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Abstract  

Climate change - and particularly its long term-implications - has become the greatest challenge that 
scientists and politicians have to face. The building sector worldwide and, more specifically, the 
existing building stock, have been identified as major contributors to both global energy 
consumption and environmental damage. 

This study aims at investigating the most appropriate measures for the refurbishment of the 
Architecture building of TU Delft (BK City) that, currently, lacks sufficient energy conservation 
measures and is characterized by its obsolete fabric and outdated building services systems. 
Moreover, the final proposals take into account the historical value of the building, along with its 
most essential features.  

The first part of the study is a theoretical approach to the problem that starts by defining the 
content of the terms ‘sustainability’, ‘refurbishment’ and ‘historic buildings’. Next, a framework of 
the ‘sustainable refurbishment of historic buildings’ in terms of legal, ethical and procedural aspects, 
is outlined, as well as the range of possible refurbishment measures that can be applied within this 
framework. After having analyzed the extent and severity of the problem with specific reference to 
Europe, this section ends by highlighting the potential of refurbishment and by providing a brief 
summary of the current status of well-known refurbishment policies in four European countries. 

The second part of the study is an investigation of the case-study building. Necessary information 
concerning the context of BK City is presented, ranging from climatic and geographical data, to 
specific information on the building, its history and its performance in terms of building physics. 
Here, the distinguishing features of the building are identified, as well as the permissible 
interventions. With regards to building physics, it is pointed out that the weaknesses of the building 
are, mainly, the out-dated exterior envelope and mechanical equipment, which result in a poor 
indoor climate, despite the excessively high energy consumption. The information in this section is 
essential for the development of the refurbishment strategies. 

Before elaborating on the refurbishment alternatives, an investigation is carried out to cluster all 
possible measures in 8 categories and cite relevant showcases and good practice examples of 
previously refurbished buildings. The most appropriate of these measures form the three proposed 
refurbishment Strategies of this Thesis, that range from basic interventions, such as cavity wall 
insulation, to more sophisticated solutions, as is the use of fuel cells. Advantages and disadvantages, 
application guidelines and market availability for each measure are provided. 

The objective of the last section is to evaluate the impact of a selection of the aforementioned 
measures. For this purpose, a model is provided that allows the static calculation of the heating and 
cooling demands that will keep the indoor climate of the building at comfort levels. The results of 
these calculations are further analyzed and discussed. The conclusions suggest that the existing 
building is wasteful in its use of energy resources and, thus, huge possibilities lie in its refurbishment, 
even if only moderate measures are applied. 
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1 Introduction  

Climate change has become the greatest challenge that scientists and politicians have to face and, in 
particular, its long term-implications. Countries all around the world are striving to reduce 
greenhouse emissions in whatever way possible. In this context the Kyoto Protocol that was adopted 
in Kyoto, Japan, on 11 December 1997, ‘sets binding targets for 37 industrialized countries and the 
European community for reducing greenhouse gas emissions. These amount to an average of five 
per cent against 1990 levels over the five-year period 2008-2012’ (1). 

Humanity is called upon to take immediate actions against a threat whose consequences are still not 
fully apparent. This threat is growing around two main points (‘twin threat’). On the one hand, the 
inadequacy of energy supplies, along with the increasing difficulty of accessing them and, on the 
other hand, the environmental damage caused by the relentless exploitation of existing energy 
resources.  

Statistics and figures demonstrate the significant contribution of the building sector to global energy 
consumption – the first component of the ‘twin threat’. According to the U.S. Energy Information 
Administration (EIA), the residential sector accounted for about 15% of world energy consumption in 
2006. The ratio increases in developed countries where building energy consumption is estimated at 
20-40% of the total final energy consumption. In the EU, the final energy consumption for 2009 in 
the Household, Services and Agriculture sector totalled 483,9Mtoe (corresponding to a 41,1% share 
of the total EU-27 final energy use), the largest consumers being Germany, France and the UK (the 
Netherlands rank 8th in this category) (2), (3), (4).  

As far as the environmental damage is concerned (the second component of the ‘twin threat’), the 
building sector (residential and services) worldwide is expected to contribute to the global CO2 
emissions during 2010 by 3.573Mt, i.e. 12% of the total amount. According to the predictions1, this 
amount will increase to 4.298Mt by the year 2030. In the EU, according to figures provided by 
Eurostat, in 2006 the building sector was accountable for more than 13% of the total CO2 emissions. 
The impact of the building sector becomes even more evident when taking into account that the 
construction and operation of buildings worldwide is responsible for 25% of all virgin wood use and 
16% of total water withdrawals, apart from waste generation, the rural land occupation and many 
more harmful environmental impacts (4), (5), (6). 

The magnitude of the existing building stock and the very low replacement rate of existing buildings, 
along with the strong correlation between the age of a building and its energy performance (and, 
consequently, its environmental impact) have led researchers to agree that energy-driven 
refurbishment has enormous potential and is the most appropriate way to achieve a sustainable 
building stock and, thus, contribute to the battle against climate change (7), (8), (9), (10), (11), (12).  

This feeling, i.e. that the existing building stock will be the main challenge for the building sector in 
the coming decades, led me to choose a Thesis topic in this field. Exploring the balance between the 
urge to refurbish and the need to preserve historic buildings was a further challenge. The current 
project of the refurbishment of the TU Delft Architecture building on Julianalaan (BK-City2 slim) 
seemed to perfectly fit the purpose. In this context I was more than pleased to accept the proposal 
that my tutors made to adopt as a Thesis topic the ‘SUSTAINABLE REFURBISHMENT OF BK-CITY’.   

The analysis of the problem and the development of the solutions are carried out in two main parts, 
as seen in the following diagram. Part I is a more general research on the refurbishment of existing 
buildings, while Part II focuses on the case-study building. 

                                                           
1
 These predictions take into account the government policies and measures that were enacted by mid-2006 

2
 ‘The name Bouwkunde City refers to both the collection of complex, multifunctional public-private spaces and 

the diverse population of students, professors, researchers, staff and many, many visitors’ (203). 
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Chapter 2 briefly describes briefly the Thesis topic itself (§2.1), determining the main objective (§2.2) 
and the partial goals (§2.3) while setting the overall framework of the research (§2.4). 

Chapter 3 is a theoretical approach to the problem, as it provides a further explanation of the Thesis 
topic. It defines the themes of sustainability (§3.1), refurbishment (§3.2), historic buildings (§3.3), 
and how these are linked (§3.4). 

Chapter 4 focuses on European countries and presents some figures on the problem under 
consideration, analyzing its extent and severity (§4.1 and 4.2), briefly describing the proposed 
solution (§4.3) and the status quo in four leading European countries (§4.4). 

Chapter 5 is an investigation of the case study building. The required information is derived from 
literature research, historical archives, prior projects on the building, data from weather stations, 
interviews with conservation architects and municipality representatives, field investigations and on 
site measurements. In this part, information is provided about the general context (§5.1) but also 
the building itself (§5.2). Following, it is explained why BK City is considered historically important 
and to what extent this applies (§5.3) and, finally, I clarify what the needs of the building are (in 
terms of energy consumption and building physics) and how these needs are fulfilled at the moment 
(§5.4).  

Chapter 6 deals with the refurbishment alternatives. After having gathered together all the possible 
and suitable measures (§6.1), a selection of these is integrated in refurbishment strategies specified 
for BK City (§6.2). Three strategies are elaborated ranging from basic interventions to more 
sophisticated solutions, each one of which contains implementation guidelines.     

Chapter 7 explores the impact of the refurbishment actions on BK City on a practical level. A simple 
modeling procedure is followed (§7.1, 7.2, 7.3) to provide indications on the effectiveness of the 
measures in terms of energy usage (§7.4).  

Finally, in Chapter 8, the main points of the research are highlighted (§8.1), suggestions are made for 
future research (§8.2) and a more personal remark is made (§8.3). 
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2 Research framework 

2.1 Statement of the problem 

The building sector worldwide and, more specifically, the existing building stock make a major 
impact on both the destruction of the natural environment but also the depletion of energy 
resources. In this context, the refurbishment of old buildings offers great opportunities.  

The historic building that houses the Faculty of Architecture of TU Delft, though prominent for its 
historical value, lacks sufficient energy conservation measures. Its obsolete fabric, along with the 
outdated building services systems, where these exist, result in substantial thermal losses and poor 
indoor climate conditions. Alternatives should be investigated in order to minimize energy demands 
and energy consumption but also to make maximum use of renewable energy resources. These 
alternatives should compromise between the dual challenge of a sustainable building and the need 
to protect its monumental character.   

2.2 Main research objective and research question 

It follows from the above that the main objective of this research is to propose a package of 
refurbishment measures applicable to the Architecture building of TU Delft on Julianalaan (BK city). 
These measures should comply with the restrictions created by the fact that the building is a listed 
monument, and at the same time, fulfill the sustainability-related targets set by the research itself. 

This leads us to the main research question: 

‘What are the most appropriate solutions available for converting the existing building on 
Julianalaan into a low energy building, without altering its character?’.    

2.3 Sub-questions 

There is a set of sub-questions that need to be answered in order to attain the main objective of this 
Thesis. These ‘partial Thesis topics’ are presented in the next table, along with indications of the 
answers sought: 

Sub-question Information required 

What is the exact meaning of sustainable 
refurbishment of a historic building and how 
does that relate to BK City? 

Explicit definitions of the terms used in the Thesis title 

What is the framework in which historical 
buildings can be improved energy wise?  

Review of literature and prior research on historical 
buildings, their refurbishment and the related  hindrances 

What is the general context of the case study 
building? 

Location, topography, weather & climatic data, current 
ownership and use 

What are the building’s essential features? Layout, materials, structural issues 

What is it that makes this building historically 
significant and how does this restrict the 
refurbishment possibilities? 

Historical background, architectural style, monumental 
significance, other special building interest, national 
legislation, listing act 

What is the current state of the building? Building fabric, installations and building services, climate 
provisions, energy profile 

What are the main identified weaknesses? Building physics, indoor climate and comfort issues, 
thermal losses, functional issues  

What is the range of the refurbishment 
measures? 

Clustering of applicable measures in packages 

How can these be applied in BK City? Development of scenarios, implementation guidelines 

What energy retrofitting scenario fulfills best 
the set targets? 

Setting up of a model, assessment of measures, energy 
consumption figures 

Table 1 Set of sub-questions 
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2.4 Starting points, deliverables and boundary conditions  

The wide range of issues set out above, along with the complex nature of the research topic, dictates 
the necessity of imposing boundary conditions and defining an overall research framework. 

The initial concerns of this project are a) inefficient energy performance and b) the resulting 
environmental impact of BK city. Along with these concerns, however, follows c) the challenge of 
converting the said building into a landmark of sustainability. In this quest, the first step has already 
been made, i.e. putting into use an existing building; this, however, is not enough.  

The focus of the research is on the intervention possibilities, rather than the historic value of BK city, 
which is taken into account mainly as a restriction parameter. Thus, one should not expect an 
exhaustive argumentation on the significance or otherwise of the building in terms of architecture 
and aesthetics. 

The aim is to elaborate and assess a number of retrofitting measures, after having defined the 
governing criteria. The final deliverable of the project will be distinct and self-contained 
refurbishment Strategies that include both realistic and ambitious variants. At the end of the project, 
a simple model will be presented that provides energy consumption figures, related to the 
Strategies. 

It should be pointed out that the refurbishment proposals are specific to the case-study building, but 
may also act as an inspiration for other refurbishment projects of historic buildings.  

The limited amount of time for carrying out this Thesis, together with the large number of 
intervention actions resulted in certain constraints/boundary conditions: 

 Financial issues are not treated, though they are taken into account. 

 Time restrictions haven’t been imposed. In this sense back-casting is the process that has 
been followed: the desirable result is set out and subsequently the policies to achieve it are 
determined. 

 Guidelines on function and space extension issues are approached as a ‘by-product’ of the 
analysis. 

 While applicability is a major concern, the design of the measures is limited to what is 
considered essential. 

 The energy consumption figures are treated as decision-making tools rather than precise 
calculations. 

Apart from the above, it is obvious that not all existing measures can be examined in great detail. A 
selection has been made, leaving the excluded possibilities for future investigation. In this respect, 
the focus is on technical measures such as energy generation and storage systems (ground, water 
etc.), heating distribution, ventilation alternatives etc. Additionally, cutting-edge technology and any 
innovative measures appropriate for such a building are investigated. An equal treatment of 
traditional measures (e.g. insulation, glazing replacement) has been included, although their 
efficiency is established and well known. Besides, it is expected that in a few years time the trend in 
refurbishment policies will be the implementation of newer technology that, at the moment, might 
not be affordable financially. 

Finally, it is important to define the evaluation criteria of the proposed measures. The general 
objectives mentioned previously should be narrowed down to specific requirements: 

 Energy savings  

 Maximum use of sustainable or environment-friendly energy resources 

 Minimization of the environmental impact  

 Reduction of operational costs  

 Reduction in thermal losses 
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 Improved indoor comfort conditions 

 Extension of building service-life beyond original life span 

 Creating a paradigm in sustainable refurbishment 

Considering all the above, the ultimate target of the interventions will be set at the highest standard: 
in this case, exploring the preconditions for converting BK city into a highly efficient building; the 
course of this project will show whether this target is realistic.  
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3 Definitions 

This section explores the concepts of ‘sustainability’ and ‘refurbishment’. Furthermore, background 
information is sought on ‘historic buildings’, along with the possibilities of and obstacles in the way 
of the renovating process. 

3.1 Sustainability 

‘Sustainability’ is a vague term with wide usage and numerous interpretations, which till now has no 
widely accepted measurement tool. The main idea behind it is ‘to maintain the longevity of the 
global ecosystem safeguarding humanity’s further development or even survival’ (13). 

In tracing the origins of this idea one comes across the work of Dr. John Augustus Voelcker (1854–
1937), a chemical agricultural scientist who was one of the first to spot that natural systems have 
limits. When appointed by the British government in India, with the task of proposing ways to 
improve indigenous agriculture, his report took his superiors by surprise: ‘I do not share the opinions 
which have been expressed as to Indian agriculture being as a whole primitive and backward, but I 
believe that in many parts there is little or nothing that can be improved. . . . I make bold to say that 
it is a much easier task to propose improvements in English agriculture than to make really valuable 
suggestions for that of India’ (14).  

It took several years for the concept of sustainability to come into use again. In the ‘70s, it was 
mainly used to refer to products that withstand the test of time (15). However, the collapse of 
numerous natural systems, ozone layer depletion, global warming, the deterioration of natural 
resources and many other factors resulted in the formation of the World Commission on 
Environment and Development (WCED) in 1983. The term ‘sustainable development’ was then 
defined by the commission as ‘development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs’ (16). It seems that what 
seems sustainable to an engineer may not be sustainable for an expert in economics and vice versa. 

Sobotka et al. see the content of sustainable development in the following terms (17): 

 Aiming at economical and rational use of the environment 

 Using up renewable resources 

 Minimising environmental destruction and risk in relation to human health 

 Attaining economic development by securing the growth of economic standards now and for 
future generations 

When it comes to sustainable buildings researchers agree that each building should be considered as 
an object-product, with attention paid to its whole life cycle, i.e. from the selection of the raw 
materials till the phase of demolition (17), (18), (19). In this context the Environmental Preference 
Method, developed in The Netherlands by Woon/Energie3 in 1991, sets the main criteria for the 
sustainable building assessment (19): 

 Shortage of raw materials 

 Ecological damage caused by extraction of raw materials 

 Energy consumption at all stages (including transport) 

 Water consumption 

 Noise and odour pollution 

 Harmful emissions 

 Global warming and acid rain 

 Health aspects 

 Risk of disasters 

                                                           
3
 http://www.woonenergie.nl/ 
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 Repairability 

 Reusability 

 Waste 

The Cradle-to-Cradle (C2C) – as opposed to Cradle-to-Grave – theory took a step further. Its 
implementation in the building sector suggests a more holistic approach with the creation of entirely 
autonomous systems and closed cycles (except for the continuous flow of sustainable energy 
resources). Among others, common characteristics of C2C buildings will be the: 

 Emphasis on the design that takes into account the elements of nature (orientation, 
topography etc.) 

 Flexible layout that allows for adaptive reuse 

 Use of natural, locally-available materials that ensure the well-being of the occupants 

 Demountability of the construction 

 On-site use of renewable resources (solar energy, windpower, rainwater harvesting etc.) 

 Treatment and recycling of waste (solid or liquid) 

The last point has been extensively considered. According to the C2C model, the best way to 
minimize waste is to ensure that everything can be broken down into technical or biological nutrition 
that can be reused (20), (21), (22), (23). 

 

3.2 Intervention actions on existing buildings 

A wide range of building intervention measures exist, the variety of which makes it hard to come up 
with universally applicable definitions and classification systems. The traditionally used terms 
sometimes describe something similar while at other times they are used as synonyms. Overlapping 
of meanings also occurs in many cases.  

Reasons for this lack of clarity are the varying degrees of change imposed, compared to the retained 
building fabric, the varying starting points and purpose (aesthetic, technical, functional etc.) for each 
intervention and, finally, the ongoing misuse of terms that does not match the actual measures 
proposed (24).   

This paragraph examines some of these terms and their relevance while it is acknowledged that 
many more exist. 

3.2.1 Conservation 

‘Conservation is the action taken to prevent decay and manage change dynamically. It embraces all 
acts that prolong the life of our cultural and natural heritage’ (25). 

Conservation is thought of, by some, as more generic than refurbishment (26), (25), while for others 
it is often the result of refurbishment (27).  The main reason behind conservation actions is the wish 
to safeguard for future generations the artistic and human messages that a building might possess. 
As these actions usually entail the loss, to some extent, of the original value they should comply with 
a certain conservation philosophy and ethics framework. The main pillars of this philosophy are: 

a) Minimum possible degree of intervention 
b) Reversibility of actions 
c) Future interventions should not be hindered 
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3.2.2 Reconstruction 

‘Reconstruction is the act or process of depicting by means of new construction the form, features 
and detailing of a non-surviving site, landscape, building, structure, or object for the purpose of 
replicating its appearance at a specific period of time and in its historic location’ (28).  

Rebuilding a structure is the most extreme form of intervention and some even consider it as 
‘falsification of history’ (28). Accordingly, reasons that justify such an action are major disasters 
(wars, earthquake, fire etc.) or extreme decay; in all cases, action should be based on accurate 
documentation. 

3.2.3 Rehabilitation 

 ‘Rehabilitation is defined as the act or process of making possible a compatible use for a property 
through repair, alterations, and additions while preserving those portions or features which convey 
its historical, cultural, or architectural values’ (28). 

Rehabilitation might involve modernization along with a change in use (adaptive reuse) but keeping 
the original function should be preferred, if possible. It is considered the ‘best way of preserving 
buildings’ (25). Rehabilitation is sometimes used in the same context as the term refurbishment (29), 
(30). 

3.2.4 Restoration 

‘Restoration is the act or process of accurately depicting the form, features, and character of a 
property as it appeared at a particular period in time by means of removal of features from other 
periods in its history and reconstruction of missing features from the restoration period. The limited 
and sensitive upgrading of mechanical, electrical, and plumbing systems and other code-required 
work to make properties functional is appropriate within a restoration project’ (31). 

Restoration (‘finishing an incomplete structure’ (24)) is thought to be very close to reconstruction, 
the difference lying in the fact that in the latter no original building elements are available. The aim 
of restoration actions is to preserve, reveal, revive and exhibit the value of the building 
(monumental, aesthetic, historic etc).  

A sensitive restoration should respect the original material and take into account all evidence and 
documentation on the original building. Interventions from later periods should be kept as long as 
they are considered as ‘historic documents’ and if not they may be altered or removed. Replacement 
of missing or decayed parts should be made with care in order to be harmonically incorporated in 
the whole but at the same time they should be recognizable as such and must bear a contemporary 
stamp. 

Restoration works might involve the cleaning of the interior/exterior of a building, the replacement 
of decorative elements, repair of outworn materials or the rebuilding of a part of a building (24), 
(25), (26), (32). 

3.2.5 Renovation 

‘Renovation or renewal is described as the work that involves the removal of substantial parts of the 
original fabric and their replacement on an extensive basis’ (26).  

Capturing the meaning of renovation in one phrase is not as easy as it may seem. Literature sources 
offer more clues on what is not considered renovation or what specific measures could be included 
in a renovation project, rather than provide a definition of the term itself. Contradictory descriptions 
are also given. 

While renovation ‘does not add anything new to the existing stock, nor does it replace old with new, 
it maintains the value and function of the existing building through competent upkeep’ (24). 
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Renovation possibilities may entail the simple replacement of fixtures and fittings, the removal, 
restitution and renewal of several elements that are no longer viable or even stripping a building 
from top to bottom. Compared to restoration, renovation does not involve so much structural work.  

Possible reasons for initiating the renovation of a building may be its poor physical condition, 
unsuitable previous use or even its redundancy (e.g. a structurally robust industrial building but with 
spaces that are too large) (33).  

3.2.6 Refurbishment 

‘Refurbishment is the extensive renewal or modification of secondary elements of a building that may 
be required to adapt the structure to a new purpose’ (26). 

Refurbishing has always been regarded as the alternative to demolishing. While in the beginning of 
the 20th century demolition was the dominant practice, the ‘60s marked a turn of the tables with 
refurbishment gaining more and more popularity.  

The term is sometimes wrongfully used as a synonym of conservation. However, while the latter has 
an emotional significance attached to it, refurbishment is triggered by economic reasons. Though 
refurbishment might (rarely) serve a ‘cosmetic preservation’ cause, most of the time it is driven by 
the need to house a new function in an old building. Thus, its scope is much wider than that of 
conservation.  

When compared to maintenance, refurbishment also includes undamaged but obsolete elements or 
surfaces. In other words, maintenance is part of the refurbishment project. However, refurbishment 
does not include major changes to the load-bearing structure or the interior layout, thus it is a step 
before conversion (24), (26), (27). 

The main concerns of refurbishment are (29): 

 Conserving and preserving the heritage 

 Dealing with the physical and functional building elements 

 Introduction of up-to-date building services 

 Dealing with energy use, fire protection, noise control, thermal performance, air quality, 
waste reduction and spatial comfort 

As the range of the above actions is extremely wide, we can distinguish three degrees of 
refurbishment (24): 

1) Partial refurbishment, that concerns only a component or a part of the building (one wing, 
one floor, the facade etc) 

2) ‘Normal’ refurbishment, that concerns the entire building, or a part of it that can be 
considered as separate and independent 

3) Total refurbishment, that includes demolition actions, the replacement of infrastructure and 
the upgrading of all building components 

BREEAM4 defines a ‘major refurbishment project’ as ‘a project that results in the provision, extension 
or alteration of thermal elements and/or building services and fittings’ (34), i.e. their upgrading to a 
better condition. By thermal elements in this case we refer to the walls, roofs and floors. Windows 
and doors are part of the fittings, while building services include the lighting, heating, cooling and 
mechanical ventilation provisions.  
 

                                                           
4
 http://www.breeam.org/ 
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3.2.7 Relevance to Thesis topic 

The title of this research is ‘The Sustainable Refurbishment of BK City’. The idea of sustainability has 
been defined previously; however, its exact significance and scope in this context will be analyzed in 
the following paragraphs.  

What seems to be more debatable is the use of the term ‘refurbishment’. When examining the 
previously mentioned terms, three of them seem appropriate, at one level, for this project: 
rehabilitation, renovation and refurbishment. 

The concept of rehabilitation is closely related to the ‘compatible use’ or the ‘adaptive reuse’ of an 
existing building, actions that have been performed already on the Julianalaan building, just after the 
outbreak of fire at the old Architecture Building in May 2008. 

Renovation, on the other hand, seems an ill-defined term, the only clear aspect of it being that it 
does not involve structural work. A renovation project aims more at preserving the value and 
functionality of a building that is no longer viable, whereas in our case the standard is set much 
higher than that. We are dealing with a building that in a conventional sense functions properly, but 
what is lacking is a further upgrade and improvement of its performance to the highest possible 
level.  

In this sense, refurbishment seems to fit the purpose better. It is wider in content, it includes more 
extensive work (while again no structural elements are to be altered) and its main concerns are, 
indeed, the introduction of modern building services, energy consumption issues, thermal 
performance, and so on, which are all aspects of this Thesis. Moreover, the distinction between 
different degrees of refurbishment work provides a more flexible use of the word. Finally, the 
definition that BREEAM gives (see §3.2.6 Refurbishment) appears to be tailor-made for the proposed 
interventions at BK city. 

 

3.3 Historic Buildings  

According to one author, a historic building ‘is one that gives us a sense of wonder and makes us 
want to know more about the people and culture that produced it’ (25). While initially there was only 
an aesthetic value attached to old buildings, the term embraces much more than that: historic, 
documentary, economic, social, political, religious or spiritual values. 

It wasn’t until the beginning of the 20th century (at a time when the modernization of European 
cities demanded the extensive demolition of old buildings) that the first attempts were made to 
protect monumental buildings under a legislative framework. Indeed, it was Alois Riegl, an art 
historian and the first Conservator General of Monuments in the Austro-Hungarian Empire, who 
expressed the romantic view5 on monuments in a statutory context.    

Despite his fruitless efforts, Riegl was vindicated some years later. As we speak, there is a number of 
charters and declarations by which monumental buildings are sanctioned and protected. Below a list 
of the most significant ones is given: 

 Declaration Issuing authority Date 

Manifesto for the Society for the 
Protection of Ancient Buildings 

Society for the Protection of Ancient Buildings 1877 

The Athens Charter First International Congress of Architects and Technicians of 
Historic Monuments 

1931 

                                                           
5
The romantics, like François-René de Chateaubriand, were the first to express their adoration of old buildings. 

The signs of age were considered as evidence of the past, thus they should be treasured (36). 
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The Venice Charter Second International Congress of Architects and Technicians 
of Historic Monuments 

1964 

Charter for the Conservation of 
Historic Towns 

ICOMOS General Assembly in Washington, DC 1987 

The Nara Document on 
Authenticity 

Nara Conference on Authenticity in Relation to the World 
Heritage Convention 

1994 

The Eindhoven Statement DOCOMOMO First International Conference 1990 
Table 2 Declarations for historic buildings 

On a national level, historic buildings can be listed as means of control on intervention actions that 
affect their character. The object of listing is to ‘define the quality of buildings and to avoid their 
thoughtless destruction’ (35). In the UK, listed buildings appear on the statutory List of Buildings of 
Special Architectural or Historic Interest. Their relative value is determined by a grading system 
(Grade I buildings being those of ‘exceptional interest’). 

Apart from listed buildings, a number of other edifices are in need of protection such as buildings 
located in conservation areas, national parks and World Heritage sites or buildings referred to in 
local authorities’ monuments’ list (25), (28), (36). 

 

3.4 Sustainable Refurbishment of Historic Buildings 

Historic buildings add, beyond doubt, to the aesthetic value of modern cities and towns. For various 
reasons, the possibilities lying in their refurbishment have been underestimated. In particular, the 
hesitation or ignorance of owners of historically significant buildings has led to numerous missed 
chances in this field.  

The issue to be tackled here is achieving a right balance between modernisation and conservation of 
the heritage, as ‘the task of retrofitting the oldest homes to adequate energy performance standards 
in a visually unobtrusive way [is] particularly demanding’ (37). The restrictions, however, may 
sometimes mask the true possibilities of refurbishment in an energy-efficient way. 

The reversal of the trend is now been acknowledged by numerous experts. According to Prof. Dr. 
Anke van Hal (from Nyenrode’s Centre for Sustainability and TU Delft), ‘our feeling is that the subject 
of sustainability in relation to buildings of historic and visual significance has long been unjustly 
ignored. The scales are now starting to turn. We can now use examples to show that it is definitely 
possible to make sustainable modifications to buildings of this type. It is becoming a hot topic.’ (38).  
Furthermore, senior researcher ir. Birgit Dulski claims that in order to achieve the environmental 
targets ‘every opportunity has to be utilised, so the monuments and buildings of historic and visual 
significance also have to be dealt with’ (38). 

Stronger feelings have been expressed by other parties. The Environmental Change Institute at 
Oxford University favours a more radical approach: ‘Heritage conservation needs to be balanced 
against climate change mitigation — more interventions should be possible in heritage/conservation 
buildings than are currently allowed. Re-creation of original features (e.g. cornicing on top of internal 
wall insulation) should be seen as desirable, not rejected because of the intransigent position of 
conservation bodies, which argues that no original features should ever be lost’ (37). Heritage Link6 
suggests that while innovative energy efficiency solutions should respect the character of existing 
buildings, ‘older buildings themselves are not the problem. Changing people’s behaviour is just as 
important as improving energy performance’ adding that people ‘may have to be prepared for 
visually intrusive measures on much loved buildings’ (37), (39).  

                                                           
6
 http://www.heritagelink.org.uk/ 
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The 4th annual US/ICOMOS Symposium 7  agreed with the above statements, declaring that 
‘conservation has always been much related to sustainability, because of its mainly support in 
traditional technologies, allowing repair and reuse, instead of the constant and common wasteful 
cycles of destruction and rebuilding’ (40). 

3.4.1 Legal and ethical aspects 

The legal procedures for the refurbishment of an old building are similar to those required for a 
completely new construction. A refurbishment project will have to comply with the national building 
acts and other forms of legislation that cover heritage care issues. For example, in the UK the 
following need to be taken into account: 

 Town and Country Planning Act, 1971  

 Listed Building and Conservation Area legislation, provisions under Act 1971 

 Building Regulations 

 Factories Act, 1961 

 Offices, Shops and Railway Premises Act, 1963 

 Fire Precaution Act, 1971 

 Rules of the Fire Offices Committee  

However, apart from the above, which have a significant effect on the feasibility of refurbishment 
plans, there are other issues that need equal consideration, even though they depend largely on the 
good will of the parties involved. These so called ‘ethics of conservation’ entail the following (25): 

 The condition of the building must be recorded before any intervention 

 Historic evidence must not be destroyed, falsified or removed 

 Any intervention must be the minimum necessary 

 Any intervention must be governed by unswerving respect for the aesthetic, historical and 
physical integrity of cultural property 

 All methods and materials used during treatment must be fully documented 

In addition, the professionals themselves who are entrusted with a conservation task should fulfill 
certain requirements. These have been specified by ICOMOS8: 

 Read a monument, ensemble or site and identify its emotional, cultural and use significance 

 Understand the history and technology of monuments, ensembles or sites in order to define 
their identity, plan for their conservation, and interpret the results of this research 

 Understand the setting of a monument, ensemble or site, their contents and surroundings, 
in relation to other buildings, gardens or landscapes 

 Find and absorb all available sources of information relevant to the monument, ensemble or 
site being studied 

 Understand and analyse the behaviour of monuments, ensembles and sites as complex 
systems 

 Diagnose intrinsic and extrinsic causes of decay as a basis for appropriate action 

 Inspect and make reports intelligible to non-specialist readers of monuments, ensembles or 
sites, illustrated by graphic means such as sketches and photographs 

 Know, understand and apply UNESCO conventions and recommendations, and ICOMOS and 
other recognised Charters, regulations and guidelines 

(25), (33), (41). 

                                                           
7
 Philadelphia, 2001 

8 ICOMOS Guidelines, para. 5 (Colombo, 1993) 
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3.4.2 The refurbishment scheme  

3.4.2.1 Planning 

A refurbishment project requires the close cooperation of the parties involved who usually specialise 
in a wide range of disciplines. Participants typically are: 

 owner or the owner's representative 

 the State’s representative 

 contractor and subcontractors 

 architects expert in conservation 

 development architect 

  landscape architect 

 engineers (structural, mechanical, electrical) 

 art conservator 

 historian 

 quantity surveyors 

 health officer 

 urban planner 

 development economist 
 

A variety of tasks and challenges awaits the multi-disciplinary refurbishment team. These are listed 
below (24):   

 

 

Figure 2 Planning of a refurbishment project 

3.4.2.2 Assessment 

As discussed previously, a historic building, along with its setting, is considered to be a work of art. In 
order to be able to read it as a ‘whole’, the architect or the conservation specialist should be able to 
recognize and prioritize the messages that it carries. This task, however simple it may seem, is rather 
complex. Researchers at the Katholieke Universiteit Leuven proposed an assessment scheme based 
on the Nara Document on Authenticity (Nara, Japan 1994) (42). This is presented below: 
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Aspects 
Dimensions of heritage 

Artistic Historic Social Scientific 

Form and design     

Materials and substance     

Use and function     

Tradition, techniques and 
workmanship 

    

Location and setting     

Spirit and feeling     
Table 3 Nara-grid 

The grid can be complemented with more dimensions such as spiritual, economic, educational, use 
value and more. Filling in the above grid will help in determining the importance of the historic 
building, which will guide the intervention process.  

Another useful characterization grid is proposed by Appelbaum B., who emphasizes the equal 
importance of the four following fields-quadrants (43): 

 Material aspects Non-material aspects 

Object specific 
information 

 Current physical  
state 

 Past and current values 

 Building’s history 

Non-object specific 
information 

 Properties & physical 
behaviour  

 History of technology 

 Construction method 

 General historic  
information 

 Historic attitudes  
towards the building 

Table 4 Characterization grid 

In The Netherlands, an interesting tool is provided by the DuMo calculation model for sustainable 
heritage refurbishment. According to this, there are four categories of buildings (or building parts), 
depending on their monumental value and the permitted degree of intervention. The second part of 
this model assesses the sustainability scenarios, thus providing an index for the entire building (44). 
 
Finally, it is important to mention that the assessment procedure should not be considered as a 
momentary one. On the contrary, it should be regarded as continuous throughout the whole 
refurbishment progress and it should be supported by appropriate documentation. 
 

3.4.2.3 Understanding how the building works 

In every refurbishment of an old building special care needs to be taken to prevent the 
implementation of inappropriate adaptations as the building philosophy of the previous century (-
ies) needs to be balanced with the technological knowledge and advancements of today. Alterations 
and interventions during the life cycle of the building should also be identified. 

The properties of the materials (permeable, soft or thick materials such as brick and stone masonry, 
lime plasters, paints etc.) used in a traditional building dictate a response to moisture, air or 
structural displacements different from what is expected from modern impervious and hard 
materials. For instance, cementitious mixes for plasters might prove incompatible in permeability 
and porosity and cause salt migration and damage. 

Ventilation and air-tightness issues are often troublesome. The design philosophy of historic 
buildings is to allow the fabric to breathe so moisture will evaporate internally. Thus, applying a 
vapor barrier – just like in modern construction – will hinder this process. We shouldn’t forget that a 
significant amount of fresh air used to be provided in the original building through loosely fitting 
doors, windows and openings, which will now be carefully sealed. To avoid the formation of mould 
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and the high levels of moisture (which are expected to increase due to the better heating 
provisions), increased ventilation rates will be required in a refurbished building (a rule of thumb 
used by some designers is ‘twice as much’).  

Improving the thermal performance of the building also requires special care. Adding too much 
insulation, or inserting it in the wrong place might introduce new problems, such as thermal 
bridging, interstitial condensation etc (45), (46). 

The above are some examples of how modern building techniques differ from older ones and how 
these differences, if disregarded, might worsen the performance of the refurbished building. 

 

3.4.3 Range of refurbishment measures 

The range of the applicable measures for the sustainable refurbishment of a building is fairly wide. In 
the case of a historic building, however, it is somewhat restricted. In this paragraph, an effort is 
made to cluster all measures that are applicable to historic buildings. Thus, this is on a practical level 
– the question being what is possible to apply. At a next stage the discussion and the sorting out will 
concern the desirable measures.   

A clustering scheme needed to be found. For this, the ‘Trias Energetica’ principal seems to fit the 
purpose. ‘Trias Energetica’ is the main pillar on which the sustainable refurbishment of German 
buildings designed and constructed in the 1950s, ‘60s and especially during the post war period 
(with significant weaknesses in energy efficiency) lies. This approach focuses on three distinct points: 

• Minimizing energy demands 
• Applying sustainable energy sources and 
• Efficient and intelligent use of fossil fuels 

While some researchers believe that, in order to reach the desirable goal of a sustainable building 
stock, improving the ‘Trias Energetica’ application is enough (47), others have noted its deficiency 
(48), (49), (50), (51). The small degree of renewable energy sources penetration, focusing too much 
on the third principle, inefficiency, the slow delivery of results, ‘Trias Energetica’s’ mere technical 
nature and repeatedly bad applications, have led researchers to alternative paths (‘Penta 
Energetica’, ‘REAP’, ‘Trias Hylica’, ‘Trias Hydrica’, ‘Trias Toponoma’ and others).  

Among these, the ‘REAP’ (Rotterdam Energy Approach and Planning) model points out the 
importance of waste reuse, inspired by the cradle-to-cradle approach. The ‘Penta Energetica’ 
method indicates that without changing today’s lifestyle into a low CO2 emission way of living not 
much can be expected. In other words design should take into account human behavior. Important 
to note, ‘Penta Energetica’ stresses the use of cogeneration technology to compensate for example 
the fluctuations of solar or wind power. 

All the above have been taken into account in order to form the packages of measures shown below. 
These are further categorized according to the degree of innovation that they introduce 
(standard/traditional versus technical/innovative approach) and the extent to which the building is 
affected (local approach versus larger context).  

The standard/traditional approach refers to measures that have been extensively used in the past 
with well established results. Most of these can be realized with relatively simple means and in most 
of the cases require a small amount of initial investment. On the other hand, measures have been 
labelled as technical/innovative when their implementation requires the use of advanced technology 
and a more sophisticated design approach.       

A measure locally carried out is one that might concern only a part (a wing, a floor, spaces with 
special function etc) or an element of the building (the front facade, the roof etc) and that does not 
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require the redesign of the whole. On the other hand, there are measures that in order to be 
effective need to be applied on a larger scale (context), which usually results in high initial 
investment.  

It is possible, of course, that some measures might apply in two categories (for example, the fuel 
policy might entail the use of natural gas, i.e. a traditional approach, but also the use of fuel cells 
which is an innovative concept).    
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Table 5 Range of refurbishment measures  

 Standard / Traditional approach Technical / Innovative solutions 

Local approach Larger context Local approach Larger context 

Reducing energy requirements 

 Distinct element/area 
insulation 

 Tree shading, overhangs, 
shutters 

 Making use of building’s 
thermal mass 

 Building wrap up with 
insulation 

 Window & door replacement 

 Airtightness 

 Duct and hot pipe insulation 

 Local fresh air provision 

 Secondary windows 
(window box) 

 Local heating (furniture) 

 PCM materials 

 Use of solar tubes 

 Heat recovery 

 Multiple layer glazing 

 Energy efficient appliances 

 Intelligent shading technology 

 Surface heating 

Waste flows treatment policy 

 Rainwater harvesting  Building refuse recycling 

 Rainwater harvesting 

 Use of batteries, 
capacitors, etc. 

 Drainwater heat 
recovery 

 

 Waste heat recovery  

 Waste water recycling 

 Waste incineration 

 Rainwater reuse 

 Composting 

 Material reuse 

 Energy storage in water/PCMs etc 

Application of sustainable energy 
resources 

 Natural daylight 
enhancement 

 Natural ventilation  
 

 Solar water heating 

 Green surfaces & vegetation 
 

 Green roofs 

 Glasshouse roofs 

 Microgeneration (solar, wind, hydro 
etc) 

 Acquisition of green energy  

 Earth energy 

 Energy storage in water/PCMs etc. 

 PVC electricity generation 

 Solar absorption cooling  

 Biomass 

Intelligent solutions for fossil fuel 
energy 

  Replace outdated radiators 

 High efficiency boilers 

 Fuel policy 

  Cogeneration station 

 Fuel policy 

Focus on user and lifestyle 

 Occupants’ adaptive 
opportunities  

 Stand by killers 

 Energy saving fixtures 

 Energy saving appliances 

 Raise user awareness 

 Occupancy sensing 
control 

 CO2, moisture sensors 
etc 

 Intelligent control systems 

 Individual metering 

 Building Energy Management 
Systems 
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4 An overview of refurbishment in Europe 

This chapter investigates the extent of the problem under consideration for European countries. The 
magnitude of the existing building stock, along with the inevitable deficiencies this brings about, 
demands a competent solution. The potentialities of refurbishment as the proposed solution are 
presented in figures, and lastly, there follows a review of current developments in four leading 
European countries. 

4.1 Existing building stock  

It is necessary to examine the existing building stock in Europe and its breakdown by construction 
age – the importance of which relates to the strong correlation between the energy performance of 
a building and its age (52). This relationship (building age and energy performance) is further 
analysed in the next paragraph (§ 4.2 Energy performance of existing building stock). 

The following sections provide data on the entire European building stock and specific data on three 
distinct European countries that all have a renowned policy on Heritage Care (The Netherlands, 
Germany and Great Britain). The Netherlands were chosen since the case study of this research is a 
Dutch listed building. The German and British building profiles will provide a useful comparison to 
the Dutch situation. 

As the breakdown of the building stock provided by the available literature differentiates between 
residential and non-residential stock, the same distinction will be adopted here.  

4.1.1 Residential building stock 

As far as residential function is concerned, amongst 28 European countries9 in a total of about 196 
million dwellings an average of 28,8% have been built prior to 1945, 34,8% were built in the years 
1945-1970 while an average of only 8.2% were built after 1990 (53) – see chart 1.  

Dwellings dating before WWII constitute a significant proportion in all European countries varying 
from 20% to 40% (Finland is the only exception with a 10,4% pre-War percentage). At the same time, 
the estimated replacement ratio (ratio of annual demolition rate to the size of existing stock) for 
dwellings in Europe is approximately 0,07% (8).  

 

 
Chart 1 Age of European residential building stock 

 

 

 Chart 2 compares the building profiles of The Netherlands, the UK and Germany (7). 

                                                           
9
 The study takes into account the 25 EU members by 2004 plus Bulgaria, Romania and Turkey (applicants for 

EU membership in 2004) 
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Chart 2 Building stock profile (residential buildings) of Germany, the UK and The Netherlands 

The figures demonstrate clearly the magnitude and so the importance of the older stock in the UK – 
one in five homes10 is more than 90 years old. The complexity of the issue is underlined by the fact 
that 94% of the pre-1919 dwellings in the UK are privately owned which hinders the implementation 
of binding refurbishment policies (54). However, the particularity of the English stock lies in the 
plethora of listed buildings – today, they account for up to 370.000 buildings. At the same time, a 
total of 1.000.000 non-listed buildings are to be found on the UK’s conservation areas (52). All of 
these, while prominent either for their high aesthetical standards or their historical significance, 
tend to be the least efficient in terms of energy.  

Germany and The Netherlands, on the other hand, have relatively small pre-WWII residential stock 
(21% and 20,9% respectively, compared to a 28,8% mean for the EU). In The Netherlands, the 
construction sector seems to have had a boost after the oil crisis in the ‘70s, while the most 
‘productive’ time in Germany was during the ‘90s. The only period where we observe comparable 
trends for all three countries is after WW-II (1945-1970).  

4.1.2 Non-residential building stock 

For non residential European buildings the following breakdown is given (9)11: 

 

Chart 3 Age of European non-residential building stock 

The ageing nature of the non residential stock becomes evident from the chart above, as the vast 
majority (60%) of buildings are at least 35 years old. A comparison between the two building sectors 
demonstrates that while the non-residential stock is made up of a larger newly-built (post 1990) 
part, 20% compared to 8,2%, the 1970’s and 1980’s seem to have favoured the construction of 
dwellings.    

                                                           
10

 The British stock comprises of 21.5-24 million dwellings (197), (54) 
11

 Data includes all countries from the three climatic regions appertaining to the EU in 2002  
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The following chart presents the building profile of Dutch non-residential stock (no comparable data 
was found for Germany or the UK) (7). 

 

Chart 4 Age of Dutch non-residential building stock 

The percentage of non-residential Dutch buildings built prior to 1975 corresponds to the equivalent 
European (58,7% and 59,2% respectively). An interesting piece of information, relating to the topic 
of this Thesis, is revealed when we examine the figures for the non-residential stock: nearly 30% of 
the Dutch educational buildings are already at least 50 years old, while only 8% was built after 1996 
(7).   

 

4.2 Energy performance of existing building stock 

As a general rule, contemporary edifices are more energy efficient compared to older ones. Before 
the energy crisis of the ‘70s, few people had reasons to care about energy losses and it wasn’t until 
the ‘90s that people started to be aware of climate change and its consequences. This means that 
not much effort had been put into constructing energy-efficient buildings. The increasing awareness 
and knowledge of the energy performance of buildings means that through time regulations and 
standards for newly built structures have become stricter. These, in turn, have affected the quality 
and amount of insulation, the condition and efficiency of climate installations, the air tightness 
measures and many more parameters. At the same time, modern building design develops and takes 
more into account the new lifestyle trends, as many studies have shown the relation between 
everyday routines and energy consumption (55).  

Crucial facts and landmarks have been placed in order in the following timeline, to help the reader 
visualise the evolution of building regulations and practices in Europe since the beginning of the 20th 
century in relation to political developments (7), (12), (37), (47), (56), (57), (58), (59), (60), (61), (62). 
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As the chart shows, there was a concentration of regulations and policies initiated in the period 
1960-’80, the main triggering factor being the oil crisis of 1973.  

A common characteristic of these policies is the improvement of the required insulation values. In 
the EURIMA project12 it was estimated that the average U value of a roof in the moderate climatic 
zone13 had decreased from 1,5W/m2K (roof constructed prior to 1975) to 0,23W/m2K for a new 
building in 2006. The equivalent values for a facade are 1,5W/m2K (prior to 1975) and 0,38W/m2K 
(2006) (9). Indicative of the development of energy efficiency standards is the following chart that 
summarises the development of the permissible elemental U values in the British Building 
Regulations (57), (63), (64). It should be mentioned that parallel to the stringency of the U values 
building regulations have also become more detailed (providing prescriptions for an increased 
number of building elements). 

 

However, most of these strategies have not included the treatment of the already existing stock and 
as a result a 72,5% of British cavity wall dwellings in 2000 had no cavity wall insulation while in the 
Netherlands the equivalent percentage was 41% - data from 2002. The same sources indicate that in 
2000, 30% of all British houses had no loft insulation (7), (65). 

The period after the oil crisis and the embargo imposed by the Organization of Arab Petroleum 
Exporting Countries (OPEC) was also marked by a change in fuel policy. As a result, while in 1970 only 
31% of homes in Britain (5,6 million homes) had central heating by 2000 this percentage had risen to 
90% (21,7 million homes) most of which was based on natural gas (65), (66). 

Apart from the existence or otherwise of regulations, an old or obsolete building will anyway show a 
decline in its performance. Lowe gives an estimation of the physical lifetime of various building 
elements (67): 

 

                                                           
12

 The study entitled ‘Cost-Effective Climate Protection in the EU Building Stock’ that was conducted by Ecofys 
for EURIMA, examines the economics of suitable measures for the building sector. www.eurima.org 
13

 Countries belonging to the moderate climatic zone are Austria, Belgium, Denmark, France, Germany, Great 
Britain, Ireland, Luxembourg and the Netherlands. 
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Notable is the short lifetime expectancy of heating systems. The importance of this factor is even 
more appreciated if we take into account that it was only in 1977 that France became one of the first 
European countries14 to implement a compulsory periodic inspection of boilers. Other countries 
introduced such measures much later (Spain in 1998, Austria in 2000, Greece in 2002). At the same 
time, only Greece (2002) and the UK (2002) have introduced measures related to efficient lighting 
(59). 

It becomes apparent that an old property will tend to have a low energy performance. Estimations 
show that a building in France, built prior to 1980 consumes more than 250KWh/m2/year while the 
equivalent for a 2005 new building is less than 100KWh/m2/year (68).  

In support of the above statement, the next chart provides information on the profile of energy 
performance of the existing dwelling stock (data from 2004) in the UK. It shows clearly the significant 
change in the energy efficiency of the stock, especially after 1990, when the energy efficiency 
standards were raised by the Building Regulations (Part L). For example, 42% of British buildings built 
prior to 1919 have a SAP15 index lower than 40, while for post 1990 buildings this percentage is only 
2% (52). 

 

Chart 7 Energy Performance of Existing Dwelling Stock, UK 

                                                           
14

 The study included Austria, Belgium, Denmark, Finland, France, Greece, Ireland, Norway, Spain, Switzerland 
and the United Kingdom 
15

 Standard Assessment Procedure (SAP) is an index of the energy performance of buildings. It measures the 
fuel efficiency of heating systems and the heat retention of the building fabric. The index is expressed on a 
scale of 1 (highly energy inefficient) to 120 (highly energy efficient). 
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The above data were meant to demonstrate how the date of construction of a building relates to its 
energy performance. The evolution of building practices, policies and legislation in European 
countries implies that the older the building, the more it will lack in sufficient energy-saving design 
and measures. 

 

4.3 The potential of refurbishment 

The major role of the building sector in the quest for lower energy consumption and a milder 
environmental impact has been acknowledged by the International Energy Agency (IEA). When the 
IEA was invited by the G816 leaders to provide advice on alternative energy strategies it responded 
with the formation of the Alternative Policy Scenario. According to this, the residential and services17 
sector can offer savings of up to 40% of the total anticipated savings in final consumption. Special 
reference is made to the possible electricity savings (68% of electricity savings will be achieved 
through the residential and services sector) as buildings are by far the largest electricity users (53% 
of total electricity demand) (5).   

Similar principles were adopted by the European Union, as the EU Directive on Energy Performance 
of Buildings (EPBD) indicates. The EPBD makes extensive reference to the refurbishment of old 
buildings. According to this, if all proposed retrofit measures were realized, the overall emission 
savings would amount to 82Mt/a, while an additional 69Mt/a could be achieved, if the measures 
included all multi-family houses and all non-residential buildings (9). 

In the following table, examples of findings of studies show the effectiveness of some energy saving 
retrofit measures: 
Source Measures proposed Country Effectiveness 

(12) cavity wall insulation filling 
across 
Europe 

20% energy savings 

(37) cavity wall insulation filling UK 2,62MtC
18

 emissions savings 

(69) solid walled (without cavities) insulation installation UK 4,19MtC emissions savings 

(37) replacement of all glazing with energy efficient windows UK 5MtC emissions savings 

(37) 

insulation of cavity walls, lofts and hot water tanks, 
improvements to heating (better controls, thermostatic 
radiator valves and high-efficiency condensing boilers) 
and more efficient lighting 

UK 

20% carbon emissions 
savings by 2050 

(69) 

100% cavity wall fill, major program of solid wall 
insulation, 100% loft insulation at 300mm, 100% high 
performance windows, air tightness, mechanical 
ventilation 

UK 

60% carbon emissions 
savings by 2050 

(70) interior insulation of historical buildings Germany 
75-90% heating energy 
savings 

(59) boilers retrofit/replacement Austria 
10-30% of heating energy 
savings 

(59) HVAC inspection Austria 
3-10% of heating energy 
savings 

(59) energy efficient lighting UK 
26% of lighting energy 
savings 

Table 6 Potential savings from energy-saving measures 

 

                                                           
16

 Canada, France, Germany, Italy, Japan, Russia, United Kingdom, United States 
17

 The service sector covers all commercial and public buildings (schools, restaurants, hotels, hospitals, 
museums, etc.) 
18

 Million Tonnes Carbon 
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The above, though indicative, make it clear that the refurbishment of the existing and ageing 
building stock offers great opportunities in terms of energy efficiency, accompanied at the same 
time by economic and social benefits 

In conclusion, we should remember that the pursuit of a sustainable future is closely linked to the 
idea of maximum use of the existing resources. In this sense, renovating an old building is perhaps 
the most sustainable means of construction as most of the necessary materials are already present 
in the existing buildings. Given the potential in the field of refurbishment, some researchers have 
even suggested that we should stop expanding the building stock and simply limit ourselves to 
improving the existing one (71). 
 

4.4 Current policies  

While almost all European countries have integrated major refurbishment programs and measures 
into their policies, some have made a better start in the race for energy savings originating from the 
building sector – the most prominent being Germany, Great Britain, Denmark, and The Netherlands 
(7), (53), (72).  

The opposing view, however, claims that there is still much to be done, as the existing building stock 
offers even greater potential for energy savings. The non-binding nature of the proposed 
refurbishment measures along with the continuing focus on newly built edifices (as far as technology 
application and financing are concerned) are put forward as arguments in support of the above 
statement (7), (59). Additionally, it is argued that simply providing financial incentives for 
refurbishment is not enough, as people take decisions taking into account other factors as well – 
such as social comparison, convenience, time use etc (55). 

4.4.1 Germany 

Germany is a world leader in refurbishment projects with an advanced refurbishment infrastructure 
and a generous state subsidy policy (53), (37), (72). Suggestive of this is the answer that Professor 
Anne Power19 gave when she was asked what the British Government’s priority should be as far as 
the energy performance of the existing stock is concerned: ‘Copy Germany’ (37). 

The principle of the ‘Trias Energetica’ is the main pillar on which the sustainable future of buildings 
designed and constructed in the 1950s, ‘60s and especially during the post war period (with 
significant weaknesses in energy efficiency (73)) lies. This approach focuses on three distinct points: 

• Minimizing energy demands 
• Applying sustainable energy sources and 
• Efficient and intelligent use of fossil fuels 

While in The Netherlands the efforts revolve mainly around the generation of sustainable energy 
(solar, wind, nuclear, biomass etc.) in Germany this is handled after having treated the energy 
requirements (72). 

The first of the aforementioned targets is, mostly, achieved by means of extensive insulation and 
prevention of leakage through the building envelope. Thick insulation materials are used (up to even 
40cm for roof constructions) along with double and triple glazed insulated windows. Energy demand 
is further cut down with the application of nearly perfect heat recovery systems. The second 
constituent of the ‘Trias Energetica’ principle is addressed with the use of various sustainable 
technologies for heat and power generation (heat generation with wooden pellets, heat pumps, 
thermal solar collectors, PV panels etc). Finally, additional energy demands are provided by high 
efficiency fossil fuels installations (72), (73). 

                                                           
19

 Professor of Social Policy, London School of Economics and Political Science 
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4.4.2 United Kingdom 

In the UK, although recently introduced policies mainly refer to new buildings, significant 
refurbishment programs have also been launched especially with regards to social housing. While 
investments in refurbishment have been reported much bigger than the ones in new construction, 
the main barrier still remains the high cost that private house owners have to pay (e.g. for 
microgeneration) (7), (53), (37).  

Finally, as far as historical buildings are concerned, there is currently an intense discussion on 
whether the rating system for new houses (SAP) is also suitable for the older stock, the main 
argument being that thick solid walls with permeable materials (as is the case of most Victorian and 
Edwardian buildings) should be considered in a different manner than the cavity wall buildings. 

4.4.3 Denmark 

Denmark is considered to be a frontrunner in the field of energy refurbishment, implementing an 
effective energy policy on buildings (resulting, for example, in stable electricity consumption during 
the past decades). The energy labeling scheme for buildings introduced in the EU in 2006 has been 
largely influenced by the equivalent Danish one, established much earlier, in 1997 (8), (55), (74). 

4.4.4 The Netherlands 

The Netherlands have fallen behind partly due to the particular architectural traditions but also due 
to the lack of a wise financial encouragement (no tenant contribution in the renovated building). 
This demonstrates how important the ‘return on the investment’ can be, considering the continuous 
increases in the price of fossil fuels. 

However, a change in policies has been noticed since the VROM20 decided to shift the focal point 
from the ‘environmental efficiency of buildings’ to the renovation of the existing stock. The will to 
change the status quo in The Netherlands has been demonstrated in various ways (central 
government aiming at 100% sustainable procurement21 by 2010, Dutch authorities aspiring to strong 
CO2 emissions reduction etc). As a result, the UK has taken The Netherlands as a ‘case study’ when 
discussing its energy efficiency program (75), (76), (77), (78).  

The same determination is also visible at municipal level. The local authorities in Amsterdam have 
set a goal of 40% CO2 emissions reduction by 2025, in relation to the 1990 levels, while the 
municipality of Delft has launched the 3E (effective energy consumption) Climate Plan (38), (78). 

In this so-called ‘Delft interpretation of the Kyoto Convention’, the Sustainability Sector foregrounds 
the significance of sustainable refurbishment in the pursuit of the environmental ambitions. Even 
from the early ‘90s the Delft Municipality performed energy saving scans and applied the 
appropriate measures in existing municipal buildings and monuments. Actions taken in this cadre 
involve, among others, the programmed refurbishment of two buildings, technical innovations in all 
municipal buildings and the energy consumption management in all existing municipal facilities (78). 

Important steps have been taken in the field of the sustainable refurbishment of monuments. 
Notably, the Dutch government has ordered that ‘purchasers of buildings listed as national 
monuments no longer have to pay transfer tax’, in order to encourage the energy refurbishment of 
buildings with historical value (38). Nowadays, historical buildings are protected by the ‘Monuments 
Act’ of 1988. On October 15, 2007, the Minister of Culture, Ronald Plasterk, announced the 
monument protection shield over one hundred buildings built in the period 1940 - ’58. In addition, 
the year 2010 was marked by the launching of a National Conversion (‘Herbestemming’) program 

                                                           
20

Ministry of Housing, Spatial Planning and the Environment - http://www.vrom.nl/ 
21

 100% sustainable procurement is understood to mean that all purchases meet the minimum requirements 
that have been set for the relevant product groups at the time of purchase 
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aiming at encouraging the restoration of churches, factories, offices, farms and other historical 
buildings that have been left vacant for years, while 23 million euros per year were the subsidies 
announced for such restorations. Finally, in favour of Dutch conservation policies are the numerous 
long-standing Dutch firms specialising in the monument preservation business (79), (80).   

 
 

4.5 In a nutshell 

In the previous paragraphs an effort has been made to present Europe-wide environmental and 
energy problems in relation to the building sector. This link is enhanced by the magnitude of the 
ageing building stock, as old buildings comprising of an obsolete fabric exhibit significantly low 
performance in terms of energy use and CO2 emissions.    

One of the proposed solutions is, apparently, the refurbishment of a large part of these outdated 
buildings, the predictions for such strategies being very promising. As a result, most European 
countries are striving to implement efficient refurbishment policies, but still lack impressive 
outcomes.        
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Figure 3 Locating BK City. 
Europe, The Netherlands, 
Delft, TUD campus (from top 
to bottom) 

5 BK City 
5.1 Context 

5.1.1 Location, topography and climate 

Bouwkunde City (BK City) is located on the north edge of the TU Delft campus 
in south east Delft. Delft is a 13th century city located in the province of Zuid-
Holland, in the western part of The Netherlands. 

The country, including the west part, is made up of mainly low and flat lands, 
a large part (a quarter) of which is below mean sea level. The average 
elevation of Delft in particular is -2m, which has resulted in numerous floods 
over the years (81). 

The Dutch climate is described as a temperate marine climate, characteristic 
of which are the cool summers and mild winters. The climate patterns in The 
Netherlands are strongly influenced by the prevailing winds, especially those 
originating from the sea. As a result, the coastal areas tend to have cooler 
summers than the mainland but also milder winters.  

The average temperature throughout the year in The Netherlands is about 

10C, while the average annual rainfall is about 790mm (March being the 
driest month, August the wettest). Limited sunshine is one of the main 
characteristics of the Dutch climate, as average sunlight hours range from 
1,3hours/day in December to a peak of 7,4hours/day in June (82), (83) . 

 

 

 

 

 

 

 

 

 

Figure 4 The Netherlands: average wind 
speeds (top left), total yearly amount of 
precipitation (top right) and total yearly 
global solar radiation (bottom left)   
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For specific climatic information in the area of Delft the weather station of Zestienhoven provides 
the data shown in table 7 (82). For the area of Delft see also chart 8. 

Average maximum temperatures in 

Delft, around 22C, usually occur at 
the end of July and beginning of 
August, while during the coldest 
period (from December till February) 
the temperature drops to around -

1C.  Relative humidity fluctuates 
around an average of 83%. The total 
amount of precipitation for a whole 
year amounts to an average of 
834mm (higher than the national 
average of 790mm), November 
having the largest amount of rainfall 

(as opposed to August for the entire country). The amount of global radiation has its peak in June – 
July and its lowest point in December – January, with a daily average of 1006J/cm2. Finally, the 
predominant winds are southwestly, including those with the highest speeds.  

The aforementioned should, however, be supplemented with the scenarios for prospective climate 
change. The Royal Netherlands Meteorological Institute predicts that as global warming continues, 
mild winters and dry hot summers will become increasingly common, as well as the occurrence of 
extreme rainfall (winters, thus, become wetter) (82). 

 

Area of Delft weather data 

 Data period Average values  

temperature [] 1957-2010 

mean  10,04 

maximum 22,23 

minimum -1,09 

relative humidity [%] 1956-2010 83,19 

annual precipitation 
[mm] 

1957-2010 
834,50 

daily global radiation 
[J/cm

2
] 

1988-2010 
1006,14 

wind speed [m/s] 1959-2010 4,69 

Table 7 Area of Delft weather data (weather station 344 Zestienhoven) 
(82) 

 

Chart 8 Weather data in the area of Delft (82). From top to bottom: monthly average temperature, monthly average 
amount of precipitation, daily global radiation for year 2009 and wind frequencies distribution (right). 
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The weather data presented in this paragraph was meant to give to the reader an idea of the climate 
situation in The Netherlands and, more specifically, in Delft where the case-study building is located. 
This information will be used, later on, for the development of the refurbishment Strategies (see 
§6.2 Refurbishment Strategies for BK City). 

 

5.1.2 The history of BK City 

The Julianalaan building, that was chosen to house the Faculty of Architecture in 2008, dates back to 
the beginning of the 20th century. Its turbulent history has been marked by frequent changes in 

ownership and numerous changes in its 
function. 

It was in 1917 when the University 
authorities decided that the Chemical 
Engineering building (on Westvest Street) 
could no longer serve its designated 
purpose. The growing number of students, 
along with its obsolete structure, 
demanded immediate action.      

During the 1918-1923 period, architect G. 
Van Drecht designed the new Chemistry 
building (the ‘Rode Scheikunde’, i.e. ‘Red 
Chemistry’) in a ‘traditionalist style with 
influences from the Amsterdam School’ (84). 
At the time, the building was one of the 
largest in the entire country. However, the 
construction phase coincided with the 
financial recession of the 1920’s, during 
which the Dutch Government decided to 
drastically cut down salaries and subsidies. 
By then, the erection of walls and roof had 
been completed, but the air/water 
tightness of the building had yet to be done 
(85).  

The lack of ceilings and floors did not 
prevent the youngsters of Delft from 
occupying the building and putting it ‘into 
use’ as a playground. Significant damage 
was recorded during this period, including 
all original timber elements. In subsequent 
years, the building would attract several 
prospective owners, amongst them 
Rijksverzekeringsbank (State Insurance 
Bank) and Philips. In the meantime, the 
Dutch government used it to store some 
thousand kilos of straw and the Department 
of Justice to store the furniture it did not 
need. In 1939, the building was once again 
used for storage purposes, this time for two 
hundred crates of uranium oxide Figure 5 History of BK City – the milestones 
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(yellowcake) (85).  

The attack on The Netherlands during World War II, in 1940, cancelled any plans for a possible 
rehabilitation of the ‘Rode Scheikunde’ and allowed the Germans to use it as a weapons storehouse. 
Surprisingly, at the same time many Dutch people would use some of its abandoned wings as a 
refuge. 

After the War, the building housed some departments of the TNO (Netherlands Organization for 
Applied Scientific Research), the Departments of Applied Physics and Aerospace Engineering, and 
ultimately, in 1948, the University Administration Centre, along with the Department of General 
Sciences. 

In 2007, the Dutch Bank Fortis in cooperation with the architectural firm Braaksma & Roos, made 
plans for converting the building into 170 luxury apartments under the name of ‘Villa Academica’. 
This new adventure for Red Chemistry would offer, according to the sales brochure, ‘many 
residential benefits to a broad target group, treating them to the joys of premium residency for years 
to come’ (86). The halt to these plans, due to the little demand for apartments, coincided with the 
fire in the TU Delft Faculty of Architecture on May 13th 2008. As the University was in urgent need of 
a new Faculty building to accommodate its 3.000 students and 1.000 staff members, the Julianalaan 
building seemed to fit the purpose in the best way. 

5.1.3 The making of BK City 

The events following the fire at the former Architecture Faculty building on May 2008 are a lesson in 
good planning, team work and willingness to achieve the impossible.   

The first thing that needed to be done was the selection of the most appropriate alternative to 
house the Faculty. The initial five options (two existing University buildings, two existing off-campus 
buildings and the possibility of erecting a new building from scratch) were quickly narrowed down to 
two, the Julianalaan building and a new campus village. The selection process didn’t last long, as the 
Julianalaan building fulfilled the criteria better (87): 

 Location in relation to TU Delft campus 

 Suitability for use – qualitatively and quantitatively  

 Contribution to the Faculty’s image 

 Availability on September 1, 2008 

 Costs (initial investment and annual costs) 

 Possibilities for future extensions and alterations 

 Technical condition and required improvements 

 Accessibility  

 Procedures and process risks 

From this point onwards a remarkable effort took place to relocate the Faculty. In only three 
months, i.e. by early September 2008, the multi-disciplinary project team, consisting of academics, 
professionals and support staff indeed managed to plan and execute the renovation of this 
‘monumental labyrinthine’ building (87). 

However, due to time and financial restrictions, and as the initial intention was the use of BK City for 
a 5 year period, the works were limited to the bare essentials. Amongst others, these involved (88): 

 The installation of a sprinkler system 

 The removal of any asbestos elements 

 The maintenance of all windows and frames 

 The rough finishing of the interior 

 Minimum investment in climate systems 

 Minimum investment in mechanical ventilation system (only input of fresh air, no extraction)  
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BK City Identity  

  Location: Delft, The Netherlands 
  Owner: TU Delft 
  Year of construction: 1918-1923 
  Total area [m2]: 32.000 
  South glasshouse [m2]: 2.240 
  East glasshouse [m2]: 1.200 
  Restaurant Ketelhuis [m2]: 1.100 

  Main storeys: 3  

  Other storeys: 2 mezzanines, 
basement and attic 

  Working hours: Monday to 
Thursday: 07.00 - 22.00, Friday: 07.00 
- 19.00 

  Students / staff: 3.000 / 1.000 

 The maintenance of the existing heating system 

 High quality furniture at a reduced price 

 Cabling works 

 Installation of the necessary lighting fixtures 

Further works were planned to improve the performance of the building. These included (85): 

 Measures to control the artificial lighting 

 Installation of equipment for indoor temperature control 

 Repair and maintenance of blinds 

 Installation of new blinds and curtains where necessary 

 Mounting of acoustic panels 

However, from the first months of the operation of the building it became apparent that it 
demanded much more work and radical measures for it to achieve sustainability.   
 

5.2 Building description 
 
This neo-classical building is mainly developed on the 
horizontal plane in a semi-symmetrical layout. It consists of one 
central wing with the main entrance, an E-shaped wing on the 
west and an L-shaped wing on the east, the total surface area 
amounting to 30.000m2. Each wing consists of two floors 6m 
high – this height was necessary for the Chemistry laboratories.  

On May 2009, BK City was expanded with the addition of two 
glasshouses, one on the south and the other on the east side. 
The main reason behind this was the desire to create some 
extra space for the students (the building lacks approximately 
10.000m2 to fulfill its needs).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 BK City  

 

 

Figure 7 BK City floor plan 

 

 

Figure 9 Cross section α-α΄ 

 

 

Figure 8 Cross section β-β’  
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Apart from the main building the complex includes another two annex buildings, both of which were 
designed at the same period as the main building. On the south of the main entrance is the former 
boiler house, Ketelhuis, which was converted in 1953 in a transformer house (transformatorhuis). 
This detached building, which today houses the Faculty Restaurant and various meeting rooms, is 
one storey high, half sunk in the ground, and its structure is mainly made of concrete and brick. On 
the southeast side, one finds the Tempel (i.e. the temple) a one-storey building with a simple 
rectangular floor plan. This building has been converted into a meeting place for students and staff, 
the Bouwpub (84), (88). 

The three buildings have been developed in an area 
around numerous courtyards. This has allowed the 
creation of multiple parking spaces both for cars (270 
spaces) and bicycles (1100).  

The complex has been divided into 12 wings, as shown in 
figure 10. Table 8 shows the surface areas of each wing.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As far as functions are concerned, the basement of the main building is mainly used for building 
services as well as a storage area for the various departments of the Faculty. Additionally, it houses 
the multimedia lab, the logistic point, a few office spaces, a photography studio, the waste area and 
other minor functions. The ground floor, apart from the student and staff areas, also houses the 
restaurant, a canteen, the central information area, working and meeting spaces, printer rooms, 
pantries and many other functions. Characteristic of the first 
floor is the Faculty library, while the second floor is taken up by 
bachelor students’ studios. In between the elevations, at some 
locations, there are mezzanine floors, mainly occupied by the 
University staff. Finally, at the top of the building, there is an 
attic that till now has never been used. 

Structurally, the loads are transferred from the floors to the 

ground via the load bearing walls. The roof is supported by an 
iron truss, which in turn is supported by the exterior walls. The 

Surface areas [ m2] 

Wing Floor 

Façade  Roof  

brick 
wall 

openings 
openings 

(timber frame) 
oblique flat skylights 

A 3819,3 1352 514 116 1035,1 167,4 0 

B 5246,1 1902,3 534,3 206,4 1317 349 0 

C 1270,81 998 202,4 0 464 60 0 

D 4908,7 2089,2 644,8 227,4 1424 378 0 

E 2530,4 796 293,7 106 463 123 0 

F 5358,8 1906,4 594,8 207,78 1195 319 0 

G 4767,3 1546,6 444,1 168,8 922 246 0 

H 1348,8 998 202,4 0 464 60 0 

J 3698,21 1243 472,4 147 785 210 0 

L 922,7 428 115,8 0 0 1008 0 

M 2402,01 0 1606 0 0 1488 181,35 

N 1180,7 0 479 0 0 891 218,48 

Total 37453,83 13259,50 6103,70 1179,38 8069,10 5299,40 399,83 

Figure 10 BK City, the 12 wings 

 

Table 8 Surface areas of each wing 

Figure 11 Interior of the unused attic. 
Image retrieved from (88)  
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lower part of the iron truss is still visible in the upper floor. 

With regards to the materials used, the choice was significant. This is reflected in a clear way in the 
original name of the Faculty, Rode Scheikunde i.e. Red Chemistry, which is derived from the red 
bricks of the exterior walls. Apart from the extensive use of bricks, the building also has numerous 
details of natural stone (around the openings, the cornice and the main entrance) and others made 
of masonry or brick. Lastly, the roof is covered with stone slates (maasdekking).  

The sophisticated and eclectic use of materials was rather controversial when the Rode Scheikunde 
was first built, indicative of which is the article that appeared in the Delft Courant on June 23, 1926: 
‘...Indeed, the tax payer would certainly be surprised if he knew the truth about this abandoned 
monument to wastefulness.[...]. The chimneystack cost more than a royal villa, the tower is built of 
the most expensive, handcrafted stone that exists, and there are expensive carvings at the top of the 
building, which can be seen with a spy-glass [...]. The exterior is sumptuous and enormous in size... 
(86)’.  

5.3 Historical appraisal  

5.3.1 Listing act 

Rode Scheikunde was declared a National Monument (Rijksmonument) in year 2002. The listing act 
justifies the public interest in protecting the building for the following reasons (89): 

1. Historic value due to its function as a University building and, furthermore, its significance in 
the history of the Delft University of Technology  

2. Outstanding architectural value, with regards to shape, materials, detailing and integrity, but 
also due to the place it has in the works of the architect G. van Drecht 

3. Monumental value due to its important location in the urban setting of Delft but also in the 
TU Delft campus 

4. Functional and visual relationship with the surrounding buildings of TU Delft 
5. Finally, the building is valuable for its rarity as one of the largest pre-war academic buildings  

 
The listing act also refers to the necessity of preserving the Ketelhuis, the former boiler house. Its 
value lies in the following (89): 

1. Its function as a boiler house and its historic value as a part of the TU Delft 
2. Characteristic shape, applied style, materials and detailing which make it an integral part of 

the Rode Scheikunde 
3. Its important position at the rear of the main building and the spatial/visual relationship with 

it 

Finally, the detached building on the southeast, the Tempel, is significant for (89): 

1. Its role as a historical-functional component of the complex 
2. Distinctive use of materials and detailing in a Traditionalist style 
3. Its location on the southeast side of the main building and the spatial/visual relationship 

with it 
4. Its location as a border of the former course of the road/street 

As noted previously, the building has not always been as appreciated as it is today. It has been 
discredited as a ‘broken millionaire’s dream’ and, as we have seen, a ‘monument to wastefulness’ by 
the Delft Courant newspaper, 1926 (86). Even today, one of the principal architects involved in the 
renovation works, ir. Job Roos, has criticized it on the basis of it having ‘so much heritage, that it 
becomes boring’. He also describes it, disparagingly, as ‘very horizontal’ and ‘very vast’ (90).  
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5.3.2 Elements of special significance  
The particularity of BK City lies in elements 
that have been kept from the original 
building, some of which were especially 
designed to serve its initial purpose as a 
Chemistry Faculty. 

Amongst these, the most outstanding feature 
of BK City is probably the 40m high water 
tower that interrupts the horizontality of the 
layout. Today considered the hallmark of the 
building, it was originally placed there as a 
water reservoir in case of fire. Till today, it has 
remained inaccessible.  

Though the decorated brick façade itself is 
entirely authentic, the same doesn’t apply to 
the windows and openings, where we can 
distinguish different types, according to the 
installation period (91) (see table 9). During 
the lifetime of the building, many were the 
cases when existing windows were replaced 
or maintained. For instance, in 1966, new 
windows were installed in some lecture halls 
while various openings were filled with brick, 
in 1975, changes were made by adding slim 
profiled windows, and in 1992 many windows 
on the ground floor and first floor were 
replaced. Other examples are the addition of 
shutters or blinds to improve the building 
physics performance or the conversion of 
some window openings into emergency 
escape doors. The windows of the last floor 
are of particular interest. In 1958, when the 
space was converted into an office area, the 
architects decided to replace the dormer 
windows existing at the time with a 
continuous strip of wooden frame windows, 
which are still present today.  

As we will see below, today, the existence of 
many authentic openings is causing various 
indoor-climate-related issues. For example, 
whether a window can open or not is 
determined by its original purpose. The 
Urbanism section nowadays suffers from this 
as the same space was used as a data center 
with expensive equipment that required strict 
security measures (91).  

 

 

 

Period Features Photo 

<1950 

 Manufacturer 
Crittall 

 Slim steel profile 
(30mm) 

 Poor condition 
 

1953-1967 

 Manufacturer Alta 

 Thick steel profile 
(60mm) 

 Reasonable 
condition 

 

Unknown 
period 

 Thick & slim steel 
profiles 

 No window sill for 
rainwater 
protection 

 

1958 
 Timber frame 

windows 

 

1966 
 Blocking of 

openings 

 

1975 

 Slim steel profiles 

 (Possible) 
Manufacturer 
Crittall 

 

Table 9 Main window types by installation date 
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Steel frames, 1967, inside glazing with wooden battens 

Steel frames, 1967, with flat glass rods 

Steel frames, before 1950, inside glazing 

Steel frames, 19??, wide sections without window sill  

Steel frames, 1957, exterior glazing 

Steel frames, 1992  

Timber frames, 1958 

 

The exterior walls are significant for one more reason. On them are 
embedded numerous decorative metal projections that served as 
camouflage for the ventilation outlets. These were necessary in the original 
building for extracting air from the Chemistry laboratories, but were never 
actually used (see figure 14).  

In the interior, various elements are also considered as historically 
important, such as some granite staircases, the stained glass details by Daan 
Wildschut or the staircase inside the water tower. 

Finally, the Prometheus statue, made by Dutch sculptor Ludwig Oswald 
Wenckebach, dates from the works carried out in 1953 (91).  

 

 

 

 

 

 

 

 

 

 

 

Figure 14 Characteristic decorative projections of the façade, 
intended to serve as camouflage for ventilation outlets 

 

 

Figure 12 The variety of windows on the front and back facade 

 

 

Figure 13 The 40m high 
water tower of BK City 

 

 



 

56 
 

5.3.3 Permissible interventions 

It is obvious that the original elements of 
the building cannot be altered, removed 
or destroyed without the prior consent of 
the respective authorities.  

When plans were made for converting the 
building into apartments it was clearly 
stated that intervention actions would be 

permitted as long as they did not alter the 
image of the building. For example, the 
construction of loggias was allowed, 
behind the existing openings. The current 
window layout should be preserved as 
much as possible, but some modifications 
were allowed (see figure 15). The timber 
framed openings of the last floor are a 
special case as they were added at a late 

stage (see §5.3.2) and their replacement 
is ‘discussable’, according to ir. Ilse 
Rijneveld from the Monuments’ 
Department of Gemeente Delft (see 
figure 16). 

With regards to the interior, permission was 
given to demolish the mezzanine floors (added 
during 1953-‘58). The same does not apply to the 
interior walls for which it is only possible to make 

openings e.g. for light penetration. 

The stone slate roof of BK City is considered to be 
an essential element of the appearance of the 
building. Those parts of it facing the main street 
cannot be altered in any visually obstructive way 
and any interventions should be restricted to 
those parts facing the inside courts (see figure 
17).     

Finally, the shape of the building should also be 
preserved as much as possible. This means, for 
example, that the heights of the elevations 
should be kept as they are. Demolishing certain 
wings of the building was allowed for the 
apartment plans, while any new constructions 
should ‘complete’ the original shape (see figure 
18).  

 

 

 

Figure 15 ‘The current window layout should be preserved as much 
as possible, but some modifications were allowed’  

 

Figure 16 The 
timber framed 
windows at the 
2

nd
 floor of BK 

City. The purple 
line indicates 
their location  

 

Figure 17 Sections 
of the roof that 
can be subject to 
interventions (red 
line)   

Figure 18 Wings 
that could be 
demolished 
(dotted lines), and 
the allowed new 
constructions for 
the apartment 
plans (in red) 
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5.4 Building Physics 

5.4.1 Heat transfer through the building envelope 

The exterior fabric is in general out-dated with regards to its insulation and air tightness 
characteristics. The external wall, consisting of two brick skins separated by a cavity, has no 
insulation and the same is true of the concrete floor structures. The windows are single glazed in 
steel and timber frames. In the attic, the condition of the roof is so bad that even below zero 
temperatures are expected during winter. The following table indicates the U values of the various 
elements of the building envelope. A more detailed table is presented in Appendix II.  

 
 
 
 
 
 

 

 

 

 

 

# Description U [W/m
2
K] 

1 Brick façade 1,17 

2 Natural stone façade 1,16 

3 Basement floor 3,59 

4 Ground floor 2,46 

5 Glasshouse floor 0,63 

6 Second floor roof 0,64 

7 Attic roof 3,11 

8 Glasshouse roof - 
steel part 

0,70 

9 Steel frame windows 5,90 

10 Timber frame 
windows 

3,5 

11 Glasshouse façade 1,10 

12 Glasshouse roof 1,10 

Figure 22 Exterior wall sections 

Table 10 Calculation of U values 

Figure 19 Basement (top left), 
ground floor (top right) and attic 
floor sections 

Figure 20 Glasshouse roof section 

Figure 21 Roof section 
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When analyzing the thermal performance of an existing building, it is common to use infra-red 
thermography as a support tool. Infra-red thermography is a technique based on detection of the 
emitted radiation by surfaces that serves, among other things, the monitoring of buildings. 

The Municipality of Delft provides infra-red thermographic images of the city. BK City and its 
surrounding area are depicted in the following figure (92). 

 

 

 

 

  

 

 

As can be seen, BK City is currently a landmark of inefficiency in terms of thermal losses. The roof of 
the building, compared to the rest of the city, appears to have very high thermal losses. The obvious 
explanation for this is the complete absence of thermal insulation. 

For the needs of this project, thermographic pictures were taken from the building surfaces, during a 

winter day with very low temperature (below 0C). 

From the set of photos (see figure 24) we conclude that: 

 Exterior walls compared to interior ones have significantly lower inside temperature. This shows 
the low thermal resistance of the facade 

 One of the weakest points of the envelope are the single glazed openings, that show even 
smaller resistance to heat transfer 

 The timber frame windows (double glass) perform better than the steel ones (single glass) 

 The glasshouses perform much better than the old part of the building 
 

 
 
 

 

Figure 23 Infrared thermographic images of Delft and BK City 

Figure 24 Infrared thermographic images of BK City 



 

59 
 

 

   Basement          Ground floor 

  

 

 

Ground floor mezzanine           First floor 

  

 

 

First floor mezzanine                                       Second floor
                                        

 

Attic 

 air input air extraction temperature  
regulation 

 mechanical window opening/infiltration no 

 window opening/infiltration window opening/infiltration no 

 mechanical mechanical, not sufficient no 

 mechanical, not sufficient window opening/infiltration no 

 infiltration infiltration no 

 

 

5.4.2 Mechanical Equipment 

5.4.2.1 Ventilation 

Prior to the works during the summer of 2008, the building had no means of ventilation, apart from 
some small fan coil units. The renovation scheme included the installation of a new mechanical 
ventilation system, which provides fresh air mechanically in some parts of the building, whereas air 
extraction relies on window openings or infiltration from the building envelope. In the rest of the 
building (with no mechanical ventilation equipment) window openings and infiltration fulfill the 
need for both fresh air input and output. The only parts of the building that have mechanical air 
extraction are the two glasshouses which is, however, not sufficient.   

The ventilation system is not meant to regulate the temperature, though it is coupled to air handling 

units. There, the incoming air is pre-heated to a constant of 20C, which cannot be adjusted to the 
actual room temperature. The air flow rate has been designated according to the prescriptions of 
the National Building Regulations that demand an amount of 35m3/person/hour – the number of 
users is calculated according to the floor area. The entire system is controlled centrally – the controls 
are situated in the basement.  

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25 Ventilation zones 
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As seen in the above figure, the main concern has been to provide the 5 large lecture halls (B and D 
on the ground floor, A, C and F on the first floor) with independent air conditioning as they are 
frequently occupied by a large number of students and, thus, large ventilation rates are necessary. In 
room A, apart from mechanical supply, there is also mechanical exhaust of the circulating air. The 
intermediate floors have been excluded from the mechanical ventilation system. 

The main problems occur in spaces where fresh air provisions depend exclusively on natural 
ventilation, such as: 

 Opening a window becomes complicated in areas with a large number of people – who will 
take the initiative? 

 Not all windows can be opened – this depends on the previous functions of the building 

 The users of mezzanine floors can operate the windows only from the floor below  

As we will see further on, these spaces suffer from low indoor air quality. 

5.4.2.2 Heating 

Apart from the pre-heated air coming from the ventilation ducts, the building is equipped with 
radiators. Some of these existed in the building before the renovation took place (not older than 20 
years) while the very old radiators were replaced with new ones. The necessary hot water that 
circulates in the radiators is provided by the central plant of the University Campus.  

It is not clear yet how the temperature of the radiators is controlled. The building is divided into 
zones which, however, do not have uniform temperatures. Some radiators do have thermostats – 
not those located in the corridor. As the thermostat-controlled radiators are located in large spaces, 
shared by large numbers of people, frequently nobody feels responsible for adjusting the 
temperature to the desired levels. On the other hand, the temperature in the corridors might get 
very high, resulting in uncomfortable conditions.  

Frequently the users of the building are not aware of how the radiators work and, as a result, they 
set the radiators at either the maximum or the minimum power when they feel cold or warm 
respectively. It is most probable, however, that a more balanced and stable operation of the 
radiators would provide better thermal conditions while the fuel consumption would also be less 
(85).   

The glasshouses are autonomous as both of them have floor heating systems that meet the heating 
requirements.  

Finally, the needs for hot water are met by small electrical boilers (for example in the restaurant). 

5.4.2.3 Cooling 

Contrary to the heating provisions, no cooling is supplied through the air handling units. The lack of 
active cooling installations is compensated for by the mass of the building elements that are 
assumed to keep the indoor temperature at low levels. The opening of the windows assists this 
function, while the sun-blinds offer protection from solar radiation. In locations where the thermal 
mass of the building is not enough, overheating problems have been reported (for example on the 
second floor or for south facing spaces).  

5.4.2.4 Lighting 

During the day, the design of the building (size, position and number of openings) is such that 
abundant natural daylight is provided in most of the spaces. This effect is enhanced by the light 
coloured surfaces of the walls, the furniture and the floor carpets. Protection from glare is provided 
by a variety of blinds – exterior, interior, automatically or manually controlled. Initially, the irregular 
function of the automatically controlled blinds caused some frustration which was resolved by 
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providing additional manual controls for most of the blinds. Sun shading devices in the glasshouses 
are operated by the service desk.   

When sunlight is not available, numerous lighting fixtures have been appropriately placed. As the 
main concern of the renovation in 2008 was the rapid completion of the works, little attention was 
given to the light provisions – so common energy-saving light armatures were opted for. Initially, 
lighting control relied solely upon movement sensors but, later on, manual switches were added 
(except for the 2nd floor which has exclusively movement sensors). Problems persist however as, 
even today (at the time when this research was being written), users express their complaints about 
the difficulty they have encountered switching off the lights manually. As a consequence, the energy 
needed for the lighting of the building is excessively high. Finally, at closing times a central timer 
switch ensures that all lights are turned off. 

5.4.3 Indoor climate and comfort 

The indoor climate conditions of BK City were investigated by a group of TU Delft students in 2009. 
They performed measurements on air quality, temperature, acoustics and lighting in specific areas of 
the building and also conducted a survey among students and staff to detect the shortcomings in 
terms of comfort (85). 

With regards to air quality the following were found: 

 In general, air quality was characterized as ‘poor’ 

 Measurements in some spaces showed high levels of CO2 concentration 

 Some lecture halls suffer from very dry climate, creating unpleasant working conditions, 
while relative humidity in other spaces was above accepted levels  

 Ventilation rates were found insufficient in numerous lecture halls 

 The temperature of the incoming air was occasionally found to be unreasonably high for 

winter conditions (up to 23C) 

 Incoming air creates a draft that is sensed by the spaces’ occupants 

Measurements on indoor temperature showed: 

 Generally, unstable temperatures (high rates of fluctuation) indicating bad adjustment to 
the presence of people, outside temperature etc. 

 On sunny days various parts of the building suffer from overheating 

 Some college rooms were found ‘very cold’, forcing the users to wear their coats while 
seated 

 The temperature in small rooms with a lot of equipment (CPUs, printers etc) is influenced 
significantly by the high internal load  

 The mass of the building was found to be effective in terms of cooling down the 
temperature  

The third measured parameter of interest is lighting:  

 In general the levels of illumination are ‘very good’ 

 The shape of the building and the wise design of the openings favour the penetration of 
natural daylight. This results in a low demand for artificial lighting 

 The required illumination levels for exams were easily achieved in all measured rooms 

 The needs for presentations (dark room) were adequately fulfilled in rooms with appropriate 
shading devices 

 In various locations the operation of the lighting fixtures does not allow for the necessary 
distinct control (for example fixtures in front of windows or close to projection screens)   

The conclusions of the survey amongst students and staff of the faculty on comfort issues were: 
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 The overall feeling is of a ‘pleasant’ building  

 Users of computer rooms with increased internal loads were reported as ‘very unhappy’ 

 Staff of the Urbanism space on the ground floor expressed their discontent with regards to 
bad air quality 

 Complaints of headaches were expressed in connection to bad air quality (hot and stale 
atmosphere) 

 Though the possibility of opening the windows was always welcome, people found it 
difficult to come to an agreement with other colleagues  

 People had little knowledge of whether and how they could adjust the indoor temperature 

The report also identified the main reasons that would explain some of the aforementioned 
shortcomings. A common weakness is the lack of appropriate means of control on the climate 
regulation equipment. For example, the ventilation rate could be better adapted to the use of each 
room (according to people present, time of the day, season etc). Spaces that rely solely on natural 
ventilation suffer from either the impossibility to open windows, or the unwillingness of people to 
take the necessary initiative. Suggestive of the natural ventilation inadequacy is the occasional 
removal of window handles, presumably for reasons of security.  The suggested solution for the 
radiator-related problems (intense in large spaces with many users) was the installation of central 
thermostats. Overheating and the glare effect were usually a result of the improper or completely 
absent sunray protection measures. 

Apart from the above, however, other inherent building features also affect the performance of the 
building. These include: 

 the absence of insulation on the building envelope 

 the deteriorating state of the flat roofs 

 the single glazing that allows significant thermal losses 

 the low levels of air tightness 

 the obsolete condition of the radiators 

It should be mentioned however that this survey was conducted when renovation works were still in 
progress, so the building was not at its final operational state. Additional measures and maintenance 
works had already been scheduled at the time. In any case, it does take some considerable time for 
the facilities of a recently renovated building to be adjusted to its users and reach optimum 
performance. Besides, the (re)design of the building and consequently the planned budget, were 
executed according to the initial intention of using the building for a 5 year period.  

 

5.4.4 Energy use profile 

The Faculty of Architecture currently gets its energy from the cogeneration plant of TU Delft – a 
79MW power plant with two cogeneration units and three gas boilers for peak demand22. A 
cogeneration plant (Combined Heat and Power, CHP) captures the emitted heat from the electricity 
generation, thus allowing the simultaneous production of electricity and heat. 

The following table shows the breakdown of the energy consumption for electricity and heating for 
the year 2009. Though the figures for the winter period are a rough estimation, due to the non-full 
occupancy of the building, the required energy of BK City is still comparable to the respective figures 
for an average academic institution in The Netherlands – see table 11. These figures, rather than a 

                                                           
22

 Annual gas consumption for the whole University is estimated at 11*10
6
 m

3
 which result in a 21605 tons 

production of CO2. The distribution temperature ratio is 130°C-supply/80°C-return (143). 
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reason for being complacent about the situation at BK City, should be treated as a cause for 
concern for the average academic Dutch institution, with regards to its wasteful use of resources. 

Chart 9 shows the energy consumption breakdown per month for the case-study building (year 
2009). 

 

 

 

 

 

 

 

 

 

 

 

 

Finally, with current energy prices, the electricity bill for the year 2009 came to around € 320.000 
while keeping the building warm cost another € 360.000 
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 The assumptions for the conversions are: 1KWh electricity = 8,55MJprim , corresponding to 0,582kg CO2 , 
while for heating, 1MWh = 3600 MJprim , corresponding to 0,0561kg CO2 
24

 HBO stands for Hoger beroepsonderwijs i.e. ‘higher applied education’ while MBO stands for Middelbaar 
beroepsonderwijs i.e. ‘middle-level applied education' 

Primary energy consumption per m
2
 per year

23
  (88) 

  MJprim  kg CO2 

   BK City Universities, HBO 
and MBO

24
 

 BK City Universities, HBO 
and MBO 

Electricity 478,50 486,00 33,41 33,08 

Heating 413,51 451,00 23,20 25,30 

Total 892,01 937,00 56,61 58,38 

Table 11 Energy consumption and CO2 emissions for BK City, 2009, compared to the equivalent average for 
academic institutions in The Netherlands (88) 

Chart 9 Energy consumption in BK City for year 2009, breakdown per month. Since May 2009 the 
two glasshouse extensions were added to the building                                               
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6 The refurbishment of BK City 

6.1 A pallet of measures for BK City 

In this section, a number of selected interventions applicable to BK City and other listed buildings will 
be discussed. This overview of generic measures is accompanied by case studies, along with the 
most important advantages and disadvantages of each one. The proposed measures range from 
traditional and widely used to more sophisticated ones, involving cutting-edge technology. 

6.1.1 Basic building improvements  

6.1.1.1 Post - insulation   

Enhancing the insulation of a building can be applied to the exterior walls, the floor structure and/or 
the roof.  

With regards to the exterior walls there are three possibilities: 

 External wall insulation 

 Internal wall insulation and  

 Cavity wall insulation 

The first option is not a possibility for BK City, so it will not be discussed. Table 12 summarizes the 
main advantages and disadvantages of the two other options (see figure 26). 

 
 
 

 Internal wall insulation   Cavity wall insulation 
Moisture/ 
condensation 

Eliminates surface condensation 
Cold bridging at junctions (floor-walls) 
Interstitial condensation risk 
Condensation risk between insulation and wall 
Rainwater can enter through porous bricks 
Rising damp and rain water cannot dry easily 

Increased risk for damp penetration  
Gaps in insulation favour condensation 
and mould 

Temperature Low temperatures within wall 
Thermal mass is isolated from internal gains 
(heat absorption & release will not take place) 

Internal wall surface temperature is kept 
high 

Air movement Reduced infiltration 
Air flow behind internal insulation 

Reduced infiltration 

Applicability Can be applied selectively to various parts of 
the building 
Practical limitations on thickness 
Difficult to apply around doors, windows and 
internal fittings 

Imperfections and obstructions (wall ties, 
debris etc.) hinder the complete filling of 
the cavity 
 

Aesthetics Masks existing interior wall finishes No effect 

Cost Cheaper than external  Relatively cheap 

Maintenance Easy access to treated surface Very difficult 

Other Unaffected by weather 
Existing wall is not protected (from external 
environment) 

Insulation might sink and settle under its 
own weight (compaction of fibres) 
Additional internal or external insulation 
might be needed   
The low temperature within the cavity 
might affect iron/steel ties 

Table 12 Advantages and disadvantages of internal wall insulation and 
cavity wall insulation  
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Table 13 Advantages and disadvantages of underfloor and overfloor insulation  

Insulating the floor structure can be done in two 
ways, either on the underside (underfloor 
insulation) or on top of the existing structure 
(overfloor insulation) (see figure 27). The two 
possibilities are compared in table 13. 

 

 

 

 

 

Finally, there are three types of roof insulation: 

 between the rafters 

 between and below rafters 

 between and above rafters 

In the first case (between rafter insulation), the depth of the rafters might have to increase in order 
to accommodate thick insulation materials. It is the simplest way of insulating the roof, but entails a 

 Underfloor insulation Overfloor insulation 

Advantages 

 Separate insulation in distinct rooms is possible 

 Appropriate for south facing rooms 

 Limited occurrence of overheating 

 Makes use of the thermal mass of the floor 

 Floor heating can be applied 

 Immediate warming up/cooling down 
of the room 

Disadvantages 

 Thermal bridging risk 

 Excavating floor will be required 

 Basement ceiling will be a problem 

 Thermal bridging (internal walls) 

 Current floor no longer in sight 

 Problems with doors 

Figure 26 Internal (left) and cavity wall insulation 
(right) 

Figure 27 Underfloor (left) 
and overfloor insulation 
(right) 

Figure 28 Between-and-above-rafters insulation and between-and-below-rafters insulation, as suggested by the Energy 
Saving Trust (123). Best practice U values are also shown 
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Table 14 FAKTOR10 concept achievable results  

high cold bridge formation risk. This can be solved by applying the insulation material below the 
rafters too. However, in the case of an attic, this option might be restricted due to the (non)available 
height and the possible obstruction to door and window openings. Another constraint is the 
problematic installation of light fixtures on the ceiling. The last option (between and above rafters) 
requires the re-covering of the roof and is, thus, the most expensive, laborious and time consuming 
of all, however, it solves effectively all the above mentioned problems.  

One of the most successful approaches towards energy refurbishment through the enhancement of 
the building envelope’s insulation properties is the German so-called FAKTOR10 concept. FAKTOR10 
stands for an up to 90% reduction in fuel consumption. The following table demonstrates the 
measures applied along with the savings achieved (93):  

 

 

 

 

 

 

 

There are many case studies where the FAKTOR10 methods have been applied. One that is relevant 
to the Thesis is the following German building, dating from 1885. By applying the EnEv-30% 
measures impressive results were achieved – see table 15 (94). 

 

 

 

 

 

 

In The Netherlands, a very interesting project is the refurbishment of the listed as a National 
Monument ‘Latijnse School’ in Middelburg. This complex of buildings comprises of three parts dating 
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 The Energieeinsparverordnung (EnEV), or Energy Conservation Regulations, is Germany's energy efficiency 
building code.  One of the most stringent codes in the world, the EnEV sets standards for insulation, 
fenestration, envelope, and HVAC. 
26

 EnEV 30% corresponds to an annual primary energy and a transmission heat loss 30% under EnEV. 

Level 

Measures 

Insulation Glass Ventilation 

Exterior wall Basement Roof 

EnEv
25

 12 cm 8 cm 16 cm 
2-pane 

insulating glass 
Without heat 

recovery 

EnEv-
30%

26
 

16 cm 12 cm 20 cm 
3-pane 

insulating glass 
With heat 
recovery 

EnEv-50% 20 cm 14 cm 30 cm 
3-pane 

insulating glass 
With heat 
recovery 

Typology Gründerzeit (‘the Founder Epoch’) 

Characteristics sandstone facade with decorative 
elements 

Country Germany 

Construction year 1885 

Volume 2.873m
3
 

Storeys 5 

 Prior to 
refurbishment 

After 
refurbishment 

Component U value [W/m
2
K] 

Ext. wall 1,8 0,53 

Ceiling 0,83 0,17 

Ground floor 1,39 0,20 

Windows 2,80 1,00 

Savings [kWh/(m
2
a)] [kWh/(m

2
a)] 

Annual heating requirement 164,5 29,2 

Hot water 17,0 17,0 

Yearly primary energy demand 254,1 53,1 

Table 15 Energy savings through 
insulation increase for a 1885 German 
building  

Figure 29 The case study 
building 
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from the 14th century, 1879 and 1922. As the National Monument Committee imposed serious 
restrictions concerning the original elements (façade, part of the roof, the chimney, several openings 
etc.) the refurbishment measures were applied on the two more recent parts of the complex. The 
total energy consumption reduction, however, remains impressive. 

The target set was to convert this monumental complex into a passive house (heating energy ≤15 
kWh/m2, total energy ≤ 120 kWh/m2 per year) with mostly passive measures. The viability of the 
building relies today upon the airtightness and the high insulation values of the envelope, the 
function of the thermal mass, solar shading and night ventilation, while solar and internal gains are 
efficiently controlled.  
Table 16 mentions the main measures taken for the ‘Latijnse School’ complex refurbishment. 
 

Component Measure Remarks 

Garden side 
walls 

240mm inside wooden frame 
insulation (hsb elements) 

The gap between the original wall and the new 
frame is filled with mineral wool 

Street facing 
facade 

Outside surface insulation, 
300mm polystyrene 

The inside surface is covered with valuable tiles and 
had to remain intact 

Windows Inside window installation with 
triple glazing 

Original windows are single glazed. In the cavity, 
between the new and the old frame, blinds are 
placed 

Roof Steel and hsb insulated elements Some visible interventions were allowed, while the 
original (1879) zinc finished roof had to remain 
intact.  

Chimney Ceiling around the chimney is 
covered with 360mm glass wool 

Chimney remains a cold bridge 

Adjacent outdoor 
space 

Creation of a sheltered/covered 
entrance to the building 

 

 
 

These measures along with others (geothermal and solar energy) have resulted in highly energy 
efficient results (heating demands = 1.5 m3 gas equivalents per m2 per year = 13kWh/m2/year) (95), 
(96), (97), (98), (99). 

 
 

 

 

 

 

 
Interesting innovative insulation practices are those used in the ‘bio-ecological conversion’ of 
buildings. When the one-century-old farmhouse ‘Ferme du Bois-le-Comte‘ in Antwerp, Belgium, was 

Table 16 ‘Latijnse School’ complex in Middelburg refurbishment 
measures 

Figure 30 Details of the 
wooden framed inside wall 
insulation, ‘Latijnse School’ 

Figure 31 The steel structure for the 
roof support and the insulation 
elements, ‘Latijnse School’ 
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turned into the Oost West Centrum27 it was decided that nature-inspired insulation materials would 
be used. In this context, the building was insulated with woodwool (shavings of timber) most 
commonly used in packaging and expanded clay granules (generally known as LECA) used in 
horticulture (100). Similarly, paper flakes and oriented strand board (OSB) for roof insulation, cork 
and paper flakes for wall insulation and recycled paper and flax straw for acoustic insulation were 
used in the renovation of a townhouse in Bruges, Belgium (101). 

6.1.1.2 Window replacement 

Insulating the envelope of the building involves, apart from the roof, the walls and the floor, dealing 
with the windows, too. The following diagram shows the possible alternatives for a listed building: 
 

 

   

 

 

 

 

 

Figure 32 Alternatives for the treatment of windows in a listed building 

Maintaining the window frames in a listed building will fulfill the aesthetic and historic 
considerations, but this will have an effect on issues such as energy performance, moisture 
resistance, security, acoustic performance etc. In addition, maintaining the glazing is, also, 
considered a sustainable choice as the existing material is not thrown away. In this case, treating the 
frame on the spot will be cheaper but not as efficient. On the other hand, replacing the glass with 
double/triple glazing might be hindered in case the frame profile is too narrow – there are however 
products for such situations, too (e.g. Conforglace by 
GRONA). Finally, adding a secondary window will cause 
some problems with the opening of existing pivot 
windows, while there is high risk of condensation for 
the exterior frames. 

If possible, the first choice should be to replace the old 
frames. In this way the standards of newly built 
structures can be met and the maintenance costs will be 
minimized. Steel frames are aesthetically superior and 
perform better in terms of fire safety, burglary and 

durability, they are however more expensive than 
aluminum ones. 

Dealing with the windows in sustainable restoration is a 
very common task. The architects involved in the 
restoration of the ‘Paushuize’ (literally the Pope’s 
house, built in 1517), in Utrecht, had to overcome 
difficulties posed both by the monumental nature of 

                                                           
27

 The Oost West Centrum is an educational organization for ‘natural living and transformation’. 

Glazing Replace 

Frame 
treatment 

on site 

Frame 
demounting & 

treatment 

 

Double 
glazing 

 

Restoration/vac
uum/handcraft 

glazing 

 

Steel  
frame 

 

Aluminum 
frame 

 

Steel or 
aluminium 

frame 

Timber 
frame 

Frame Maintain Replace 

Multiple 
layer/reflective/low 

e coating etc. 

Figure 33 The 
elegance of the 
Paushuize in 
Utrecht is 
evident (left) 
and so is the 
deficiency of its 
thermal 
envelope 
(below) 

Add 
secondary 

window 

Maintain 
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Table 17 Advantages and disadvantages that surface heating 
systems offer  

the building and various technical issues (see figure 33). The entire 
building had single glazed windows, whereas certain oak frames 
were equipped with ‘safety glass’, which is tempered glass that 
doesn’t provide, however, any thermal protection. 

On elevations where the existing frames could not be replaced and, 
thus, double glazing was not an option due to the narrow profile, 
the architects chose to install secondary windows 
(achterzetbeglazing). In this way, the achieved performance is 
similar to the double glass. In other areas, special restoration glass 
will be used, which, of course, is less efficient than the double 
glazing, but maintains the original visual impression of the façade. 
The cost for this type of glass proved to be relatively high due to 
specific color requirements.  

The restoration architects were also concerned to equip the building 
with thick insulating curtains (also for acoustic reasons) and shutters. 
Shutters that were original were kept after some maintenance work. 
Finally, in order to attain the best results special attention was paid to 
the airtightness measures as the frames were provided with special 
removable strips. At some points cracks were left unsealed to 
enhance the natural ventilation of the spaces. 

By applying a number of other energy saving measures, the ‘Paushuize’ reached a DuMo index of 
342, while the environmental costs were also significantly reduced (102), (103), (104).  

 

 

6.1.2 Building services equipment upgrade/modernization 

Upgrading outdated building services is the main pillar in most refurbishment projects. This might 
involve choosing an HVAC system between all-air, all-water systems or air-water systems. Some of 
these systems require centralized equipment, whereas others consist of local equipment.  

Deploying modern heating technology is possible through choosing modern heat supply means. Low 
temperature equipment should be favored as it demands significantly smaller amounts of energy to 
adjust the indoor climate. This could entail replacing the existing radiators with a floor heating 
system or cooling ceiling panels etc. Surface heating systems are briefly examined in Table 17:   

 

 

There exists, of course, a huge variety of heat supply systems, a mixture of which can be opted for 
an existing building. For example, in spaces with a need for local heat supply, as in study rooms, 

 Advantages Disadvantages 

Floor/wall/ceiling 
heating 

 well combined with heat pumps 

 low temperature heating 

 cheaper to run than central heating 
using radiators (for 24hr use) 

 no visual impact 

 ideal for use with high efficiency 
condensing boilers 

 lifting floor boards is required (floor heating) 

 clash with existing doors (floor heating) 

 require a large application surface 

 not suitable for rooms with great heights 

 efficiency depends on level of insulation 

 risk of thermally driven airflows (near cold walls, 
single glazed windows) 

 difficult to repair and maintain 

 floor covering might reduce its efficiency (slow 
response time) 

Figure 34 The narrow profiled 
existing windows favor the option 

of installing secondary windows 
(above). When that is not possible 

(below), the plan is to use thick 
curtains to minimize heat losses. 

‘Paushuize’, Utrecht 
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Table 18 Advantages and disadvantages of mechanical ventilation  

furniture heating can be used which is also ideal for areas with irregular use as it provides immediate 
comfort (see case study at the end of the paragraph).   

Mechanical ventilation is also a consideration that offers certain advantages over natural means of 
fresh air provision (see table 18): 

 Advantages Disadvantages 

Mechanical VS 
natural ventilation 

 Better overall control 

 Heat recovery possible 

 Minimal ventilation heat 
losses 

 Security 

 Lower street noise levels 

 Limited individual control  

 Higher initial cost 

 Higher running costs 

 Higher maintenance cost 

 Plant noise 

 Environmental impact 

 

Ventilation supply units should also be a field of investigation. In case of space unavailability smaller 
devices can be installed: 

 Units that can be integrated into suspended ceilings or 
a double façade 

 Units that can be integrated into the wall or into the 
wall insulation 

 Units that can be integrated into the windows system 

 Integrated devices into prefabricated roof 
construction 

An innovative application in the field of ventilation units is the so-
called breathing window that has been developed by prof. Jon 
Kristinsson (see figure 36). This decentralized system provides 
preheated, through a heat exchanger, fresh air (50m3 per hour 
for one unit) while polluted air is drawn out. The main advantage 
of the system is the ability to individually monitor each space 
where it is applied. 
 
Upgrading the HVAC installations of an old building is a complex 
task so alternative strategies can be sought. In Mannheim-

Gartenstadt, Germany, a block of flats built in 1930 was 
refurbished in 2004 in order to transform it into a ‘3-litre 
house28’ (105). The heated living area totals 1.150m2 while the 
gross volume is 6.560m3.  

The concept for the modernization of the building services was to 
deploy five different scenarios for the ventilation and heating of 
the flats, in order to compare the final results in terms of comfort 
and energy requirements. For the energy generation, a CHP unit 
was chosen that is connected to the grid and a storage tank for 
the excess heat produced, while a gas condensing boiler provides 
additional power to cover peak load needs. 

The five different scenarios are briefly described below. The 
common characteristic in all of them is that fresh air is provided 

                                                           
28

 A ‘3-litre house’ indicates an annual primary energy requirement for heating of 34 kWh/m² p.a., which is 
equivalent to 3 liters of heating oil/m

2
/year  

Figure 35 Section of decentralized ventilation 
units with heat recovery 

Figure 37 The ‘3 liter house’ in Mannheim 

Figure 36 The breathing window which can 
be integrated in the building skin 
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Table 19 The five scenarios deployed in the ‘3 liter house’  

by a central unit placed at the top floor that allows for heat recovery, and a radiator placed in the 
bathroom. 

 Heat & 
ventilation 

Fresh air 
volume 
regulation 

Temperature 
regulation 

Temperature 
control 

Performance 

Variant 
1 

central 
unit 

uniform in all 
levels 

air heating VTC 

Overheating in upper 
floors, during heating 

period 
Long warm up time 

Variant 
2 

central 
unit 

uniform in all 
levels 

air heating 
distinct control in 

each level, through 
separate reheaters 

Overheating in upper 
floors, during heating 

period 
Long warm up time 

Variant 
3 

central 
unit 

individual in 
each room 

air heating 
individual control in 

each room 
High air quality 

Variant 
4 

central 
unit 

individual in 
each room 

air heating + 
complementary 

room heating 
system 

individual control in 
each room 

High air quality 

Variant 
5 

central 
unit 

individual in 
each room 

air heating + 
capillary tube 

mats, cooling also 
possible 

individual control in 
each room 

High air quality 
Lower temperatures 

achieved 

 

A very useful outcome of this project was the importance of the user’s practices. This was 
demonstrated clearly during summer when some flats without cooling equipment achieved indoor 
temperatures lower than the ones in flats with capillary tubes for cooling. Night ventilation along 
with the effective use of solar shades and the use of extraction fans helped reduce the overheating 
in the said flats. Automating these functions could be the solution for the entire building. 

The cost for the HVAC technology was estimated at €370/m2, while the capillary tube mats were 
covered by ‘special technology subsidies’. All of the refurbishment measures resulted in an 
impressive reduction of the source energy for heating and hot water from 389kWh/m2a to 
34kWh/m2a. 

Local heating systems and their use has been investigated in monumental buildings, such as the 15th 
century ‘Rocca Pietore’ Gothic church in North Italy, the Amsterdam School ‘Julianakerk’ in 
Dordrecht, The Netherlands, and others. A common feature of these buildings are the numerous 
sensitive items, often of very high value, that should be protected from excess moisture, shrinking, 
swelling, cracking etc. Examples of such items are wooden altars, mural paintings, sculptures, church 
organs and others. Additionally, these 
buildings usually require instantaneous 
warming when crowds enter, while, for the 
rest of the day, they have hardly any heating 
needs. This rapid heating might cause 
abrupt variations in the temperature and 
the relative humidity in the interior with 
condensation issues commonly arising. The 
proposed local heating system is mounted 
on pews and benches and it comprises of 
three radiant heating elements, one 

Figure 38 Seat heating element (1), hand heating element (2) and 
kneeler pad element (3) (left) and the ‘Julianakerk’ bench heating 

system (right). 
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underneath the seat, one on the back of the seat (hand heater) and one below the kneeling pads 
(see figure 38). Instead of providing heat for the whole indoor area, this system radiates heat only 
where necessary and for much shorter periods of time, resulting in significant energy savings (106), 
(107), (108). 

 

6.1.3 Redesigning 

Redesigning an existing building as part of its refurbishment means: 

 Changing its function 

 Optimizing space use 

 Altering the layout  

 Creating climate zones 

 Adding new spaces 

 Creating buffer zones 

 Demolishing existing wings of the building 

 Adding/demolishing existing floors of the building etc. 

Reasons for redesigning an existing building may vary. What is of interest here is when it serves the 
reduction of the energy use and the amelioration of indoor climate conditions.  

Examples of such actions is the placing of secondary uses on northern sides, minimizing the heated 
surface area, managing the distribution of the internal heat loads, reusing blocked windows, 
reactivating lift shafts, gathering utility installations, minimizing transport heat losses through careful 
duct and pipe placement, adding an atrium to cover an open air space and so on.  

In The Netherlands, the large number of historic churches, 
abandoned industrial buildings, castles and water towers makes the 
need for redesign very big.  

A widely acclaimed project, along these lines, is the refurbishment of 
the ‘Bussumse Watertoren’, a water tower in Bussum. The 
refurbishing team claims that this building is now the most 
sustainable in The Netherlands (due to the use of materials, the 
energy and water consumption). The ‘Bussumse Watertoren’ complex 
(3.500m2) consists of the water tower, dating from 1897, and an 
attached office pavilion. Through a diversity of measures (CHP, 
windmills, PVs, biomass heating, ground heat storage, making use of 
the thermal mass for cooling, using fry oil as a secondary fuel) the 
building obtains all of its energy in a CO2 free way (109), (110). 

Another interesting reuse of space, that, also, demanded division into climate zones, is the 
‘Hermitage Amsterdam’ building. This historic building (17.000m2) dates from 1683 and has gone 
through numerous conversions throughout its history. In 1979, it was turned into a nursing home 
until 2007 when it was re-transformed into a modern museum. The particularities of the said 
building that had to be taken into account during its refurbishment were the following (111), (112): 

 The museum houses art collections that are brought from Russia. The exhibits are renewed 
every six years; flexibility is thus sought, both in terms of space usage but also of the 
conditions required (indoor temperature and relative humidity) for the preservation of the 
works.  

 Comfort for the numerous visitors had to be ensured. 

 As a museum, the security demands are very high. 

Figure 39 The water tower and 
the newly built attachment, 

Bussum, The Netherlands 
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 The low floor heights exclude the possibility of lowered ceilings and special floors had to be 
applied to maximize the elevation. As a result, climate installations can only be placed in the 
attic, while the distribution systems have to pass through thickened walls and beams  

These parameters influenced significantly the decisions for 
the climate installations which at the same time had to 
contribute to the limitation of the energy consumption. The 
initial concept of displacement ventilation in combination 
with floor heating was rejected due to: 

 Height restrictions but, also, to protect the floor 
decking material.  

 Calculations showed that such a heating system 
would cause the formation of cracks. 

 The presence of people would create a ‘pollution 
bubble’ that would have to be extracted at the top part of the rooms. This is undesirable for 
the preservation of artwork that is placed at a high level on the walls. 

 In order to avoid complaints by the visitors, the incoming air temperature could not be too 
low. The preservation of the art objects, however, demands a relatively low extraction 
temperature. This would result in a very small difference between supply and exhaust air 
with low cooling capability, requiring, thus, high ventilation rates and the resizing of the 
installation equipment. 

After careful consideration and the appropriate simulations and test measurements, the design 
team opted for an induction ventilation system. Furthermore, as the building is divided into several 
spaces, according to their function, the requirement for low energy consumption and low operation 
costs implied the creation of climate zones. Three zones were defined, office rooms, exhibition halls 
and circulation areas with a high visitor concentration. A part of the air supply is re-circulated while 
the exhibition halls are equipped with filters (dust, chemical and electrostatic filters). The division is 
realized through the overpressure principle, doors with automatic door closers, and laminar air 
curtains. Finally, humidity and temperature controls are accomplished through a monitoring system 
and CO2, temperature and moisture development detectors. 

Creating an atrium in an existing building will add valuable usable floor space and, at the same time, 
will act as a buffer zone for the rest of the building. The ‘Droogbak’, in Amsterdam, built in 1884 was 
declared a national monument in 2001. The conversion of this 10.000m2 building into a modern 
office building had to fulfil all necessary indoor climate requirements while preserving its essential 
characteristics. As part of this plan the existing courtyard was covered with a glass roof in order to 
shelter a library, traffic areas and a waiting room. In this way all the offices facing the courtyard 
benefit from the abundant daylight, as the two sided laminated glass of the atrium is solar 
controlled. Underneath the courtyard a car park was built. In their attempt to preserve the existing 
infrastructure, the refurbishment designers decided to use the steam pipes and the old ducts for the 
new installations (air ducts, exhaust systems, cabling etc.) (113). 

 
 

 

 

 

 

 

 Figure 41 The Droogbak: the addition of the atrium has been done in such a way that the 
intervention is not visible from the main street.  

Figure 40 The Hermitage museum, 
Amsterdam, The Netherlands 
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6.1.4 Reducing electricity and energy consumption  

Reducing electricity consumption can be done in various ways: 

 Use of stand-by killers 

 Replacement of equipment with energy efficient appliances 

 Replacement of electrical equipment with alternative appliances 

 Opting for energy efficient equipment 

 Efficient lighting (optimizing daylight admission, maximizing internal light distribution, 
energy efficient artificial lighting). This will also decrease the internal loads. 

For more rational energy and electricity consumption a good management and control system is also 
required. This can involve, among many other options: 

 Building Energy Management System (BEMS) 

 Automated control systems (thermostats programmed according to time, day, room etc.) 

 Presence detectors (temperature, lighting, ventilation) 

 Time programming (temperature, lighting, ventilation) 

 Humidity sensors (temperature, ventilation) 

 CO2 sensors (temperature, ventilation) 

 Air quality sensors (ventilation) 

 Daylight sensors (lighting control) 

The case study for this set of measures is the ‘Jülich research laboratory’ in Jülich, Westfalen, 
Germany. The building, constructed in 1967 and refurbished in 2003, suffered from very high energy 
consumption, as is the case with many laboratory buildings (high ventilation rates needed and high 
consumption equipment). The refurbishment measures included the following: 

 Optimized daylight use (light diverting louvers, daylight 
openings in corridor doors, skylights, interior color scheme, 
demolition of emergency exit balconies) 

 Energy saving bulbs 

 Demand oriented control (presence detectors, daylight 
sensors) 

 Night ventilation (cooling demand reduction) 

 Variable volume flow controllers in each room 

 Time dependant ventilation (rate decrease during weekends) 

 Presence detection for activating the ventilation system  

 Energy saving speed controlled fans 

 Air quality sensors in spaces with variable people presence 

The above measures resulted in more than 50% primary energy reduction. After the refurbishment 
the building consumed (primary energy) 39kW/m2a for electricity, 29kW/m2a for heating and 
146kW/m2a for cooling (114). 

 
6.1.5 Other passive measures 

The already mentioned post-insulation of a building, the window replacement and its redesign are 
all passive measures. In addition to these, one can distinguish a set of alterative measures that 
minimize the need for a traditional heating or cooling system: 

 Natural ventilation (cross/stack ventilation, wind catchers, ground-coupled air systems, 
ceiling fans, exploitation of sun and wind pressure, shower towers) 

 Evaporative cooling 

 Night ventilation for passive cooling (in combination with thermal mass) 

Figure 42 The Jülich research 
laboratory, Germany 
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 Air tightness measures 

 High efficiency glazing to optimize solar gain 

 The use of trees for solar/wind protection 

 Use of solar tubes  

 Roof solutions (greenhouse roofs, living roofs) 

The apparent advantages of passive measures are the low to zero costs (capital, running and 
maintenance costs) and the very low environmental impact. 

In Sachsen, Germany, during the sustainable 
refurbishment of an old school building (dating from 
1928) there was an effort to provide fresh air with 
only natural means (115). Originally, the building 
relied for its ventilation needs on windows and 
exhaust air ducts integrated on the masonry facade, 
which were blocked during past renovation works. 

This inspired the new ventilation scheme. New double 
glazed windows were installed with thermal insulation 
glazing. Natural uplift with the help of fans drives the 
fresh air through an opening at the bottom part of the 
frame into the cavity between the glass panes, where 
it is naturally heated and then enters the space, 
through the top window frame. The height at which 
the air enters minimizes the risk of draught while wind 
pressure reducers prevent the undesired air currents. 
Additionally, temperature monitoring allows the 
increase of the incoming air volume by the opening of 
skylights in the inner panes. The old air ducts were 
also reactivated so that air is sucked out through 
natural uplift. In support of this, CO2 sensors activate 

exhaust fans in case of large concentration of students. Sanitary spaces were the only ones where 
conventional exhaust air systems were installed with presence control. To avoid overheating during 
summer, night cooling is deployed in combination with the thermal mass of the building. The 
ventilation energy requirements were reduced by 83% after the refurbishment.  

Another interesting concept for fresh air provision 
through natural means is demonstrated by the 
Mediå primary school in Grong, Norway (116). This 
one storey building is new (1997), but its system can 
be incorporated, with the necessary adjustments, in 
a refurbished building. Fans installed at the air inlets 
and outlets along with natural forces (buoyancy) 
conduct the air flow in a controlled manner.  

An inlet tower is located a few meters away from 
the building. An underground air duct leads the 
fresh air to a distribution chamber which is located 
under the main spine of the building. From there, air 
is directed to the various school spaces. The air 
suppliers are embedded either in the walls on in the 
floor. The contaminated air leaves the building after 
being warmed up by the internal loads and is driven 
to an exhaust chamber and finally exits the building 

Figure 44 Main 
façade of the 
renovated 
school, 
Sachsen, 
Germany  

Figure 43 The natural ventilation principle, Sachsen, 
Germany  

Figure 45 The natural ventilation principle (above) and 
the inlet and exhaust tower (below) in Mediå primary 
school, Norway 
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through the exhaust tower. Sound attenuators, CO2 and temperature sensors, dampers, climate data 
systems, filters and mosquito nets complete this impressive ventilation scheme.  

  

6.1.6 Water treatment strategy 

A number of measures can be applied to the treatment of water, either waste water from the 
building, or rainwater treatment. These are summed up in the following list: 

 Rainwater collection, recycling or infiltration 

 Ecological water treatment through vegetation and microorganisms for non-potable uses  

 Reuse of grey water  

 Water consumption saving measures (water saving facilities) 

 Solar collectors for heating the water and insulated hot water pipes 

Rainwater harvesting requires the installation of suitable drains, special filters and tanks for the 
storage.  Common uses of such water are toilet flushing, washing machines, cleaning, gardening etc. 
Dealing with rainwater can be an opportunity to improve the surrounding environment and 
biological diversity (increasing green surfaces, implementing green roofs etc.). Some key water 
saving measures can include: 

 Use of water efficient fittings (flow regulation) 

 Use of water efficient appliances (dishwashers, washing machines etc.) 

 Individual metering of water consumption 

 Raising user awareness 

The water tower in Bussum, The 
Netherlands, is a good display case of 
water treatment. In the pursuit of 
‘extreme durability’ the refurbishment 
engineers chose to purify the waste 
water through a ‘constructed wetland’. 
The latter imitates the features of a 
natural wetland that removes 
sediments and pollutants from water in 
a natural way. The said building has no 
traditional sewage system, as a 
combination of plants, reeds and 
bacteria act as filters for the water 
cleaning, which is stored in a reservoir from which it is led back to the building for reuse (toilet 
flushing). In this way the claimed savings have reached an 80% reduction of drinking water 
consumption, while a connection to the main sewage system has also been avoided (along with the 
costs for such a connection). This system had never been applied on such a large scale prior to this 
project (109), (110).  
 
 
 
 

Figure 46 The principle of the constructed wetland, Bussum, 
Netherlands. Building wastewater (1), substrate filter (2), drainage 

pipes (3), control well, (4), water tank (5), return pipe (6)   
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Table 20 Comparison of selected microgeneration alternatives 

6.1.7 Microgeneration29 

The following table shows the main advantages and disadvantages of some selected forms of 
microgeneration.  

 Environmenta
l impact 

Reliability Installation Operation 
 

Maintenance Space 
requirements 

Publicity 

Solar energy 
(PVs and Solar 

thermal collectors) 
Pollution free 

Weather 
dependant 

High initial 
capital 

Low operating 
costs 

Low 
requirements 

High 
High public 
acceptance 

Small wind turbines Pollution free 
Weather 
dependant 

High initial 
capital 

Low operating 
costs 

Costly 
Relatively 
small 

Uncertain 

Heat pumps Low emissions 

Constant 
Back-up heating 
system typically 
required 

High initial 
capital 

Requires 
electrical 
energy 

Laborious & 
costly 

Unobtrusive 
Storage tanks 
required 

Limited market 
potential 
(invisible) 

Biomass boilers 
High NOX, CO2 
emissions 
 

Depends on fuel 
availability 

High initial 
cost 

Wood more 
expensive 
than gas 

Frequent  
Large storage 
areas 
required 

High public 
acceptance 

Gas turbine CHP 

CO2 emissions 
Pollutants 
during fuel 
cycle 

Heating & 
electricity 
demand must 
coincide 

High initial 
cost 

High fuel cost Costly 
Small plant 
size 

Unknown 

High efficiency gas 
fired boilers 

Greenhouse 
emissions 

Efficiencies up 
to 95% are 
possible 

High initial 
cost 

High fuel cost 
Higher costs 
compared to 
tr. Boilers 

Relatively 
small 

Moderate 

Piezo-electricity Pollution free 

Dependant on 
human 
presence & 
kinetic energy 

High initial 
cost 

Low operating 
costs 

Frequent High 
High public 
acceptance 

 

 
Apart from the above technologies, innovation in energy generation has brought about applications 
such as energy generating revolving door, energy generating floors, thermo-ionic generators etc. 
 

An impressive showcase of integrating sustainable energy resources in 
refurbishment is the ‘Renewable Energy House’ in Brussels (117). Built in 
1870, this listed office building houses the Headquarters of the European 
renewable energy sector, with a total surface area of 2.800m2. The target set 
for the refurbishment scheme was to minimize the energy consumption for 
heating, ventilation and air conditioning while covering the energy needs of 
the entire building by, mostly, renewable resources.  For achieving this 
target, the building was equipped with the following: 

 Biomass boilers  

 Solar thermal collectors (evacuated tube and flat plate collectors) 

 A geothermal heating and cooling system (loops, 115 m deep,  
exploited by a ground source heat pump) 

 A thermally-driven absorption cooling machine 

 A cooling tower  

 Electricity production with PV 

                                                           
29

 Microgeneration is the term used to describe the small-scale heat and power generation in an 
environmentally friendly manner. Typically it includes solar thermal heating, photovoltaic cells, wind turbines, 
micro-hydro, micro-combined heat and power (CHP), heat pumps, biomass boilers and fuel cells. 

Figure 47 The Renewable 
Energy House,  
Brussels, Belgium 
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The following diagram shows the summer cooling and the winter heating circuit: 

 

 

 

 

 
 

 

 

 

 

 

 

 

To supplement the above, the building met all of its electricity needs by buying renewable energy 
from external plants in Belgium (a mix of wind, bioenergy, CHP and small hydro plants). The results 
were encouraging. The building reduced its energy requirements impressively, while 100% of them 
are met by sustainable resources. 

 

 

6.1.8 Energy storage/reuse energy flows 

Reuse of waste energy flows is a concept that is gradually gaining publicity and acceptance. Buildings 
generate energy that is simply dumped in the environment, whereas it could be more effectively 
used. Ways to do this in an existing building are: 

 Energy storage (thermal, electrical, electrochemical, chemical, thermal mass) 

 Heat recovery systems 

 Combining  functions and energy systems in a large building (heat and cold exchange) 

 Smart building energy interconnection 

Figure 49 The heating system of the 
Renewable Energy House 

Figure 48 The cooling system of the 
Renewable Energy House 

Figure 50 Solar Thermal collectors front façade, 
‘Renewable Energy House’, Brussels Figure 51 The efficiency of the ‘Renewable Energy House’ and the 

breakdown of its energy resources 
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Figure 56 Climate 
plaster on capillary 

mat tube, Office 
Building, Berlin 

The barriers to the above mentioned concepts and 
technologies are usually the high costs and the long 
payback times, as well as various practical hindrances for 
listed buildings. 

The ‘Stopera’, in Amsterdam, is an example of how an 
existing building (completed in 1986) can be retrofitted 
with a thermal energy storage system. Indeed, in 2002, 
an aquifer system was put into use in order to provide 
the building with cooling. During the winter months the 

aquifer retains the cold water which is extracted during 
the cooling period. The cold water, after circulating 
inside the building (so it becomes warm) is re-injected 
back into the ground (the system serves only the cold 
storage) (118). 

An entire University campus in The Netherlands was 
equipped in 1998 with a highly energy efficient heat 
storage system. The old buildings of the Technological 
University of Eindhoven proved to be excessive gas 
consumers while the faculties were expanding at great 
rates in terms of number of students. This huge heat and 
cold storage system consists of 32 wells (16 cold, 16 
warm, at 25-80m below ground level) and provides 
15GWh heating/year and 13,5GWh cooling/year and has 
resulted in a 59% primary energy consumption saving 
(electricity annual savings 2.600MWh and 1,2*106m3 
natural gas) while CO2 emissions have been reduced by 
2.800 tones (119), (120). 

The scheme of the aquifer function is shown in figure 
54. In the first place, heat is extracted from the buildings 
during summer months and is then stored in the 
aquifers. In the winter period this heat is re-used to 
provide the necessary heating for the campus and is then 

directed to the cold aquifers. 

Finally, the use of Phase Change Materials in building 
refurbishment was tested in a 1921 office building in 
Berlin, Germany. Microencapsulated PCM was 
integrated in the ceiling structure along with the 
plastering layer which covers the cooling capillary tube 
mats. After monitoring the spaces with the 4cm thick 

‘climate plaster’ it was found that 2C lower 
temperatures were achieved during summer periods 

compared to spaces with conventional ceiling gypsum 
plaster (121). 

 
 
 
 
 

Figure 54 The principle of the Aquifer Thermal Energy 
Storage (ATES),TUE, Netherlands (119) 

Figure 55 Heat and cold transport piping at the TUE 
campus, the Netherlands 

Figure 52 The ‘Stopera’ building (118) 

Figure 53 The warm and cold wells of the ‘Stopera’ 
(118) 
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Figure 58 Occurrence of thermal bridges and ways 
to deal with them 

 

Figure 57 The cavity wall of 
BK City. 

6.2 Refurbishment Strategies for BK City 

6.2.1 Strategy I: Basic but Cheap 

This package of interventions includes actions that are considered as basic in a refurbishment 
scheme, i.e. are commonly applied, have well established efficiency, do not require huge capital 
investment and are highly reversible, while the disturbance level is kept very low. In general, they 
constitute a necessary set of interventions, that bear the minimum risk but no extreme results 
should be expected.  

6.2.1.1 Thermal skin 

In order to reduce the heated space, the basement will be placed outside the thermal skin. 
Basement rooms that are frequently used should be insulated separately. Additionally, and to keep 
the amount of works at a low level (Strategy I includes only the essential interventions), the attic will 
stay as it is, i.e. non-insulated. In this case it can serve as a storage room or, alternatively, it can 
house the climate installations. Naturally, the second floor ceiling will have to be carefully insulated 
with new material in order to reduce the huge heat losses. 

6.2.1.2 Insulation of exterior façade, ground floor and roof 

The need to maintain the original exterior facade of the building excludes the possibility of applying 
external insulation on the walls. In this way, the building keeps its original appearance, the use of the 
materials is still visible and the numerous decorations are not hidden.  

Insulating the cavity walls seems to be the most appropriate option. In 
locations where cavity wall insulation is not sufficient, internal wall 
insulation should be sought as an alternative or a combination of the two. 
Careful investigation of the conditions of the exterior walls should be 
carried out prior to any work. On both the external and internal leaf, 
cracks should be carefully inspected and sealed. The cavity itself should be 
continuous; if, for example, bricks have been used as wall ties, or stones 
and debris are keeping the cavity unclear, the wall won’t be appropriate 
for filling. 

A variety of materials exist (blown mineral wool, beads and granules, 
Urea-formaldehyde (UF) foam, polyurethane foam, polystyrene etc.) each 

of which has its own specifications and installation 
technique. In our case, blown mineral wool 
(λ=0,035W/m*K) is chosen that is suitable for walls up to 
12 meters high (122). Mineral wool is relatively cheap, 
but, it should be carefully examined whether the walls 
are watertight or not. Walls highly exposed to wind 
driven rain are susceptible to mould formation due to the 
penetrating rain water from the outer leaf, which will 
gradually lead to the obsolescence of the insulation. 

The width of the cavity has been estimated at 10cm 
which should allow the achievement of a U value of 
0,50W/m2K, which is close to the best practice target set 
by the ‘Energy Saving Trust’ (123). When the cavity filling 
has been completed it should be checked that the 
quantity used was comparable to that previously 
estimated. To this extent, infrared thermography will 
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Figure 60 Suggested between-and-below-rafter 
insulation of the roof 

 

Table 21 U values before and after the insulation 
measures  

Figure 59 The existing rock wool insulation of 
the attic floor 

 

help in detecting possible gaps, as will visual inspection. 

As mentioned previously, the basement is excluded from the thermal skin, so it should be insulated. 
As no floor heating system is chosen in this variant, the basement ceiling will be insulated from the 
underside. In this case, it should be verified that the reduced basement floor height does not 
obstruct its function – vacuum insulation panels (λ=0,01 W/m*K, d=2cm) provide a solution to such a 
problem. This way we also make use of the thermal mass of the floor, while the basement areas will 
be instantaneously warmed up. 

Finally, the attic floor will have to be reinsulated in locations 
where the currently existing (assumed) rock wool insulation 
is obsolete (see figure 59). The part of the stone slate roof 
covering the second floor has been assumed to be insulated 
(between the rafters) so the only improvement would be to 
eliminate the thermal bridges.  To achieve that, a 
continuous layer of phenolic foam (PF) insulation will be set 
extending across the underside of the rafters. To minimize 
the risk of condensation, a ventilation gap must be left 
above the insulation material and below the stone slates 
(figure 60). Table 21 shows the U values prior and after the 
refurbishment. 

 

 

 

 

 

 

 
 
 

6.2.1.3 Window strategy and airtightness 

The prime concern, when dealing with the openings in the facade, is to preserve the current window 
layout as much as possible. Steel framed windows add to the style and elegance of BK City and their 
application is becoming rarer as years go by. Maintaining them also fits with the ‘minimum 
investment’ that Strategy I aims at.  

Excluding the possibility of replacing the frames, leaves us with three alternative actions. 
Maintaining the single glazing, which does not fulfill any requirements (thermal losses, security and 
sound insulation), replacing the single glass with a double one which is not possible due to the slim 
profile and the large size of the glass surfaces, and, finally, installing a secondary window 
(achterzetbeglazing). The secondary window will insulate the window area as a whole (frame and 
glass) so the existing frames do not need extra treatment.  

Compared to the other alternatives the latter seems to be the most suitable. However, condensation 
problems might occur on the glass surfaces and cleaning will become a troublesome issue. The 
suggested solutions for minimizing the condensation risk are discussed in the next paragraphs. 

The first possibility would be to allow indoor air to enter the cavity between the existing window and 
the secondary window. However, this would introduce warm and moist air (internal loads, people 

U value [W/m
2
*K] 

element prior to 
refurbishment 

after the 
refurbishment 

facade 1,17 0,28 

ground floor 2,46 1,02 

2
nd

 floor ceiling 
(attic floor) 

0,64 (obsolete 
material) 

0,64 

2
nd

 floor slate roof 1,06 (thermal 
bridges) 

0,41 
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Figure 61 Proposed 
ventilation in order to 
eliminate the condensation 
risk on the outside glass 

 

Table 22 Thermal resistance of blinds and curtains (124) 

Figure 62 The existing 
double glass timber 
framed windows 

 

etc.) and, as a result, condensation would form on the colder single glass. This would, also, cause 
significant heat losses to the outdoor environment.  

The alternative configuration is to allow outside air penetrate the cavity 
(see figure 61). In this way, the outside air is warmed up inside the cavity 
and the relative humidity will drop. As a consequence, the secondary 
glass will be cooled down and condensation might occur, this time on the 
inner glass surface (if the glass temperature falls below the dew point), as 
the incoming air, at the bottom of the cavity, has the same temperature 
as outside air. The chances, however, for this are as high as for a normal 
single glazing, so the success of the proposed measure depends on the 
type of glass used for the secondary window – in this case double glass.  

In cases where secondary windows obstruct the opening of pivot 
windows and therefore cannot be installed, thick curtains can be applied 

to act as a thermal barrier (in this case removing and repairing the frames is advised). The curtains 
will, mainly, block the draughts, so they will act as a supplement to the sealing of the frames, but 
they should, under no circumstances, block radiators. The degree of insulation provided by the 
curtains depends on the achieved level of air entrapment between the window and the curtain. The 
Chartered Institution of Building Services Engineers (CIBSE) proposes the following correction of the 
thermal transmittance of a window for the effect of curtains or blinds (124):  

Uwb
’ = [(1/Uw) + Rbi]

-1 ,  

where Uwb
’ [W/m2K] is the thermal transmittance of the window corrected for an internal blind or 

curtain, Uw [W/m2K] is the thermal transmittance of the window and Rbi is the thermal resistance of 
the internal blind or wall [m2K/W] (see table 22). 

The main argument against the use of 
curtains is the resulting blocking of natural 
daylight. However, the curtains will have an 
important impact, even if they are used 
exclusively during afternoon and night 
hours – raising the awareness of users 
becomes very important here. Alternatively, 
the use of internal shutters could be 

investigated, e.g. shutters that allow sunlight 
to enter from the top part, but block the 
rest of the opening. 

The timber framed windows (figure 62), as 
we have seen, are a different case as there 
is much bigger flexibility in their 
replacement. From a variety of available 
materials for the new frames, a combination 

of aluminium and timber is opted for, in order to combine the strengths of both materials (wood, a 
natural renewable resource, offers a high thermal performance but lacks durability). Composite 
aluminium-clad softwood cores are a relatively new development, with an expected lifetime over 40 
years and a high level performance. The options for high performance glass are numerous (double, 
triple, low emissivity, micro-double-glazing etc). The choice for Strategy I is a low-e glass that can 
reach a U value of 1,5W/m2*K (125).  

 

 

Description Thermal resistance 
[m

2
K/W] 

conventional roller blind,  
curtain or venetian blind 

0,05 

closely fitting curtain with pelmet 0,07 

roller blind 
- bottom only sealed 
- fully sealed 

 
0,09 
0,18 
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Table 23 U values before and after the insulation measures – the 
effect of the frames has been taken into account  

Table 23 shows the U values achieved after the refurbishment.    

All the above measures should be 
followed by a serious effort to seal the 
leaky elements, as the infiltration rate in 
the existing building is very high. The 
efficiency of the heating and ventilating 
strategy depends, to a large extent, on 
the airtightness of the building - 'Build 
tight - ventilate right'. The attained level 
should be comparable to that of a new 
building, i.e. 0,25h-1 from 1h-1 which is the 

assumption for the current situation. The key points that need special attention are (126): 

 Joints around components, e.g. doors and windows 

 Voids between elements, e.g. wall to floor boundary 

 Installations and services passing through the building elements  

 Building materials that are permeable (lightweight blockwork) 

Common materials used for refurbishment applications are (127): 

 Gun applied sealants, including mastics, polyurethane and silicone sealants 

 Expanding foam sealants 

 Gaskets for movement joints 

 Draught stripping 

 Sealing fibre and  

 Membranes/films. 

 

6.2.1.4 Existing CHP plant for energy generation 

Currently TU Delft generates its energy from a central cogeneration plant. In 2008, due to the ageing 
of the engines and as part of the national Long-term Universities Agreement (MJA 2), it was decided 
to replace them with new ones, ‘ideally dimensioned’, that will provide a higher electrical output. As 
the gas CHP plant is expected to last at least for the next twenty years, it is sensible to keep it as the 
main energy supplier for BK City too (128). 

6.2.1.5 Heating and cooling 

One of the most common measures, in refurbishment schemes, is the installation of a floor heating 
system. In BK City, such an installation is hindered by various factors. Firstly, by keeping the radiator 
heating system we achieve maximum use of the existing material and infrastructure, which is in 
accordance with the sustainability statement that this project aims at. Where outdated, new 
efficient radiators should be installed. Second, the efficiency of such systems (underfloor heating) is 
questionable when applied in spaces with large heights, as are most spaces of the faculty. 
Furthermore, the installation of a floor heating system will require the placement of the insulation 
on the top side of the floor, to achieve maximum effectiveness. It becomes obvious that the 
increased floor thickness will have an impact on the levels in stairwell areas and the internal door 
head heights. Finally, we should take into consideration that the simultaneous placement of 
insulation and floor heating will be a highly disruptive process, and it is doubtful whether the 
University can accommodate it – BK City is not used for only 1-2 months per year, which means that 
students and staff might have to de-camp for a certain period of time.  

With this proposal, the radiators can receive the necessary hot water from the CHP unit. 

U value [W/m
2
*K] 

element prior to 
refurbishment 

after the 
refurbishment 

steel frame windows 
with secondary window 

5,9 3,0  (124) 

steel frame windows 
with curtain 

5,9 4,5  (124) 

timber frame windows 3,5 1,8   
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As for cooling, it is advisable to try and avoid mechanical cooling. Besides, the measurements carried 
out till now have shown that heating is mostly needed, while cooling is compensated for by the mass 
of the building. The effectiveness of the thermal mass of floors and walls, in compensating for 
overheating, presupposes that all surfaces are exposed. Improving the cooling of the building during 
summer can be achieved through night ventilation. 

6.2.1.6 Ventilation concept 

Currently, the building has a mechanical ventilation system for most of its spaces. Considering the 
numerous complaints, with regards to air quality and the problematic opening of windows, Strategy 
I includes: 

 Control of incoming air temperature 

 Mechanical exhaust 

 The use of waste heat to preheat the incoming air (heat recovery) via heat exchangers 

 Admitting cool night air into the building, to purge daytime heat 

With the above measures it is expected that the indoor climate level will rise. Firstly, by adjusting the 

air temperature (currently constant supply at 20C), overheating and unnecessary expenses will be 
reduced. Mechanical air extraction will ensure that air is constantly renewed, while the combination 
with a heat recovery system is indispensable due to the airtightness measures. Besides, the 
efficiency of an MVHR unit can be as high as 95%.  

Overheating has been identified as a frequent annoyance. By including a night ventilation scheme 
and activating the existing building mass during summer, the temperature of the building is 

expected to drop considerably, by as much as 3-4C (129). Despite the large volume of the building, 
the relatively low equipment gains (an upper limit of 40W/m2 is, usually, considered for effective 
night time ventilation), the low occupancy levels during the warm months and the expected working 
patterns render night cooling a very good solution. The monumental character of the building, along 
with security reasons, do not allow the operation of windows or grills to serve the night cooling 
strategy, so air will be drawn inside the building and exhausted, using the ducts for mechanical 
ventilation. In support of these, the glasshouses can be incorporated into the system by leaving the 
roof openings open at night. If natural forces are not considered adequate, the effect of night 
cooling can be enhanced by switching on the air extraction fans to increase the ventilation rate. 
Finally, a controlling system should be foreseen that will be connected to sensors and a weather 
station.  

The above are expected to increase the electricity consumption, but in this way mechanical cooling 
during the day will be avoided. 

6.2.1.7 Energy saving through electric equipment 

Energy efficient lighting and appliances should always form part of a refurbishment package, as they 
affect not only the electricity consumption but, also, the internal gains, resulting in lower cooling 
needs. The simplicity and efficiency of this measure is an additional benefit. 

For the artificial lighting in BK City the following suggestions are made: 

 Careful design of the artificial light policy (e.g. providing separate control for fixtures close to 
windows and projection screens, low level background wall light for office spaces, directing 
light where it is needed, etc.) 

 Use of LED lamps30 

                                                           
30

 LED lamps contain no contaminants such as mercury or phosphor (as opposed to compact fluorescent 
lamps) and can be safely disposed of or recycled. Their high initial cost is counterbalanced by their long 
lifetime (around 50.000 hours) compared to CFLs (10.000hrs) and halogens (3.000hrs) (146) 
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 Maximum use of dedicated fittings31 

 For the exterior lighting, energy efficient lamps (efficacy greater than 40lm/W) with daylight 
sensors or timers should be used 

The savings from this policy can be very high. For example, the mere replacement of an 
incandescent lamp of 120W with a CFL one of 23W will result in a €12 annual saving (130). 

Apart from the luminaires, the same attention is required for the selection of appliances, such as 
printers, fax machines, copiers, scanners, screens, audio/video etc. There are several organizations 
that provide a labeling scheme for the energy efficiency of products and also recommend products 
with proven efficiency (for example the Energy Saving Trust in the UK or the Energy Star 
international standard in the USA). The savings potential can be increased by encouraging users to 
adapt their behavior and by enabling automatic power management (i.e. whereby an unattended 
appliance turns itself off). For example the potential saving of one single computer that is turned off 
at night and is accordingly configured will amount 91KWh per year (131). 

6.2.1.8 Controls  

In addition to the above, the installation of a building energy management system will prevent both 
unnecessary expenditures but will also reduce the environmental impact of the building. The 
proposed monitoring and controlling systems are: 

 Artificial and natural light 
o Photocells dimming controls (artificial lighting is turned off or dimmed according to 

daylight levels). Several sensors, carefully located will ensure the optimum 
correspondence to natural light levels. Time delays should be incorporated to avoid 
excessive switching. 

o Infra red absence detectors. This approach relies on manual switching-on whereas 
turning-off is automatic when no occupants are detected for a certain period. Time 
delays should be incorporated to avoid excessive switching. 

o Shading control when solar radiation exceeds an upper threshold (e.g. 125W/m2). 

 Radiators 
o Thermostatic controls in spaces shared by a large number of people and centrally 

controlled thermostats for the corridors.  

 Mechanical ventilation 
o Air quality sensors in lecture rooms with variable use during the day.  

The use of IC technology and telemonitoring will guarantee the smooth operation of the system. The 
regularity in the occupancy patterns of BK City allows the integration of a time program, so that 
during the night (after 22:00), weekends and university vacations, all lights are turned off, ventilation 
rates are at low levels and the temperature set point can fall. 

It is extremely important to ensure that the users of the building are informed about the controlling 
strategy and that manual overriding is always available. For this reason, the manual controls should 
be located at a visible spot and be simple to use. Local overrides of the time programming should 
also be available to allow work outside usual office hours. In this way, the numerous complaints 
regarding the control of the temperature, shading and artificial lighting operation will be tackled.   

6.2.1.9 Water saving measures 

Only the essential measures will be included in Strategy I for the water policy, which, in this case, are 
the installation of water efficient fittings with flow regulation for the restrooms and water efficient 

                                                           
31

 Dedicated fittings (luminaires) are those that will only take low energy lamps. Building regulations in parts of 
the UK now require a minimum number of dedicated fittings to be installed (123) 
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Figure 63 Overview of Strategy I 

 

equipment for the kitchen of the faculty restaurant. Additionally, point-of-use hot water should be 
provided. Savings from this action should be expected during holidays when demand is significantly 
lower and hot water demand is restricted to cleaning purposes. Low power (e.g. 3KW) electric 
heaters should be placed above or below the sinks and access to them should be provided only to 
the cleaning staff and the building janitor.   

An additional action, simple and cheap, is a water-saving campaign to increase awareness among 
students and staff. 

6.2.1.10 Synopsis 

An overview of Strategy I and the proposed measures is provided in the following image. The 
measures have been classified as in §6.1 A pallet of measures for BK City. 
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Figure 64 The 
interior of the 
attic as is today 
(left) and the 
space 
configuration 
for the 
conversion 
(below) 

 

6.2.2 Strategy II: Ambitious but feasible 

Compared to Strategy I, this package of measures includes somewhat more complex solutions. The 
required expenses, workmanship and installation time are greater, but the anticipated outcome is 
more ambitious, as are the risks involved. However, an effort has been made to keep all proposals to 
a realistic and accomplishable level. 

6.2.2.1 Converting the attic into a student area 

In addition to the proposals of Strategy I, Strategy II takes into account the need for extra floor space 
that the Faculty currently lacks, around 10.000m2. The attic seems to offer an excellent alternative 
for providing this space, as it covers in total an area of 6.500m2. In light of this opportunity, bachelor 
student workspaces could be located here, as well as silent study rooms and meeting areas.  

The conversion of a ‘cold roof’32 into a ‘warm’ one requires careful planning. It is, amongst other 
things, most probable that planning permits, electrical, plumbing and mechanical permits as well as 
listed building approvals will have to be obtained. 

In order to meet the building regulations’ specifications for a living space certain requirements need 
to be fulfilled: 

 Structural issues (can the floor carry the additional live and dead loads?)  

 Adding new windows may require additional structural actions to ensure that wind loads are 
resisted 

 The floor height must be above a lower limit, at least for a percentage of the total floor area 
(for example 2m in the US (dictated by regulations) or 2.3m in the UK (as a 
recommendation) for at least half of the floor area). In The Netherlands, the usable area 
(gebruiksoppervlakte) has to be at least 1.5m high, whereas living areas (verblijfsgebied) 
requirements are 2.6m floor height. Additional requirements may be valid for the attic 
height at the edge of stairs for fire safety reasons (in the UK this is 1.8m). 

 More requirements might involve stair specifications (tread width, riser height etc.), door 
sizes (emergency doors), window dimensions etc. 

Currently the attic of BK has no means of ventilation or access to daylight. For this reason, and after 
the approval of the Municipality authorities, the attic will be provided with skylights.  

The creation of a warm space in the 
attic entails its appropriate 
insulation, without compromising 
the conservation of the stone slate 
roof covering that is of historic 
interest. When internal space is at a 
premium, it is not advisable to 
insulate below the rafters. Above 
rafter insulation (‘sarking insulation’) 
will not only save space but 
guarantees as well the optimum 
thermal performance, minimizing 
thermal bridges – by applying a 
compound insulation board – and 
also protecting the timber roof 
structure from condensation. The 

                                                           
32

 The term ‘cold roof’ is used to describe the unheated pitched roof area when the insulation is placed at the 
ceiling of the top-most floor  



 

88 
 

Table 24 U value for the stone slate roof before and after 
Strategy II  

Figure 65 Suggested between-and-above-rafter 
insulation of the roof 

 

Table 25 The examined glass alternatives for the steel frames, Strategy II  

main drawbacks of this choice are, first, the higher costs for re-roofing and providing the necessary 
scaffolding and, second, the raising of the roof line by a few centimeters. 

From the two possibilities that were examined, the first was to lay non-structural beams over the 
existing structure to create a rafter system (up to 300-400mm insulation can be incorporated). This 
was rejected due to the excessive overall roof height.  

The alternative to this is placing insulation boards 
between and above the rafters (as seen in figure 
65). The ‘Pavatex’ board is a sustainable non-toxic 
material, made of wood fibers pulped and mixed 
with water resulting in a very good λ value of 0.04 
W/m*Κ (132). Sheep wool insulation has an even 
better thermal performance, λ value 0.039 W/m*K 
(133), and is a natural and renewable, not toxic 
material. Both materials are ‘breathing’ in the sense 
that they absorb and release moisture freely (vapor 

permeable), without jeopardizing the insulating 
performance. In this way, vapor control is not 
necessary and a mere airtight layer will suffice. This 
quality of the roof structure is in accordance with 
the spirit of the original design of the roof that 
allowed the abundant ventilation in order to keep 
the moisture levels of the timber low.  

In any case, a point that will need careful attention 
is the eave and the link between the cavity wall 
insulation and the roof insulation so that no 
thermal bridges occur that cancel the function of 
the insulation. 

6.2.2.2 Window strategy and airtightness 

Strategy II examines a different scenario for the windows. The steel frames will be maintained as in 
Strategy I but this time the single glazing will be replaced with a more energy efficient solution. Due 
to the small profiles of the existing frames the examined alternatives were restricted (see table 25). 

The choice made from the various alternatives is the vacuum insulating glass that performs very well 
in terms of thermal insulation and sound insulation (U=1,4W/m2K, RW=30 dB). The thermal 

performance of the total 
window surface depends 
largely on the frames which, 
according to this Strategy, 
will not be replaced. After so 
many years of exposure, 
however, the frames have 
deteriorated and are in need 
of serious treatment. In 
terms of longevity and 
durability disassembling and 
treating the frames at the 
factory is the wiser option, 
even though this will cost 
much more than treating 

U value [W/m
2
*K] 

element prior to 
refurbishment 

after the 
refurbishment 

slate roof 3,11 0,35 

glass brand name 
thickness 

[mm] 
U-value 

[W/m
2
*K] 

Van Ruysdael insulating+ (134) 3,8 3,7 

Van Ruysdael insulating+ sun reflective (134) 5,8 4,1 

Van Ruysdael HPI (vaccum) (134) 6,2 1,4 

Van Ruysdael insulating++ ultra thin (134) 5,8 3,5 

Van Ruysdael handcraft (extra distortions) (134) 6,9 3,4 

Allwin Glassique (135) 4 3,8 

Allwin vacuum (135) 6,2 1,4 

Stolker Monuglas (136) 9 3,1 

Slimlite Double Glazed Units (137) 10 2,1 

Conforglace built-in elements (138) 15 2 

Spacia (vaccum) (139) 6,2 1,4 

Dörr (140) 10 1,9 
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Table 26 U values for the windows after the refurbishment, 
Strategy II – the effect of the frames has been taken in account 

the affected parts on site – besides, the lower future maintenance costs will in time compensate for 
this higher initial expense. Repairs typically include cleaning, roughening and recoating the surface, 
replacing the lower sill, replacing the hinges and the latches, filling scratches with special paints etc. 

As in Strategy I, the timber frames will be 
entirely replaced by composite aluminium-
timber frames, with the additional 
installation of high efficiency glass, such as 
the Pilkington Activ™ with an argon filled 
cavity that can reach a U value of 1,2W/m2K 
(141). 

 
6.2.2.3 Ground source heat pumps and biomass boilers 

The main energy source for both the heating and cooling needs of BK City will be earth energy, i.e. 
solar energy that is stored in the ground. Among the various types of earth connection systems, the 
selected variant here is a ground-coupled heat pump (GCHP) that will use soil as a heat source and 
sink, with the use of horizontal ground heat exchangers (GHXs). 

Some inherent characteristics of BK City make the use of a GCHP system a more attractive choice 
compared to conventional heating/cooling systems: 

 The requirement for both heating and cooling that would need two separate conventional 
systems, whereas a GHCP can serve both purposes 

 The all year round operation of the system, that will result in high energy savings, compared 
for example to an air conditioning unit solely used for the cooling season and a gas boiler for 
the heating season 

 The use of the attic as a studio area will take up a large space, so conventional plants could 
not be installed there, whereas a heat pump needs significantly less floor area 

 BK City as a leading educational institution will welcome an innovative scheme even if it 
requires a longer pay back time 

The alternatives for an earth connection system were either a vertical borehole system or a 
horizontal arrangement of heat exchangers. Geothermal energy, i.e. energy from great depths, has 
been the object of investigation for the TU Delft area, initiated by Delft University students. The 
results, still at a research level, show that, at a depth of ca. 2300m, water can be produced of around 

75-80C (142), (143). Despite the promising investigations, Strategy II aims at a more realistic plan 
that can be directly implemented. In this sense, the horizontal configuration was chosen which in 
addition is cheaper, though it requires a larger surface area. To minimize the surface area needed, 
‘slinky coils33’ will be used. These are a variation of common horizontal loops, as they consist of 
overlapping circular heat exchangers in order to save volume and surface area. 

The size of BK City favors the use of multiple heat pump units, located around the building. This 
configuration is favorable, as it simplifies the local control of the indoor climate but, also, allows the 
simultaneous heating and cooling of separate zones. For example, separate heat pumps can be 
placed on each orientation in order to deal with the solar radiation variations.  

The heat pump system is electrically driven, which is its only environmental impact. During winter, 

fluid (an antifreeze solution as temperatures often fall below 0C) that has been warmed up due to 
the soil is transferred to the evaporator, which functions as a heat exchanger. The evaporator 
contains a cooler refrigerant that absorbs the heat and consequently evaporates. The refrigerant is 
subsequently driven into a compressor that raises the pressure of the gas and, so, its temperature 

                                                           
33

 ‘Slinky’ or ‘spiral’ is the term used instead of the scientific term ‘curtate cycloid’. 

U value [W/m
2
*K] 

element prior to 
refurbishment 

after the 
refurbishment 

steel frame windows  5,9 2,5 (91) 

timber frame windows 3,5 1,5 
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Figure 66 The ground-source heat pump system scheme (in the figure the 
heating mode is shown). 

 

and pushes it to the condenser (heat exchanger) where the warm and high pressure refrigerant 
vapor gives off its heat to the water (water-to-water heat pump) and becomes liquid again. This 
water will then be used to warm up the building – a floor heating system is elaborated in §6.2.2.5 
Underfloor heating and cooling. Meanwhile, the refrigerant continues towards the expansion valve 
that causes a sudden fall in pressure and, consequently, in temperature. The cool liquid refrigerant is 
driven to the evaporator to repeat the cycle once again (closed loop). Typically, heat pumps will 

deliver an output temperature of maximum 50/55C (144), but to keep the efficiency high the 

delivered temperature should be kept as low as possible – in this case 40-45C. 

The slinky coils have to be placed in 
trenches around 1,5-3m deep 
where the temperature is stable all 

year round (9C for The 
Netherlands). The depth depends 
on the soil characteristics 
(temperature difference between 
circulating fluid and ground, soil 
thermal properties and moisture, 
possible water movement at the 
site) and the design of the system. 
The minimum distance between 
adjacent trenches is 3m (144), 
(145). 

The horizontal loop system will be 
sized according to the maximum 
heating capacity and not the 
cooling one – which is substantially larger –, in order to decrease the total investment cost of the 
earth connection, which amounts to 30-50% of the total system costs (144). The dimensioning of the 
coil lengths requires complex calculations (special software exists), but the British National Green 
Specification (GreenSpec) gives an estimation of 1kW of heating load per 10m long trench laid slinky 
coil (146). A rough calculation shows that, with a full exploitation of the free courts of BK City, a heat 
load of around 450kW can be provided. 

The total heating demands of BK City are (currently) around 3.800MWh. This results, roughly, in an 
hourly demand of 880kW (180 heating days). Consequently, the ground pump will not be sufficient, 
under current circumstances, and additional means have to be sought (also for covering peak 
heating loads). For this reason, a biomass34 burner will be used, that will operate complementary to 
the soil heating. Biomass burning is considered a ‘carbon neutral’35 fuel, though one has to take into 
account the impact during the production cycle (fertilizers, pesticides etc.), the collection and, most 
of all, the transportation of the harvested fuel. However, it provides a good means for establishing 
waste streams (domestic and municipal waste, agricultural waste etc.) and has a relatively small 
payback time (3-5 years for Europe (147)).  

The main issues that have to be dealt with in the application of biomass burning in BK City are: 

 The low penetration of the biomass technology in the Dutch market (148) 

 Large storage areas are required due to the large heating capacity of the boiler 

 Locally produced appropriate fuel has to be sought 

 

                                                           
34

 ‘Biomass refers to a fuel that is produced by organic means.’ (146) 
35

 Provided the amount of biomass that is burnt equals the annual growth of the remaining biomass 
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Table 27 Biomass availability in the Netherlands (205) 

 

Figure 67 Configuration of the 
wood pellet storage room  

 

The choice of the biomass fuel depends on various factors. Table 27 gives an idea of the biomass fuel 
availability in The Netherlands: 

Biomass Availability in The Netherlands 

Type of biomass Availability 
[Kton/year] 

Energy content 
[GJ/ton] 

Bio-energy content 
[PJ/year] 

€/GJ supplied 

wood blocks 500 10,2 5,1 1 

wood chips 540 10,2 5,5 1,8 

saw dust (fine wood particles) 270 15,6 4,2 0 

wood pellets 100 17,5 1,8 5,2 

cereal 0 17 - 7 

grass hay 140 12,7 1,8 6 

hemp, flax 5 11,3 - 0,5 

vegetable oil 4 38 - 18,6 

rape straw 15 13,6 - 3 

peels 100 16,5 1,7 4,8 

bio-oil, frying fat 60 38 2,3 5,3 

bio-oil, fatty acid 60 38 2,3 2 

residues from meat processing 
industry 

50 22 1,1 0 

animal fat 200 25 5 6 

organic household waste (GFT) 2280 3,4 7,8 -9,1 

rubbish/litter 6800 9 27,5 -12 

chicken manure 1000 6,6 6,6 0 

pig manure 15000 - - - 

paper/plastic pellets 1400 18 18,9 0,6 

paper sludge 1000 1,6 1,6 0 

The most commonly used fuel is derived from wood (wood chips, wood pellets or logs). For BK City 
wood pellets can be used that are suitable for medium scale operations (10kW – 1000kW). However, 
the quality of the available pellets has to be considered, as the variations depending on the source 
can be significant (146).  Although sources of wood pellets in The Netherlands are scarce (the 
production capacity for the whole country is 130.000tonnes (148)), a transportation distance of 
around 40km permits the fuel to be considered CO2 neutral (147). The main producers of pellets can 
be found relatively close to Delft, Energy Pellets BV in Moerdijk and Plospan Bioenergy BV in 
Waardenburg.  

An important factor to be taken into account is the need for large storage spaces for the pellets. The 
specifications for the pellet storage room are the following: 

 Dry storage conditions throughout the year should be 
guaranteed 

 The loads for the enclosing walls should be calculated for a 

density of 650kg/m3 (a 10cm concrete wall or 17.5cm brick 
wall is usually sufficient) 

 Crumbling and abrasion of the walls should not occur, so that 
pellets rest uncontaminated  

 Careful sealing of door and openings so that dust does not 
enter adjacent rooms 

 Electrical installations should be removed from the room 
(switches, lights etc.) (149) 
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Table 28 Estimated availability of wood and green waste in the 
Netherlands (151) 

Recommendations for the sizing of the storage area suggest that the room should be able to 
accommodate the annual pellet requirements. In BK City, such large spaces (0,9m3 space per kW 
heating load36) are impossible to be found, except for the basement, in which case low moisture 
level conditions should be provided. 

For the needs of BK City, large capacity boilers or a combination of small scale ones is appropriate. 
Schmid AG (Switzerland, Germany and France) provides for example the Lignumat UTSL (up to 
150kW). Other major boiler exporters can be found in Austria, where an 80% of biomass boiler 
applications use wood pellets (146), (150).  

It should be mentioned here, that there has been serious opposition to the use of wood pellets as, 
despite the (questionable) low CO2 burden in the atmosphere, their burning makes inefficient use of 
the available exergy37 and may also contribute to the increase of forest cutting. Currently, most 
Dutch companies, including Energy Pellets BV, produce their pellets from fresh wood38 from 
Germany39 – Germany is also one of the main final pellet destinations. However, this could be solved 
by using waste wood, the poor condition of which, or its contamination, might render the recovering 
process for other end-uses too expensive. In this way, valuable landfill space can also be preserved. 
Waste wood sources include wood waste from construction sites, demolition waste, wood 
processing residues (residential and commercial), park and orchard maintenance waste (tree 
stumps, branches etc.) and others. Even straw and grass residues have been identified by 
researchers as a promising energy generation basis in the Dutch market. Table 28 gives an overview 
of the available wood and green waste in The Netherlands (151), (152), (153), (154).  

The breakthrough made in the production 
of biofuels from waste wood by two TU 
Delft researchers is worth mentioning. 
Frank Koopman and Nick Wierckx 
discovered that the bacterium 
Cupriavidus basilensis can decompose the 
hazardous by-products of the wood being 
processed into biofuels. This will 
potentially reduce both the costs and the 
environmental impact of the treatment 
methods (155). 

Alternatively, the use of bio-gas could be 
explored, sources of which can be food 

waste, sewage and farm waste. In the UK, green gas provided from the anaerobic digestion of food 
waste has already been explored and applied (156), (157). In any case, the use of the boiler should 
be limited to periods when it is absolutely necessary. 

Finally, the cooling demand of the building will be covered by the heat pump that can reverse its 
function (the evaporator becomes the condenser and vice versa) and provide an underfloor system 
with the necessary cool water. A thermally driven cooling machine was also considered as a 
possibility, but was rejected, as it would require the constant operation of the biomass boiler. 

                                                           
36

 1 m
3
 pellets ≈ 650 kg Energy content ≈ 5 kWh/kg or 18 MJ/kg 

37
 Exergy is the ‘maximum work potential of energy’, and is an indicator of the energy quality (212) 

38
 The raw material is not always 100% fresh wood (mixing with waste wood reduces the production cost) 

39
 Sweden, Canada, Finland, as well as some Eastern European countries (Poland, Estonia and Lithuania), are 

the other key players in the pellet market 
40

 Outer covering of a tree 
41

 Seedlings, trees, or fruit which have been thinned out to improve the growth of those remaining  

Material Amount 
[*1000 ton/yr] 

Heating value 
[GJ/ton] 

demolition wood 200-275 16 

palletwood 400 16 

green waste 1.000 4,8 

red wood dust/shavings 100 16 

public garden waste 250 10-16 

residual wood 45 16 

bark
40

 50 16 

grass residues 600 8 

thinnings
41

 500 13-16 
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Figure 68 Elevation of the water tower as is today and a 
typical section showing the necessary interventions to 
transform it into a storage tank 

 

6.2.2.4 Converting the water tower in an energy storage tank 

The difficult-to-predict and unregulated heat production by the heat pump and the biomass boiler 
requires a means of storage to balance the fluctuations in the heating/cooling demand and to top up 
peak load conditions. Available means for heat storage include: 

 Water tanks 

 Phase Change Energy storage devices 

 Molten salt storage 

 Ground storage 

 Hot bricks 

In BK City, the water tower, serving only decorative purposes at the moment, seems ideal for the 
purpose. The biomass boiler will heat the accumulator which will store heat for a certain period, till 
it is needed in the building. The inherent properties of water make it a very good storing medium, as 
it is cheap, abundant, non toxic and has a high specific heat capacity (4,187kJ/kg*K). Additionally, 
water is convenient both as a transfer medium and as a heating medium for underfloor heating (see 
§6.2.2.5 Underfloor heating and cooling).  

Several interventions have to be made to 
transform the tower for energy storage 
purposes – figure 68 shows a proposed section 
of the water tower. 

The heat storage unit will be designed as a 
reinforced concrete tank. The walls of the tank 
need to be insulated with 30cm insulation (i.e. 
fiber glass) on the outer side of the concrete 
wall, while the interior will be covered with 
stainless steel to prevent vapour diffusion 
through the concrete wall and ensure water 
tightness. Other proposed materials for the 
tank are high density concrete or glass fiber 
reinforced plastics (158).  

Among other things, the tank will be equipped 
with heat exchangers, temperature regulators, 
temperature-pressure relief valves etc. In front 
of the tank, the necessary space is left empty to 
allow for maintenance and repair works. 

It is preferable to locate the energy sources as close as possible to the water tower, to minimize 
pipework and transportation losses. Charging of heat will be done at the top while discharging at the 
bottom. A common problem of water tanks is the stratification within the tank during charging and 
discharging. To deal with this, first a CFD simulation has to be carried out and, if necessary, a third 
device between charge and discharge can be introduced to facilitate stratification, allow low 
temperature heat charging and also enable concurrent charging and discharging. 

In order to calculate the density of energy we will use the formula: 

QD = cP*ρ*ΔΤ, where cP is the heat capacity of water, ρ is the density of water and ΔΤ is the 
temperature difference of the water at storage level and the final use temperature. With an average 

ΔT=40C the energy density in the tank reaches 50-60kWh/m3 (158), (159). 

The storage capacity of the water tank is estimated at 33MWh (volume of the water tank 
V=12,3m2*45m=550m3) while the current energy demands for BK City are around 3.800MWh. 
Consequently, only a short term storage can be expected, e.g. per week, and not inter-seasonal. 
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Table 29 Typical delivery temperatures for 
various heating distribution systems 

 

Table 30 Comfortable temperatures for 
barefoot occupants for typical floor structures 

 

Figure 69 The Intercell 
heating system 

 

6.2.2.5 Underfloor heating and cooling 

The high operating temperatures of the existing radiators render them unsuitable for a low energy 
consumption refurbishment project and should, therefore, be replaced with an alternative 
distribution system. The following table shows the delivery temperatures of various heating systems 
(144). 

The importance of choosing a low temperature heating 
system is even bigger when considering the efficiency of 
the heat pumps: the lower the difference between 
source and delivery temperature the higher the 
coefficient of performance of the pumps. Additionally, 
such a system in combination with the high insulation 
level of the Faculty will result in a lower pay back time. 

For Strategy II, underfloor heating/cooling is chosen. The 
operation of the underfloor heating is based on the 
distribution of warm/cold water in a network of pipes 
(plastic, composite plastic or aluminium, usually 15mm 

diameter) that is integrated into the floor structure. One of the main disadvantages of this system is 
the low response heating that it offers. Eliminating this delay can be accomplished by: 

 Placing the floor insulation above the concrete slab  

 Installing a floating floor above the heating loops instead of placing the pipes within a 
concrete screed 

 Choosing large surface areas for applying the system 

 Choosing large diameter pipes and placing them close to each other, in order to increase the 
heat emitting surface 

 Carefully selecting the floor finishing (stone, tiles and slate transmit heat more effectively) 

 Avoiding the use of carpets and rugs that obstruct the heat flow 

With regards to the above mentioned drawback of underfloor heating, an 
interesting development in such systems is the demountable Intercell® 
Underfloor Heating (see figure 69). This system allows the placement of the 
heating pipes between a cell structure, on top of which is a thin steel plate that 
functions as a radiator (various floor coverings are available).  The 
manufacturers claim that this system reduces significantly the response time, 
while the high level of flexibility allows for future space use alterations (160). 

The heat output [W/m2] of the underfloor heating system can be calculated 
with the following formula (161): 

φ = 8,92(tf – ti)
1,1 

where tf the average floor temperature and ti the room temperature. Table 30 shows the desired 
floor temperatures for various materials (barefoot 
occupants) (161). The limitations on desired surface 
temperatures lead to a maximum heat output of around 

90W/m2 – for a room temperature of 20C (suspended 
timber floors have a maximum of 70W/m2) . 

The same hydronic floor system will be used for cooling 
purposes, too. The limitations on cooling capacity are 
the following (162): 

 to prevent condensation the floor temperature 

Distribution 
System 

Delivery 

temperature C 

underfloor heating 30-45 

low temperature 
radiators 

45-55 

conventional 
radiators 

60-90 

air 30-50 

Material 
Surface temperature 

range [C] 

Textiles 21 – 28 

Pine wood 21,5 – 28 

Oakwood 24,5 – 28 

Hard thermoplastic 24 – 28 

Concrete 26 – 28 
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Figure 70 Energy generation, conversion 
and distribution in BK City 

 

Table 31 Heating and cooling circuit in BK City 

 

has to be kept in the range of 17C - 20C (for a RH60-70%) 

 comfort issues (acceptable vertical air temperature, floor temperature, radiant asymmetry)  

dictate a minimum floor temperature of 18.5C 

 international standards recommend a floor temperature interval of 18°C/19°C to 29°C (for 
seated and/or standing people wearing normal shoes) 

Keeping in mind the above limitations, the maximum cooling capacity is less than 50W/m2. For BK 
City, due to the large glazed surfaces that allow the solar radiation to reach the floor surface, higher 
values should be expected. The condensation risk can be reduced by using dehumidification which 
will allow the denser placing of the pipes. In any case, researchers recommend dimensioning the 
floor system according to the heating needs and then get the most possible cooling out of it (163). 

 

In conclusion, figure 70 and table 31 show schematically the proposed interventions for Strategy II, 
with regards to the heating and cooling provisions for BK City. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 
6.2.2.6 Opportunities for adaptive temperature limits 

Installing the underfloor heating system is an opportunity to alter the set temperatures and adapt 
them to the time of the year, day of the week, hour of the day, provided the new setting doesn’t 
significantly affect the indoor comfort. For example, enforcing a night setback, with a set 

temperature of 16C, will pause the operation of the heat pumps and the boiler and result in 
significant savings. The same can be done during weekends and university holidays.  

Similar actions should, also, be considered during normal working hours of the Faculty. Research in 
The Netherlands has clearly demonstrated the significance of the adaptive user behaviour in the 
desired and tolerable indoor temperature. Higher operative temperatures are accepted when the 

 BK CITY heating and cooling circuit 

 Heating mode Cooling mode 

energy source soil heat energy biofuels soil heat energy 

conversion 
slinky coils & ground 
source heat pumps 
(max. 450kW) 

biomass 
boilers 

slinky coils & ground source heat 
pumps (max. 450kW) 

storage water tower (33MWh capacity) 

use floor heating (max. output 90W/m
2
) floor cooling (max. Output 50W/m

2
) 
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Figure 71 Bands of comfort temperatures in offices 
related to the running mean of the outdoor 

temperature. Figure retrieved from (124) 

outdoor temperature is also high, resulting in a more flexible range of (perceived as) comfortable 
temperatures (164), (165).  

In this respect, the British Chartered Institution of Building Services Engineers suggests a comfort 

temperature range of 19 – 21C and 21 – 23C for lecture halls, computers rooms, teaching spaces 
etc., during winter and summer respectively42. For office buildings, these figures are even higher, 
while summer peak temperatures are allowed to exceed a certain threshold for 1% annual occupied 

hours (28C for offices). However, when taking into account the mean outdoor temperature, the 
bands of acceptable temperatures are much more flexible (see figure 71) (124). 

Among others, crucial factors, for enabling an 
adaptive temperature range, are: 

 users’ ability to control the indoor climate 
(convenient control over windows, climate 
equipment, solar shading etc.)   

 relaxation of formal office dress 

 flexible working hours 

 availability of local climate control 
equipment (e.g. fans) 

 gradual drifts from comfort conditions 

To confirm the above, recent measurements in BK 
City showed that, for warm days, indoor 

temperatures up to 28-30C will be accepted. 
Besides, according to the same measurements, 
overheating occurred only in late afternoon hours 
when most users have already left the faculty (166). 

 

6.2.2.7 Photovoltaic modules for electricity generation 

Strategy II includes the installation of photovoltaic modules to provide electricity. PV technology 
includes a variety of application types, some of which are mentioned in table 32 (147). 

Due to the monumental character of the building, integrating PV in BK City can be done only on the 
flat stone slate roof (crystalline silicon cells) and on the glasshouse roof (semi-transparent PV 
modules, replacing the glass surface that provide insulation apart from electricity). The flat roof 
surface is 3.244m2 (including the Bouwpub and the Ketelhuis) while the east and south glasshouse 
roofs cover a 2.340m2 surface. The electricity production of the installed modules depends on 
various factors such as: 

 Shadowing from trees and neighbouring buildings (not applicable for BK City) 

 Orientation of the elements (south is obviously the optimum)  

 Panel inclination 

However, for the needs of this project a simple rule of thumb will be used, i.e. 100kWh/year/m2 of 
module surface area (167), which agrees with the figures provided by the European Solar Test 
Installation laboratory43 (168) – see also the figures provided in §5.1.1 Location, topography and 
climate. With this assumption, the annual generation will be: 

                                                           
42

 The temperature ranges may be widened by approximately 1 °C at each end if a PMV of ±0.5 (i.e. PPD of 
10%) is acceptable. 
 
43

 For modules on a horizontal plane, with a 10% efficiency 



 

97 
 

Table 32 Photovoltaic technology 

 

Figure 72 Electricity generation 
through PV cells for Strategy II 

 

E = 100*(3.244+2.340) = 560MWh per year 

According to the energy bills, provided by the Facility Management of BK City, the electricity 
consumption for year 2009 (i.e. prior refurbishment) amounted to 1.979MWh. To cover this 
demand, a surface area of: 

APV-cells = 1.979.000/100= 19.790m2 would be required. 

 

One could investigate whether solar electricity generation can cover the operation of the heat 
pump. The heating demands for year 2009 (i.e. prior to refurbishment) reached a total of 
3.800MWh. If this demand is entirely provided by the heat pumps and the COP (coefficient of 
performance) is 4, then the electricity needed to drive the GCHPs will be 950MWh, much higher 
than the calculated PV generation. These figures, of course, represent the current situation of the 
Faculty. 

Finally, in order to avoid the use of batteries, we can chose to connect the solar system of BK City to 
the local electricity grid, allowing the trade of power to the grid on sunny days and taking it back on 
overcast periods. 

 

 

 

 

 

 

 

 

 

 

Technology Advantages Disadvantages 
crystalline silicon solar 
cells 

 Cheap 

 Mature 

 Commercially available 

 Limited crystalline resources 

 Energy intensive production 

 Temperature dependent efficiency 

thin-film solar cells  Flexible 

 Transparent 

 Attachable to conventional materials 

 Max. active area exposed to solar 
radiation per used silicon (m

3
) 

 Low system cost per capacity (kW) 

 Low cost and energy production 

 Moderate efficiency 

 Low kWp per m
2
 of installed area 

multijunction solar cells  High efficiency  Expensive 

emerging solar cell 
technologies (dye-
sensitized cells, organic 
cells, inorganic cells) 

 Low cost and energy production 

 Environmentally friendly 

 Low efficiency 

 Immature  
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Figure 73 Overview of Strategy II 

 

6.2.2.8 Synopsis 

An overview of Strategy II and the proposed measures is provided in the following image. The 
measures have been classified as in §6.1 A pallet of measures for BK City. 
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Figure 74 Application of dry lining on the exterior façade of BK City 

 

Table 33 Thermal performance of the exterior façade 
and the flat roof for the three Strategies 

6.2.3 Strategy III: Innovative but risky 

Strategy III is a further development of Strategy I and II. This scenario emphasizes the use of the latest 
technology applications that can, now or in the near future, be implemented at the Julianalaan building. 
Less attention is paid to the restrictions that follow from the character of the building which means that 
the difficulty of realizing the proposed interventions is higher compared to the previous Strategies. 
Additional deterring factors are the high investment costs and the doubtful effectiveness (i.e. not 
verified on a large scale) of the proposed actions.   

 

6.2.3.1 Cavity wall dry lining and roof insulation 

In addition to the blown mineral wool used in Strategy I & II, Strategy III aims at reaching a PassivHaus 
insulation standard, typically around 0.10-0.15W/m2K by applying an internal dry lining. Suitable for use 
in cavity walls is the ‘K17 Kingspan’ insulated board, which consists of CFC free rigid phenolic insulation 
(λ=0,021W/m*Κ) and a plasterboard facing (λ=0,19W/m*Κ), in total around 7cm thickness (169).  

Compared to other insulants (e.g. mineral 
fiber), rigid phenolic insulation is not 
vulnerable to water penetration, air 
movement or compression. Additionally, it 
performs very well in terms of fire resistance 
(class 0 - low risk fire rating) and also has a 
minimum impact on internal surface area 
dimensions. However, certain limitations 
exist, such as its non applicability in 
persistent damp conditions, or the clash with 
the existing wall fittings (sockets etc.). For 
existing wall-mounted fittings with 
considerable load, it is recommended that 
the load is applied on the supporting wall and not on the insulation board. Finally, mounting the rigid 
insulation on the existing surface can be done either with adhesive plaster methods or mechanical fixing 
or both (see figure 74).  

Achieving PassivHaus standards is also a target for the 
roof insulation. As is explained further on, the attic 
will remain cold for Strategy III, so it is the flat ceiling 
of the second floor that has to be further insulated. 
On top of the existing ceiling structure, rigid boards 
will be laid, such as ‘Kingspan Thermapitch’. This rigid 
board consists of polyisocyanurate (λ=0,023W/m*K) 
faced on both sides with low emissivity foil. By placing 
it on top of the existing insulation no condensation on 
the interface will occur as ‘Kingspan Thermapitch’ has 
a higher R-value. A thickness of 200mm will result in a 
total U-value of 0,10 W/m2*K. 

The enhanced thermal performance of the cavity wall and the flat roof is calculated in table 33. 

6.2.3.2 Window replacement 

In the choice of the window strategy, energy efficiency, thermal performance, acoustic insulation and 
safety have been favored over monumental restrictions. The proposal of Strategy III is to replace the 
existing steel frames with new ones, fitted with high efficiency glazing. This option has previously been 

 BK exterior 
facade U value 

[W/m
2
K] 

BK ceiling U 
value 

[W/m
2
K] 

prior to 
refurbishment 

1,17 0,64 
(obsolete 
material) 

Strategy I & II 0,28 0,64 

Strategy III 0,14 0,10 
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Figure 76 Right side test frame in black colour (left) and 
left side frame painted in same colour as test frame 
(right). The research was carried out by the Braaksma & 
Roos Architectenbureau. 

 

 

Figure 75 Window sill detailing. Existing (left) and 
new frame (right) - Braaksma & Roos 

Architectenbureau. 

 

 

 

Figure 77 Schematic section of radiant glass 

 

 

considered for the apartment plans, before the building was converted into the Faculty of Architecture. 
In this way, future performance is also guaranteed – fewer maintenance costs and higher life 
expectancy. 

Naturally the choice of the frames needs careful thinking so as to minimize the visual impact on the 
façades. Insulated steel frames will be chosen as they are superior to aluminium profiles in terms of fire 
safety, durability and burglary prevention and, additionally, they are closer aesthetically to the existing 
profiles. According to the research done by the architects for the conversion of Julianalaan into an 
apartment block, it is, indeed, possible to approach the original appearance of the facades by ordering 
tailor-made ‘renovation’ frames (detailing, smoothness, width etc.) (see figures 75 and 76). Among 
other companies, manufactures dealing with renovation projects are Schüco, Crittall, Rollecate etc.  

 

 

 

 

 
 

 

Typical PassivHaus refurbishment requires the use of advanced technology for the openings and, so the 
accomplishment of very low U-values, in the range of 0,85-0,70W/m2K (93). For this reason, a window 
system such as the S 7000 IQ can be chosen that, despite its narrow sash profile, reaches a U value of 
0,7 W/m2K for the glass only and 1,2W/m2K for the frame-and-window combination (170).  

For the timber frames, innovative heated glass technology 
will be used. This type of glass typically consists of a 
double unit, of which the inner pane has a thin metal 
oxide coating linked to a power source and the outer pane 
is a low-e glass surface (see figure 77). When turned on, 
the glass component radiates heat to the interior of the 
space, while turned off, it acts as regular insulating glass. 
In this way, the glass will act as an auxiliary heating 
resource reducing the need and size of other heating 
systems and eliminating at the same time the risk of 
condensation formation as well as dust accumulation. The 
required energy to heat the glass is expected to be counterbalanced by the significant increase of the 
indoor temperature. Radiant heating glass can be used as the exclusive heating resource, controlled by 
a thermostat44, but, in that case, the power requirements are much higher. Providers of radiant glass 
products are Groupe Prelco, IQ Glass etc.  

Table 34 compares the three Strategies and the achieved U-values for the windows of BK City, while 
table 35 gives some technical data on the performance of the radiant glass unit (171), (172). 

                                                           
44

 Air thermostat, glass surface temperature regulation, or a combination of an air thermostat and a glass surface 
temperature regulation are possible 
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Table 34 Thermal performance of the windows for the three 
Strategies 

Table 35 Technical data of radiant glass units 

Figure 78 Ventilation concept of BK City 

 

 

Radiant glass technical data 

Glass thickness [mm] 21 – 25 

U value, not heated [W/m
2
K] 0,8 – 1,8 

U value, heated [W/m
2
K] 0,04 

Light transmission 71 

Delivered heat gain [W/m
2
 glass surface] 50

45
 

Electric power [W/m
2 

glass surface] 50 – 200 

 
 
 

 
With the data from table 35, a rough calculation shows that if radiant glass is used for all timber frame 
windows, a total of 100W/m2*1180m2 = 118kW would be needed to provide the necessary electricity. 
This can easily be covered by the PV modules placed on the roof (see §6.2.3.4). 
 
6.2.3.3 Natural ventilation concept and the attic 

Strategy III includes a hybrid46 ventilation system based on buoyancy forces, assisted by intake and 
extraction fans, as wind-driven ventilation would not be reliable in the urban context of Delft. 

The essential features of such a system are the following: 

 Intake towers 

 An earth duct network 

 An air distribution chamber 

 Exhaust channels and 

 Exhaust towers 

The concept, shown in the following figure, is described below. 

 

Fresh outdoor air enters the system through the inlet towers. These are located on the backside of the 
Faculty (southeast) in order to avoid the traffic of the Julianalaan avenue, which is a source of air 
pollution and noise, but also to keep them far from student and passer-by activities.  The air is driven 
inside underground ducting that pre-conditions the air thanks to ground temperature – a depth of 10m 
will be required. These ducts lead to underground distribution chambers, located in the basement of 
the building. From there, and after the air temperature has been regulated (through heat recovery and 
auxiliary heating means), the air is supplied inside the building through floor-embedded grills at a low 
velocity (around 1m/s) so as not to cause draft. Alternatively, the supply could be passed through wall 
diffusers that can be used as benches or stands for the students (figure 80).  

                                                           
45

 For a glass temperature of 24°C and room temperature of 20°C 
46

 By hybrid system is meant a fan assisted natural ventilation system 

 Steel frames  
U-value 

[W/m
2
K] 

Timber frames 
U-value 

[W/m
2
K] 

prior to 
refurbishment 

5,9 3,5 

Strategy I  3,0 1,8 

Strategy II 2,5 1,5 

Strategy III 1,2 0,04 



 

102 
 

Figure 80 The natural ventilation concept of BK City at 
room level  

Figure 79 The attic as an exhaust chamber  

 

 

 

 

 

 

 

Figure 81 The GSW 
office block and the 
roof wing 

Now, it is the turn of the indoor heat sources to drive 
the process. As the air enters at floor level, convection 
flows are created that force the air to move upwards to 
the breathing height. Along with the air, odours and 
contaminants are also carried away and exit the space 
through dampers, to be thereafter led to exhaust ducts 
and from there to the attic space that acts as an extract 
chamber. At this point, use of the existing duct system 
can be made. Restrooms and the kitchen areas should 
be provided with separate local air exhaust. 

The polluted air will exit the attic through appropriately 
designed exhaust towers (figure 79). In the middle of 

the attic, there is already a tower that, if adjusted, 
could possibly serve the extracting purpose. For fire 
safety reasons and the subsequent requirement for 
compartmentation, multiple exhaust chimneys should 
be placed that will also ease the flow of the air inside 
the building. Naturally, this design will require the 
authorities’ permission for the alterations on the roof. 
In order to enhance the stack effect, the towers need 
to have a certain height. This height is calculated 
according to the necessary supply of fresh air and the 
temperature difference of incoming and exhaust air. 
For the same purpose, parts of the roof which look on 
the inner-court could be glazed to allow solar radiation 
to enter the attic and heat the air - the orientation of 
this roof (south and southeast) is ideal for this purpose. 
As is elaborated in the next paragraph, instead of 
conventional glass, PV glazing can be used to serve the 
electricity generation and at the same time allow solar 
radiation to enter the attic. 

As the exhaust towers will have to be located well 
above the roof, this might give rise to architectural 
concerns related to the need to maintain the visual 
effect of the building. A possible alternative would be 
to realize the exhaust of air through Venturi elements 
that are designed to increase the airflow velocity over 
the outlet and, thus, increase the underpressure. Such 
a mechanism has been designed for the GSW 
headquarters building in Berlin, where, according to 
the architects, mechanical ventilation is required only 
for 30% of the year (173), (174) (see figure 81). In any 
case, however, tests in wind tunnels and CFD 
calculations will have to be performed to investigate 
the performance of such a system.   
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Figure 82 Example of a fine filter through 
which air will pass before entering the 
distribution chamber. The subsequent 
pressure loss could reach 50Pa  

 

 

Figure 83 Addition of two glasshouses to cover the lack of 
space in BK City  

 

 

Figure 84 PV glass transparency and cell distance can 
vary largely. In the figure above transparencies 13%, 
15%, 22%, 36%, 43%  - from left to right. 

In order to guarantee the air flow throughout the year, low pressure fans should be accommodated at 
the inlet and exhaust systems. These will operate in case of pressure drop or when increased air 
volumes are needed. 

Secondary equipment will include CO2 sensors to adjust the flow 
rate, filters to prevent dust from entering the building and sound 
attenuators to minimize the noise levels in the ducts. A weather 
station should, also, be installed in order to have an integrated 
building management system that gathers information on air 
temperature, wind direction, relative humidity levels etc. 

It is also possible to incorporate a recovery system by which heat is 
captured at the exit chimneys and is then transported with the help 
of appropriate fluid to the distribution chambers in the basement. 
Relatively small efficiencies should be expected, i.e. around 50-60% 
judging from other case studies.   

However, in a system like this, that relies to a large extent on 
natural forces, it is very important to minimize airflow resistance. 
Resistance is typically caused by the fans, the dust filters, insect 
nets, the heat exchangers, dampers etc.  

 
6.2.3.4 New glasshouses and PV electricity generation 

Strategy II involved the use of the attic as student space to make up for the lack of space that the 
Faculty currently has. In Strategy III however this is not possible, as the attic will be used as an 
extraction chamber (see §6.2.3.3 Natural ventilation concept and the attic) while it can, also, house 
various installations. 

The alternative proposed here is the addition of two glasshouses, as shown in figure 83: 

 With this configuration, at least 5.600m2 are created 
for BK City that can be increased with a suitable 
design of the interior spaces, such as adding extra 
levels. One should remember that the attic 
conversion offered 6.500m2. The west glasshouse (in 
green) apart from adding space will act as a buffer 
zone for the adjacent wings of the existing building, 
which will result in significant reduction of the 

transmission losses.  

The construction of the glasshouses is a chance to 
make them a display of solar energy cutting-edge 

applications with the installation of PV glazing instead of common glazing units. This revolutionary 
building material is based on silicon technology, its innovation lying in the extremely thin silicon layer – 
around 0,3 micrometers – which in effect needs less energy for its manufacturing (175).  

A range of modules exists, varying in size, efficiency, 
visible light transmittance, cell spacing and color etc 
(figure 84). As a result, the maximum power output 
also varies (table 36). One of the main drawbacks of 
thin film technology that has to be taken into account 

is the lower efficiencies (1-12,5%) compared to 
conventional technology (147).  

Another issue that needs to be tackled is the high U 
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Figure 85 PV glass facade and roof insulation Figure 86 Ventilated facade panel as proposed by Mootz et 
al. (on right is the operation during night hours) 

Table 36 Examples of module size, transparency and power output 
dependency for PV glass 

values that PV glazing usually has, usually in the range of 4,5-6W/m2K (176). If this is indeed a problem 
in BK City’s new glasshouses, then an insulated glass façade can be used, such as the one proposed by 
Ertex Solar (177) that achieves a U-value between 0,5-1,1 W/m2K (see figure 85). 

Alternatively a ventilated facade panel 
can be used, as proposed by Mootz et 
al. (180), that acts as a lightweight 
version of a Trombe-Michel wall 
(figure 86). The operation of this panel 
is simple: air passes through the inlet 
section, is heated up in the 
‘convection channel’ due to solar 
radiation and is thereafter released 
into the space. During night hours the 
inlet and outlet sections need to be 
closed in order to reduce the heat 
losses. This solution, however, will 
significantly reduce the visible light 
admittance inside the glasshouse, so it 
can only be used in part at selected 
sections. 

 

 

In addition to the PV glass installed on the new glasshouses, the existing ones will also be covered with 
PV modules, as will the parts of the roof that are facing towards the inner courts (see §5.3.3 Permissible 
interventions). The flat parts of the roof will, also, be designed to accommodate PV modules except for 
the parts occupied by the exhaust ventilation towers.  

The estimation for the possible electricity generation from the installation of PV modules in BK City – 
the glasshouse facades have not been taken into account – are based on the previously used rule of 
thumb  100kWh/year/m2 of module surface area. 

E = 100*(9.533+3.244) = 1.280MWh per year 

The annual generation is naturally higher than the one in Strategy II (1.280MWh compared to 560MWh) 
but, still, the total amount would not suffice to meet the entire yearly electricity demands (2.000MWh 
according to the yearly bills for the current situation). This is, partly, due to the low efficiency of the PV 
modules – especially the PV glazing – and the low load factor for The Netherlands. However, PV cells 
could, possibly, cover the operation of the heat pumps. 

PV glass 

Company 
Size 

[m*m] 
Transpare

ncy [%] 

Output 
power 

[W] 

Output 
power 

[W/m
2
] 

TSNergy Inc. 
(176) 

0,95*0,9
9 

1 52 55 

5 50 53 

10 42 45 

Solar Power 
Solutions 

OSKOMERA 
(178) 

1*1 
25 109 109 

45 80 80 

3*2 43 509 85 

PV Glaze (179) 

2,6*2,2 
0 340 59 

50 175 31 

1,3*1,1 
0 80 56 

50 40 28 

Ertex solar – 
photovoltaics 

(177) 
1*1 

15 178 178 

22 122 122 

43 84 84 
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Figure 87 Electricity generation through PV cells for Strategy III 

 

Figure 88 DAP temperature gradient. Figure retrieved 
from (183) 

 Despite the non-full coverage of the 
electricity demands, the operation of the 
modules is still advantageous. Apart from 
being totally CO2 free and very cheap 
(with regards to their operation) they 
have high educational value and will also 
add to the public image of the building. It 
should also be expected that subsidy 
programs will cover the installation costs, 
at least partly.   

 

 

6.2.3.5 Exploration of geothermal heating 

The use of water as a heat carrier was examined previously for Strategy II, in combination with slinky 
coils. In Strategy III a more advanced energy system is proposed, i.e. a geothermal energy system 
coupled with a groundwater heat pump. This type of technology has been growing rapidly in The 
Netherlands, despite the lack of government subsidies (181).  

The principle of geothermal heating is, fairly, simple. In our case, it is best to talk of a ‘geothermal 
doublet’- consisting of one production and one injection well. During the heating season hot 
groundwater, that is extracted from a production well, transfers its heat through an intermediate heat 
exchanger to the working fluid of the energy system of the building. Using this heat the groundwater 
heat pump (GWHP) can produce low temperature heating, while the now cooler groundwater is 
injected back into a cold well. With the use of an intermediate heat exchanger the heat pump remains 
in a closed loop and is protected from abrasive or corrosive well water. 

Advantages of geothermal systems are the high efficiency compared to soil systems, the low CO2 
emissions involved and the high levels of comfort (181). However, several hindrances exist in their 
application while serious preparation has to be made in the pre-design phase. Some of the 
preconditions that should be fulfilled are (145), (158), (181): 

 Acquisition of legal permissions from water 
authorities for the pre-design and production 
phase 

 Ensure no interference with drinkable water 
sources occurs 

 No natural groundwater flow should be 
observed 

 Research into the mineralogy and 
underground chemistry to prevent damage 
caused by clogging, scaling etc. 

 Comparable building heating and cooling 
demands throughout the year 

 Sufficient groundwater supply 

 Aquifer thickness 20-50m  

For BK City the proposed strategy is based on the 
research carried out by the Delft Geothermal Project 
– DAP47. As part of this, the University has applied for 
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 Delft Aardwarmte Project 
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Figure 90 Temperature decline versus time at the 
production well. Figure retrieved from (143) 

Figure 89 Cross section showing temperature flow from 
injection well CI (blue well) to production well CP (red 

well) after 30 years. Figure retrieved from (183) 

Figure 91 Schematic representation of the geothermal doublet 
system for BK City. 

 

an exploration licence for the campus area. The drilled wells on the campus and the nearby area have 
provided very useful insight into the geological structure and the possible exploitation of aquifers (182), 
(183), (143), (184): 

 Huge water volumes are available (4.8*108 
m3 for an area of 61km2) 

 A temperature of 70-82C is estimated for 
a depth of 2,3km (geothermal gradient ca. 
3°C/100m – see figure 88) in the Delft 
Sandstone Formation.  

 A loss of 2C should be expected as the 
water flows from the well to the surface 

 Simulations have shown that a decline in 
the hot well temperature should be 
expected after some years (see figures 89 & 

90) 

 With the estimated production rate 
(150m3/h) the period for a viable exploitation 
is at least 30 years 

Currently, the Geotechnology department of TU Delft 
is doing additional research into the effect of the cold 
water injection on well clogging, failure of the rock 
structure etc. Ways to optimize the aquifer are now 
being explored, while three systems have already 
been planned in the Delft area for a capacity of 4-
7MW (each one). The wells are planned to produce 

and inject 3.600m3/day.  

For BK City a flow of 13m3/h is needed, which is, of 
course a very rough estimation, just to provide an idea 
of the order of magnitude and should, therefore, not 
be used for further calculations. The distance between 
injection and production well is 2m at surface but 
around 1,5km at the depth of 2km (maximum drilling 
deviation is 60 degrees from vertical).  

The provided temperature of 80C can be coupled with 
the underfloor heating system described in Strategy II. 
In this case, it would probably be wiser, in terms of 
efficient exergy use, to reserve the high temperature 
water for supplying radiators in spaces of BK City 
where underfloor heating cannot be installed. The 
surface heating system can then be fed by lower 

temperatures from more shallow depths (e.g. 25C at a 
depth of 500m). 
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Figure 92 The Hexis Galileo unit. It 
occupies a space of 3m

2
 and generates 

1kW electricity and 2,5kW heat. 

Table 37 Existing fuel cell technologies (185) 

 

6.2.3.6 Fuel cell CHP 

It is doubtful whether the building can rely on the PV modules and the aquifer system to fully cover its 
needs in electricity and heating, respectively. The gap between the production and the actual needs will 
be bridged with a micro-CHP unit that generates electrical and thermal energy simultaneously.  

Micro-CHP and small scale CHP, recent developments following the trend towards distributed CHP units 
instead of centralized ones, are the terms used for an electrical production of less than 100KW or 
200KW respectively. Both are still at a development phase mainly due to the lack of sustainable fuels, 
the high initial costs involved and the resulting long payback time (185), (186).  

Several types of small scale CHP alternatives exist (reciprocating engines, micro turbines, Stirling 
engines, biomass-CHP and fuel cell systems). The promising technology of fuel cells48 will be proposed 
and elaborated for Strategy III. Currently, the fuel cells’ potential is investigated mainly in the 
automobile industry, while building applications are either at a conceptual phase or, at most, 
generously subsidized experiments (187), (188). The benefits that fuel cells offer are the high electrical 
efficiency (max. 55%), the minimal environmental impact (if pure hydrogen is used, the only emission is 
water), their silent operation and reliability. On the other hand, the investment cost (as high as three 
times the cost of reciprocating engines), the transportation and storage needs are the major drawbacks.  

From the available fuel cell types (see table 37) Proton Exchange Membrane Fuel Cells (PEMFCs) and 
Solid Oxide Fuel Cells (SOFCs) have the largest potential for being commercially feasible. As the 

performance of PEMFCs, till now, has 
been below expectations (188), the 
most viable technology for the 
Julianalaan building seems to be 
SOFCs that outperform PEMFCs with 
regards to the necessary external 
equipment. Another reason for 
opting for SOFCs is the possibility to 
reform fuel internally so that 
external reformers are unnecessary. 
The main disadvantage of SOFCs at 
the moment is the high temperatures 
that require special shielding to 
protect the staff and to insulate from 

heat losses. Additionally, the costs are 

expected to skyrocket, due to the demand for very high quality 
materials in terms of durability.  

SOFCs developers at the moment produce only low power units. As 
an example, the Hexis Galileo by Swiss Hexis AG is mentioned. Still at 
design phase, the Galileo generates approximately 1kW of electrical 
power and 2,5kW of thermal power (electrical efficiency 25-30%, 
overall efficiency 90%). For excess heating demands, there is the 
possibility of integrating a gas burner that covers a 20kW of heating 
demand (189). Other SOFCs manufacturers are Bloomenergy, 
CellTech Power, CeramaTec, Ceramic Fuel Cells, Ceres Power, 
Acumetrics, Topsoe and Kyocera and HTceramix.  

                                                           
48

 A fuel cell is an electrochemical cell that produces electricity electrochemically with water and heat being the 
by-products  

Fuel Cell Type Operational 
Temperature 

[C] 

Source of hydrogen 

Alkaline  50-200 Clean hydrogen or hydrazine 

Direct methanol  60-200 Liquid methanol 

Phosphoric acid  160-210 Hydrocarbons or alcohols 

Sulphuric acid  80-90 Alcohols or uncleaned 
hydrogen 

Proton exchange 
membrane  

50-80 Hydrocarbons or methanol 

Molten carbonate  630-650 Clean hydrogen, natural gas, 
propane, diesel 

Solid oxide   600-1000 Natural gas or propane 

Solid polymer 80-90 Clean hydrogen 
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Figure 93 Customized PCM solutions 

In BK City, a small scale CHP unit can be installed that will initially run on gas. A switch to either 
hydrogen or biofuels can be made when they become locally available and the necessary infrastructure 
is sufficiently developed. The source of hydrogen, however, is the most important parameter if zero 
emission energy generation is sought – if fossil fuels are used for hydrogen generation, CO2 formation 
remains a problem. However, hydrogen can be extracted from water via electrolysis49, in which case 
hydrogen should be pursued along with solar power to run the electrolysis. Exploring the possibilities 
for fuel cells is a chance to involve other Faculties of the University in the project (Applied Sciences 
Faculty, 3ME). 

The electricity produced can be directly used or, preferably, fed to the local power grid. During warm 
periods, when the building doesn’t require heating, the excess heat can be used by an absorption 

cooling machine powered by 80-85C heat to provide the necessary cooling – in this case, an output 

temperature of 100C will be necessary. 

 

6.2.3.7 The water tower and PCM storage  

In the previous section, the water tower was converted into a storage tank, with water as the means of 
storage. The energy storage will allow the constant running of the SOFC plant during periods when 
mismatches between thermal and energy demands occur.  

Strategy III keeps the same storage concept but, instead of water, Phase Change Materials50 (PCMs) will 
be used. Compared to water, PCMs require much less space, so larger storage capacities are possible. 
This can affect the dimensioning of the heat pumps, the aquifer system and the small scale CHP unit 
with multiple additional benefits (lower infrastructure costs, lower physical sizes). PCMs also solve the 
issues of stratification that occur in water tanks during charging and discharging. On the other hand, 
PCMs have a finite lifetime and after a certain number of freezing/melting cycles their degradation will 
begin. 

The British company PCM Products Ltd offers a variety of PCMs (Sub Zero Eutectic, Positive Temperature 
Salt Hydrate, Positive Temperature Organic, High Temperature Salt, Solid / Solid PCMs) (190). Suitable 

for BK City could be organic PCM solutions that have a transition temperature in the range of 160 - 2C. 

For the desired phase-change temperature (around 80C), the heat capacity is 200kJ/kg. Organic PCMs 
are easy to handle though they can be expensive compared to other alternatives. However, organic 

PCMs have a low tank capacity (25kWh/m3), so salt based PCMs will be chosen (for a phase 

temperature of 80C the tank capacity is 55-60kWh/m3). These are superior in terms of price, latent 
heat/density, phase change temperature range and (non-)flammability. However, their capacity is the 
same as that of water so no significant improvement is made. Choosing for lower phase change 

temperatures might result in higher capacities (for example 73kWh/m3 for a temperature of 48C will 
result in a 40MWh storage load).  

PCMs are produced in various encapsulated forms, 
shapes, materials, colors etc. The final product may be in 
the shape of rectangular containers, tubes, metallic 
pouches etc. (see figure 93). After stacking the PCMs in 
the tank, there will be sufficient gaps to allow easy water 

circulation between them. 
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 Electric current passes through water to separate hydrogen from oxygen 
50

 PCM is a material ‘with a high heat of fusion (or ‘specific melting heat’) which by melting and solidifying at 
certain temperatures, stores and releases heat.’ (133) 
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Figure 94 Ecological waste water treatment concept for BK City 

In conclusion, PCMs have a larger density (kg/m3), but their specific heat capacity (kJ/kg*K) is nearly half 
the specific heat of water, so the storage space needed for the same load is practically the same. 

However, by storing the heating energy equivalent to a few days usage the tank can provide the 
necessary heating or cooling load and reduce, in this way, the running hours of the pump and the micro-
CHP.  

 
6.2.3.8 Waste water treatment 

Treating and reusing waste water usually requires a very complex design. That is due to its 
contamination arising from humans and its relatively high temperature that favors the growth of 
bacteria, germs etc. Thorough treatment and special storage conditions are required as a result, while 
the utilized disinfectants can be energy intensive to produce. Several studies have shown that the 
environmental impact of treating grey water for reuse nullifies its benefits and can be extremely 
expensive to operate (191). 

Resolving the above mentioned issues can be done via ecological treatment methods, which mimic 
natural principals, based on the interaction between water, soil, bacteria and plants. From the three 
main types of such systems (constructed wetlands, aquaculture and living machines) the latter will be 
explored for BK City. This fairly new technology does not use hazardous chemical or industrial 
processes, while the amounts of biowaste are relatively small. Compared to other waste water 
treatment methods, living machines perform ‘very good’ in terms of TSS51 and BOD52 removal (192). 

With regards to financial issues, the design and construction costs are usually the limiting factor, 
whereas operation and maintenance costs are usually at low levels. Literature mentions $1.000 (€700) 
as a starting price for the installation cost but case studies have demonstrated the very high actual 
investment expenses ($500.000 for a school53 in New York, USA, $220 million for a Water Pollution 
Control plant54 in San Francisco, USA). However, the final costs strongly depend on the availability of 
locally found materials and accurate estimations can be made after the design phase has started (192), 
(193), (194), (195).  

The process of the water purification is 
shown in figure 94. Before entering the 
system, waste water (both grey water55 and 
blackwater56 can be treated) goes through a 
primary tank where solid settling takes place 
(this solid, known as sludge, can be used 
agricultural purposes or even for the 
production of biogas). Next, is the horizontal 
wetland stage, where a combination of 
gravel, biofilms, microorganisms and plants 
perform the initial treatment. In the aerobic 
phases that follow, nitrification and de-
nitrification take place, while the majority of 
the BOD and TSS are removed (tidal wetland). 
This stage is the most impressive, in terms of 
aesthetics, as plants and aquatic organisms 

                                                           
51

 Total Suspended Solids  
52

 Biochemical Oxygen Demand 
53

 Darrow School, http://www.darrowschool.org/. The Living Machine treats 7.000 gallons per day (25.000 liters) 
54

 The Living Machine treats 15.000 gallons per day (≈57.000 liters) 
55

 Water originating from sinks, baths, washing machines, kitchens etc. 
56

 Water originating from toilets (faeces, urine, toilet paper and flush water) 

http://www.darrowschool.org/
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Figure 95 
IslandWood school 
living machine, 
Seattle, USA 

(fish, snails, frogs) either assist in the cleansing process, or are home of the necessary bacteria. 
Commonly, goldfish are used as, apart from their pleasing appearance, they have a relatively long 
lifetime, need little oxygen and are fed by algae. For BK City it is most probable that, due to the 
temperate climate of Delft and the need to maintain high temperatures for the plants, this installation 
will be located in a greenhouse. At the end of the system, ‘polishing’ takes place, where ozone or UV are 
used to disinfect the left-over pathogens. Water is now ready to be re-used for non potable uses, such 
as toilet flushing and garden watering, or it can be safely discharged into the canals of Delft. The whole 
process is managed by a central system where water levels, flow rates and water quality are constantly 
monitored. 

During the design phase it is important to 
find the necessary open space where the 
living machine will be constructed. Ideal for 
this purpose is the area behind BK City that 
is already a park, where the greenhouse can 
be placed. Important to note that high levels 
of natural light will be needed, so the 
basement areas of the Faculty should be 
excluded from this design. 

A rough calculation shows that, for a total 
4.000 users of BK City, 60.000 litres of blackwater57 are driven to the central sewage systems on an 
average day. The installation of a living machine will result in an additional energy consumption of 
7,8kWh58 and a 220m2 footprint59. On the other hand, the living machine, if managed appropriately, can 
offer valuable by-products: 

 The idea of sustainable refurbishment can be promoted in a visible way for the general public 

 The Delft community can be further involved by organized visiting tours, which will stimulate 
their ecological behaviour 

 Environmental courses of the University can evolve around the waste water treatment facility 
(biological and chemical water quality monitoring, mechanical maintenance works, 
maintenance of plants etc.) enhancing its educational character 

 Setting a good example for other Universities and Institutions  

 Creating an aesthetically pleasing environment 

 Marketable products can also occur (e.g. sludge, flowers, fish)  

Among others, designers of ecological wastewater treatment are Worrell Water Technologies, Living 
Technologies Ltd., Biomatrix Water, Dharma Living Systems and BioPetroClean. In The Netherlands, the 
Noorder Dierenpark Zoo, in Emmen, was equipped with a living machine that treats the wastewater 
originating from visitors and the maintenance needs of the zoo.  

 

6.2.3.9 Rainwater harvesting 

The last measure proposed as part of Strategy III deals with the possibility to harvest rainwater. As 
water treatment measures usually have long pay back times (due to the low cost of water), a more cost 
effective option can be sought, and BK City’s attic offers an excellent opportunity for rainwater 
collection.  

                                                           
57

 15 liters per flush * 4.000 flushes per day  
58

 0,13Kwh/1000 lit/day (210) 
59

 3,68m
2
 for 1000 lit/day (210) 
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Figure 96 The rainwater harvesting concept 

Interestingly, as de Graaf points out, in The Netherlands little has been done towards rainwater use. 
Reasons for this might be the non supportive government policy, as well as the ‘perceived abundance of 
water’ (181). 

However, the Julianalaan building is suitable for rainwater harvesting due to its large roof area and the 
high non-potable water consumption, compared to other types of buildings (e.g. residences). A header 
tank gravity system will be designed, which is relatively simple and water will be available even during 
power cuts (see figure 96). 

Several capture points will lead the 
stormwater from the collection surface 
through primary filters (solids such as leafs, 
debris etc. will be captured) into the storage 
tanks located in the basement. First flush 
devices will ensure that the water from the 
first spell of rain will not enter the tanks (air 
and roof pollutants are in high 
concentrations). Smooth flow into the tanks 
has to be ensured so as to prevent sediment 
(that rest at the bottom of the tanks) mixing 
and water contamination. The sectional 
(storage) tanks can be manufactured from a 
variety of materials and will comprise of 
modular panels that will be connected 
together on site in order to allow flexibility in 
their shape and size. Water will be fed to the 
header tank with the help of submersible 

pumps. Switching to mains water supply, during dry periods, should, also, be possible with the use of 
automatic valves. When needed, the water will be extracted from the tanks and driven through 
conventional plumbing systems to the points of use through gravity forces. The low pressure means that 
WC’s will fill slowly, but the use of extra pumps will be avoided. Syphoned systems are, also, available 
that suck the water from the roof to the storage tank, in case gravity flow is not enough, or requests a 
complex piping network. 

The annual collection will be estimated with the simple formula: 

RWANNUAL [liters] = Roof Area [m2]*Annual Rainfall [mm]*Filter efficiency*Run-off coefficient 

roof area = 7200m2 (effective collection area, only the stone slate roof is taken into account) 
annual rainfall = 834mm (weather station Zestienhoven, 1957-2010, (82)) 
filter efficiency = 90% (191) 
run-off coefficient = 75% (for pitched, slated roof (191)) 

 RWANNUAL = 4.053m3 

For sizing the tanks a rule of thumb is to design for a 5% of the annual rainwater supply (191), (196), i.e. 
200m3 should be sufficient. The annual water consumption for BK City was around 5.500m3 for year 
2009, from which an estimated 70% is needed for amenities (toilets, kitchenettes etc.), i.e. 3.850m3. The 
large water volume that is stored could be partly used for fire fighting. 

Apart from prevention measures (water treatment and/or rainwater harvesting), curing measures 
should also be taken which aim at reducing water consumption such as dual flush WC’s and aerated 
taps for personal washing and kitchen uses. 
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Figure 97 Overview of Strategy III 

6.2.3.10 Synopsis 

An overview of Strategy III and the proposed measures is provided in the following image. The measures 
have been classified as in §6.1 A pallet of measures for BK City. 
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Table 38 Assumptions made for the reference building 

7 Valuation of refurbishment actions 

In this chapter an effort is made to evaluate several refurbishment actions on BK City. For this purpose, 
a reference building was simulated and the heat load transfers were calculated for the period of one 
year. This enabled to determine the necessary heating and cooling capacity required to maintain the 
prescribed indoor climate conditions. It was by no means attained to simulate the actual performance 
of BK City, as this was unrealistic with the tool used. Instead, the reference building will serve as a 
comparison model for the improved situations.   

7.1 The tool 

Time restrictions did not permit the precise dynamic simulation of the building as a whole. However, a 
simple calculation still gives some insight into the order of magnitude of the effect of different 
measures. Excel was considered a sufficient tool, provided one is aware of the restrictions that follow 
from this choice. These, along with the necessary assumptions, are described in the next paragraph. 

7.2 Assumptions and restrictions  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                           
60

 Building class B3, according to Dutch national regulations 
61

 See also §5.4.2.1 Ventilation 
62

 When outside temperatures are between 20-24C indoor temperature has been assumed equal to outdoor 
63

 Placed outside the building envelope, see also §6.2.1.1 Thermal skin 
64

 According to CIBSE guide A 

Assumptions for reference building 

U values [W/m
2
K] 

brick façade 1,17 

basement floor 3,59 

ground floor 2,46 

glasshouse floor 0,63 

second floor roof 0,64 

attic roof 3,11 

steel frame openings 5,90 

timber frame openings 3,50 

Ventilation 

occupancy [m
2
/p] 12

60
 

mechanically ventilated parts [m
2
] 24.106

61
 

naturally ventilated parts [m
2
] 2.890 

fresh air requirements [m
3
/p/hr] 35 

mechanically supplied air temperature [C] 20 

Infiltration 
rate for BK old building [ACH] 1 

rate for glasshouses [ACH] 0,2 

Temperatures [C] 

indoor (winter - summer) 20 - 24
62

 

basement
63

 15 

ground 9 

attic outdoor 

Internal gains 

[W/m
2
]

64
 

 

people 6,7 

lighting 12 

equipment 15 

Solar gains 
g values window (glass & frame) 0,5 – 0,8 

g values shading devices 0,2 – 1 
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Table 39 The formulas used in the calculation 

The building that serves as a reference is ‘ideal’ with regards to its indoor climate, i.e. it is assumed that 
all requirements are fulfilled (indoor temperature, relative humidity, fresh air requirements65 etc.), 
which is not true in reality. The building envelope, however, is an approximation of BK City’s actual 
envelope (surface areas, materials, U values, airtightness etc.). Finally, it has been assumed that the 
building is not fully functioning for a period of 40 days during summer holidays (10 July – 20 August).  

Table 38 shows some of the assumptions that were made for the calculations (more information on the 
calculations can be found in Appendix II). 

When using excel to set up the simulation model, only a static calculation can be achieved. From this, a 
series of restrictions follow: 

 Very simple boundary conditions are assumed 

 The heat transfer coefficients are constant 

 The thermal mass and the heat storage (as a function of time) of the elements is not taken into 
account 

 Ignoring the interaction between heat gains and thermal mass (absorption and re-radiation) 
usually leads to excessive cooling loads 

 The heat capacity of air is ignored 

 The indoor air temperature is considered constant and temperature gradients are ignored  

 The dependence of the natural ventilation on the wind speed and wind direction is not taken 
into account 

As is understood, not all variables can be altered to verify their impact. For example, replacing the 
energy generation or distribution means cannot be evaluated nor can the effect of a BMS controlled 
strategy. 

7.3 Formulas used 

The following formulas have been used66: 

 Equation Variables 

Transmission losses [W] U*A*(Ti-To) 

U: heat transfer coefficient 
A: surface area 
Ti: indoor air temperature 
To: outdoor air temperature 

Ventilation losses [W] mV*CP*(Ti-To) 
mV: mass flow rate 
CP: specific heat of air 

Infiltration losses [W] mi*CP*(Ti-To) mi: mass flow of infiltration air 

Solar gains [W] Σ(Psol* AW*gW*gS) 

Psol: total incident solar radiation (diffuse and direct) 
AW: surface area of opening 
gW: solar factor of opening (glass and frame) 
gS: solar factor of sun shade 

 
 

The weather data used is from the De Bilt reference year 1964-’65. For the calculation of the mechanical 

ventilation the Mollier diagram was used – the delivered air is assumed to have a temperature of 20C 
and a relative humidity of 50%. 

                                                           
65

 Only a 60% will be assumed for the calculations 
66

 These are suitable only for rough estimations 
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Table 40 Reference building energy consumption 
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1.000,00

2.000,00

3.000,00

4.000,00

5.000,00

6.000,00

7.000,00

8.000,00 Yearly transmission losses 
[MWh]

Yearly ventilation losses 
[MWh]

Yearly infiltration losses 
[MWh]

Yearly internal gains 
[MWh]
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AHU yearly demands 
[MWh]

7.4 Results 

 7.4.1 The reference building 

With the above mentioned assumptions and the U values of the existing building envelope, the 
following results were found: 

 max  
[kW] 

total annual  
[MWh] 

AHU  
[MWh] 

total surface  
area [m

2
] 

total energy  
[kWh/m

2
] 

heating demands 1.638 2.845 1.735 
26.997 

169 

cooling demand 1.890 1.738 174 70 

 

As seen in the table above, cooling requirements have also been calculated, whereas the building 
currently has no means of cooling the indoor air. The cooling energy is surprisingly high, when 
considering that only minor overheating problems have been reported (see §5.4.3) in BK City. This 
demonstrates the inherent inability of static models to take into account the effect of the thermal mass, 
which becomes more misleading in buildings with high thermal mass such as BK City. Finally, the cooling 

load is also overestimated, due to the assumed indoor temperature of 20-24C. 

The deviation from the actual heating energy requirements of BK City (3.802MWh as opposed to the 
calculated 4.580MWh) can be attributed to the following parameters: 

 according to the assumptions, the building has a non flexible set temperature of either 20C in 

winter or 24C in summer 

 constant presence of people is assumed 

 the temperature of the air provided through mechanical ventilation is constantly at 20C 

 the relative humidity of incoming air is also assumed to be controlled (AHU calculation), which is 
not true for the actual building 

The following chart depicts the various components of the heat demand calculation (losses and gains). 
These should serve only as an indication of the contribution of each component to the final result.    

  

 

 

 

 

 

As expected, the largest impact is attributed to the internal loads, which is a common characteristic of 
university and office buildings due to the IT equipment and the lighting needs. The high transmission 
losses should be attributed to the poor insulation of BK City. 

Chart 10 The various 
components of the 
heating/cooling 
demand calculation 
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Table 41 Impact of post insulation measures on the energy demands of BK City 

Table 42 Impact of window strategies on the energy demands of BK City 
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7.4.2 Insulating the building envelope 

One of the basic improvement measures in most refurbishment projects is the enhancement of the 
insulation of the exterior fabric. This has been included in both Strategy I and III. Following, are the 
predicted results of these measures (table 41). 

 U values [W/m
2
*K] heating load 

[kWh/m
2
] 

cooling load 
[kWh/m

2
] 

heating 
capacity [kW] 

cooling 
capacity [kW]  facade ground floor 

Existing situation 1,17 2,46 169 70 1.638 1.890 

Strategy I 0,28 1,02 130 85 1.288 1.932 

Strategy III 0,14 1,02 125 86 1.244 1.920 

 

The results demonstrate how important it is to 
improve the performance of the envelope of old 
and obsolete structures. According to the 
calculations, this measure can result in a 23% 
reduction of the heating demands (Strategy I). 
The cost effectiveness of post insulation seems 
to have a threshold, beyond which further 
improvements of the fabric, though expensive, 
will not yield impressive savings (Strategy III). 

Notable is, also, the apparent increase of the 
cooling demands, which is a particularity of 
moderate climates, such as the Dutch one. In a 
warmer climate, where high outdoor 
temperatures are more common, enhanced 
insulation will, indeed, reduce the cooling 
demand.  

Finally, it is impressive how the heating capacity 
is reduced for both Strategies. This will, in 

effect, reduce the acquisition and installation cost of the energy generation means (whether that is a 
heat pump, boreholes or a CHP plant). Furthermore, less space will be occupied by the machinery, less 
storage area will be needed for the fuel, the operation costs will drop and, finally, the storage of energy 
will be more effective. 

7.4.3 Treating the windows 

In BK City, despite the complications, it has been shown that it is possible to improve the performance 
of the glazed surfaces. The effect of the measures elaborated in the three Strategies (the rest of the 
building envelope remains obsolete) is shown in the following table. 

 

 

 

 

 

 

 

 U values [W/m
2
*K] heating 

load 
[kWh/m

2
] 

cooling 
load 

[kWh/m
2
] 

heating 
capacity 

[kW] 

cooling 
capacity 

[kW] 
 steel 

frames 
timber 
frames 

Existing situation 5,9 3,5 169 70 1.638 1.890 

Strategy I 3 – 4,5 1,8 135 78 1.300 1.800 

Strategy II 2,5 1,5 129 80 1.240 1.786 

Strategy III 1,2 0,04 113 85 1.068 1.740 

Chart 11 Impact of post insulation measures on the energy 
demands of BK City 
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Table 43 Impact of air tightness measures on the energy demands of BK City 
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The results are similar to the ones achieved 
through the insulation of the walls and roof. 
The large impact the openings have on the 
energy demands can be explained by the large 
glazed surface areas of BK City and the very 
poor U values of the existing windows (even for 
the modest U values of Strategy I, a 20% 
reduction in heating demands is calculated). 
Capacities are also impressively reduced (35% 
reduction in heating capacity for Strategy III). 
The extremely low U value achieved for the 
timber frames (Strategy III) will require some 
consumption of electricity but this will be given 
back to the spaces as radiant heat. 

 

 

7.4.4 Improving the airtightness 

An accurate sizing of the heating and cooling design loads depends on the proper estimation of the 
airtightness of the building and the amount of air that penetrates the exterior fabric through cracks, and 
slits. An air leakage test should be carried out for a more precise calculation. 

In any case, the efficiency of the refurbishment measures strongly depends on the limitation of air 
infiltration, while the ventilation strategy is also interconnected with the airtightness strategy.  

The following table demonstrates the influence of air-sealing measures (Strategy I). Two values of 
infiltration rates have been examined, as actually achieving an extremely airtight structure (0,2 ACH)  is 
quite difficult. Besides, PassivHaus standards require a rate of less than 0,6 ACH. 

 infiltration 
rate [ACH] 

heating load 
[kWh/m

2
] 

cooling load 
[kWh/m

2
] 

heating capacity 
[kW] 

cooling 
capacity [kW]  

Existing situation 1 169 70 1.638 1.890 

Strategy I 
0,5 125 81,5 1.200 1.775 

0,2 102 90 940 1.700 

 
 

This time the results are rather impressive. The 
heating load has decreased by 26% and 40% (for 
0,5 and 0,2 ACH respectively) while the heating 
capacity is nearly halved (0,5 ACH). On the other 
hand, the cooling loads have increased. This 
effect can be mitigated by a series of measures 
that are examined in following paragraphs. 

 

 

 

 

Chart 12 Impact of window strategies on the energy demands 
of BK City 

Chart 13 Impact of air tightness measures on the energy 
demands of BK City 



 

118 
 

Table 44 Impact of solar shading measures on the energy demands of BK City 
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7.4.5 Enhancing solar protection 

Crucial to the calculation of the solar heat gains are both the openings (glass surface) and the available 
shading device. This effect is expressed by the solar heat gain coefficient – the lower the number the 
more effective the protection is. 

For example, external shading devices have a lower coefficient as they stop the solar radiation before it 
even enters the building. On the other hand, curtains, blinds and louvers installed on the inner side of 
the walls allow radiation to enter and heat up the surfaces as well as the air that is trapped between 
them and the wall. However, increasing the control over solar gains will have a negative impact on the 
amount of light that reaches the indoor space, while the visual impact of exterior blinds is not always 
desirable. The various types of glass that are used can also help in the effective solar protection of the 
building – low e coatings, solar control films etc. – without reducing so much the natural light levels. 

The following table gives some indication on what degree these measures can affect the yearly loads67.  
 

 g values heating 
load 

[kWh/m
2
] 

cooling 
load 

[kWh/m
2
] 

heating 
capacity 

[kW] 

cooling 
capacity 

[kW] 
 steel frames timber frames glasshouse 

ext. 
blinds 

int. 
blinds 

ext. 
blinds 

int. 
blinds 

facade 
rooflight

s 

Existing 
situation 

glass 0,8 0,8 0,7 0,7 0,5 0,5 
169 70 1.638 1.890 

shade 0,2 0,7 0,2 0,7 0,7 1 

Strategy I 
glass 0,5 0,5 0,5 0,5 0,5 0,5 

173 60 1.638 1.622 
shade 0,2 0,5 0,2 0,5 0,5 0,5 

 

As expected, the enhanced solar protection does not 
affect at all the heating demands while the cooling 
load and the peak cooling load are reduced by 15% 
(the internal heat gains seem to be the decisive 
factor here). The latter shows how this simple 
measure can reduce the number of overheating 
hours. 

As mentioned previously in this research, the lighting 
levels have been measured and estimated as ‘very 
good’ while occupants have also expressed their 
satisfaction (see §5.4.3 Indoor climate and comfort). 
As a consequence, altering the current solar 
protection means should be done cautiously, as the 
overall effect of enhanced shading might prove less 
advantageous than expected. 

 

 

7.4.6 Reducing the internal loads 

With the current estimation, lighting and equipment in BK City account for a 12W/m2 and 15W/m2 
internal load respectively. Ways to lower these loads have been examined in Strategy I (§6.2.1.7 Energy 
saving through electric equipment and §6.2.1.8 Controls). Table 45 and chart 15 depict the effect of 
applying such measures (the assumption made is that the total internal load is reduced to 30W/m2 from 
33,7W/m2). 

                                                           
67

 This way of calculating solar gains represents only a rough approximation. The same goes for the g values. 

Chart 14 Impact of solar shading measures on the energy 
demands of BK City 
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Table 45 Impact of decreasing the internal loads on the energy demands of BK City 

Table 46 Impact of rationalizing the set temperatures on the energy demands of BK City 

 

 internal load 
[W/m

2
] 

heating load 
[kWh/m

2
] 

cooling load 
[kWh/m

2
] 

heating capacity 
[kW] 

cooling 
capacity [kW]  

Existing situation 33,7 169 70 1.638 1.890 

Strategy I 30 188 60 1.738 1.791 

 

 

Measures that reduce the internal loads will affect 
both the heating and the cooling demand, in a 
negative and a positive way, respectively. The 
importance of internal loads in buildings with IT 
equipment and specific needs in lighting, such as 
offices, laboratories, universities etc., is well known 
and becomes even greater in new buildings that are 
designed to comply with high air tightness levels. 
Especially in temperate and hot climates, it is 
possible that office buildings will only need cooling 
provisions, as heating is covered by the internal 
loads. 

 

 

7.4.7 Rationalizing the set temperatures 

Till now, it has been assumed that the building has a non-flexible indoor temperature of either 20C 

during winter or 24C during the hot months. However, as explained in §6.2.2.6, the adaptation of 
building occupants to the external environment (e.g. clothing) and the availability of local controls may 
significantly affect the range of temperatures for a comfortable indoor environment. Additionally, the 

mechanically incoming air is provided at a constant of 20C which, in the actual building, has caused 
complaints related to overheating (see §5.4.3). 

Now, a more rational approach is attempted by allowing maximum temperatures to reach 28C, while 

the temperature of the incoming air is lowered to 18C. The results are as shown in table 46 and chart 
16. 

The calculations show that only minor changes should be expected from these measures. These will, 
however, improve both the heating and the cooling demands with zero extra costs. Adapting the set 

temperature to a maximum of 28C during summer68 might not prove to be a radical measure, as the 

number of hours during which outdoor air is very hot in The Netherlands is very limited (Text > 28C for 
0,1% of the time). 

 

 

 

 

                                                           
68

 For an exterior temperature between 20C – 28C, indoor temperature has been assumed equal to outdoor. For 

higher outdoor temperatures, indoor temperature is assumed equal to 28C 

 heating load 
[kWh/m

2
] 

cooling load 
[kWh/m

2
] 

heating capacity 
[kW] 

cooling 
capacity [kW]  

Existing situation 169 70 1.638 1.890 

Rationalizing set 
temperatures 

157 68 1.666 1.662 

Chart 15 Impact of decreasing the internal loads on the 
energy demands of BK City 
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Chart 17  The cumulative effect of some ‘basic’ measures 
on the energy demands of BK City 
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7.4.8 Combining ‘basic’ measures 

The measures evaluated till now are all considered as ‘basic’ due to their simplicity, cost-effectiveness 
and straightforward philosophy. After having investigated the effectiveness of each one separately, this 
paragraph examines their cumulative effect. In other words, what will happen if we apply them 
successively to BK City – the order by which the measures appear in the calculations does not imply the 
actual implementation order. 

After having improved the insulation of the building (Strategy I), vacuum glazing is applied to the steel-
frame windows, while the timber-frame windows are entirely replaced (Strategy II). Next, cracks and 
slits are sealed (airtightness rate = 0,5 ACH) and the solar protection of the building is enhanced to 
reduce the cooling loads (as in table 44). Additional measures to improve the performance during 
summer are the reduction of the internal loads to 30W/m2 by using low energy equipment, and the 

rationalization of the maximum allowed temperature (28C) in the rooms and the temperature of the 

incoming air (18C).  

It should be noted that all mentioned measures are realistic, e.g. Strategy I was selected as the 
insulation alternative (and not the more ambitious Strategy III), Strategy II for the windows, an 
achievable airtightness rate was chosen, and so forth.   

Chart 17 and 18 depict the progressive improvement of BK City as the measures are applied (to evaluate 
the distinct contribution of each one) as well as the end result (when all measures have been applied). 
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Chart 16 Impact of rationalizing the set temperatures on 
the energy demands of BK City 
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Chart 18  The cumulative effect of some ‘basic’ measures on the 
maximum heating and cooling demands for BK City 
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The results manifest the value of the so-called ‘basic’ measures. Huge savings (64% in heating demands) 
can be achieved by applying them, while the necessary expenses are kept at very low levels. The cooling 
load, as depicted at the end of the scenario, is relatively close to the cooling demand assumed originally, 
which, as argued in §7.4.1, is not actually needed (in today’s building). It is expected that a dynamic 
calculation will estimate it more accurately, while a smart combination of night ventilation and the mass 
of BK City can render mechanical cooling means unnecessary. If, eventually, there is still a need for 
cooling, this can be easily provided by heat pumps and an underfloor heating system (see §6.2.2 and 
§6.2.3). 

The above results are significant for one more reason. They demonstrate that, even if some measures, 
when implemented alone have no significant effect, they might be valuable when they are combined 
within a package of measures. For example, the adaptation of the indoor allowed temperatures and the 

provision of cooler than 20C air seemed insignificant by themselves (§7.4.7), but are valuable alongside 
other interventions. The same is true of the solar protection enhancement. The conclusion is that the 
choice of a package of measures needs to be done wisely, taking into account all the parameters 
affected, otherwise, the risk of creating new problems and/or increasing the already existing ones is 
considerable.  

 

 

 

 

 

 

 

 

 

 

 

 

Chart 18 confirms the beneficiary effect of this package of interventions. Both the heating and the 
cooling capacity have been drastically reduced (by 64% and 31% respectively) which will reduce 
investment and operation costs for the new equipment and, also, the space occupied by the equipment 
and the fuel. 

7.4.9 Applying heat recovery and increasing the ventilation rate 

One of the main benefits of mechanical ventilation is the possibility it offers, provided mechanical 
exhaust is also existent, to apply an air heat recovery system (see §6.2.1.6 Ventilation concept). 
Depending on the efficiency of the heat recovery mechanism (up to 95%) the heat losses can be 
diminished. For the calculations, a heat recovery efficiency of 90% will be assumed.  

Recovering heat from the exhaust air will allow the increase of the amount of provided air, so that the 
needs in fresh air are fully covered. Providing abundant fresh air is very important in buildings with high 
internal loads and high particle concentrations – these buildings usually suffer from the Sick Building 
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Chart 19  Impact of heat recovery and increased ventilation 
rates on the energy demands of BK City 
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Syndrome69. The Faculty of Architecture seems to have similar issues, as high levels of CO2 have been 
measured in certain spaces, while users have characterized the air quality as ‘poor’ (see §5.4.3). Besides, 
refurbishment scenarios, usually, include high insulation standards combined with strict 
weatherstripping measures. Issues that arise from such efforts are commonly: 

 increased risk of overheating 

 high indoor relative humidity 

 increased risk of condensation on cold surfaces (thermal bridges, corners etc.) 

 increased pollutants’ concentrations 

As mentioned already, increased ventilation rates can tackle several of the aforementioned issues. One 
should be aware, however, that, by increasing the ventilation rates above the necessary, the occupants 
will complain for excessively dry conditions, while the unavoidable ductwork will take up valuable space. 
For the calculations, the assumption is that the fresh air requirements in BK City are fulfilled (as 
estimated: 35m3/p/hr). 

The results of the calculations are shown in table 47 and chart 19. 
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The results show that even without enforcing any 
other refurbishment measures, heat recovery, on 
itself, will bring about significant savings in 
heating demands (33%) and a minor decrease of 
the cooling load (7%). These seem to be high 
enough to counterbalance the electricity needed 
to drive the exhaust and supply ventilators. 
Furthermore, the high efficiency of the heat 
recovery system allows the increase of the 
ventilation rates to ensure indoor air quality, 
without compromising the low energy 
consumption targets. 

 

 

7.4.10 Applying natural ventilation 

Now it is assumed that all necessary fresh air is provided through natural ventilation. This solution has 
been elaborated in §6.2.3.3 Natural ventilation concept and the attic. The results are shown in the 
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 ‘The term "sick building syndrome" (SBS) is used to describe situations in which building occupants experience 
acute health and comfort effects that appear to be linked to time spent in a building, but no specific illness or cause 
can be identified’ (211). 

# 
 heating 

load 
[kWh/m

2
] 

cooling 
load 

[kWh/m
2
] 

heating 
capacity 

[kW] 

cooling 
capacity 

[kW] 

1 Existing situation 169 70 1.638 1.890 

2 Heat recovery 
(90%) 

112 65 1.638 1.941 

3 Heat recovery & 
increased 
ventilation rate 

119 65 1.668 1.945 

Table 47 Impact of heat recovery and increased ventilation rates 
on the energy demands of BK City 
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Chart 20  Impact of providing fresh air only through 
natural ventilation on the energy demands of BK City 
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following table (note that in the existing building most of the ventilation comes from mechanical supply 
– see §5.4.2.1 Ventilation). 

 

 

 

 

 

 

The results indicate that natural ventilation can be 
beneficial for BK City, as the huge amount of energy 
needed to treat the air mechanically seems to be 
more significant than the losses brought about when 
fresh air from outside is directly drawn inside the 
building. The high internal loads also seem to be a 
crucial factor in this respect. 

On the other hand, a 100% natural ventilation 
scheme requires very well thought-of design and its 
effectiveness in real situations is doubtful for a 
building with large spaces and a complex layout as BK 
City. Moreover, relying solely on natural ventilation is 
not a viable prospect for lecture halls with abrupt 
changes in fresh air demands and large crowd 
gatherings. The same goes for technical rooms, 
especially if facing towards the south. 

 
7.4.11 Adding more space 

Two sections of this research have explored the possibilities of increasing the floor space to meet the 
increasing demands of the Faculty. This paragraph will only deal with the conversion of the attic into a 
student area (§6.2.2.1 Converting the attic into a student area), while the drawn conclusions can be 
similarly used for the glasshouse additions.  

For the calculations it was assumed that the attic roof is well insulated (U=0,35W/m2*K), airtight 
(0,2ACH), energy efficient equipment is used (internal load=30W/m2) while mechanical ventilation is 
provided. The results are shown in table 49 and chart 21. 

 

 

 

 

 

 

 

 

 natural 
ventilation 
rate [kg/s] 

heating 
load 

[kWh/m
2
] 

cooling 
load 

[kWh/m
2
] 

heating 
capacity 

[kW] 

cooling 
capacity 

[kW] 

Existing situation 2,8 169 70 1.638 1.890 

Natural 
ventilation 

26,2 146 58 2.017 2.047 

 heating 
load 

[kWh/m
2
] 

cooling 
load 

[kWh/m
2
] 

heating 
capacity 

[kW] 

cooling 
capacity 

[kW] 

Existing situation 169 70 1.638 1.890 

Attic conversion 134 99 1.572 2.181 

Table 48 Impact of providing fresh air only through natural 
ventilation on the energy demands of BK City 

Table 49 Impact of converting the attic into a student space on 
the energy demands of BK City 
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Chart 21  Impact of converting the attic into a student 
space on the energy demands of BK City 

 

Expanding the usable area has resulted in the 
paradoxical, at first sight, reduction of the heating 
demand (by 20%). However, we shouldn’t forget 
that the attic has been assumed as efficient (in 
terms of insulation, airtightness etc.) and the results 
are expressed per surface area. Additionally, 
converting the attic, takes away all the losses that 
occurred from the obsolete ceiling of the second 
floor of BK City. Lastly, the outcome is also a result 
of the extra internal loads that have been added, 
parameter which is expressed in the increase of the 
cooling demands.  

 

 

 

7.4.12 Résumé 

In this paragraph a final package of interventions on BK City is evaluated. The criteria for the selected 
measures were, first, their efficiency and, second, the possibility of realization (i.e. only reasonable 
measures have been chosen). The measures are being applied progressively, simply to highlight the 
contribution of each one to the final result. In this respect, the order by which the interventions appear 
is meant to reveal the full extent of each contribution, and does not imply anything further than this 
(such as time or priority issues etc.). Besides, the most important conclusion will be drawn from the end 
result, after the effect of all measures has been taken into account. 

At first, the building is provided with the necessary space in the attic, as explained in §7.4.11. Then, the 
rest of the building is insulated according to Strategy I U-values, and the window policy of Strategy II is 
applied. These measures go along with sealing the envelope of the building (assumed infiltration rate 
0,5 ACH). To deal with the increasing cooling load, the range of allowed temperatures becomes more 

flexible (maximum 21C and 28C for winter and summer respectively, see also §7.4.7), while enhanced 
solar protection is also provided. The assumed ventilation scheme comprises of 40% mechanical 
ventilation with heat recovery (for spaces such as lecture halls, computer spaces etc.) and 60% natural 
ventilation for the rest of the building. To decrease even more the cooling demand the internal loads 
are lowered by 3W/m2.  

The results of the described above process are shown in chart 22. These are compared with the 
PassivHaus standards for both new constructions and renovated buildings, and with the lower energy-
renovation standards (112). The current heating demands of the building are also shown, in order to 
have an idea of the accuracy of the initial assumptions.  

The end result illustrates, apart from how wasteful BK City is today, the huge possibilities that lie in its 
refurbishment. Even more so, if we consider that, for all proposed interventions, a modest level of 
efficiency has been assumed. Of course, the numerical values should be treated as indicative figures, as 
they are a very rough representation of reality. A more detailed dynamic simulation of the building and 
some reference rooms should take place to better appreciate the effectiveness of the various measures. 

Even so, useful guidelines can be deduced. For example, reaching close to PassivHaus levels is possible, 
by insulating tightly and sealing the gaps. This might give rise to overheating issues, which can cause 
serious comfort problems, while it shouldn’t be neglected that cooling is much more costly than heating 
a building. Despite the inherent incapability of a static model to assess the cooling loads70, the 
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 Furthermore, a constant generation of internal gains for 24 hours a day has been assumed 
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Chart 22  The cumulative effect of selected measures on the heating and 
cooling demands of BK City 

calculations show that, with the right combination of measures, they can still be decreased to low levels 
– in our case, very close to the originally assumed cooling demands, which in the actual building are not 
even provided.  In this respect, a variety of passive measures can be further investigated: 

 solar protection in specific rooms 

 enhancing the role of thermal mass (exposing concrete surfaces, adding PCM materials etc.) 

 further reduction of the internal gains 

 increased natural ventilation rates 

 extended use of night cooling 

 more flexible range of allowed temperatures 

 adapting appropriately the layout of the building etc.  

The effectiveness of passive measures is even greater, if we take into account that, according to the 
calculations, a large amount of cooling loads is needed during winter, even for hours when the outside 

air temperature is 10C (!). For spaces with high internal loads or large crowd gatherings, mechanical 
means should be foreseen to ensure a better control of the indoor air, independently of the outdoor 
environment. If, after all these measures, cooling is still needed, it is expected that an underfloor 
cooling system will suffice to provide a comfortable indoor environment. As seen previously, feeding an 
underfloor cooling system can be easily done with renewable and very low-CO2-emission means. In any 
case, a right balance between heating and cooling demands needs to be found. 
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8 Closing remarks 

8.1 Conclusions 

The starting point of this research was the acknowledgement that, as part of a more general trend 
towards the energy-driven refurbishment of historic buildings, the building that houses the Faculty of 
Architecture at TU Delft is in need of a sound refurbishment scheme, that will balance the dual 
challenge of a sustainable building and the need to protect its monumental character. In order to attain 
the main objective of the research, i.e. to propose a refurbishment strategy for BK City, several sub-
questions had to be answered. 

The study started out by exploring the concepts of a) sustainability, b) refurbishment and c) historic 
buildings, and how these are linked. After having set out the framework of the sustainable 
refurbishment of historic buildings, in terms of legal, ethical and procedural aspects, a list of 
refurbishment measures was provided, based on the most widely accepted energy approaches. 

The next sections were an overview of refurbishment in European countries. First, the age of the 
existing European building stock was examined (according to the figures, a 28,8% of the residential 
building stock is more than 65 years old, while the 60% of all non-residential buildings have been built 
before 1975) and, then, it was argued that the energy performance of a building is closely related to its 
time of construction. Most policies regulating energy efficiency standards were developed after the oil 
crisis of 1973, and it wasn’t until the ‘90s that people started to be aware of climate change and its 
consequences. As a result, old buildings, comprising of an obsolete fabric, exhibit significantly low 
performance in terms of energy use and CO2 emissions. One of the proposed solutions is, apparently, 
the refurbishment of a large part of these outdated buildings, the predictions for such strategies being 
very promising. This part of the research ended with a brief summary of the current status in four 
European countries with outstanding refurbishment policies, with the observation, however, that 
impressive outcomes are still lacking. 

In the second part of the study, the spotlight was turned on the case-study building, BK City, which is 
situated in the western part of The Netherlands and dates back to the early 1920’s. Necessary 
information concerning the building was presented, ranging from climatic and geographical data, to the 
milestones of its historical past. The building itself was described in detail, with regards to its layout and 
functions, with special reference to its distinguishing features (such as the original façade and the 
openings, the water tower and the stone slate  roof) and the permissible interventions, as these have 
been defined by the Monuments’ Department of Gemeente Delft.  

An analysis of the physics of BK City was, also, carried out. The out-dated fabric and mechanical 
equipment of the building, it was argued, should be blamed for the poor indoor environment, in terms 
of air quality and indoor air temperature, despite the high energy consumption. The intention of this 
section was to identify the weaknesses of the building but, also, to point out its significance. The 
information collected here was necessary for the next phases of the research, specifically for the 
development of the refurbishment Strategies.  

Before proceeding to specific proposals for BK City, it was essential to cluster all possible and suitable 
measures that have had a proven impact on previously refurbished buildings. For this reason, relevant 
showcases and good practice examples were investigated, ranging from the prominent ‘Bussumse 
Watertoren’ to the University campus of TU Eindhoven. A selection of the aforementioned measures 
was integrated in three refurbishment Strategies, each one of which takes a step further from the 
previous one. The proposals range from wall insulation alternatives to the use of fuel cell technology, 
with an increasing degree of expenditure costs, intervention level, implementation difficulties but, also, 
an enhancement of the anticipated outcome. The main target of the Strategies was to equally treat the 
energy demand, the waste flows, the sustainable energy resources and, lastly, the influence of the user 
on the indoor environment. Finally, the advantages and disadvantages of the various measures were 
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presented, and application guidelines, along with specifications on market availability (where 
applicable). 

To complete the research, it was necessary to evaluate the proposed interventions to the building. To 
this end, a model was set up in order to calculate the heating and cooling demands that will keep the 
indoor climate at comfort levels. The static nature of the model, along with the high sensitivity of the 
outcome to the initial assumptions, did not allow the comparison of the results with the figures of the 
actual building. However, the model was useful for comparing variants and succeeded in predicting the 
trends that would follow the implementation of the measures. In this sense, it served its purpose in 
providing guidelines. The main conclusions that can be drawn from the calculations are: 

 The building, as is today, is extremely wasteful, thus, huge possibilities lie in its refurbishment. 

 Straightforward and simple measures can offer cost-effective solutions for reducing the energy 
demands of BK City. 

 Several measures when applied alone have minor effects on the energy profile. These, however, 
when combined in a package of measures can make a significant contribution. 

 On the other hand, a package of measures needs to be carefully designed, otherwise the risk of 
introducing new problems or increasing the existing ones is considerable. 

 Stand-alone measures exist that can, by themselves, bring about important savings. As such are 
mentioned the insulation of the envelope, the provision of natural ventilation, the application of 
heat recovery etc.  

 Reaching close to PassivHaus levels is possible, but an energy neutral building seems unrealistic 
with the currently available technology. 

 Sealing up the building to meet PassivHaus standards might give rise to overheating issues, which 
can, however, be dealt with effectively by applying passive measures. 

The aforementioned conclusions all deal with energy consumption reduction. However, the energy 
provision issues, as these have been elaborated in the three Strategies but were not included in the 
calculations, need equal attention. 

8.2 Further research  

When looking back at the questions that this research has posed, these seem to have been answered, to 
a greater or lesser extent. However, there exist several issues that require further development and 
research. In this respect, further research might focus on the following: 

 The demands on realizing the Strategies, in terms of time and financial issues.   

 Detailed elaboration of each measure or Strategy, with regards to the technical feasibility and 
the interaction with functions and layout of the current building. For example, structural issues 
have, deliberately, been set aside in this research. In this sense, each proposed measure can 
form by itself a research topic, either in the context of the academic environment or a building 
technology office. 

 Precise calculations for assessing the influence of each measure on the energy demands, the 
indoor climate and the environmental impact of BK City. 

 To be more consistent with the term ‘sustainability’, more data is needed on the life cycle 
analysis of the used materials and, also, on the occurring waste flows. Forming closed cycles, as 
these are defined by the C2C approach is a challenging, but, achievable target.  

 BK City’s particular elements provide wonderful opportunities for sustainable energy 
applications and, thus, deserve meticulous attention. As such are considered the empty attic 
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space, the water tower, the flat parts of the roof and the decorative elements on the facade. 
For example, ways to turn the attic into an autonomous and zero energy consumption space 
can be investigated, or the integration of ventilation means in the decorative façade elements. 

 Ways to involve the users in the operation of the building. This may include a more direct 
interaction with the energy consumption of BK City. For example, creating workspaces with 
automatic metering that will be accessible to a certain group of students, who will, in effect, be 
responsible for any consumption that occurs. Another scheme could involve the splitting up of 
the costs for the operation of an appliance among its users. The costs could then be broken 
down to direct costs and indirect ones (for instance, a coffee machine needs energy to produce 
a cup of coffee but, energy is, also, consumed for maintaining the water warm throughout the 
day or for harvesting and transporting the coffee beans). Becoming aware of our personal 
carbon footprint is crucial in order to adapt our activities and appreciate the value of the shared 
resources. 

 Finally, how the refurbishment project of BK City can become the cornerstone of a broader 
Governmental, Municipal or University refurbishment program could be investigated. For 
example, a refurbishment scheme that involves other TUD Faculties or even the entire city of 
Delft. This will, moreover, make the claims for subsidies and financial support stronger.  

8.3 Reflections 

Since the decision was taken to extend the housing of the Faculty of Architecture in the Julianalaan 
building, a project group has been assigned with the challenging task of transforming BK City into an 
‘energy neutral and CO2 neutral’ building. In this context, it is hoped that this research will act as a tool 
in the quest for ‘smart solutions’.  

Beyond any doubt, BK City can reduce its energy consumption to an extent where it will be possible to 
provide the remaining demand with only renewable and low carbon energy. It is obvious that there is no 
perfect remedy, i.e. one that can ideally balance between the preservation of the character of the 
building and the goal of sustainability. This research has dealt with the scientific part of this dilemma, by 
analyzing the available options. The final decision seems to be, however, a ‘political’ one rather than a 
scientific one. In this sense, it should be clear what the main target of the refurbishment is: a firm 
statement in favor of Heritage Preservation or a contribution to the battle against Climate Change? 
With regards to this, the particularity of the building as a Faculty of a leading Technology University 
seems to tip the scales in favor of the latter, with the necessary preservation precautions taken, of 
course, into account. 

Finally, a successful transformation of BK City can and will promote the idea of transforming much-
cherished buildings into ecologically sound edifices. For this reason, a focus of attention for the present 
research has been the development of transferable generic solutions that can be applied in a variety of 
listed buildings. Especially in countries like The Netherlands, with a plethora of monumental buildings 
(churches, factories, castles, water towers etc.) and an increasing interest in their sustainable 
refurbishment, the outcome of a generalized refurbishment policy can make a real change to the built 
environment as we know it today. 

 

 

 

 

 

 



 

129 
 

Bibliography 
1. Kyoto Protocol. [Online] [Cited: 24 March 2010.] http://unfccc.int/kyoto_protocol/items/2830.php. 

2. U.S. Energy Information Administration. [Online] [Cited: March 24, 2010.] 

http://www.eia.doe.gov/oiaf/ieo/world.html. 

3. A review on buildings energy consumption information. Pérez-Lombard, Luis, Ortiz, José and Pout, 

Christine. Sevilla : Energy and Buildings, 2007, Vol. 40. 

4. EU energy and transport in figures. Brussels : European Communities, 2009. 

5. Economic Analysis Division, International Energy Agency. World Energy Outlook 2006. Paris : 

OECD/IEA, 2006. 

6. Crossley, Rachel. REPUTATION, RISK AND REWARD:The Business Case for Sustainability in the UK 

Property Sector. Watford : Centre for Sustainable Construction at BRE. 

7. Itard, Laure, et al. Building Renovation and Modernisation in Europe: state of the art review. Delft : 

OTB Research Institute for Housing, Urban and Mobility Studies, 2008. 

8. Energy performance assessment of existing dwellings. Poel, Bart, Cruchten, Gerelle van and Balaras, 

Constantinos A. s.l. : Energy and Buildings, 2007, Vol. 39. 

9. Petersdorff, Carsten, et al. Mitigation of CO2 emissions from the building stock - beyond the EU 

directive on the energy performance of buildings. Cologne : ECOFYS. 

10. Petersdorff, Carsten, et al. Cost-Effective Climate Protection in the EU Building Stock. Cologne : 

ECOFYS. 

11. Sustainable refurbishment: the potential of the legacy stock in the UK commercial real estate sector. 

Mansfield, John R. Nottingham : Emerald Group Publishing Limited, 2009, Vol. 26. 

12. Caleb Management Services. Assessment of potenital for the saving of carbon dioxide emissions in 

European building stock. Bristol : EUROACE-Building Energy Efficiency Alliance, 1998. 

13. Schrogl, Kai-Uwe, Mathieu, Charlotte and Lukaszczyk, Agnieszka. Threats, Risks and Sustainability - 

Answers by Space. s.l. : Springer Vienna, 2009. 

14. The Sustainability of our Common Future: An inquiry into the Foundations of an Ideology. Tijmes, 

Pieter and Luijf, Reginald. 3, s.l. : Elsevier Science Ltd., 1995, Vol. 17. 

15. Croes, Huub, et al. Duurzaam huisvesten - Buildings That Last. The Hague : NAi Publishers, 2004. 

16. Sustainability: an ill-defined concept and its assessment using fuzzy logic. Phillis, Yiannis and 

Andriantiatsaholiniaina, Luc. 3, s.l. : Elsevier Science B.V., 2001, Vol. 37. 

17. Sustainable development in the practice of building resources renovation. Sobotka, A. and Wyatt, 

D.P. 11, s.l. : MCB University Press, Facilities, 1988, Vol. 16. 

18. van den Dobbelsteen, Andy. Towards closed cycles: New strategy steps inspired by the Cradle to 

Cradle approach. TU Delft : Lecture Notes, 2009. 



 

130 
 

19. Anink, David, Boonstra, Chiel and Mak, John. Handbook of sustainable building. London : James & 

James, 1996. 

20. McDonough, William and Braungart, Michael. Cradle to cradle : remaking the way we make things. 

New York : North Point Press, 2002. 

21. William McDonough + Partners. [Online] [Cited: 4 21, 2010.] http://www.mcdonoughpartners.com/. 

22. Heuvel Wonen. Cradle2Cradle Project in Vijlen. [Online] [Cited: 4 21, 2010.] 

http://www.heuvelwonen.nl/index.php?pageid=2. 

23. Toy, Mary-Anne. The Age. China's first eco-village proves a hard sell. [Online] 8 26, 2006. [Cited: 4 

20, 2010.] http://www.theage.com.au/news/world/chinas-first-ecovillage-proves-a-hard-

sell/2006/08/25/1156012740582.html?page=fullpage. 

24. Giebeler, Georg. Refurbishment manual : maintenance, conversions, extensions. Basel : Birkhäser, 

2009. 

25. Feilden, M Bernard. Conservation of Historic Buildings. Oxford : Architectural Press, 2003. 

26. Warren, John. Earthen Architecture: The conservation of birck and earth structures. A handbook. 

s.l. : ICOMOS, 1993. 

27. Marsh, Paul. The refurbishment of commercial and industrial buildings. London : Construction Press, 

1983. 

28. Prudon, Theodore H. M. Preservation of modern architecture. s.l. : Wiley, 2008. 

29. Building refurbishment: habitat upgrading. Genre, J.L., Flourentzos, F. and Stockli, T. 2, Lausanne : 

Energy and Buildings, 1999, Vol. 21. 

30. The costs and benefits of rehabilitation and refurbishment. Pugh, Cedric. 2, s.l. : Property 

Management, Vol. 9. 

31. Advisory Council on Historic Preservation. [Online] [Cited: 4 20, 2010.] http://www.achp.gov/. 

32. International Council on Monuments and Sites. The Venice Charter. [Online] 5 31, 1964. [Cited: 3 14, 

2010.] http://www.icomos.org/venice_charter.html. 

33. Highfield, David. Rehabilitation and re-use of old buildings. London : Spon, 1987. 

34. BREEAM: the Environmental Assessment Method for Buildings Around The World. [Online] [Cited: 2 

3, 2010.] www.breeam.org. 

35. Davey, Andy. The care and conservation of Georgian houses; a maintenance manual. London : 

Butterworth-Heinemann, 1980. 

36. Nelson, Robert and Olin, Margaret. Monuments and memory, made and unmade. Chicago : 

University of Chicago Press, 2003. 



 

131 
 

37. Communities and Local Government Committee. Existing Housing and Climate Change. London : 

House of Commons, 2008. 

38. Nyenrode Business University. [Online] [Cited: 2 20, 2010.] http://www.nyenrode.nl/. 

39. The Heritage Alliance . Manifesto: Making the most of our heritage. 2009. 

40. Re-Architecture: Lifespan rehabilitation of built heritage. Pereira, Ana Rita. Eindhoven : The 21th 

Conference on Passive and Low Energy Architecture, 2004. 

41. International Council on Monuments and Sites. GUIDELINES FOR EDUCATION AND TRAINING IN THE 

CONSERVATION OF MONUMENTS, ENSEMBLES AND SITES. [Online] [Cited: 4 24, 2010.] 

http://www.icomos.org/docs/guidelines_for_education.html. 

42. Safeguarding the spirit of an historic interior on the basis of the ‘Nara-grid’. Jaenen, Marieke. 

Quebec : 16th General Assembly of ICOMOS, 2008. 

43. Appelbaum, Barbara. Conservation Treatment Methodology. s.l. : Butterworth Heinemann, 2007. 

44. Hannewijk, J.J. Restauratie woonhuis ‘De vergulde schoe’, Duurzame monumentenzorg bij een 

historisch woonhuis in Middelburg. Bussum : Nederlands Instituut voor Bouwbiologie en Ecologie, NIBE, 

2006. 

45. Wood, Chris and Oreszczyn, Tadj. Building Regulations and Historic Buildings, Balancing the needs 

for energy conservation with those of building. Swindon : English Heritage, 2004. 

46. English Heritage. Historic buildings as environmental systems. [Online] [Cited: 4 20, 2010.] 

http://www.english-heritage.org.uk/server/show/conWebDoc.3427. 

47. Caleb Management Services Limited. The UK’s approach to the thermal refurbishment of non-

domestic buildings. Cromhall : Caleb Management Services Limited, 2009. 

48. Welmer, Niels and Ham, Michiel. Zero energy housing with low environmental impact: The Trias 

Materia. Eindhoven : University of Technology, 2008. 

49. Towards CO2 neutral urban planning – presenting the Rotterdam energy approach and planning 

(REAP). Tillie, Nico, et al. 2009. 45th ISOCARP Congress . 

50. Climate neutral with the air-conditioners on. van Dijk, Tomas. Delft : Research and education at Delft 

University of Technology, 2009. 

51. den Blanken, Kees and Riddoch, Fiona. The Penta Energetica Principles. s.l. : COGEN Europe, 2009. 

52. Department for Communities and Local Government. Review of Sustainability of Existing Buildings. 

West Yorkshire : DCLG Publications, 2006. 

53. Norris, Michelle and Shiels, Patrick. Regular National Report on Housing Developments in European 

Countries. Dublin : Department of the Environment, Heritage and Local Government, Ireland, 2004. 

54. Department for Communities and Local Government. English House Condition Survey. West 

Yorkshire : DCLG Publications, 2004. 



 

132 
 

55. Do homeowners use energy labels? A comparison between Denmark and Belgium. Gram-Hanssen, 

Kirsten, et al. s.l. : Energy Policy, 2007, Vol. 35. 

56. University of the West of England. [Online] [Cited: 4 3, 2010.] http://www.bne.uwe.ac.uk/. 

57. Killip, Galvin. Built fabric and building regulations. Oxford : Environmental Change Institute, 

University of Oxford, 2005. 

58. The Dutch sustainable building policy: A model for developing countries? Melchert, Luciana. Sao 

Paulo : Building and Environment, 2005, Vol. 42. 

59. Despretz, Hubert. Energy performance connected regulations in existing buildings. s.l. : ADEME . 

60. Residential energy use and conservation in Denmark, 1965–1980. Schipper, Lee. 4, Berkeley : Energy 

Policy, 2003, Vol. 11. 

61. de T’Serclaes, Philippine. Financing energy efficient homes. Paris : International Energy Agency, 

2007. 

62. Thermal upgrades of existing homes in Germany: The building code, subsidies and economic 

efficiency. Galvin, Ray. s.l. : Energy and Buildings, 2010. 

63. DTI. Our energy future - creating a low carbon economy. Norwich : The Stationery Office, 2003. 

64. Jäger, F. Solar Energy Applications in Houses: Performance and Economics in Houses. s.l. : Pergamon, 

1981. 

65. Department of Trade and Industry, UK. Energy consumption in the United Kingdom. London : 

Energy Publications, Department of Trade and Industry. 

66. Shorrock, Les. A detailed analysis of the historical role of energy efficiency in reducing carbon 

emissions from the UK housing stock. Watford : Building Research Establishment Ltd. 

67. Preparing the built environment for climate change. Lowe, Robert. Tokyo : s.n., 2005. 

68. Gaudin Ingénierie SARL (GIS). Retrofitting for environmental viability improvement of valued 

architectural landmarks . Cholet : GAUDIN Ingénierie SARL, 2008. 

69. Sustainable Development Commission. Stock Take: Delivering improvements in existing housing. 

London : Sustainable Development Commission, 2006. 

70. Osika, Klemens and Schneider, Beate. Sustainable rehabilitation of monument protected buildings 

living on the street. Ludwigshafen : Osika Ltd. 

71. The relevance of Green Building Challenge: an observer's perspective. Kohler, Niklaus. Karlsruhe : 

Building Research & Information, 1999, Vol. 27. 

72. VGM / Real Estate. [Online] [Cited: 2 16, 2010.] http://www.vgmrealestate.com/. 

73. REHAU Unlimited Polymer Solutions. [Online] [Cited: 2 10, 2010.] www.rehau.de. 



 

133 
 

74. Socio-political factors influencing household electricity consumption: A comparison between 

Denmark and Belgium. Bartiaux, Françoise and Gram-Hanssen, Kirsten. Stockholm : s.n., 2005. Summer 

Study Proceedings of the European Council for an Energy-Efficient Economy. 

75. The Dutch sustainable building policy: A model fordeveloping countries? Melchert, Luciana. Sao 

Paulo : Building and Environment, 2005, Vol. 42. 

76. Agentschap NL, Ministerie van Economische Zaken. [Online] [Cited: 2 20, 2010.] 

www.senternovem.nl. 

77. The Oxford Institure for Energy Studies. [Online] [Cited: 1 29, 2010.] http://www.oxfordenergy.org. 

78. Association of European local authorities promoting local sustainable energy policies. [Online] 

[Cited: 3 1, 2010.] http://www.energie-cites.org/. 

79. The conservation of historic buildings in Britain and The Netherlands: a comparative study. Dann, 

Nigel and Steel, Mark. s.l. : MCB University Press, 1999, Structural Survey, Vol. 17. 

80. Rijksdienst voor het Cultureel Erfgoed. [Online] [Cited: 3 10, 2010.] http://www.cultureelerfgoed.nl/. 

81. Hoes, O.A.C., van Leeuwen, P.E.R.M. and van de Giesen, N.C. Lecture Notes: Polders. Delft : Water 

Resources Section, Delft University of Technology, January 2009. 

82. Koninklijk Nederlands Meteorologisch Instituut (KNMI). Royal Dutch Meteorological Institute. 

[Online] [Cited: 5 5, 2010.] http://www.knmi.nl/. 

83. World Weather and Climate graphs . [Online] [Cited: 5 1, 2010.] http://www.climatetemp.info/. 

84. Monumenten in Delft. [Online] [Cited: 4 9, 2010.] www.monumentendelft.nl. 

85. Bankersen, Dennis and Schaberg, Lies. Een Nieuwe Faculteit, Onderzoek naar het binnenklimaat van 

BK-CITY aan de Julianalaan. Delft : TU Delft, 2009. 

86. van der Toolen, Afke. Wonderful adventures in a millionaire’s dream - The main building of TU Delft. 

Delft Outlook. Delft University of Technology, 2007. 

87. Den Heijer, Alexandra. The making of BK City, The ultimate laboratory for a faculty of architecture. 

The Architecture Annual. Delft University of Technology, 2007-2008. 

88. BKCITY SLIM, project initatie document. Delft : Delft University of Technology, December 2009. 

89. Monumentenzorg, Rijksdienst voor de. Listing Act . Beschermd Monument. Delft : Gemeente Delft, 

2002. 

90. Collegerama Etalage. BK_The making of the future. [Online] 5 13, 2009. [Cited: 2 17, 2010.] 

http://collegerama.tudelft.nl/mediasite/Catalog/pages/catalog.aspx?catalogId=312b7bc9-5d1d-4fcb-

aafa-c781453a7fa8. 

91. Braaksma & Roos. Rode Scheikunde, Julianalaan 132-134 te Delft, Onderzoek stalen buitenkozijnen. 

Den Haag : Braaksma & Roos Architectenbureau, 2007. 



 

134 
 

92. Gemeente Delft. eMapGuide. [Online] [Cited: 3 16, 2010.] 

http://historischgis.delft.nl/emap/html/eMapGuide.aspx?PrjID=milieu. 

93. ARGE FAKTOR10. ARGE FAKTOR10 Energetische Gebäudesanierung mit Zukunftsperspektive. s.l. : 

www.argefaktor10.de. 

94. Darup, Dr. Burkhard Schulze. Energetische GeMudesanierung mit Faktor10. Osnabrück, Germany : 

Deutsche Bundesstiftung Umwelt. 

95. Bouwgroep Peters bv. [Online] [Cited: 5 10, 2010.] http://www.bouwgroep-

peters.nl/nl/projecten_renovatie-2__F-verbouw.htm?item=73&pagina=3. 

96. Passiefhuis Technologie in Nederland. [Online] [Cited: 5 10, 2010.] http://www.passiefhuis.nl/. 

97. DWA installatie en energieadvies. [Online] [Cited: 5 10, 2010.] 

http://www.dwa.nl/index.php?page=405&projectid=16&projecten=405,239,172,186,169,409,410,430,1

67,143,140,245,443,441,174,142,429,177,. 

98. Bouwwereld.nl. Bouwtechniek voor professionals. [Online] [Cited: 5 11, 2010.] 

http://www.bouwwereld.nl/web/Project-Detailpagina/10980/Rijksmonument-gerenoveerd-tot-

passiefhuis.htm. 

99. Wonen-Werken Lombardstraat. [Online] [Cited: 5 15, 2010.] http://www.passiefrestaureren.nl/. 

100. Grimonprez, Sarah. Stapsgewijze evolutie - OOST WEST CENTRUM VERBOUWT ARDENSE HOEVE 

TOT BRUISEND CURSUSCENTRUM. Wonen met de Natuur. 2009, Vol. 52. 

101. Vandenbosch, Emmy and Cassiers, Bruno. Wonen in wellness: BIO-ECOLOGISCHE RENOVATIE 

BRUGS RIJHUIS. Wonen met de Natuur. 2005, Vol. 35. 

102. Provincie Utrecht. Paushuize. [Online] [Cited: 7 20, 2010.] http://www.paushuize.nl/. 

103. Trouw . Historisch zuinig. [Online] 

http://www.trouw.nl/groen/nieuws/article3031266.ece/Historisch_zuinig_.html. 

104. Dulski, Birgit. Duurzame Monumentenzorg, Paushuize Utrecht. Provincie Utrecht : Nederlands 

Instituut voor Bouwbiologie en Ecologie, 2009. 

105. EnOB: Forschung für Energieoptimiertes Bauen. Complete refurbishment of a block of flats to 

become a 3-litre house. [Online] [Cited: 8 26, 2010.] 

http://www.enob.info/en/refurbishment/projects/details/complete-refurbishment-of-a-block-of-flats-

to-become-a-3-litre-house/. 

106. Schellen, Henricus Lambertus (Henk). Heating Monumental Churches: Indoor Climate and 

Preservation of Cultural Heritage. PhD Thesis. Technische Universiteit Eindhoven : s.n., December 2002. 

107. Zandijk, Kees. Klimatiseren van kerken en kastelen. VV+. September 2007. 

108. Limpens-Neilen, Dionne. Bench Heating in Monumental Churches Thermal Performance of a 

Prototype. PhD Thesis. s.l. : Technische Universiteit Eindhoven, September 2006. 



 

135 
 

109. Water Toren Bussum. [Online] [Cited: 8 17, 2010.] http://www.watertorenbussum.nl/. 

110. Johannes, Rola. Duurzaamste kantoor door mix beproefde technieken. TECHNIEK. March 2009. 

111. Cauberg-Huygen. [Online] [Cited: 8 8, 2010.] http://www.chri.nl/ch/projecten/hermitage-

amsterdam.asp. 

112. TVVL MAGAZINE. Pastoor, ir. T.V.J. 6, June 2008. 

113. Droogbak Amsterdam. Architectenbureau J. van Stigt. [Online] [Cited: 8 27, 2010.] 

http://www.burovanstigt.nl. 

114. Jülich research laboratory. EnOB: Forschung für Energieoptimiertes Bauen. [Online] [Cited: 8 5, 

2010.] http://www.enob.info/en/refurbishment/projects/details/juelich-research-laboratory/. 

115. Comprehensive refurbishment of a school listed as a historic monument. EnOB: Forschung für 

Energieoptimiertes Bauen. [Online] [Cited: 8 2010, 21.] 

http://www.enob.info/en/refurbishment/projects/details/comprehensive-refurbishment-of-a-school-

listed-as-a-historic-monument/. 

116. Kleiven, Tommy. Natural Ventilation in Buildings, Architectural concepts, consequences and 

possibilities. s.l. : Norwegian University of Science and Technology, March 2003. 

117. The Renewable Energy House, europe's headquarters for renewable energy. Brussels, Belgium : 

European Renewable Energy Council, 2008. 

118. Caljé, Ruben Johannes. Future use of Aquifer Thermal Energy Storage below the historic centre of 

Amsterdam. Master Thesis. Delft : TU Delft, Waternet, January 2010. 

119. Holdsworth, Bill. Unlocking earth's energy. Science Direct. 2004, Vol. 5, 2. 

120. Aarssen, Martijn van. Geothermal energy - An important energy source? s.l. : IF Technology, 

February 2010. 

121. Fisch, M. N. and Kühl, L. Use of Microencapsulated Phase Change Materials in Office Blocks. TU 

Braunschweig : Institut für Gebäude- und Solartechnik (IGS). 

122. BRE. Cavity wall insulation in existing dwellings: A guide for specifiers and advisors. London : Energy 

Saving Trust, June 2007. 

123. Energy Saving Trust. [Online] [Cited: 8 29, 2010.] 

www.energysavingtrust.org.uk/housing/standards. 

124. Anderson, Brian, et al. Environmental design, CIBSE Guide A. Norwich, Norfolk : CIBSE, January 

2006. 

125. Pilkington energiKare. Pilkington . [Online] [Cited: 8 30, 2010.] 

http://www.pilkington.com/resources/energikarerangebrochurei8641july2009.pdf. 

126. Jaggs, Mike and Scivyer, Chris. Achieving airtightness, General principles. Watford : BRE 

Environment, 2006. 



 

136 
 

127. Pennycook, Kevin. Refurbishment for improved energy efficiency: an overview. London : The 

Chartered Institution of Building Services Engineers, 2007. 

128. FMRE building plans . TU DELFT. [Online] [Cited: 9 3, 2010.] 

https://intranet.tudelft.nl/live/pagina.jsp?id=62cebf2c-c44e-4113-82e5-11a0a7bdb536&lang=en. 

129. Baker, Nick. Natural ventilation strategies for refurbishment projects. s.l. : Revival, Technical 

Monograph. 

130. Economic evaluation of energy saving measures in a common type of Greek building. Nikolaidis, 

Yiannis, Pilavachi, Petros A. and Chletsis, Alexandros. s.l. : Applied Energy, 2009, Vol. 86. 

131. Picklum, Roger E., Nordman, Bruce and Kresch, Barbara. Guide to Reducing Energy Use in Office 

Equipment. s.l. : EETD, March 1999. 

132. Group Pavatex. [Online] [Cited: 9 10, 2010.] http://www.pavatex.co.uk/. 

133. [Online] [Cited: 9 9, 2010.] http://www.greenspec.co.uk/. 

134. Van Ruysdael, restoration glass. [Online] [Cited: 9 1, 2010.] WWW.VANRUYSDAEL.COM. 

135. Allwin B.V. [Online] [Cited: 9 12, 2010.] http://www.allwin.nl/. 

136. Stolker Glas b.v. [Online] [Cited: 9 12, 2010.] http://www.stolkerglas.com/. 

137. slimlite Double Glazing Co Ltd. [Online] [Cited: 8 20, 2010.] http://www.slimliteglass.co.uk/. 

138. Grona Importeur van Glasisolatie. [Online] [Cited: 9 12, 2010.] http://www.grona.nl/. 

139. Pilkington EnergiKare. [Online] [Cited: 9 12, 2010.] 

http://www.pilkington.com/resources/energikarerangebrochurei8641july2009.pdf. 

140. Wettstein, P. A. Is Dat Zo?! - Problemen bij het na-isoleren van gevels bij monumentale gebouwen. 

Utrecht : Hogeschool van Utrecht, June 2005. 

141. Glass Range for Architects and Specifiers - Technical Information Datasheet. United Kingdom : 

Pilkington, May 2009. 

142. Gilding, Douglas. Delft Aardwarmte Project (DAP). Delft : s.n., 2008. 

143. Gilding, Douglas T., Wolf, Karl-Heinz A.A. and Wever, Andries K.T. Integrating Multi Purpose 

Geothermal Systems with Local City Heating Grids. Bali, Indonesia : Proceedings World Geothermal 

Congress 2010. 

144. Rawlings, Rosemary, et al. Domestic Ground Source Heat Pumps: design and installation of closed-

loop systems. s.l. : BRESEC, March 2004. 

145. CLEAN ENERGY PROJECT ANALYSIS: GROUND-SOURCE HEAT PUMPS PROJECT ANALYSIS. Canada : 

Clean Energy Decision Support Centre, 2001-2005. 

146. National Green Specification - Green Spec. [Online] [Cited: 9 12, 2010.] 

http://www.greenspec.co.uk/ground-source-heat-pumps.php. 



 

137 
 

147. Antonopoulos, Vasileios Papageorgiou. RSEO -- Renovation Strategy for Energy Optimization of 

holiday houses on Ameland inspired by Cradle2Cradle theory. Graduation Project. Delft : TU Delft, 

Sustainable Energy Technology, 2010. 

148. Junginger, Martin and Sikkema, Richard. PELLETS@LAS. Pellet market country report - 

Netherlands. Development and promotion of a transparent European Pellets Market - Creation of a 

European real-time Pellets Atlas. [Online] April 2009. [Cited: 9 15, 2010.] http://www.pelletsatlas.info. 

149. Guidelines for designing a wood pellet storage facility. Dublin, Ireland : Empfehlungen zur Lagerung 

von Holzpellets & COFORD , 2008. 

150. Schmid Biomass Boilers. [Online] [Cited: 9 14, 2010.] 

http://www.holzfeuerung.ch/files_FCK/file/en/n.schmid_20081202_141140_Referenzblatt_bis150_WE

B_ENG.pdf. 

151. Knoef, H.A.M. and Stassen, H.E.M. ENERGY GENERATION FROM BIOMASS AND WASTE IN THE 

NETHERLANDS: A BRIEF OVERVIEW AND PERSPECTIVE. BTG Biomass Technology Group B.V., Enschede, 

The Netherlands : Elsevier Science Ltd, 1995. 

152. Kuiper, Leen and Oldenburger, Jan. The competitiveness of Dutch energy wood. Wageningen  : 

Probos Foundation, February 2006. 

153. Wood Waste: How to Keep Wood Waste Out of Landfills. Department of Resources Recycling and 

Recovery (CalRecycle). [Online] [Cited: 10 14, 2010.] http://www.calrecycle.ca.gov/. 

154. Successful Approaches to Recycling Urban Wood Waste. s.l. : US Dept. of Agriculture, October 2002. 

155. TU Delft improves production of chemicals from wood waste. [Online] March 3, 2010. [Cited: 10 

10, 2010.] http://www.tudelft.nl/live/pagina.jsp?id=c3cc7817-200c-4a15-810f-9cf093c67212&lang=en. 

156. The UK's first green gas. [Online] [Cited: 10 14, 2010.] http://www.ecotricity.co.uk/. 

157. Vaughan, Adam. Food waste to provide green gas for carbon-conscious consumers. s.l. : The 

Observer, 22 November 2009. 

158. Seasonal thermal energy storage in Germany. Schmidt, T., Mangold, D. and Muller-Steinhagen, H. 

Goteborg, Sweden : ISES Solar World Congress, 2003. 

159. SORBTION MATERIALS FOR APPLICATION IN SOLAR HEAT ENERGY STORAGE. Gantenbein, P., et al. 

Switzerland : Institute für Solartechnik SPF, University of Applied Sciences Rapperswil, 

www.solarenergy.ch. 

160. Interface Europe. [Online] [Cited: 10 15, 2010.] http://www.interfaceflor.eu/. 

161. Henderson, George. CIBSE Guide B1 HEATING. London : The Chartered Institution of Building 

Services Engineers, 2002. 

162. Olesen, Dr. and Bjarne. Radiant Floor Cooling Systems. ASHRAE Journal. September 2008. 

163. Hydronic Cooling. oikos®. [Online] [Cited: 9 15, 2010.] http://oikos.com/esb/53/hydroniccool.html. 



 

138 
 

164. A field study of the performance of the Dutch Adaptive Temperature Limits guideline. Kurvers, 

Stanley, Linden, Kees van der and Beek, Marco van. s.l. : Proceedings of Clima WellBeing Indoors, 2007. 

165. Raue, A.K., et al. DUTCH THERMAL COMFORT GUIDELINES: FROM WEIGHTED TEMPERATURE 

EXCEEDING HOURS TOWARDS ADAPTIVE TEMPERATURE LIMITS. Network for Comfort and Energy Use in 

Buildings . [Online] [Cited: 10 19, 2010.] http://nceub.commoncense.info/uploads/Raue.pdf. 

166. Diepen, Bert van. Bouwfyisch onderzoek naar het bouwkunde gebouw. TU Delft : BUILDING 

TECHNOLOGY CLIMATE DESIGN & RESEARCH, 2009. 

167. Nelson, Nels. Planning the productive city. Rotterdam : Doepel Strijkers Architects - Delft Technical 

University - Wageningen University and Research, December 2009. 

168. Potential of solar electricity generation in the European Union member states and candidate 

countries. M., Šúri, et al. 1295–1305, s.l. : Solar Energy, 2007, Vol. 81. 

169. KoolTherm K17 Insulated Dry lining board. KINGSPAN Insulation. [Online] [Cited: 9 19, 2010.] 

http://www.insulation.kingspan.com/uk/pdf/k17.pdf. 

170. GEALAN Fenster-Systemen. [Online] [Cited: 9 20, 2010.] http://www.gealan.de/. 

171. IQ Glass. [Online] [Cited: 9 20, 2010.] http://www.iqglass.com/. 

172. Groupe Prelco. [Online] [Cited: 9 20, 2010.] http://www.prelco.ca/. 

173. GSW headquarters. Sauerbruch Hutton. [Online] [Cited: 10 15, 2010.] 

http://www.sauerbruchhutton.de/. 

174. Kronberg, Braun. Case Studies: GSW Headquarters Building. Vienna, Austria : EUROPEAN 

CONFERENCE AND COOPERATION EXCHANGE, 2006. 

175. Energy requirements of thin solar cell modules - a review. Alsema, Erik. Utrecht - The Netherlands : 

Renewable and Sustainable Energy Reviews, July 1998. 

176. TSNergy Inc. [Online] [Cited: 9 22, 2010.] http://www.tsnergy.com/l/en/index.htm. 

177. Ertex Solar. [Online] [Cited: 9 22, 2010.] http://www.ertex-solar.at/. 

178. OSKOMERA Solar Power Solutions. [Online] [Cited: 9 22, 2010.] 

http://www.solarpowersolutions.nl/. 

179. Transparent Structural Architectural Photovoltaic Glazing. PV GLAZE. [Online] [Cited: 9 22, 2010.] 

http://www.pvglaze.com/. 

180. NUMERICAL STUDY OF A VENTILATED FACADE PANEL. Mootz, F. and Bezian, J.J. ’Ecole des Mines 

de Paris  : Elsevier Science Ltd, 1996. 

181. Graaf, Rutger Ewout De. Innovations in urban water management to reduce the vulnerability of 

cities - Feasibility, case studies and governance. PhD Thesis. s.l. : Technische Universiteit Delft, Leven 

met Water, STOWA, November 2009. 



 

139 
 

182. Gilding, Douglas, et al. Delft Geothermal Project. [Online] [Cited: 9 2, 2010.] 

http://www.geothermie.nl/. 

183. Gilding, Douglas. Heterogeneity determination of the Delft subsurface for heat flow modelling. 

MSc Thesis. s.l. : Department of Applied Earth Sciences, TU Delft, 2010. 

184. den Boer, C.A. Doublet Spacing in the “Delft Aardwarmte Project”. BSc thesis report. s.l. : TU Delft, 

2008. 

185. Sustainable small-scale CHP technologies for buildings: the basis for multi-perspective decision-

making. Alanne, Kari and Saari, Arto. Helsinki University of Technology : Renewable and Sustainable 

Energy Reviews, 2003. 

186. Micro and small-scale CHP from biomass. OPET Finland. [Online] April 2004. [Cited: 9 25, 2010.] 

http://akseli.tekes.fi. 

187. The Online Fuel Cell Information Resource. [Online] 9 25, 2010. 

http://www.fuelcells.org/basics/apps.html. 

188. Fuel Cell. Micro Comined Heat and Power. [Online] [Cited: 9 25, 2010.] 

http://www.microchap.info/fuel_cell.htm. 

189. Dezentral Strom und Wärme gewinnen. [Online] [Cited: 9 25, 2010.] http://www.hexis.com/. 

190. PCM Products Ltd. [Online] [Cited: 9 25, 2010.] http://www.pcmproducts.net/. 

191. REUSING RAINWATER AND GREY WATER. Machynlleth, Powys : Information Department, Centre 

for Alternative Technology, 2008. 

192. Burkhard, Roland, Deletic, Ana and Craig, Anthony. Techniques for water and wastewater 

management: a review of techniques and their integration in planning. Urban Water. 2000, 197-221. 

193. Melnik, Anna, et al. A Feasibility Analysis of a Living Machine for ES2. Ontario, Canada : University 

of Waterloo, 2004. 

194. Edgar, Blake. Living Machines. s.l. : Pacific Discovery, 1997. 

195. Giordano, Stacey. The greening of independent schools: the living machine and beyond. s.l. : I n d e 

p e n d e n t S c h o o l, 2005. 

196. Harvesting rainwater for domestic uses: an information guide. s.l. : Environment Agency, UK, 2008. 

GEHO0108BNPN-E-E. 

197. Does demolition or refurbishment of old and inefficient homes help to increase our environmental, 

social and economic viability? Power, Anne. London : Energy Policy, 2008, Vol. 36. 

198. The life cycle of building. A contribution for sustainable development by a methodical approach in 

building construction in the light of global and local needs. Schmid, Peter. Bari : s.n., 1999. Sharing 

knowledge on sustainable building. 

199. THE BUILDING REGULATIONS 1976. United Kingdom : s.n. 



 

140 
 

200. Archined. Bouwkunde is al af. [Online] 1 13, 2009. [Cited: 2 16, 2010.] 

http://www.archined.nl/en/forum/bouwkunde-is-al-af/. 

201. Máčel, O. Architectuurarchief TU Delft. Delft : Publikatieburo Bouwkunde, 1994. 

202. Roos, Job. BK-CITY JULIANALAAN tijdelijke huisvesting voor de faculteit Bouwkunde TUDelft. Den 

Haag : BRAAKSMA & ROOS architectenbureau, 2008. 

203. BK City Guide. The Making of BK City . [Online] 2009. [Cited: 2 2, 2010.] 

http://www.bk.tudelft.nl/live/pagina.jsp?id=8e969491-956e-4cfb-9029-284ef65a2de5&lang=en. 

204. The Energy Research Group, School of Architecture, University College Dublin. ENERGY IN 

ARCHITECTURE - The European Passive Solar Handbook. Dublin : s.n., 1993. 

205. Verkooijen, Ad. Lecture notes: Technology and Sustainability, Wb4438. s.l. : TU Delft, 2009. 

206. Itard, Laure. Environmental Sustainability in the Built Environment. TU Delft : Lecture notes, 2009. 

207. Integrating Multi Purpose Geothermal Systems with Local City Heating Grids. Gilding, Douglas T., 

Wolf, Karl-Heinz A.A. and Wever, Andries K.T. Bali, Indonesia : Proceedings World Geothermal 

Congress 2010, April 2010. 

208. Quinn, Robert, et al. WATER EFFICIENCY GUIDE: OFFICE AND PUBLIC BUILDINGS. Melbourne : The 

Department of the Environment and Heritage, Australian Government , October 2006. 

209. PCM Thermal Energy Storage. PCM Products Ltd. [Online] [Cited: 9 25, 2010.] 

http://www.pcmproducts.net/. 

210. Living Machine Brochure. [Online] [Cited: 10 17, 2010.] 

http://www.livingmachines.com/images/uploads/resources/living_machine_brochure.pdf. 

211. US Environmental Protection Agency. [Online] [Cited: 10 20, 2010.] http://www.epa.gov/. 

 

 

 
 

 

 

 

 

 

 



 

141 
 

APPENDIX I: Plans, Elevations and Sections of BK City 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plan of the ground floor
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Front and back elevations 
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APPENDIX II: Calculation sheets 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


