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Abstract
Buildings have always been constructed as a combination of active and passive building
components, which help balancing fluctuating exterior conditions. Although this combination
first and foremost serves to guarantee thermal comfort, it also reflects cultural aspects and the
state of technological knowledge. Allochthonous architecture replaced local autochthonous
architecture worldwide due the availability of cheap fossil fuels. At the same time, new technologies fostered the demand for higher comfort in buildings. However, the operation of this
type of buildings requires inacceptable quantities of non-renewable resources and generates
intolerable volumes of green house gas emission (GHGs). It is scientific consensus today that
GHGs from buildings need to be reduced. Still, there exists an uncertainty about how to match
the expectation regarding the aesthetics of architecture with the challenge of radically reducing
the building related GHGs.
This thesis assesses four methods (Reduction-, Combination-, Substitution- and Combination
Method) to reduce the equivalent annual global warming potential (GWPe,a) of existing buildings.
Based on a simplified model of a residential building, the methods are assessed with case studies
regarding their efficiencies in terms of the GWPe,a reduction and of equivalent annual cost. The
consequences regarding the architectural design and aesthetics of buildings are highlighted with
built examples. One important finding is that the established architectural methods regarding
sustainable design, like optimizing the compactness and orientation of buildings or optimizing
the percentage of windows, are of less importance than active strategies of improving the
heating and cooling system or substituting the purchased power. Finally, the optimization of the
different methods shows that several combinations of active and passive building components
exist, which result in the same or similar strong reductions of the GWPe,a. Consequently, the
idea of an irreconcilability of architectonic quality and refurbishing towards net-zero emission
is invalid, as several solutions exists that allow for sufficient architectural alternatives.
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Kurzfassung
Gebäude wurden seit jeher als eine Mischung aus aktiven und passiven Komponenten errichtet,
um vor veränderlichen äusseren Einflüssen zu schützten. Obwohl diese Kombination in erster
Linie dazu dient, thermischen Komfort zu gewährleisten, spiegelt sie auch kulturelle Aspekte
und den jeweiligen Stand der Bautechnik wider. Allochthone Architektur ersetzte weltweit
autochthone, lokale Architektur, was nur durch die Dominanz von günstigen fossilen Brennstoffen
möglich war. Gleichzeitig befeuerten neue Technologien die Nachfrage nach höherem Komfort
in Gebäuden. Allerdings erfordert der Betrieb dieser Art von Gebäuden inakzeptable Mengen an
nicht-erneuerbaren Ressourcen und sie erzeugen enorme Mengen an Treibhausgas-Emissionen
(THG). Es ist heute allgemeiner wissenschaftlicher Konsens, dass diese Mengen reduziert
werden müssen. Dennoch gibt es eine Unsicherheit darüber, wie die architektonische Qualität
von Gebäuden und eine drastische Verringerung ihrer THG miteinander zu vereinbaren sind.
Diese Arbeit untersucht vier Methoden (Reduktions-, Kombinations-, Substitutions- und
Kompensation Methode), um das jährliche äquivalente Treibhausgaspotential (equivalent annual
Global Warming Potential GWPe,a) von bestehenden Gebäuden zu verringern. Mit einem
vereinfachten Modell eines Wohnhauses wird die Effizienz der einzelnen Methoden anhand von
Fallstudien in Bezug auf die GWPe,a Reduktion und auf die jährlichen Kosten beurteilt. Welche
Konsequenz diese auf die Gestaltung und die Qualität der Architektur hat, wird anhand von
gebauten Beispielen erläutert. Ein wichtiges Ergebnis dieser Arbeit ist, dass etablierten passiven
Strategien der architektonische Gestaltung, wie die Optimierung der Kompaktheit und der
Ausrichtung von Gebäudes oder des Verglasungsanteils an der Fassade, oft weniger wirksam sind,
als aktive Strategien, die zu einer Verbesserung des Heiz-und Kühlsystems führen. Schliesslich
zeigt die Optimierung der verschiedenen Methoden, dass verschiedene Kombinationen von
aktiven und passiven Bauelementen möglich sind, die eine gleiche oder ähnlich starke Reduktion
der GWPe,a bewirken. Folglich ist die Vorstellung einer Unvereinbarkeit von architektonischer
Qualität und einer Sanierung in Richtung netto-Null Emissionen hinfällig, da eine Reihe an
Lösungen existieren, die genügend architektonische Freiheit lassen.
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1.1

The influence of architecture on systems of macro-, meso- and microscopic scale

21

There exist various definitions of architecture, depending on whether they refer to the planning
and design phase or to the actual construction of a building. In materialized form, architecture
is often perceived as a reflection of contemporary culture. Consequently, architecture is used as
indicator for the cultural achievements of previous historical civilizations. Since the term architecture has been adopted by other disciplines to describe general design processes of systems, e.g.
in information technology, architecture today encompasses also actions that result in a useful,
reasonable and at best optimized products. In terms of the built environment, the purpose of
architecture has considerably changed in history. While a typical target in the beginning of architecture was simply to create shelter and protection with lowest material demand and/or work, the
targets later shifted towards creating prestigious images of secular or ecclesiastical power. These
buildings and structures are typically cited to proof cultural achievements of a society. Clearly,
architecture has never been and is never optimized just to one singular target, even in the latest
period of history, where economic conditions weight more than all other aspects. Architecture, as part of the built environment today, is influenced by various boundary conditions and
needs to balance various requests. However, there exists a distinct target in the optimization of
architecture today that has not been considered in other periods of history before. This is the
awareness that our actions can globally meliorate or deteriorate the future of generations to
come and that architecture, as part of the built environment, contributes in the long run either
beneficially or harmfully to the global biosphere.
Although all things of matter are subject to permanent change, it is concerning how rapidly
humans have irreversibly transformed not only their habitats in just a few generations, but the
complete biosphere of all species. While the spread of Homo sapiens sapiens happened periodically, the pace and intensity of this process clearly increased with the beginning of the industrial
revolution and modern medical science. Since this era is considerably coined by human activity,
it is just consequently that the current geologic chronological term is also informally titled
«Anthropocene». Nobel laureate Paul Crutzen, who revived this idea from Eugene F. Stoermer,
popularized this term [1][2]. The official proposal of 2008 is currently in the review process and
has promising chances of being accepted, since the main criterion will very likely occur: traces
of current activities will presumably still be detectable in 10 million years [3].
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The current transformation of the environment, which affects the biosphere, is not only evident
on macroscopic dimension, but also traceable on mesoscopic- and microscopic scale. In terms
of the built environment, the transformation is most visible on macroscopic scale by the vast
spreading urban sprawls and their associated acreage and supply lines for the urbanized habitats.
This detrimental growth has already been famously criticized in 1955 by Burckhardt, Frisch and
Kutter[4]. Yet, architects and planners have still not developed a successful counter concept to
the proliferating expansion of urban space, despite all the issued publications and prototypical
developments. As long as various influential drivers and factors operate against the limitation
of sprawling suburbs, I argue the expansion will continue. First and foremost, the economic
drivers in construction are powerful, namely in form of deliberately underestimating the price/
cost of undeveloped landscape and externalizing costs to the community directly or indirectly
caused by degradations to the environment. In combination with restrictions of the building
regulations and acts to the height and compactness of buildings, an inner-urban densification is not possible. Consequently, it has to be emphasized that architecture as part of the built
environment considerably contributes to the transformation of the environment and biosphere
on macroscopic scale.
Most concerning, on a mesoscopic dimension, is the dispersion of particles or molecules in
various forms, as a result or byproduct of our activities. At the dimension of particles, it is the
fragmentation of plastic and other debris of modern society, which can be found in the most
remote areas of the planet [5]. According to Tam, the proportion that the construction and
demolition waste from buildings account for compared to the total waste differs considerably
from country to country, but is in general very high [6]. While the construction and demolition
waste in Spain (1995-2010) accounted for 70% of the total waste, it was 19% in Germany and
even lower with 15% in Brazil. Taking into account that considerable amount of products, which
we purchase, are also used to equip our buildings, the significances of architecture and housing
regarding the global distribution of particles is significant.
Considering the atomic dimension, buildings are also indirectly responsible for the transformation of the environment, when they are powered by presumably inexpensive power from
nuclear fission. The result of uncontrollable ongoing nuclear fission of waste from nuclear fuel
cycles that is released as harmful rays and wrecked fission products or catastrophic nuclear
accident destroy the human habitat. The latter can exemplarily be studied today in the jurisdiction of Chernobyl and in the near future in Fukushima. The former already today causes an
inter-generational conflict because of the unsolved problem of handling nuclear waste. Both
solutions of either sub-terrestrial or above ground storing cause controversial discussions and
the dimension of the problem just starts to get the public attention. The legal ocean dumping of
over 100’000t high level radioactive waste until 1994 became already less than 30 years later an
international debate about the subsequent cost of recovering the waste [7]. There exists also a
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controversially discussion regarding the annual equivalent global warming potential (GWPe,a)
of electricity generated with nuclear power. Wallner et al. found in a literature review that the
data ranges from 2 to 288g CO2/kWh [8]. Since this difference is because of the uranium grade
of the mined ore and the average grade continuously declined during the last 5 years, the GWPe,a
of nuclear power in the near future is assumed to reach levels of 210g CO2/kWh, which is above
the level of coal power generation today.
All these negative direct and indirect effects of architecture are concerning. Most dramatic,
however is the issue of the GWPe,a that architecture directly and indirectly accounts for. Similar
to the previous mentioned macroscopic and microscopic products that architecture cause, the
greenhouse gas emissions (GHGs) are byproducts that are released to the environment, since it
is cheaper in short term dispersing them to a common good, instead of retaining them.
According to Levine et al., the building sector was responsible for ~33% of the total global energy
related CO2 emissions and for ~60% of the of halocarbon emissions in 2004 [9]. Furthermore,
they found that the GHGs from buildings are expected to grow from 8.6 billion tones in 2004 to
a minimum of 11.4 billion tons in the low-growth scenario and may reach 15.6 billion tons in
a high-growth scenario by 2030. According to a study from McKinsey, residential buildings in
Switzerland have been accountable for 36% of the total equivalent GHGs in 2005. Furthermore,
69% of these gases have been generated by residential buildings [9]. Unfortunately, the data
from the world bank show that the total generated GHGs have further increased in Switzerland
in the period from 2005 to 2009 from 41.4 Mt CO2e to 41.6 Mt CO2e [10]. It can be assumed that
the building sector today is still highly responsible for a great share of these gases.
Since the electricity in Switzerland is generated with considerably low emissions (see also
Figure 66), most of the GHGs in the building sector are generated by heating and cooling
processes and by operating the building maintenance equipment [9]. The scale of the global
existing building stock and the relatively low cost of GHG mitigation options are reasons for this
sector to have the largest potential regarding GHG reduction compared to other sectors of the
economy [9]. Especially in Switzerland, where 67.5 % of buildings were constructed before 1980
and will need to be refurbished within the next 10 years, a great potential for GWPe,a reduction
exists [11]. Although Switzerland has a relatively low GHG intensity, which is the amount of
GHGs per delivered energy, and relatively low GHGs per capita compared to other industrialized
countries, the abatement cost of reducing the GHGs of residential and commercial buildings is
financially tolerable for the society [11]. The investment in reducing the GWPe,a has not only
relevance regarding the common good of future generations, but appears to be financially
lucrative on the level of personal goods, based on the expectation that the cost for primary
energy and GHGs mitigation will continue to rise during the long life-spans of buildings in
Switzerland of 50-100 years (also see chapter 3.2.1).
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The pressure on drastically reduce the GHGs of the building sector is enormous. Meinshausen
et al. found that extending the time limit for a turnaround until 2049 increases the probability
of drastically exceeding an additional +2°C mean global surface temperature [12]. Furthermore,
Solomon et al. state that even the theoretical abrupt stop of any anthropogenic GHGs then would
not end the global warming and the expansion of oceans [13]. The dispersed GHGs today will
last for thousands of years and will trouble future generations, which is contrary to the intergenerational integrity [14].
It must be noted that all efforts to lower the global level of atmospheric GHGs with net-Zero
Emission Architecture will lack a long-term effect if other main determinants are ignored. Two
major interlinked drivers, which are subject of intense in research in connection to GHGs,
are population growth and the structure of the world economy. Both are also subject of fierce
political debate.
Population growth in combination with rising consumption, will generally increase the output of
GHGs, if the emission factor (EF) of the purchased goods and power not considerably declines.
An economic growth would be acceptable, if the relative GHGs per consumption decline faster
than the increase of the consumption of goods, services and power. However, Alfredsson found
that adopting ecological consumption patterns can reduce the level of generated GHGs of one
person temporarily, but all reductions are soon overridden by the growth of the economy even
if a modest annual growth rate of 1-2% is assumed [15][16]. Obviously, power generation with
GHG generation is key for zero-emission architecture and a zero-emission society. However, it
cannot be bought on credit of future generations with low emissions from nuclear power. In this
context, the slowly growing number of plants that generate power from renewable resources is
actually more worrying than population growth or the structure of the global economy. Energy
from renewable resources is theoretically available in abundance. The technology for transforming the sources not only efficiently, but also relatively economically, is available. The actual
challenge is the political and social will to install power plants and less solving the challenges of
distribution and storing of the fluctuating energy from renewable sources. It is widely acknowledged that exponential (and maybe any) economic growth of non regulated, liberalized economy
is fatal for the complex ecological global system if it results in exploitation of the cheapest nonrenewable resources, which are currently fossil fuels, including uranium [17][18][19]. It is
concerning and alarming how insubstantial resources, like labour force or common goods, are
also exploited in the global liberalized economy in an harmful way for all societies in the long
run. Thus, transforming the existing building stock towards net-zero emission is only part of
reducing the global dependency on fossil fuels in any part of the society.

Introduction

25

As stated above, architecture affects the current transformations of the environment on macro-,
meso- and microscopic scale. Although a strict focus on the reduction of GWPe,a in architecture
has even been criticized by experts like Halliday as oversimplification of a more complex issue
[20], considering all aspects of sustainability, when designing, is - from a personal point of view
- not helpful either. Accepting the reduction of the GWPe,a as the main concern of this thesis,
the literature review of how to achieve such a target is unsatisfying. The strategy presented by
Weihong regarding «low carbon architecture» does not provide a substantial strategy of how to
achieve this target [21]. Even more critical is the hierarchical refurbishment strategy proposed
by Xing, by always starting with the building fabric first and later increasing the efficiency of the
active systems [22].
The transforming of the existing building stock towards net-zero emission, this will also affect
the economical aspects of construction and architecture. Furthermore, this could also affect
the architectural design and presumably the aesthetic of architecture and the cities. While
architects and urban planners have always been accountable for the internal aspects of their
design (structural integrity, usability/functionality, safety, aesthetic quality of their design etc.
[23]), they become already today more and more responsible regarding the external effects that
their design causes. Rossi-Hansberg for example argues that the externalities of buildings have
economical influence on the neighborhood, the community and the entire city [24]. It is just
consequently to consider the externalities that the aesthetic quality of a building has to these
sectors. This brings up the question, which is the reason of this thesis:
Are the methods to reduce the GWPe,a of refurbishment projects in conflict with other
aspects of architectural design, i.e. low cost or aesthetic ideas?
The objective of this dissertation is to reflect on economical and aesthetic impact that the
strategies for reducing the GWPe,a have in refurbishment projects.
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1.2

Hypothesis and Objective

Considering the operation of existing residential building stock in temperate climate of Europe,
space heating/cooling and the production of hot water still cause currently the most the overall
equivalent annual global warming potential (GWPe,a)[9]. There exist different methods to
reduce the GWPe,a generated in heating and cooling processes. Each method affects the active
or passive building components differently. The basic assumption is that each method requires
a specific balance of active and passive building components within refurbishment projects to
allow for maximal GWPe,a reduction.
The optimization of active and passive building components requires also considering further
criteria. Each combination result in different equivalent annual cost, Ce,a. Moreover, the
integration of these components in a building differently affects the architectural quality or at
least differently limits the possibilities in the design. Consequently, the question is not only
which combination comes closest to net-Zero emission, but how this affects other aspects of
architecture. The two observed indicators are the annual cost Ce,a and the architectural freedom.
Certainly, other significant indicators exists that determine architectural design, in particular
the robustness of the building operation even in unusual circumstances (like unexpected user
behavior or climatic anomalies). However, this is beyond the scope of this thesis.
The general hypothesis is that the optimization of certain methods allows the GWPe,a
reduction in refurbishment projects even to a level of net-zero emission and yet is not in
considerable conflict with the annual cost or architectural design.
Based on this hypothesis, the according research questions are:
Which methods exist that achieve a GWPe,a reduction in refurbishment projects and is an
optimization of these methods possible towards net-zero emission architecture?
What is the optimal combination of the components within each strategy?
How substantial is the influence of each strategy on indicators Ce,a and architectural quality?
The first and second question above will be answered in the main body of the thesis. The third
question is the central subject of the final chapter, which is about the optimization of previously
described methods towards zero-emission. The research questions touch physical, financial
and aesthetically aspects. The first two are assessed with models. The latter is verified through
general findings.
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Summary of the assessed case studies

1.3.1 General model configuration
The assessed model of the case studies represents a two story, single-family, brick building in
Zurich, Switzerland with a heated and cooled floor area of 140m2, which will from here on be
referred to as energy reference area (ERA). Although the ERA is smaller than the area that four
people in average currently occupy in Switzerland [35], the occupancy load is assumed to be
four, as this building represents an existing older building, rather than a new construction. The
model is basically designed according to the standard building described in the report from
Dott et al. for the IEA SHC Task 44/HPP Annex 38, [36]. It is further divided into three subtypes
that represent different levels of refurbishment standards. These subtypes of the single-family
home (SFH) are labeled according to their annual heating demand per ERA as SFH100, SFH45
and SFH15. The SFH100 serves as reference, which represents the non-refurbished single family
home. The SFH45 and SFH15 represents buildings that have been refurbishment towards lower
annual heating demand. The SFH15 meets the energy saving standards of the passive-house
standard in Germany [37][38] as well as the standard Minergie-P in Switzerland [39][40]. The
shape and proportions of the building are illustrated with the renderings of Figure 1.

South-east elevation

North-west elevation

Figure 1. Shape of the building model considered in this thesis
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1.3.2 General system configuration
The reference building is assumed to be equipped with an oil-fired condensing boiler (CB) and
radiators for space heating. This heating system also generates the domestic hot water (DHW).
Further information regarding the general building configuration is provided in chapter 7.1
and in specific in chapter 7.2 of the appendix. The alternative building system operates with
a compression heat pump, driven by electricity. The installation of the heat pump and the
hydraulic radiant floor heating requires dismantling the condensing boiler system and the
radiators1. Figure 2 illustrates a general system layout of the building on the left and as an interconnection diagram on the right. Variations of this illustration will be shown in the introduction
of each case study in chapter 4. These illustrations serve as orientation to highlight the specific
considered building system of the according case study. The complexity of the case studies varies
according to the focus of each assessment.
System layout
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Figure 2. General system layout and interconnection diagram of the assessed model

1

The additional global warming potential (GWPem) and cost (Cca) for the installation and deconstruction are included in
the assessments, unless otherwise noted.
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Before the era of modern architecture2, the cultural and economical prevailing circumstances,
the level of building technology and the availability of construction material have been in
combination with the local climatic conditions the foundation on which distinguishable
regional architectural typologies have been created. It is difficult, if not bold, to name one of
these determinants as the key driver and there exist probably further aspects that influenced the
architectural types. However, the evolution of architectural typologies can be understood as the
result of optimization processes. Typically, these typologies have experience some alterations in
history, but the central idea remained from generation to generation. Regional craftsmanship
and the building industry in general adopted and established themselves according to these
typologies and also influenced them at the same time. The balance of active and passive building
components of these typologies reflect limitations of resources3 that exists at certain times, be
it tangible in form of construction material, energy carrier or as intangible resource in form of
labour force or knowledge of construction technology and building systems. Especially the availability of energy sources and -carriers set a limit to the applicable power of the building system
and subsequently the level of comfort4. Contrary to the low quality of living during that period,
which was marked by shortage and scarcity for the majority, the remaining buildings proof the
high quality of construction that people achieved despite all limitations. This type of architecture will be addressed in the following as autochthonous architecture to emphasize that it is an
offspring from a local ground5 formed by and in a specific context, with limiting resources and
certain cultural and technical restrictions. While vernacular architecture connotes traditional
craftsmanship, autochthonous architecture emphasizes the established type of architecture.

2

The definition of «modern architecture» varies considerably. Most definitions date the beginning of the early modern
architecture at the turn of the 20th century. Wagner provides one of the first definitions in 1898 [41].

3

Various definitions of resources exist resources that are tangible substances like raw materials or products and intangible
substances, like money, services or manpower etc. Resources are transformed to produce benefit or products. Typically,
this process reduces resources or bound them to the final product or service.

4

Heating the ancient thermal bath in Weißenburg is an early example of limitation of comfort due to scarce resources.
Schiebold shows that about 1 ha wood was necessary for heating the bath annually, which left the surrounding devastated
[42]. This level of comfort was not possible to provide in colder northern regions of Europe in a long run.

5

autochthon from Greek, literally ‘sprung from the earth,’ from autos ‘self ’ + khthōn ‘earth, soil.’
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Figure 3. Heating and cooling strategies of autochthonous architecture in different climate
Autochthonous architecture in hot-arid climate, temperate wet climate and subtropical-humid climate. Changing temperatures
and level of humidity are abstractly shown above according to the relevant time period. While buildings in hot-arid climate are
subject to considerable daily temperature differences, rather seasonal changes dominate in temperate/continental climate. An
almost constant temperature can be found in subtropical-humid climate.
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Autochthonous architecture can be found in all climate zones. The following description of
autochthonous architecture is a subjective selection, since it is not subject of this thesis to present
a complete picture of autochthonous architecture. Based on the general findings from Oliver et
al [43] and the more energy related findings for hot climate from Fathy et al. [44] this summary
focus on methods regarding energy and emissions, which result in an optimized combination
of active and passive building components. The schematic of the building on the bottom left in
Figure 3 represents autochthonous architecture in hot-arid climates. Massive walls of clay or
stone up to a meter thick act as thermal storage that stores the heat surplus during the daytime,
which is then later released during the night time. Shifting the temperature provides cooling.
This requires an appropriate sky temperature during the nighttime to allow transferring heat
by heat radiation. As a result, the interior temperature peak is reduced and the temperature
fluctuates less. Bright coloring of the external and internal walls increase the reflection of solar
irradiation. Small windows prevent from direct solar irradiation into the building. Because of
to high exterior air temperature during the daytime, cross ventilation is unwanted, since the
potential cooling effect from cross ventilation is smaller than the potential heat gain by this air
exchange. Small heaters are required for colder periods. Building flat roofs is possible because of
low rainfall. These roofs are used for sleeping areas during very hot periods, when night cooling
inside the building is not possible anymore. The monolithic structure of buildings in the urban
fabric reduces the solar irradiation in the narrow alleys. Since firewood was relatively scarce and
cheaper energy carriers have not been available at that time, the only active component was a
stove that has also been used for cooking.
The building schematics shown in the middle in Figure 3 represents an alpine farmhouse, which
is an archetype that has been developed for wet-temperate/continental climate. The core is the
main house built with stone, while storage sheds are built with wood. The interior space was
heated by burning firewood and the radiative heat from animals (passive). The amount of
work to cut wood and the high price of firewood typically reduced the heating to one central
interior space at that time, while spaces closer to the exterior remained without heating and
have only been used for sleeping. Large roof overhangs not only protected from rain, but also
from overheating during the hot season. While small windows reduced heat transfer during the
cold season to the exterior, they reduced the heat gains during the hot season. Storing hay in the
attic during the cold season reduced the thermal heat transfer through the roof. Finally, small
openings in the roof in combination with the large attic generated a stack effect that provided
some cooling during the hot season. However, this type of building could only exist in a certain
types of social and environmental conditions. Although the basic shape of this type of building
still exists, the floor plan of most buildings has been adjusted to suit contemporary needs for
agricultural machinery and smaller family structures.
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Typical autochthon buildings also exist in hot-humid climate. The vernacular Batak architecture
in Sumatra, as sketched on the right of Figure 3 has been designed to keep the interior room
temperature and humidity low. The raised building on stilts allowed cross ventilation below the
floor. Contrary to the alpine farmhouses, the animals were kept in open pens on the ground
floor to reduce internal heat gains. Large roof overhangs provided shading and protection from
rain. Contrary to the alpine farmhouse, perforated false ceilings and high spaces allowed hot
air to rise. Large windows and almost no interior walls allowed for constant cross ventilation,
which reduced the interior heat gains. Furthermore, the lightweight construction with relatively
low mass did not act as heat storage and the solar irradiation was considerably reflected by
the use of bright colors. While buildings in many historical European cities were built abut at
the fire resisting walls to reduce heat transfer during the cold season, the buildings in Batak
villages were spaced with distance to allow for heat transfer by cross ventilation. The open floor
plan of these houses often consist of only one space, which favours the cross ventilation. The
social fabric of the society consists of clan structures. Many members of a clan lived in the big
houses of the Karo-Batak were minimal privacy existed. In the considerable smaller houses of
the Toba-Batak, only one family lived, which is more adequate to the current changes within the
society of Sumatra towards smaller families and individualism.
However, the autochthonous architecture became almost obsolete. The rising use of fossil fuels
in the building industry has deeply and profoundly changed architectural design worldwide. The
construction materials were not limited to local or regional resources anymore. Low equipment
and operational cost allowed mining and harvesting resources in remote distant areas. Cheap
fossil fuels fostered the development of new methods of producing building material with high
output of steel, cement, glass etc. The manufacturing of building components today and the construction technologies, which are used on site today, depend on a constant supply of fossil fuels.
The design of buildings has clearly changed with the rising availability of fossil fuels. Because
of the possibility of cheap long distance transportation, the regional limitations to certain
construction materials became obsolete. This fostered the demand for the new products and
construction techniques worldwide. At the same time, the active building systems were also
subject of fundamental change. The permanent availability of power from fossil fuels reduced
the necessity to build heat stores with large stocks of wood and coal or to build self-sufficient
systems. Relatively small units provided instantaneously the required heating or cooling power
whenever it is required. Beside heating and cooling systems, lighting, information and transportation systems powered by fossil fuels ensured a new comfort in buildings. The access to luxury
living was offered to everyone of the (western-)society, which has been an exclusive luxury of
only a few in the centuries before.
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However, this was only possible by burning fossil fuels, which in return generated enormous
quantities of GHGs, be it directly by burning fossil fuels in the building or indirectly by
purchasing power from a power plant, which operates by burning fossil fuels, as illustrated in
Figure 4. Contrary to the architecture before the era of fossil fuels, which is characterized by
more passive building components, this architecture relies more active systems. Simultaneously with the possibility of providing comfort with relative low cost by burning fossil fuels,
the demand for a higher living standard grew. The rising standard of living with more active
building systems can be considered as an important driving force to the success of international
architecture [45], which provided more daylight, guaranteed fresh air and in general a more
pleasing interior climate.
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Figure 4. Direct and indirect generation of GHGs in typical building operation, inspired by Leibundgut

The new construction materials and new building systems allowed for a standard of living,
which has been promoted in commercial campaigns worldwide. The desire for mass products
and mass architecture became affordable for many, but only because of two main aspects. A
liberal financial system allowed externalizing the actual cost to future generations. At the same
time a society allowed externalizing the environmental harm of this architecture to the global
community. A variety of aspects raised the so-called international style to become a global
phenomenon: inexpensive energy from non-renewable sources is definitely among them. Architecture became a product that could be exported worldwide by neglecting any local context.

34

Background

While the national gallery in Berlin, which Mies van de Rohe initially planned for Santiago de
Cuba, can be interpreted as a positive exception of the export of international architecture, many
designs have been naively copied to countries with completely different context, be it climatic
condition or social- or cultural history on the expense of constant and high supply of fossil
fuels for operating these buildings and keeping the social cohesion. Powerful building systems
allowed building non-insulated, exposed concrete façades in cold climate, as well as fully glazed
buildings in arid climate with high solar irradiation. Dehumidification the fresh air to very low
level became an indicator of prosperity in tropical climate. In the decade(-nce) of fossil fuels,
the choice of the construction- and envelope material degenerated to a question of favoured
style and only limited by construction cost, but certainly without considering greenhouse gas
emissions and low use of scarce construction materials.
This kind of allochthonous architecture, as sketched in Figure 4 has largely replaced the autochthonous architecture and forced it into niches. While architecture became more and more detached
from the context of specific local limitations (construction material, technology, manpower etc.)
and climatic conditions, the social and cultural context of this architecture has been reduced
simultaneously. This architecture largely transformed European cities is currently repeated in
many rising Asian countries, where swathes of urban autochthonous areas are replaced with
allochthonous buildings. While this serves to provide space and services to many people, it
is concerning from an architectural point of view. With this export, also the definitions and
thresholds of static thermal and hygric comfort models have also been copied to building codes
of other nations without taking local conditions and opportunities into account. The demand
of uninterrupted permanent comfort in buildings alone already results in necessity of installing
powerful building systems to still guarantee comfort at the worst exterior climatic conditions.
While this is simple with the power from burning fossil fuels, it is technically possible, but
financially challenging, when providing this comfort with systems that are powered by renewable
sources. The hope is that less powerful systems can be installed, when applying the concept of
adaptive comfort, which is based on the idea of setting the interior thresholds of comfort more
in relation to actual outdoor conditions. However, Halawa and others argue that several issues
in the advancement of this approach have not been solved yet [46].
The optimization of building systems aimed for minimizing the annual energy demand to reduce
cost during the period of rising cost for power. Today, the integration of power from renewable
sources causes a shift in building optimization towards optimizing the match of currently
available power from renewable resources with the actual current building demand. Theoretically, the full annual energy demand to operate a building can be produced in the temperate
climate on site for example with photovoltaic panels. However, the fluctuating solar irradiation
requires storing the power. The price of storing power becomes as important as the cost of
installing the generator of this power.
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In addition to the technical issues involved in guaranteeing thermal comfort, the demand
for space is rising in many countries. The rising demand in space per person in combination
with more single households on the one hand, and the pursuit of single-family houses on the
other, is causing the suburbs to grow worldwide. Each apartment is equipped with high quality
appliances and consequently the demand for such products is rising as well. This provides a high
standard of living. The globally changing climate and the depletion of certain resources is it a
challenge to maintain the current high level of living or to make this level of comfort available
to everyone worldwide. This is less a question of cost, than an inter-generational question, as it
is very likely that the externalized harm and cost of our level of comfort today will be paid for
many generations to follow. The price we currently pay for oil has not considerably changed
since the industrial revolution, despite increasing demand [47]. All temporarily price change
can be explained as a result of speculation [48][49]. Consequently, it is (at the moment) not a
financial question to rethink architecture, but rather an ethical.
The challenge for architects is to develop buildings that operate more efficient and to include
the energy generated from renewable resources, which may not be reasonable to request at
certain times of the day. Deviating from the current level of comfort is one possibility to allow
for feasible net-zero emission architecture, which could be reasonable in certain climate (e.g.
hot arid). However, the technological possibilities also provide methods to allow for net-zero
emission architecture. Without neglecting the potential of adaptive or less comfort, the focus
of this thesis is the performance of buildings, which will be further discussed in chapter 4. The
influence that the thermal comfort has on the design of passive components is also subject in
chapter 2.1.1. This is an argument to reasonably rethink if the level of comfort created for a
temperate climate should be maintained in a hot humid climate.
The use of energy from renewable sources may become feasible for everyone in the near future.
Currently, energy from renewable sources is scarce and comes at a higher cost. Consequently,
refurbishment towards the lowest GWPe,a also needs to be possible at a reasonable Ce,a, while
aspects of architecture are also respected, e.g. simplicity, robustness, but first and foremost
aesthetics. How this affects the balance of active and passive components is the subject of the
following chapters. Since the use of fossil fuels had such a considerable influence on architecture, it is reasonable to ask, how the «Energiewende» will affect the architectural design in the
near future [50], especially in terms of net-zero emission architecture.
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2.1.1 Definition of zero emission buildings
According to Panagiotidou, a universal definition of net-zero emission building (nZEB) does
not exist yet [28]. This is validated by a literature review regarding nZEB, a.k.a. emission free or
zero carbon buildings, which is based on a thorough study from Marszal[26][27]. The United
Kingdom was presumably the first country that provided a definition of zero carbon buildings,
because all new residential buildings have to comply with the concept of zero carbon by 2016.
According to the six-step sustainability rating system for buildings in the UK, a ‘zero carbon home’
(level 6) generates zero net CO2 emissions from heating, lighting, hot water and all unregulated
emissions, which are mainly household appliances. Delivering this through an entirely on-site
strategy caused challenges for the builders in the UK in the beginning, as Osmani et al show [29].
Consequently the concept of ‘Allowable Solutions’ was introduced in 2009, which is identical to
Compensation Method that will be discussed in chapter 4.4. Jefferson recommends three general
approaches to achieve zero carbon today in the UK, which are very similar to the Reduction-,
Combination- and Substation methods that will be presented in chapter 4.3 to 4.5. [30]
The general definition of zero carbon buildings in the UK is concurrent with the definition from
Lausten. However, he extends the definition by also stating «[...] Over the year, these buildings
are carbon neutral or positive in the term that they produce enough CO2 free energy to supply
themselves with energy». He extends the idea of on-site generation by noting that «Zero Carbon
Buildings differ from Zero Energy Building in the way that they can use for instance electricity
produced by CO2 free sources, such as large windmills, nuclear power and PV solar systems which
are not integrated in the buildings or at the construction sight»[31]
Mertz, et al. also allow for emission trading by stating «In a CO2 neutral home, no CO2 is added
to the atmosphere due to the operation of the building. This could be accomplished by purchasing
tradable renewable certificates (TRC’s) generated by solar, wind, or biogas. It could also be accomplished by purchasing CO2 credits on a carbon trading market form some who has CO2 credits
to sell. In addition, the home could generate all of its energy on-site, like a net-zero energy home.
Thus, a net-zero energy home is a CO2 neutral home, but a CO2 neutral home is not necessarily a
net-zero energy home. »[32].
Riedy et al. from the Australian Sustainable Built Environment Council define a zero carbon
building as «one that has no net annual [...] emissions from operation of building-incorporated
services», which include, «[...] all energy demands or sources that are part of the building fabric
at the time of delivery, such as the thermal envelope (and associated heating and cooling demand),
water heater, built-in cooking appliances, fixed lighting, shared infrastructure and installed
renewable energy generation.» [33]. Furthermore, they recommend differentiating the categories
of zero carbon buildings by variations of the terminology as shown in Table 1.

Background

37

Table 1. Terminologies of zero carbon buildings, according to Riedy
Terminology

Variation

Zero carbon building

Standard definition

Zero carbon occupied building

Include occupant emissions

Zero carbon embodied building

Include embodied emissions

Zero carbon life-cycle building

Include all emission sources in the building life cycle

Autonomous zero carbon building
Carbon positive building (or carbon positive occupied
building etc.)

No grid connection
Achieves less than zero emissions

The most general definition regarding zero emission buildings is from Torcellini, et al. who state
that «a net-zero emissions building produces at least as much emissions-free renewable energy as it
uses from emissions-producing energy sources.»[34]
Most definitions of zero emission buildings neglect the embedded emissions in construction
materials and focus on the building operation. In general differences exist in definition of the
- Life cycle boundaries (including/excluding certain processes)
- Metric of the balance (per m2, per capita, per building etc.)
- Balancing period (annually, season, lifetime etc.)
- Allowed methods of emission reduction (by GHG mitigation in the grid, carbon credits etc.)
- System boundary (energy generation only on-site or also off-site)
- Assessment methods (of unregulated emissions, embedded emissions, building operation)
Net-Zero Emission Architecture is typically verified by an GWPe,a assessment. Although all
processes and building component in a lifetime of a building can be related to a certain amount
of GWPe,a , the attempt of including ever aspect is unreasonable, since many contribute very
little to the assessment. As a result, certain aspects, which are of importance in sustainable architecture, are of less significance in net-zero architecture, as shown in Table 43 of chapter 7, which
is based on findings from Ebert et al [25].
The assessment of net-Zero Emission Architecture in this thesis includes in the indirect
embedded emissions from the materials or other processes and the direct emissions from the
building operation. The emissions are annualized and the assessment considers the relevant
phases of the building. The assessment does not include the unregulated emissions from the
appliances of the users and focuses on heating and cooling of the building. Electricity can also
be produced off-site and be purchased or fed to the national grid, which consequentially allows
for GHG mitigation.
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2.2

Definition of active and passive components

Analogy to electrical components
The distinction between active and passive components originates in the electrical circuit
network theory. Electrical circuits are defined as closed looped electrical networks that consist
of different electrical components with passive or active qualities. The two-terminal electrical
components are defined by their resistance, inductance or capacity. Physics like John L. Wyatts
define passive components in non-linear networks as elements that consume energy without
producing energy [51]. Electrical engineers define passive electrical components a little different
as elements that «[...] always reduce the power of an input waveform, so that an output wave
from a circuit that contains only passive components is always at a lower power than (or the same
power as) the input. Passive components do not need any additional steady voltage supply to enable
them to deal with waveforms. A complete electronic circuit will normally consist of both active
and passive components, arranged so that the passive components control the action of the active
components and act as a path for signal waveforms.» [52].
In other words, passive components can at best cause a reduction of power.
Contrary to that active components «[...] are used to copy (amplify) waveforms and to switch
voltages and currents on and off under electrical control. Such active components need an input
signal (a waveform) to control an output signal, and they also need some source of power, which is
usually a steady voltage supply. A circuit that contains active components can produce an output
waveform, which provides more power (voltage multiplied by current) than its input waveform.»
[52].
In other words, active components can provide an amplification of power.
Based on this, transistors, relays etc. are classified as active components, while pre-set resistors,
capacitors, inductors etc. are passive components. The electrical circuit theory with active
and passive components, however, originates in the hydraulic circuit theory. T.H. Wilmshurst
provides a thorough analysis of both [53]. Here, pipes, transmissions etc. are classified as passive
components, while power packs, pumps etc. are active components. Similar to the electric
circuit theory, the hydraulic circuit theory is most valid for discrete and linear networks, which
consist of long, relatively thin tubes and discrete pumps. Paschkis [54] and Beuken [55] were
the first that adopted the theory of electrical circuit networks to assess unsteady heat flows. This
approach has been further developed by Paschkis and Baker [56]. Table 2 presents analogous
thermal and electrical quantities, based on findings from Robertson et al. [57] and Pyrhönen et
al [58].
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Table 2. Analogy of thermal and electrical circuits, based on Robertson et al.
Thermal
Property
Temperature
Temperature rise
Quantity of heat (th.energy)
Heat flow rate
Heat ﬂow density
Heat-capacity
Thermal resistance
Thermal conductivity
Thermal conductance
Temperature gradient
Rate of temperature rise

Symbol
θ
Θ
Qth, Eth
Φ (∂Q/∂tt)
qth
Cth
Rth (∆T/Φ)
λ (Φ/∆T)
Gth
∆T (∂θ/∂l)
∂θ/∂tt

Unit
K
K
J, Ws
W
W/m2
J/K
K/W
W/(m·K)
W/K
K/m
K/s

Electrical
Property
Electric potential
Voltage
Electric charge
Electric current
Electric current density
Capacitance
Electrical resistance
Electrical conductivity
Electrical conductance
Voltage gradient
Rate of voltage rise

Symbol
v
U
Q, E
I (∂Q/∂t)
J
C
R
σ
G
U (∂v/∂l)
∂v/∂t

Unit
V
V
C
A
A/m2
C/V
Ω
1/ (Ω·m)
A/V
v/m
v/s

Independent from the relative strict definition of active an passive components in the network
theory, Richarz defines that «The mechanical plant can be actively employed to influence the
interior climate. The technical installation as a whole is therefore referred to as an active concept.»
and he states regarding the passive components that «the expression “passive concept” indicates
that the constructional measures merely react to the exterior climate and never actively influence the
interior climate.» [59]. According to this, the entire technical installations are active components,
while the rest are passive components. Shukuya et al. call the active building components as
active technologies, which require power from electricity to perform. Furthermore he states
that «Active systems and technology include those making direct use of fossil fuels, namely the
fossil-fuel combustion to produce hot air or hot water for conditioning the built environment.» [60].
He categorized as shown in Table 3, according to their objective.
Table 3. Active and passive building components, based on Shukuya et al.
Objective
Lighting

Heating/Cooling

Ventilation

Passive component
Windows
Shadings
Ceilings
Internal wall surface
Windows
Walls
Floor
Ceiling
Windows
Doors
Vents

Active component
Lamps
Luminaires

Heat exchangers
Fans and pumps
Heat pumps
Boilers
Fans
Ducts
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Davies et al. apply the electrical network circuit theory to thermal systems with the basic thermal
circuit elements shown in Figure 5 [61]. Based on theses elements, it is possible to create an
analogue for a simple space, which is shown in Figure 6.
pure temperature source

pure heat source

Conductive, convective,
radiative conductance

thermal capacity

Q

Te
Tref

Figure 5. Basic thermal circuit elements, based on Davies et al.

1

2

3a

Ti
9
4

5

7
8

10

Te

8

8

6

3b

8
7

9

9

Legend:
1 Interior room
2 Exterior wall
3a Interior wall & ceiling
3b Interior wall & ceiling
4 Internal heat gains
5 Heat supply, heating system
6 Heat transfer, ventilation
7 Solar heat gains at wall
8 Heat transfer at wall
9 Hherm. cap. of wall & ceiling
10 Exterior ambient
Ti interior room temperature
Te exterior room temperature

Figure 6. Basic thermal model as analogy of an interior space, based on Davies et al.

Leibundgut uses the electrical circuit analogy to discuss heating and cooling processes of
buildings [62]. It is possible by that to locate active and passive building components in different
network circuits, as shown with a sample of a building operating with a heat pump system in
Figure 7. According to the definition that passive components can at best reduce power within
electrical circuits, the thermal resistance of the building envelope marked as the resistor (1a), the
building mass and the heat source marked as capacitors (2) and (3) are categorized as a passive
component. The definition that active components can amplify power within an electrical
circuit only applies to the transformer marked with (6), which represents the heat pump. Based
on these definitions, the remaining heat sources marked with (1b), (4) and (5), which represent
the windows of the building, a solar thermal collector and a photovoltaic collector, should be
categorized as passive components. However, since these components can partly also amplify
the power of the heating system, they are defined as semi-active components.
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Pel

Te
Ti
3
.
QC TC

7

Pel

1b
2

.
QH

Htot

TH
6

1a

4

5

Legend:
Passive Components
1a Thermal resistance of envelope
2 Thermal capacity of bldg mass
3 Heat source with temp. TC
Semi-active Components
1b Solar heat gain via windows
4 Heat gain from thermal collector
5 Pel generation via photovoltaic
Active Components:
6 Heat pump providing Q̇H
7 National electricity grid
(not part of the building)

Figure 7. Analogue to resonant circuit, based on Leibundgut

Contrary to hydraulic and electrical circuit network theory, which is described as a closed looped
network, a real building system is not a closed network, but a system that is embedded in an
environment. The links to other networks in Figure 7 are the heat source, the solar heat gains and
clearly the electricity connection to the national grid. While the connection to the national grid,
which operates as supply and source of electrical power, is direct and can physically be described
relatively easily, the connections to the heat source are more complex. The ground source heat
exchanger (GSHX) not only operates as a capacitor that can be charged and discharged with
the heat within the hydraulic system, but is also charged and discharged from the surrounding
ground. Although the activated volume of the GSHX is enormous and consequently its capacity
is theoretically virtually unlimited, only a certain volume of the amount is significantly reaction
during the operation in terms of temperature change, because of the thermal conductivity of
the ground. Contrary to the electric potential of typical capacitors, which are isolated to the
environment, the thermal potential of the ground (the temperature) is considerably affected by
the surrounding environment. Due to the conductivity of the ground, a GSHX can hardly be
charged above the surrounding ground temperature for a long time. Consequently, typical single
GSHX can be at best regenerated, but do not operate as seasonal thermal energy storage. The
main recharging heat flow comes from the surrounding ground, which originates from the solar
irradiation on the surface of the ground. Thus, the GSHX provides power from the environment
that amplifies the power of the circulating fluid. This is similar to the thermal solar collector,
which provides power from the solar irradiation and amplifies the power of the circulating fluid.
This is why the inductors and capacitors are defined as semi-active components.
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The fundamental difference between these groups of components is that passive components
are always present with a specific quality. The property of the thermal insulation does not (significantly) change throughout the season. Thermal insulation for example is dimensioned for
the coldest day during the winter, but is also present during the hot seasons. Active components
are also dimensioned for a certain peak demand, but they allow for a controlled activity and
only operate at certain times. Consequently, active components are not permanently present in
full power. Typically, active components cause running cost and generate GHGs in operation,
while passive components cause considerable installation costs and GWPem, but are without any
operational cost and emissions.
The combination of the building components affects the influence that changing exterior
conditions have on the interior climate. The combination must at least guarantee interior
comfort. The current thermal comfort criteria for occupied spaces in temperate climates are
relatively strict and high. Nevertheless, a variety of combinations of components is possible.
Most buildings are equipped with at least one active component to manually change the thermal
condition. If this active component is powerful, the passive components are of less importance.
If passive components dominate, the size of the active systems can be reduced. It is debatable
whether buildings can be occupied without any active component. The commonly used
definition of passive and active buildings, however, is misleading. Strictly speaking, a pure active
building does not exist, because the room temperature of any construction is also influenced
passively by the construction material. The same is true for passive buildings. However, they
also contain several active component, e.g. electrical appliances, like lighting, which affect the
thermal conditions.
While the combination of the active and passive components in the net-zero energy refurbishment is determined by energy efficiency, the net-zero emission refurbishment is rather
determined by the exergy efficiency. Kilkis notes that the exergy balance allows determing the
compound CO2 emissions of a building, which are the direct GHG emission from the building.
He states «… engineers, architects, decisions makers must recognize that the harmful emissions
and global warming issues cannot be fully addressed by simple net zero energy building concept.
Exergy dimension of the balance must be absolutely taken into account in order to fully reveal the
magnitude of the problem and at the same time draw solution roadmaps”[63]. Consequently, the
balance of active and passive building components requires considering the exergy efficiency to
achieve a net-zero emission architecture.
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2.2.1 Thermodynamic background regarding energy and exergy efficiency
The two significant differences between heating with a condensing boiler and heating with a
heat pump are the energy and exergy efficiency. While the first is closely related to the first law
of thermodynamics, the latter requires the second law of thermodynamics. The first and second
laws of thermodynamics are based to the findings of Nicolas Léonard Sadi Carnot regarding
the thermodynamic processes of heat engines. He observed that these laws are not necessarily
limited to heat engines, but to heat flows in general, which later allowed Thomson (Lord Kelvin)
to invent the heat pump. In honour of Carnot’s findings in 1824, the theoretical cycle in a heat
engine is called Carnot cycle, which is described in detail in various publications, e.g. by Baehr et
al. [64]. Concerned with the efficiency of heat engines, Carnot stated that there exists a maximal
achievable power (Ẇmax) per rate of heat flow (Q̇H) in a reversible heat engine process between
boiler and condenser that cannot be exceeded, even when assuming the flow of the entropy in
the process is zero. This is expressed by the Carnot factor ηC :

ηC =

W max
Q H

(2.1)

Furthermore Carnot found that this ratio becomes larger the bigger the temperature difference
between heat source and the sink is. Consequently the ability of generating useful work is only
a question of the reference temperature, which is expressed by the Carnot factor regarding the
maximal efficiency in terms of temperatures:

ηC =

TH − TC
T
= 1− C ;
TC
TH

TH > TC → ηC < 1

(2.2)

where TC denotes the temperature of the (cold) heat sink and TH denotes the temperature of the
hot heat source. Since TH is always bigger than TC the efficiency ηC is always less than 1, which
seems obvious today, but was a remarkable statement in 1824. According to this statement, the
heat flow Q̇H in heat engines only partly consists of useful power, a.k.a. exergy, Ėx, and is never
completely converted into useful power Ẇ. Combustion processes and nuclear fission are highly
irreversible processes, where a lot of exergy is transformed into useless power, a.k.a. anergy,
Ȧn. This anergy is included in the heat flow and does not contribute as useful power to the heat
engine process, which is illustrated on the left of Figure 8. Theoretically, this anergy could still
generate work in the context of a lower ambient temperature.
Clausius later completed Carnot’s findings, who explicitly noted that the principles from Carnot
were not wrong, but who believed that heat can be lost. By adopting Carnot cycle for an ideal
gas, Clausius was able to derive the first and second law of thermodynamics. Baehr et al. provide
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a detailed derivation of both [64]. The first law of thermodynamics expresses the power balance
of the transfer process in general by:
dU = δ Q + δ W ; → Q H = Q C + W

(2.3)

where dU denotes the change to the internal energy, δQ denotes the heat flow and δW the change
of the provided work of the system. In terms of thermodynamic heat cycles Q̇H denotes the heat
flow from/to the hot sink, Q̇C denotes the heat flow from/to the cold sink and Ẇ denotes the
power generated or gained in this process. Figure 8 illustrates this relationship for the a heat
engine, a condensing boiler and a heat pump.
The second law of thermodynamics states that heat naturally only flows from a hot to a cold
source. This heat flow allows in a heat engine to generate power. Contrary to that, power is
required in a heat pump or condensing boiler process to generate a heat flow from a cold source
to a hot sink. This is only possible since the provided power contains exergy. However, all these
processes are irreversible, as some of the exergy is transformed to anergy, Ȧn, which causes some
exergy losses ĖxL.
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Figure 8. Heat flow and exergy assessment of heat engine, condensing boiler and heat pump
Legend
Q̇H
Q̇C
TH/ TC
ẆHP/ẆCB

heat flow from/to the hot heat source/sink
heat flow from/to the cold heat source/sink
hot/cold temperature of the heat source/sink
provided power for heat pump/condensing boiler

Q̇L
Ȧn
Ėx
ĖxL
ẆHE

unused heat flow
anergy
exergy
exergy losses
generated power in heat engine
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In terms of power, the center of Figure 8 shows how the entire power for space heating (Q̇H) in a
condensing boiler process comes from a power source (ẆCB). Since burning fossil fuels provides
this power, the power in this process (ẆCB) equals the primary power (ẆPE) , which is defined
by the mass flow of the fossil fuel (ṁFF) and a certain heat of combustion (HC)6 of the fossil fuel.
Since the condensing boiler process does not incorporate power from another source (e.g. Q̇C )
and the efficiency (ηCB), of a modern condensing boiler is almost 100% (see also chapter 7.3.1),
which reduces the Q̇L7 to zero, the energy efficiency of a condensing boiler is expressed by

ξCB =

Q H
Q H
=
W CB m FF × H C

(2.4)

Since the entire power of ẆCB is transferred to Q̇H in modern condensing boilers, the energy
efficiency of such a system has reached its maximum in terms of optimization.
The illustration on the right of Figure 8 shows the heat flow in a heat pump process. Here, power
is combined with the heat flow from a «natural» heat source (Q̇C) to provide the heat flow for
space heating (Q̇H). The process is expressed by the coefficient of performance (COP). In terms
of maximal theoretical value, the COPmax is the reciprocal value of the Carnot factor ηC, which
is discussed in equation (2.1). In older literature the COP is also known as ε and expressed by

ε HP = COPHP = 1 +

Q H
Q C − Q L Q H
=
=
W HP
W HP Pel , HP

(2.5)

where the power to operate the heat pump is provided by electricity (Pel, HP). Since the heat
pump process includes the power from a «natural» heat source (Q̇C) and the unused heat flow
(Q̇L) is smaller than Q̇C , the energy efficiency ratio (ε) is typically greater than 1. Due to εHP
being greater than 1 and ξCB being smaller than 1, one could assume that heat pump processes in
general require less power and generate less GHGs, which Figure 8 is also creates the impression
of with a smaller ẆHP than a ẆCB. However, the power ẆHP in equation (2.5) is not the primary
power contrary to the powerẆCB in equation (2.4). The generation of electricity, the transport
and the distribution in the electrical grid etc. reduce the transferred electricity, which need to
be considered in the assessment of the primary power. Thus, Baehr et al. express the energy
efficiency of a heat pump system (ξHP) by
6

Since water that is produced in a condensing boiler process recovers some heat in this process, the gross heating value is
relevant for the energy calculation, GHV.

7

The heat flow of QL in Figure 8 is only shown as anergy flow. However, even this heat flow contains some exergy. Since
this exergy is very small, it is neglected in the exergy assessment.
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ξ HP = ηdis , QH × ε HP × η HP , em × ηdis , Pel × ηgen, Pel = 0.31 × ε HP

(2.6)

where ηdis, QH denotes the efficiency of the heat distribution, ηHP, em denotes the efficiency of the
electrical motor compressor of the heat pump, ηdis, Pel denotes the efficiency of the electrical distribution of the grid and ηgen, Pel denotes the efficiency of the electricity generation in the power
station. Baehr et al. conclude that a typical heat pump process in Germany needs to achieve
at least an εHP of 4.5 to be compatible with a condensing boiler that operates with a ηCB of 0.9
(ηgen,Pel=0.38, ηdis, QH=0.98, ηem=0.92, ηdis, Pel=0.95). Based on the information from Frischknecht
et al. regarding the primary energy demand of heat pump processes [65], the εHP of ASHP
systems needs to achieve 3.7 in Switzerland to be compatible with condensing boiler heating
systems in terms of primary energy demand and brine/water heat pumps need to achieve an
εHP of 4.6 respectively.
In terms of exergy, the illustration in center of Figure 8 shows the assessment of a condensing
boiler and on the right the assessment of the heat pump, respectively. According to Baehr et el.,
the exergy efficiency (ζ)of both systems is calculated by

ζ=

 H − Ex
 C

Ex
Ex
= 1− L
 W
 W
Ex
Ex

(2.7)

where ĖxH denotes the transferred exergy to the heated space, ĖxC denotes the exergy from
the heat source, ĖxW denotes the exergy of the power source. Due to the large temperature
differences between the combustion temperature of 1’500°C in the condensing boiler and the
supply temperature of ~50°C, the exergy losses (ĖxL) in a condensing boiler process are enormous.
Contrary to that, the ĖxL in absolute values of a eat pump system are relatively small. As shown
in the illustration on the left of Figure 8, heat engines are optimized to generate minimal ĖxL
and maximize the power output ẆHE . However, even the most efficient process is limited by the
Carnot factor ηC and some ĖxL will be generated. Since the entire exergy in a condensing boiler
process comes from a fossil fuel and the main8 exergy in a heat pump process comes from the
provided electricity, Pel, HP, the exergy efficiency for both processes is calculated by

ζ CB = 1 −

8

 L
Ex
;
m FF × H C

ζ HP ≈ 1 −

 L
Ex
Pel , HP

(2.8)

The heat flow from the heat source also provides little exergy, as shown in Figure 8. Since this exergy is little comared to
the exergy from the electricity, it is neglected in the assessment.
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Baehr et al found that the exergetic efficiency of a condensing boiler system and the energy
efficiency can be combined by

ζ HP = ( H c / eFF ) × ηC × ξ HP

(2.9)

where ηC denotes the mean Carnot factor, as discussed with equation (2.2). Baehr et al.
determined with equation (2.9) the exergy efficiency of condensing boiler systems for certain
cities in Germany [64]. According to this approach, it is also possible to determine the exergy
efficiency of condensing boiler system for the location Zurich. The ηC in Zurich is 0.053 based
on the standard information of the SIA with a mean exterior temperature of 3.8 at a heating
day degree of 12°C and an interior set temperature of 20°C for Zurich. Assuming the energy
efficiency of the condensing boiler is ξCB = 0,93, the exergy efficiency of a condensing boiler in
Zurich is ζCB = 0,049. This means that in an ideal heating process with an exergetic efficiency
(ζideal) of almost 1, only ~5% of the primary energy, which is used in a condensing boiler heating
system, would be necessary to provide the same heat Q̇H. This theoretical system is the ideal
heat pump process. However, actual heat pump systems only achieve an exergetic efficiency
(ζHP,real) of about 0.6, which would still be considerably higher than 0.05 of the condensing
boiler. Similar to the primary energy assessment of a heat pump process shown in equation (2.6),
it is necessary to include the exergetic efficiency of the power station, the distribution of the
electricity and the heat distribution in the building, as shown by Beahr et al. [64]. Assuming the
set-point temperature of the interior space is Tset=20°C, the heating system operates at a supply
temperature of TH =35°C and source temperature TC equals the mean exterior temperature of
3.8°C, the exergetic efficiency is calculated by

ζ HP , Bld = ζ HP × ζ dis , QH = ζ HP ×

1 − (TC / Tset )
= 0.6 × 0.55 = 0.33
1 − (TC / TH )

(2.10)

where ζHP, Bld denotes the exergetic efficiency of the heat pump heating system in the building, ζHP
denotes efficiency of the heat pump, ζdis, QH denotes the exergetic efficiency of the heat distribution in the system. Still, the result of the example above with 33% is considerably higher than the
exergetic efficiency of a condensing boiler with 5%. However, including the exergetic efficiency
of a typical power station reduces the exergetic efficiency again, which can be calculated by

ζ HP , tot = ζ HP × ζ dis , QH × ζ gen , Pel = 0.33 × 0.34 = 0.11

(2.11)

where ζgen, Pel denotes the exergetic efficiency of the electricity generation and distribution. The
result of 0.11 can be increased by improving the heat pump process. Assuming a system that
operates with a supply temperature of 30°C the ζHP, tot increases to 0.13.
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Since the ideal COP discussed with equation (2.5) is the reciprocal value of the Carnot factor ηC
discussed in equation (2.1), the ideal COP can also be determined by the temperatures in the
system. Based on that, the COPreal can be expressed by
COPHP,real = COPHP,ideal × ς HP =

TH
× ς HP
TH − TC

(2.12)

where ςHP denotes the «Carnot efficiency» of the specific heat pump, which is the ratio of
COPreal/COPideal. The COP typically excludes the power demand from other components within
the heating system (e.g. the electricity demand from auxiliary pumps, controls etc.). The entire
annual energy demand of a heating system is typically determined by the Seasonal Performance
Factor SPF. Since at least the temperature TC and the Carnot efficiency ςHP constantly change
during the process, also the COPHP, real changes considerably. Similar to the mean Carnot factor
ηC (equation (2.9)) the SPFHP expresses the average Seasonal Performance Factor of the heat
pump, which is calculated by
SPFHP =

∫
∫

365 d

Q H , t × dt

t =0
365 d
t =0

Pel , t × dt

(2.13)

The higher the Seasonal Performance Factor, the less electricity is required to power the required
heating flow. The reduction of the electricity demand is one important key to reduce the global
warming potential (GWP) of buildings, if the electricity is generated with a lot of GHGs (see
also equation (3.8)). The GWPop of a heat pump operation for space heating can be calculated by
GWPHPop = ∫

365d

t=0

Pel × EFel = ∫

365d

t=0

⎛ T ⎞
H tot × (Ti − Te ) × ς × ⎜ 1− C ⎟ × EFel = QH × SPF −1 × EFel


⎝ TH ⎠
(2.14)



Q h
ηC =COP −1

where EFel denotes the emission factor of the purchased electricity. Htot denotes the building
specific heat transfer coefficient, which is building specific and independent of the climate.
The temperature difference between interior and exterior space is expressed by (Ti – Te). This
equation highlights the possibility to reduce the GWPop of the heat pump operation by either
reducing the purchased EFel , by reducing the Htot of the building, by improving the ς of the heat
pump or by reducing the Carnot factor ηC. These are exactly the determinants, which will be
assessed in the case studies. In terms of optimization, it is relevant how big the cost and aesthetic
restrictions are when changing one of these determinant.
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Assessment methods

Understanding a building as a system composed of active and passive components, as illustrated
in Figure 2, allows to determine the equivalent annual global warming potential (GWPe,a) and
the equivalent annual cost (Ce,a) of the components to a certain extend that are relevant for
heating and cooling processes. The following presents the general calculation methods applied
in thesis.

3.1

Method to determine the equivalent annual global warming potential

According to the third IPCC report 2001 [66], the GWPx is defined as the ratio of the timeintegrated radiative forcing from the instantaneous release of 1 kg of a trace substance, x, relative
to that of 1kg of the reference gas, r, which is CO2 by
GWPx =

∫
∫

TH

0
TH
0

bx ⋅ [ x(t )] ⋅ dt

(3.1)

br ⋅ [ r (t )] ⋅ dt

where the variable bx is the radiative efficiency due to a unit increase in atmospheric abundance
of the substance in question and x(t) is the time-dependent decay in abundance of the substance
following an instantaneous release of it at time t=0. The corresponding quantities for the reference
gas are in the denominator. Based on a specific time horizon (TH) the GWP of each gas can be
defined, which is 100 years in this thesis. A short record of data is presented in Table 4, which is
based on the full data set presented in the fourth Assessment Report of the IPCC [67].
Table 4. GWP of different greenhouse gases
IUPAC name
Molecular formula
TH of 20 years
TH of 100 years
TH of 500 years
Actual lifetime
[years]
Radiative efficiency,
bx [W / (m2 x ppb)]

Carbon
dioxide
CO2
1
1
1

Methane

Nitrous oxide

Chlorofluorocarbon
e.g. CClF3
10800
14400
16400

Haloalkane

CH4
72
25
7.6

N2O
289
298
153

30-95

12

114

640

270

270

3200

1.4x10–5

3.7x10–4

3.03x10–3

0.25

0.19

0.21

0.52

e.g. CHF3
12000
14800
12200

Nitrogen
trifluoride
NF3
12300
17200
20700

Sulfur
hexafluoride
SF6
16300
22800
32600
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In terms of the GWP generated by a building, equation (1) is too detailed to be applicable in an
assessment. The method applied in this thesis can generally be categorized as inventory analysis
approach in combination with results from case studies. The inventory analysis approach is
applied in phases where direct or indirectly embodied emissions (GWPem) are generated. These
are the stages before building use (manufacturing, transportation and actual installation of the
material or components) and after building use (demolition and deconstruction of the building
components, transportation of waste material and waste disposal of building materials). The
direct emissions from the building operation (GWPop) are determined in the assessment of
case studies. The sum of the GWPem and GWPem is referred to as total equivalent annual global
warming potential (GWPe,a) of the building. This approach is illustrated in Figure 9. Since this
thesis focuses on refurbishment projects, stage 5 only comprise refurbishment components
instead of the full construction of a building. As illustrated with the central diagram of an
exemplary life cycle assessment, there exists a difference in validity between inventory analysis
and the case study assessment. Contrary to the case studies of stage 6, where the GWPop can
be determined very precisely, the GWPem generated in other stages can only be determined
with deviations. This causes considerable challenges when quantifying the importance of stages
regarding their stakes of the total GWPe,a.

➊

➋

➌

➍

case studies

inventory analysis

➏

➎

before use

➐

during use

➑

➒

after use

Example of GWPtot accumulated in a building life

GWPem
ø GWPtot

GWPop
GWPem
cradle

gate

building life time (blt)

gate

deviation

inventory analysis

grave

➊

Pre-construction phase,
planning and marketing

➍

Any required transportation
to the building

➐

Deconstruction
and demolition

➋

Extracting new raw materials or
recycling post consumer materials

➎

Construction or installation
of the building components

➑

Any required transportation
from the building

➌

Manufacturing of construction
materials and components

➏

Operation of building services
and other appliances

➒

Reuse, recylcing,
recovery or disposal

Figure 9. General approach to determine the GWP generated during the lifetime of the building.
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The following elaborates the calculation procedures applied in the inventory analysis approach
of the building life cycle, which are based on equations proposed by Zhang et al [68]. The total
equivalent annual global warming potential (GWPe,a) is calculated by:

(

)

op
GWPe, a = ∑ c ∑ h GWPcem
, h + GWPc , h / T

(3.2)

where c denotes the building component in question. h is the specific greenhouse gases in question
(see Table 4). GWPem denotes the embedded GWP and GWPop denotes the generated GWP of
the building operation. T is the total lifetime of the building. Contrary to other approaches, this
assessment assumes that the embedded emissions are annualized to the total building lifetime
instead of the component lifetime. The GWPmat of the building components and material is
calculated by:
GWPcem = GWPcma + GWPctr_to + GWPcin + GWPcde + GWPctr_fr + GWPcic

(3.3)

where GWPma denotes the GWP generated in the manufacturing stage (stage 1-2-3 in Figure 9).
GWPtr_to is the GWP generated by any required transportation prior to the installation of the
component to the building (stage 4 in Figure 9). GWPin denotes the GWP generated during
the construction and installation phase of the component to the building (stage 5 in Figure 9).
GWPde is the GWP generated during the demolition phase (stage 7 in Figure 9). GWPtr_fr denotes
the GWP generated by any required transportation after the building use (stage 8 in Figure 9).
Finally, GWPic denotes the GWP generated by the waste incineration of the recovered building
component or material (stage 9 in Figure 9).
Building materials and components runs through various processes during the manufacturing
phase. This requires a thorough analysis to determine all generated equivalent GHGs, as shown
in Figure 9 with the stages 1-2-3. The resulting GWP of each GHG substance in question is
calculated according to
GWPcma = ∑ s GWPcma , s = ∑ s ∑ m Qcma, m, s × EFmma , s

(3.4)

where the total GWPma of the component c equals the sum of the GWPma relevant to that GHG
substance generated in all process stages s prior installation on site. Since building components
and materials consist of various sub-materials m, the GWP of the sub-materials is determined
separately by a specific emission factor, EF, and the quantity of the material, Q, which is typically
dimensioned in mass, volume, area or length, depending on the kind of material. Based on the
emission factor it is assumed that the GWPma of any quantity of building component or material
can be determined, if the component or material in question passes the same defined stages
before the installation to a building.
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The GWPtr_to includes all GHGs due to the transportation of construction building material or
components prior installation, except the GHG due to the transportation of construction waste.
The GWP that the transportation of construction waste causes is included in equation (3.6). A
crucial determinant is the transported distance, which is taken into account with
GWPctr = ∑ k Qctr × Dctr × EFktr

(3.5)

where Dtr denotes the distance of a specific transportation method, k, of building component
or material. The emission factor (EFk) reflects the green house gas in question generated by the
according transportation method (deep-sea transport, coastal vessel, road freight and railroad).
The total GWPtr considers all transportation of the building material or component that happen
until installation to the building.
The complexity of the construction stage on site requires a mixed approach. While the GWP
generated from the transportation of the building component or material to the site is already
taken into account in equation (3.3), the GWP generated by the transportation of the construction waste from the site to the landfill or recycling depot is part the GWPin with
GWPcin = ∑ ec Qecin × EFecPE + ∑ m Qctr, m × Dmtr × EFmD + ∑ p Q ptr × D ptr × EFpD

(3.6)

where the quantity Qwa of a certain kind of waste, m, generates a GWP depending on the transportation distance Dtr and the specific emissions this transportation causes EFtr. Similar to this,
the GWP generated by the transportation of the construction workers is taken into account by
the last term, with the number of workers QP that commute a certain distance Dtr with a transportation method that has a specific emission factor EFtr. Furthermore, the construction itself
causes a power demand (electricity or fossil fuel demand for construction machinery etc.). This
is taken into account with the first term, where Qco denotes the total demand (kg, liter, kWh etc.)
of a specific primary energy carrier, (ec = electricity, liquid gas, wood etc.). EFPE denotes the
according emission factor.
The GWPde generated in the last stage of a building are caused by the demolition of the building,
which can be calculated almost similar to equation (3.5) with the exception of using Qde for the
total demand during the demolition phase. Any required transportation of waste material is
calculated similar to the second term of equation (3.5). The GWP generated due to the operation
of machinery on the landfill or the recycling depot is not included in the assessment. However,
a considerable GWP is generated if waste is incinerated, according to
GWPcic = ∑ m Qcin, m × EFmin

(3.7)

where Qin denotes the quantity of waste with the according emission factor EFin due to the
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release of GHGs in the waste incineration. By definition, the GWP generated in this process are
related to the building material and not to the generated heat generated in the waste incineration, which potentially could be used for district heating or for generating electricity.
Beside the inventory analysis approach shown with the equations (3.1) to (3.6), the GHGs
generated by the building operation are determined in case study assessments. The simplified
equation for this assessment reads as
GWPcop = ∑ ec Qecop × EFec

(3.8)

where ec denotes the different forms of energy carriers (electricity etc.). Qop is the total energy
demand (typically in kWh) generated during the complete lifetime of the building. The
according EFPE denotes the according emission factor according to the used energy carrier. The
full complexity of determining the Qop, especially in terms of probable changes to the EFPE in a
long-term prognosis will be discussed in chapter 5.
Limitations
The equations (3.1) to (3.6) give the impression that the GWP can precisely be calculated with
the inventory analysis approach. As mentioned before and shown in Figure 9, certain stages
in the life cycle of building materials or components cause considerable deviations in results
of the assessment. It is important to realize that the product “building” is completely different
to any other commercially available product, like a car or cellphone. The latter products are
mass products manufactured in factories, where processes can distinctively be controlled and
monitored. Contrary to this, the construction of a building, and especially the refurbishment of
a building, is a very individual process. There exist very specific determinants that the equations
(3.1) to (3.4) neglect, e. g. the condition and age of a building, which can affect the required effort
of a refurbishment, the complexity of a building, which can considerably differ from project to
project, special site conditions, which can considerably affect the installation, the experience
of the construction crew etc. Furthermore, the vast variety of commercially available materials
and products allows the selection of building components that satisfy a specific demand,
but increase the complexity in the manufacturing processes. Finally, there is no information
(publicly) available for most materials and building components today regarding their GWPem.
Despite the challenges described above, which are the lack of information for some building
products, the challenge of relating some GHGs to one specific component of a building, the
individual character of each refurbishment project, which can hardly be reflected in parameters
etc, and that the quality of information, the applied three tier approach provides currently the
most reliable results
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3.1.1 Data sources and assumptions regarding ecological indicators
The main consulted source used regardingthe GWPe,a of building materials and components is
the ecoinvent V2.2 database [69]. Additionally, the bauteilkatalog [70] is used for standardized
building components. The reports from Frischknecht et al [71], Primas et al. [72] and Jakop et
al. [73] regarding specific building components serve as supplement data. The GHGs generated
in the building operation depend on specific coefficients of the energy carrier. Frischknecht
et al. determine the relevant data regarding the coefficients of primary energy per energy in
Switzerland [65]. Furthermore, the relevance of the GWPe,a of building materials significantly
depends on the estimated lifespan of the product. Derogating from the supplement documents
from the ecoinvent database, there is contradicting information available regarding the
lifespan of boreholes: While the bauteilkatalog suggests 20 years other reports and assessments
recommend 50 to 100 years [74]. The more reasonable lifespan of 50 years is used in this thesis.
Contrary to power generation with one fossil fuel in a building, electricity is generated with
sources. As a result, the EFPE of electricity is likely not constant in the near future. Since Zurich
is the considered location of the case studies, the strategy of the local power provider EWZ
is relevant for this study. Based on the prognosis from Banfi Frost et al., the three currently
discussed scenarios considerable differ in their results [75]. As shown on the left and in the
middle of Figure 10, the first two scenarios assume a lower power demand in the future and
consequently a different power mix generated from renewable sources. It is further assumed in
the third scenario that the additional power demand will be provided by gas fired combined heat
and power plants (CHP), as shown on the right.
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Figure 10. Three potential scenarios of the power mix of EWZ in the near future, by Banfi Frost 2012

2050

3.0

2040

4.0

3.0

2010

4.0

3.0

2050

4.0

2040

5.0

2030

5.0

2020

5.0

2010

6.0

2050

6.0

2040

6.0

2030

TWh
7.0

2020

TWh
7.0

2010

TWh
7.0

2030

scenario «strong growth, with CHP»

2020

cenario «moderate growth, without CHP« scenario «strong growth, without CHP»

CHP

Assessment methods

55

According to these three scenarios shown in Figure 11, the emission factor (EFel,a) and the
primary energy factor (PEFel,a) of the standard EWZ power mix that the consumer purchases
could change considerably, which is shown in Figure 11. While the PEFel,a of all three scenarios
gradually declines, the EFel,a gradually increase. This is because of the reduction of nuclear power
in the production mix of electricity and the stagnation in the growth of hydro power. Both technologies generate electricity with relatively low EFel,a. The compensating power generation by
wind power, photovoltaic or solar thermal power yet come with relatively high EFel,a, especially
when the infrastructure is manufactured in countries with high percentage of fossil fuels in the
power generation (also see Figure 66). Pearce uses the term «energy cannibalism» to express the
potential phenomena that the carbon generated in manufacturing a technology «eats up» the
carbon reduction that the technology provides in operation [76][77]. Based on that challenge,
Kenny suggests a method of dynamically assess the carbon life-cycle to prevent from this
negative effect [78].
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The current EFel,a of the standard power mix from EWZ is exceptionally low. According to the
scenarios, this value will at minimum double in 2050, but in the worst case will become ten
times bigger. Consequently, instead of calculating in the case studies with the current GWPe,a of
the standard power mix from EWZ, the mean EFel,a of the scenario «strong growth, with CHP»
is applied in the case studies, if not otherwise noted. Chapter 7.3.5 of the appendix also provides
further information regarding this issue.

Prognosis
scenario „moderate growth of renewables, without CHP“
scenario „strong growth of renewables, without CHP“
scenario „strong growth of renewables, with CHP“

solid = EF
dotted = PEF

Figure 11. Prognosis for the EFel,a and PEFel,a of the electricity from EWZ, by Banfi Frost 2012
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At least, the minimum information of the stages highlighted in red in Figure 12 needs to be
available for a reasonably solid assessment. The illustration is less a chronicle presentation of the
life cycle as shown in Figure 9 than a diagram of the material and information flow.
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Figure 12. Stages in life cycle of a building component that affect the total material related GWPtotma

The material flow could starts with the (potential) waste material flow that comes from a site
(if existing), after demolishing the building, marked with (1). The waste material from the site
requires some transportation, as indicated with the solid arrow. Next, some components or the
material can be reused, recycled. Others are recovered by be waste incineration, marked with
(2). At best, the waste incineration generates some energy but will also generate GHGs. Material
that cannot further be used ends as landfill, marked with (3). It is almost impossible to clearly
define the GHGs that are related to the landfill management. The products from the recycling
and reusing processes may require some post treatment before they are combined with raw
material in the production process of new construction components and material, marked with
(4). Depending on the steps involved for harvesting and excavating the raw material, this affects
the GWPe,a of the material considerably, marked with (5). Depending on the product, storing
the building components in warehouse some additionally cause GHGs, marked with (6). Certain
processes on the site may further increase the GWPe,a of a material, e.g. mounting or installing a
component, marked as (7). Additionally, planning processes, engineering, marketing and other
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administrative processes in various stages of the product life cycle, also cause GHGs, whenever
relevant information is generated, which is marked as (8). Theses processes are difficult to relate
to specific building component, as some information refers to the complete building instead of
one component. This aspect may be less significant for mass products. For buildings, however,
these phases can considerably increase the GWPe,a. As shown in Figure 12, it is possible to define
stages in the life cycle of a building material, where measures for reducing the GWP exist, which
can be generalized as:
−

Reducing the power demand used for the manufacturing by more efficient power
generation or more efficient product processes.

−

Using materials that generate less GHGs.

−

Reducing the transportation distances or using transportation methods that generate less
GHGs

−

Using more post consumer (recycled, reused) raw products if the generate less GHGs than
using raw natural resources.

−

Using more sufficiently existing resources, if they generate less GHGs than others.

−

Harvesting or excavation with minimal GHGs

−

Designing products that are Simple to deconstruct/separable at the end of life and are
simple to recover

−

Using recycling facilities in the end of life phase that generate less GHGs
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3.2

Method to determine the equivalent annual cost

Similar to the GWP assessment of a building, the challenges of a life cycle cost assessment
(LCC), which provides information about the economical value of a building, are in choosing
calculation methods of and in including all relevant phases in a life of a building. According
to the standard VDI 2067, there exist various calculation methods to determine the economic
efficiency of an investment, e.g. on basis of net present value, of annuity, of internal rate of
return, of amortization, or using a full budget plan [79]. This thesis applies the annuity approach
described by Grimscheid et al. [80] with the equivalent annual cost calculation, which allows
considering one-off refurbishment costs and running cost, as shown with the equation
ca
op
in
ad
Ce, a = Can
+ Can
= Can
+ Cansu + Cansy + Can

(3.9)

where Ce,a denotes the equivalent annual cost, a.k.a. EAC, Can the annual cost, the index ca
the capital-related cost, the index op the operation cost, the index op the operation cost capital-related cost, the index sy the system cost, the index ad the additional cost. Table 5 shows
examples of the four cost categories and types.
Table 5. Cost categories considered in the calculation
ca
Capital-related cost ( Can
)

Operational cost ( Canop )

in
)
Initial cost ( Can

su
Subsequent cost ( Can
)

sy
System-related cost ( Can
)

ad
Additional cost ( Can
)

Active components, e.g. heater,
auxiliary pumps, chimney etc

Controlling and inspection cost

Energy cost for basic and
auxiliary demand

Annual connection cost for
building systems

Passive building components,
e.g. thermal insulation etc

Maintenance cost

Annual cost for working material,
Annual management fees
e.g. lubricants, chemicals etc

Annualized demolishing cost

Cost for repairs

Annual external cost

Annual Insurance cost and taxes

ca
The calculation method of the capital-related cost Can is based on one-off cost, where interest
is paid on. Due to the limited lifetime of a building components Tn, replacement becomes
necessarily during the total lifetime of the building T. The cost of the replacement is calculated
according

Cnsu = C0in × bnsu

(3.10)

in
su
where Cn denotes the subsequent cost of the replacement at the time n, C0 the initial cost of
su
the component at the time 0 and bn the cost change (in percentage) of the according component
at the specific time.
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ca
The equivalent annual capital-related cost, Can is calculated with the annuity factor according to
ca
Can
= CTca ×

i
(1 + i )T − 1

(3.11)

where CT denotes the future value (FV) of the initial investment and necessary replacement(s),
i the fixed interest rate and T the total building lifetime. The future value is calculated according
to
ca

T

T − Tin

CTca = FV = C0in × (1 + i ) in + Clsu × (1 + i )

; withTsu > T − Tin

(3.12)

where Tsu denotes the lifetime of the replacement and l the point of time when the component
is replaced. Figure 13 illustrates how the equivalent annual cost of the capital-related costs is
determined by Grimscheid et al. [80].
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at T60

at T30
su
C30
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su
C0suxb30

C0su

C0su
0

CTsu=FV

interests

tion
rega
agg nuities
n
of a

su

annuities Can
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30

40

Building life time T

50

Figure 13. Calculation of the equivalent annual investment cost, Canca

Operational cost Can are annual recurring cost, which are affected by price changes etc. For
simplification, these price changes are calculated similar to Equation (3.10) with an annual
percentage change. Since they are paid annually, there are no interest rates to be considered.
op
Operational cost Can of a component c is calculated according to
op

C

op , c
an

C op , c
= T =
T

∑

T
t =1

C0op , c × (1 +b op , c )T −1
T

(3.13)
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where C1 denotes the operational cost of the specific component c in the first year of operation
and bop, c the cost change factor. Figure 14 illustrates the calculation method of the operational
cost by Grimscheid et al. [80].
op , c

cost / expenses

op
C50

op
annuities Can
op
C1opxb50

C1op
0

10

20

30

Building life time T

40

50

Figure 14. Calculation of the equivalent annual subsequent cost, Cansu

3.2.1 Data sources and assumptions regarding economic indicators
One main drivers of the demand-related cost are the energy prices. The challenge of any prognosis
regarding the energy price trend is the high volatility of the oil price, because of speculations
[48].The following assumptions present the cost trend of heating oil in Switzerland, based on
a study of Ott et al [81], which is illustrated with Figure 15. The mean annual price from 1995
to 2012 is historical data from the Bundesamt für Statistik [82]. Prognos present two possible
scenarios of the heating oil trend [83]. A linear approximation is applied for the trend between
2012-20 and the following decades. The two possible scenarios of this study are:
- Scenario «business as usual», assuming the currently existing energy-related directives, bylaws
and official regulations will be continued with the same intensity.
- Scenario «new energy strategy», assuming the objectives regarding the energy policy that the
Swiss Federal Council has stated at Mai 25th 2011 will be achieved. This would require a carbon
reduction of 1.0t to 1.5t per capita and year until 2050.
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Ott et al. show, that the trend of the heating oil price is in both scenarios continuously rising,
but with declining growth rate [81]. The price per 100 liter heating oil is about 139 CHF in the
Scenario «business as usual» and about 171 CHF in the scenario «new energy strategy» in 2060.
Assuming the mean price of 155 CHF in 2060 as most realistic, this correlates with an annual
growth rate of 1.2% based on the price of 2012. The standard SIA 480 suggests a little higher rate
of 1.5%. This growth rate is used as bDe in Equation (3.10), when the building operation is based
on burning heating oil.
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Figure 15. Historical and presumed price trend of light heating oil, by Ott et al.

Several regional power producers generate electricity in Switzerland. The prices are affected
by the kind of power generation and the cost of the electricity grid. Consequently the prices
vary within Switzerland. Furthermore, the consumer price also depends on the amount of
electricity purchased. According to Prognos, Figure 16 illustrates the different electricity prices
a household paid in Switzerland with a demand of 4’500 kWh annually [83]. Based on the study
from Prognos, the price for electricity will presumably rise to 0.29 CHF/kWh and 0.35 CHF/
kWh in 2060 («consumer category III»). Assuming the mean price of 0.32 CHF in 2060 as most
realistic, this correlates with an annual growth rate of 0.7% based on the price of 2012. This
growth rate is a higher than suggested in the standard SIA 480. This growth rate is used as bop in
Equation (3.10) for calculating the annual operational cost change.
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Figure 16. Historical and presumed trend of the electricity price, by Prognos

The other main driver of the demand-related cost is the interest rate. It is assumed that a net
equity ratio of 20% personal financing exists in all considered cases. Consequently, the remaining
80% of the investment needs to be covered by a mortgage. Due to the high financial uncertainties that exist in the long-term case studies, a fixed rate mortgage seems more reasonable than
a short-term loan approach. However, fixed rate mortgage will tend to be at a higher interest
rate. Like any interest rate, the interest rate of a fixed rate mortgage is indirectly determined
by the investment and saving behavior in a country, as both balance the money supply and the
demand. Desroches et al describe the main aspects that affect the real interest rate [84]:
- Population growth: It is empirically shown that a correlation between population growth and
investment exists.
- Globalization of the financial commodity market: Ideally, the free exchange of goods and money
allows the investment in sectors and regions with the highest anticipated financial return.
Other authors show that the globalization can also have negative effects on the real interest
rates, if the globalization drastically changes the situation for companies [85].
- Political stability and legal certainty: A positive environment fosters investment
- Demagogical influence: The saving rate of younger people is lower compared to people in the
midst of their productive live. The saving rate differs in the industrialized countries and is
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furthermore affected by the saving rates of the emerging industrialized countries.
- Fiscal policy: It is assumed that a high government deficit reduces the saving, since governmental savings account for a considerable part of the total saving. However, this is questioned
by other authors with the Ricardian equivalence hypothesis.
The aspects above have long-term effetc. Based on the current situation, it is assumed that their
affect on the real interest rate of Switzerland relatively moderate. Due to the high capital intensity
in the industrialized countries and relatively moderate population growth in Switzerland, a
considerable downwards pressure on the real interest rate towards low rates exists. Contrary
to that, the industrial growth rates in the emerging economies cause higher investment rates
and consequently upwards pressure towards high rates. The hypothesis of a global real interest
rate in a fully globalized world in the near future is highly discussed. Brzezina et al show that
the global effect account for 48%, the regional effects account for 14% and the country-related
effects account for 40% of the total real interest rate [86].
Ott et al. argue that, the real interest rate of Switzerland is currently considerably affected by the
financial crisis in Europe and especially the currency Euro [81]. As a result the Credit Suisse
Economic Research expects that the Swiss National Bank will not considerably increase the real
interest rate in the near future, as long as the financial and economical uncertainties remain.
Assuming the risk of the housing market in Switzerland also remains on the current level, the
reference interest rate is a reasonable indicator for the trend of the real interest rate. Figure 17.
shows the predicted reference interest rate, based on the study from Ott et al. [81].
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Figure 17. Reference interest rate in Switzerland, by Ott et al.
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The reference interest rate is the mean interest of all swiss mortgage (nominal interest rates),
weighted by the volume. According to the Credit Suisse Economic Research, the current rate of
2.25% is not expected to be increased before the end of 2014. There exist several risk within the
real estate market that cause a surcharge on the (per se risk-free) real interest rate. A major risk is
the relative high liquidity compared to other commodities. Other risks are more object-related,
like the location of the site, building age, building condition etc. According to the standard SIA
480, this risk is reflected by a rate of 3.0%-3.5% that can be applied for solvent private debtors.
The interest rate for public debtors is 1% lower. Due to the current negative financial prospects,
the lower interest rate of 3% is applied as interest rate i in Equation (3.11) and (3.12).
It is widely accepted that the construction and operation of buildings cause considerable external
costs, which are not considered in the standard market price of buildings. Ideally all external
effects would be monitored and translated in costs. Since this is currently impossible, the focus
is on external costs due to the primary energy demand of the building operation. Frischknecht
et al. determined the surcharge to the energy price for all relevant energy systems according to
the KBOB list [87], based on external cost due to air pollution described in the «Energiestrategy
2050» [88] and the best practice approach of the UBA. Ott et al [81] present an excerpt of that
list in combination with an additional price surcharge including a CO2 levy, as shown in Table 6.
Table 6. External costs, based on the purchased energy source
Energy source
Heat from heating oil
External cost
6.1 Rp./kWh
energy surcharge
5.0 Rp./kWh
including CO2 levy

Electricity (consumer-mix)
5.4 Rp./kWh

Ground source heat pump
1.8 Rp./kWh

Air source heat pump
2.5 Rp./kWh

4.9 Rp./kWh

1.5 Rp./kWh

2.3 Rp./kWh

The main information regarding the construction cost is derived from the database of the Center
for Rationalization in Construction in Switzerland, CRB [89]. It is completed with the data
from the German baukostenindex (BKI) [90], and the baupreislexikon, BPL [91], if data was
not available from the CRB. The data from Germany is converted and adjusted to the regional
costs in Zurich and Switzerland, by a conversion factor derived from the BKI. Deliberately, any
direct (governmental) subsides for building components have not been taken into account to
avoid economical distortion. Beside choosing the correct database, the results of the calculated
annuity highly depends on the considered quality of the building components for the refurbishment, since low budget and sophisticated products are commercially available, which do not
necessarily differ in the relevant physical quality, but in the aesthetic quality of the product.
As previously noted, the calculated EAC of the case studies can significantly differ to the costs
of real refurbishment project, as real refurbishment project face distinctive challenges, which
cannot be reflected in equations. Thus, the presented results have to be interpreted relatively
rather than absolutely, when comparing to real projects.
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Considerations regarding the significance of aesthetics in architecture

Net-Zero Emission Architecture is also referred to as sustainable architecture [21]. Consequently, net-Zero Emission Architecture needs to be combined with aesthetic ideas to be fully
titled as sustainable strategy. While there is hardly a debate about the aesthetics of sustainable
architecture in countries beyond the European boarder, this discussion is of importance in
countries with a big historical building stock.
In general, there exist at least two aesthetic trends in sustainable architecture, which have their
roots both in the last century. Sauerbuch and Hutton describe them as: «First, the orthodox
green groups of the late 1960’s still exist. The ideas that tended to be propagated by hippies in the
past are now the domain of experts who want to come to grips with them in a scientific manner.
This approach emphasizes the quantifiable aspects of building rather than the qualitative ones. In
Germany, the main result of their activities has been the enactment of energy- conservation laws,
which drastically reduce the permissible energy consumption of buildings. In Britain and the US
similar organizations have also set up schemes to evaluate and list what is sustainable in building,
awarding credits according to listed criteria so that buildings fulfilling enough of these criteria can
be BREEAM (UK) or LEED (US) certified. Among the aspects for which credits can be awarded are
the use of recyclable materials, the use of renewable energies, integration with public transport, the
provision of bicycle parking and neighborhood support. These lists are very useful as planning aids.»
[92]. However they also criticize this approach in terms of architectural and aesthetic impetus:
«Beyond that, these lists are of little use as blueprints for a new type of architecture: they are no
more than compilations of functional requirements, directives on ways of working, summaries
of measurable quantities that ultimately give no information about the architectural quality of a
building. On the contrary, architecture and its aesthetics tend to be looked at skeptically in such
circles. And with a heavy focus on the technical and quantifiable aspects of building, we already
see a tendency in German municipalities that a building may be reduced to a temporary storage
of materials that will become building waste in the future.» [92]. From the professional point of
view, the (pre-)requisites and requirements of the certification systems refer to typical fields of
architectural design (building orientation, compactness, materialization) and the perspective of
buildings as complexes of building components excludes the discussion of aesthetics.
Sauerbuch and Hutton describe that the other «[...] trend influencing the shape of sustainable
architecture [that] covers an entire genre, dedicated to incorporating ecological building in the
tradition of a language that stands for technology and progress» [92]. However, they also see disadvantages with this approach, as it only focuses on the performance of a building, which is
reasonable for a machine, but questionable for a building: «In this case, the performative aspect
of building [...] leads to the false conclusion that ecological architecture should develop exclusively
from the consideration of functional form. Form follows performance arouses memories of the

66

Assessment methods

early years of functionalism and Le Corbusier’s appeals to the architectural profession, in which he
invoked the beauty of pure engineering construction (in contrast to the eclecticism rampant at the
beginning of the 20th century) and seemed to suggest that beauty could virtually be calculated. The
impression given here is that ecology is a question of cleverer technology. Progress lies in optimized
systems; of course this would also include developing materials to the limits.» [92]. Reducing
the demand in the developed countries per se will not lead to a success in the long run, since
the population in developing countries still growths and are the GHGs. Sauerbruch & Hutton
further argue that «it is certainly correct that numerous ecological aspects are quantifiable and
that therefore, the success of different architectural strategies is to some degree measurable. And it
certainly is not wrong that components developed wholly on the basis of their functionality – in
response to climate, for example – may develop a performance-related aesthetic. At the same time,
however, in the assessment of what could be sustainable there still remains a large area that is not
measurable, which is left to the subjective judgment of individuals: to the designing architect on the
one hand and the subsequent user on the other.» [92]
Regarding the performance-related aesthetic of architecture, Cody also argues that «[...] strategies
to optimize the energy performance of buildings can be architectural in nature and have far reaching
consequences for the appearance of buildings. [...] It would seem that strategies for achieving energy
efficiency in the built environment must or at least should be one of the key drivers in the design
of our buildings. One might even think that the inclusion of these aspects would inevitably lead to
a radically new architectural language. This is however as of yet not the case. Leaving aside a few
exceptions, the majority of buildings with an “Eco-Label” have been single family homes with an
unconnected composition of wood elements, thick thermal insulation, solar collectors and a poorly
integrated winter garden, which have in turn been much derided in the discerning architectural
community. In the design of other building types, it is sometimes maintained that the strategies
for obtaining sustainable and energy efficient solutions are so well integrated into the architectural
concepts that they are architecturally “invisible”. On the other hand, fragments of a new architectural language, which derives from aspects related to energy efficiency and sustainability have
emerged within the last 10 years; atria, winter gardens, double skin façades, PV modules integrated
into building skins, visible ventilation chimneys, light shelves etc. [...] It must follow then that the
emergence of a specific form language related to energy efficient architecture is a real possibility.
Fragments of a form language have already begun to appear.» [93]. Coady also found that «[...] the
relationship between the form of a building and its energy efficiency is more complex. In a similar
way to the way that air conditioning freed American architects in the 50s and 60s from the need to
optimize the form and construction of buildings to avoid overheating in summer, highly efficient
façade technology has given European architects in the 90s a similar freedom regarding the form
finding process in building design. Highly efficient building envelopes make the influence of the
building form less pronounced. This aspect might provide a partial explanation for the fact that
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there are so few contemporary built buildings, whereby the building form has been derived from
strategies relating to energy efficiency. [...]» [93]
While facial beauty is subject of intense mathematical research and methods exist to mathematically determine the aesthetic of a face, the aesthetic quality of architecture remains not
measurable in a scientific point of view. Using numeric or geometrical methods to determine
beauty is probably applicable for historical buildings [94], but is not a useful strategy for
complex modern architecture. While the historical design is clearly affected by mathematical proportions, the current trend in architectural design for big public buildings is towards
more irregular but clear shaped geometrical buildings that are often wrapped with a façade
that consist of one repeating patterns. These shapes are not necessarily of regular symmetry or
strict order. However, the shape of aesthetically pleasing modern buildings often have a shape
that is relatively easily to comprehend or a directly noticeable or indirectly perceptible organization of building components in common. Even the promising concepts from Reich and
the more recent study from Garip of transferring methods from civil engineering to measure
the beauty of modern architectural design remain theoretical approaches and are not useful
tools for professional architects in the design phase [95] [96]. The latter study also reveals the
great difference in the perception of beauty between architects and engineers. The prevalence of
personal opinion and taste prevents any scientific rating system for buildings in terms of beauty.
Nevertheless, architects endeavour to build buildings that please many people. The aesthetic
quality of architecture is typically identified and distinguished first and foremost by its building
skin and secondly by the building shape. According to Semper the façade is both an envelope in
technical terminology and a dress in esthetical perception [97]. Schittich summarizes Sempers
concept by stating that «Semper divides architecture into load-bearing structure and cladding – a
theory that would have a far-reaching influence on Modernism (through Otto Wagner, among
others) and which is as pertinent today as it was then.» [98]. The technical aspects of a façade
can be calculated, but the aesthetic quality can only be perceived. However, it is important to
realize that similar to an attractive and well fabricated dress, which is worn a little longer, a
beautiful and well constructed building, which is inhabited a little longer than usually, have a
considerable impact on the GWPe,a, as previously discussed in chapter 4.3.1. Auer even argued
in a lecture about carbon neutral buildings that the aspect of aesthetic quality of a building
affects the assessment of a building even more than an optimized building operation or the
embedded GWPem of the building materials [99]. Thus, the importance of the façade regarding
the aesthetics of a building cannot be underestimated.
Schittich categorizes three current tendencies in the design of façades, where the design of «lowenergy» façades is one of the main streams: «In the fast-paced information age, our perception
has also changed, marked by a flood of flickering, colourful images. It is fascinating to observe
how vastly different the reactions of individual architects are to this particular aspetc. Some adapt
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to these new perceptions and react with equally colourful, serigraphed images on brittle glass. Or
with flickering media façades and illuminated screens. Others, however, look back to the quality of
ancient building materials – massive natural stone or exposed concrete, untreated timber and brick
masonry, to demonstrate the solid physical presence of a building in an increasingly virtual world.
Between these extremes, lies a third, equally contemporary path: the building skin as a responsive
skin, as one component of a sustainable low-energy concept.» [98]
Not necessarily, but in accordance with the general progress in building technologies, the
components that support net-Zero Emission Architecture in temperate climate can be part of
the envelope and are consequently to some degree influential to the aesthetic of a building. Based
on the findings from Sauerbruch & Hutton, there exists at least three approaches regarding the
fitting of new building components into the façade, which are «accentuating, integrating and
imitating».
Any building technology today that allows for a sustainable architecture (including net-Zero
Emission Architecture) is either accentuated or integrated. As a result, there exists buildings
that clearly express that they are equipped with sustainable appliances, but also at least as many
building that cannot be identified as sustainable architecture just by a specific sustainabilitystile. The built examples in chapter 4 will illustrate to some degree the range of possible solutions.
All sustainable refurbishment strategies change some parts the original design of a building. It is
impossible of fairly rating these changes in terms of their aesthetic quality. Some people find the
monotony that certain strategies cause repelling, some dislike the haptic of insulation material,
and others dislike the look of PV panels. The provocative statement from Prix that «there is no
living aesthetic of sustainable architecture» is harsh, but not without certain truth regarding the
issue that the concept of sustainable by itself not yet provides a specific aesthetic of a construction. [100]
Thus, built examples will illustrate the level that certain methods have on the building and
especially on the façade. Certainly, various other built examples exist that show other aesthetic
impacts. This is almost inevitable when discussing aesthetics in architecture.

Case studies

4

Case studies

4.1

Considered refurbishment strategies

69

Different strategies exist to reduce the GWPe,a of heating and cooling processes in buildings. The
considered strategies are grouped into four methods, which serve as orientation in this thesis:
· Reduction Method
· Combination Method
· Substitution Method
· Compensation Method
The Reduction Method achieves a reduction of the demand. The main targets are the heating or
cooling demand (QH or QC), but also the lighting demand and other active services. Typically,
reducing the demand proportionally reduces the supply of power (see also equation (3.8)). As a
result, the GWPop are reduced. Reducing the demand of operating active components requires
investing in passive building components. This approach is always limited to certain requirements. While the demand of space heating can be reduced without reducing the thermal
comfort, the demand of hot water for hygienic reasons and the required water temperature limit
the efficiency regarding the reduction of hot water, which is discussed by Meggers [101]. The
other three methods focus on the supply of the building and do not influence the demand per se.
The Combination Method accepts a certain demand, but achieves a reduction of GWPop in the
building operation by increasing the share of an energy/power source, which generates less
specific GHGs. A typical example is heating with a heat pump, where the power from a (natural)
heat source is combined with the power from the electricity. However, this method also applies
to the ventilation strategies, where natural and mechanical ventilation can be combined or to
lighting concepts with day- and artificial lighting.
The Compensation Method applies to passive and active building components. This method
reduces the GWPem of passive building components for example by substituting a carbon
intensive process in the life cycle of a component with a less intensive technique (typically
during the manufacturing phase) or by choosing an entire different building component instead,
which is produced with less GWPem. Substituting an element does not affect the properties of
the components to provide a certain demand. In terms of active components, a typical example
of this method is purchasing electricity from a different company that generates the power with
less GHGs.
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A certain overlap exists between the Reduction and the Substitution Method. The latter method
achieves the GWPe,a reduction beyond the system boundaries of the site, which is typically done
by emissions trading ET. The GWPe,a that a building generates is compensated within another
system, e.g. by forestation, which increases the global sink for GHGs. While the Reduction
Method reduces the GWPe,a from a building, the Substitution Method provides a credit for the
building, achieved by investing in other systems.
Table 7 presents a summary of the considered strategies, which will be assessed in terms of
their efficiency in the reduction of GWPe,a of a refurbishment project. Four typical architectural
approaches are considered in the assessment of the Reduction Method. The five studies regarding
the Combination Method partly influence the architectural design. The assessment of the Substitution Method differs between the application on passive and active components. The study of
the Compensation Method has the fewest restrictions to the design, as they compensated for the
generated GHGs externally regardless of the performance of the building.
Table 7. Summary of the assessed strategies for a GWPe,a reduction
Reduction Method

Chapter

Case study: Thermal resistance of the building envelope

4.3.1

Case Study: Orientation of the building

4.3.2

Case Study: Compactness of the building

4.3.3

Case Study: Percentage of glazing

4.3.4

Combination Method

Chapter

Case Study: Quality of the ground source

4.4.1

Case Study: Active regeneration with internal heat gains

4.4.2

Case Study: Active regeneration with external heat gains

4.4.3

Case Study: Increasing the external heat gains

4.4.4

Case Study: Improving the thermal energy storage

4.4.5

Substitution Method

Chapter

Case study: Substituting the electricity of the building operation

4.5.1

Case study: Substituting a building component

4.5.2

Compensation Method
Case study: Comparing emission trading with other methods

Chapter
4.6.1
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General model configuration of the case studies

The general model configuration regarding the dimensions of the building, the location and
the applied materials of the reference is described in chapter 1.3.1. Additional information can
be found in the appendix 7.1. The system configuration consists in the reference model of a
condensing boiler (CB) with an efficiency of η=1 that provides space heating and hot water. For
further details regarding the CB see chapter 7.3.1. The system configuration of the alternative
model consists of an air source heat pump (ASHP) also providing the heat for space heating and
the hot water demand. Since the focus of this study is not modeling a detailed ASHP system
model, the seasonal performance factor (SPF) of the heat pump has been determined with the
steady state software WPesti [102] for a regular condition9. On purpose, the following case
studies compare an energy efficient CB system with a relatively inefficient ASHP system to stress
the results regarding the Reduction Method in buildings with heat pumps. Based on that, the SPF
of 2.2 is acceptable for this study. Clearly, this would not be acceptable in a real project, where
ASHP systems should at least achieve a COP of minimal 3.1, according to quality label for heat
pumps in Switzerland (FWS). The effect of more efficient heat pump systems on the optimization of a refurbishment will be further discussed in chapter 4.4.
In case studies with a cooling demand, cooling is provided by a (non-ducted) split packaged air
conditioning unit with fixed installed indoor unit (SU). Similar to the argument above regarding
the efficiency of the ASHP system, this air conditioning unit has an exceptionally low energy
efficiency ratio of also 2.2 if not otherwise noted.
The condensing boiler is heated with light heating oil. The ASHP system and the split package
air conditioning unit operate with electricity that is purchased as standard Swiss power mix
for consumers if not otherwise noted. As discussed in chapter 3.1, the EFel,a of this electricity
will very probably change in the near future. Similar to the efficiency of the ASHP system, the
very unfavorable value of the current ø Swiss standard power mix with 147.6g CO2 /kWhel,f,c is
assumed (see also chapter 7.3.5). The effect that the electricity product has on the assessment is
also subject of the case study in chapter 4.5.1.

9

The SPF can change from season to season and depends on various conditions. First and foremost the SPF is affected by
the Carnot efficiency of the machine and additionally by the ideal coefficient of performance. The latter is considerably
influenced by the actual climatic and thermal conditions. However, for simplifications a constant SPF is assumed in the
case studies.
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Pre-assessment regarding the thermal comfort
It is argued that exchanging the heating system of an existing building with a heat pump
necessarily requires increasing the thermal resistance of the envelope. Furthermore, the typical
refurbishment strategy of a building starts with insulating the building envelope and installing
a more efficient heat pump afterward [103]. This is reasonable, since an oversized heat pump
affects the operational cost. However, the problematic of the approach of first refurbishing the
façade and then installing a more efficient heating system is simply that the financial plan and
budget of customers favours the financial investment in the building envelope (as the façade is
more representative than the heating system) and ignores that a little more expensive heat pump
system could reduce operational cost, but clearly the GWPe,a in operation in the long run. This
will be further discussed with the following case studies.
The pre-assessment is more concerned with the relationship between thermal comfort and the
thermal resistance of the exterior façade. When considering the radiate balance in a space, the
radiant floor heating supplied by a heat pump indeed operates with a lower inlet temperature
than typical radiators that are supplied by a boiler system, which burns fossil fuels. However,
it is compulsory that this per se causes an uncomfortable space due to relatively low surface
temperature of an exterior wall during a cold period. The standard EN ISO 7730:2005 requests in
a simplified assumption for high comfortable spaces that the temperature differences of surfaces
within an enclose a space should be smaller than 5K. Furthermore, it is recommended that the
room air temperature and any surface temperature differ less than 3K. Based on the limitation to
3K temperature difference, it is possible to determine the minimal required thermal resistance
of the exterior wall to comply with this comfort criteria. According to the standard EN ISO
13788:2012, the surface temperature can be calculated by


(θ i − θ si )
Rwall = Rsi / 

 (θ i − θ e ) − (α × I × Rse ) 

(4.1)

where Rwall denotes the thermal resistance of the wall, θi denotes the room temperature, θsi
denotes the surface temperature of the exterior wall towards the space, θi denotes the exterior
temperature, α denotes the emissivity of the wall surface, Rse denotes the thermal resistance
of the surface of the wall towards the ambient and I denotes the solar irradiation. The solar
irradiation is neglected in this pre-assessment and only applies in cases, where solar radiation is
almost guaranteed (e.g. office spaces in hot climate). Certainly, the wall configuration also needs
to comply to other standards, first and foremost humidity criteria to avoid any condensation
at or within layers of critical building components. The standard EN ISO 13788:2012 can be
applied with a simple approach. However, this is not subject of this thesis.
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With typical surface properties of the thermal resistance Rsi =0.13 m2·K/W and Rse =0.04 m2·K/W,
the minimal thermal resistance for the opaque wall needs to be Rwall =1.2 m2·K/W presuming
the heat pump can guarantee a room temperature of 20°C at a design temperature of =-8°C for
Zurich. The minimal considered thermal resistance of the exterior wall is 1.5 m2·K/W, which
would guarantee thermal comfort even at a design temperature of =-16°C. It follows from this
that additional insulation would be not required to guarantee thermal comfort.
It is further possible with a simple method to determine the influence of the radiative heat
exchange of the considered wall, ceiling, floor and especially the exterior window. This requires
virtually dividing the space in an upper area, rH1, and a lower area, rH2, at the height of 1m of
the sill, which is the critical location behind the window. Each surface influences this location
differently, as shown in Figure 18, which is expressed in the balance of Equation (4.2). The
temperature difference between the upper and lower areas of the space, θrH2 – θrH1 is smaller
than 5°C, which indicates that this space is balanced regarding its radiative comfort. Since this
is a three dimensional space, a more sophisticated assessment is required to definitely guarantee
permanent comfort, which is for example possible with the open source software from Glück
for a single space calculation [104]. However, the presented method is sufficient as a first preassessment.
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Figure 18. Simplified assessment regarding the radiative balance in the SFH100
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θ rH 2 =
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(4.2)

Case studies

74

4.3

Reduction Method

Architects are used to apply Reduction Methods to their design, in order to lower the annual
heating or cooling demand of buildings, when complying with energy saving restrictions. Four
design strategies are typically considered:
−

Increasing the thermal resistance of the building envelope

−

Increasing the compactness of the building

−

Optimizing the building orientation (new constructions)

−

Limiting the glazing ratio according to the orientation of the building

While these strategies obviously reduce the annual heating or cooling demand of buildings, the
efficiency regarding the GWPe,a reduction needs to be assessed. Figure 19 shows the scheme of
the building. The reference heating system is a condensing boiler (CB) that is fired with light
heating oil that provides hot water for space heating. The alternative heating system operates with
an air source heat pump (ASHP). The focus of this study is on the passive building components
marked with(1). The heating system, which consists of the heater, marked with (5) and the
heating panel, marked with (2). The distribution between both is dimensioned in accordance.
Both assessed heating systems are supplied by an external power source, which is electricity or
light heating oil respectively marked with (6).
System layout
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Figure 19. System diagram of the case study with focus on the building envelope
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4.3.1 Case study: Thermal resistance of the building envelope
Increasing the thermal resistance of the building envelope is typically one of the first steps to
reducing the annual heating demand and potentially the operational cost of buildings. While
the Reduction Method indisputably will reduce the primary energy demand of the building
operation, the efficiency of this method regarding the overall GWPe,a reduction needs to be
evaluated. Ott et al. assessed 38 single and 23 multi family homes that have been refurbished
from 2004-2007 in Switzerland [105]. Their study focuses on the reduction of the equivalent
annual GWPop of the building operation, but does not include the GWPem of the refurbishing
material. They found that not only the efficiency regarding the total reduction, but also the
relative efficiency of the cost for reducing 1t CO2 (equals GWPop) considerably depends on the
measurement of the refurbishment (exterior wall, windows, roof, ground slab) and the size of
the building. However, this study only assesses oil fired heating systems (condensing boiler).
Jakob et al evaluated around 400 refurbishment project of the period 2006-2009 in Switzerland
[73]. This study also focuses on the cost for reducing 1t CO2 of a oil fired heating system. The
following case study will compare the heating system of a condensing boiler (CB) with that of
an air source heat pump (ASHP).
Assessment regarding the GWPem
Table 8 lists the equivalent annual GWPem per energy reference area ERA that the additional
insulation of the opaque building envelope would generate to reduce the annual heating demand
of the SFH from QH=100kWh/m2 to QH=45kWh/m2 and QH=15kWh/m2, respectively. The
assessment includes the required replacement of the radiators with a radiant floor heating system
in the case of the ASHP system. Further material specific information also provides chapter 7.1.
Table 8. Equivalent annual GWPem from new material and demolishing
Equivalent annual GWPem / ERA [kg CO2/m2]

SFH45

SFH15

Façade

1.3

1.8

Basement floor

2.0

2.5

Roof

0.1

0.2

Windows

0.7

0.8

-

0.3

Ventilation system
Deconstruction

0.5

0.5

+4.5

+6.0

Air source heat pump (AW)

0.5

0.5

Radiant floor heating (RFH)

0.1

0.1

Total
Additionally if HP is installed:
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Assessment regarding the GWPop
Table 9 shows that the efficiency of the total GWPe,a reduction, based on the assumption that
all components last 30 year. As shown in the table, the results considerably depend on the
heating system. The negative values in the table express that the equivalent annual GWPop from
operating the heating system are smaller than the equivalent annual GWPem from the material.
When heating is provided by burning light heating oil, the GHG savings in operation are by far
higher than the GWPe,a from the additional material. The opposite can be true, when heating
with a heat pump. Assuming a heat pump system has a SPF≥2.2 and the electricity is purchased
as standard EWZ power mix, the overall GWPe,a after 30 years actually increases when refurbishing the building to the standards of the SFH45 and of the SFH15.
Table 9. ∆GWPe,a of the case studies to the non-refurbished building SFH100
∆GWPe,a / ERA [kg CO2/m2]

∆ of SFH45 and SFH100

∆ of SFH15 and SFH100

condensing boiler (CB)

-12.8

-20.9

air source heat pump (AW)

+0.9

+0.3

Results regarding the GWPe,a
The diagrams of Figure 18 illustrate that the considered lifespan of the building has big influence
on the results when heating with a condensing boiler (at least during the first 30 years). The
solid black graph represents the total GWPe,a,t, which is a function of the time. It is the sum of
the GWPop generated by the heating system plus the embedded GWPem from the material and
represents the GWPe,a that the building generates at that time. The horizontal red dashed bar
represents the GWPop that the heating system causes in case the building envelope will not be
refurbished. In case of the condensing boiler, heating the non-refurbished building will annually
generate 40.2 kg CO2 /m2 . Increasing the thermal resistance proves to be a successful strategy for
the GWPe,a reduction in combination with oil fired heater. Already, after a lifespan of approximately 8.5 years, the embedded GWPem from the building material of the SFH45 is compensated
by the lowered GWPop from the building operation. This time span is even smaller for the SFH15
with 7.0 years. The longer the considered time period is, the more important the GWPop from
the building operation become. In the 30th year of the SFH45CB and SFH15CB, the GWPop of the
heating system is considerably bigger than the embedded GWPem from the building material.
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SFH45 + oil fired condensing boiler (SFH45CB)

SFH15 + oil fired condensing boiler (SFH15CB)
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Figure 20. Building lifetime (T) affecting the GWPe,a of refurbished SFHs with condensing boiler

The diagrams of Figure 21 shows the effect that the Reduction Method has on the GWPe,a when
heating with the ASHP system. It is not possible by refurbishing the envelope to fall below the
benchmark of 8.8 kg CO2 /m2 that operating the non-refurbished building would cause.
SFH45 + air source heat pump (SFH45ASHP)

SFH15 + air source heat pump (SFH15ASHP)
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Figure 21. Building lifetime (T) affecting the GWPe,a of refurbished SFHs with ASHP
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The assessment includes the equivalent annual GWPin from installing the air source heat pump
and radiant floor heating system plus the equivalent annual GWPde from demolishing the
condensing boiler and radiators. The equivalent annual GWPem from the material is considerably more significant in the assessment of the ASHP system in comparison with the results of the
condensing boiler case, shown in Figure 20. The material still accounts for more than the half of
the total GWPe,a after the 30th year of the building operation. As already shown in Table 9 for the
ASHP system, refurbishing the building envelope causes a bigger GWPe,a after 30 years than not
refurbishing the envelope. The lifespan of the refurbished envelope of SFH45ASHP would have to
last a minimum of 37 years to reach the reference benchmark and 33 years for the SFH15ASHP
respectively.
Even more drastic are the results in case of purchasing the electricity as «ewz.hydopower» (see
chapter 7.3.5). The diagrams of Figure 22 illustrate that the benchmarks of the non-refurbished
building with 1.0 kg CO2 /m2 are exceeded considerably.
SFH45 + air source heat pump (SFH45ASHP)

SFH15 + air source heat pump (SFH15ASHP)
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Figure 22. Building lifetime (T) affecting the GWPe,a of refurbished SFHs with ASHP

Assuming cellulose insulation material is used for the roof and the wall instead of extruded
polystyrene, which has a considerably lower specific GWPem, the GWPe,a,30 would be lower
compared to the reference case without any refurbishment of the envelope. However, this is
only true, as long as the seasonal performance factor of the heating system (SPF) is assumed to
be lower than 2.5 for the SFH45 and lower than 2.9 for the SFH15 respectively. As soon as the
heating system is more efficient, insulating the building produces more harm than benefit, even
when switching from EPS to Cellulose insulation material.
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Results regarding Ce,a
The method for the cost assessment is described in chapter 3.2. Figure 23 illustrates the equivalent
annual cost for refurbishing the SFH100 with the condensing boiler (CB) to the building
standards SFH45 and SFH15 in combination with either the existing condensing boiler (CB) or
replacement the heating system with an air source heat pump system (ASHP). The capitalized
cost (Cca) is shown in grey and the operational cost (Cop) in white. Maximal deviations from the
capitalized cost (due to variances in the construction cost) are marked in red. The Cop includes
subsequent cost for maintenance and repair. The Cca include cost for replacing the old heating
system. It is assumed that the existing condensing boiler of the SFH100 still has a life time of 20
years, which reduces the investment cost.
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Figure 23. Equivalent annual cost (Ce,a) for refurbishing SFH100 to SFH45 or SFH15

The refurbishment of the building envelope reduces the Cop considerably. At best, with the
SFH15ASHP, they can be reduced to 24% of the initial cost with the SFH100CB. Nevertheless, the
operational cost of the ASHP is relatively high, since the SPF of 2.2 result in a high electricity
demand. The total cost (Ce,a) for all considered cases reflect, that the refurbishment without
subsidies are not competitive with the Ce,a of ~25.1CHF/(m2·a) that the reference case SFFH100CB
generate. The material and labour costs exceed the achieved cost savings in all cases. By purpose,
this assessment is also without tax exemptions or tax-deductibles, to avoid distortions. These
political measures could bring certain cases below this threshold. Interestingly enough, the most
competitive case is the SFH100ASHP , which presents a refurbishment without any upgrade of the
envelope, but of the heating system. The result illustrates that improving the heating system is
a powerful strategy not only to reduce the GWPe,a but also to potentially reduce cost. This links
to the following chapter 4.4, where the systems performance is improved by increasing the SPF.
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Conclusion
The Reduction Method of insulating the building envelope can be a reasonable refurbishment
strategy regarding a GWPe,a reduction for buildings in temperate climates, if heating with an
oil fired condensing boilers is inevitable. This is not universally valid and depends on various
determinants. First and foremost, the lifespan of the materials has considerable influence on
the result. In contrast, the strategy fails from an economical point of view because of relatively
low energy prices and high construction costs. A large deviation in the material and labor cost
is found even though the model considers relatively few building components. However, even
assuming the lowest current construction costs would not change the previous findings. The
operational cost of less than approximately 25CHF/a per year of the non-refurbished SFH100CB
limits the success of this strategy.
The Reduction Method is rather a disadvantageous strategy for reducing the GWPe,a in buildings
in temperate climates when also operating with a heat pump. Only in building systems with
relative low SPF, which causes a disproportional high electricity demand from a power plant
that operates on non-renewable resources, reducing the annual heating demand is a reasonable
method. However, this requires that the thermal insulation has to last for the predicted lifespan,
as the lifespan of the material is the most critical aspect in this method. In certain circumstances,
it is impossible to compensate the GWPem from the insulation material with a reduction of
GWPop from the heat pump operation. Achieving minimal GWPe,a requires accounting saving
and spending simultaneously. This will be further discussed in chapter 5. On purpose, the SPF
of the ASHP system was assumed with a low value. Increasing the performance of the heating
system has considerable influence on the results. Increasing the exergy efficiency of the system
has been discussed in chapter 2.2.1 and will be further studied in chapter 4.4. Because of the
relatively small size of a single-family house, the compactness in terms of building envelope
compared to the heated volume is less optimal than that of a multifamily building. As a result, a
relatively high amount of construction material is required to reduce the annual heating demand
of the SFH100 to the level of a SFH45 or even SFH15. Thus, the conclusions regarding the Ce,a of
this building are not transferable to other building types. The results would be different for more
compact or larger buildings. However, the great difference in GWPe,a between heating with a
heat pump or a condensing boiler will presumably not be bridged when considering larger or
more compact buildings.
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Aesthetic relevance
As discussed in chapter 3.3, the quality of the built environment is a value that is appreciated, but
cannot be measurable in numbers. Like many other architectural design values, the quality of the
built environment is more experienced by the sudden loss than experienced by its permanent
existence. Regarding the Reduction Method, applying thermal insulation to the façades is the
dominating approach to reduce the GWPe,a of the existing building stock. However, the aesthetic
implication of this method is higher than those of the other methods. This method can increase
the aesthetic quality of a building, when the former façade and building was of low quality,
or do the opposite, and harm the existing architectural design. There exist various successful
examples that this strategy can increase the esthetical and architectural value of a building. The
refurbishment of the residential building in the Segantinistrasse, Zurich serves as one example
with a considerable alteration of the original design, which is shown in Figure 24. It is worth
noting, that the heating system of this building was also be changed from a oil fired boiler to a
geothermal heat pump in combination with photovoltaic panels on the roof and a heat recovery
ventilation system [106].The aesthetic quality of the building considerably increased.
before refurbishment

after refurbishment

Figure 24. Refurbishment with considerable alteration of the original design, Kämpfen für Architektur

There exist also various successful refurbishments, where the additional insulation of the façade
harmonizes with the original design by imitating the original material. One example will be
discussed in chapter 5 with the refurbishment of a residential building in the Fichtenstrasse,
Zurich, shown in the Figure 78. Here, the additional thermal insulation with aerogel render
provides enough thermal resistance with minimal thickness and almost no changes to the
original design [107]. However, it is also necessary to note that the heating system of this project
was also considerably changed from an oil fired condensing boiler to a geothermal heat pump.
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However, there also exist various refurbishment projects of buildings that lost aesthetic quality.
The following example of an historical residential building in Germany highlights the challenges
of this method, when applying the Reduction Method. The semi-detached multifamily house
shown in Figure 25 is built with quarries and bricks, which is a typical autochthonous construction that can often be found in northern parts of Europe. Specific brickwork bonds have been
developed in certain regions. The aesthetic quality of brick walls is complex. Besides different
colors of bricks, different colors of mortars exist. The colors of bricks depend on the clay used
for production and differ between regions. The surface can have a rougher or smother texture
and edges can be sharper or broken depending on the mixture and the firing technique. The
irregularity of the size is as typical for older bricks as the nuances in lighter and darker tones.

Figure 25. Historical brick building, partly refurbished

The right part of the historic brick building has been refurbished with an exterior insulation
finishing system (EIFS), while on the left side the English bond brick façade is still visible and
shows the original construction technique. The position of the second floor is clearly visible on
the left part and is lost on the right part. The fine finish line at the top of the wall is as important
as the first vertical layer at the bottom of the brick wall. Both have vanished on the right. The
slightly arched and segmented lintel above the windows is an important design element contributing to the overall quality. It has been reduced to a straight line in the refurbishment.
The proportions of the windows on the left are a subtle element that stretches the design of the
envelope vertically. The original windows have 8 panes, which have been reduced to 6 panes on
the right part. The windows of the refurbishment project are smaller and their sills are slightly
above the existing sills on the left. The brick windowsills on the left are covered by insulation on
the right and replaced with sheet metal sills. The proportions of the original vertical windows
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changed to rather compact and squatty square openings. While the original windows are almost
aligned with the front of the envelope, the windows of the refurbishment are recessed because of
the thickness of the insulation. The smaller windows and the increased thickness of the window
reveals reduce the amount of daylight in the refurbishment project.
The original façade has various color nuances, but one overall color shade and a distinct patina
that is caused by aging. The refurbished façade allows arbitrary coloring of the render. The
plastered façade of the refurbishment project completely hides the actual construction material.
The refurbished façade rather reminds one of a monolithic wall construction than of the original
heterogenic construction technique with bricks.
The original design is closely linked to the location and region. The refurbished façade is detached
from this context. The original design has been considerably altered. This phenomenon can be
observed in many refurbishment projects, where the architectural quality is less valued than
energy savings. The paradox is, that this monotone cladding material is often artificially individualized, as shown in the example, with the white colored rectangular field on the façade. The
refurbished part of the building stands out clearly from other brick building in the proximity,
instead of being part of a mutual design concept.
Beyond all polemic in the discussion of advantages and disadvantage of thermal insulation of
the façade, it is necessary to note that this method applies best at façades of existing buildings
without texture and buildings with relative simple building shape. A considerable share of the
existing residential building stock complies to that. Furthermore, it is possible to create unique
and appealing architecture with wall insulation, as shown with the building in Figure 24. This
is possible if architects try not to imitate the original, but provide an own design. However,
the quality of some historical façades is that they not only posses a visual expression from the
distance but also provide a haptic experience at close range. As discussed with the building
shown in Figure 25, the shimmering façade, which just appears as coherent texture from the
distance, becomes a surface with various patterns, depths and textures the closer on gets. Since
most cost efficient wall insulation today lacks this quality, it is questionable that this method
contributes or increases the architectural quality of buildings, which already have an aesthetic
quality. Alexander uses the term «pattern», to describe the increase of quality for building
components, the architecture, communities and cities, if it exists [108].
However, we must also realize that there is no material honesty existing anymore in terms of
façades. Böhme noted that the material of the façades today in prosperous economies usually
serve only to represent the wealth of the client [109]. Most often the cladding materials of a
façade only covers industrialized products behind (insulation material, concrete, steel etc.).
Herwig summarizes the current understanding of façades in architecture: «For in the early 21st
century, we all live in the woods, in a forest of signs that we ourselves have created. Architecture
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is no exception; it has become the ultimate sign that is all the craze around the world. In this
craze, façades play a great, perhaps even crucial role. No longer do they mediate only between the
inside and the outside; like exclusive fashion lines, they determine the perception and success of an
investment: the more distinctive, the better. First impressions have become increasingly important,
partly because no one knows anymore what exactly is hidden behind technical façades. In the brave
new world of products, the exterior triggers the essential impulse to buy, and it has become the
decisive means of differentiation, even in architecture. Façades are part of a sophisticated branding
industry that relies on the success of memorable labels, and they are therefore churned out like
carpeting. Yet there is so much more to intelligent façades: in the best case, they are user interfaces
with the urban context, linking surfaces and depth, structure and ornaments, ratios and esthetics,
users and observers.» [110]. Schittich sees the same problematic: «It isn’t always easy to draw
the line between a useful skin and ornamental packaging. Even in the heyday of Modernism, the
demands for honesty and truthfulness to the material were difficult to fulfill. Today, as technical
requirements grow ever more complex and challenging and insulation guidelines increasingly
rigorous, nearly every external skin becomes a multi- layered system (whose surfaces rarely give
us any insight into the interior life of the building).» [98]. Consequently, further increasing the
complexity of layering façades and stronger pushing the Reduction Method to maximal energy
savings in refurbishment projects presumably reduces considerably the existing architectural
quality of the built environment.
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4.3.2 Case Study: Orientation of the building
Changing the orientation of a refurbishment project is strictly speaking not possible. However,
this strategy will be assessed, as it is a typical design strategy for new constructions. Freestanding buildings can be optimized to maximize solar gains during the heating season and consequently can be optimized to reduce the active heating demand [111]. This optimization needs
to be balanced with a potentially rising cooling demand. The efficiency of this method also
depends on the building material used for the glazing of the windows and certainly the area of
the windows.
Model
The basic model configuration is described in chapter 4.2. Each of the considered subversions
SFH100, SFH45 and SFH15 has been gradually rotated from 0° to 360°, as illustrated in Figure 26.
The heating and cooling demands have been calculated with TRNSYS V17 [112] for each case
separately.

Figure 26. Design strategy of changing the orientation of a building
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Results
Figure 27 illustrates the annual heating and cooling demands according to the orientation of the
studied building types SFH100, SFH45 and SFH15. The orientation affects the changes to the
heating demand relatively little. Contrary to that, the relative effects on the cooling demand are
bigger. However, the absolute changes of the cooling demand compared to the absolute changes
of the heating demand are small with a maximal delta of ~3 kWh/m2. This is because of the small
window area. In this study, changes of the heating demand of SFH100 cause greater changes to
the total energy demand than the changes to the cooling demand do. The opposite is true for
SFH15, where changes to the cooling demand are almost as influential than the changes of the
heating demand are to the total energy demand.
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Figure 27. Orientation of the building affecting the annual heating and cooling demand

Limitation
Obviously, architectural designs with larger windows and different type of glazing will show
different results to the cooling and heating demand. Especially the cooling demand would be
different if exterior shading devices exist. There are various buildings that have been designed
and optimized regarding high solar heat gains during the cold season and relatively low solar
heat gains during the hot season. At best, theses buildings operate with extreme low energy
demand for heating and cooling, which is requested by standards like the Swiss Minergie-P
[39] and the German Passivhaus standard [37]. However, the intent of this case study is different,
which assesses the effect of building orientation of a «regular» design.
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Results
Figure 28 illustrates the affect of the orientation of the building on the GWPop that the heating and
cooling system generates. In case of heating with a condensing boiler, changing the orientation
of the building affects most the GWP of the non-refurbished SFH100, while the GWPop of
SFH45 and SFH15 is relatively unaffected by the orientation of the building. The same is true for
operating the heating system with an ASHP. Changing the orientation has a maximal difference
between lowest and highest GWPop of 8% within each case. However, the absolute changes of the
GWP are considerably lower compared to the heating system with a condensing boiler, when
operating with a heat pump system.
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Figure 28. Orientation of the building affecting the GWPtotop of the building

Conclusion
The efficiency of GWP reduction by optimizing the orientation of a building highly depends
on the size of the windows, the type of glazing and the location of the building. The maximum
achievable GWP reduction of the assessed model is 8%. However, changing the heating system
from an oil-fired condensing boiler to a heat pump system reduces the GWPe,a by approximately 84%. Furthermore, this method is only applicable for freestanding new constructions.
As mentioned before, the majority of refurbishment projects do not allow for an optimization
of the orientation. The method is rather applicable to freestanding new constructions and has
more importance to aspects of view and day lighting usage, can be compromised because of the
need for energy saving.
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4.3.3 Case Study: Compactness of the building
Increasing the compactness of a building is another typical architectural approach to reduce the
annual heating demand. The following case study assesses the efficiency of this method regarding
the reduction the GWPe,a. As stated with the Equation (3.2) the GWPe,a depends on equivalent
annual GWPop emissions generated in the building operation and the equivalent annual GWPem
due to the construction materials. There are two commonly used equations to determine the
compactness of buildings. One relates the total area of the relevant building envelope Ath to
the total volume of the building by the equation Ath/V, the other approach relates the relevant
envelope area to the net floor area of the heated/cooled space energy reference area, (ERA). The
latter approach is applied in the following study by the equation Ath/ERA. The hypothesis is that
a less compact design increases the GWPop emissions and increases the material related GWPem
because of more required refurbishment material. This hypothesis is validated with a mathematical approach regarding the GWPop emissions and furthermore assessed with a case study
to determine the GWPop emissions and the GWPem because of the materials.
Model
The basic model configuration is described in chapter 4.2. This building has a compactness of 2.6.
A simple way to derive variations of this building with lower and higher levels of compactness
is by scaling the clearance of the heated/cooled spaces, as illustrated in Figure 29. The recommendations for compactness of buildings depend on the use of the building. A compactness of
2.1 to 3.5 is considered reasonable for single family buildings [113]. The minimum achievable
compactness in this particular building is 2.4, which is determined by the lowest reasonable
ceiling height for this residential buildings of 2.4m. A clearance of the space of 3.6m is considered
to be the maximal reasonable height. Certainly, bigger spaces are possible, but very unlikely for
this type of building. Thus, the range of compactness varies from 2.4 to 3.1 in this study.
Minimal compactness of 2.4

Maximal compactness of 3.1

Figure 29. Deriving variations of compactness by vertically scaling the reference building
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Mathematical approach regarding the GWPop
Assuming the operational emissions (GWPop) are mainly driven by the annual heating demand,
QH, this demand can be calculated according to the steady state approach of standard EN ISO
13790 by
QH = QH ,ht − QH , gn × η H , gn

(4.3)

where QH, ht denotes the total heat transfer, QH, gn denotes the total heat gains and ηH,gn denotes
an utilization factor, which depends on the ratio of heat transfer via the façade to the heat
transfer via the ventilation and the thermal capacity of the building. The total heat transfer is the
sum of heat transfer via the building envelope Qtr and the heat transfer via the ventilation Qve,
as shown with
QH ,ht = Qtr + Qve

(4.4)

Furthermore, the heat transfer via the building envelope Qtr is calculated by
Qtr = H tr ,adj × (θ int , set , H − θ e ) × t ; with H tr ,adj = H D + H g + H U + H A

(4.5)

where Htr,adj is a building specific heat transfer coefficient regarding the building envellope, t
denotes the operation time of the heat transfer. θe denotes the exterior ambient temperature
and θint,set,H the interior set point temperature. The specific heat transfer coefficient is the sum
of all relevant coefficients, where HD denotes the coefficient regarding the used spaces with a
demand, HU denotes the coefficent regarding all spaces without any demand and HA denotes the
coefficient regarding all adjacent spaces (presuming these spaces require a different temperature
than the ambient temperature).Assuming the coefficients HU and HA stay constant, only the
changes of HD, affect the QH,t r. HD is calculated by
H D = btr , F ×

(∑ A × R + ∑ l × ψ
i

i

−1
ii

k k

k

+∑j χj

)

(4.6)

where btr,F denotes a correction factor that adjusts the coefficient if the considered adjacent space
is not equal to the external environment, which is the case of unconditioned interior space.
Assuming the linear length of the thermal bridge lk (with its according linear thermal transmittance ψk) and the quantity of local point thermal transmittance χj change proportionally with
Ath, HD changes proportionally with the first term of Equation (4.6). Assuming the compactness
of the building only changes by scaling the building vertically, as shown in Figure 29. (area of
roof and ground slab stay the same), HD and consequently Qtr changes proportionally to Ai,
which is a function of Ath, if the ratio of opaque wall material and transparent glazing and con-
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sequently the thermal resistance of the wall Ri stays constant10.
The heat transfer due to ventilation is calculated according the above standard by
Qve = H ve,adj × (θ int , set , H − θ e ) × t ; with H ve,adj = ρa × ca ×

(∑ b
k

ve, k

× Ave, k × hve, k / t ve, k

)

(4.7)

where Hve,adj denotes the building specific heat transfer coefficient regarding the ventilation. The
thermal capacity, ca , the density, ρa of air are assumed, the correction factor bve,k (see equation
(4.6)) and the relevant floor area of the vented space, Ave,k are assumed to stay constant. Consequently, the Hve,adj and Qve change proportionally to the height of the considered vented space,
hve,k , which is a function of Ath.
The heat gains are calculated according to
QH , gn = Qint + Qsol ;

Qint  Qsol ;

→ QH , gn ≈ Qsol

(4.8)

where Qint denotes the interior heat gains and Qsol denotes the solar heat gains. Assuming the
interior heat gains are very small, the heat gains are mainly driven by the solar heat gains11. The
solar heat gains are calculated by
Qsol = ∑ k φsol , k × t =

(∑ F
k

sh , ob , K

)

× Asol , k × I sol , k − Fr , k × φr , k × t

(4.9)

where ϕsol,k denotes all mean heat flow rates within the considered space during a certain period
of time t. This heat flow rate depends on the area that is hit by the solar irradiation Asol,k, the actual
solar irradiation Isol,k and a shading factor Fsh,ob,k, which reduces the irradiation. Furthermore,
the heat transfer due to the radiation of the building to the night sky, ϕr,k reduces the total
heat gains by the solar irradiation. It is assumed that the latter term is relatively little compared
to the heat gains by solar irradiation and can be neglected. Fsh,ob,k and Asol,k, are functions of
Ath. According to this, the solar heat gains and consequently the total heat gains from solar
irradiation change proportionally to Ath.
The following summarizes the results above. Since the heat transfer via the building envelope
and due to ventilation change proportionally to Ath and the heat gains change proportionally to
Ath as well, the heating demand QH changes proportionally to the compactness of the building,
presuming that the relevant heated area of the building (ERA) remains constant. Simplifying the
10

Windows are components that are made of glazing and window framing, which have different thermal resistance. This
simplification neglects that the overall thermal resistance of the window will not stay constant when the window size is
scaled. However the changes are relatively little considering modern windows.

11

It is also possible to relate the internal heat gains to the changes of Ath
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calculation of the GWPop by assuming they are only driven by the heating system, the equivalent
annual GWPop change proportionally to the compactness of the building as shown by
∆ Qtr ∝

∆ Ath
∆ Ath
∆ Ath
∆ Ath
∆ Ath
op
, ∆ Qve ∝
, ∆ Qsol ∝
→ ∆ QH ∝
→ ∆ GWPe,a
∝
ERA
ERA
ERA
ERA
ERA

(4.10)

Simulation to determine the GWPop emissions and the GWPem of the additional material
Simulating the SFH100 with the minimal compactness of 2.4 in TRNSYS V17 [71] results in
an annual heating demand (QH) of 90kWh/m2. When increasing the clearance of the spaces to
3.6m the compactness increases to 3.1 and the annual heating demand increases to 140kWh/m2.
Certainly, the GWPem depends on the chosen construction materials. The building material of the
opaque wall and the windows are the materials listed in the appendix 7.1 (see Table 23, Table 24,
Table 25). Changing the clearance of the spaces to derive different levels of compactness affects
the wall and window areas proportionally, as shown in Figure 29. Consequently, it is assumed
the ∆GWPem regarding the material changes proportionally.
Results
Depending on the heating system and type of building, the level of compactness affects the
GWPe,a of the design, which is shown in Figure 30. The dark red line represents the GWPem of the
material per energy reference area (ERA). The orange line illustrates the total GWPe,a inclusive
the GWPop generated with an air source heat pump (ASHP), while the yellow line represents the
total GWPe,a including the GWPop generated with a condensing boiler (CB) heating. The black
circles mark cases that have the generate the same total ∆GWPe,a.
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Figure 30. Additional ∆GWPe,a per level of compactness, based on compactness 2.4

The material related GWPem is substantially driven by the used brick stones. The GWPem from
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the insulation material is of less importance. Consequently, the differences between the material
related GWPem from the insulation of the three building standards are relatively small. However,
the different building standards considerably affect the GWPop emissions generated in operation.
The higher the building standard is, the lower the GWP of the operation becomes. However,
even more significant than the building standard is the heating system. When heating with
a heat pump, the total GWPe,a of the least compact building is marked with a black circle in
Figure 30 at the compactness of 3.1. When heating with a condensing boiler, the building needs
to be considerably more compact to stay below this level. The higher the building standard,
in terms of energy saving, the smaller becomes the differences of the results between the two
heating systems. Furthermore, the total GWPe,a generated with a ASHP system of the SFH100
(orange graph in the diagram on the left) is lower than the total GWPe,a generated with the
SFH15 in combination with an oil fired heating system (yellow graph in the diagram on the
right) for the respective compactness.
Conclusion
Compactness per se achieves a reduction of the GWPe,a of buildings, as shown with equation
(4.10). However, the efficiency of this approach depends on several determinants, as shown by
the results of the case study. Besides the considered building types (SFH100, SFH45, SFH15) the
type of heating system affects the efficiency of this method. While the GWPem of the material
is of relative low significance when heating with a condensing boiler, this parameter becomes
more influential when heating with an ASHP system. However, the chosen building system has
relatively more influence on the GWPe,a. Therefore, it is justified to argue that the efficiency of
this Reduction Method is of less importance than the type of installed heating system.
Optimizing the compactness of a building may be beneficial for reducing the annual heating
demand, but needs to be balanced with potentially rising electricity demand for artificial lighting
and aesthetic compromises. Especially very compact office buildings require a higher artificial
illumination and typically reduce the potential of natural ventilation [114]. The daylight factor
of the considered building in this study changes in the centre of the interior space from 2.7%
at the minimum compactness of 2.4 to 3.9% at a compactness of 3.1, calculated according the
simplified method for windows of DIN 5034-4 [115]. This indicates a higher electricity demand
for artificial lighting for the building with higher compactness. In terms of GWPe,a, especially
the building standard SFH15 requires a full assessment, which includes the energy demand of all
systems, to compare pros and cons of increasing the compactness of a design.
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4.3.4 Case Study: Percentage of glazing
Architects also apply the method of changing the percentage of glazing (POG) in the architectural design to affect the heating and cooling demand of a building12. Furthermore, this affects
the total equivalent annual GWPem, assuming the GWPem of the opaque wall and the window
differ. Increasing the area of one component in a design is only possible by reducing the area of
the other to the same amount. Consequently, the solar heat gain changes and thus the heating
demand. However, solar heat gains can become disadvantageous during the hot season if they
increase the cooling demand considerably. However, this depends on the location of the building
and the physical characteristic of the glazing. Typically, architects in the temperate mild climate
apply this method to reduce the annual heating. The following case study assesses if this method
is also effective regarding the GWPe,a reduction.
Mathematical approach
Similar to Equation (4.3), the standard EN ISO 13790 provides a steady state approach regarding
the cooling demand of a space, which is calculated by
QC = QC ,ht × ηC ,ht − QC , gn

(4.11)

where QC, ht denotes the total heat transfer, QC, gn denotes the total heat gains and ηC,ht denotes
an utilization factor, which depends on the ratio of heat transfer via the façade to the heat
transfer via the ventilation and the thermal capacity of the building. It is worth mentioning
that the utilization factor is related to the heat transfer to reflect the amount of heat that can be
transferred to the environment, while the utilization factor in Equation (4.3) is related to the
heat gains to reflect the amount of heat that can be gained.
According to Equation (4.4), (4.5) and (4.6), the heat transfer coefficient HD is driven by the area
and the thermal resistance of a component. In terms of POG it follows
−1
−1
H D ∝ ∑ j Asol , j × Rsol
, j + ∑ k Aopa , k × Ropa , k ; with Atot = ∑ j Asol , j + ∑ k Aopa , k

(4.12)

where the index sol denotes the glazed windows and the index opa denotes the opaque wall.13

12

An exception exists in case that the physical attributes of opaque wall and transparent window are the same. This is
the case when thermal resistance of the window and the thermal resistance of the opaque wall are equal and no solar
irradiation hits the window. Furthermore, this case requires that the heat transfer by radiation during the night via the
window and the heat transfer by radiation of the opaque wall are the same. In this case, the percentage of glazing is
irrelevant regarding the heating and cooling demand.

13

For simplifications, the area of the window frame is neglected.
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In terms of the percentage of glazing (POG) it follows:
POG = ∑ j Asol , j / Atot

(

))

(

H D ∝ POG × Atot × R −j 1 − Rk−1 + Atot × Rk−1
const .

(4.13)

const .

H D ∝ POG → QH ∝ ∆POG
Since the ventilation demand is not directly affected by the percentage of glazing14, the annual
heating demand QH proportionally changes with changes of the percentage of glazing (POG).
According to the Equation (4.9) also the Qsol changes proportionally to the POG. Assuming the
other internal heat gains can be neglected, the annual cooling demand QC changes proportionally to changes of the POG. Since the heating and the cooling demand change proportionally to
changes of the POG, the GWPop emissions of the building operation also change proportionally.
Model of the simulation
The basic model configuration is described in chapter 4.2. Beside the GWPop emissions of the
building operation, the GWPem related to the building material also change with the POG.
The considered minimal POG is 5% to comply with the DIN 5034-1 regarding the minimal
daylight factor of 0.9% [115]. The maximum considered amount of glazing is 95%, as some
opaque elements exist for structural reasons. As shown in Figure 19, this case study is of purely
theoretical value, as a percentage of glazing of 5% or 95% is aesthetically very questionable for
residential buildings compared to the rather typical 20%.
5% glazing south

20% glazing south

95% glazing south

Figure 31. Minimal and maximal considered percentage of glazing

14

The ventilation demand is indirectly affected by the percentage of glazing, if cooling (or heating) is provided by ventilation.
In this case, increasing the percentage of glazing would proportionally increase the ventilation rate. However, the result
would be the same: The annual cooling demand would still change proportionally to the percentage of glazing.
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By intention, the considered window types are rather disadvantages in terms of low heating and
cooling demand. The overall thermal resistance of the assessed windows are Rwin=1/3.0m2·W/K,
which is below the quality of typical commercially available window systems with Rwin=1/1.0
to 1/0.5 m2·W/K. Furthermore, the Solar Heat Gain Coefficient, SHGC (a.k.a. g-value), is
with 0.755 exceptionally high and allows for relatively high solar heat gains. The high shading
coefficient is also disadvantageous in terms of a low cooling demand, which is again chosen to
stress the results regarding the efficiency of this method of reducing the GWPe,a.
Results
Figure 32 illustrates the results of the simulation for windows orientated to the South on the
left and windows orientated to the North on the right. The GWPem from new windows and
demolishing the old windows is shown in dark red. This includes an according amount demolished
brick wall to take the increasing the window opening into account15. The blue graph indicates
the equivalent annual GWPop generated because of an additional cooling demand provided with
a split unit (SU). The orange graph represents the total generated equivalent annual GWPop,
when the building is heated with an air source heat pump system (ASHP). Accordingly, the
yellow graph represents the total generated equivalent annual GWPop, when the building is
heated with condensing boiler (CB). The solar heat gains reduce the heating demand during the
intermediate and partly during the cold season. This is indicated in the case study «South facing
windows» with dashed graphs. The solar heat gains in the case study «North facing windows»
are negligible. The larger the size of the windows is (Asol), the more heat is gained. However, the
thermal capacity of the building and the interior set point temperature limit this effect, which
Equation (4.3) expresses with the utilization factor ηH,gn. As a result, the total GWPe,a of the case
study «South facing windows» of the ASHP system and the condensing boiler (CB) are not linear.
The GWPe,a difference between maximal and minimal POG is listed in Table 4.
Table 10. ∆GWPe,a between the maximal and the minimal POG
∆GWPe,a / ERA [kg CO2 /m2]

15

Combustion Boiler (CB)

Air source heat pump
(ASHP)

North facing windows

24.5

6.5

South facing windows

9.5

4.4

Since this is a case study of a refurbished building, it is assumed that the size of the window opening increases and the
according amount of brick wall needs to be demolished.
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Figure 32. GWPe,a according to percentage of glazing, (South on left, North on right diagram)

Conclusion
When operating with a condensing boiler, the percentage of glazing of a north facing façade
affects the GWPe,a of the refurbishment considerably. As shown in Table 10, a maximal difference
of 24.5kg CO2/m2 accounts for changing the POG from minimal 5% to 95%. This is different for
the south facing façade: The GWPe,a maximally changes in this case by 9.5kg CO2/m2. When
comparing these results with the results of the case study air source heat pump (ASHP), the
effect of the POG is far less significant. The additional heating or cooling demand with a higher
percentage of glazing can be provided with relatively low additional GWPe,a. As a result, the
difference between the north and the south façade of 1.5kg CO2/m2 maximal is relatively small.
Similar to the results of chapter 4.3.1, switching to a different heating system has considerable
effect on the efficiency of this Reduction Method. The Reduction Method considering the POG is
effective, when the operation with an oil-fired condensing boiler is inevitable. The POG is of less
importance, when operating with a heat pump.
The seasonal performance factor (SPF) of the ASHP in this case study is relatively low. There
are many systems with a SPFASHP of 3.5 or more commercially available. However, besides the
inexpensive installation, the ASHP has a variety of disadvantages compared to a ground source
heat pump (GSHP). Because of the heat source, the air source heat pump has the lowest COPmean
during the coldest season of the year when heating is most required. As a result, the electricity
demand rises sharply, during a period when little energy from renewable resources is generated,
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because of low solar irradiation etc. Furthermore, the efficiency of the Combination Method,
which will be presented in the following chapter, is limited to the ambient air temperature.
Connecting to a different heat source with a higher temperature allows an increase in the
efficiency of the process. Thus, exchanging the ASHP with a GSHP would allow for further
GWPe,a reduction and the already mentioned relative insignificance of the POG when operating
with a air source heat pump would become even smaller. The concept of reducing the GWPe,a by
increasing the efficiency of the building system is exactly the method which will be described in
detail in the following chapter as the Combination Method.
Aesthetic relevance of orientation, compactness and percentage of glazing
Increasing building compactness as a strategy to reduce the GWPe,a is in accordance with lower
construction costs for brick and concrete buildings. The esthetical quality of compact buildings
has advocates and opponents. However, compactness does not necessarily automatically achieve
the highest financial profit. Compact buildings are by far more aesthetically accepted in Europe
compared to the regions like in North America. As a result compact residential buildings can
be easier sold in Europe. Furthermore, low rising residential buildings are predominantly built
in North America in wood frame constructions. Due to this technique, less compact designs do
not necessarily increase construction costs considerably. Indeed, this traditional construction
method generated a style that is of rather low compactness. While urban density was not an issue
during the colonial period of this continent, it has been possible to build single storey homes
with the typical sequential branching spaces. This style is still influential in modern architecture.
The flowing project represents architecture deliberately designed with low compactness and
orientation due to aesthetic reasons. Although it is not a refurbishment project, it illustrates
potential conflict between energy saving strategies and architectural design. Blue Sky Architecture has designed this residential building in 2006 on a remote Gulf Island near Vancouver, BC,
an area with temperate humid climate. Although unique, it shows the typical composition of
aligned spaces along a hallway, which results in a very low compactness. The material and style
is characteristic to Canadian West Coast architecture.
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Figure 33. North-West façade of the McNally House, photo by Kopf

The house shown in Figure 33 is sited on a northwest shoreline and surrounded by thick
vegetation of pine and arbutus trees. The design is clearly driven by a geometric idea, which has
been combined with the topography and the impressive views. The house and garden form an
oval that creates two different types of exterior space with different levels of privacy and views
to nature. Both affect the atmosphere of the interior space: the shoreline and natural forest on
one side, the private garden enclosed by the house on the other. The construction material wood
has been harvested on site or on the nearby Vancouver Island. The building is not permanently
occupied and is partly vacated during the cold season. Consequently, instead of focusing on
a low heating demand, aspects of traditional architectural style, views, daylight and natural
ventilation influence the design. Thus, the ideas of compactness or percentage of glazing have
been completely ignored. The orientation of the building has been chosen to allow for the best
views of the coastline. As a result, the large Northwest facing windows cause a relatively high
thermal heat transfer during the cold season. The building is actually least optimally orientated
regarding the heating demand during the cold season.
With a compactness of 1.8, the McNally home is far above the recommended compactness of 0.6
to 1 for residential buildings in Europe [113]. The orientation of the building and the considerable area of glazing of the façade ( of 0.44), especially to the northwest, is contrary to common
recommendations for energy efficient architectural design.
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Figure 34. Floor plan House McNally, by Blue Sky Architecture

A refurbishment of this building towards net-zero emission by increasing the compactness
would have considerable effect on the architectural design. The interlocking with the exterior
is a key element of this style. Changing the percentage of glazing would reduce the spectacular
view of the coastline and the ocean. The level of interconnection between exterior and interior
spaces depends on the size of the windows. When considering the GWPe,a generated in building
operation of this building, a different method is more appropriate to this architectural style.
The Combination Method will be discussed in detail in chapter 4.4 with a focus on the source
of the heating. Space heating is not required during the coldest days of the season, since the
owners are typically absent during February. As a result the peak power demand can be reduced.
Furthermore, the sensible behaviour of the user regarding portable water causes low demand
regarding the generation of DHW. The building is situated close to the ocean. The surface
temperature of the water fluctuates between 8°C in February and 15°C on average in August.
Thus, a potential heat source is directly available. There exist no public power gird and the
required power is generated on site with photovoltaic panels that feed a large battery pack. All
appliances in the building operate on direct current. The real challenge is to generate enough
renewable power on site during the cloudy days, as this building is off-grid. This will be further
discussed in chapter 4.4.4. Increasing the battery pack is possible to further extend the period
when renewable electricity is available. Increasing the number of photovoltaic panels is also
possible without altering the original design too much. A refurbishment of this building would
be challenging, but possible without interfering with the original design.

100

Case studies

4.3.5 Summary of the Reduction Method
The presented case studies show that the Reduction Method is only reasonable in terms of GWPe,a
reduction and Ce,a if certain criteria are met.
The first is regarding the installed passive components:
−

If the GWPop reductions generated in the building operation are higher than the additional
GWPem from the material, the strategy is reasonable, but otherwise questionable or
inefficient.

The second is regarding the operational system:
−

If the end energy demand is high and the supplied energy has a high EF, the Reduction
Method can be reasonable.

−

If the end energy demand is high and the supplied energy has a low EF, the Reduction
Method can be questionable.

−

If the end energy demand is low and the supplied energy has a high EF, the Reduction
Method can be questionable.

−

If the end energy demand is low and the supplied energy has a high EF, the Reduction
Method is probably inefficient.

Above all, the aesthetic quality of the building should be sustained or improved.
A number of new buildings have recently been constructed, which promising examples of how
the Reduction Method can reduce the energy demand of a building without conflicting with
aesthetic concepts of the design. Ideally these buildings achieve net-zero energy, which can
include net-zero emission (see also chapter 2.1.1). The Reduction Method is in line with the EU
Buildings Directive 2010/31/EU that requests by 2021 all new buildings to be so-called «nearly
zero-energy building» [116]. Voss et al. provide detailed descriptions of 23 such buildings [117].
However, as long as these buildings operate on burning fossil fuels, they can at best be titled
«climate neutral», even when burning wood instead of oil or gas. Furthermore, the target of
zero-energy or zero-emission is typically easier to meet than in refurbishments. Although Voss
et al show that this method can create new constructions of high aesthetic quality, many negative
examples exist when this method is applied to existing buildings. As a results, various urban
planners and architects are displeased with the current development in architecture [118][119].
The rapid transformation of the built environment without any debate about the loss of aesthetic
quality is counterproductive, as it will create unnecessary resistance on many levels. Contrary to
the ecological or economical aspects of architecture, aesthetic quality can hardly be measured,
but I argue it is considerably noticed when is lost.
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Combination Method

This method to reduce the GWPe,a of a building is applicable if two or more sources can be
combined to provide a certain demand. This allows choosing sources with less specific GWPe,a .
Contrary to the Reduction Method, which reduces the energy demand, the Combination Method
achieves a GWPe,a reduction of the energy supply.
Many renewable sources exist that can reduce the demand of power from non-renewable
sources. In terms of illumination, the combination of day- and artificial light is a method that
has been internalized by architects as a possibility to provide a certain demand with less need
for non-renewable power and consequently less GHGs. While natural lighting varies during
the daytime, the artificial lighting is a constant power that is always and immediately available
if required. The quality of the latter is paid for with cost and generates emissions. The same is
true for natural and mechanical ventilation. The natural pressure-differences in buildings can
support the mechanical system or entirely substitute the need for mechanical ventilation. Li
discuss the pros and cons of natural and mechanical ventilation and suggests a hybrid approach
[120]. However, natural ventilation may not be available all the time. Furthermore, natural
illumination and ventilation affect the design of a building. There exist numerous examples of
designs, which benefit in terms of aesthetic quality. As shown in chapter 3.3, these elements can
become part of the architectural design. A fully artificially ventilated and illuminated residential
space, however, loses certain qualities at least in terms of comfort. The disadvantage of using
natural sources for ventilation and illumination is that they fluctuate, are impossible to store and
installations can become costly and require space to channel them in the building.
In terms of heating, the power from freely available sources can be combined with artificially
generated power. A simple example is solar irradiation through a glazing that creates solar
heat gains in a space. Schittich describes the various methods from passive utilization to smart
solar architecture [121]. There exist various built examples, which among other architects Jenni
designed in Switzerland [122]. More challenging is the utilization of a natural source that has
a lower temperature than the actual heating system requires. This requires a process, which a
heat pump can provide. There exist several of these natural sources in the environment. They
differ in average temperature and temperature deviation. As shown with equation (2.14), the
temperature difference of heat source and sink determines the exergy efficiency of the heat pump
process and consequently the efficiency of the Combination Method. The purchased electricity
is predominantly required at the compressor to lift the temperature of the evaporator to the
condenser temperature. The following case study assesses the potential of the Combination
Method regarding the reducing the GWPe,a in terms of increasing the exergy-efficiency and
reducing the demand of electrical power.
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4.4.1 Case Study: Quality of the ground source
There exist various natural and anthropogenic heat sources that can be used utilized in a heat
pump process. Natural sources are heat from ground-, lake- or river water, as well as geothermal
heat or simply heat from the ambient air. Anthropogenic sources are typically recovered heat
from various processes. Heat can be recovered in residential and office buildings from space
heating, waste water, (active) cooling processes with chillers etc. Furthermore, heat can recovered
in various manufacturing processes of factories and waste water treatment plants. Certainly,
recovered heat from power plants could be utilized. However, the source temperature is typically
very high and is better directly used in district heating. Nevertheless the return temperature of
district heating back to the power plant is often still of a temperature, which could be used in a
heat pump process. The difference between the natural and the anthropogenic heat sources is
that the natural sources are usually renewable sources (mostly directly or indirectly powered
and driven by solar radiation), while the anthropogenic sources originate from processes that
operate with renewable or non-renewable sources. Although per definition the GHGs from
anthropogenic sources are not considered in the assessment of exhaust air (EAHP) or waste
water heat pumps (WWHP), theses systems rely on a source that could not exist in the far future
anymore. Table 11 list common heat sources and typical temperatures (approximate values),
based on the studies in the IEA-HPC 2001 published by Dinçer [123]. The case studies in this
and the following chapters focus on ground source compressor heat pumps (GSHP). However
the temperature can be different and increase the exergetic efficiency.
Table 11. Natural and anthropogenic heat sources, source IEA-HPC 2001.
Heat Source

Temperature Range (◦C) Type of heat pump

Ambient air

–10–15

ASHP

Exhaust air

15–25

EAHP

Groundwater

4–10

GWHP

Lake water

0–10

WSHP

River water

0–10

WSHP

Sea water

3–8

WSHP

Rock
Ground
Waste water and effluent

0–5

GAHP

0–10

GSHP

>10

WWHP

ASHP = Air source heat pump, EAHP = Exhaust air heat pump,
GWHP = Groundwater heat pump, WSHP = Water source heat pump,
GAHP = Ground air heat pump, GSHP = Ground source heat pump,
WWHP = Waste water heat pump
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The following case study assesses the effect of the GWPe,a reduction of a refurbishment project
by gradually increasing the quality of the heat source of within a ground source heat pump
system (GSHP). The ground source is simulated as a vertical geothermal heat exchanger, a.k.a.
borehole, which is a typical heat source for building systems in Switzerland. This method was
presented at the conference Urban Dynamics & Housing Change [124].
Model
The general configuration of the model is described in chapter 1.3.1 and 1.3.2. Chapter 7.1
provides further details. Figure 35 illustrates the system schematic of the building. The building
is without local electricity- or heat generation. The power to operate the heat pump is purchased
as standard Swiss power mix from the local electricity supplier EWZ. The passive building
components (1), which determine the annual heating demand, have relative low thermal
resistance and allow for some air leakage. They are set to the so called non-refurbished building
SFH100, which results in an annual space heating demand of roughly 100kWh/m2, for space
heating (2). There is no air heat recovery system implemented. The heat source is the borehole,
which is indicated with number (8). The variations within this study are based on different
borehole configurations and the idea of sharing the heat source with other buildings.
System layout
4/7

Interconnection diagram
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Building envelope
Thermally activated interior mass
Domestic hot water
Ground source heat pump, GSHP
Power supply, electricity
Borehole, GSHX
Red = thermal energy
Orange = electrical energy
Dashed blue = building boundary

Figure 35. System schematics of the case studies with a borehole as heat source

Since the only parameter that is changed in the considered variations is the borehole, the configuration of the ground is of importance. The ground condition around this borehole is the
same in all variations, which is assumed to consist of a homogeneous stratum of fine sandstone
beyond a 30m layer of molasses. The geothermal gradient, ∆T/∆l, where ∆l denotes the length
of, expresses the rising temperatures in deeper strata. This variable is more or less constant in
Zurich with ∆T/∆l = 0.03°C per running meter beyond a depth of approximately 20m.
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Figure 36 illustrates the assessed variations of the borehole configurations. The index with the
acronym GSHP denotes the ground source heat pump system. All buildings have the same
heating demand. The diagram on the left of Figure 36 of the model SFH100GSHP_01 illustrates
the first case of two separately operating buildings, which have two boreholes of 80m both. The
boreholes are placed in a distance of 20m each. The distance between the boreholes ensures that
ensures that the mutual thermal influence between the boreholes is insignificant, as discussed
by Huber et al. [125]. The second case in center of the Figure is SFH100GSHP_02, which consists
of two buildings operating with one borehole of 150m each. These boreholes are placed 50m
apart. The third case is SFH100GSHP_03 is illustrated on the right of the Figure, which represents
two buildings that share one deep borehole of 350m. The total length of the boreholes is not
the same of each case, but is slightly different. This was necessary to comply with the standard
SIA 384/6 3.1.2 for boreholes in Switzerland, which states that the minimal mean borehole fluid
must not drop under -1.5°C after 50 years. This has been verified with the software EWS V4.7
[126] . However, the different length affect the power that the boreholes. The diameters of the
double u-tubes of the boreholes allow for turbulent flow. The deeper the boreholes are, the bigger
the radius of the boreholes becomes to prevent a collapse of the borehole during the construction. Due to the different borehole configurations, the installation costs of the boreholes vary.
The costs not only depend on the total length of the boreholes, but on the specific cost of the
depth, as discussed in chapter 7.3.3. The cost for the horizontal manifold between borehole and
building is assumed to be the same in all cases.
SFH100GSHP_01
(4x80m)
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(1x350m)

100m
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Figure 36. The different assessed borehole configuration in combination with the SFH100
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The main focus of this study is the heat source. Based on the schematics shown in Figure 35 , a
simplified hydraulic system was designed for each case, using the simulation software TRNSYS,
as shown in Figure 37. The controls for the valves of this model are set to cut of the blue colored
connections, which allow a «free-cooling» mode. This loop will be come relevant for the case study
in chapter 4.4.2. The main components are the borehole (GSHX), which is simulated with the
Type 557a, and the heat pump (HP), which is simulated with Type 668 Further details regarding
this model are given in Appendix 7.5. According to Eskilson, the required simulation period
should be determined by the depth of the borehole [127]. However, the minimal simulation
period for all cases is 50 years to comply with the according standard SIA384/6. The temperature
of the ground around the borehole of SFH100GSHP_03 will continue to decline after the simulated
period of 50 years, as illustrated in the red graph of Figure 39. However, this further decline of
the temperature is acceptable, as it will cause minimal change to the results and the maximum
lifetime of the building is assumed to be 50 years.

Figure 37. Hydraulic scheme of the TRNSYS model (weather information, controls hidden a.o. are hidden)

It would be ideal if the efficiency of heat pumps stays constantly high, independently of the
required temperature lift that the heat pump has to provide. However, especially for low
temperature lifts, the efficiency of regular heat pumps is rather low, as discussed by Meggers
et al. [128]. According to Ivan Wyssen et al., the Carnot efficiency of their test facility, which
is explicitly designed for low temperature lifts, achieves 55% at temperature lifts of 27K and
above [129][130]. Figure 89 illustrates the Carnot efficiency that is applied in the following case
studies. This efficiency is relatively high compared to typical efficiencies of current commercially
available heat pumps with ±45%. Thus, the resulting seasonal performance factor of the heat
pump systems (SPFHP) of this and the following case studies are little higher than a currently
available heat pump would achieve. However, the results reflect a realistic performance of heat
pumps with low temperature lifts in the near future.
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The model designed in TRNSYS is used to generate the heat pump and the borehole demand
profile. This information is imported into the software EWS to simulate the long-term behavior
of the borehole. According to the full load hours and pressure drops in the probe, the power
demand of the auxiliary pump is determined with the software EMB pump select V3 [131].
Results
The focus of this study is the quality of the ground source heat exchanger. Further detailed results
regarding the space temperature and the heat load of the heat pump during the critical period in
February are given in the appendix 7.5. The periodical heat withdrawal from the ground source
heat exchanger changes the temperature profile of the ground around the borehole progressively
during the 50 years of operation. The temperature decreases steadily during the period due to
the periodical heat withdrawal. The ground temperature gradually regenerates during phases of
non-operation. As a result, the return temperature from the borehole fluid delivered to the heat
pump constantly changes throughout the year, as shown in Figure 38 for SFH100GSHP_03 with
the orange temperature profile. Although the temperature degeneration is partly balanced by
natural passive regeneration, the mean temperature of the borehole steadily declines until the
heat withdrawal and the heat flow of the ground are more or less balanced, which is illustrated
for SFH100GSHP_03 in Figure 39. The change of the average borehole temperature depends on the
initial borehole temperature and the heat withdrawal. The more heat is withdrawn, the higher
the amplitude per year. Although the temperature degradation did not completely stop after 50
years of simulation, the expected changes in the following years are expected to be small.
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Figure 39. Average borehole temperature of SFH100GSHP_03 during 50 years of simulation

The constantly declining average temperature of the borehole affects the SPFHP of the heat
pump system. The outlet temperature of the borehole, which affects the efficiency of the heat
pump, can be significantly lower than the average borehole temperature, as shown in Figure 38,
especially during the coldest period of the year, which causes the highest heating demand.
Table 12 summarizes the results from the simulation with the EWS software. The information
in brackets refers to the share of the borehole length per building. Table 38 supplements this list.
The SPFHP of SFH100GSHP_03 is affected most in the long run compared to the other cases, due
to the highest initial temperatures and the highest heat withdrawal. The electricity demand, Pel,
the operational cost (Cop) and the GHGs are derived from these results. For a complete list of
the results refer to chapter 7.6. Although the operational costs (Cop) of SFH100GSHP_03 are the
lowest, the installation costs (Cin), are too high to be competitive with the other cases. However,
SFH100GSHP_03 causes the lowest GWPe,a, as the GHGs generated in the building operation are
more important than the GWPem that the construction of the borehole and heat pump system
cause in the lifetime of the building.
Table 12. Summary of the results of operating with different borehole length
SFH100GSHP_01
(2x80m)*

SFH100GSHP_02
(1x150m)*

SFH100GSHP_03
(½x350m)*

4.85

5.00

6.02

4.52

4.70

5.54

GWPe,a per ERA [kg CO2/(m2a)]

5.44

5.28

4.91

Ce,a per ERA [CHF/ (m2 a)]

26.7

26.4

27.3

Results per building
SPFHP

in the 1st year
in the

50th

year
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Conclusion
Not surprisingly, the electricity demand of the heat pump in the third case (SFH100GSHP_03),
which has the deepest boreholes, is the lowest in the first year of simulation. The borehole in
this case provides in general higher outlet temperatures, which reduces the temperature lift the
heat pump has to provide and consequently the power demand for the compressor. After a
simulation period of 50 years the SPFHP of SFH100GSHP_03 is significantly degraded. Nevertheless, the average operational costs (Cop), during the 50 years of simulation are lower compared to
the other cases. The Ce,a are the lowest for the second case (SFH100GSHP_03), which benefits from
relatively low operational costs due to a high SPFHP and relatively low installation costs (Cin).
The relatively high installation costs of the third case (SFH100GSHP_03) cannot be compensated
by a more efficient building operation during the 50 years of simulation.
Although the installation of the boreholes of SFH100GSHP_03 causes a high GWPem due to
backfill material and the drilling of the deeper boreholes, the more efficient building operation
compensates for that burden in the long run. Nevertheless, the differences to the other cases in
terms of GWPe,a are relatively small.
An important finding is that the operation with deep boreholes provides a very high performance
of the building operation, which results in low Ce,a and GWPe,a in the first year of operation.
Since the differences in cost and emissions of the studied cases are relatively small, the declining
performance of the third case considerably affects the results. This is because of the relatively high
heat withdrawal during the peak period of the heating season, which cannot be compensated
by the natural regeneration of the borehole during the hot period of the year. This indicates that
active regeneration may be beneficial, which will be discussed in the following chapter.
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4.4.2 Case Study: Active regeneration with internal heat gains
Typical residential buildings in temperate climates have a relative low heating demand during
the mild and hot season. This heating demand in this period is mainly driven by the domestic
hot water demand (DHW). As shown in Figure 38, the hot season is the period when the ground
source heat exchanger passively regenerates most, presuming low or no demand for DHW exist.
Rain and groundwater transfer the solar heat gains on the surface of the planet into the ground,
which Huber et al. discuss in detail [125]. A balance of heat withdrawal and passive regeneration of the ground requires a period of several years, which can last 50 or more years as shown
in Figure 39

ø daily required
heating power [kW]

ø daily required
cooling power [kW]

The case studies of chapter 4.4.1 represent buildings that require heat for space heating and
domestic hot water. The building standard of the single family building SFH100 represents a
non-refurbished residential home, which has almost no cooling demand. When the building
envelope is refurbished to comply with the standard of SFH45 and SFH15, the heating demand
considerably declines, but the cooling demand slightly increases. This is illustrated in Figure 40
with plots of the average daily required cooling power as positive values and the average daily
required heating power as negative values of the abscissa. While the demand for heating
dominates the SFH100, the demand for cooling of the SFH15 needs to be considered in the
design with passive or active building components.
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Figure 40. Heating and cooling demand of the case study in chapter 4.4.1
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ø daily heating
power [kW]

ø daily cooling
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Due to the climate change, the average surface temperatures in Europe are expected to rise in
the next years. Frank et al. show for an office building that the annual heating demand could
decrease by 36–58%, while the cooling demand could increases by 223–1050% [132]. Brunner
et al. discuss the effect of rising temperatures regarding the design of building systems in general
and how to adapt to this challenge [133]. Their conclusion is in line with the finding s from Frank.
Weigel et al. found, according to a plausible scenario for Switzerland in 2060, that the average
temperatures during the hot season will change with +3 to +3.5°C more than the average temperatures during the cold season with +1.5°C to +2°C [134]. Furthermore, the precipitation is
predicted to rise during the cold season by up to +4% and declines during the hot season by -4%
to -12%. Based on these assumptions, a simplified climate file is created and assessed16, which
allows predicting the possible heating and cooling demand of the SFH100 in 2060, as illustrated
in Figure 41, assuming the current comfort criteria will not be adjusted to the future climate
conditions. The considerable differences between the plots of Figure 40 and Figure 41 are mainly
because of the loss of free night-time cooling during the hot period of the year. Certainly, some
of the increasing cooling demand will be possible to reduce by passive methods, like increasing
the shading and reducing internal heat gains. However, the remaining cooling demand needs to
be provided with an active system.
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Figure 41. Heating and cooling demand of the SFH100 in 2012 and in 2060

16

Jentsch et al. presents a more sophisticated method to create a climate file for 2060 [135]. However, the simplified version
is sufficient for this hypothetical assessment.
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The heat surplus in a residential building during a hot season can theoretically be directly used
to generate the domestic hot water (DHW) with the heat pump or be stored in a thermal energy
storage (TES). The delayed use of the heat surplus requires a storage. Afjei et al. assessed building
with a heat pump system, which generates the DHW with the surplus heat from free-cooling
during the hot season, with a heat pump system that directly generates the DHW with a GSHX,
but is regenerated by the surplus heart from free cooling. They found the latter financially more
lucrative [136]. In general, the efficiency of such systems depend on the thermal storage. Cabeza
provides a rating of the different available sensible and latent thermal energy storages [137],
which is shown in Table 13 .
Table 13. Comparison of sensible and latent thermal energy storages
Sensible Heat Storage (STES)

Latent Heat Storage (LTES)

Water

Soil

PCM

Operating temperature

0-100°C

<40°C (if PEX u-tubes)

Depending on material

Specific heat [J/(kg·K)]

421

900

1500-2300

Thermal conductivity [W/(m·K)]

0.5

2.1

1-30

Good

Good

Medium

Overall

Almost Overall

Depending on material

Inexpensive

Inexpensive

Expensive

Stability to thermal cycling
Availability
Cost
Heat exchanger geometry

Simple

Simple

Complex

Required ∆T for charging and discharging

Medium

Medium

Small

Thermal stratification

Simple

Simple

Difficult

Costs for pumps, fans, etc.

Low

Medium

Low

Lifetime

Long

Long

Short

The choice of the thermal energy storage depends on the storage period (diurnal, weekly
or seasonal), the quantity and quality of the heat flow (power and temperature of fluid), the
building system (low or high temperature heating / cooling), the site condition and the financial
budget. Besides the commercially available sensible heat storages with water, there exist various
research projects, which focus on the development of feasible heat storage systems that make
use of the aggregate state of the storage material (PCM, ice storages etc.). The thermal capacity
of the material, the period the heat is stored and the amount of the heat surplus determine the
volume and size of the storage. However, the installation of large heat storage systems typically
conflicts with spatial limitations on the site. Despite the disadvantages of a relatively low capacity
and relative high thermal conductivity to the surrounding, a vertical GSHX benefits from the
enormous volume of ground that can be activated. Typically the ground in a radius of up to 3m
from the borehole is activated as thermal energy storage [125]. The purpose of the following
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study is to assess the possibility of reducing GWPe,a by regenerating a single vertical GSHX with
free cooling. It is not intended to design the single borehole as seasonal heat storage, since a
single borehole is too exposed to the surrounding and the thermal heat transfer is too high for
long-term storage. However, the idea of seasonal heat storage will be discussed in chapter 4.4.5,
where the outer ring of boreholes acts as thermal barrier for the inner ring of boreholes.
Method and model
The basic model configuration is identical to that of 4.4.1. However, this model allows for freecooling as shown in Figure 42. In this study, the borehole operates as heat source and as heat
sink. Figure 41 shows that the cooling demand during the hot season of the SFH100 may become
a potential heat source, worth exploiting in the future. The ambient temperature profile for the
heating season (September to May) in this case study is identically with that of the case study in
chapter 4.4.1. The temperature profile for the cooling demand (May to September) is adopted
from Figure 41 Thus, this model is rather hypothetical study of a situation, representing a building
in Zurich that has an unusual high cooling demand. The design of the TRNSYS-model is that of
Figure 37. Contrary to the previous case study, now the controls of the valves also allow for free
cooling of the building, which is marked with the blue loop. The derived heating and cooling
profile is imported in the software EWS for long time simulation. The methods to calculate
the annual cost and the GWP are the same as described in chapter 3. The calculation includes
additional costs for the auxiliary power demand due to the free cooling operation during the hot
season. The full load hours per year increases to roughly 4’500h compared to roughly 3’000h of
the case studies in chapter 4.4.1. Potential additional installation costs for the control of the free
cooling mode and necessary fittings etc. are not included in the assessment.
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Figure 42. System schematics of the case studies with a borehole as heat source and sink
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Results
The energy balance of charged and discharged heat of the borehole shows that roughly
18% of the withdrawn heat is actively fed back to the borehole by the free cooling process.
Table 14 summarizes the results regarding cost and emissions. Table 39 supplements this list.
In comparison with the results of the case studies of chapter 4.4.1 the SPFHP is slightly higher
with the active regeneration of the borehole by free cooling. Contrary to that, the auxiliary
power demand increases from approximately 3000 full load hours to 4500 full load hours, which
increases the electricity demand. The auxiliary demand accounts for ~14% of the electricity
demand in the third case (SFH100GSHP_06). Despite the additional power demand of the auxiliary
pumps, the overall Ce,a and the GWPe,a of this study are a little lower than in the corresponding
cases of chapter 4.4. Again, the annual costs are the lowest for the second case (SFH100GSHP_05).
This case benefits from a little improvement of the operational cost compared to the first case
(SFH100GSHP_04) and lower construction costs compared to the third case (SFH100GSHP_06).
Table 14. Summary of the results of actively regenerating the borehole with free cooling
SFH100GSHP_04
(2x80m)

SFH100GSHP_05
(1x150m)

SFH100GSHP_06
(½x350m)

4.85

5.02

6.05

year

4.57

4.83

5.73

/(m2a)]

5.50

5.32

4.70

27.6

27.2

27.8

Results per building
SPFHP

in the 1st year
in the

50th

GWPe,a per ERA [kg CO2

Ce,a per ERA [CHF/ (m2 a)]

Conclusion
Actively feeding 18% of the withdrawn heat back to the borehole is too little to sustain a high
SPFHP in the long run. Although the SPFHP in the first year of operation of the third case
(SFH100GSHP_06) is higher compared to the other cases, the SPFHP drops in the 50th year of
operation. The lower operational cost in the first year does not justify the considerable higher
installation cost of the deep borehole. However, a source with a higher temperature might
increase the effect of regeneration. This will be discussed in the following chapter.
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4.4.3 Case Study: Active regeneration with external heat gains
The building system assessed in this study is based on the model assessed in chapter 4.4.1. The
passive components of this model are identical. The building system, however, is enhanced with
photovoltaic-thermal hybrid collectors (PVT), which are installed on the roof. They are marked
as 4/7 in Figure 48. Trillat-Berdal et al. call the concept of actively regenerating 50-150m deep
boreholes «GEOSOL» [138]. This case study with 400m deep boreholes is the concept described
by Meggers et al. as «LowEx building system» [139]. The PV/T collector of this case study is
designed according to his results of a simulation of an unglazed solar PV/T collector.
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Figure 43. System schematics of the case studies with a borehole as heat source and sink, and PV/T collectors

The required annual electricity demand for heating is mainly generated locally and only purchased
from the national electricity grid if necessary. The surplus of locally generated electricity is fed
to the national grid and purchased later when necessary. By doing so, the electricity grid is used
as electricity storage, which opens up the discussion regarding the cost of electricity by source.
However, this is beyond the scope of this thesis. The roof collectors also generate heat that allows
the active regeneration of the borehole during a period of heat surplus. The vertical geothermal
heat exchanger is assumed to consist of polyethylene u-tubes. This limits the maximum inlet
temperature to 40°C to prevent dilatation of the tube, which could result in deformation, fractions
or abrasion of the material. This temperature is hardly exceeded in building systems that actively
regenerate the boreholes by «free-cooling». Contrary to that, the outlet fluid temperature from
typical glazed flat plate solar thermal collectors can easily met this limiting temperature, as they
are designed for the direct integration in high temperature heating system. Integrating such a
collector in a system for regeneration of boreholes would require cooling the outlet temperature
of the collector to 40°C, which is counterproductive from an exergy point of view. In contrast
to glazed solar thermal collectors, the outlet temperature from unglazed flat plate collectors is
typically below a temperature that is useful for high temperature heating systems.
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Model
The purpose of this study is to assess the possibility of further reducing the GWPe,a with active
heat generation of the borehole, compared to the results of chapter 4.4.2. Figure 44 illustrates
that each building of this case study is equipped with 22 PV/T collectors on the south oriented
roof, which provide approximately the same amount of heat that is withdrawn during the heating
period. The first case is the SFH100GSHP_07 with two separately operating buildings that have
two boreholes of 80m each. The second case is the SFH100GSHP_08 with two separately operating
buildings that have one borehole of 150m each. Finally, the third case is the SFH100GSHP_09 of
two buildings sharing one borehole of 350m. The PV/T collectors have a size of 1.65m2 each and
the 22 PV/T collectors cover ~62% of the total roof area. According the PVgis calculator, one
of the mono-crystalline silicon PV panel generates ~180kWh annually, assuming the nominal
power of 0.24 kWpeak in Zurich [141]. Based on findings from Bertram et al. for a similar configuration in Frankfurt Germany, cooling the photovoltaic panel with free cooling of a borehole
during the hot season increase the electricity yield by 4-10% [142]. A conservative yield of 4%
has been included in this study. The 22 PV/T-panel generate annually enough electricity to cover
the electricity demand of the heat pump. Furthermore, one panel generates about 630kWh heat
annually.
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(4x80m & 22PV/T)

SFH100GSHP_08
(2x150m & 22 PV/T)

SFH100GSHP_09
(1x350m & 22 PV/T)
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Figure 44. The different assessed borehole configuration in combination with the SFH100

The charging profile of the borehole with the heat from the PV/T collector is compiled with
a simplified hydraulic scheme designed in TRNSYS, which is shown in Figure 45. The main
elements of the model are the two rows of thermal solar panels of the type 50b. This model
comes with a heat exchanger (PWT-1) that reduces the efficiency of the regeneration. A more
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efficient hydraulic scheme without a heat exchanger would be possible if the anti-freezing agent
in the two circuits can be of the same kind or a backup system can heat the fluid, if the fluid
temperatures drops below 0° to prevent damage. The control system in this model activates
the pumps at an average cell temperature of above 19°C. This ensures that the PV/T collector
always feeds heat to the borehole and not accidentally withdraws heat during colder periods.
The feeding profile from the PV/T collectors depends on the ability to inject heat to the ground,
which basically depends on the ground temperature. As a result, the ability to feed a borehole is
higher in combination with short boreholes. Thus, the feeding profile for the boreholes needs to
be generated individually for each considered case. Controls prevent damage to the borehole by
limiting the load temperature to 40°C.

Figure 45. Scheme to determine the load profile to the borehole (Climate profile and controls hidden)

The heat withdrawal profile of the borehole to heat the building SFH100 has already be determined
in chapter 4.4.1. The combined profile of heat withdrawal from the heat pump and heat injection
from the PV/T collectors is used as information to run long-term simulations with the software
EWS, for each considered case. The simulation period is 50 years as discussed in chapter 4.4.1.
The cost assessment considers the installation and maintenance cost of the PV/T collectors,
which includes cost for hydraulic system to the borehole, cost for mounting the panels, cost for
engineering and design etc. The embedded GWPem from the production of the panel and the manufacturing of the aluminum heat exchanger are included in the GWP assessment and described
in detail in chapter 7.3.4. Although the PV/T collectors in the third case (SFH100GSHP_09)
generate enough electricity to meet the annual power demand of the heat pump, the buildings
cannot operate self-sufficiently, since the main electricity surplus is generated during the hot
season and needs to be shifted to the cold period, when the electricity production is low, but
the heating demand is high. The lifespan of the photovoltaic thermal hybrid collector is limited
by the lifespan of the photovoltaic panel, which is currently 30 years according to the ecoinvent
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database [69]. The lifespan of the aluminum heat exchanger on the back of the panel is assumed
to be 50 years, as it can be reused, when the photovoltaic panel on the front is replaced after 30
years. The different life spans have been considered in the calculation of the annuity.
Results and Conclusion
Almost 100% of the withdrawn heat is fed back by with the heat generated from the 22 PV/T
collectors. A certain amount of exergy is rejected due to the limitation of 40°C inlet temperature
of the borehole, which is illustrated in Figure 46 with the orange graph for the 50th year of the
simulation. This figure also shows the mean temperature of the borehole with the red graph.
Alternative to this system, where the fluid temperature of the panel is at certain time cooled
down to 40°C to be fed to the borehole, a system could be designed where this heat is used to
generate hot water. However, this requires a different system layout. As noted before, there exists
also some concern whether such a system would be financially lucrative [136].
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Figure 46. Fluid temperature of the PV/T collector and borehole temperature of SFH100GSHP_09

Table 15 lists the main results of the case studies. Table 40 supplements this list. Generally,
the active regeneration of the borehole results in a considerably higher SPFHP in the 50th year
of the simulation, compared to the corresponding non-regenerated cases discussed in chapter
4.4.1. The SPFHP of all three cases remains almost on the level of the first year during the entire
simulation. The electricity demand of the auxiliary pumps, which drive the collector fluid
and the circuit of the borehole, operate with roughly 5300 full load hours. This is a little more
compared to the full load hours that the pumps operate in the free cooling mode of the model in
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chapter 4.4.2. The results regarding SPFHP are little higher than the results from Baetschmann et
al. for a similar system [140]. The reason for the difference could be in the different assumptions
regarding the auxiliary pumps, which cause ~18% of the overall electricity demand in this study.
Furthermore, the heat pump simulated in this and in the previous studies is of considerable high
performance due to high Carnot efficiency (see chapter 7.3.2).
The most financially competitive case remains to be the second case (SFH100GSHP_08). However,
the lower investment cost of the third case (SFH100GSHP_09) and the slightly higher SPFHP
compared to the first case (SFH100GSHP_07) result in similar high cost for the first and third
case. Due to the electricity surplus that is sold to the national electricity grid, the GWPe,a of the
standard Swiss electricity mix is lowered. Gaiddon et al. argue that the GWPe,a mitigation needs
to be included in the life cycle assessment of photovoltaic panels [143]. According to Stoppato
[144], the GWPe,a mitigation is calculated by
GWPe,MIT
= Pel ,a × (TPV − TEPB ) × EFel , grid
a

(4.14)

where Pel,a denotes the annual electricity surplus fed to the grid, TPV denotes the lifetime of
the PV collector TEPB denotes energy pay back time and EFel,grid denotes the emission factor
regarding the national electricity grid. When including this aspect as credit, the results regarding
the GWPe,a are considerably affected. While all cases generate approximately the same GWPe,a
on site, the third case (SFH100GSHP_09) generates an annual Pel surplus, which allows for GWPe,a
mitigation. This approach would make this case most competitive in terms of GWPe,a reduction.
Table 15. Summary of the results of actively regenerating the borehole with solar heat gains
SFH100GSHP_07
(2x80m & 22 PV/T)

SFH100GSHP_08
(2x150m & 22 PV/T)

SFH100GSHP_09
(½x350m & 22 PV/T)

in the 1st year

4.89

5.19

6.25

in the 50th year

4.87

5.17

6.22

-

-

24%

3.08

2.85

2.94* / 2.23**

24.9

24.5

25.2

Results per building
SPFHP

Electricity surplus of total generated Pel,a [%]
GWPe,a per ERA [kg CO2

/(m2a)]

Ce,a per ERA [CHF/ (m2 a)]
* without GWPe,a mitigation system boundary on site
** including GWPe,a mitigation in the national grid
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Aesthetic relevance
The residential building «Haus Gisel» in Zumikon, Switzerland, which is shown in Figure 47 and
with the floor plans in Figure 48, was built in 1960 by the architect Ernst Gisel [145]. The architecture of this building is an example of unconventional style, which is considerably influenced
by the design of post war modernism. The spaces branch and expand without being limited to a
compact building shape. They are interconnected with the exterior space as part of the complete
style. Large openings connect the interior spaces to the inner courtyard. The windows allow
for different views. The courtyard is the center of the building, which allows direct excess to
the lower garden. The two-storey building has various elevations. The highly complex building
reminds more of a little village of spaces than just a single building.

Figure 47. Elevation of the house Gisel, photo by Daniel Fuchs

From an engineering point of view, the building is a typical example of a building that is
constructed before the oil crises. The material of re-enforced concrete dominates and allows
the extraordinary design. The design of house Gisel is not influenced by any energy saving
standards. Because of low building compactness and low thermal resistance of the envelope
building materials, the thermal heat transfer during the cold season is high. As a result, the
Reduction Method described in chapter 4.3.1 is difficult to apply. Increasing the compactness is
almost impossible without considerably disfiguring the design. Increasing the thermal resistance
of the building envelope with additional layers of insulation on the exterior would deface the
expressive sculptural aesthetic of the concrete walls. Changing the window glazing is acceptable
if the thin window framing can be preserved to a certain extend. In terms of conserving the
architectural design, the roof is of least concern. Replacing the existing thermal insulation of the
roof was necessary anyhow, since the existing material showed damages.
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Figure 48. First and second floor of the house Gisel, drawings by Gisel

The installed heating system burned ~16`000 liters of light heating oil annually, which is not
only an ecological disaster, but also a financial burden for the owner in the long run. Replacing
this system with a low temperature heating system typically requires exchanging the existing
small sized radiators with bigger radiators or the installation of a radiant floor heating. However,
the owner preferred to preserve the existing flooring and radiators. As a result, the supply
temperature needs to be above 40°C to guarantee thermal comfort. Providing this temperature
with a regular heat pump is challenging if the heat source is of low quality. Thus two 450m deep
coaxial boreholes have been installed. These boreholes allow for two different operation modes.
Due to the counter flow principle in these probes, the high fluid temperatures gained at the
base of the boreholes can be withdrawn during the cold season. It is expected that the outlet
temperature of the boreholes will be higher compared to regular u-tube boreholes. Reversing
the flow during the hot season allows the injection of high fluid temperatures directly at the
bottom of the borehole, where regeneration is most necessary. This is different to boreholes with
regular u-tube, where the highest temperature during the regeneration of the borehole are at the
inlet of the borehole, which is at the top. It is expected that this will allow for better regeneration of the borehole and consequently for a higher seasonal performance factor. Similar to a
stratified hot water tank, heat is injected with less exergetic destruction during the hot season
and withdrawn during the cold season without considerably lowering the temperature on the
way back to the top of the borehole.
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Figure 49. Prototype of the integrated PV/T collector and roof installation, photo by Daniel Fuchs

The refurbishment includes the installation of PV/T collectors on the roof, which actively
regenerate the boreholes during the hot season. Within the CCEM project Archinsolar the chair
of buildings systems, developed an application especially designed for flat roofs, as shown in
Figure 49 [146]. Typically, photovoltaic collectors are installed in an elevated position on top
of the insulated roof of refurbishment projects. The distance between the collectors and the
roof allows for natural cooling of the panels by the ambient air, which prevents the damage
caused by overheating. Contrary to this, the PV/T collector is equipped with an hydraulic heat
exchangers on the back of the panel, which provides active cell cooling and enables a more
efficiently controlled heat transfer compared to relying on the cooling by the ambient air. Due to
the active cooling, the collector could be integrated into other structures, since direct contact to
the ambient air is obsolete. Direct insulation of the back of the panel is also possible. Insulating
the back of the panel keeps the fluid temperature of the hydraulic heat exchanger on a higher
level, which is beneficial in terms of the borehole regeneration. The surface of the photovoltaic
panel provides protection from rainwater and acts as a vapor barrier. Thus, this application
requires one less layer of vapor barrier than regular roofing constructions. The most important
aspect of the roof-integrated solution is the reduced height of the appliances, which is an asset
of the project. The reduced height allows the module to be placed closer to the edge of the roof,
without aesthetically affecting the straight edge of the roof, as shown in Figure 50.
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Figure 50. Design study of the low visual impact from the PV/T collectors, rendering by Daniel Fuchs

The relatively few changes to the heating system, which are the installation of deep coaxial
boreholes in the ground and PV/T collectors on the roof, in combination with an efficient
heat pump, allow the preservation of the existing façade and the original design. Insulating the
roof is an action that affects the aesthetic of this architecture least, which is also the strategy
of the refurbishment project HPZ in that will be presented in chapter 4.4.5. The same is true
for the basement of many refurbishment project. Deciding to insulate the horizontal top and
the bottom face of a building allows for reduced insulation measures at the vertical façade.
Insulating roof and basement is furthermore often less expensive than insulating the vertical
façade. The presented refurbishment strategy for the Haus Gisel is an exemplary strategy that
could be adopted for similar buildings constructed during the period of excessive use of fossil
fuels. The continuous use and operating of these buildings, but with dramatically less GHGs
from the heating (or cooling), is a respectful way to treat architectural heritage. It is important
to remember that a lot of energy, time, creativity and knowledge have been invested in planning
and development of these buildings. These secondary aspects are impossible to measure, but are
easily ignored in a discussion about refurbishment or demolition of a building.
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4.4.4 Case Study: Increasing the external heat gains
The module cost of photovoltaic panels considerably declined during the last years. Nemet et.
al found that the module cost dropped from ~$2’700 US/W in 1950 to ~$3 US/W in 2006.
Furthermore, they indicate that the marginal cost of manufacturing module cost was presumably
at ~$1 US/W in 2012 [147]. The dramatic reduction of the module cost and the declining
mounting costs of PV collectors affect the cost optimization of active and passive building
components considerably. The following case study assesses the affect that a dense installation
of PV/T collectors with high electricity output has on the GWPe,a reduction, with and without
emission mitigation.
Model
The passive building components are described in chapter 1.3.1 with additional information in
appendix 7.1. The specific model configuration regarding the active building components are
identical to according cases of chapter 4.4.3 with exception to the number of PV/T panels on
the roof. The roof area of the considered building allows the maximal installation of 35 PV/T
collectors. The annual heat gain from the 35 PV/T collectors is 45% bigger than the total heat
that is annually withdrawn from the ground. This raises the question if seasonal heat storing is
possible and reasonable with this borehole design.
Results
Table 16 summarizes the main results of the case studies. Table 41 supplements this list. As
discussed above, the complete exergy from the collectors cannot be fed to the boreholes. Nevertheless, even in the third case (SFH100GSHP_12) a level of 90% is reached in terms of energy.
The SPFHP of the first year is higher than that of the according cases of the previous case studies.
However, the SPFHP remains on that level and cannot considerably lifted in the 50th year of
the simulation. The high thermal conductivity of the ground prevents from long-term thermal
energy storing. Due to the installation of the PV/T collectors, the GWPe,a without emission
mitigation is higher than in the previous case study. However, the results with emission mitigation
get closer to a net-zero level. Due to the high electricity surplus, which is sold to the national
grid, the Ce,a are competitive with the corresponding cases of chapter 4.4.3. The Ce,a of the third
case (SFH100GSHP_12) is higher compared to the two other cases, which cause almost the same
annuity. The deeper borehole is financially not lucrative.
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Table 16. Summary of the results of actively regenerating the borehole with high solar heat gains
SFH100GSHP_10
(2x80m & 35 PV/T)

SFH100GSHP_11
(2x150m & 35 PV/T)

SFH100GSHP_12
(½x350m & 35 PV/T)

in the 1st year

4.97

5.29

6.32

in the 50th year

5.04

5.39

6.36

3.95* / 1.61**

3.92* / 1.37**

4.05* / 0.81**

25.8

25.4

26.4

Results per building
SPFHP

GWPe,a per ERA [kg CO2
Ce,a per ERA [CHF/

(m2

/(m2a)]

a)]

* without GWPe,a mitigation system boundary on site
** including GWPe,a mitigation in the national grid

Conclusion
The additional heat gain from the PV/T collectors cannot generate a considerable increase of the
SPFHP in the long run compared to the SPFHP of the first year. However, the SPFHP in this case
study are in general slightly higher compared to the according case studies of the previous study
in chapter 4.4.3. The ground in the distance to the borehole acts as a heat sink and the thermal
conductivity of the ground allows for a heat flow from the borehole to the surrounding. The
borehole does not act as thermal energy storage. Although the GWPe,a on site increases by the
installation of additional PV/T collectors, the GWPe,a mitigation, which is achieved by reducing
the emission factor of the electricity in the national grid, allows to get close to a net-zero refurbishment. Thus, the Combination Method can achieve a net-zero emission refurbishment, if
emission mitigation is accepted as a strategy.
Similar to the previous findings of the corresponding cases in the previous case studies, the deeper
the borehole configuration is, the more the overall Ce,a rise,. The second case (SFH100GSHP_11)
remains to be the most competitive configuration in terms of cost. In general, the overall Ce,a of
this and the previous case study are lower compared to the according cases of the free-cooling
study in chapter 4.4.2 and the passive borehole regeneration in chapter 4.4.1.
Since the heat flow from a actively regenerated single borehole to the ground prevents from
seasonal thermal energy storing, the consequent question is, if a GWPe,a reduction is possible by
actively regenerating a field of boreholes and if the long-term seasonal thermal energy storing is
possible with such a configuration.
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4.4.5 Case Study: Improving the thermal energy storage
Installing deep boreholes is a possibility for increasing the SPFHP of heating with a heat pump,
as presented in chapter 4.4.1, which becomes economically feasible in a shared usage of the
borehole and as a possibility for increasing the GWPe,a reduction. Additionally, the active regeneration of a borehole, as presented in chapter 4.4.3, further increases the SPFHP of the heating
process, which consequently increases the GWPe,a reduction. When considering the effect of
both strategies, it is reasonable to question if they can be further increased in a larger system
of a field of boreholes. Typical settlements of single-family buildings of the assessed building
type have often a common area in the municipality that would allow the installation of such a
field. Dinçer et al. list various projects that are currently in panning or in development phase.
[148]. One project that is the highly cited Drake Landing Solar Community, DLSC, located in
Okotoks, Aberta, Canada. This project consists of residential buildings of a similar scale. The
community thermal energy system of the DLSC is in conjunction with several energy technologies, including thermal solar energy, district heating, and heat pumps [149]. However, these
buildings are new constructions with exceptionally high thermal insulation, rather comparable
with the type SFH15 in this thesis. Furthermore, the thermal store in the DLSC project consists
of relatively shallow 35m deep boreholes. The purpose of this case study is to assess the efficiency
of regenerating a thermal energy store built as a field of boreholes with deeper boreholes than
those of the DLSC.
Model
The model consists of 72 homes of the SFH100 type. The passive components of the buildings are
described in chapter 1.3.1 with additional information in appendix 7.1. The three case studies
are summarized in Figure 51. Each building is equipped with 35 PV/T collectors, which is the
maximal possible number of collectors on the south orientated roof. The heat gain from the
PV/T collectors is used to regenerate the boreholes. The three case studies differ in the number
and depth of the boreholes. The boreholes are set in 7m distances in a square grid. The first case
study (SFH100GSHP_13) is based on the idea of simply modeling 36 times the case SFH100GSHP_12
assessed in chapter 4.4.4, with the modification that the 36 boreholes are drilled as a field. Each
borehole is 450m deep. In order to reduce construction cost, Ce,a , and the embedded emissions,
GWPem , the borehole depths are reduced to 290m in the second case (SFH100GSHP_14). This is the
minimum borehole depth according to the standard SIA 384/6 3.1.2 for boreholes in Switzerland
to prevent from damage on the heat exchanger at the heat pump. This has been verified with the
software EWS V4.7 [126]. Alternatively, the number of boreholes can be reduced to 25 while
keeping the length at 450m, which is the configuration of the third case (SFH100GSHP_15).
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SFH100GSHP_13
(36x350m & 36x22 PV/T)

SFH100GSHP_13
(36x290m & 36x22 PV/T)

SFH100GSHP_13
(25x350m & 36x22 PV/T)

Figure 51. The different configurations of the field of boreholes in combination with the SFH100

Results
Table 17 summarizes the main results of the case studies. Table 42 supplements this list. The
SPFHP is lifted and remains on an exceptionally high level. The temperature in the ground rises
by feeding in the heat gains from the PV/T collectors gradually and is lifted above the initial
ground temperature. Heat is stored during a season. All cases achieve considerable increases
of the SPFHP . Case SFH100GSHP15 is also is also very cost competitive compared to all previous
presented cases, even to the reference case SFH100CB presented in chapter 4.3.1, which is the
non-refurbished SHF100 that is heated by burning fossil fuels with a condensing boiler. All cases
get very close to become a net-zero emission refurbishment.
Table 17. Summary of the results of actively regenerating the field of boreholes
SFH100GSHP_13
(36x350m & 36x22 PV/T)

SFH100GSHP_14
(36x290m & 36x22 PV/T)

SFH100GSHP_15
(25x350m & 36x22 PV/T)

in the 1st year

7.10

6.59

5.82

in the 50th year

8.44

7.69

7.17

4.21* / 0.45**

3.95* / 0.37**

4.00* / 0.69**

28.1

26.0

24.3

Results per building
SPFHP

GWPe,a per ERA [kg CO2/(m2a)]
Ce,a per ERA [CHF/

(m2

a)]

* without GWPe,a mitigation system boundary on site
** including GWPe,a mitigation in the national grid
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Conclusion
Although the installation of PV/T collectors come with embedded emissions, GWPem, the overall
GWPe,a declines, as a result of less GWPop, because of a considerably high SPFHP. The first case
(SFH100GSHP13) has the highest GWPem, because of the deep boreholes. However, this case has
also the highest SPFHP . Consequently, this case has the least electricity demand. As a result, the
amount of sold electricity of this case is the highest compared to the other cases and allows for the
biggest GWPe,a mitigation. This also results in a competitive overall GWPe,a, assuming emission
mitigation is accepted. SFH100GSHP14 generates the lowest GWPe,a in total. Although the length
of the boreholes is reduced, heat can be stored more efficiently. The reduced overall borehole
length of the third case (SFH100GSHP15) increases the amount of heat withdrawn per length of
borehole, which requires a guaranteed regeneration of the borehole during the hot season. A
season with reduced solar irradiation risks the minimally dimensioned field of boreholes not
being regenerated completely, which may result in a less efficient building operation during the
cold season or damage to the boreholes or the heat exchanger of the heat pump.
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Aesthetic relevance
Increasing the efficiency of the heating process allows for a new approach of refurbishing existing
buildings, which will be presented with the building HPZ of the ETH Zurich. This refurbishment of a typical post-war modern architecture from Albert Heinrich Steiner represents a
net-zero emission strategy that balances the active and passive building components without
significantly changing the original design. The heating system is part of the new low temperature
district heating and cooling network, which is currently under construction at the Campus of
the University. Gautschi provides a detailed description of the local heating and cooling network
[150]. The field of boreholes are an important key for this strategy, as illustrated with Figure 52 .

Figure 52. Heating and cooling concept of the ETH Science City Campus, Zurich, Amstein & Walthert

Contrary to the DLSC project, the heat gain will not be generated with solar thermal collectors,
but from the heat surplus («waste heat») from cooling processes in laboratories, IT facilities
etc. Currently, the surplus heat of about 13GWh of the campus is removed by fans and coolers
and released to the ambient air. This heat will be fed to 800 to 1000 deeper boreholes in the
future. Buildings like the HPZ profit from this regeneration, as the SPFHP of the heat pumps
increases in the long run. Consequently, the currently exceptionally high heat transfer via the
envelope of the building HPZ is of less concern, because of the high performance of the heating.
Despite the initial plan to demolish the façade, the existing panels have been preserved. The
glazing has been replaced with solar shading glazing in the upper two cantilevering floors. Every
second operable casement has been rebuilt with a louver for a decentralized ventilation system
This alteration is hardly visible from the exterior. The glazing and the studs of the level below
have been completely replaced without changing the original design. By insulating the roof, the
building complies with the minimal energy saving standards.
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The refurbishment of this building presents successful strategy to reduce the GWP from the
building operation, GWPop and the embedded emissions of the material GWPem. A lot of
potential GWPem for new façade material and waste from demolishing the technically intact
steel and aluminum sheet existing façade has been avoided. Insulating the roof and the exposed
floor is a strategy of conserving the original design and without altering the aesthetic of the
vertical façade. The same strategy has been presented as a successful strategy of the Reduction
Method in chapter 4.3.1. Figure 53 presents the building HPZ after the refurbishment.

Figure 53. Preserved façade after refurbishment of building HPZ, photo by Roger Frei

The new heating system of the building HPZ, which operates with temperatures considerably
lower than the original building, required the replacement of the existing radiators with new
radiant ceiling panels. These ceiling panels are in direct contact to the concrete ceiling, which
thermally activates the mass of the concrete ceiling. As a result, the suspended ceilings, which
have been installed during in a previous refurbishment, have been removed. This considerably
increases the floor to ceiling clearance of the interior space, which improves the quality of the
interior spaces. The changes to the interior design are relatively subtle and in accordance with
the original design. The aluminum framework of the balustrade and of the window framing has
been preserved. The new installed decentralized mechanical ventilation unit, which supplies
fresh air, is integrated in standing desks. The exhaust air ducts are integrated in the heating
panel at the ceiling. The recessed ceiling lights are part of the central conduit. As a result, the
visual dominance of new building technology is minimal. Cove lighting at the edge of each
panel allows for different lighting concepts. The thickness of the ceiling panel is minimized. The
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interior balustrade is not insulated, which was initially planned. Potential condensation at the
interior face of the façade due to not insulating the exterior wall can be avoided by blowing in
dry air into the cavity between the balustrade panel and the exterior façade. This reduces the
relative humidity and the chance of condensation. In terms of sustainability, this sensible refurbishment treats the original architectural design with respect, as shown with the interior design
after refurbishment in Figure 54. The Combination Method allows for a considerable GWPe,a
reduction by making use of the local opportunities of the context.

Figure 54. Refurbished interior of building HPZ, photo by Roger Frei

About the level of autonomy and self-sufficiency
All buildings are located with context. For a small period in history, architects were able to
neglect the climatic context, because of the permanent availability of inexpensive fossil fuels
and consequently power. In the course of that, it was possible to deliberately ignore the existing
urban complexity. The lavishly and wasteful use of non renewable resources in terms of material,
labour force etc. allowed for an architecture based on consumption of fossil fuels [151], which
is unacceptable compared to current challenges. The crucial point is that buildings are also
connected to a limiting global system. The further these designs ignore the context, the more
they need to be supplied with fossil fuels and consequently, the more they generate waste and
GHGs. Buildings constructed without context not only require powerful supplies, but also large
sinks as they transform a lot of resources, in the worst case with inefficient processes. Thus,
the refurbishment of the building HPZ and the house Gisel in chapter 4.4.3 is literally also a
grounding of existing buildings to the local context and making use of local opportunities.
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While the geometrical boundaries of a building are easy to identify, the actual system boundaries
of buildings are extremely difficult to determine. Buildings affect and depend on systems beyond
the property line. The idea of buildings with minimal negative influence on systems beyond the
property line and minimal supply from outside is the counter concept of wasteful buildings as
illustrated in Figure 55. The concept of fully self-sufficient autonomous buildings that operate
only with on site generated power, minimal exchange of material and of information may be
appropriate in an environment with no available public grid like the new Monte Rosa Hut in a cold
dessert [152] or the so called «earthships» in a hot dessert [153], but needs to be questioned as a
general solution for existing buildings due to rising spatial demand for storage and infrastructure
[154]. The cost and effort for a society to transform the existing buildings into autonomous units
can exceed the cost and effort to create smarter public grids with a greater share of energy from
renewable resources instead. Additionally, the required electrical and thermal energy storage on
sites to store energy from highly fluctuating renewable sources can become influential on design
of self-sufficient buildings [122]. The orientation and size of windows of self-sufficient buildings
are crucial, as the glazing typically acts as a collector. As a result they are often optimized from
an energetic point of view, but not from an architectural consideration. The more self-sufficient
a building in temperate climate is, the more the architectural design and the site is affected by
the required storages, applications and infrastructures.
Fully integrated
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Figure 55. Level of integration / autonomy of a building and the resulting storage and infrastructure on site

Despite the good intentions, the approach of autonomy can also create of social injustice, when a
wealthy group creates self-sufficient buildings, while the majority continues to depend on public
grids (power, water etc.) and at the same time less and less bear the cost to maintain the grids.
The issue of smart grids and the integration of micro-power generation from buildings could
become important regarding the GWPe,a, but is beyond the scope of this thesis. Fidalgo et al.
found that semi-autonomous buildings with micro power could improve the voltage profile of
the grid, when the base load is provided by power plants, provided renewable resources power
them. Furthermore, this could reduce peak demands and loads [155].
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Heating as a private or a common service
The presented local low temperature heating and cooling network (LTDHC) of the Science City
campus, which is currently under construction, has a heating demand comparable to a small
village. There exist numerous villages in Switzerland, which need to solve the issue of heating
without burning fossil fuels. Currently, many governments in temperate climate, which have
signed the Kyoto protocol, are creating incentives that encourage building owners to refurbish
their homes towards certain energy saving standards. In other words, governments try to meet
their targets regarding the reduction of GHGs through incentives to building owners. Besides
this, community approaches exist with combined heat and power district-heating systems
(CHPDH) that already operate cost competitively compared to individually supplied heating
with fossil fuels [156]. Ajah et al. point out that CHPDH is a successful strategy on community
level to address government policies regarding the reduction of fossil fuel for space heating and
corresponding CO2 emissions [157]. However high temperature CHPDH prevents from feeding
in heat from low temperature renewable sources. The LTDHC with geothermal energy storages
is another possibility to reduce the GWPe,a from buildings and cities. Although the installation
of such a system is an expensive investment, this infrastructure, like most other infrastructures, becomes more feasible the longer the system is in operation and the more buildings are
connected and supplied (up to a certain saturation curve).
In terms of existing cities, the installation cost of a LTDHC is actually the least challenging.
Spatial limitations are the greater challenge, when considering additionally implementing such a
system. Historical cities in Europe are of high building density. Nevertheless, municipal grounds
like parks or plazas exist in almost every city. Like any heating system, it is beneficial when
source and sink are close together. However, insulating the pipes and manifolds at certain depths
reduces the thermal transfer to/from the ground. Due to the lower temperature difference
between ground and fluid of a LTDHC, the thermal transfer is lower compared to CHPDH
networks. Consequently, there it is not necessary to locate the field of boreholes directly adjacent
to the supplied building, which is further discussed by Ozgener [158], Hepbasli [159] and by
Ritter [160]. Bartsch found that the transport of fluid is lucrative and technically feasible up to a
distance between supply and building of 3km [161].
The required infrastructure for heating and cooling buildings may become a service that each
community provides in the near future, like they provide portable water and electricity today.
Additionally many processes in cities that require a colder sink would also operate more efficiently
if they are connected to a heat storages network (cooling of supermarkets, IT-server facilities
etc.). Furthermore, a lot of waste heat in industrial processes is released with a temperature that
is too low to be used for electricity generation, but would still be of value for a low temperature
heating.
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Currently, the housing community «Familienheim Genossenschaft in Zurich, FGZ» with about
5500 residents, develops a new refurbishment strategy towards net-zero emission. About ¾ of the
existing building stock in this housing development is older than 50 years. The current road map
considers replacing only ¼ of the building stock during the next 20 years with new constructions. Instead of replacing all buildings, a minimal refurbishment of the façade in combination
of a considerable refurbishment of the heating system will extend the lifespan of the buildings.
The ambitious plan is to reduce the current total annual 35 GWh heating and cooling demand
to 14GWh, of which only 4GWh will be required as primary energy. This will be achieved by
the installation of a low temperature district heating network, which allows the connection to
existing cooling facilities of the near surrounding that generate a heat surplus during the hot
season (a hospital, IT-sever facilities, an ice skating rink etc.), as shown in Figure 56.

Figure 56. Local low temperature district heating and cooling network of the FGZ, by Amstein & Waltert

The surplus heat will be stored in two fields of boreholes with total 525 boreholes of 225m depth
or will be directly used for DHW generation. Further facilities that feed the low-temperature
district heating also benefit from a more efficient cooling of their systems during the hot season.
The primary power to operate the heat pumps of the residential buildings will be purchasing
without or with low GWPe,a. An installation of a large field of photovoltaic panels will allow for
GWPe,a mitigation by selling the surplus electricity in the hot season. Beside the considerable
reduction of the GWPe,a of the existing buildings, the quality of the living will be improved and
the architecture preserved. The costs of this refurbishment are expected to be lower than refurbishments towards Minergie standard. This is to the benefit of the residents with relatively low
income. Thus, this strategy combines architectural, social, economical and ecological aspects.
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The building HPZ and the housing development FGZ show that the Combination Method
allows for net-zero emission heating and preserve the architectural quality. The investment in
public infrastructure, instead of transferring money to private owners is more social just. The
solution with LDTHC also reduces the burden of solving the challenge of GWPe,a reduction
for each building individually. Although the investment cost of such a infrastructure is high,
the individual consumer pays relatively low operational cost, since it a long-term investment.
As a benefit, the building lifetime is extended with considerably less upgrades, which affect the
GWPem of the buildings. Each community has specific opportunities and characteristics not only
above, but also below ground. In areas with (historical) buildings of architectural quality, the
invest in LDTHC if natural or anthropogenic heat sources exist.
It is necessary to balance the advantages and disadvantages of the Combination Method. The
advantages are obviously regard the vertical façade, which can aesthetically be preserved to a
greater extend than with the Reduction Method. The horizontal surfaces of the envelope may
be affected, by insulating the flat roof or the basement ceiling. Typically panel heating systems
(radiant floor/ceiling/wall heating) need to be installed inside surfaces of the building. Solar
collectors can become necessary if regeneration of the field off boreholes is required. These panels
are less visible from the public space when mounted to flat roofs, but trigger a debate about the
architectural aesthetic when mounted to slopped roofs of historical buildings. The city of Zurich
developed a guideline for the installation of solar collectors on roofs [162]. The acceptance of
the solar collectors on existing roofs is further improved by coloring and frosting the surface of
the collectors to match the roof cladding, as shown in the CCEM, archinsolar project [146]. A
survey done within this project shows that the color difference is the major obstacle regarding
the installation of solar collectors. Although heat cannot be transported as efficient as electricity,
the solar thermal collectors not necessarily need to be placed directly on the building, which
they supply. These collectors can be mounted to a distant building. The solar thermal collectors,
which supply the geothermal energy storage in the project Crailsheim in Germany, are mounted
on a noise barrier in more than 400m distance to the main central heating station [163]. The
solar thermal collectors of the DLSC project are mounted on the garages of the community.
The strip of collectors in this project is architectural integrated, which creates less objections
regarding the aesthetic of the panels. The roofs of the buildings in the DLSC project are not
orientated to the solar irradiation. Finally, it is also necessary to identify the parts of a building
and city that are of high historical value and those that allow a transformation. The vertical angle
of the field of view of humans is less than 60° to the top and 70° to the bottom (with horizontal
=0°) [164]. People are also more concerned with the closer surrounding then with elements in
the distance [165]. Consequently, the vertical façades of a dense historical city, which is closer to
observers, should be perceived as a surface of higher architectural value, while roofs should be
of less concern regarding the architectural quality of a city.

Case studies

135

4.4.6 Case study: Increasing the locally produced electricity
The PV/T collectors in the case study of chapter 4.4.3 and of chapter 4.4.4 not only generate the
necessary heat gains for the regeneration of the boreholes, but also generate electricity. The heat
gain and the produced electricity are typically not directly needed in the building operation. Consequently, storing energy is required for both. This links to the previous discussion regarding the
efficiency of storing heat in chapter 4.4.2. Furthermore, storing energy is also a question of the
level of autonomy as discussed in chapter 4.4.5. Voss et al present various self-sufficient projects
in terms of solar heating supply, which are technically mature, but economically, ecologically
mostly not reasonable. They also present various self-sufficient buildings in terms of power
supply and conclude that this is only economical reasonable if grid-connection is impossible
[154][166]. According to this, the following study assesses the short term power storage for
one day. The cardinal question is if a battery pack, which can store electricity for one day, can
mitigate the challenge that electricity from renewable resources is limited (if not unavailable)
during the cold period of the year, when the power demand of the heat pump is the biggest.
Model

power density [W/kg]

According to Jörissen et al., the typical energy density of different battery energy storage systems
varies considerably, as shown in Figure 57 [167]. However, due to cost, most battery storage
systems in private residential buildings are still lead battery systems. This is also the type of
battery for this case study. The two assessed cases are the building SFH100GSHP_09 of chapter
4.4.3 and the building SFH100GSHP_12 of chapter 4.4.4. Both are equipped with a battery pack
that allows storing the electricity that is maximal required to operate the heat pump for one day.
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Figure 57. Energy and power density of different rechargeable electrical storage devices, by Magnus Manske.
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Limitation
On purpose, this is rather a simplification of an actual complex system and various aspects have
been neglected. The target of this assessment is to provide a preliminary assessment of how the
increased number of photovoltaic collectors extends the range of self-sufficiency.
Results
The efficiency of the complete cycle (generation-> conversion -> charging -> discharging) is
assumed to be η=0.75. The electricity peak that is produced and stored per day is ~9-10kWh.
Consequently, the battery pack has a weight of ~300-350kg (based on 30Wh/kg energy density).
The locally generated electricity from the PV collectors would meet the electricity demand of
the heat pump (including losses) on 146 days in the first case (SFH100GSHP_09) to provide heat
for space heating and DHW. Although enough electricity is generated annually for the heat
pump operation, there is a considerable period during the cold season when power is purchased
from the national grid. Figure 58 illustrates the daily electricity demand of the heat pump as
orange plot and the daily power supply from the PV collectors as dark red plot. The days when
the supply meets the demand are shown below the abscissa as dark grey barcode on light grey
ground, which represents the days the demand exceeds the supply. There are certain possibilities to increase the performance of this case to increase the number of days when power
supply matches the power demand (more efficient PV collectors, more efficient converters, more
efficient batteries etc.). However, in this assessment this case is compared with the configuration
of SFH100GSHP_12 , where the number of PV collectors is increased to 35 panels.
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Figure 58. Daily electricity demand and supply of SFH100GSHP09 with 22PV/T collectors
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The number of days, when the system operates self-sufficiently, increases to 182 days in the
second case (SFH100GSHP_12), which is illustrated in Figure 59. The barcode below the abscissa
shows the days expend to mid-February and mid-September. The two main drivers of this effect
are the higher SPFHP of the heat pump system, which reduces the daily electricity demand and
the 37% higher daily electricity supply from the PV collectors. Furthermore, the daily electricity
supply is typically greater than the actual demand, especially during the hot season. The surplus
can either be used in the building for other purposes or be fed in the national grid.
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Figure 59. Daily electricity demand and supply of SFH100GSHP12 with 35PV/T collectors

Outlook and challenge
The considerable declining cost for PV modules and the decreasing power demand of buildings
(by the Reduction Method or the Combination Method) transforms buildings from pure receiver
of power to producers of power that reduces, levels or exceeds the actual power demand.
This has consequences on various levels, which are currently highly discussed in terms of the
grid, regarding the mobility (electrified-vehicles), regarding declining financial lucrativeness
of pumped-storage hydroelectricity plants etc. The previous case studies highlight that the
current transformation of the building stock in combination of the transformation of the power
generation shows that architects need to understand buildings as part of a bigger system and the
refurbishment does not end at the property line.
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4.4.7 Case study: Space cooling and active regeneration
The case studies of chapter 4.4.1 to 4.4.5 show that the SPFHP can be improved by increasing
the temperature of the heat source, which is the ground in the case studies. The conditions that
affect the electricity demand, when heating with a heat pump, are illustrated in Figure 60. The
quality of this process is expressed by the coefficient of performance (COPHP), which has been
defined in equation (2.12).
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Figure 60. Conditions that affect the performance of heating with a heat pump, expressed by the COPHP

As illustrated in Figure 60, higher ground temperatures are beneficial for the heating process,
since the temperature lift between heat source and sink decreases. However, higher ground
temperatures are disadvantageous for the cooling process with a chiller (and for free-cooling
processes), as illustrated in Figure 61. In this case, the temperature lift between heat source and
sink increases, which is expressed by the energy efficiency ratio (EER) of a real chiller process.
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Figure 61. Conditions that affect the performance of cooling with a chiller, expressed by the EERCH
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The energy efficiency ratio, EER of a real chiller process is defined by
TC
EERreal = EERideal × ς CH =
× ς CH
TH − TC

(4.15)

where TC denotes the source temperature, TH denotes the sink temperature and ςCH denotes the
efficiency of the chiller.
Since the installation cost of the borehole (Cin) are one main driver of the Ce,a , additionally
installing shallow boreholes, just for efficient cooling purposes, is financially unreasonable. This
inspired the concept of differentiating the borehole in two sections with a dual zone borehole,
DZB that has a shallow section down to 100m meter and a deeper section from 100m to 330m,
which is thermodynamic sense virtually de-coupled from shallow section. The deeper section
with general higher ground temperatures is preferably charged by the thermal solar collectors
and later discharged during the period of space heating. The shallow section with general lower
temperatures is preferably used for space cooling and is discharged for DHW generation. The
purpose of the following case study is to assess the efficiency of such a design compared to a conventional borehole design. Figure 62 illustrates the system layout of the case study. The reference
case is a building operation with a regular single zone borehole, SZB.
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1. Building envelope
2. Thermally activated interior mass
3. Domestic hot water
4. Solar thermal collector
5. Ground source heat pump, GSHP
6. Power supply, electricity
7. Photovoltaic collector
8a Shallow borehole 100m
8b Deep borehole 100-330m
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Dashed blue = building boundary

Figure 62. System schematics of the case study with dual zone borehole and PV/T collectors

Model
The DZB is a borehole configuration that useful when a heating and a cooling demand exists.
Since the cooling demand of the regular SFH100 is very low, this case study adopts the climate file
defined in chapter 4.4.2. This climate file represents a probable climate condition for Zurich in
2060, when space cooling in addition to the general heating demand is very likely to be needed.
Figure 63 illustrates the two considered cases. The borehole of the first case (SFH100DZHP)
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consists of one non-insulated shorter u-tube of 100m and one longer u-tube of 330m, of which
the first 100m are insulated. The reference case SFH100SZHP operates as single zone borehole
with two regular u-tubes of 250m each. Figure 64 illustrated the configuration of the DZB of the
SFH100DZHP . The upper zone servers mainly as heat sink for the cooling process during the hot
season and as heat source for the domestic hot water production DHW. The deeper zone serves
as heat source for space heating during the cold season. This zone is actively regenerated during
the hot season with the heat gains from the PV/T collectors. The buildings are equipped with 18
solar thermal hybrid panels each. The cooling is provided in case SFH100DZHP with the shallow
u-tube. Any heat gain from the PV/T collector is fed to the deeper u-tube. The borehole of the
reference case (SFH100SZHP) is with 250m too deep for free-cooling processes. Furthermore, the
heat gain from the PV/T collectors, which is fed to the borehole, rises the ground temperature
gradually. As a result, free-cooling is not permanently possible. Consequently, the cooling in the
reference case (SFH100SZHP) is provided occasionally with a chiller.
SFH100DZHP
(½x100m+½x330 & 18PV/T)

SFH100SZHP
(1x250m & 18 PV/T)

100m

100m

200m

200m

300m

300m

400m

400m

Figure 63. The borehole configuration DZB & SZB, in combination with SFH100

The challenge of modeling the case SFH100DZHP is to determine the thermal behavior of the
intermediate strata between the upper and the lower zones, where vertical heat transfer may
affect the results. On the other hand, the influence of such an area has to be seen in context of the
rest of the borehole. Eskilson shows that ignoring the vertical conduction for regular borehole
designs causes relatively little deviation from the true borehole behavior [127]. Huber et al. show
that the mutual thermal influence of two boreholes becomes relatively insignificant beyond a
radius of ±5m horizontally, measured from the core of the borehole [125]. Assuming the intermediate strata in the ground will be affected in the vertical by the same distance, a border zone of
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approximately 5m exists. Neglecting the thermal behavior in the border zone would cause little
inaccuracy. Accepting this inaccuracy, the DZB model can be designed simply as two decoupled
boreholes. The model of the short section consists of a 100m deep single u-tube heat exchanger.
The model of the deeper section is designed as a 340m deep single u-tube heat exchanger with
an insulated upper part of 100m. Both models are simulated as single u-tube boreholes. The
thermally active backfilling in the model of the short borehole is reduced by volume of the
deeper u-tubte.
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5. Ground source heat pump, GSHP
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7. Photovoltaic collector
8a Shallow ground source heat exchanger
8b Deep ground source heat exchanger
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Figure 64. Left: Hydraulic scheme, right: SZB and DZB design
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Results
While free cooling with the short borehole of the case SFH100DZHP can completely cover the
cooling demand, free cooling is not permanently possible in the reference case SFH100SZHP.
The temperatures in the ground of this borehole rise relatively quickly during the hot season,
because of the heat gains from the PV/T collectors. Thus, active cooling is required on approximately 1200 full load hours per year. A chiller provides the necessary cooling load during this
period. This chiller operates with the ground as sink. Since the solar thermal collectors generate
a fluid temperature of maximal 40°C, the chiller is designed to generate an outlet temperature
of the same maximal temperature. Furthermore, instead of using the ground as a heat sink, the
heat could be used for generating domestic hot water or the heat could be transferred to the
ambient air instead. This would require a different heating system and is potentially not more
efficient, as discussed in chapter 4.4.2.
Table 18 lists the results of the case study. Although the SPFHP of the case SFH100DZHP stays
virtually the same during the whole simulation period, it is almost always below the efficiency
of the reference case SFH100SZHP , which is actually contrary to the expectation. It was expected
that the DZB design allows for a higher SPFHP, since the heat gains from the PV/T collectors are
fed to a deeper borehole than in the model with the SZB. One reason for this result could be that
the active cooling with a chiller in the reference case SFH100SZHP generates a fluid temperature
that is considerably above the ground temperature of the SZB, which regenerates the borehole
at least in the first year a little better. Furthermore, the design of the deeper u-tube of the DZB
is rather a single u-tube, which is in general less efficient than the design of double u-tubes, as
indicated by Georgios et al. [168]. Finally, the mass flow through the single u-tube during the
heating mode is higher in the DZB to provide the necessary heat. This is disadvantageous in
terms of the overall performance.
Table 18. Summary of the simulation with active borehole regeneration from free cooling
SFH100DZHP
(½x100/330 & 18PV/T)

SFH100SZHP
(1x250m & 18 PV/T))

5.73

5.81

year

5.74

5.73

/(m2a)]

2.75

3.77

20.6

19.8

Results per building
SPFHP

in the 1st year
in the

50th

GWPe,a per ERA [kg CO2

Ce,a per ERA [CHF/ (m2 a)]
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Despite a lower SPFHP of the case SFH100DZHP , the total electricity demand is lower compared
to the reference case SFH100SZHP. The active cooling in the second case causes a considerable
additional power demand. Beside the performance of the chiller, this result also depends on the
cooling demand of the building. The overall lower electricity demand of the case SFH100DZHP
results in a lower GWPe,a compared to the second case, despite the additional 80m installed
borehole length. Contrary to this, the overall cost, Ce,a is higher with the DZB, due to the
additional installation cost of this type of borehole.
Conclusion
The model to simulate the behavior of the DZB simplifies certain thermal behaviors in the
ground. Besides the zoning, which is difficulty to transpose in simplified simulation, the various
operation modes that are possible with this type of borehole can only be simulated to a certain
level of accuracy with standard software. Consequently, the results should be interpreted with
some cautions.
Assuming the climate change in temperate climate causes a shift of the current focus in building
operation from heating to heating and cooling of residential buildings, efficient cooling
processes becomes as important as efficient heating processes. The design of the DZB presents
a possibility to provide an adequate source and sink temperature for both processes. This can
reduces operational costs. However, the installation costs of the DZB are considerably higher
and the additional meters of borehole add to the equivalent annual GWPem, which burdens the
more efficient building operation. The results of this study indicate that the operation with a
DZB may become lucrative in the future, provided simplified installation processes for such a
borehole is possible and the electricity cost continue to rise.
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Aesthetic relevance
This type of borehole has been installed as part of a new constructed residential building
in Zurich, which is shown in Figure 65. The building is designed with various new active
components, which improve the performance of the building operation. Leibundgut provides
a complete list of these technologies [62]. The DZB in this building operates in various modes.
Depending on the opportunities, the different borehole zones are active. In combination with a
predictive control algorithm, this will allow to utilize the storage more efficiently compared to a
SZB. The entire building is designed as a prototype to assess the new technologies.

Figure 65. Building B35 in Zurich, Switzerland, photo by L. Baldini

The purpose of installing a high number of active building components is to determine the limits
of the Combination Method. As a result, the importance of the passive components regarding
the heating and cooling is lower than in similar new residential constructions. This increases
the architectural freedom in terms of design. Interestingly enough, the design stays remarkably
moderate and reasonable and in respect the neighboring historical buildings. The only influence
that the installation of the DZB might have had on the design is indirectly on the size of the
windows, which favors the solar heat gain and a free cooling demand during the hot season.
Improving the building performance with active components allows simplifying various envelope
details. The aspect of heat bridges, which is of concern in the Reduction method, becomes less
important. This allows installing less materials and for a less complex layering of the façade.
Consequently, the rather monolithic façade will allow easier recycling at the end of life of the
building, which reduces the GWPem.
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4.4.8 Summary of the Combination Method
Some limitations regarding the results of the simulations exist. The heat pump model has a
relative high efficiency, which allows the SPFHP to rise to high values. Currently, this efficiency
is difficult to meet in praxis. Thus, the results reflect a possible development in the next years.
Furthermore, the model of the ground source heat exchanger in TRNSYS and in EWS only
guarantee a certain accuracy regarding the thermal behavior of a real borehole, especially for
short-term simulations. The active regeneration causes relative frequently changes to the load
temperature. Thus, the presented models allow only for certain level of accuracy. Finally, the
simplified model to determine the electricity demand of the auxiliary pumps requires a more
detailed analysis with a dynamic simulation, especially for the active regeneration in a field of
boreholes.
Despite these concerns, the results of the simulations presented in chapter 4.4.1 to chapter
4.4.7 indicate that investing in active building components, which allow for high building
performance, can drastically reduce the GWPe,a of refurbishment projects. First and foremost,
the active regeneration of the borehole proves to be a promising strategy to make use of local
heat surplus on the site during the hot season in order to increase the heating process during
the cold season. Just regenerating the borehole with free-cooling, as discussed in chapter 4.4.2,
cannot sufficiently sustain the ground temperature on the initial temperature. However, the
operation of additional solar thermal collectors during the hot season on the roof of the refurbishment project provides enough heat to completely regenerate the borehole. This opens up for
the idea of seasonal thermal heat store in a borehole. Huber et al. found that a field of boreholes
is more reasonable as storage than a single borehole, since the exposure of one borehole to the
ground causes high thermal transmission [169].
The Combination Method has relatively low impact on the architectural design. The issue
discussions regarding the objections to solar collectors on the roofs of existing buildings has
been touched in chapter 4.4.5. The installation of solar thermal collectors is not absolutely
necessary to achieve a considerable GWPe,a reduction. Oversizing the dimension the borehole
and operating in a shared mode (see chapter 4.4.1) already allows for a feasible heating with
relatively lower costs compared to heating with a condensing boiler (see chapter 4.3.1).
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4.5

Substitution Method
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While the Reduction Method and the Combination Method focus on the GWPe,a that is generated
directly on site, the Substitution Method focus on the GWPe,a that is generated indirectly beyond
the property line of the refurbishment project by the supply. The Substitution Method does not
affect the power demand of the building but simply the indirect GWPe,a related to the generation
of the power. The supply is comprehended on the one hand as the directly purchased power to
operate the building, which are the active components. The GWPop depends on an emission
factor (EF), as shown in equation (3.8). Furthermore, the supply is also comprehended as the
indirect purchased power that is required for manufacturing and installation of active or passive
building component. The GWPma also depends on an emission factor (EF), as shown in equation
(3.4). At best, the power for the operation and the manufacturing is with lowest EF or even zero.
Solar breeders would come closest to emission free electricity generation [166]. Until the first
of such plants is operating, the EF of the currently purchased standard electricity mix from the
according national grid differs largely, as shown in Figure 66. This data for certain countries
based on a study from the Itten et al. [170]. The large differences indicate that the Substitution
Method is in some countries more effective than in others.

ø low voltage level, world

Figure 66. GWPe,a per electricity unit on low and high voltage level of selected countries in 2013, by Itten et al.

For certain building materials like steel or aluminum, whose GWPem is dominated by the
emissions from the purchased electricity, the location of the production is crucial. The aluminum
production in India for example has to become ~60 times more efficient than the same production
in Iceland to achieve a lower GWPem. This is virtually impossible. But even between Switzerland
and Germany a difference of 5.3 times exists. In a broader sense, the efficiency of the Substitution
Method is higher, the more the EF of the power source can be reduced.
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4.5.1 Case study: Substituting the electricity of the building operation
The EF of the purchased electricity affects the GWPop and consequently the GWPe,a . There exist
a difference of the EF even between electricity products generated with renewable resources,
because of the GWPem generated during the construction of the power plant. The following case
study assesses the efficiency of the Substitution Method regarding the heating with a heat pump.
Model
This case study consists of the models SFH100ASHP and SFH45ASHP presented in chapter 4.3.1
and the model SFH100GSHP_03 presented in chapter 4.4.1 and 4.4.4. The first two cases are
buildings heated with air source heat pumps, while the other is heated with a ground source heat
pump. The thermal resistance of the envelope of the SFH45 is higher than that of the SFH100 by
mounting an additional layer of insulation to the exterior wall. The case SFH100GSHP_11 serves
as reverence case, since this case does not allow to apply the Substitution Method to the power
supply. This building is largely equipped with PV/T collectors that generate annually more than
the required electricity demand. As a result, this case is (theoretically) self-sufficient in terms of
power and does not purchase. As discussed in chapter 4.4.6, there are periods during a season,
when this building also requires external power supply.
In the previous case studies, the electricity of the building operation was purchased as standard
power mix from the grid. As discussed in chapter 3.1.1, the EF of the Swiss power mix is 148g
CO2 /kWh. Table 33 of the appendix provides a full list of the currently available electricity
products from the local power provider EWZ. This case study assumes that the electricity market
will be liberalized and full freedom in the choice of energy product would exist. According to
Frischknecht et al. the spectrum of the EF per energy unit in Switzerland ranges from 14g CO2
/kWh to 219g CO2 /kWh in 2013, as listed in Table 19. The efficiency of the Substitution Method
regarding the GWPop becomes evident by the ratio of 5.6 between these two electricity products.
However, the GWPop is only part of the GWPe,a and the absolute efficiency of the Substitution
Method depends on the balance of GWPop and GWPem.
Table 19. Considered primary energy sources for this study
GWPe,a /Pel [g CO2 /kWhel,f,c]
100% Swiss
ø Swiss power
hydro with pump
mix, consumer
storage
219
148

100% Swiss
biogenic (wood)

100% Swiss
photovoltaic

100% Swiss
geothermal

115

94

32

100% Swiss wind 100% Swiss
hydro without
pump storage
29
14
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Results
The Substitution Method considerably changes the results of the previous assessments. Figure 67
illustrates the equivalent annual GWPop and GWPem of the assessed cases. The bars show the
results if the power is purchased as «Standard power mix» from the grid. Next to each bar, the
deviation of the GWPop is shown, when electricity is purchased as «100% Swiss hydro with pump
storage» or the GWPop, when it is purchasing «100% Swiss hydro without pump storage». There is
no deviation in case of SFH100GSHP_09 , as this building is self-sufficient in terms of electricity.
Even the case SFH100ASHP , which has the lowest building performance in terms of energy and
exergy efficiency, becomes competitive to the other cases, if the power is purchased as «100%
Swiss hydro without pump storage». The strategy of GWPe,a mitigation allows for a carbon credit
that is granted for reducing the GWPe,a of the national grid through feeding in locally generated
electricity, which has low GWPe,a than the current level of the national grid (see chapter 4.4.4).
When including this carbon credit in the assessment, the reference case SFH100GSHP_09 becomes
close to a net-zero emission refurbishment. Nevertheless, the GWPe,a of the other considered
cases can be reduced to a level of less than 2kg CO2 per ERA when the power product «100%
Swiss hydro without pump storage» is chosen. It is worth mentioning that operating the same
building with a condensing boiler fired with light fuel oil will generate approximately 40 times
more CO2 per ERA, as shown in Figure 20 of chapter 4.3.1.
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Figure 67. Reducing the equivalent annual GWPop by substituting the electricity

Conclusion
The Substitution Method is a very powerful strategy if the equivalent annual GWPop is largely
accountable for the total for GWPe,a. However, this requires purchasing electricity with less
specific emissions. Since electricity, which is generated with wind or photovoltaic, is not
permanently available, the main challenge will be providing power with low specific emissions
during the cold season, when solar irradiation and wind power might be scarce.
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4.5.2 Case study: Substituting a building component
Besides reducing the equivalent annual GWPop of the building operation by choosing a different
electricity product, it is possible to reduce the equivalent annual GWPem of the building
components. The efficiency of this method depends on the share that these components have
on the total GWPe,a. The installation of PV/T collectors in the case studies of chapter 4.4.3 to
4.4.6 accounts for a considerable share of the GWPe,a. The purpose of this study is exemplary
assessing the efficiency of the Substitution Method regarding construction materials. The Moncystaline-Silicon PV collectors can be exchanged with panels that have less specific GWPem, but
provide the same required power.
Model
The three assessed cases are the SFH100GSHP_09 , the SFH100GSHP_12 and the SFH100GSHP_15
presented in chapter 4.4.3 to 4.4.6. Peng provides a thorough literature review regarding the LCA
of various types of photovoltaic collectors [171]. The results regarding the equivalent annual
GWPem differ considerably due to certain assumptions within each study. The database applied
in this case study is the information provided by Jungbluth et al. [172] [173]. The boundary
conditions are the same for all considered types of photovoltaic panels, i.e. the location is a slated
roof, the panel is elevated and the required energy for the mounting, transporting materials and
persons to the construction site are the same. Table 20 lists the GWPe,a of each considered type
of photovoltaic panel, based on a lifespan of 30 years.
Table 20. GWPe,a of the considered types of photovoltaic collectors
Type of PV collector, mounted on slanted-roof Abbreviation

kg CO2e /m2

Wpeak / panel

Amorphous Silicon panel

a-SI

3.7

92

Copper Indium Selenide panel

CIS

6.6

183

String ribbon Silicon panel

SR-SI

7.2

217

Polycrystalline -Silicon panel

multi_SI)

8.4

237

Monocrystalline-Silicon panel

single_SI

10.0

253

Result
Figure 68 illustrates with blue deviation the range of the potential GWPem reduction by substituting the single-SI photovoltaic panels with a different product. Substituting the single-SI
with an a-SI panels reduces the total GWPe,a to a scale that is bigger than the GWPem of the
borehole and heat pump. Due to the lower efficiency of these panels, a bigger number of panels
is required, which is included in the assessment. However, this conflicts with the limited roof
area of the second and third case (SFH100GSHP_12 and SFH100GSHP_15 ).
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Figure 68. Reducing the equivalent annual GWPem by substituting the component

Conclusion
The Substitution Method applied to building components can reduce the GWPe,a. However, the
efficiency regarding the entire building depends on the share this component has regarding the
total GWPe,a. Obviously, in buildings with relatively low GWPem in general, the Substitution
Method regarding the building components is less efficient than substituting the GWPop the
building operation. Furthermore, buildings consist of various components and each component
contributes differently to the total GWPem of the building. This is expresses in the case study
above by the numbers of panels, which are higher in the case SFH100GSHP_15 than in the case
SFH100GSHP_09 . Finally, the efficiency of the GWPe,a mitigation is higher in countries with high
EF in the national grid. Assuming these factors will drop in the near future, the efficiency of the
GWPe,a mitigation will decline.
Due to financial reasons, the production line of many building components today is optimized
to reduce costs and time. Nemet shows that a variety of determinant that contribute to the
considerable cost reduction of PV collectors have already been optimized [147]. Considering
that most of the GWPe,a related to PV collectors is generated during the production, a considerable reduction of the GWPe,a by improving the current manufacturing technology is rather
unlikely. However, substituting the primary energy involved in the production would substantially affects the GWPe,a of the photovoltaic collectors, especially in countries like China, who
currently dominate the market.
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Compensation Method

The basic idea of Emission Trading (ET) is to compensate generated GHGs with reductions
of GHGs elsewhere. In theory this controls the level of GHG by creating economic incentives
for a GHG reduction, but does not cause a reduction. Companies are obliged to hold a certain
number permits equivalent to their actual GHGs. These permits can be traded. Companies can
buy them, to be allowed to increase their volume of GHGs. At the same time, companies that
reduce their GHGs can sell their permits. In theory, buyers and sellers profit from the trading.
Companies, who can reduce emissions, get an financial incentive, while companies that like
to increase the volume of GHGs have to balance this strategy with the additional cost that the
additional permits cost. Montgomery already 1972 proved that «even in quite complex circumstances the market in licenses has an equilibrium which achieves externally given standards of
environmental quality at least cost to the regulated industries.» [174]. There exist a debate about
the implementation and realization of this theoretical concept as a real compliance market. The
main competing concepts are «cap and trade», «carbon offset« and «carbon tax». Wagner, van
Kooten and Metcalf provided a thorough summary of the three concepts in the same encyclopedia [175][176][177].
Two categories of ET currently exist; the compliance market enables larger companies, entities
and governments to comply with the restrictions of the Annex 1 Parties under the Kyoto
Protocol [178], which is for example realized by European Union’s Emissions Trading System,
EU ETS. Böhringer et al. describe the major aspects of the EU ETS and review the obstacles and
development of this system [179]. The voluntary market allows smaller entities and individuals
to voluntarily balance their individual generated GHGs caused by private transportation,
consume of goods, food, energy demand etc. Leung et al summarizes the benefits and objections
regarding ET [180], which are listed in Table 21.
Table 21. Pros and Cons of emission trading according to Leung et al.
Benefits of Emission Trading, ET
Cost effective: less costly than other reduction strategies.

Objections regarding Emission Trading, ET
High start-up costs: expensive to setup a comprehensive permit
trading system that is practical, effective and easy to operate.

Flexibility: more flexible for participants due to the reduction in Political Barriers: political obstacles exists regarding emission
bureaucratic control.
trading scheme, especially when involving more than one country.
Environmentally sound: since the total emissions will be capped by Untested: experiences in emission trading are limited and mainly
the regulatory agency.
applied in developed countries.
Growth potential: provides growth for new business and trading Controversial: trade pollution may be unethical and put poorer
opportunities.
countries at a disadvantage.
Economically viable: business can make profit through permit Lengthy discussion amongst different participants, particularly those
trading.
across borders, may delay the time for emission reduction.
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Beside the listed objections, certificates may discourage change in personal behaviour in the long
run. Alfredsson et al found that even when adopting personal ecological behaviour patterns,
which may reduce the generation of GHGs momentarily, these savings can be overridden in the
long run by economical growth, even if a modest growth rate of 1-2% is assumed [15]. As on of
the first, Khazzoom presented that at worst, this rebound effect causes more GHGs instead of
reducing these gases [181]. Sorrell et al provide a review of the existing theories and methods
to estimating the direct rebound effect [182]. Brännlund et al. estimate that improvements to
the energy efficiency regarding the heating of buildings and the personal transportation sectors
cause a rebound effect that result in a 120-175% increase of GHGs in the long run [183]. This
contradicts the findings from Sorrell et al., who estimate the rebound effect to be about 30% for
personal travel and household heating [184]. Irrelevant of the exact result, any rebound effect of
the same or greater amount than the reductions of the GWPe,a achieved by any of the previously
presented methods seriously conflicts with the target of lowering the level of GHGs.
Furthermore, it is not guaranteed that the money paid for a certificate is actually invested
in effective projects, as many projects are not scientifically evaluated and stay uncontrolled.
Forestation for example requires guaranteed permanence for many years, which cannot be
guaranteed. This allows misuse due to a lack of standards. The main critique addresses the
economical system and the effectiveness at reducing emissions globally. Like any traded good in
a globalized market, a high demand drastically increases the costs of a product. The downside
of high prices for certificates is that they create an incentive for many participants not to comply
or to cheat, since it is more lucrative to pay penalties and besides the chances being caught are
relatively low. Just recently Walter discussed the impact that corruption has on ET [185].
Despite the controversial discussion about ET, the Compensation Method can be applied to
buildings to reduce their GWPe,a. Certainly, this allows for a net-zero emission refurbishment
without affecting the architectural quality of a building. This is an attractive solution for some
historical buildings that can hardly be improved in terms of GHGs without considerably altering
the aesthetic quality of any building. However, as long as the disadvantages of ET exceed this
benefit, other methods are more recommendable to ensure a GWPe,a reduction. Since the
efficiency of ET regarding the actually reduced GHG is virtually impossible, especially in the
long-term, the efficiency of this method will be assessed in economical perspective. Generally,
the Compensation Method can be applied to any component of a building.
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4.6.1 Case study: Comparing emission trading with other methods
This assessment compares the GWPe,a reduction cost of the previously presented case studies
with the ET cost of a non-refurbished SFH100. The economic efficiency of the refurbishment
strategies is expressed by
Ce,a / ( GWPe,a × ERA )

(4.16)

which expresses the cost to achieve one unit of GWPe,a reduction per energy per heated floor
area. This allows the comparison with the cost of ET certificate per one unit compensated GWPe,a.
Model
The considered cases are the previous assessed models of chapter 4.3 and 4.4, which already
achieve a certain GWPe,a reductions. The cases still require some compensation, but for some
these additional cost are almost negligible. Depending on the provider of ET certificates, the
specific cost per ton CO2 varies (the thee considered products are from «myclimate» with 28.6089.31CHF/T CO2 reduction and atmosfair with 23€/T CO2 reduction). Cases that generate a
surplus of electricity generate receive a carbon credit.
Results and Conclusion
Figure 69 illustrates the equivalent annual cost (Ce,a) of the considered cases to achieve a net-zero
emission refurbishment. The results are differentiated in operational cost (Cop) installation cost
(Cin) and the cost for compensation (Ccom). The costs for compensation depend on the GWPe,a that
the particular cases still generate, which is marked with a cross. The GWPe,a are differentiated by
including a GHG mitigation and by excluding GHG mitigation. The deviation of the Ccom , which
is shown is in blue, is due to different available specific ET costs. Financial revenues are achieved
in SFH100GSHP_09, SFH100GSHP_09 and SFH100GSHP_15 for selling the electricity surplus to the
national grid, as discussed in chapter 4.4.3. The reference case SFH100CB defines the threshold
(which is shown dashed red) of the Ce,a that compensating the entire GWPe,a would require if
the building is not refurbished at all. Almost all cases of chapter 4.4 are below that threshold.
Figure 69 proves that the combination of Reduction- and Compensation Method are not
financially competitive in terms of reaching net-Zero Emission Architecture compared to just
compensating the GWPe,a of the non-refurbished building (SFH100CB). This highlights that
the Compensation Method by itself is already very powerful. However, the diagram also shows
that the case where the Combination- and Compensation Method are applied almost all cases are
below the threshold of the non-refurbished building. The result of this case study shows that
applying more than one method for GWPe,a reduction is beneficial in terms of cost. This links
to the following chapter 5, where an optimization is achieved with this approach.
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Figure 69. Additional Ce,a for compensating the annualized GWPe,a
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Figure 70 illustrates the cost-efficiency of the different cases in terms of becoming a net-Zero
Emission Architecture. While the SFH100CB achieves this just by compensating the emissions,
the other cases reach this target in a combination of methods. However, all of them are from an
economical point of view less efficient in the reduction than just compensating the emissions.

Figure 70. Additional Ce,a for compensating the annualized GWPe,a

As mentioned before, the Compensation Method is very appealing to achieve a net-Zero
Emission Architecture, as no restrictions to the design of the building exist. However, the various
concerns regarding the ET and the fact that no global GHG reduction can be achieved with this
method indicate that this method should be used to reduce the residual amount of GWPe,a after
applying the other methods.
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The real refurbishment projects are typically a balance of several methods. Beside cost and
aesthetic qualities, there exists various other determinants like building regulations or construction bylaws, specific interests of the clients or neighbours and many more that influence
the kind of refurbishment. The survey from Bade et al. present the complexity of the determinants regarding the refurbishment of buildings in Zurich [186]. Typically, the GWPe,a of a
project is considered at the end of the planning phase , after the basic aspects of the design
have been settled. In some cases, the GWPe,a of a project is indirectly considered due to restrictions regarding energy-saving of refurbishments. However, Leibundgut developed a method of
considering the net primary energy demand (nPE) and the GWPe,a at the same time. [62]. This
useful approach can already be applied during the preliminary design phase. Figure 71 is an
example of how to locate several of the assessed cases of chapter 4.

80
100
120
annual net-primary energy (nPEa) / ERA [kWh/(m2·a)]

Reduction+Substitution Method

Combination+Substitution Method

Figure 71. Different paths towards net-zero emission refurbishment

The cases in the plot above are connected to emphasis that they have gradually been
improved by certain measures in the assessment of the according method. They all start
with the reference building SFH100CB. The labeling in the diagram is without the abbreviation SFH due to lack of space. The following describes the progress on the three paths:
The brown path represents the results from the Reduction Method, which have been assessed in
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chapter 4.3.1. The refurbishment of the building envelope of the SFH100 to 45CB and 15CB progressively reduces the primary energy demand per ERA. However, the GWPem of the required
construction material increases the overall GWPe,a. As a result, this path reduced the GWPop,
but on the price of increasing the GWPem. Further reducing the primary energy demand is theoretically possible by increasing the thermal resistance of the envelope, but the trend of the
graph indicates that a lower GWPe,a becomes difficult to reach. This is also because the heating
demand for the DHW remains on the initial level, independent of the thermal insulation of the
envelope. The heating demand of 12.5kWh/m2 for the DHW would exceeds the primary energy
demand that the SFH15 requires for space heating. Consequently, the GWPe,a, cannot considerably be further reduced.
The orange graph illustrates the results of the Reduction- and Combination Method applied in
chapter 4.3.1. Exchanging the condensing boiler (CB) with an air source heat pump, (ASHP)
allows heating with natural heat source, which drastically reduces the primary energy demand.
The low EF of the electricity and the relatively low GWPem for the refurbishment to the case
100ASHP provides a quite competitive case. Interestingly enough, further insulating the building
envelope is without considerable effect on the overall GWPe,a of the building, since the additional
GWPem outbalance the savings in the GWPop. This graph indicates that a GWPe,a reduction along
this path is not very probable.
The dark red path illustrates the results from the Combination- and Substation method presented
in chapter 4.4 and 4.5. Similarly to orange path, exchanging the CB with a ground source heat
pump (GSHP) considerably reduces the GWPe,a. The installation of a ground source heat
exchanger in combination with an efficient heat pump achieves an almost 90% reduction of the
GWPe,a with the case 100GSPH_09 compared the reference case SFH100CB . The installation of
PV/T panels improves the active regeneration of the borehole. The GWPem of the PV/T collectors
affect the overall balance negatively. A considerable further reduction of the GWPe,a can only be
achieved when accepting the concept of GHG mitigation within the national electricity grid, as
discussed in chapter 4.4.3.
The diagram also indicates whether a building component is reasonable to use or not. While
the insulation material along the brown path helps reducing the GWPe,a of the SFH100, the
same material is ineffective (even counterproductive) along the orang path. Furthermore, the
graphs of the figure also show the potential of certain methods in terms of the GWPe,a reduction.
Determining the maximal possible GWPe,a reduction requires a different strategy. The four
methods of this thesis have been presented separately in chapter 4. They can certainly also be
applied in a combination in order to achieve a greater or the maximal GWPe,a reduction. The
previous case studies proved that a zero-emissions refurbishment is under certain circumstances
possible. The following presents how the GWPe,a reduction for the SFH100 can be optimized.
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5.1.1 Case Study: Reduction- and Combination Method
This case study is an example of how to optimize the GWPe,a reduction by applying the Reductionand Combination Method. The considered building is equipped with a ground source heat pump,
GSHP. The determinants of this case study are the thermal resistance of the building envelope
and the quality of the heat source, shown as (1) and (8) in Figure 72.
Model
The considered model is the SFH100 as described in chapter 1.3.1 with the exception of a variable
insulation thickness of the façade and a variable depth of the borehole. The quality of the ground
source heat exchanger (GSHX) increases with the depth of the borehole. The thermal resistance
of the envelope of the building can be increased with additional layers of insulation. While
the heat transfer coefficients of common insulation material (excluding vacuum- or aerogel
insulation) are today in the same range, the specific GWPem of these materials differ significantly. The two considered insulation materials are expanded polystyrene (EPS) and cellulose
wallboard insulation (CWB). The latter requires a slightly different wall construction with studs
and wood cladding (see chapter 7.1.5).
The thickness of the thermal insulation of the façade determines the annual heating demand
(QH) as shown in equation (4.6). This also determines the maximal power of the heat pump by
the maximal required rate of heat flow (Q̇H), which the machine has to provide. The dimension
of the GSHX is determined by the maximal rate of the heat flow that is drawn from the heat
pump and according to the standard SIA 384/6 3.1.2 for boreholes. Consequently, the thickness
of the insulation and the depth of the borehole are in a balance. Changing one of them requires
adapting the other. This affects the GWPe,a of the refurbishment project, in terms of equivalent
annual GWPop and GWPem. Beside that, this also affects the cost of the project Ce,a.
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Figure 72. System schematics of the case study with varying borehole depth and varying insulation thickness
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Mathematical background
There exist various research studies regarding the financial optimization of the thermal insulation
thickness for walls. Kaynakli provides a thorough literature review of the most recent studies
[187]. In general, this approach considers the annualized capitalized cost (Cca for insulation,
borehole and heat pump), plus the ongoing annual operational cost Cop, which is shown in
equation (3.9). This is illustrated on the right of Figure 73. In most reviewed studies, Cca (a.k.a.
FC, first initial cost) of the insulation material is assumed to be a linear function of the insulation
thickness. Contrary to that, the Cca of GSHX+HP are rising if less insulation thickness is chosen.
Furthermore, the operational cost, Cop are typically assumed to be a hyperbolic function, since
the thermal resistance of the insulation is a function of the kind x-1 of the thickness. Similar to
this approach, with the exception of annuities, the optimization of the GWPe,a is defined as the
sum of the GWPop plus the sum of the GWPem as shown in equation (3.2). The function is shown
on the left of Figure 73.
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Figure 73. General approach to determine the minimal GWPe,a and Ce,a , inspired by Kaynakli

Both function, Ce,a(x) and GWPe,a(x), are convex function with a specific minimum. Based on
the Jensen inequality [188], a convex function on a convex set Ω is defined by
f (α × x1 + (1-α ) × x 2 ) ≤ α × f ( x1 ) + (1-α ) × f ( x1 )
for all x1, x2 ∈ Ω ≤ α ≤ 1. A minimum of f(x) can in be determined at f(x)’=0.

(5.1)
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Results and Conclusion
Figure 74 presents on the left the GWPe,a function of the two considered insulation materials.
Figure 91 supplements this figure with more detailed information. Insulating the wall with CWB
generates generally a lower GWPe,a. The lowest GWPe,a with CWB would require insulating the
wall with 41cm, which is beyond any reasonable refurbishment strategy. The lowest GWPe,a in
combination with EPS is achieved with 15cm insulation. Due to the very low gradient of the
CWB(x) function, deviating from the minimum thickness has relatively low influence on the
GWPe,a. Choosing 15cm CWB insulation would still cause a lower GWPe,a than the minimal
possible GWPe,a with EPS. Contrary to that, deviating from the minimum with EPS more
considerably change the GWPe,a. There also exist in both cases a certain deviation, which is
illustrated with transparent areas (also see chapter 3.2.1). Especially where theses areas overlap,
a precise statement regarding the best solution regarding minima GWPe,a is rather difficult.
Figure 74 illustrates on the right the Ce,a function. Contrary to the minimum GWPe,a, the lowest
Ce,a of the CWB- and EPS insulation are closer together in terms of material thickness, since
labor costs dominate the assessment. Interestingly enough, both cases have the same minima
Ce,a. It is worth noting, that the SFH100 before refurbishment causes higher Ce,a when operating
with a condensing boiler, as shown in Figure 23. It is possible with an optimal combination of
the active and passive components to achieve lower annual Ce,a. When comparing the minima
of the GWPe,a function with those of the Ce,a function, the minima of the EPS insulation are
closer together in terms of material thickness than the minima of the CWB insulation.
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Figure 74. Minimal GWPe,a and Ce,a with different insulation materials with a GSHP
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5.1.2 Case Study: Reduction-, Combination- and Substitution Method
It is possible to purchase electricity from power plants that generate less GHG emissions. As
shown in Table 19, the specific EF differs considerably with a rate of more than 1:10. This is of
less concern when insulating with thick layers of material, as a low heating demand reduces the
electricity demand, but of importance when insulating with less material. The model of the case
study is identical with the previous, with the exception to the power source.
Results and Conclusion
Figure 75 illustrates on the left the GWPe,a functions for different electricity products in
combination with EPS insulation, which is supplemented by Figure 91 with more details. The
lower the EF of the purchased electricity is, the less insulation material is required to achieve
the minimal GWPe,a. Although reducing the insulation thickness increases the annual heating
demand, the rising COPHP compensates some of the additional electricity demand due to deeper
boreholes. The low gradient of the «solar-top» function allows flexibility in terms of insulation
thickness. The GWPe,a changes by less than 10% in the range of 4 to 24cm of insulation. The
combination of 4cm insulation and a 210m deep borehole results in the same GWPe,a as a 24cm
thick insulation and a 100m deep borehole when purchasing this electricity product. Certainly,
this model could also be equipped with CWB- instead of EPS insulation, which would require
the same optimization assessment to determine the minima.
The resulting Ce,a functions are illustrated on the right. Minima cost can be achieved with
15-18cm insulation. The great overlap of the deviations indicates that cost should be of less
determining the balance.
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5.1.3 Case study: Optimizing the depth of the borehole
It is also possible as an optimization strategy to change the depth of the borehole. The case study
in chapter 4.4.1 proves that oversizing the borehole can further increase GWPe,a reduction. The
depth of the borehole in the previous assessment is determined by the standard SIA 384/6 and
always size to the minimal required depth. This assessment allows oversizing the borehole. The
following presents an optimization, where the thickness of the insulation is varied (Reduction
Method), different electricity products can be purchased (Substitution Method) and the borehole
depth can be increased (Combination Method). This allows for various combinations. The
purpose of this assessment is to balance the active and passive components to achieve the
minimal GWPe,a of the refurbishment.
Model
The model considered for this assessment is based on the SFH100 described in chapter 1.3.1 with
the exception of a variable parameters for the borehole depth, the insulation thickness and the
purchased electricity product. Further detailed information is provided in the appendix 7.6. The
insulation material is EPS. The three considered power mixes are listed in Table 19. Figure 76
highlights the determinants: the building envelope (1), the ground source heat exchanger (8)
and the power supply (6)
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Figure 76. System schematics of varying borehole depth, insulation thickness and electricity products

Results
Figure 77 illustrates on the left the GWPe,a(x) functions when the purchased electricity with low
EF. The dark red graph matches the yellow graph of Figure 75, which represents the minimal
depth of a borehole, dimensioned according to the SIA 384/6. Because of the low EF of the
electricity, increasing the depth of the borehole is not further reducing the GWPe,a in this case.
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The GWPem due the additional depth cannot be compensated by a higher COPHP and less power
demand. Figure 77 illustrates on the right the GWPe,a functions when the purchased electricity
has a higher EF. The dark red graph matches the dark red graph of Figure 75.
Increasing the depth of the borehole further reduces the GWPe,a. The deeper borehole provides
higher outlet temperatures, which increases the COPHP. The electricity demand declines
accordingly. In this case, the GWPop are more relevant than the GWPem from the additional
borehole length. The increasing auxiliary power demand of the pumps due to deeper borehole
has been considers in this model. With less thermal insulation, the heating demand rises and
consequently the required power of the heat pump increases. As a result the GWPem of the heat
pump increases, which has been taken into account. This model also includes the additional
GWPem that deeper boreholes cause due to an increasing borehole radius.
2.50

GWPe,a / ERA [kg CO2 / m2]

GWPe,a / ERA [kg CO2 / m2]

Minimal GWPe,a in combination with low EF of the electricity Minimal GWPe,a in combination with high EF of the electricity

2.25

2.00

1.75

0
Legend

insulation thickness, d [cm]
4

8

12
16
min. required depth

20

4.00

3.75

3.50

3.25

24
0
+40m depth

insulation thickness, d [cm]
4
8
+80m depth

12

16
20
+120m depth

24

Figure 77. Minimal GWPe,a of several borehole configurations in combination with two electricity products

The benefits of a higher COPHP and consequently a lower GWPop need to be balanced with the
GWPem the installation of the borehole causes. The electricity mix and the cost of electricity in
the future are difficult to predict (see also chapter 3.2.1) Furthermore, it is difficult to guarantee
that the purchased electricity product will also be available with the same EF. Additionally,
the results regarding the borehole depth do not differ significantly. Despite this uncertainty,
architects and planners need to decide, which strategy is more reasonable. As a consequence,
other criteria like Ce,a and aesthetics become more relevant, as discussed in the following section
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Aesthetic relevance
Optimizing the GWPe,a reduction of a building also requires reflecting the aesthetic implications certain methods have on the architectural design. An example of a balanced refurbishment
project that regarded this value is the renovation of a single family building in Fichtenstrasse,
Zurich [189]. This residential building constructed 1871 represents typical multi-family homes
build in the beginning of the last century.

Figure 78. Before and after the refurbishment of a residential building, Vera Gloor AG

The most significant difference between this and the renovation shown in Figure 25 is the
minimal insulation of the exterior wall. After removing the original plaster, two layers of high
insulating material, each 1cm thick, were glued to the wall. The final render increased the
wall thickness by 5-6cm. The insulation increased the thermal resistance from 0.53m2·K/W to
2.44m2·K/W. The interior thermal comfort has been considerably increased. The radiators have
been replaced with a radiant floor heating system, which allows the operation of the ground
source heat pump system with a relatively low supply temperature. Balancing active and passive
building components allow this refurbishment project to become net-zero emission.
The real benefit of this approach is the possibility of preserving the characteristic details of the
façade and respecting the original design. The masonry windowsills and lintels still stand out
against the wall surface. Virtually all window openings are the same as in the original design.
The already relatively small windows are not further reduced in size. This approach even allows
keeping the small windows of the stairway. The window shutters still frame each opening. The
roof overhang is neither reduced nor need not be extended to allow connection to the insulation
material. The building remains part of the surrounding ensemble. Important design elements
have been kept. The masonry lintel at the top of the second floor still divides the main building
and mansard. the additions on the roof blend in with the original design.
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Today, most people spend their entire lifetime in a built environment that has been constructed
by the previous generations. According to Kirchner, just about 1% of the entire housing sector
is currently refurbished in Switzerland annually [83]17. At the same time, about 2% of the old
buildings give away to new constructions that express more contemporary ideas of living. Nevertheless, cities permanently transform. Only those parts remain that also adapt to the needs of
the following generation or are viewed as valuable by other means. It is a permanent process and
allows cities to evolve. The speed of this transformation is increased or reduced by economical
or social pressure. Additionally, ecological arguments, as another determinant, contribute to
the discussion for a more rapid or intense transformation of the built environment [190], as the
reduction of the GWPe,a that buildings generate is highly important.
Most of the buildings in Switzerland have been built during the post-war period and they are
typically not considered as heritage buildings [191]. It is argued that a refurbishment of many of
these buildings is financially not reasonable and technically almost impossible [192]. As a result,
they are often replaced with new constructions. This may be reasonable if the replacement simultaneously provides a higher urban density and higher quality of living. However, it is questionable, when arguing that the replacement of existing buildings with new constructions generally
reduces the GWPe,a of buildings. Zeumer et al. found that the replacement of an existing mid
sized house, which is built with concrete floors and brick walls, generates more GWPe,a than the
refurbishment of this structure [193]. König et al. present in a study for the «Normand Barracks»
in Speyer that a reasonable «structural modernization» instead of a new construction is also
more reasonable for this multifamily buildings in terms of GWPe,a reduction [194]. The latter
project and the project «Fichtenstrasse» discussed in this thesis show that the refurbishment
towards net-Zero Emission Architecture does not contradict with preservation and architectural aesthetic. The case study of chapter 4.3.1 demonstrates how drastically an exchange of the
heating system can reduce the equivalent annual GWPop.
There exist various refurbishment methods to reduce the GWPe,a of buildings, which have
been categorized and studied in this thesis as the following four groups: Reduction Method,
Combination Method, Substitution Method and Compensation Method. In general refurbishing
buildings towards net-Zero Emission Architecture requires a different strategy than a refurbishment towards net-zero (primary-) energy. While the latter can include buildings with zero-emission building operation, the refurbishment towards net-zero emission not necessarily requires
a building operation that balances the primary energy demand. The case studies regarding the

17

However, only 31% of the refurbishments in Zurich include measures towards higher energy efficiency .
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Reduction Method, which are presented in chapter 4.3, illustrate that a refurbishment towards
lowest heating or cooling demand can even be counterproductive when minimizing the GWPe,a
of an existing building. Furthermore, the established passive architectural design strategies
regarding building compactness, building orientation, percentage of glazing etc. are often
less effective than active measures like changing the heating or cooling system, as shown in
chapter 4.3.2 to 4.3.4. When targeting a GWPe,a reduction, it is more important to balance the
active and passive building components, then in other strategies. The case studies regarding the
Combination Method, which are presented in chapter 4.4, show that improving the performance
of active building components can considerably reduce the GWPe,a of a refurbishment without
considerably altering the vertical façade This is of high importance regarding the architectural
quality of the building. The examples presented in this chapter are linked to the local context, as
certain local energetic opportunities are exploited. As a strategy, this is similar to other concepts
that make use of solar irradiation. However, the concept of net-Zero Emission Architecture not
only relies on solar irradiation and consequently requires high thermal resistance, when applied
in temperate climate. As a result, certain heat flows are acceptable. Important is always the
reflection on much GHG emissions this additional expenditure causes. Furthermore, chapter
4.4.5 shows how the interaction with other buildings can contribute to the reduction of the
GWPe,a of a building. This measure also links buildings to a built context and local opportunities. However, since electrical power can be reasonably transported via long distances, the local
electricity generation is of less importance than the local balance of the heat flows. The Substitution Method presented in chapter 4.5 shows that substituting electricity product is a powerful
method to reduce the GWPe,a of a refurbishment project. However, it is not a fully integral
solution just to purchase electricity with the lowest EF, as long as the peak power demand during
the cold season cannot be guaranteed to be generated with 100% renewable resources. Similar
to this, the Compensation Method by buying emissions trading certificates is a method that does
not require any architectural changes to the existing building, but are questionable on various
levels, especially as a long-term solution.
Contrary to Xing, who understands the refurbishment of buildings towards zero emission
as a hierarchical pathway by starting with the building fabric and continuing with increasing
the efficiency of the active systems [22], the presented case study in chapter 5.1 show that an
optimizing of both simultaneously provides, from the author’s point of view, better solution in
terms of efficiency, economics and aesthetics. Furthermore, the presented optimization shows
that several solutions exists that result in similar good emission reductions.
Each generation expresses social, cultural and aesthetic ideas in design and architecture
differently. The crucial GWPe,a reduction of the building sector must not prevent from further
development this cultural good. Currently, a strong focus lays in construction on the Reduction
Method to reach the target of net-zero emission architecture. This thesis argues that at least three
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further methods exist to reach this target. This is attractive from an architectural point of view,
as it allows for more options in design with potentially less restrictions. However, abuse and
misconceptions need to be avoided, as net-Zero Emission Architecture is not a permission to
design what ever pleases and later balancing all generated GHG emissions with the Substitutionor Compensation Method. Similar to many other architectural concepts, it is rather an integral
approach of making the best of local opportunities. The integration of various opportunities and
the balance of active and passive building components, however, allow various solutions that
achieve a low- or even a net-zero emission architecture. The case studies of chapter 5.1 highlight
that there exist different paths towards this target and some paths can actually result in the same
GWPe,a reduction but affect the architectural quality completely different.
The architectural examples discussed in this thesis show that aesthetic is a meaningful criteria,
which needs to be considered when reducing the GWPe,a of buildings. However, this criteria
is subjectively interpreted and consequently cannot be measured in numbers. The general
acceptance that the GWPe,a of buildings need to be reduced only rises if the applied methods
come along with keeping or improving other qualities, like the quality of living, lower operational
costs or simply the architectural quality o buildings. The conclusion of this should encourage
architects to continue training their aesthetic senses. The physical behavior of a building is
possible to simulate with a model, the overall cost can be assessed, but the architectural quality
includes aesthetic values, which are impossible to compute. There might be a possibility to
measure the beauty of a human face in the near future, but the beauty of a building is subject
to a more complex assessment, which includes knowledge about the architectural heritage,
personal taste, predisposition, trends etc. Due to the impossibly to measure this value with a
standard dimension, it is easy to ignore aesthetic, when arguing about a refurbishment strategy
with apparently solid facts, like Ce,a or GWPe,a. It is important to know that Ce,a and GWPe,a
assessments include various estimations and that certain parameters are subject to considerable
change (like the EF of the power mix). Compared to these parameters and coefficients, which
likely will shift in the future, the aesthetic value of architecture seems almost constant and easier
to predict in the near future. Especially when discussing about the value of historical architecture, it can be noticed that the respect that the previous generation already had for certain
heritage buildings is passed to our generation.
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Appendix

7.1

General model configuration of passive components

The model of the single-family house assessed in this thesis is based on the description from
Dott et al. for the Reference Buildings Description of the IEA SHC Task 44 / HPP Annex 38. The
following gives a summary of the relevant building parameters. Further details can be found in
the report [36].

7.1.1 General description
All three subversions of the reference building share the have general geometry. Little geometrical
difference exists due to the insulation thicknesses. The insulation thickness further affects the
annual heating demand. The single-family houses (SFH) are titled similar to the heat load for
Zurich as SFH100, SFH45, SFH15. The SFH100 represents a typical non-renovated building.
The standard of the SFH45 presents a medium level of refurbishment, while the SFH15 complies
with the Swiss Minergie-P [39] and the German Passivhaus standard [37]. The heating and
cooling load are calculated with the software TRNSYS V17 [112].

7.1.2 Location
While the reference building from Dott et al. further differentiates between three different
locations, the location for the model of this thesis is simulated in Zurich, Switzerland. The
general climate information is from Meteonorm with the standard weather data file CH-Zuerich-Kloten-66700 [195], as no significant difference could be found for the simulation of this
building when applying the climate data from the SIA. This information is transposed in case
study 4.4.2 according to the findings from Weigel et al. to represent a possible future climate
scenario [134].

7.1.3 Geometry
As noted above, the differences in the geometry are the result of the difference in insulation
thickness. The geometry of the interior space is the same in all cases. The right part of Table 22
lists the standard dimensions of the geometry, while the left part of Table 22 lists the specific
dimensions per subversion. The building is simulated with two thermal zones, one for each
floor. The internal capacity of the inner walls is simplified with 100 m2 wall area per zone. The
inner (air) volume for the first floor is 149.6m3, while the (air) volume of the second floor is
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243.1m3 due to the tilted ceiling/roof. The heated net floor area is 140m2, which is referred
to as energy reference area, ERA, throughout the thesis. Table 3 lists the areas of the building
envelope. Figure 79 illustrates the floor plan and section with the labels used in the Table 22.
Section (m 1:400)

Floor plan (m 1:400)
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Figure 79. Section and floor plan of SFH
Table 22. Specific sizes of the according single family houses
element part [m]
c
d
e
j
k
e

SFH15

SFH45

SFH100

7.856
10.856
6.505
0.428
0.505
0.255

7.696
10.696
6.445
0.348
0.445
0.215

7.536
10.536
6.365
0.268
0.365
0.095

element part [m]
a
b
f
g
h
m
n
r

SFH
5.46
2.64
7
10
2.6
0.4
0.2
1.87

7.1.4 Configuration of the opaque building elements
Table 23 lists the material specific qualities of the opaque building elements in this model.
U-value calculations are according to the EN ISO 6946, with a total heat transfer coefficient
αi=7.69 W/(m2·K) to the inside and a total heat transfer coefficient αe=25.0 W/(m2·K) to the
outside (ambient). The given U-values in the table are for reference, as the simulation with
TRNSYS applies a dynamic heat transfer coefficient (αi & αe), which also considers the heat flow
direction instead of the static U-Values.
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Table 23. Material specific qualities of the opaque building elements

component

SFH15

U-value
[W/(m2·K)]
SFH45
SFH100

layer

plaster,
inside
external wall

ground floor

floor

roof ceiling

inner wall

0.182

0.135

0.649

0.162

0.885

0.286

0.173

0.649

0.197

0.885

0.667

0.278

0.649

0.575

0.885

layer thickness
(cm)
SFH15
SFH45
SFH100

density
[kg/m3]

conduct
[W/(m·K)]

capacity
[kJ/(kg·K)]

1.5

1.5

2.0

1200

0.60

1.00

brick
wall

21.0

21.0

21.0

1380

0.70

1.00

EPS
insulation

20.0

12.0

4.0

17

0.04

0.70

plaster,
outside

0.3

0.3

0.0

1800

0.70

1.00

wood,
inside

1.5

1.5

2.0

600

0.15

2.50

plaster
floor

8.0

8.0

8.0

2000

1.40

1.00

sound
insulation

4.0

4.0

4.0

80

0.04

1.50

concrete
layer

15.0

15.0

15.0

2000

1.33

1.08

XPS
insulation

22.0

16.0

8.0

38

0.04

1.45

wood,
inside

1.5

1.5

2.0

600

0.15

2.50

plaster
floor

8.0

8.0

8.0

2000

1.40

1.00

sound
insul.

4.0

4.0

4.0

80

0.04

1.50

concrete
layer

15.0

15.0

15.0

2000

1.33

1.08

gypsum
board

2.5

2.5

3.0

900

0.21

1.00

plywood
board

1.5

1.5

2.0

300

0.08

2.50

rockwool
insul.

20.0

16.0

4.0

60

0.04

1.03

plywood
board

1.5

1.5

2.0

300

0.08

2.50

20.0

20.0

20.0

650

0.23

0.92

brick
wall
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7.1.5 Façade materials
The GWPe,a for standard building elements is based on information from the ecoinvent database
[196], the bauteilkatalog [70] and the Center for Rationalization in Construction in Switzerland
[89]. This includes the GWPe,a of production and disposal, labor and construction. The lifespan
of the element differs between new construction and refurbishment and is weighed according to
the used materials. Table 24 lists the considered façade insulation materials of the type expanded
polystyrene (EPS) and Table 25 list the according information of the type cellulose wall board
(CWB) respectively.
Table 24. Configuration of wall type EPS. GWPe,a per m2 wall based on 1cm of insulation
layer number
(from inside)
1

thickness
[cm]
0.3

material / layer
synthetic mortar

lambda
[W/(m·K)]
0.800

GWPe,a / ERA [kg CO2 /m2]
production
disposal
life cycle
[kg/m2]
[kg/m2]
[kg/m2 ]
5.30
0.02
5.33

2

expanded polystyrene (EPS) ρ=15 kg/m3

1.0

0.038

0.63

0.47

1.10

3

reinforcement lattice d=3mm [m2]

0.3

0.800

6.04

0.13

6.17

4

synthetic render

0.3

0.700

0.72

0.02

0.74

12.69

0.65

13.33

1-4

GWPe,a per

m2 total

[kg/m2]

0.44

GWPe,a per m2 annually in 30 years [kg/(m2 a)]

Table 25. Configuration of wall type CWB. GWPe,a per m2 wall based on 1cm of insulation
layer number
(from inside)
1

material / layer
wooden studs, spruce

thickness
[cm]
0.08

lambda
[W/(m·K)]
0.13

GWPe,a / ERA [kg CO2 /m2]
production
disposal
life cycle
[kg/m2]
[kg/m2]
[kg/m2 ]
4.71
0.02
4.73

2

cellulose wall board (CWB) ρ=70 [kg/m3]

0.01

0.04

0.26

0.02

0.28

3

wooden battens, spruce 60/80mmm

0

0.13

0.73

0.03

0.76

4

high density fiberboard (DWFB)

0.6

0.18

3.51

0.61

4.12

5

lime plaster

0.15

1

13.54

0.11

13.65

22.57

0.79

23.54

1-4

GWPe,a per m2 total [kg/m2]
GWPe,a per m2 annually in 30 years [kg/(m2 a)]

0.59
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7.1.6 Configuration of the windows
The quality of the windows depends on the standard, as listed in Table 26. The glazing area
depends on the orientation of the façade, as shown in Table 27. Similar to the U-value calculations of the opaque wall elements, the total heat transfer coefficient is αi=7.69 W/(m2·K) to the
inside and αe=25.0 W/(m2·K) to the outside (ambient). As mentioned above, TRNSYS applies
dynamic heat transfer coefficient (αi & αe) that also considers the heat flow direction instead of
the static U-Values.
Table 26. Material specific qualities of the windows
building
SFH15

layers
mm
(4/16/4/16/4)

height
m
1.0

width
m
1.0

framing
15%

Uglass
W/(m2·K)
0.5

Uframe
W/(m2·K)
1.6

psi
W/(m·K)
0.06

T-sol

g-value

0.456

0.585

Utot
W/(m2·K)
1.0

SFH45

(4/16/4)

1.0

1.0

15%

1.1

1.8

0.06

0.521

0.609

1.5

SFH100

(4/16/4)

1.0

1.0

15%

2.8

2.3

0.06

0.693

0.755

3.0

Table 27. Area of walls and windows per orientation
orientation
North
East
South
West
overall

total façade area [m2]
56.0
45.7
56.0
45.7
203.5

window area [m2]
3.0
4.0
12.0
4.0
23.0

glass area [m2]
2.6
3.4
10.2
3.4
19.6

ratio window to opaque wall
0.1
0.1
0.2
0.1
0.1

7.1.7 Window types
The framing material of the windows is not specified in the report from Dott et al. The common
framing materials are plastic (vinyl, etc.), solid wood, wood with aluminum cladding or extruded
aluminum. Besides the framing material, the amount of framing influences the GWPe,a, which is
set at 15% for all windows. Generally, the relatively small size of the windows reduces the general
significance of the GWPem of the windows. Table 28 lists the possible window materials and their
combinations. The wood framing with aluminum cladding has been used within the case study,
as it best represents best the average type of framing. The lifespan of windows is assumed to be
30 years.
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Table 28. Window related GWPem per m2, separately per layer on top and per window type below

window type
double glazing

triple glazing

layer
number

material / layer

production
[kg/m2]

disposal
[kg/m2]

life cycle
[kg/m2 ]

1a

2-IV Glazing [m2]

29.60

1.57

31.17

1b

3-IV Glazing [m2]

42.68

2.37

45.05

2a

Wood framing [m2]

19.78

4.81

24.59

2b

Wood/aluminum framing [m2]

37.11

3.80

40.91

2c

Plastic framing [m2]

36.97

19.80

56.77

production
[kg/m2]
49.38

disposal
[kg/m2]
6.38

life cycle
[kg/m2 ]
55.76

combined
layers
1a+2a

material / layer
2-IV Glazing+ wood framing

GWPem per 30 years
[kg/(m2 a)]
1.85

1a+2b

2-IV Glazing+ wood/aluminum

66.71

5.37

72.08

2.40

1a+2c

2-IV Glazing+ plastic framing

66.57

21.37

87.94

2.93

1b+2a

3-IV Glazing+ wood framing

62.46

7.18

69.63

2.32

1b+2b

3-IV Glazing+ wood/aluminum

79.79

6.17

85.96

2.87

1b+2c

3-IV Glazing+ plastic framing

79.65

22.17

101.81

3.39

7.1.8 Configuration of the roof
The material for the roof insulation is mineral wool. Table 29 lists the GWPe,a of the SFH15 and
Table 30 the GWPem of the SFH45, respectively. The insulation is additionally mounted to the
already existing 4cm.
Table 29. GWPem per m2 generated with the roof refurbishment for SFH15
layer number
(from inside)
1
2

material / layer
Square timber 60/160mm

thickness
[cm]
7.0

production
[kg/m2]
0.7

Mineral wool ρ=30 [kg/m3], λ=0.04 W/(m·K)

16.0

5.03

3

Vapor barrier Polyethylene (PE)

0.02

4

Wooden battens, spruce60/80mmm

0.0

5

Plywood, spruce

1.5

1-5

GWPem per m2 total [kg/m2]
GWPem

per

m2 annually

in 30 years [kg/(m2 a)]

disposal
[kg/m2]
0.05

life cycle
[kg/m2 ]
0.75

0.05

5.08

0.51

0.48

0.99

0.1

0.01

0.11

0.88

0.05

0.93

7.22

0.64

7.86
0.26

Appendix

174

Table 30. GWPe,a per m2 generated with the roof refurbishment for SFH45
layer number
(from inside)
1/3-5

thickness
[cm]
8.52

material / layer
see Table 21

2

Mineral wool ρ=30 [kg/m3], λ=0.04 W/(m·K) ρ=30 [kg/m3]

1-5

total

12.0

production
[kg/m2]
2.19

disposal
[kg/m2]
0.59

life cycle
[kg/m2 ]
2.78

3.77

0.04

3.81

3.77

0.04

6.59
0.22

GWPe,a per m2 annually in 30 years [kg/(m2 a)]

7.1.9 Configuration of the floor
The additional insulation of the ground floor is applied as ridged insulation on top of the existing
flooring. A concrete layer of screed is applied as finish. Table 31 lists the GWPe,a of the floor,
assuming 8 cms of insulation from the existing floor remain. Layer 2 is excluded in case studies
with a condensing boiler (CB), since radiators are installed instead. Table 32 lists the according
GWPe,a for the SFH15.
Table 31. Properties of the floor insulation of SFH45 including radiant floor heating
layer number
(from inside)
1

material / layer
Concrete screed

2

Acrylnitril-Butadien-Styrol (ABS)

3

Vapor barrier Polyethylene (PE)

4

Extruded polystyrene (XPS) ρ=30 [kg/m3]

5

Bituminous sealing

1-5

total

lambda
[W/(m·K)]
1.4

0.036
2.3

thickness
[cm]
7

production
[kg/m2]
22.07

disposal
[kg/m2]
1.25

life cycle
[kg/m2 ]
23.32

4.78

3.0

7.78

0.02

0.51

0.48

0.99

8.0

26.68

7.56

34.24

0.2

43.23

6.13

49.36

15.22

97.27

18.42

115.69
2.47

GWPe,a per m2 annually in 30 years [kg/(m2 a)]

Table 32. Properties of the floor insulation of SFH15 including radiant floor heating
layer number
(from inside)
1-3/5
4
1-5

material / layer
see Table 23
Extruded polystyrene (XPS) ρ=30 [kg/m3]
total
GWPe,a per m2 annually in 30 years [kg/(m2 a)]

lambda
[W/(m·K)]
0.036

thickness
[cm]
7.22

production
[kg/m2]
70.59

disposal
[kg/m2]
10.86

life cycle
[kg/m2 ]
81.45

14

46.7

13.23

59.93

21.22

117.29

24.09

141.38
4.71
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7.1.10 Configuration of the interior walls
For simplification, the total heat transfer coefficient on both sides of the interior wall is αi=7.69
W/(m2·K), as a standard radiation model is used. Furthermore, the long wave emission coefficient
is assumed to be 0.9.

7.2

Specific load and model configurations

7.2.1 Load profile

occupancy load (P)

A simple occupancy load profile has been applied, as illustrated in Figure 80. The profile does
not differentiate between weekdays and weekends. Furthermore, vacation time is not included.
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Figure 80. Daily occupancy loads

hotwater outlet [kg/h]

electricity demand [W]

Figure 81 illustrates the simplified profile of the electricity demand, mainly driven by the
electrical lighting and personal usage of appliances. The profile is does not differentiate between
weekdays and weekends or hot and cold seasons. Furthermore, vacation time is not included.
This electrical gains sum up to 13.4 kWh/m2.
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7.2.2 Internal load
According to the occupancy profile in Figure 80, the internal heat load from the inhabitants
is 20W convective and 40W radiative per person. The latent heat of 40 W is included directly
in humidity with a mass flow of 0.059 kg/h. This corresponds to yearly values of 3.0kWh/m2
convective and 6.0 kWh/m2 radiative gains.

7.2.3 Ventilation
A constant air infiltration is set to 0.15h-1 for the SFH100 and SFH45 due to leakage etc. Additionally, an air exchange rate according to the occupancy load profile is calculated by multiplying
the occupancy load given in Figure 80 with 0.125h-1. This results in a peak air exchange rate of
0.4-1 total. A simplified air/air heat recovery unit is modeled for the type SFH15, with an effectiveness λHR of 0.6. The supply air temperature is calculated by.

θ int , sup =θ e +λ HR × (θ int , exh − θ e )

(7.1)

where θe denotes the exterior ambient temperature, θint,exh denotes the interior exhaust air
temperature and θint,suo denotes the interior supply air. According to this, 60% of the temperature
difference between the outgoing exhaust air and the exterior ambient temperature is added to
the incoming air fresh air. The complex operation mode with a tilted window, as described in the
report from Dott et al. [36], is not integrated in this model, since the cooling load of all models
was insignificant compared to the heating load. This operation mode is also not incorporated
in the case study of chapter 4.4.2. This case study presents the possible cooling load assuming a
changing climate in the near future, since the purpose of this case study is to assess the efficiency
of active radiant floor cooling that absorbs the heat surplus.

7.2.4 Shading
As mentioned in the previous chapter, the cooling load of all case studies is almost insignificant
compared to the heating load. This is because of the relative small window area and the location
of the building in Zurich with moderate hot periods. Consequently, all case studies are without
the shading control, which is described in the report from Dott et al [36].

7.2.5 Ground floor coupling
The ground temperature is simulated in TRNSYS with the Type 501. The mean ground
temperature is set to 9°C surface temperature and the amplitude of ∆20°C for the ground surface
temperature for this subroutine model, which complies with the SIA standards.
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7.2.6 Hot water demand

hotwater outlet [kg/h]

Based on the assumption that four people occupy the building, a daily hot water demand (DHW)
of approximately ~160 liter is assumed. Figure 82 illustrates the applied daily DHW demand
profile, which is in accordance with the 385/2. Since the occupancy profile is does not differentiate between weekdays and weekends, this profile applies to all days throughout the year.
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Figure 82. Daily domestic hot water demands

The daily DHW demand profile is combined with a simple TRNSYS file to determine the daily
power demand of the heat pump and the borehole, which is illustrated in Figure 83. The TRNSYS
file consists of a storage tank with fixed inlets and uniform thermal losses (Type 4a) .The tank
loss coefficient is 0.83 W/(m2·K) in a space with average temperature of 20°C. Connected to a
heat pump of type 668 and a GSHX of type 557 it is possible to generate a dynamic load profile.
A hysteresis control prevents the heat pump from unrealistic on/off modes. Since it is assumed
that the heat pump generates hot water only once per day, which will then be stored, the hot
water storage tank is with 0.4m3 larger than the actual total daily hot water demand

Figure 83. Scheme of the simplified TRNSYS model to determine the daily power demand
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7.3

Properties of the active components

7.3.1 Condensing boiler (CB)
The heating system with a condensing boiler is used to generate hot water for space heating and
for DHW. According to Jungbluth et al, a typical non-modulating condensing boiler of 10kW that
burns light fuel oil generates in a LCA a GWPe,a of 0.089kg per MJ [197]. It is worth noting that
burning light fuel oil itself already causes a GWPop of 0.083kg CO2 per MJ [65]. In comparison
to the GWPop generated during the operation, the additional considered GWPem of 0.006kg CO2
per MJ are almost insignificant. This includes the indirect emissions from operational processes
(mainly from electricity to operate the heating and from waste) and the GWPma from manufacturing the boiler, the tank room and the chimney. The GWPop of heating with a condensing
boiler considerably depends on the annual efficiency of the heating system. Since a condensing
boiler also makes use of latent heat from the condensing water of exhaust fumes beside the
sensible heat from the fuel, the annual efficiency is higher in comparison with regular boilers.
The annual efficiency ranges from 90% to 98% [198]. Buderus notes that modern condensing
boiler systems achieve 102% to 103% [199]. Based on the study of Jungbluth et al., the annual
efficiency of 100% is applied for the case studies of this thesis, which is relatively optimistic for
a refurbishment project. However, this stresses the results in comparison to the heating system
with a heat pump. The system assessed in the report from Jungbluth et al. operates at 218 heating
days in Zurich. This setting is comparable with the conditions of most case studies of this thesis,
with an exception of the case study in chapter 4.4.2.

7.3.2 Heat pump (HP)
Based on the ecoinvent database, the manufacturing and deconstruction of a 10kW GSHP
causes in its lifetime a GWPem of 1687kg CO2, which includes the transport of the construction
materials, the energy and water needed for production and the emissions of refrigerant (R134a)
during manufacturing and scrapping. Due to the different materials and a different amount of
used refrigerant of a 10kW air source heat pump (ASHP), the GWPem of a ASHP system is larger
by the factor 1.6 and the total weight of a ASHP system is higher by the factor 2, as described by
Heck et al. [71]. Based on the study from Heck, the lifetime of the heat pump and the distribution system is set to 20 years.
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7.3.3 Ground source heat exchanger (GSHX)
Heck et al. also assessed the equivalent annual GWPem from the installation of a 150m deep
double u-tube borehole with a diameter of 12cm and polyethylene probes for the ecoinvent
database [71]. The backfilling in this study is a regular bentonit-cementitious material. The brine
is a 25-35% ethylene-glycol mixture. The ground of the case studies is assumed to consist of a
homogeneous stratum of fine sandstone beyond a 30m layer of molasses. Based on findings
from Heck et al. a linear progression has been applied regarding GWPin for the drilling of
boreholes beyond 150m. For simplifications, it is assumed that regular installations up to 150m
will generate 384.5 g CO2 per running meter. Installations beyond that depth cause additional
1.925g CO2 per running 10 meter of drilling. This is because of different drilling technology
(rotary hammer drilling) and a higher power demand, provided by burning diesel.
As discussed in chapter 3.1.1, the lifetime of boreholes is widely discussed. Since many of the
first installed boreholes in Switzerland are still intact and in operation, a lifetime of 50 years
seems reasonable and is applied in this thesis.

7.3.4 Photovoltaic thermal hybrid collector (PV/T)
The general idea of the photovoltaic thermal hybrid collector (PV/T) is to simultaneously
generate electricity and low temperature heat. There exist a variety of concepts and prototypes.
Charalambous et al. presents a general review of the available literature up to the year 2007
[200]. This is completed by a review from Chow [201] and Hasan et al. [202] up to the year
2010. Tripanagnostopoulos presents a good general overview of all currently available technological concepts up to the year 2012 [203]. The considered type of PV/T in the case studies
refers to a prototype built by Baetschmann et al. This prototype has been improved in the
product development phase and is now commercially available as 3S Hybrid 240/900. According
to Tripanagnostopoulos categorization, this is an unglazed PV/Water collector. The absorber
on the front of the collector consists of a standard photovoltaic panel. This study considers a
mono-crystalline silicon product, as the generation of electricity with this type benefits from
the cooling effect during the hot season. However, other products would also be possible. The
back of the photovoltaic panel is equipped with several aluminum tracks that operate as heat
exchangers. These heat exchangers are water cooled. Polyethylene tubes connect to the heat
exchanger to a closed loop.
The GWP of the PV/T collector is calculated separately for the photovoltaic panel (PV) and
the hydraulic heat exchanger (HX). A great variety of information exists regarding the GWPem
of PV panels, which is clearly caused by the different manufacturing technologies and the
foremost by the energy carrier used in production. In order to keep the database consistent,
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the data from Jungbuth et al. is used, which is also part of the ecoinvent database [172][173].
This assessment is based on a 3kWpeek installation on a slanted-roof, including all construction,
transportation and manufacturing processes. The aluminum HX on the back generates a considerable amount of GWPem. The calculation is based on the volume of installed aluminum per
panel. The production method is assumed to be a so called one-stroke cold impact extrusion
with a chipless shaping per tray plus surface treatment, which includes 5% material losses. The
GWPma for the raw aluminum block is assumed to be produced as a mixture of primary and
secondary aluminum, according to a typical ratio in manufacturing of the currently world-wide
production. This results in a total GWPem of 99kg CO2/panel. It is unknown how much of this
aluminum will be recycled after 50 years.

7.3.5 Greenhouse gas mission factors of the electricity (EF)y
All case studies are assessed with the location Zurich, Switzerland. As discussed in chapter 3.2.1
there exist various companies that produce electricity in Switzerland. According to Frischnecht
[65], the greenhouse gas emission factors EF of the average standard Swiss power mix is shown
in Table 33. However, the consumer of electricity is typically bound to the local electricity
producer, which is in Zurich the company EWZ («Elektrizitätswerk der Stadt Zürich»). This
company endeavors to reduce the relative EF of the electricity in the long run. Currently, there
are several products available, as shown in Table 33. The listed EF are according to a protocol of
the city council in 2012 [204]. They are related to the unit of purchased electricity with the unit
kWhel,f,c, which is the actual final electricity (el,f) a private consumer purchases (c). The currently
very low EF generated with ewz.mixpower is because of the use of nuclear power. Since the
assessment has a time range of 50 years, it is necessary to consider the probable changes of the
EF per purchased unit of electricity. Naturally, the result of any prognosis depends on the used
data, the assumptions and the accurateness of the used equations. As discussed in chapter 3.2.1
the standard power mix will very probably change during the next decades according to a study
from EWZ [75]. Thus, the EF of the «ewz.mixpower, 2060» is used instead of the current value
for the case studies, which is the mean assumed EF until 2060.
Table 33. Specific EF per purchased unit of electricity
GWPe,a/Pel [g CO2 /kWhel,f,c]
ø Swiss power
ewz.mixpower,
mix, consumer
in 2012
147.6
11.81

ewz.mixpower,
2060
60.00

ewz.solartop,
in 2012
80.27

ewz.ökopower,
in 2012
14.64

ewz.naturpower,
in 2012
13.45

ewz.wassertop,
in 2012
9.28
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Specific cost

7.4.1 Building envelope
The calculation regarding the installation cost (Cin) of the insulation material is based on fixed
cost, variable cost and additional cost. The fix costs for the façade are cost for the materialss, like
plaster, mortar, vapor barrier etc. (which are the same in all cases studies) and fixed labor costs
for scaffolding, transportation etc. The variable cost is the cost for the insulation material, which
depends on the according thickness. Additional costs result from connections to roof/base of
the building and at the reveals and soffits of windows. The costs for the roof and floor insulation
are simplified as fix cost for the material, like screed, gypsum wall board, vapor barrier etc.,
plus variable costs depending on the insulation thickness, as listed in Table 34. The cost of the
windows considerably depends on the quality of the framing. As discussed before, an aluminum
wood composite framing has been applied. The total cost for the windows are listed in Table 35.
Table 34. Specific installation cost (Cin) of the insulation, including cost for replacing existing
Cost
(CHF)

Opaque envelope
Roof

Ground floor

83.08 /m2 (Afac)

69.15 /m2 (Afac)

69.73 /m2 (Afac)

79.36 /m2 (Afac)

15.40 /m2 (Afac)

2.00 /m2 (Afac)

1.56 /m2 (Afac)

5.20 /m2 (Afac)

2.36 /m2 (Afac)

1.33 /m2 (Afac)

Additional

14.25 /m Leaves

14.25 /m Leaves

11.96 /m Leaves

Additional

5.08 /m Lbase

5.08 /m Lbase

4.26 /m Lbase

Fix
Variable

EPS

XPS

CWB

Table 35. Total installation cost (Cin) for replacing the windowss
Cost (CHF)

North

East

West

South

SFH45

3950.22

SFH15

4321.31

4524.58

9119.66

4524.58

4953.80

10013.72

4953.80
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7.4.2 Heating system
Air Source heat pump (ASHP) and condensing boiler (CB)
The installation of the air source heat pump causes installation costs (Cin) and maintenance costs
(Csu), as shown in Table 36. According to Jakob et al. the annual maintenance cost, Csu, can be
expressed in percentage of the investment cost, Cin [205]. The installation costs are determined
with the equation given in the report from Stettler [206]. This includes costs for dismantling the
existing condensing boiler. The installation cost for the radiant floor heating system includes
costs for dismantling the existing radiators and investment cost for a different heat distribution network in the building. The operational cost (Cop) are based on the assumptions made
in chapter 3.2. The average price of the Standard electricity mix is based on Figure 16, . The
costs of other products from EWZ are scaled accordingly. The average price of the light heating
fuel is based on Figure 15. The installation of the additional ventilation system required for the
SFH15 incurs installation cost and maintenance cost, which are based on information from
Thaler [207].
Table 36. Specific capital cost of the heating system
Cost (CHF)
(Cca)

Air source heat pump
Dismantling & Installation
Maintenance cost
(Cin)
(Csu)

Condensing Boiler
Maintenance cost
(Csu)

SFH45

1272.00 /m2 (ERA)

125.00 /a

572.00 /a

SFH15

1231.00 /m2 (ERA)

121.00 /a

554.00 /a

Table 37. Specific operational cost of the heating system
Cost (CHF)
(Cop)

Oil
Heating oil

Electricity
Swiss power mix

Natural power

Eco power

in 2012

100.03 /100L (HEL)

0.159 /kWhel

0.169 /kWhel

0.194 /kWhel

ø in period 2010-2060

128.50 /100L (HEL)

0.265 /kWhel

0.282 /kWhel

0.323 /kWhel
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Ground source heat exchanger (GSHX)

installation cost / depth
[CHF/m]

The specific cost per running meter borehole depends on the depth of the drilling. Deeper
boreholes require heavier tools, which increase the cost. As a result, the cost function for
the vertical ground source heat exchanger is discontinuous at the depth of 300m, as shown
in Figure 84. The cost function includes the cost for the horizontal manifold and connection
to the heat pump. Additional costs for planning, installation of auxiliary pumps, controls and
geothermal certificates etc. are generalized with fixed cost of 3’400CHF, based on a report from
Signorelli et al. of a similar system [74]. The resulting cost function is shown in equation (7.2).
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Figure 84. Ce,a per running meter of vertical GSHX, a.k.a. borehole

 3400 + x × ( 0.025 × x + 72.5 ) for x < 300 
C in , GSHX ( x ) = 
 CHF
 3400 + x × ( 0.150 × x + 54.8 ) for x ≥ 300 

(7.2)
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7.5

Supplements to the assessment in chapter 4.4

7.5.1 Determining the annual heating/cooling demand
The building configurations in this model are designed according to the information given in
chapter 7.1 and 7.2. The building is designed with zones for the first and for the second floor.
The overall heating (and cooling) demand is determined as the sum of the both building zones.
In a pre-assessment the theoretical heat flow rates of the buildings SFH100, SFH45 and SFH15
are calculated per hour with the software TRNSYS [112]. This assessment assumes an unlimited
heating power exists that guarantees a room temperature of ≥20°C, which is conform with the
current standards for residential buildings given by the SIA. A general restriction regarding the
cooling demand of residential buildings in Switzerland does not yet exist. However, a cooling
demand is calculated in case studies that consider a different climate. The the minimal criteria
for office buildings has been applied, which requests a temperature of ≤26°C during the hot
season.
Some geometrical and thermal difference exist between the first and second floor. However, this
will not be further differentiated in the assessments for example with different radiant floor area
or different mass flow etc. Information regarding the mathematical model used to calculate the
heating and cooling demand is provided in Volume 5 Multizone Building (Type 56 – TRNBuild)
and in general in Volume 4, Mathematical References, page 247 [112].

Figure 85. Model to determine the theoretical annual heating and cooling demand

The pre-assessment allows already certain assessments that do not require very accurate
information about the exact heat flows or dynamic simulation to determine the exact thermal
behavior of the ground etc.
However, certain case studies require a more complex assessment, which is shown in Figure 86.
The building models SFH100, SFH45 and SFH15 of the pre-assessment are imported to a TRNSYS
model that allows a dynamic simulation with a ground source heat pump (GSHP), which is
simulated with Type 668 and a ground source heat exchanger (GSHX), which is simulated with
type 557a. The Carnot efficiency of the heat pump is the same as shown in Figure 89, which will
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be discussed in detail the next chapter. The ground source heat exchangers are dimensioned
according to the results of a pre-assessment with the software EWS that determines the minimal
depth according to the standard SIA 384/6 3.1.2 for boreholes in Switzerland, which requests
that the minimal mean borehole fluid to be -1.5°C after 50 years.

Figure 86. Model to determine the case studies that require a dynamic assessment

The hydraulic loops allow for heating and cooling processes. Green indicates the loop inside the
building between the heat pump and the radiant floor heating. The loop marked in red indicates
the exterior loop between the heat pump and the GSHX. The blue loop is optional and is used in
the models to allow for free cooling modes. The controls for the floor board heating (FBH), limit
the surface temperature and the room temperature according to the standards of the SIA, as
noted above. Furthermore, a hysteresis control allows for some deviation to reduce permanent
on/off modes of the heat pump. Thus, the room temperature can drop for short periods slightly
below 20°C during the coldest days of the year. The controls determine the setting of the valves
and the on/off mode of the pumps, including the heat pump. The results regarding the annual
heating demand of this model have been verified with the theoretical results from the model
of the pre-assessment. Certain differences exist, since the model of the pre-assessment is an
abstract version of a heating system. The heating system of this model is closer to a real heating
system with delays in providing the heat demand.
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heat [kW]

Figure 87 illustrates the operation of the heat pump during the month February of case
SFH100GSHP_03. While the daily heating demand is met, the maximal power of the heat pump is
a little lower than the requested peak heat demand. This does not significantly affect the room
temperature, as shown in Figure 88. The heat pump is allowed to operate continuously for a
maximum of 22 hours daily during the peak heating demand in February.
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Figure 87. Heat demand and supply during February of SFH100GSHP_03

temperature [°C]

Figure 88 shows the relevant temperatures of the SFH100GSHP_03 during the month February.
The orange and green graph prove that the comfort of the air room temperature is met, as it
fluctuates between 19.5°C and 22.0°C. The maximal surface temperature of the floor heating
system is set to 30°C, which allows the load temperature of the heat pump to rise to 34°C
temporarily. The surface temperature of the exterior façade towards the interior space stays
above 17.2°C, as shown with the blue graph, which ensures a balanced radiant heat exchange of
the interior vertical surfaces.
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Figure 88. Relevant temperature profiles during February of SFH100GSHP_03
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7.5.2 Determining the power demand in long-term simulation
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The two important indicators of a heat pump process are the COPideal and the Carnot efficiency
ς . The long-term simulations of the case studies with the software EWS require this information
in form of the COPreal. Wyssen et al. present a high COPreal of a test facility of a chiller with
small temperature lift, which has been designed by Wellig [129][130]. The COPreal and the
Carnot efficiency have been imported in the model. The Carnot efficiency of approximately 55%
for temperature lifts above 25K is above currently available products. However, this machine
represents the efficiency commercially available heat pumps will presumably achieve in the near
future. Figure 89 presents the results from the test facility and the simplified functions that have
been used as input parameter in the software EWS.

47.5

σ, simplified

Figure 89. Results from a test facility and the simplified functions of the COP and ς, by Wyssen et al.

It is assumed that the supply for the space heating can be reduced to an average to TH=30°C in all
studied cases. This is based on the following pre-assessment of the worst case in SFH100GSHP_01.
Assuming this supply temperature results in an 26°C average surface temperature of the floor,
the heat flux can be estimated at 64W/m2, based on the DIN EN 1264 Part 2-3. This indicates
that equipping 85% of the ERA with radiant floor heating can provide the peek heat demand of
7.6kW in the worst case This rough estimation can be refined with a calculation of the standardperformance curve of actual products. However, it is sufficient to allow to assume heating with
TH=30°C is possible.
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SPFHP [-]

The heating and cooling demand of the interior space is combined with the heating demand of
the hot water generation, as described in chapter 7.2.6. With this information, the SPFHP for the
1st year and the 50th year is calculated with the simulation software EWS. Although the SPFHP in
between these two time points does not exactly change linearly, a linear progress is used in the
calculation to reduce the complexity. The resulting inaccuracy is minimal as shown in Figure 74
for case SFH100GSHP_01.
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Figure 90. Figure 74 Simplification of the COPmean

The SPFHP includes the additional power demand to operate the auxiliary pumps. The power
demand of the auxiliary pumps is in most models dominated by the power required to circulate
the borehole fluid. The pressure drop of each borehole design is given by the software EWS.
Based on this, the auxiliary pumps are determined with the software EMB pump select V3
[131]. The full load hours are given by the load profile computed in TRNSYS. This allows the
approximate calculation of the power demand of this pump, which is sufficient for most cases.
Based on the total electricity demand, the GWPe,a and the Ce,a can be calculated. The following
presents the detailed result from the case studies.
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Supplement to the case studies

Table 38 lists the results of the case studies presented in chapter 4.4.1. Table 39 lists the results of
the case studies presented in chapter 4.4.2. The results are always related to one building
Table 38. Detailed results of the assessed case studies SFH100GSHP_01 to SFH100GSHP_03
Results per building
Auxiliary pump power demand [kWh]
Heat pump power demand
[kWh]
Cin

1st

year

50th year

(Installation cost, annualized) [CHF/a]

Cop (operational cost) [CHF/a]

SFH100GSHP_02

SFH100GSHP_03

(2x80m)

(1x150m)

(½x350m)

135

155

162

3'605

3'495

2'902

3'869

3'715

3'158

2'401

2'386

2'689

1st year

1'301

1'272

1'041

50th year

1'384

1'341

1'146

3743

3692

3816

605

591

495

Ce,a (eq. annual cost) [CHF/a]
GWPop (eq. annual operational)
[kg CO2 eq/a]

SFH100GSHP_01

1st

year
year

644

623

533

GWPin (eq. annual embedded) [kg CO2 eq/a]

3'076

2'884

4'903

762

740

688

50th

GWPe,a [kg CO2 eq/a]

Table 39. Detailed results of the assessed case studies SFH100GSHP_04 to SFH100GSHP_06
Results per building
Auxiliary pump power demand [kWh]
Heat pump power demand [kWh]
Cin

(eq. annual operational)
[kg CO2 eq/a]
GWPin

(2x80m)

(1x150m)

(½x350m)

206

238

169

3'479

2'888

50th year

3'178

3'617

3'050

2'508

2'489

2'776

1'321

1'087

1'290

1'390

1'186

1'334

3'863

3'801

3'886

616

600

494

651

622

520

137

133

150

771

744

657

1st year
50th

year

1st year
50th

year

(eq. annual embedded) [kg CO2 eq/a]

GWPe,a [kg CO2 eq/a]

SFH100GSHP_06

2'865

Ce,a (eq. annual cost) [CHF/a]
GWPop

SFH100GSHP_05

1st year

(Installation cost, annualized) [CHF/a]

Cop (operational cost) [CHF/a]

SFH100GSHP_04
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Figure 40 lists the results of the case studies presented in chapter 4.4.3. Table 41 lists the results
of the case studies presented in chapter 4.4.4. The results are always related to one building
Table 40. Detailed results of the assessed case studies SFH100GSHP_07 to SFH100GSHP_09
Results per building
Auxiliary pump power demand [kWh]
Heat pump power demand [kWh]
Cin

1st

year

50th year

PV (Instal. cost, annualized) [CHF/a]

Cin GSHP (Instal. cost, annualized) [CHF/a]
Cop (operational cost) [CHF/a]

SFH100GSHP_07

SFH100GSHP_08

SFH100GSHP_09

(2x80m,22PV/T)

(1x150m,22PV/T)

(½x350m,22PV/T)

240

277

197

3'571

3'365

2'794

3'586

3'382

2'812

842

842

842

2'508

2'489

2'776

1st year

138

90

-87

50th year

143

95

-82

3'490

3'424

3'534

GWPin (eq. annual embedded) [kg CO2 eq/a]

Ce,a (eq. annual cost) [CHF/a]

399

395

412

year

31

3

-102

GWPop (eq. annual operational)
[kg CO2 eq/a]

1st

33

6

-99

GWPe,a with mitigation [kg CO2 eq/a]

431

399

312

GWPe,a without mitigation [kg CO2 eq/a]

399

395

412

50th

year

Table 41. Detailed results of the assessed case studies SFH100GSHP_10 to SFH100GSHP_12
Results per building
Auxiliary pump power demand [kWh]
Heat pump power demand [kWh]

1st

year

50th year

Cin PV (Instal. cost, annualized) [CHF/a]
Cin

GSHP (Instal. cost, annualized) [CHF/a]

Cop (operational cost) [CHF/a]

1st year
50th

year

Ce,a (eq. annual cost) [CHF/a]
GWPin (eq. annual embedded) [kg CO2 eq/a]
GWPop

(eq. annual operational)
[kg CO2 eq/a]

SFH100GSHP_10

SFH100GSHP_11

SFH100GSHP_12

(2x80m,35PV/T)

(1x150m,35PV/T)

(½x350m,35PV)

240

277

197

3'513

3'303

2'764

3'465

3'241

2'746

1'339

1'339

1'339

2'508

2'489

2'776

-363

-369

-547

-365

-419

-551

3'608

3'559

3'692

553

549

566

1st year

-324

-353

-452

50th year

-332

-363

-455

GWPe,a with mitigation [kg CO2 eq/a]

225

192

113

GWPe,a without mitigation [kg CO2 eq/a]

553

549

566
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Table 42 lists the results of the case studies presented in chapter 4.4.5. The results are always
related to one building
Table 42. Detailed results of the assessed case studies SFH100GSHP_13 to SFH100GSHP_15
Results per building
Auxiliary pump power demand [kWh]
Heat pump power demand [kWh]

1st

year

50th year

Cin PV (Instal. cost, annualized) [CHF/a]
Cin GSHP (Instal. cost, annualized) [CHF/a]
Cop (operational cost) [CHF/a]

GWPe,a without mitigation [kg CO2 eq/a]

SFH100GSHP_15

(36x450m,35PV)

(36x290m,35PV)

(25x290m,35PV)

243

197

169

2'461

2'651

3'003

2'070

2'274

2'438

1'339

1'339

1'339

27'599

19'166

11'566

-608

-573

-497

50th year

-699

-661

-628

3'928

3'637

3'396

590

553

560

-494

-470

-417

-558

-532

-509

63

52

96

590

553

560

GWPin (eq. annual embedded) [kg CO2 eq/a]

GWPe,a with mitigation [kg CO2 eq/a]

SFH100GSHP_14

1st year

Ce,a (eq. annual cost) [CHF/a]
GWPop (eq. annual operational)
[kg CO2 eq/a]

SFH100GSHP_13

1st

year

50th

year
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7.6.1 Supplements to the case study of chapter 5.5.1

6.0
min. EPS
3.7

4.5

min. CWB
3.1

3.0

Ce,a / ERA [CHF / m2]

GWPe,a / ERA [kg CO2 / m2]

Figure 91 supplements Figure 74. The illustration on the left shows the determinants that
generate the overall GWPe,a , while the figure on the right shows the affect on the Ce,a.The light
green graph representing the purchased electricity. The light orange graph summarizes the affect
that the installation of the heating system has on the assessment, which consists of the ground
source heat exchanger (GSHX), the heat pump (HP), the radiant floor heating (RFH) and the
dismantling of the existing radiators and the condensing boiler. The borehole is sized to the
minimum required length based on the standard SIA for boreholes. The light and dark blue
graphs represent how the material EPS and CWB affect the assessment. The dark red and dark
orange graph illustrate the total of the two considered cases with EPS or CWB.

Legend:

24

min. CWB

min. EPS

17.3

17.3

16
8

1.5
0

32

0

8

16

total with EPS

24

32
40
48
insulation thickness, d [cm]

total with CWB

Material EPS

0

0

4
Material CWB

8

12

16
20
24
insulation thickness, d [cm]

GSHX+HP+RFH

el. Swiss mix

Figure 91. Minimal GWPe,a and Ce,a with different insulation materials and a GSHP

Although the installation of the active components, which are driven by the cost of the borehole,
is a considerable financial investment, the light green graph shows that the long lifespan of 50
years of the borehole causes relatively low annual cost. Even less significant is the impact on the
total GWPe,a. The cost for the active components rises considerably with insulations less than
5cm thicknesses. This is due to the considerably increasing heating demand and the required
deeper borehole. The minimal Ce,a is in a range of 9-16cm insulation thickness. However, the
low gradient of the overall cost graph allows deviating from the optimal combination without
considerably changing the overall Ce,a , which is also illustrated with the deviations of the graphs
that are shown as transparent area.
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7.6.2 Supplements to the case study of chapter 5.5.2

6.0
4.5

Ce,a / ERA [CHF / m2]

GWPe,a / ERA [kg CO2 / m2]

Figure 92 supplements Figure 75. The figure on the left illustrates the affect that different
electricity products have on the GWPe,a , while the figure on the right reflects this in terms of
Ce,a. The considered electricity products are the standard power, the «natural power» from EWZ
and the «eco power» from EWZ. The case study assumes that the envelope is insulated with EPS.
The electricity product considerably influence the results of the GWPe,a. Purchasing electricity
from a different power supplier can further reduce the GWPe,a. In combination with «eco power»
the thermal insulation of ~6cm provides the lowest GWPe,a . Since the purchased power comes
with considerable low EF, insulating the building with 1cm of insulation results in approximately the same overall GWPe,a that 20cm would cause Although low insulation thicknesses
cause the annual heating demand to rise, the increasing performance of the heating system due
to deeper boreholes compensates some of the additional electricity demand. The GWPe,a from
the GSHX and the heat pump becomes more relevant in this study, compared to the previous
discussed cases.

3.7
2.9

3.0

2.0

Legend:

18.0

18

17.3

17.5

12
6

1.5
0

24

0

4

8

tot. mix power

12

0

16
20
24
insulation thickness, d [cm]

tot. sol. power

tot. eco power

EPS

0

4
GSHX etc

8
sol. power

12

16
20
24
insulation thickness, d [cm]
nat. power

Figure 92. Minimal GWPe,a and Ce,a with EPS insulation and electricity products

eco power
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7.6.3 Case study: Optimizing the refurbishment with condensing boilers
When optimizing the refurbishment of a building that is heated with a oil fired condensing boiler
(CB), the only variables are the insulation thickness and the insulation material. The following
serves as comparison to the previous optimizations.
The model is based on the SFH100 and described in chapter 1.3.1. It is assumed that the heating
system with a condensing boiler already exists. Consequently, the GWPe,a is the sum of the
GWPop from the condensing boiler, which is shown on the left of Figure 93 as light orange plot
and the GWPem from the insulation materials, which are shown as dark and light blue line
for EPS and CWB respectively. Similar to this assessment, the Ce,a is the sum of the Cop from
operating the condensing boiler and the Cin for installing the insulation material, which are
shown as dark and light blue line for EPS and CWB respectively.
The minima GWPe,a is achieved with 77cm EPS insulation or with 200cm CWB insulation. It
goes without saying that applying 200cm or even 77cm insulation material on an existing block
wall are theoretical thicknesses, which are inacceptable for a refurbishment projects.

Minimal GWPe,a

6.0
4.5

with EPS
13.5

with CWB
9.3

3.0

Minimal Ce,a

32
24

with EPS
19.1
18.5
with CWB

16
8

1.5
0

Ce,a / ERA [CHF / m2]

GWPe,a / ERA [kg CO2 / m2]

Due to high labor costs, the materials cost are of less concern in the cost assessment. Although
the CWB wall construction has specific higher prices compared to the cost of EPS insulation,
the longer lifespan of CWB balance this disadvantage. The minima Ce,a more closer together
than those of the GWPe,a assessment. They are in a range of 25-30cm. However, the model is
optimized based on average installation costs. The material and labor cost of the considered
wall construction can differ, which is indicated with the transparent area of the divinations. This
affects the results of optimal insulation thickness considerably.

0
Legend:

50

100

150
200
insulation thickness, d [cm]

total with EPS

total with CWB

0

0

Material EPS

6

12
Material CWB

18

24
30
36
insulation thickness, d [cm]
Heating oil

Figure 93. Minimal GWPe,a and Ce,a with different insulation materials with a CB
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Calculation methods applied in chapter 4.1.2 and 4.1.3

Equivalent annual GWPem from the heat pump
The annual heating demand and the peak heat demand determine the power demand of the
building and consequently the GWPop, as shown in equation (2.14). According to equation (4.4),
(4.5), (4.6) and (4.12) the heat transfer coefficient HD is driven by the area and the thermal
resistance of the components, x. Assuming all determinants are constant, with exception to the
thickness of the thermal resistance, x, it follows

(

)

−1
−1
H D = ∑ j Asol , j × Rsol
, j + ∑ k Aopa , k × λ × x









HD ∝ x

(7.3)

const .

const .

−1

→ QH ∝ x

−1

14

175

12

140

10

SFH100

105

8
6

35

4

0

.

70

qH /ERA [kW/a]

210

0

4

8
Legend:

2
12
16
20
24
insulation thickness [cm]
QH

qH

.

QH /ERA [kWh/m2·a]

Based on a dynamic simulation with TRNSYS, Figure 94 illustrates the hyperbolic function of
QH(x), with the variable thickness of the insulation that is added on the model SFH100. The
course of the function depends on the various boundary conditions, which create a specific
profile, as shown in equation (7.4), that cannot be assigned to other buildings directly, like the
SFH45 or SFH15.

Figure 94. Annual heating demand QH and the peak heat demand q̇H

QH ≈ 190.18 ⋅ x −0.443 kWh / ( m 2 ⋅ a ⋅ cm )
q H _ peak ( x ) ≈ 11.45 ⋅ x −0.29 kW / (a ⋅ cm )

(7.4)
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GWPe,a from the operation with the heat pump

SPFHP

Beside the main electricity demand caused by operation of the heat pump, the auxiliary pumps
create some additional demand. The closest auxiliary demand profile in terms of full load hours
is that of SFH100GSHP03 in chapter 4.4.1, which has been adopted for this model with a parameter
considering the lower pressure loss of the shorter boreholes. In general, the power demand of
the heat pump changes in accordance with the quality of the heat source, which is expressed by
the SPFHP. Figure 95 illustrates the results of simulations with the software EWS V4.7 [126]. The
SPFHP decreases during the simulation of 50 years. The red graph represents the average SPFHP
during the 50 years of operation. Equation (7.5) presents the according function of this plot.
6.0
5.5
5.0
4.5
4.0

0

5

Legend:

SPF 1st year

10

15
SPF 50th year

20
25
insulation thickness [cm]
finally considered function

Figure 95. SPFHP according to the insulation thickness

SPFHP ( x ) = 6.41 × x −0.054 − 1 cm −1

(7.5)

In combination with equation (2.5) the power demand of the heat pump is calculated by
Pel , HP ( x ) = SPFHP ( x )−1 × QH ( x )
Pel , HP ( x ) = 6.41 × x −0.05 × 190.2 × x −0.4 = 1291.3 × x −0.395

(7.6)
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Equivalent annual GWPem from the ground source heat exchanger
Heck et al. provide information regarding the GWPem of a 10kW brine-water heat pump with
R134a as refrigerant based on a lifespan of 20 years [196]. The total GWPe of the assessed heat
pump is 1686.5kg CO2. In combination of the equation (7.4) it follows
GWPeem, a, HP ( x ) = q H ⋅ 7.9 kgCO2 / ( kW ⋅ cm )
GWPeem, a, HP ( x ) = 90.8 ⋅ x −0.29 kgCO2 / (a ⋅ cm )

(7.7)

Changing the insulation thickness, x, affects the peak heat demand, which determines the power
of the heat pump. The opposite is also true: changing to the power of the heat pump potentially
affects the required thickness of the insulation. When heating with a ground source heat pump,
GSHP, the peek power demand q̇H not only determines the minimum size of the heat pump,
but also the power demand from the borehole and consequently the minimum required depth
of the ground source heat exchanger, GSHX. Heck et al. also provide information regarding the
GWPem of 150m deep vertical borehole based on a lifespan of 20 years [196]. The total GWPe of
the assessed borehole is 2884 kg CO2. In a pre-assessment, the equivalent annual GWPem of a
GSHX in combination with a vertical borehole in relation to the thickness of the insulation can
be determined by

(

)

, GSHX
GWPeem
( x ) = q H _ peak ( x ) × 1 − COPHP−1, real , x / 50W / m × 384 gCO2 / ( kW ⋅ a ⋅ cm )
,a

(

)

, GSHX
GWPeem
( x ) = 87.9 × x −0.29 × 1 − COPHP−1, real , x gCO2 / (a ⋅ cm )
,a

(7.8)

where COPHP denotes the coefficient of performance of the heat pump. In this simplification, it
is assumed that the GSHX provides a heat flow of 50W per running meter. However, according
to the standard SIA 384/6 3.1.2 for boreholes in Switzerland, the required depth of boreholes
should not be determined by a linear assumption of 50W per running meter, but is rather
determined by the prerequisite that the minimal mean borehole fluid has to be -1.5°C after 50
years. Simulating the power demand profile of equation (4.3) in the software EWS V4.7 [126],
the resulting borehole length, is almost congruent to the results of the simplified assumption of
the equation (7.8) for insulation thicknesses above 16cm, but the results of the simulation differ
from the simplified assumption when less insulation is applied, as shown in Figure 96. Consequently, the equation regarding the GWPem of the GSHX is derived from the simulation with
, GSHX
GWPeem
( x ) = 280 × x −0.493 × 384 gCO2 / (a ⋅ cm )
,a

(7.9)
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Figure 96. Minimal required borehole depth according to the insulation thickness

The GWPe,a regarding the hydraulic radiant floor heating is according to information from
Primas et al. assuming on a 30 years lifespan [72].
Equivalent annual GWPem from the installation of the passive components
The GWPem, insul function of the insulation material is the sum of the fixed GWPem, insul, fix from
the required reinforcement, mortar and render material plus the variable GWPem, insul, x from the
insulation material, as shown in equation (7.10) with the according specific results regarding the
considered material CW and EPS. The GWPem, insul, fix is only constant within a certain thickness of
the material, as additional reinforcement is required as soon as a limiting thickness of insulation
material causes structural problems (e.g. CWB>36cm).
, insul
, insul ,x
GWPeem
( x ) = GWPe,ema , insul , fix + x ⋅ GWPeem
,a
,a
, CWinsul
GWPeem
( x ) = ( 851 + x ⋅ 13) gCO2 / ( m 2 ⋅ a ⋅ cm )
,a
, EPSinsul
GWPeem
( x ) = ( 577 + x ⋅ 25 ) gCO2 / ( m 2 ⋅ a ⋅ cm )
,a

(7.10)
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Cost
Similar to the equation (7.10) for the GWPem, insul function the Cca,insul function is calculated by
C eca, a, insul ( x ) = Ceca, a, insul , fix + x ⋅ C eca, a, insul ,x
C eca, a, CWinsul ( x ) = ( 851 + x ⋅ 13) gCO2 / ( m 2 ⋅ a ⋅ cm )

(7.11)

C eca, a, EPSinsul ( x ) = ( 577 + x ⋅ 25 ) gCO2 / ( m 2 ⋅ a ⋅ cm )
Generally, chapter 7.4 provides the relevant costs regarding the installation of components. The
methods to calculate the costs are described in chapter 3.2. Stettler found a cost equation regarding
the currently commercially available GSHP shown in equation (7.12)[206]. Further information
is provided chapter 7.4.2. 1.5% maintenance costs have been included, as recommended by
SIA384/6. In combination with equation (7.4) it follows
Ceca, a, HP = 4630.3 × q H −0.5CHF / kW
C

ca , HP
e, a

( x ) = 14108.6 × x

−0.13

 i × ( i + 1)n

×
+ 1.5% CHF / cm
n
 (1 + i ) − 1


(7.12)

The Ce,a for the installation of the ground source heat exchanger is based on the equation (7.2).
Since only insulation thicknesses of x>1cm are considered, only the upper term of equation (38)
is relevant for this model.
C

ca , GSHX
e, a

 i × ( i + 1)n 
(x) = 
n
×
 (1 + i ) − 1 

 3400 + 1967.8 × x −0.9 + 20296.4 × x −0.5 for x > 0.87 


 CHF / cm

−0.9
−0.5
for x ≤ 0.87 
 3400 + 11822.7 × x + 15344.0 × x


(7.13)
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7.8

Rating of net-Zero Emission Architecture in terms of sustainability

Ebert et al. provide a list of aspects that are relevant for the certification system [25]. Table 43 is
a subjective extension of this lists, with a column regarding the net-Zero Emission Architecture.
Table 43. Comparison of Certification Systems with the nZEA assessment of this thesis
Ecological aspects

Economic aspects
Sociocultural aspects
Energy

Health and comfort

Functional aspects
Technical aspects

Design/innovation
Process/management

Site

Environmental loads/pollution
Materials/resources
Waste
Water
Life cycle costs
Value stability
Safety and security
Barrier-free accessibility
Regional and social aspects
CO2 emissions
Energy efficiency
Renewable energy
Energy-efficient building envelope
Building services
Energy monitoring
Sub-metering
Electrical building facilities
Thermal comfort
Indoor air quality
Acoustic comfort
Visual comfort
Occupants’ extent of control
Site efficiency
Suitability for conversions
Fire protection
Durability
Suitability for upkeep and repair
Resistance to weather and environmental impact
Architecture
Building-related artwork
Innovation
Design process
Construction management
Commissioning
Operation
Micro location
Traffic connections
Suitability for cyclists
Neighbourhood
Building regulations
Suitability for extensions
Land consumption
Protection of nature and landscape
Biodiversity

DGNB
■
■
■
■
■
■
■
■

BREEAM
■
■
■
■
■

■
■
■
■
■
■

■
■
■
■

■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■
■

LEED
■
■
■

■
■

■

■
■
■
■
■
■
■
■

nZEA
■
■
■

■
■
■
■
■

■
■

■
■

■
■

■

■
■

■
■
■
■
■
■
■
■
■
■
■
■

■
■
■
■
■
■
■
■
■

■
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