results. 
As with the exchangers in the CHW loop, all four mechanical rooms do not perform as in-
tended. HX02 and HX06 operate especially badly, with capacities of 20 to 40% of the intended 
design. In this case, a detailed calculation shows that the volume flow rates on both sides are 
not consistent with initial design. Furthermore, the heat transfer rate is mainly below the design 
value. All in all, the heat exchangers in the low temperature hot water system are underper-
forming. (See external Appendix: calculation HX_LTHW) 

 

Figure 11 Performance of the heat exchangers in the LTHW loop 

3.2.3 Conclusion 

As results from the analysis of the heat exchangers on the two temperature levels show, both 
systems are failing to perform to the level of the set design. Further investigations by the facility 
operators of the International Airport in Calgary revealed that the heat exchangers of the sys-
tem are covered with sludge and mud. Fouling can be one possible explanation for the under-
performance of the heat exchangers. An optimization of the heat exchangers could be 
achieved by cleaning the whole heating and cooling loop in order to get rid of the contamination 
in the system. This is the reason, why in the following analysis the heat-transfer rate of the 
heat exchangers is set to 0.57. In general, heat-exchangers can reach better performances 
when they are no contaminated. 
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3.3 Weather data analysis 

One of the main critical aspects of a thermal simulation, as mentioned in section 2.2, is the 
weather data that influences the thermal performance of a building significantly. This section 
outlines the local weather conditions in Calgary and describes a comparison of two weather 
data sets. Based on the fact, that the extension of the airport has been in operation since 2016, 
it is possible to compare the measured weather data of 2017 with the weather data which was 
used for the energy simulation in the design process of the edifice. In the following figures the 
measured weather characteristics are shown. The blue values represent the measured 
weather data of the airport while the statistical CEWC values are pictured in red. 

The measured weather data represents the mean meteorological values of different climate 
stations in the whole urban area of Calgary. The climate stations are run individually and the 
data is collected and processed by the Canadian government. In comparison to the opposing 
dataset, this data shows actual weather data from the year 2017. This service is part of the 
Climate change program of the government of Canada. [27] 

The weather data, used for the simulation, is based on the Canadian Weather Year for Energy 
Calculation (CWEC). This information is provided by the Government of Canada. The data set 
contains twelve, typical metrological months, drawn from a selection of 30 years of measure-
ment. The information includes mean, minimum and maximum dry bulb and dew point temper-
ature, global radiation and information about the direction and velocity of the wind system. [28] 

In the following sections, the individual climate categories are described and the similarity of 
the datasets is analyzed. The goal of this analysis is to prove that the statistical data used in 
the original simulation is accurate and realistic in terms of representing the actual weather 
situation at the International Airport of Calgary. 
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3.3.1  Global radiation  

The global radiation for the city of Calgary, located in the northern hemisphere, is typically 
higher in the summer months from April to August. The highest amount of radiation is 210 
kWh/ (m2 a) and occurs in July. Furthermore, a similar amount of insolation can be observed 
in Calgary in the other summer months. These values cause a constant cooling demand during 
summer period. Even in the winter period, a small amount of radiation still reaches Calgary 
and the heating demand can be slightly reduced through solar radiation. [29] 

As highlighted in figure 12, the actual data sows very similar results compared to the per 
monthly totals extracted from the building simulation database. In total, the statistical values 
are 30 % higher, though the measured data do not provide values for the month of December. 
The smaller amount of deviation per month, shows that both datasets are alike regarding to 
global insolation. 

 

 

Figure 12 Global radiation Calgary (own representation based on [27] & [28]) 
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3.3.2 Ambient temperature 

The continental location of Calgary is represented in the temperature distribution. The mean 
ambient temperature is around 5°C. The location of Calgary, situated close to the Rocky Moun-
tains is also reflected in the temperature distribution. During the summer period from May to 
September, the temperatures fluctuate daily by around 20°C. The hottest month is July, with a 
peak mean temperature of 24°C. In the winter period from October to April, the mean ambient 
temperature is around the freezing point and the minimum peak temperature of - 20°C is 
reached from December to February. [29] 

The temperature values of the two datasets are, similar to the values of the solar radiation, 
very congruent. The value distribution of the two datasets display almost parallel outcomes. 
The values of the CEWC datasets are a little bit more extreme at the peaks of the summer and 
winter period, but the overall comparison of the ambient temperature shows that the two da-
tasets are similar.  

 

 

Figure 13 Ambient temperature Calgary (own representation based on [27] & [28]) 
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3.3.3 Humidity 

The summer period in Calgary is usually dry and cold, because of its location east of the Rocky 
Mountains, which prevent the moist air flow from the Pacific Ocean. Compared to an oceanic 
climate, the cumulative annual precipitation of 220 mm is significantly lower. This leads to low 
humidity throughout the year. For the planning process of a building, this means that a dehu-
midifier is usually not required. Short periods of high humidity, such as those occurring during 
periods of rainfall, are generally not a problem [29] 

The ongoing trend of the similarity of the datasets is also seen when looking at humidity. The 
values of the humidity ratio exhibit close to equal values in both data sets. The difference 
between the values, pictured in figure 14, is less than 10 % at every step. This leads to the 
conclusion that the datasets are equivalent in terms of humidity. 

 
Figure 14 Humidity conditions Calgary (own representation based on [27] & [28]) 

3.3.4 Wind direction and velocity 

The main wind direction in Calgary is north. These winds carry the cold from the arctic region 
to the prairies. A special phenomenon within the region is the so called “Chinook” that is fairly 
comparable to the Bavarian “Föhn”. These air streams create very high temperature differ-
ences in a very short period of time and carry warm air into the city of Calgary. As an effect, 
on the one hand the temperature rises and according to that, the thermal comfort in the winter 
period increases. On the other hand, the sky becomes very clear. The Chinook can free the 
city of Calgary from ice and snow quickly. The annual average wind speed is 14.2 km/h, which 
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is one of the highest for Canadian cities. Thunderstorms in the summer period have also be-
come a more frequent sight during the last decades. [29] 

The distribution of the wind direction only varies to a small extent. There is just a variation in 
the occurrence of different wind velocities. The statistical weather data of CEWC shows a wider 
range and a higher wind velocity than does the measured data from 2017.  

 

 

Figure 15 Wind direction/velocity Calgary (own representation based on [27] & [28]) 

3.3.5 Conclusion of the weather data analysis 

All in all, the two weather data sets exhibit very similar values. The assumption presented at 
the beginning of the chapter, that the statistical weather data from CEWC represent the current 
weather conditions at the International Airport of Calgary very well, can be seen as validated.  

The weather data analysis also shows that the mean temperature in Calgary compared to 
Munich is lower, but still a summer period exists. The wind transports the cold air streams from 
the north and sometimes the Chinook relieves the city from the cold by bringing warm air 
streams into the urban area of Calgary. Further, neither the precipitation nor the humidity affect 
the planning process of a building. The global radiation is much lower compared to the radiation 
empirically observable at Munich. For a short summer period, solar radiation is provided. This 
shows that weather conditions in Calgary are dry and cold, but especially at the International 
Airport Calgary, with many interior rooms with no connection to the outside of the building, 
there is a perceptible amount of cooling demand. In TRNSYS, weather data is implemented 
through a weather type. These weather types contain information about the solar radiation, the 
wind direction and velocity, the relative humidity, the cloud cover factor and the ambient tem-
perature. With this information, TRNSYS can calculate effects of the weather on the consid-
ered building. 
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3.4 Internal energy balance of MR01  

As a further step of the analyses of the initial status in the building system of the International 
Airport in Calgary, an energy balance of MR01 has been done. This analysis has been per-
formed for every mechanical room. To keep the focus on the results rather than on the mass 
of analyzed data, this master thesis chooses the MR01 to represent the performance of the 
whole airport.  

In this calculation, every energy flow into and out of the building has been considered. Based 
on the system boundary, illustrated in figure 16, every energy flow coming into the system is 
considered positive and every energy flow leaving the system boundary is stipulated as nega-
tive. If the total sum of all energy flows is zero, the energy balance is fulfilled due to the energy 
conversation law under the assumption that no energy storage is integrated in the system. In 
MR01 the low temperature chilled water system, the high temperature chilled water system 
and the three boilers are considered as inputs. The high temperature hot water system, the 
low temperature hot water system and the geothermal energy are classified as energy outputs.  

 

 

Figure 16 System boundary energy balance for MR01  
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The results of the evaluation of the trend log data from the BMS are shown in the following 
figure 17. The calculation error of the energy balance for each of the single time steps (15 min) 
is smaller than 3 %. (See external Appendix: Calculation energy balance MR). This leads to 
the conclusion that the individual energy flow is highly reliable. The total energy balance error 
is at 11.5 %. Overall, the cooling load is much higher than the heating load, which results in an 
imbalance. Based on this disparity an overwhelming amount of rejected heat must be dumped 
into the geothermal field. This state appears also in the other tree mechanical rooms. The total 
energy balance shows that the geothermal field is heating up over the course of the year be-
cause more heat is dumped into the geothermal field than is taken out. As mentioned in section 
2.5, an imbalanced geothermal field can have negative impacts on the condition of the affected 
soil and on the ability to operate the building services to their full extent.  

 

Figure 17 Total energy balance for MR01 
  



4.Project specific data

4.1 Thermal simulation 

4.2 Thermal load

4.3 Geothermal system

4.4 System states 





Project specific data 

 

 

32 

4. Project specific data 

This chapter describes the data of the simulation which is related to the project specific data 
of the International Airport Calgary. The general project information, two internal load catego-
ries, the construction, and the operating of the building are scrutinized and illustrated. Firstly, 
the general structure of the thermal simulation, which correlates with the building loads of the 
airport, is described. In addition, the thermal load, in the form of an annual frequency as well 
as the load duration curve, is outlined. A further, important part of the project specific data is 
generated by taking a closer look at the geothermal field. In chapter 4.3 the characteristic 
values of the geothermal field of the system in Calgary are explained and the structure of the 
whole geothermal field is analyzed. Finally, the system states of the building system are ad-
dressed. These system states define the six combinations of the components involved with 
supplying the building with thermal energy.  

4.1 Thermal simulation  

The International Airport Calgary forms the backbone of the simulation of this master thesis. 
By extending the international terminal of the airport, a complete new section of the building 
has been added. This tract was completed in 2016. After further investigation, the operator of 
the building realized that the building system did not match the intended design and therefore 
commissioned the Transsolar Energietechnik GmbH, in the role of an energy consultant, to 
investigate the optimization of the building system. Based on the fact, that Transsolar Energie-
technik GmbH was included in the design process of the extension of the airport itself, a very 
accurate and detailed thermal simulation model of the building already existed. The loads of 
this simulation are used to investigate the optimization variants of the mechanical system. This 
chapter describes the principles and the structure of the airport before scrutinizing the thermal 
simulation of the building. 

In general, the whole extension of the new international terminal in Calgary comprises 167.000 
m2 with a building volume of more than 545.000 m3. In full operation mode, more than 10.000 
passengers per hour should pass through the newly formed terminal. To perform an accurate 
and detailed simulation, the airport was divided into 17 zones. The 17 zones are distinguished 
with regards to their usage, construction and occupancy. In Appendix A, a list of all included 
zones is provided to give an impression of the distribution of the building. Another key factor 
in the thermal simulation is the construction of the building. In combination with the imple-
mented materials, the orientation and the glazing ratio of the windows, the construction of a 
building has a huge impact on the thermal conditions in a building. As described in previous 
chapters, some parts of the input data can be considered as fixed values. Since the airport is 
already operating, the construction is considered a fixed parameter. With the focus on the 
simulation being on the HVAC system, a detailed investigation of the airport building’s thermal 
performance is not focus of this master thesis 

One can separate the internal loads of the airport into two main categories. The first internal 
loads are produced by the passengers of the airport. This internal heat source is implemented 
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in the thermal simulations via individual occupancy rates for each simulation zone. The single 
occupancy rates are predicted and provided by Airbiz e.K., which is a planning consultancy 
with that focuses on statistics all around the operation of an airport. Based on the density of 
people in the airport and individual occupancy rate, the zone-specific loads are calculated and 
implemented in the thermal simulation. The individual assumptions of the density of people in 
a zone and the occupancy rates are shown in the accompanying graph with the specific occu-
pancy rates in Appendix A.  

The second internal source of heat gains can be traced back to the electrical and mechanical 
devices. In contrast to residential buildings, an airport has numerous special devices which are 
additional heat sources. Beyond the standard space uses, like restaurants and retail areas, 
and devices like a high-performance lighting system and a high number of elevators and 
screens, there are additional airport specific devices. These special devices, like a baggage 
handling system with over 12.000 m3, moving walkways and computer tomography x-ray ma-
chines for the security check, are very energy intense and create a huge amount of additional 
heat. All internal device-based loads that have been integrated in the thermal simulations are 
also named in Appendix A for project specific information.  

A last specific topic concerning the heat loads at the airport is the building mechanical system. 
The building is provided with heating and cooling energy through 4 main mechanical rooms. 
The structure of each mechanical room is identical and every single mechanical room supplies 
one part of the building. In total, the whole building is connected to a geothermal loop with 588 
boreholes that, in combination with a heat-pump, supplies the building with water at a temper-
ature level of 35° C. The cooling demand is regulated at a temperature level of 6°C. The single 
supply temperatures for mechanical ventilation, as well as for the active layer system, are 
reached through manifolds. For the sake of simplicity, the building system is reduced to one 
single mechanical room in this thesis. The considered part of the building is illustrated in figure 
18. 

 

Figure 18 Location of the rooms supplied by MR01 
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4.2 Thermal load of the MR01 of the International Airport Calgary 

In order to keep the focus of this thesis on the building system, an uncoupled simulation was 
chosen to represent the thermal load at the International Airport in Calgary. The thermal load 
is integrated at two regulatory temperature levels. Both, the 6 °C temperature level for cooling 
and the 36°C temperature level for heating provide supply temperatures for a mechanical ven-
tilation system as well as for an active layer network. The total implemented cooling demand 
is 971 MWh per year, while the heating load is nearly equal with 963 MWh. Consequently, the 
load can be described as balanced. As pictured in figure 19, the cooling demand is higher in 
summer, while the heating load is close to zero. The heating demand rises during the winter 
period. An ongoing issue of the International Airport in Calgary is the constant cooling demand 
required year-round. This is due to a high number of internal rooms that are fully enclosed and 
therefore independent from ambient conditions leading to a high internal load. These circum-
stances describe a very airport specific situation.  

  

Figure 19 Annual heating & cooling demand 

The dimensions of a heat-pump/chiller system strongly depend on the thermal loads of the 
considered building. Considering that the heat-pump determines the effectiveness of a geo-
thermal loop, the sizing of the heat-pump is a key part of establishing a geothermal heat-pump 
system. With an implemented heat-pump with 244 kW of evaporator power, the cooling load 
can be covered with the geothermal heat-pump up to 90.2 % of the year. This is shown in the 
diagram of the load duration curves. The heating load can only be supplied 74.0 % of the time. 
With an evaporator power of 477 kW, the cooling load is covered up to 99.5 % and the heating 
load up to 92.6 %. Based on the fact that the heat-pump/chiller system runs the most efficiently 
at a part load ratio of 0.7-0.8, the heat-pump/chiller with the power of 244kW is sufficient. The 
specific details of the power numbers are taken from the correlated screw compressors built 
by the German company Bitzer. The boundary temperatures of the devices are set from 5°C 
to 50°C. The specific data sheets of the compact screw compressors by Bitzer are presented 
in Appendix A. [30] 
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Figure 20 Load duration curve for the heating & cooling demand 

As the load duration curves in figure 20 show, the graphs of the heating and cooling demand 
each form a very high slope at a certain point. This is an indicator for the wide-range of power 
requirements. In addition, the steepness of the slope and the slightness of the form is a hint at 
the fact that high power consumption occurs rarely. It can then be concluded that a stage-
based heat-pump/chiller system is implemented which is capable of additionally activating an-
other power supply, when the energy demand exceeds the power of a single stage of 244 kW.  

4.3 Geothermal system 

One of the main renewable energy sources in addition to the sun, wind and biomass, is the 
energy stored in the ground. This can be used for heat or energy production by implementing 
a geothermal system. A geothermal system is a typical part of a building system to provide 
thermal energy. A geothermal field uses the thermal energy stored in the ground and transfers 
this energy to the building via a network of borehole pipes. By feeding a fluid into the piping 
system, the energy of the ground layers can be transferred to the medium. In general, the 
performance of a piping system depends on the thermal conductivity of the pipes and the 
ground, the flow rate, velocity and the temperature difference between the pipes and the 
ground. In general, one distinguishes between coaxial, single-, double- and triple-u borehole 
pipes. In the project of the International Airport of Calgary a single-u pipe is used. The archi-
tecture and the dimensions of the borehole are pictured in the subsequent figure. The grout 
material bentonite has a thermal conductivity of 1.38 W/m K. [21] 
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Figure 21 Dimensions of the implemented single-u-pipe [mm] 

For the project at the International Airport Calgary the mean thermal conductivity of the mixture 
of clay and silicate layers in the ground is 2.85 W/(m K). The individual layers with their re-
spective materials are listed in table 1. The ground underneath the airport mainly consists of 
clay, shale and sandstone. All these materials have a thermal conductivity close to 2.8 W/(m 
K). The medium in the geothermal loop is a brine of 20 % ethanol and 80 % water. The bore-
holes reach a length of 132 m.  

Table 1 Geothermal layers of the ground in Calgary  

Depth [m] Delta [m] Material 

4.0 4.0 clay & sandstone 

35.4 31.4 grey shale 

36.6 1.2 hard sandstone 

37.8 1.2 shattered shale 

83.8 46.0 grey shale 

84.7 0.9 shattered sandstone 

132.5 47.6 mixed shale & sandstone 

total 132.5 - 
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The MR01 represents nearly one fourth of the total geothermal loop. The whole building is 
subdivided into four mechanical loops that each supply individual parts of the airport. The 
whole geothermal system consists of 588 borehole pipes, while the loop in MR01 uses 128 
boreholes which are located according to figure 22. For an analysis of the whole building, the 
reduction to one part of the building is suitable because the calculation time of the system 
simulation is highly dependent on the number of boreholes. Furthermore, the set-up of the 
boreholes in MR01 represent quite accurately the overall geothermal system of the airport 
because the two systems both have a wide spread and highly dense borehole distribution. As 
mentioned in the previous chapter, the geothermal loop must supply the energy demand in 
accordance with the project specific thermal loads of the building, which are supplied through 
MR01.  

 

 

Figure 22 Location of the geothermal boreholes of MR01 
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4.4 System states  

In combination with an energy balance of a building system, besides the mandatory criteria 
that the energy balance must be fulfilled, a further investigation can be executed. Critical infor-
mation for the assessment of a system is the state the system is in. In every time step of the 
analysis, the system can only be in a single system state. The state of a system is character-
ized by the interaction of the internal components of the system. Every possible combination 
of the components forms a system state of its own. Once the maximum of theoretically possible 
combinations has been figured out, one can minimize the number of considered variants by 
specific boundary conditions. 

In the building system implemented at the International Airport Calgary, the system states are 
defined by the thermally activated loops. The states are distinguished through the two different 
temperature levels set by the heating and cooling demand. These two temperature levels form 
four different possible states. In addition, one must differentiate between the thermal source of 
system states. Thus, the energy can be provided by a mechanical system in form of the heat-
pump/chiller device, or it can be run in a so called “free cooling/heating mode”. When both 
hydraulic separators must be filled up, the heat-pump/chiller device alone provides the thermal 
cooling and heating energy without the additional help of the geothermal field. In this mode, 
the component acts as a chiller to produce cooling energy, while the waste heat is used to 
supply the heating side.  

All in all, six system states exist. The schematics of each system state is pictured in Appendix 
C and is crucial to the understanding of the operation mechanisms integrated into the plant 
simulation. In the following table 2, the criteria for the six mentioned system states are dis-
played. If a temperature level is activated in a specific state, it has the value 1 otherwise the 
value 0 is attributed. The last column gives information about the thermal source of the system 
state.  

Table 2 Overview system states 

 Cooling 6°C Heating 35°C Therm. Source 

State 1 0 0 - 

State 2 1 0 HP 

State 3 1 0 free 

State 4 0 1 HP 

State 5 0 1 free 

State 6 1 1 HP 
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The information of the system state of a simulation is a very useful tool to analyze optimization 
variants. Based on this information a couple of conclusions can be solidified. Foremost, this 
analysis of the system states allows for a clarification of which system state is operating the 
most and which system state is occurring least often. This provides information about the sys-
tem state, where the main energy flow is transformed. By means of this fact, the necessity of 
an individual system state can be evaluated. In terms of the concurrency of the individual sys-
tem states, according to their amount of hours per year, one can work out the settings of the 
highly efficient states (In this case the free heating and cooling mode). This can be used in the 
evaluation and comparison of the single optimization variants. Finally, the principle of the sys-
tem state gives you information about the number of changes of the system state. If the number 
of changes is low, the service life of the system components is longer, compared to a high 
number of system state changes. This provides feedback on a system's flexibility to adapt to 
changes in the circumstances, as well as an information about the longevity of a system. In 
the end this evaluates the quality of the sizing of the building system. The described analyzing 
factors are taken as the structural framework of the following outline of optimization variants. 
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5. Optimization of a geothermal heat-pump system 

The main part of this master thesis consists of the analysis of a geothermal heat-pump system 
through dynamic system simulation. In the first section, the general structure of the plant sim-
ulation of the building system is explained. Furthermore, a detailed catalogue of each compo-
nent of the plant simulation is presented in Appendix B.  

In the second section, the base case model of the simulation is conceptualized. In this section, 
the parameters of the geothermal field, as well as the control strategies and the performance 
of the components of the base case model are defined. To prove the functionality of the base 
case model, the overall energy balance, as well as the distribution of the system states are 
shown. In a next step, the process and the advantages of reducing the geothermal borehole 
system is explained. The base case model forms the foundation for the following two sections. 
To create a better understanding of the analyses, their fundamental principles are explained 
in a further section. 

The analyses are carried out within two different categories. Category one deals with fixed 
parameters of the building system, mainly found in the geothermal field. This category exam-
ines the effects of the fluid of the geothermal field, the undisturbed ground temperature, the 
architecture of the borehole pipes, the thermal conductivity of the ground and the connected 
building load. Category two, however, looks at the adjustable components of the building ser-
vices. This category is defined by components which can easily be changed or at least be 
replaced with reasonable effort. This analysis evaluates the effects of the mass flow, the per-
formance of the plate heat exchangers, the control strategy of the hydraulic separators, as well 
as the power of the heat-pump. The hypothesis is scrutinized based on the two categories and 
examines the research questions. Those ask which factors influence a geothermal heat-pump 
system the most and which category has the bigger potential to create energy efficiency and 
longevity for a building system. 

5.1 Structure of the plant simulation 

By using the transient system simulation tool TRNSYS, it is feasible to generate a building 
system simulation. The fundamental equation solver, which is the core of TNRSYS, makes it 
possible to calculate the energy flows with an hourly time step. The general structure of the 
simulation is represented in the following figure 23. In general, the thermal heating and cooling 
demand is generated by a heat-pump/chiller system which feeds hydraulic separators. Based 
on the fact, that this master thesis utilizes an uncoupled system simulation, an auxiliary heater 
and cooler is implemented to match the supply temperatures of the building in every time step. 
[31] 
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The main components of the building system are represented by simulation types that can be 
divided in single subsystems. The whole system can be broken down into eight subsystems. 
In Appendix B, the functionality, as well as the single control strategies of the individual com-
ponents can be found. Appendix B is a library for the single components and forms an im-
portant part of the thesis. To understand the whole process of the plant simulation it is essential 
to read the detailed description of the single components. The component catalogue has been 
included in an appendix to keep the focus of this master thesis on the analyses and the results 
of the building system simulation.  

 

Figure 23 Structure plant simulation 

5.2 Base case model 

In this section, the variation of the single components of the building system, as well as the 
characteristic values of a geothermal field are defined according to the project specific values 
of MR01 of the International Airport in Calgary. In accordance with this, a geothermal energy 
balance is calculated. This specific combination of values forms the base case model of the 
analysis. In addition, one can analyze the distribution of the system states and compare these 
values over an investigation timeframe comprising 10 years.  

First, the specific values for the single components are named. The heat-pump/chiller compo-
nent runs at a stepwise 244 kW capacity. If the energy demand rises above this value, the 
heat-pump/chiller system has the possibility to activate a further stage with the same amount 
of power. The hydraulic separators operate with a temperature difference of 5°C related to the 
supply temperature of the building system. The storage units have a volume of 15 m3. In the 
geothermal loop a brine of 20 % ethanol and 80 % water is used as the fluid. The thermal 
properties of the brine are represented in Appendix A. The heat exchangers perform with an 
effectiveness of 0.57 according to the designed flow rate of the international airport with the 
fouling phenomenon. The mass flow is sized according to the 128 borehole pipes of the geo-
thermal system. Furthermore, those pipes have a grout conductivity of 1.38 W/(m K) and a 
borehole length of 132 m. The ground layers, which are described in the previous chapter, 
have a mean thermal ground conductivity of 2.85 W/(m K). 
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In addition, the boreholes have a diameter of 125 mm as represented in figure 21. On the 
supply side of the system, regular water is used. The whole building system is connected to 
the heating and cooling demand of the International Airport in Calgary as described in section 
4.2. 

 

Figure 24 Performance of the components in the base case model 

The previous figure displays the performance of the components of the building system. As 
mentioned before, the first part of the analysis evaluates the fixed parameters of the dimen-
sioning of the geothermal field by varying its characteristic values. This represents the category 
of the fixed parameters, which must be defined at the beginning of the design process. In a 
second step, category two, with the adjustable components, is going to be analyzed. In figure 
25, the occurrence of the system states in line with the base case model is illustrated. 

 

Figure 25 Occurrence of the system states of the base case model [hours/year] 
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Based on the tank capacity of the hydraulic separators, and in combination with the well per-
forming heat-pump/chiller and the heat exchangers, the base case model operates nearly 50 
% of the time in state 1. In this state, the building is supplied by using the energy stored in the 
hydraulic separators without reverting to the production of energy. State 2 and 4 represent the 
situations where one of the hydraulic separators must be filled up and the thermal energy is 
produced by the heat-pump/chiller system in combination with the geothermal field. A free 
heating and cooling mode, as represented by states 3 and 5, happens just for a short period 
of the year.  

For a total number of 6339 hours a clear system state can be defined. During the remaining 
hours, the system is changing its state and therefore no defined system state can be observed. 
If the total number of hours in a clearly defined system state is lower, the system must change 
its state more often and is not performing as intended. The number of system state changes 
is an indicator of the performance of a building system.  

 

Figure 26 Energy balance of the base case model 

The energy balance of the base case model is illustrated in figure 26. The overall balance error 
is lower than 1 %. In the base case model, most of the 6°C low temperature cooling demand 
is covered by using the geothermal field in combination with the chiller. Most of the heating 
demand at the 35°C temperature level is covered by the geothermal heat-pump system. The 
overall COP for the chiller is 5.9 and the COP of the heat-pump is 3.9. Furthermore, as de-
scribed in Appendix B, the auxiliary heater/cooler is an indicator for the performance of the 
whole system simulation. The cooling and heating supply system is supported artificially by the 
auxiliary cooler/heater with a share of less than 1 % and 3 % of the total cooling and heating 
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demand respectively. This proves that the whole system simulation is running efficiently and 
the system can supply the building.  

Despite this, the energy balance for every system state, as shown in the next figure 27, expe-
riences small calculation errors. The calculation error for each of the system states never ex-
ceeds the value of 5 %. The cause for the single balance errors can be discerned by a time 
step based analysis. By changing the system state in a single time step, the system does not 
know what to calculate while the system state is changing. During this short period of time, the 
energy balance is not performed 100 % correctly and this thus leads to the small amount of 
balance errors for each system state. In addition, a thermal bridge for the piping system, as 
well as for the hydraulic separators is implemented and also results in small energy losses.  

 

Figure 27 Energy balance errors per system state for the base case model 

5.3 Reduction of the geothermal borehole system 

By reducing the number of geothermal borehole pipes, the calculation time decreases dramat-
ically. Since many variants must be calculated for this analysis, the reduction of the computa-
tion time is important. The most important issue about lowering the number of geothermal 
pipes is that the reduced pipe system must represent the original geothermal system. To verify 
that the reduced model represents the initial situation and leads to comparable results, it is 
evaluated according to the outlet temperature of the geothermal field, using both a balanced 
and imbalanced load. 

When the number of borehole pipes is reduced, the heat transfer for the single borehole pipes 
is scaled up accordingly. The following development of the temperature shows that for an im-
balanced load, where the cooling demand is 20 % higher than the heating demand, the area 
around the geothermal field heats up during the summer and winter period. This is especially 
true close to the geothermal borehole pipes, represented by the blue peaks (figure 28). Due to 
the fact that the building load is imbalanced, the temperatures in the summer increase signifi-
cantly and even in the winter period the ground temperature rises. 
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Figure 28 Development of the temperature level of the geothermal field over 10 years 

In the following illustration (Figure 29), the different borehole pipe models are presented next 
to each other. The 128-pipe model represents the actual situation of MR01 of the International 
Airport Calgary. In contrast, the 9-pipe model is symmetrically designed with 3x3 borehole 
pipes. The 24-pipe model is also symmetrically arranged, but the inner borehole is left out to 
represent the current situation of Calgary. Based on the fact that the individual boreholes in-
teract with each other in combination with the specific arrangement in Calgary, the 24-pipe 
system fits quite well to the real project situation.  
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Figure 29 Overview of the pipe models 

The comparison is accomplished by considering the outlet temperature of the geothermal field 
over a calculation time of 10 years. The analysis has been done on a typical summer and on 
a typical winter day when the system is operating in a single system state. The first comparison 
of the pipe models bases on a balanced load of heating and cooling demand. The illustrated 
comparison (Figure 30) shows that the real situation represented by the 128 boreholes is al-
most congruent with the other simulated pipe models. In winter, there is nearly no difference 
between the three models. In the summer time, the 24-pipe system reaches values around 1 
K above the outlet temperature of the 128-borehole system. The 9-pipe system matches the 
values of the 128-pipe system with a temperature difference of 2-3 K. The preliminary analysis 
shows that both reduced pipe models correspond quite well to the 128-pipe system. The colors 
of the single variants in the following graphs (Figure 30 & 31) are correlated to the colors of 
overview of the pipe models (Figure 29). 

  

Figure 30 Comparison of the pipe models in summer & winter for a balanced load 

To gain a deeper insight into the single pipe systems, the load of the system has been altered. 
Based on the fact that the performance of the total building system depends very much on the 
load, two imbalanced loads have been added. The upper two graphs of figure 31 show the 
outlet temperatures in winter and summer for an imbalanced load where the cooling demand 
is 20 % higher than the heating load. On the opposite side, the lower two graphs show the 
exact complementary situation. In these graphs, the heating load is 20 % bigger than the cool-
ing load. The three different loads are described in detail in section 5.5.5, where the charac-
teristic parameters of the geothermal heat-pump system are analyzed.  
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Figure 31 Comparison of the pipe models in summer & winter for imbalanced loads 

Both variants running an imbalanced load show that the 24-pipe system matches the original 
configuration of the International Airport Calgary more accurately. Especially on summer days, 
the 9-pipe system is not as precise as the 24-pipe model. The computation time for one year 
varies enormously for the different pipe systems. The 128-pipe model simulation requires 94 
minutes to compute one year. The 24-pipe model and the 9-pipe model need 3.5 and 1.8 
minutes respectively for simulating a year. This results in the fact that the 24-pipe system pro-
vides a good combination of a short calculation time and sufficient accuracy representing the 
original situation of the International Airport in Calgary. 

5.4 Principles of the variant analyses 

To create a better understanding of how the analyses are going to be compared, this section 
describes the method of the evaluation. To rate the quality of the variants, this thesis uses the 
required non-renewable primary energy demand per year as well as the value of the number 
of system changes per year, simulated in a 15-minute time step. The total number of time steps 
thus is 35.040. 

The number of system changes gives feedback on the longevity of the building system’s com-
ponents. Therefore, the manufacturers of heat-pumps, fluid pumps, and valves give a warranty 
for their devices according to the total number of switch-on processes.  
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Furthermore, the usage of non-renewable primary energy represents the quality of a variant in 
regards to energy efficiency. The less non-renewable primary energy an optimization variant 
employs, the less total energy or the more renewable energy this system variant uses. This is 
an indicator of an energy-efficient building system. The non-renewable primary energy re-
quired by geothermal-heat-pump system is defined by the auxiliary heater/cooler, the electrical 
energy for the fluid pumps and the electrical energy of the heat-pump. The individual principles 
of the auxiliary heater/cooler are explained in Appendix C, where all components of the plant 
simulation are expounded upon in detail. To keep the calculation simple, in combination with 
the fact that the electrical energy demand of the auxiliary heater/cooler is minor in comparison 
to the other sources for non-renewable energy, the COP of the auxiliary heater/cooler for both 
temperature levels is set to 1. The primary energy factor for electricity with 1.6 is chosen in 
accordance with the new German code DIN 18599-10 of 2017. [3]  

The following figure shows the evaluation diagram of this master thesis. The x-axis defines the 
number of system changes per year, while the y-axis represents the total amount of non-re-
newable primary energy. The diagram is subdivided into four parts. The two upper parts display 
a bad performance in accordance with the non-renewable primary energy. The two areas to 
the right do not perform well in the sense of longevity. A building system is most efficient, when 
it is in the lower left part of the diagram in figure 32.  

 

Figure 32 Evaluating diagram for building system variants 
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5.5 Evaluation of the fixed parameters of the geothermal field  

This section examines characteristic values of a geothermal field. The dimensioning of the 
geothermal field must be done at the beginning of the design process of the building system. 
This optimization category represents factors which cannot be adjusted over the life time of 
the building system. The values of the optimization variants are compared with the base case 
model described in the previous section 5.2. An overview of the analyzed values is depicted in 
the ensuing figure 33. By changing and comparing the values to the initial status, the impact 
of the individual values can be distinguished. In the attached section, five categories of char-
acteristic values are parsed. This thesis scrutinizes the thermal conductivity of the ground, the 
undisturbed ground temperature, the fluid used in the geothermal loop, different variants of the 
architecture of the geothermal borehole pipes and a variation of different building loads. In 
section 5.6 the operational variations of adjustable components of the building system is per-
formed.  

 

 

Figure 33 Overview of the fixed parameters of the geothermal field 

5.5.1 Thermal conductivity of the ground  

The first value that is of a significant influential nature to the performance of a geothermal heat-
pump system, is the thermal conductivity of the ground. For the International Airport of Calgary 
project, the mean thermal conductivity of the mixture of clay and silicate layers in the ground 
is measured at 2.85 W/(m K). The thermal conductivity describes the energy flow in form of 
heat through a body, in this case the ground. The thermal conductivity is thus a material spe-
cific property which characterizes the thermal behavior of a material. The thermal conductivity 
depends on the density, the thermal diffusivity and the specific heat capacity of a ground. It 
can be calculated according to the following equation. 
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λef = ρef			×		cg			×		aef   Equ. 3  [21] 

 

λef    Thermal conductivity of the ground              [W/(m K)] 

ρ#f    Density of the ground        [kg/m3] 

cg			    Specific heat capacity           [J/K] 

aef		    Thermal diffusivity             [m2] 

 

To evaluate the influence of the thermal conductivity of the ground, two further variants of the 
geothermal heat-pump system have been calculated for 10 years. In the following diagram, 
the number of system changes per year is contrasted with the non-renewable primary energy 
consumption per year. The three variants just differ in the thermal conductivity of the ground. 
The base case model is pictured in grey, while the variants with different ground conductivities 
are illustrated in blue. The thermal ground conductivity is set to vary between 1.8 and 3.8 
W/(m K). 

 

Figure 34 System variations according to the thermal conductivity of the ground  
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As shown in the diagram (Figure 34), the thermal conductivity of the ground does not influence 
the system change rate significantly. But the demand of non-renewable primary energy is af-
fected strongly. The thermal conductivity influences the thermal heat transfer to the ground 
and therefore the performance of the geothermal field varies. If the thermal conductivity rises, 
more energy can be transferred. This leads to the fact that more renewable primary energy is 
utilized and the amount of non-renewable primary energy decreases. This shows a linear re-
lationship between the thermal conductivity and the usage of renewable primary energy. This 
is not the case with the number of system changes.  

5.5.2 Undisturbed ground temperature 

A very characteristic value of a geothermal field is the undisturbed, initial ground temperature. 
In general, the initial ground temperature represents the mean outdoor temperature of the lo-
cation below a depth of more than ten meters for all periods of the year. [21] The temperature 
profile in figure 35 displays a location in the temperate zone. The temperature behavior of the 
ground is fairly similar for all latitudes. The initial ground temperature in Calgary is 7.44 °C. 
[32] To investigate the influence of the initial ground temperature, an optimization variant with 
an initial ground temperature of 12.44°C has been calculated. 

 

 

Figure 35 Schematic temperature profile of the ground in the temperate latitudes [21] 

The comparison of the two variants in the following figure proves that there is only a slight 
difference between the two initial ground temperatures in regards to the number of system 
changes. The initial temperature of the ground primarily influences the amount of non-renew-
able primary energy. As the heat transfer rate of the geothermal field depends on the temper-
ature difference between the ground and the fluid of the geothermal loop, a geothermal system 
with a higher ground temperature performs worse than a geothermal field with a lower temper-
ature in the case of a cooling demand. Consequently, the amount of non-renewable primary 
energy rises.  
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Figure 36 System variations according to the undisturbed ground temperature  

5.5.3 Architecture of the geothermal borehole pile 

Another parameter which has a significant effect on the thermal behavior of the geothermal 
field is the architecture of the pipe. The geothermal borehole pipe is defined by its diameter, 
the implemented piping system and the thermal grout conductivity. In general, one distin-
guishes between coaxial-, single-, double- or triple-u pipes. The advantage of more pipes in 
one borehole is that more flow is generated, but also the single pipes influence the heat transfer 
rate of each other. If more pipes are implemented in a single borehole, the surface area be-
tween the pipes and the ground decreases, while the surface area to another heat transferring 
pipe rises. [21] 
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Figure 37 Variation of different borehole pipes 

The architecture of the geothermal borehole pipe varies according to the previous figure. The 
first pipe represents the geothermal borehole implemented at the airport in Calgary. It has a 
diameter of 125 mm while a single-u pipe is integrated and the thermal grout conductivity is 
1.38 W/(m K). In the first variation, the dimension of the pipe stays the same, but the thermal 
grout conductivity rises to 2.0 W/(m K). The second variant has a geothermal piping system 
with two double-u pipes. To implement a double-u pipe, the pipe diameter of the borehole must 
be enlarged from 125 mm to 150 mm The thermal grout conductivity for this variant is also 2.0 
W/(m K).  

 

Figure 38 System variations according to different borehole pipes 
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The variations of the different geothermal boreholes show relatively similar numbers of system 
states. If the grout conductivity of a geothermal borehole rises, the non-renewable primary 
energy decreases compared with a lower grout conductivity. The same coherence can be ob-
served in relation to the number of pipes in a borehole, but the improvement between the two 
different piping systems is not as big as the improvement when changing the grout material. If 
the thermal grout conductivity, as well as the number of pipes in a borehole rises, the energy 
transfer to the building system can be performed at a higher level by using more renewable 
primary energy. 

5.5.4 Fluid of the geothermal loop 

A further impact on the performance of a geothermal loop is created by the fluid used in the 
piping system. A very important aspect of the used medium is that in winter times the temper-
atures in the loop can fall below 0°C. This causes water to freeze, which means that a medium 
with a lower freezing point must be implemented. The crucial fact about a fluid that has a lower 
freezing point is the increase of viscosity. By increasing the kinematic viscosity of a liquid, the 
pump power in the geothermal field rises significantly. The properties of different fluids are 
provided in Appendix A. In the examined case, however, those effects cannot be observed 
since the values for both types of fluids are equal. 

 

 
Figure 39 System variations according to the fluid in the geothermal loop 
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5.5.5 Variation of the building load 

A major impact on the geothermal field is created by the building load. In this section, the 
effects of three different building loads are analyzed. As described in section 5.3, the balance 
of the building load has a major impact on the performance of the geothermal field. To deter-
mine for the influence of the building load, several ratios of imbalance of the building loads are 
evaluated first. To have a constant foundation for the analysis, the aim of this evaluation is to 
generate an imbalanced load that is in a dynamic equilibrium after an appropriate computation 
time. The building load of the base case model is balanced. In the following diagram the outlet 
temperature of the geothermal field on a summer day is represented for three different building 
loads. The base case building load is illustrated in grey. Furthermore, imbalanced loads with a 
20 % and 40 % higher cooling load than heating load are implemented.  

 

Figure 40 Outlet temperatures of the geothermal field for different loads [summer day] 

The diagram of the three different imbalanced loads in figure 40 shows a variation in the outlet 
temperatures of the geothermal field on a typical summer day. For bigger imbalances of the 
load, higher outlet temperatures of the geothermal field are obtained. Conclusions can be 
drawn by looking at the slope of the individual graphs. The outlet temperature of the imbal-
anced load with a 40 % higher cooling demand constantly rises. In comparison, the slopes of 
the balanced and 20 % imbalanced loads decrease consistently and after a calculation time of 
10 years nearly both outlet temperatures do not rise anymore. This results in the fact that these 
two variants are in a dynamic equilibrium at this point.  
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Figure 41 Variation of the thermal building load  

Two additional loads have been examined. Load 2 increases the cooling load by 20 %, while 
Load 3 raises the heating load by 20 %. In relation to the three different building loads, all 
variants according to the performance of the system are calculated and illustrated in figure 42. 
This figure displays three different locations of the variants. The imbalanced load with the 
greater cooling demand requires the highest amount of non-renewable primary energy. The 
imbalanced load with the higher heating demand also performs in that range. The main reason 
for the vertical movement of the optimization variants is the fact that the total heating/cooling 
demand is increased by 20 % and not because of the different performance of the building 
system.  

 

Figure 42 System variations according to the building load 
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5.6 Evaluation of the adjustable factors of the building system  

The second major part of the evaluation, examines the adjustable components of the building 
system. In this section, the effects of four different components of the building services are 
scrutinized by changing key factors of the control strategy. The four components consist of the 
two heat exchangers, the heat-pump/chiller, the hydraulic separators and the fluid pumps. The 
single components and the variations of the control strategies are demonstrated in the follow-
ing sections. As in the previous chapter, the variations of the components are compared to the 
base case model, which represents the specific, idealized situation of the International Airport 
in Calgary. Each component is varied with two further values of the characteristic control strat-
egy. 

 

Figure 43 Overview of the adjustable factors of the building system  

5.6.1 Variation of the performance of the heat-pump/chiller 

The first evaluated component of the building system is the heat-pump/chiller. As mentioned 
in Appendix B, the component acts as a chiller in the cooling mode, and as a heat-pump when 
heating energy is required. The key property of the heat-pump/chiller system is the heat-
ing/cooling capacity of the device. In the base case model of the International Airport, a device 
with stages of 244 kW of cooling/heating capacity is implemented. While using the components 
as a chiller to supply the building with cooling energy, the waste heat can be utilized to fill up 
the hydraulic hot water separator, or can be dumped into the geothermal field. The same pro-
cess is implemented in reverse when the heating mode is activated. By varying the heat-
ing/cooling capacity of the system, the performance of the whole building simulation changes. 
The capacity of the base case model is designed in such a way that it fills up the hydraulic 
separators within one hour. The heating/cooling capacity of the optimization variants are set 
to 157 kW and 477 kW. The heat-pump/chiller components of the variations are also sized 
according to two further compact screw compressors from the Bitzer Group. The data sheets 
of the two systems are provided in Appendix A. 
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To gain a better understanding of the step-wise operation of the heat-pump/chiller device, the 
following figure 44 illustrates the dynamic process of the stages activation according to a dy-
namic heating demand. The diagram illustrates a dynamic output of the simulation tool TRN-
SYS. The x-axis shows an hourly time step for a typical winter day. The left y-axis represents 
the power in the simulation, while the right y-axis represents the signals for the control of the 
components. As displayed at hour 10, the heating demand, illustrated in dark red, exceeds 244 
kW. The number of activated stages rises to 1, represented by the light green line. With a 
further stage, the heating capacity of the heat-pump increases, as pictured in orange. The dark 
green line shows the controller of the heat-pump. This is regulated according to the status of 
the hydraulic separator. The same process can be seen at hour 22, where the heat demand 
rises above 488 kW and a third stage of the heat-pump device is activated. The same principle 
is operated in reverse for the cooling demand and the chiller. This principle of the heat-
pump/chiller system is implemented in every variant of the optimization. 

 

 

Figure 44 Dynamic behavior of the heat-pump/chiller system in the heating mode 

The calculation in Appendix B to size the heat-pump/chiller system forms the basis of the var-
iation of the system states. The higher the heating/cooling capacity of the device, the shorter 
the refilling-time of the hydraulic separators. This leads to the result that a heat-pump/chiller 
with a higher performance is less frequently in the system state when the hydraulic separator 
is filled up. If the performance of the heat-pump is low, the component needs more time to fill 
up the hydraulic separators.  
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The analysis of the different heat-pump system in the subsequent figure 45 shows a wide 
range of the number of system changes per year. The heat-pump/chiller component has only 
a small influence on the primary energy consumption. The evaluation of the different capacities 
shows that a linear relation between the heat-pump/chiller device and the system performance 
exists. The more power the heat-pump/chiller has, the more often the system changes its state 
since it needs less time to fill up the storage.  

 

 

Figure 45 System variations according to the power of the heat-pump  

The variation of the heating/cooling capacity of the geothermal system mainly affects the num-
ber of system changes. The higher the heating/cooling capacity of the device, the more non-
renewable primary energy is needed. This is caused by the oversized devices which need 
more electrical energy and this results in a small amount of additional primary energy. Moreo-
ver, the number of system changes is influenced significantly by the heat-pump/chiller perfor-
mance. As introduced in a previous chapter, the load duration curve of the thermal heating and 
cooling load demonstrates that the thermal energy demand of the building is extraordinarily 
high only for a few hours a year. For the main part of the year, the thermal load is constantly 
around 250-300 kW. This shows that a heat-pump/chiller device with a higher capacity is over-
sized for the system, which leads to the high number of system changes.  
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Figure 46 Occurrence of system states according to different capacity levels [hours/year] 

The trend of the oversized heat-pump/chiller is shown when looking at the occurrence and total 
number of system states. The higher the capacity of the heat-pump/chiller device, the shorter 
the refilling time of the hydraulic separators. This trend also explains, why the share of system 
state 1 increases with a higher capacity of the device. This shows that a system with a high 
capacity changes its state very often.  

The heat-pump/chiller with a power of 477 kW has a heating and cooling COP of 3-4, whereas 
the COP of the base case model is 5.0 for cooling and for 3.9 for heating. A further observation 
of this analysis is that with a lower capacity of the stages of the device, the ratio between the 
heating and cooling COP increases and becomes more balanced.  

5.6.2  Variation of the control strategy of the hydraulic separators 

An additional factor of interest in the operation of the building system is the set point tempera-
ture of the hydraulic separator. In case of the heating mode, the building demands a tempera-
ture of 35°C. The higher the temperature of the hydraulic separator is above this value, the 
longer the hydraulic separator can provide energy for the building system. In the base case 
model, the temperature difference was set to 5 K. In the following analysis, the temperature 
difference is varied to 2.5 K and 0 K. The same temperature difference was chosen for the cold 
water hydraulic separator at a supply temperature level of 6°C. This simulation assumes that 
the water is freezing at a temperature of 0°C, which makes temperature differences greater 
than 5°C unreasonable.  
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Figure 47 System variation according to the control strategy of the hydraulic separators 

The evaluation of the hydraulic separators features, as well as the previous operational anal-
ysis, a wide variation in the number of system changes, but a small influence on the primary 
energy consumption. A variation in the required non-renewable primary energy is just seen 
when the temperature difference is 0 K. In this case, the supply temperature is not matched in 
every single time step and the auxiliary heater/cooler must compensate the missing thermal 
energy. This leads to the result that the non-renewable primary energy demand increases. By 
increasing the temperature difference of the hydraulic separator, the number of system 
changes rises. This leads back to the fact that the hydraulic separators in this case are able to 
supply the building with heating and cooling energy longer. Both variations outline a higher 
number of system changes, which ends up in a linear relationship between the temperature 
difference and the amount of system changes. 
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Figure 48 Occurrence of system states for different control strategies HW [hours/year] 

Looking closer at the occurrences and the total numbers of system states, further results can 
be noted. By increasing the temperature difference by means of the of the control strategy of 
the hydraulic separators compared to the supply temperatures, the share of the system state 
6 rises. Furthermore, the total number of system states increases, as the temperature differ-
ence grows. The bigger the temperature difference of the hydraulic separators compared to 
the supply temperature, the better the building system performs in terms of acting in one sys-
tem state constantly and not having a high number of on and off signals for the components. 
An advantage of having a low temperature difference is that the free heating and cooling mode 
is utilized more often. 

5.6.3 Variation of the performance of the heat exchangers 

Another part of the system worth evaluating are the plate heat exchangers. As analyzed in the 
initial system of the airport in Calgary, the performance of a heat exchanger is mainly defined 
as the effectiveness at transferring energy from one loop to another. This generally depends 
on the two fluids, the material, as well as on the distances and the surface of the plates of the 
heat exchanger. This is defined by the number and size of the single plates utilized for the heat 
exchanger. The effectiveness of heat exchangers is calculated according to the following equa-
tion. 

 

ijk = 	
lmnop,nqr,str×	lmnop,uv

lsnqwxt,uv×	lmnop,uv
  Equ. 4   [26] 

 

εz{    Efficiency plate heat exchanger              [-] 

T|}~�   Temperature load side of the plate heat exchanger         [°C] 

TÄ}ÅÇÉÑ   Temperature source side of the plate heat exchanger        [°C] 
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For the next set of variants, the performance of the heat exchangers is studied. Therefore, the 
heat exchanger performances is varied by changing the transfer rate. The effectiveness in the 
base case model with 0.57 is not ideal because the heat exchangers, as outlined in a previous 
chapter, are not running at their optimum at the International Airport. To evaluate the effect of 
the plate heat exchanger, the effectiveness is varied from 0.2 to 0.8. The different variants are 
illustrated in the subsequent figure 49. 

 

Figure 49 System variations according to the effectiveness of the heat exchangers 

The performance of the heat exchangers has a minor effect on the number of system states 
and a moderate effect on the demand of non-renewable primary energy. In the case of the low 
performance with 0.2 effectiveness, the number of the system changes decreases. This leads 
to the fact that the system is acting more often in a single system state. It points out that the 
system needs more time to transfer energy to the supply loop. A system with bad performance 
of the plate heat exchangers is not able to supply the building well enough with renewable 
primary energy. If the effectiveness of the heat exchanger is high, the increase of system 
changes is hardly notable, but the amount of non-renewable primary energy decreases.  
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Figure 50 Occurrence of system states for varying the effectiveness of the HX [hours/year] 

The different occurrences of the system states related to the variants with different effective-
ness levels of the heat exchangers are illustrated above in figure 50. The total number of sys-
tem states stays nearly consistent, but the percentage of the single states varies. By increasing 
the effectiveness of the heat exchangers, the prevalence of the system state 1 decreases. With 
better efficiency of the heat exchangers, the amount of hours in active heating and cooling 
mode decreases as well. This has the effect that the efficiency of the heat exchangers influ-
ences the extent of integrating the geothermal field into the building system. If the efficiency 
increases the geothermal field performs better and less non-renewable primary energy is 
needed.  

5.6.4 Variation of mass flow  

Finally, an investigation of the influence of the mass flow of the system is done. By reducing 
the mass flow to 75 % and 50 % of the initial design of the base case model, one tries to figure 
out the effect of the mass flow on the total building system. In general, the mass flow of the 
system is designed according to the geothermal piping system.  

The reduction of the flow shows that the mass flow has an influence on the number of system 
changes and on the non-renewable primary energy consumption. The smaller the mass flow, 
the higher the amount of non-renewable primary energy and the lower the number of system 
changes. The overall effects are not as significant as the effects caused by the other compo-
nents of the building system, but the mass flow influences both indicators of the analysis. The 
increase of the primary energy demand can be elucidated by the lower mass flow rates result-
ing in less thermal energy extracted from the ground. When less thermal energy from the 
ground is transported, the requirement for more non-renewable primary energy increases and 
the system must stay longer in a single system state to fill up the hydraulic separators.  
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Figure 51 System variations according to reduction of the mass flow of the system  
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6. Comparison of the optimization variants 

This chapter is concerned with the comparison of the two categories of optimization variants. 
As pointed out in the previous chapter, the different key indicators have various influences on 
the non-renewable primary energy consumption and on the number of system changes per 
year. To evaluate the single system variations, the terms of energy efficiency and longevity are 
coming up. If a variant lowers the amount of non-renewable primary energy consumption, this 
is an indicator of a more energy-efficient building system. This leads to a linear relation be-
tween a vertical movement in figure 52 and an energy-efficient system. A horizontal movement 
in the diagram represents a change in the longevity of the system, because the number of on 
and off switches is lower when the number of system changes decreases. In this thesis, the 
longevity is also an indicator of the ability of a system to stay in the same system state while 
the circumstances of the simulation are changing. This leads to more robustness of the system 
against changes in operation circumstances. When a system is more robust, it has better over-
all long term performance.  

 

Figure 52 Influence of the position of an optimization variant 
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According to the horizontal and vertical movement, the influence of an optimization variant can 
be constituted through the length s and the angle Ö of the overall movement. An angle of 0° 
between the base case model and optimization variant in the diagram just has an influence on 
the longevity of the system while an angle of 90° represents an improvement in the energy 
efficiency of the building system. With an angle of 45° the optimization variant has a positive 
effect on energy efficiency, as well as on the longevity. When the angle shows values below 
0° or above 90°, at least one criterion of the analysis is negative.  

In the following table the different fixed and variable components over the life time are outlined. 
The upper part of the table lists the variants with the fixed parameters of the geothermal field. 
The lower part describes the adjustable values of the building system. Table 3 lists the individ-
ual horizontal and vertical changes, the length of the total movement and the angle of the 
system variants.  

 

Table 3 Comparison of the effects of the different system variants 

 

  
  

Variant Paramter Number of system 
changes per year [-]

Primary energy non-
renewable [MWh]

delta x 
[cm] 

delta 
y [cm]

delta s 
[cm]

alpha 
[°]

Base case model - 4105 772 - - - -
Base case model medium 
20% ethanol 80% H2O

Medium 100% H2O 4105 772 0.0 0.0 0 -

base case model single-U: 
diameter 125mm - th. grout 
cond. 1.38 W/(m K)

single-U: diameter 125mm - 
th. grout cond. 2.00 W/(m K)

4332 666 -0.3 1.0 1 106

base case model single-U: 
diameter 125mm - th. grout 
cond. 1.38 W/(m K)

double-U: diameter 150mm - 
th. grout cond. 2.00 W/(m K)

4410 612 -0.4 1.5 2 104

Base case model ground 
conductivity 2.85 W/(m K)

Ground conductivity 1.8 
W/(m K)

3804 847 0.4 -0.7 1 298

Base case model ground 
conductivity 2.85 W/(m K)

Ground conductivity 3.8 
W/(m K)

4351 723 -0.3 0.5 1 123

Base case model 
undisturbed ground temp. 
7.44°C

Undisturbed ground temp. 
12.44°C

3955 850 0.2 -0.7 1 284

Base case model temp. 
Diffrence 5 K

Temp. Diffrence 0 K 11430 881 -8.9 -1.0 9 186

Base case model temp. 
Diffrence 5 K

Temp. Diffrence 2.5 K 6108 767 -2.4 0.0 2 179

Base case model eff. HX 
0.57

Eff. HX  0.8 4309 734 -0.2 0.3 0 125

Base case model eff. HX 
0.57

Eff. HX  0.2 3566 867 0.7 -0.9 1 307

Base case model MF 100% MF 75% 3870 788 0.3 -0.1 0 333
Base case model MF 100% MF 50% 3475 837 0.8 -0.6 1 322
Base case model HP 244 
kW stages

HP 357 kW stages 5134 797 -1.2 -0.2 1 190

Base case model HP 244 
kW stages

HP 477 kW stages 7698 868 -4.4 -0.9 4 191



Comparison of the optimization variants 

 

 

72 

The evaluation of the different optimization variants shows a wide array of effects. Generally, 
it is to state that the optimizations of the fixed values have a major effect on the non-renewable 
primary energy demand and only have a minor influence on the number of system changes of 
the building system. For the operational optimization of the adjustable values of the building 
system, the results nearly are reverse. In general, the building system components strongly 
influence the number of system changes, but the non-renewable primary energy is not signifi-
cantly affected. Still, the effects of the building system components are bigger than the effect 
of the geothermal field.  

The analysis of the angles of the improvement variants shows that no single factor is able to 
generate an angle between 0° and 90°. This substantiates that an improvement in both ana-
lyzing factors is not possible by changing only one fixed or adjustable value of the system.  

The first part of table 3 outlines that the fixed parameters of the geothermal field with the great-
est impact on the number of system changes are the thermal ground conductivity and the 
implemented borehole pipes. The ability to use the geothermal field as a renewable energy 
source and, consequently, use less non-renewable primary energy is also affected the most 
by the thermal conductivity of the ground and the geothermal borehole pipe. The variation of 
the fluid of the geothermal loop and the undisturbed ground temperature of the geothermal 
field have a smaller effect on the performance of the system. 

Apparently, the heat-pump and the reduction of the control strategy of the hydraulic separator 
have an enormous effect on the number of system changes and thus on the longevity of the 
building system. These components also affect the energy efficiency slightly. The biggest po-
tential of the adjustable factors of the building system of a geothermal heat-pump system is in 
the transfer rate of the heat exchangers. Further, the mass flow has a moderate influence on 
the required non-renewable primary energy, as well as on the number of system changes. If 
the mass flow is too small, the demand of non-renewable primary energy rises, but the number 
of system changes decreases. 
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7. Discussion 

Firstly, this chapter answers the initial scientific questions. It points out which influence the 
single analysis categories have on the performance and the energy efficiency of the building 
system and further evaluates which category has more saving potential. In a second step, 
through an analysis of the best and worst cases of the evaluated categories, this chapter gives 
feedback on the performance and the potential of the International Airport’s building system. 

The comparison of the fixed and adjustable factors of the variants of the building system shows 
different kinds of results. To answer the two initial scientific questions, this chapter analyzes 
the impact of the two variation categories. Firstly, the fixed parameters of the geothermal field 
have nearly no influence on the state of the building system and are mainly responsible for the 
performance of the geothermal field. Secondly, the adjustable components of the building sys-
tem do not influence the energy efficiency of a building system as much as they do the number 
of changes of the system state. In general, the impact of the adjustable components is bigger 
and does influence both analyzing criteria. Overall, the adjustable factors have an influence on 
the longevity and the energy efficiency while the fixed parameters of the geothermal field just 
affect the energy efficiency of the system.  

This confirms the overall hypothesis of this master thesis that the impact of the operation of 
the building system, represented through the adjustable components of the system, has a big-
ger effect on the energy efficiency and longevity of a geothermal heat-pump system in com-
parison with the fixed design parameters of the geothermal field.  

This phenomenon is also shown in the following figure. The potential of energy savings and 
the number of variations in the system changes is outlined for the two categories. By combining 
all considered variations of the optimization categories with each other, the overall potential of 
the analyzed categories is shown. The diagrams show that the array of the influence for the 
adjustable factors has a much wider range in case of the number of system changes and does 
affect the non-renewable primary energy demand. The set parameters of the geothermal field 
almost exclusively influence the potential of saving non-renewable primary energy. 
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Figure 53 Potential of the adjustable components (below diagram) and fixed parameters (top 
diagram) of the building system  
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Furthermore, the best and worst cases of the building system in accordance with the analyzed 
parameters of the two categories are shown to create feedback for the implemented building 
system of the International Airport in Calgary. Firstly, the best and worst cases for the variation 
of the fixed parameters of the geothermal loop are outlined in the subsequent table 4. 

Table 4 Best/ worst case scenario of the fixed parameters of the geothermal field  

 

 Thermal ground 
conductivity Borehole pipe 

 Undisturbed 
ground 
temp. 

 Medium 

Base 
case 

model 
2.85 W/(m K) 

Diameter 125 
Single-U 

Grout conductivity 1.38 W/(m K) 
7.44°C Brine 

Worst 
case 

model 
1.8 W/(m K) 

Diameter 125 mm 
Single-U 

Grout conductivity 1.38 W/(m K) 
12.44 H20 

Best 
case 

model 
3.8 W/(m K) 

Diameter 150 mm 
Double-U 

Grout conductivity 2.00 W/(m K) 
7.44°C Brine 

As pointed out in the comparison of the individual analyzed components and parameters of 
the geothermal field, the International Airport Calgary still has potential to improve its perfor-
mance regarding energy efficiency and longevity of the building system. The best case of the 
analysis of the fixed parameters of the geothermal field just makes sense theoretically, be-
cause the geothermal loop is fixed underneath the building of the airport. In general, one must 
distinguish between parameters which are set by the location of the building and parameters 
which can be defined by the design team. The thermal conductivity and the initial temperature 
of the ground perform according to the location of the building. In this case, the design of the 
geothermal heat-pump system cannot be adjusted. In theory, with a better thermal ground 
conductivity the system would perform better in the sense of using less non-renewable primary 
energy. Furthermore, the fluid implemented in the geothermal field does not affect the perfor-
mance of the building system significantly.  
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A real improvement in the design phase of the geothermal system would have been to use a 
different kind of geothermal borehole pipe with a better grout conductivity. The grout conduc-
tivity especially limits the performance of the geothermal heat-pump system, because the ther-
mal grout conductivity of the base case model with 2.85 W/(m K) is high and has potential for 
using more thermal energy of the ground. In addition, a double-u pipe also would have created 
an improvement in energy efficiency and would have saved a lot of non-renewable primary 
energy. The following table 5 shows the best and worst case of the evaluation of the variable 
components of the building system. 

Table 5 Best/ worst case scenario of the variable components of the building system  

 

 Stage capacity 
heat-pump/chiller 

Temperature difference of 
the hydraulic separators 

Effectiveness 
heat exchang-

ers 
Mass flow 

Base 
case 

model 
244 kW DT 5 °C 0.57 100 % 

Worst 
case 

model 
477 kW DT 0 °C 0.2 50 % 

Best 
case 

model 
244 kW DT 5 °C 0.8 100 % 

It should be noted that some of these components can be adjusted by changing the control 
strategy of the component and some can be adjusted by replacing the whole device. These 
components are still able to be adjusted, however. Consequently, the performance of the heat 
exchangers and the heat-pump can only be improved by replacing the devices.  

The temperature difference and the mass flow of the geothermal loop work effectively in the 
building system of the International Airport in Calgary. Only the performance of the heat ex-
changers is not optimal. If the heat exchangers worked with an effectiveness of 0.8, energy 
savings would increase and a lower number of system changes could be reached.  
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8. Outlook 

Building energy simulation allows engineers and architects to gain very deep insight into the 
energy flows of the building and its HVAC system. The quality and significance of the conclu-
sions are strongly conditional on the scope and level of the complexity of the model, as well as 
on the calculation detail. Safety factors, assumptions and a lack of communication deteriorate 
the quality of the design of a building and its building services. Today, in the rapid design 
process of buildings, a detailed and high-quality design service is rarely put into practice. [33] 
This results in lower quality of the design and realization of a building and a performance gap 
between the intended and the built edifice. 

As shown in this master thesis, an energy optimization of a building system is almost always 
possible. Reducing the thermal load of a building is one way to optimize its energetic behavior. 
Reducing the required energy to supply the building is another method to generate energy 
savings, which is often not considered. The key factor of this optimization strategy is the correct 
insurance to size the HVAC system according to the local circumstances and the building sys-
tem itself. The sizing has a decisive influence of generating a long-lasting and energy-efficient 
building system. A right-sized system in this sense is not defined by powerful, oversized com-
ponents, which have a high number of on and off switches of the devices. High-performing 
systems consider the thermal load of the building in detail and look very accurately into the 
functionality of the building system’s components. Furthermore, correct sizing the building sys-
tem is not enough. The control strategies and the adjustment in consultation with the other 
components of the system have an even bigger potential to save energy and creating longevity 
for the devices, as shown in this master thesis. 

Sizing an appropriate building system requires detailed information about the part and peak 
loads of the building. Determining the ratio of the part and peak loads is crucial to size the 
building system. Modular system devices can improve the efficiency of a building system sig-
nificantly, as they adapt to changes in circumstances, e.g. a change in the building usage. 
Furthermore, the concept of multiple boilers for buildings with widely varying building loads can 
increase the efficiency. Beyond that, a high effective maintenance and a constant adaption to 
the local situation of the building system is necessary to operate efficient building services.  

This master thesis gives feedback on the modern building design industry that the potential of 
saving energy is not treated with a myriad of national and international codes and standards 
to control the process of a building. Energy-efficient, climate responsive constructions require 
a whole building perspective that integrates architectural and engineering concerns early in 
the design process. This master thesis advises to change the whole building process and re-
turn to a building process determined by detailed quality in the design and the built construc-
tion.  
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Climate responsive building with right-sized building services and high-quality constructed 
structures generate much greater energy savings than rapidly built edifices, with no adaption 
to the user behavior and the location, resulting in oversized HVAC systems. With the ongoing 
digitalization, all kinds of measured data are available. Hence, the possibility to implement 
intelligent control strategies and automatically adapting HVAC system are feasible and are 
mandatory for an energy-efficient building system. The key for a promising, high-quality stand-
ard in the future building industry are holistically planned buildings to generate efficiency in the 
built environment.  
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Appendix A – Project specific information 

* This data is calculated and provided by the Transsolar Energietechnik GmbH in their former 
project with the International Airport Calgary 

 

 

Figure 54 Distribution of the occupancy rates in the International Airport Calgary * 

 

 

Figure 55 Material properties of different fluids for a geothermal loop [21] 
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Figure 56 Overview of the electrical power demand of internal devices * 
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Figure 57 Overview of the 17 implemented zones in the thermal simulation * 
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Figure 58 Data sheet compact screw compressor CSH8573-110Y by Bitzer [30] 
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Figure 59 Data sheet compact screw compressor CSH9563-160Y by Bitzer [30] 
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Figure 60 Data sheet compact screw compressor CSH9583-280Y-40D by Bitzer [30] 
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Figure 61 Schematic drawing MR01* 
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Appendix B – Subsystems of the plant simulation  

The following paragraphs describe the subsystems of the plant simulation in detail. As men-
tioned in 5.1 the detailed analyses of the single components of the plant simulation are moved 
to the Appendix B to keep the focus of the thesis on the quality of the results of the optimiza-
tions. The following paragraphs describe the single subsystems, how they are implemented in 
the plant simulation, why physical and mathematical assumptions had to be made and how 
the project specific data of the International Airport Calgary is implemented. 

Geothermal field  

The component of the geothermal field describes the first subsystem of the building simulation. 
It is represented by the TRNSYS type 501 for the ground layers and by type 31 for the piping 
system. The geothermal loop is based on the superposition borehole model.  

 

Figure 62 Location of the subsystem geothermal field in the plant simulation 

The superposition borehole model describes the behavior of a multi-borehole system and cal-
culates the thermal exchange between the borehole pipes and the ground. It also calculates 
the interaction between the boreholes with themselves. The superposition borehole model has 
been developed by Dr. D. Pahud. By an assign statement, the superposition borehole model 
reads in the data of a geothermal field in form of a “.geo”-file and a “.bor”-file. In the “.geo”-file, 
the location of the single boreholes, the depth, the different ground layers and their properties, 
the quality of the calculating mesh and coordinates for a horizontal and vertical cuts through 
the geothermal field are implemented. In the “.bor”-file the type and the properties of the outer 
and inner borehole pipes, as well as the grout characteristics are defined. [34] 

By using the thermal properties of the ground and the borehole pipes the interaction between 
the ground and the pipes, as well as between the piping system itself can be calculated. The 
geothermal pipe system is separated into different hydraulic groups. The hydraulic groups are 
connected in series and manage the mass flow in the geothermal loop. If the geothermal field 
simulation is not divided into hydraulic groups, all geothermal borehole pipes are supplied in 
parallel at the same time. [34] 
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Depending on the different seasons, the geothermal field utilizes the ground temperature in 
different manners. In the summer period, heat is injected in the ground. During winter time, 
heat is extracted. Depending on the temperature of the inlet and outlet of the geothermal field, 
the thermal energy can be determined according to the following equation.  

 

DÜHá = 	àÜHá×	ZÜHá	×	(]äNãHR,			ÜHá 	− ]åKRãHR,			ÜHá)   Equ. 5   [21] 

 

mèÑ}   Mass flow of the geothermal loop         [kg/h] 

cèÑ}    Specific heat capacity of the geothermal medium            [J/(kg K)] 

T	     Temperature of the geothermal medium          [°C] 

 

Hydraulic separator 

In the building simulation of the geothermal heat-pump system hydraulic separators are imple-
mented. The key indicator of the performance of a hydraulic separator is the control strategy 
and the tank volume. The hydraulic separators are connected to the thermal loads of the build-
ing and form the connection between the load and source side. By using a water tank, it is 
possible to generate a thermal capacity that can supply the building with energy over a certain 
amount of time. Depending on the volume and the size of the heat-pump/chiller, it is possible 
to manage the buffer time of the hydraulically separator. 

 

Figure 63 Location of the subsystem hydraulic separator in the plant simulation 

In the TRNSYS type 4, the control function of the hydraulic separator is managed by the tem-
perature levels at different heights in the water storage. The controller of a hot water storage 
gives the order to heat the storage, when the second lower node falls below a certain temper-
ature level. It stops heating up the storage, when the upper second node exceeds the set point 
temperature. This is called an on/off controller. In comparison to a normal controller, the on/off-
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controller depends on two different values to achieve that the amount of turning on and off the 
system is reduced. For the hot-water side, the set temperature is 40°C, including a temperature 
difference of 5°C correlated to the supply temperature of 35°C. For the cold-water storage, the 
controller operates in reverse and operators at a set temperature of 1°C, also including the 
same temperature difference in accordance to the supply temperature level of 6°C. The prin-
ciples of the controller are illustrated in the following equation and figure.  

 
êëHIRQNO,áN 	= ]NáMH	NíY 	< 	]JHR	,ëHIRQNO	   Equ. 6		

 
êëHIRQNO,áîî = ]NáMH	_ > 	]JHR	,ëHIRQNO   Equ. 7 

 
êñááãQNO,áN		 = ]NáMH	_ > ]JHR	,ñááãQNO	   Equ. 8 

 
êñááãQNO,áîî	 = ]NáMH	NíY < 	]JHR	,ñááãQNO   Equ. 9 

 

Y}ò/}ôô   On/off-controller of mode             [ - ] 

Tò}�Ñ    Temperature at certain height in the hydraulic separator        [°C] 

 TÄÑe    Specific defined set temperature of mode          [°C] 

 

Figure 64 Schematic of the control strategy of the hydraulic separators 
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Heat-pump/chiller 

A further main component of the building simulation is the heat-pump. It is represented by the 
TRNSYS type 401. The component acts as a heat-pump during the heating mode and as a 
chiller in the cooling period. As mentioned in chapter 2.5, a heat-pump is utilized to generate 
a higher temperature level. In case of a simultaneously heating and cooling demand, the chiller 
generates cooling energy, while the waste heat of this process is used to supply the hot water 
side.  

 

Figure 65 Location of the subsystem heat-pump/chiller in the plant simulation 

The implemented compact screw compressor is sized according to the compact screw com-
pressor CSH8573-110Y by Bitzer, illustrated in Appendix A. The cooling power of the chiller is 
244 kW. Its condenser works in a temperature range of a minimum of 20°C and a maximum 
of 70°C. The evaporator temperature range of the chiller is between -20°C to 25°C. [30] 

The COP in the cooling mode at the design point is 3.4, while the COP in the heating mode is 
4.4. The sizing of the heat-pump correlates strongly with the heating and cooling demand of 
an edifice. In combination with the fact that the heating and cooling demand is varying from 
100 kWh to more than 1000 kWh a stepwise activation of single 244 kW chiller stages is im-
plemented. This also represents the reality. Chillers in building systems normally are divided 
into single sub-elements to generate a more accurate adaption to the building load. The chiller 
mode of the implemented component is illustrated in the following figure 66. In the heating 
mode, the control strategy of the heat-pump runs vice versa.  
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Figure 66 Schematic chiller mode 

Data reader  

The thermal energy demand in the uncoupled system simulation is implemented through a 
data reader, based on the TRNSYS type 109. This type serves the main purpose of reading 
data in the format of an hourly time step. TYPE 109 reads free-formatted files. The data reader 
connects the hourly heating and cooling demand of the building with the building system. To 
calculate the energy flows in the building system, one needs to implement the mass flow, as 
well as the supply and return temperatures of the building. Based on this information, the build-
ing system can calculate the thermal energy to provide the heating and cooling energy for the 
edifice. The implemented heating and cooling demand is analyzed in detail in 4.2. 

 

 

Figure 67 Location of the subsystem data reader in the plant simulation 
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Plate heat exchangers 

On the one hand, the plate heat exchangers connect the geothermal loop with the hydraulic 
separators, when the heat-pump is not activated (state 3 & 5). On the other hand, the heat 
exchangers link the geothermal field with the heat-pump/chiller device in the active heating 
and cooling mode of the building system (State 2 & 4). 

 

 

Figure 68 Location of the subsystem plate heat exchanger in the plant simulation 

The plate heat exchangers are represented by the type 91 in TRNSYS. This heat exchanger 
operates with a constant effectiveness, which is independent of the system configuration. The 
maximum possible heat transfer rate is calculated related to the properties of the implemented 
fluids, as well as on the maximum and minimum temperature differences of the fluids on both 
sides of the heat exchanger. The thermal transfer rate is determined by the effectiveness of 
the heat exchanger, which depends on the plate area and the thermal properties of the two 
fluids. The specific effectiveness of the plate heat exchanger is calculated according to the 
following equation.  

 

 ijk = 	
(lstr,nqr	ílmnop,uv)

(lstr,uv	ílmnop,nqr)
  Equ. 10 [26] 

 

εz{    Effectiveness of heat exchanger at design point            [ - ] 

TÄÑe,öò/}Åe    Set inlet/outlet temperature            [°C] 

T|~}�,öò/}Åe   Load temperature at the design point           [°C] 

  



 

 

95 

T-Valve 

In the plant simulation six t-valves are implemented. The t-valves have different functions de-
pending on the components that must be controlled. One function of a t-valve is to handle the 
mixture of the supply and return flow of a component. This is called fraction bypass. Using a 
fraction bypass, energy can be saved. This control function is used by t-valve 20 and t-valve 
22, shown in figure 69. Furthermore, t-valves control the direction of the flow. Through opening 
and closing of the valve, depending on the individual controller, the mass flow can adapt to a 
specific system states. This principle is used by the t-valves 1, 2, 3 and 7 in the plant simulation. 
These t-valves are managing the direction of the flow in the single system states. 

 

Figure 69 Location of the subsystem t-valve in the plant simulation 

The t-valve component in TRNSYS consists of two types. Type 953 describes the tempering 
valve controller of the component. In type 11 the tee-piece is managed. This structure is rep-
resented in figure 70. In case of t-valve 20, the tee-piece mixes two inlet streams of the same 
fluid at different temperature levels to generate a higher temperature level for the supply sys-
tem. This results in the fact that the return flow temperature of the building is mixed with the 
generated hot water to the supply temperature level. The principle of the t-valves is displayed 
in the following figure 70.  

 

Figure 70 Schematic control strategy t-valve 
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Fluid Pumps 

Every fluid loop needs an individual fluid pump to manage the mass flow. The key issue of the 
effectiveness of a fluid pump is the pressure drop caused by the fluid. The pressure drop de-
pends on the mass flow and the dynamic viscosity of the transported media. Based on the 
pressure drop, one can calculate the induced electrical energy demand of the pipes. A part of 
the generated heat is transferred into the atmosphere, while the other part of the energy is 
heating up the fluid. In this plant simulation, the total induced energy is transmitted into the 
fluid. This assumption has been done to fulfill the overall energy balance. 

 

Figure 71 Location of the subsystem fluid pump in the plant simulation 

In the system simulation of the International Airport Calgary, four fluid pumps are implemented. 
The mechanical efficiency is set to 50 %. By using the mass flow through the fluid pump, the 
pressure drops, the density of the fluid and the mechanical efficiency of the pump, the TRNSYS 
type 3 can calculate the electrical energy demand, depicted in the following equation. 

 

DHã = 	
	Gõúqùú	

×	∆û

ü	×	Nõúqùú,ùtx	
   Equ. 11 [35] 

 

PÑ|     Electrical energy demand of the fluid pump          [Wh] 

môgÅ°g   Mass flow of the fluid pump          [kg/h] 

ρ    Density of the medium of the fluid pump             [J/(kg K)] 

nôgÅ°g,°ÑÉ	
    Mechanical efficiency factor of the fluid pump             [-] 

∆p    Pressure drop of the fluid pump            [Pa] 
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Fluid pump 4 of the plant simulation has a special task. This fluid pump must cover the pressure 
drop of the geothermal field. This results in a separate calculation of the mass flow to generate 
a realistic representation of the electrical energy demand of the operation of the geothermal 
system. To stay in the range of a laminar flow, the Reynolds number is set to 2300. The length 
of the implemented piles is 132 m as mentioned in section 4.3. The electrical energy demand 
of the fluid pump of the geothermal field is calculated as follows.  

 

∆§îûKGû,• = 	
	¶	×	ü	×	ß

®	×	©

Mu×	_	
  with  ™ = 	 ñ

´¨
  Equ. 12  [35] 

 

∆p     Pressure drop of the pile system            [Pa] 

L     Length of the geothermal piles              [m] 

ρ    Density of the medium of the pump      [kg/m3] 

ν     Velocity of the medium of the pump          [m/s] 

dö    Inner diameter of the geothermal piles            [m] 

λ    Friction coefficient                  [-] 

c    Factor for the tubes                 [-] 

RE    Reynolds number                 [-] 

Auxiliary heater/cooler 

The last component of the building system of the plant simulation of the International Airport 
of Calgary is the auxiliary heater/cooler. This component is artificially implemented in the un-
coupled plant simulation and does not exist in the real building services of the airport in Cal-
gary. The integration of an artificial heater/cooler is a common way to run an uncoupled plant 
simulation, because the supply temperatures for the heating and cooling load must be reached 
in every time step of the simulation. This condition must be fulfilled, because the building load 
does not adapt to the building system. Another reason, why it is good to integrate an auxiliary 
heater/cooler is that the device can be used as an indicator for the performance of a building 
system. Since an auxiliary heater/cooler normally is not implemented, a high demand of an 
auxiliary heater/cooler gives you feedback on the functionality of the whole building system. If 
the plant simulation must add a lot of auxiliary energy, the simulation does not work accurate 
enough. In the optimization variants, this indicator is used to analyze the single variants of the 
system.  
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Figure 72 Location of the subsystem auxiliary heater/cooler in the plant simulation 

In the TRNSYS simulation, the auxiliary heater/cooler component is implemented in the form 
of three single equations and is not summed up in a specific simulation type. If the outlet tem-
perature of the hydraulic separator does not reach the set point temperature of the supply 
system, the controller of the auxiliary heater/cooler turns to 1 and gives the order to calculate 
the missing energy. In the system states of the free heating/cooling mode, as well as in the 
system states, where the hydraulic separators feed the building without an energy generation, 
the auxiliary heater/cooler is deactivated to avoid an artificial supply of the building. The fol-
lowing equations display the control strategy of an auxiliary cooler. The operation of an auxil-
iary heater is controlled reverse. 

 

]áKR,ñááãQNO	 		= ]QN,ñááãQNO	 +
±oq≤,xnnmuv≥	×	¥µ∂∂

G	oq≤×	ñú,ùtpuqù
      Equ. 13 

 
∑IK∏,ñááãQNO 		= à		×Zû,GHMQKG	× ]JHR,ñááãQNO − ]QN,ñááãQNO	 	×êIK∏,ñááãQNO		  Equ. 14 

 
êIK∏,ñááãQNO	 	= 	 π∫	(]QN,ñááãQNO	 > 	 ]JHR,ñááãQNO)     Equ. 15 

 

Q~Åº,É}}|öòΩ   Thermal energy of the auxiliary cooler                    [kW] 

m~Åº   Mass flow of auxiliary cooler           [kg/h] 

cg,°Ñ�öÅ°   Specific heat capacity of the medium             [J/(kg K)] 

Y~Åº,É}}|öòΩ	   Switch of auxiliary cooler               [ - ] 

Töò/}Åe    Inlet/outlet temperature of the auxiliary cooler          [°C] 

 TÄÑe    Set temperature of the auxiliary cooler          [°C] 
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Appendix C – System states of the plant simulation 

State 1: No heating – no cooling energy generation 

 

 

Figure 73 System state 1 

 

State 2: No heating – just cooling energy generation; thermal source chiller + geo  

 

 

Figure 74 System state 2 
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State 3: No heating – just cooling energy generation; free cooling mode; just geo 

 

 

Figure 75 System state 3 

 

State 4: Just heating – no cooling energy generation; thermal source heat-pump + geo  

 

 

Figure 76 System state 4 
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State 5: Just heating – no cooling energy generation; free heating mode; just geo 

 

 

Figure 77 System state 5 

 

State 6: Heating & cooling energy generation; thermal source heat-pump/chiller  

 

 

Figure 78 System state 6 
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