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Summary

In climate-responsive design the building becomes an intermediary in its own energy
housekeeping, forming a link between the harvest of climate resources and low-

energy provision of comfort. Essential here is the employment of climate-responsive
building elements, defined as structural and architectural elements in which the energy
infrastructure is far-reaching integrated. This thesis presents the results of research
conducted on what knowledge is needed in the early stages of the design process and
how to transfer and transform that knowledge to the field of the architect in order

for them to successfully implement the principles of climate-responsive design. The
derived content, form and functional requirements provide the framework for a design-
decision support tool. These requirements were incorporated into a concept tool that
has been presented to architects in the field, in order to gain their feedback.

Climate-responsive design makes the complex task of designing even more complex.
Architects are helped when sufficient information on the basics of climate-responsive
design and its implications are provided as informative support during decision making
in the early design stages of analysis and energy concept development. This informative
support on climate-responsive design should address to different design styles in order
to be useful to any type of architects.

What is defined as comfortable has far-reaching implications for the way buildings are
designed and how they operate. This in turn gives an indication of the energy used for
maintaining a comfortable indoor environment. Comfort is not a strict situation, but
subjective. Diversity is appreciated and comfort is improved when users have the ability
to exert influence on their environment. Historically, the provision of comfort has led

to the adoption of mechanical climate control systems that operate in many cases
indifferent from the building space and mass and its environment. Climate-responsive
design restores the context of local climate and environment as a design parameter.
Many spatial, functional and comfort-related boundary conditions that have an effect
on the energy design concept have been distinguished.

There are many low-graded energy sources that can be put to use in the built
environment, with local climate as the primary component. When exploring the
potential of local climate, urban context needs to be taken into account since it heavily
affects the actual potential. Since buildings are typically build to last for decades,
consideration of changing climate and its expected effect on the energy potential is

an important factor in the strategy to follow. The study of the energy potential of local
climate resulted in a set of climate-related and context-related boundary conditions.

Summary
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The principles of climate-responsive design - the conceptual relations between

energy source, energy treatment and comfort demand - can be translated into various
design solutions, the contextual, architectural and technical implementation of these
principlesinto an actual design. The design solutions can be divided into six categories
- site planning, building form and layout, skin, structure, finish and (integrated)
building service - that cover various dimensions in planning and construction. In this
thesis a non-exhaustive list of design principles and solutions is presented using
different matrices.

In order to design using climate-responsive design principles the architect should

be given an overview of the comfort contribution and energy performance of design
solutions. Furthermore, the identification of collaborations and conflicts when using
multiple design principles together is essential. The generation of a satisfying design is
more than just stacking solutions upon each other. It should also be made clear what

a possible energy function of a building element is besides its primary function. This is
where comfort and energy related design objectives of climate-responsive design meet
other objectives (i.e. spatial, functional and structural). Finally, the impact of climate-
responsive building elements on the appearance of design is relevant to concept
orientated architects. Together this can be considered as the content requirements of
the design-decision support tool.

In the early stages of the design process climate-responsive design is about the
generation of energy concepts. In this phase accessible guidelines and the option to
compare alternatives is more important than to assess absolute performance. The
conceptual design phase is dynamic and has many iterations. Informative, context-
specific knowledge reduces the number of iterations before the architect has generated
a satisfying number of design options from which it can continue to the next design
phase of assessment. Functional requirements for the framework of the design-
decision support tool are the inclusion of a knowledge base with expert knowledge and
best practice examples, the provision of informative, context-specific knowledge, the
provision of accessible guidelines, the provision of an option to compare alternatives,
the inclusion of the ability to inform during and assist in decision-making (i.e.
intelligence) and the limitation of complexity and the generation of easy to interpret
output.

The tool is primarily developed for the architect so it needs to blend in the architect’s
workflow enabling the architect’s creativity and guiding his intuition. Other form
requirements of the design-decision support tool are the presence of customisation
options and custom navigation patterns, all presented in a visual style.

A concept of the web-based tool has been developed in order to illustrate what a

climate-responsive design-decision support tool could look like. The heart of the tool
is formed by the knowledge base, constructed from items grouped into one of four

Climate-responsive design
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categories: principles, solutions, projects and guidelines. Relationships between items
are incorporated within the knowledge base as hyperlinks, which makes it easy to
navigate from one item to another. The stored information is presented in numerous
ways. Info sheets provide the most detailed presentation style containing all available
information for an item, while catalogues, matrices and a gallery provide quick
overviews and reveal direct relationships with other items.

In order to become a true design-decision support tool, the presented tool needs to be
further developed. This includes the use of a more context-specific presentation style
and the inclusion of more context-specific knowledge, the addition of layers in which
the knowledge is presented varying from more general to practical, the development
and implementation of performance indicators and a more direct and visual approach
to pinpoint synergetic and conflicting effects.

By using the tool, architects can access relevant knowledge in different ways that suit
their method of working. It enables the presentation of complex relationships in a
clear way and by doing so unlocking a much broader part of the content to them. That
will help speeding up the proces of design iteration before the energy concept can be
assessed in the successive phase of the design process.

Summary
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Samenvatting

Met klimaat-responsief bouwen wordt het gebouw een intermediair van zijn eigen
energiehuishouding. Het vormt de schakel tussen het oogsten van energie uit

de directe omgeving en de duurzame realisatie van comfort. Essentieel is hier de

inzet van klimaat-responsieve bouwelementen, gedefineerd als de bouwkundige

en constructieve bouwelementen waarin de energie-infrastructuur vergaand is
geintegreerd. In dit proefschrift worden de resultaten gepresenteerd van een onderzoek
naar welke kennis omtrent klimaat-responsief bouwen nodig is in de eerste fasen van
het ontwerpproces en hoe deze kennis vertaald en omgevormd dient te worden naar
het vakgebied van de architect opdat de principes van klimaat-responsief bouwen
succesvol geimplementeerd kunnen worden. Er zijn eisen opgesteld ten behoeve van
inhoud, form en functie welke de basis vormen voor een raamwerk van een hulpmiddel
voor de ondersteuning bij het nemen van ontwerpbeslissingen. Een proefmodel van het
hulpmiddel is voorgelegd aan praktiserende architecten met als doel het vergaren van
feedback ter verbetering van het proefmodel.

Klimaat-responsief bouwen maakt de toch al complexe taak van ontwerpen

nog complexer. Architecten zijn gebaat bij beschikbaarheid van kennis van de
uitgangspunten van klimaat-responsief bouwen en de implicaties ervan tijdens het
nemen van beslissingen in de vroegste fase van het ontwerpproces; de analyse en de
ontwikkeling van het energieconcept. Deze gepresenteerde kennis moet aansluiten bij
verschillende ontwerpstijlen om bruikbaar te zijn voor elke individu.

De definitie van comfort is van grote invloed op hoe gebouwen worden ontworpen
en hoe zij worden gebruikt. En dat is weer voor een groot deel bepalend voor het
energiegebruik ten behoeve van de realisatie van een comfortabel binnenklimaat.
De beleving van comfort is subjectief. Diversiteit wordt gewaardeerd en het comfort
is beter als gebruiker de mogelijkheid heeft om invloed uit te oefenen op zijn of
haar omgeving. Historisch gezien heeft de realisatie van comfort geleid tot de
afhankelijkheid van installaties die vaak onafhankelijk werken van het gebouw en
de omgeving waarin het staat. Met klimaat-responsief bouwen wordt lokaal klimaat
en omgeving weer als ontwerpparameter beschouwd. Verschillende ruimtelijke,
functionele, comfort-gerelateerde randvoorwaarden die van invloed zijn op het
energieconcept zijn opgesteld.

Er zijn verschillende bruikbare energiebronnen beschikbaar in een bebouwde
omgeving, als direct resultaat van het lokale klimaat. Bij de verkenning van het
energiepotentieel van het lokale klimaat dient de stedelijke context in beschouwing
genomen te worden omdat deze van grote invloed is op het werkelijk potentieel. Omdat
gebouwen over het algemeen meerdere decennia meegaan is de beschouwing van

Samenvatting
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klimaatverandering en de impact ervan op het energiepotentieel van het lokale klimaat
een belangrijk aspect in de te volgen strategie. De studie naar het energiepotentieel
van het lokale klimaat heeft geleid tot een verzameling klimaat- en context gerelateerd
randvoorwaarden.

De principes van klimaat-responsief bouwen - de conceptuele relaties tussen
energiebron, energiebehandeling en comfortvraag - kunnen concreet gemaakt worden
in verschillende contextuele, bouwkundige en technische ontwerpoplossingen. Deze
oplossingen kunnen verder onderverdeeld worden in zes categorieén (bouwplaats,
vorm en indeling, schil, constructie, afwerking en (geintegreerde) installaties) en
raken daarmee aan verschillende stappen gedurende ontwerp, planning en realisatie
van een gebouw. Een niet uitputtende lijst met principes en oplossingen van klimaat-
responsief bouwen is gepresenteerd in verschillende matrices.

Om te kunnen ontwerpen volgens de principes van klimaat-responsief bouwen heeft de
architect inzicht nodig in de bijdrage aan het geboden comfort en de energieprestatie
van de verschillende ontwerpoplossingen. Verder is het belangrijk dat inzicht verkregen
wordt in de potentiéle meerwaarde van het combineren van verschillende oplossingen,
of wanneer het combineren van oplossingen juist leidt tot mogelijke conflicten. De
realisatie van een goed ontwerp is meer dan alleen het stapelen van oplossingen.

Het moet ook duidelijk zijn welke mogelijke bijdrage een element kan hebben in de
energiehuishouding, naast zijn primaire functie. Hier komen de comfort- en energie-
gerelateerde doelstellingen van klimaat-responsief bouwen in aanraking met onder
andere ruimtelijke, functionele en constructieve doelstellingen. Tenslotte moet de
visuele impact die klimaat-responsieve bouwelementen hebben op het ontwerp
zichtbaar gemaakt worden. Tezamen vormen dit de inhoudelijke eisen van het
hulpmiddel.

In de eerste fasen van het ontwerpproces gaat het bij klimaat-responsief ontwerpen om
de ontwikkeling van energieconcepten. In deze fase zijn hanteerbare richtlijnen en de
mogelijkheid om verschillende oplossingen met elkaar te vergelijken belangrijker dan
een absoluut gekwantificeerde prestatie. De conceptuele ontwerpfase is dynamisch

en kent meerdere iteraties. Informatieve, context-specifieke kennis verminderd het
benodigd aantal iteraties om tot een bevredigend ontwerp te geraken. Functionele
eisen aan het raamwerk van het hulpmiddel zijn het opnemen van een kennisbank met
gespecialiseerde kennis en project voorbeelden, het bieden van informatieve, context-
specifieke kennis, het presenteren van hanteerbare richtlijnen, de mogelijkheid bieden
om oplossingen met elkaar te vergelijken, de mogelijkheid bieden om met een zekere
intelligentie te informeren bij het nemen van ontwerpbeslissingen, en het verzorgen
van eenduidig te interpreteren output.

Het hulpmiddelis in principe ontworpen voor de architect en dient zodoende
geintegreerd kunnen worden in zijn of haar manier van werken, waarbij het ruimte laat

Climate-responsive design
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voor creativiteit en richting geeft aan de intuitie. Overige eisen aan de vorm van het
hulpmiddel zijn de mogelijkheid bieden om het hulpmiddel aan te passen aan de eigen
voorkeuren en de mogelijkheid bieden om vrij te kunnen navigeren door de inhoud. Dit
alles zo veel mogelijk visueel gepresenteerd.

Een web-based proefmodel van het hulpmiddel is uitgewerkt om te kunnen
illustreren hoe zo'n hulpmiddel eruit zou kunnen zien. Het hart van het hulpmiddel
wordt gevormd door de kennisbank, samengesteld uit items gegroepeerd binnen
vier categorieén: principes, oplossingen, (voorbeeld)projecten en richtlijnen.

De relaties tussen de verschillende items zijn als kruisverwijzingen opgenomen
waardoor eenvoudig van het ene item naar het andere item genavigeerd kan
worden. De opgeslagen informatie wordt op verschillende manieren gepresenteerd.
Informatiebladen presenteren de meest gedetailleerde weergave van de beschikbare
informatie peritem, terwijl catalogi, matrices en een fotogalerij een snel overzicht
geven van de verschillende relaties.

Het hulpmiddel moet verder ontwikkeld worden om de waarde ervan bij het nemen van
ontwerpbeslissingen te vergroten. Deze ontwikkeling is gericht op het verzamelen van
meer context-specifieke kennis en het context-specifiek presenteren van de kennis, de
implementatie van lagen waardoor de geboden kennis gepresenteerd kan worden van
generiek tot praktisch, de ontwikkeling en implementatie van prestatie-indicatoren en
meer directe en visuele presentatie van synergetische en conflicterende effecten.

Door het gebruik van het hulpmiddel hebben architecten toegang tot relevante kennis
dat aansluit bij hun manier van ontwerpen. Het toont complexe relaties in een heldere
weergave en ontsluit zo een groter deel van de informatie. Dit helpt de architect door
het versneld kunnen ontwikkelen van verschillende energieconcepten alvorens deze te
toetsen in een volgende fase van het ontwerpproces.

Samenvatting
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Introduction

The human impact

Human activities around the world leave an incredible mark on the earth, its resources
and its inhabitants. Today we consume valuable resources of the earth at breakneck
speed from the short-sighted point of view of the here and now. The results are
resource depletion, scenery damage, waste production and pollution.

The human impact is perhaps most notable in terms of climate change, for which

the emission of greenhouse gases is identified as the primary cause. The emission

of carbon dioxide from the burning of fossil fuels is the most significant contributor
(Intergovernmental Panel on Climate Change, 2014). Climate change is already a
serious direct threat to human life and well-being and will most likely emerge in the
upcoming decades (Intergovernmental Panel on Climate Change, 2014; World Health
Organization, 2016).

The recurring human impact is also noticeable in long term economical and socio-
political perspectives. Take for example our enormous dependence on fossil fuels. It
has already led to uncertainties in availability and pricing and it may be obvious that
the rapid development of upcoming industries could stress the worldwide energy
supply even more. As a result international relationships between suppliers and
consumers of these primary energy sources are intensifying.

As for today 81% of the world's energy needs is met by fossil energy sources (coal,

oil and natural gas) (International Energy Agency, 2016). With current policies the
worldwide energy consumption is expected to increase with 48% from 2012 to 2040
(Energy Information Administration, 2016). Despite renewable energy being the
world's fastest-growing source of energy, fossil fuels are expected to meet 78% of total
energy demand by 2040 (Energy Information Administration, 2016). This is without

a doubt a serious threat to our common future. The rising need for raw materials and
fresh water could unleash similar disastrous scenarios as well.

Introduction
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The impact of the built environment

For centuries now humans have been constructing a built environment, a vast network
of cities and supporting infrastructure, in which they can deploy their activities. The
first man-made structures provided basic needs as shelter or protection and were
made from the available materials nearby the site. In time humanity advanced and

so did its structures; emerging into a craft where aesthetics and impression gained
importance. New activities called for new types of buildings (e.g. temples, workshops
and marketplaces). Non-domestic construction materials were introduced by retrieving
them from sites further away and structures became bigger to impress people even
more. Due to its increasing complexity, the creation of the built environment became
an expertise, managed by an architect. And architecture evolved from vernacular to
monumental.

The impact of the built environment on the natural environment boosted after the
industrial revolution. Increasing wealth and the development of new technology
catapulted the dimension and proportion of the built environment, demanding more
and more of our resources. The provision of shelter transformed into the urge to

control the indoor environment to meet occupants’ best wishes. This resulted into

the implementation of mechanical climate control systems which provide heating,
cooling and ventilation while operating almost completely stand-alone from the
building structure and its environment. Building systems were designed from the
single objective of controlling indoor conditions, passing over many comfort and energy
aspects.

Things first changed after the ‘oil crisis’ of 1973, an artificial crisis created by a political
conflict. From this moment on energy saving became of progressive concern leading to
significant reduction in energy consumption of buildings achieved through increased
insulation, enhanced air tightness and by improved efficiency of building systems for
climate control.

But despite increased concern, on-going research and practical efforts made so far,

the building sector still demands a lot of our resources and generates great amounts of
waste and pollution. With prospects of population growth, upcoming expansion of new
economies, accompanying creation of new wealth and more stringent requirements
on health and comfort, resource consumption by the built environment is expected
toincrease if there is no change in current practice and policy (Energy Information
Administration, 2016).

All these prospects force us to think differently about our resource consumption and
opt for a transition towards a sustainable state where we minimize the need for raw
materials and maximize their re-use, conserve fresh water supplies and become
independent of non-renewable energy sources.

Climate-responsive design



The evolution of climate control in buildings

The desire to control the indoor environment to the occupant’s best wishes resulted

in the implementation of mechanical climate control systems that operate completely
separate from the rest of the building. And buildings themselves became completely
separated from the (outdoor) environment they were placed in.* Or as Maver (1971)
putsit: “One of the most marked trends in architecture over the centuries has been
that of replacing the functions of the building structure by engineering service
systems”.

One aim of building design is to create a satisfying and healthy atmosphere in which
we can deploy our activities, whether these activities are residential, recreational,
educational, or work related. The design of a comfortable indoor climate is of
greatinfluence on occupant’s health. There is a strong relation between improved
indoor climate and increased performance of employees or students and decreased
absenteeism (Fisk & Rosenfeld, 1997; Preller et al., 1990; Wargocki et al., 2005). Think
of the more severe consequences discomfort could have on vulnerable people such as
the elderly or hospital patients. While humans in the industrialised countries spend on
average 85% of their time indoors, the creation of comfortable and healthy buildings is
an absolute necessity.

The need to control the indoor climate resulted in the implementation of building
systems specifically designed to fulfil this purpose. But these systems do not always
establish improved comfort and health benefits. For example, complaints from
occupants of the residential development Vathorst in Amersfoort, the Netherlands,
got a lot of media attention and resulted in a study into the relation between occupant
complaints and mechanical ventilation systems (Leidelmeijer et al., 2009). It was
concluded that poorinstallation and noise production were to be blamed for most of
the complaints. Furthermore, the presence of mechanical ventilation systems was
identified as the cause for worsened indoor air quality which could lead to health
complaints, especially with balanced ventilation systems.

There is more evidence that the use of building systems increases the number of
complaints about the indoor climate. Some studies made clear that the mechanically
controlled indoor environments that function completely separated from the outdoor
environment can even be far from comfortable and healthy (Mahdavi & Kumar, 1996).
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Typical newly-built dwellings in industrialised countries operate on climate control systems that rely heavily on
auxiliary (fossil) energy and operate rather indifferent to dynamic climatic conditions. For example in the Neth-
erlands, primary comfort systems include balanced ventilation systems and gas-fired boilers for space heating

and domestic hot water production.
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Different from what might be expected is that in many cases building services are
operating as was asked forin the design specifications. So they were installed properly
and work as intended to. Wrong formulation of specifications can be explained from a
lack of information on occupancy, performance of design or the implementation within
the design process (Den Hartog, 2003).

All this clearly shows that building systems were designed from the single objective of
apparent comfort provision while energy-efficiency was not considered at all. It seems
that at a time when consuming energy did not ring a bell on resource depletion and
environmental damage, comfort provision became synonym for high energy consumption.
This is by no means necessary (Roulet, 2006). Moreover, the implementation of
mechanical building systems did not result in improved comfort at all.?

Towards a more sustainable energy housekeeping

The path to sustainable energy housekeeping for buildings is transitional and embraces
improving existing techniques, presenting new innovative solutions and thinking in
whole new concepts. A three-step approach commonly known as the Trias Energetica®
has been all the rage in tackling the energy problem since the late 1980s (Duijvestein,
1989; Lysen, 1996). The Trias Energetica embraces the following three steps:

Energy demand reduction
Renewable energy employment
Clean and efficient use of fossil fuels

In order to tackle the energy problems different approaches can be thought of based on
the steps of the Trias Energetica. These approaches can start from different scale levels or
from different design concepts or used technologies. For instance, energy problems may
be dealt with on the scale of a single building that becomes self-sufficient or on a wider
scale ranging from neighbourhoods to cities that can benefit from community services.
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On the other hand it is good to realise that low-energy design of buildings, where no attention is paid to comfort
and health, can as well become non-sustainable due to higher energy use by occupants to compensate for any
discomfort (Nicol & Humphreys, 2002).

The basics of the three step approach were first mentioned by Duijvestein (1989) and are applicable to a more
general strategy of tackling environmental problems. A three step approach with a specific focus on energy was
later named Trias Energetica by Lysen (1996) which has since become a synonym for the three step approach to
tackle energy problems. However, Lysen mentioned the increase in energy efficiency as the first step, rather than
prevention. Nowadays energy demand reduction is generally considered as the initial step and energy efficiency
is merely associated to the use of fossil fuels in the third step (more info in chapter 2).
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Other approaches may focus on a certain design philosophy that embraces one or more
specific design features and is transformed into a design concept (e.g. Passive House?,
ZED?) or on technology where new or more energy-efficient building systems are seen
as the way forward.

Any advanced strategy should head towards banning the use of non-renewable energy
sources entirely for all the obvious reasons; ruling out the third step of the Trias
Energetica. Alternatively, one could benefit from the ubiquitous renewable energy
resources in the immediate environment such as direct solar radiation, daylight,
natural air flows and the earth’s high thermal storage capacity. By using the energy
potential of the immediate environment, a comfortable and healthy environment can
be created that contributes to the reduction of energy consumption and, by banning
out fossil fuels, eliminates undesired side-effects of pollution and waste generation.

The initial step of demand reduction stays valid both in times of scarcity and
abundance of energy sources. On the building scale the limits of demand reduction

can probably be found at the junction of making the most out of the potential of local
energy offer and fitting it closely to user needs, complemented with strategies such

as conservation, recovery and storage. A hereby connecting factor is the concept of
responsive buildings; buildings that can respond to changing circumstances in both the
supply and demand of energy.

The key in successfully applying the energy potential within the built environment for
the creation of comfortable buildings is to bridge the discrepancy between patterns
in space and time of the natural energy supply and building energy demand. The
responsive ability of a building can form that link between the lack of natural energy
sources due to the dynamics of local climatic conditions and low-energy provision
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The concept of the Passive House is based on high thermal insulation and enhanced air tightness complement-
ed by active systems for ventilation. It is a well-developed concept with many built examples, mainly located

in Germany, Austria and Scandinavia. The definition of a residential Passive House poses a maximum level for
annual energy use for space heating of 15 kWh/m?and a total annual primary energy consumption of 120
kWh/m? (Passive House Institute, 2015).

ZED stands for zero (fossil) energy development and branded after the realisation of the mixed use development
Beddington ZED (or BedZED) in 2002 in Sutton near London. The philosophy behind ZED is that the design,
construction and refurbishment of developments should only use renewable energy sources with no direct
carbon emissions (Dunster et al., 2008).
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of comfort. Buildings with responsive abilities - or climate-responsive buildings -
become an intermediary in their own energy housekeeping. Essential here is the
implementation of climate-responsive building elements, structural or architectural
elements in which energy harvest and complementing energy strategies such as
distribution are far-reaching integrated. Climate-responsive building elements

form the main topic within this research. While the concept of employing the energy
potential of the built environment is not entirely new, a widespread implementation of
climate-responsive building concepts is not yet seen.

Climate design and the role of the architect

In general, a design process is a highly complex practice in which the architect plays an
important role. Architectural design has to meet a variety of design objectives that heavily
interrelate with each other and in many cases are in conflict. The challenge to create
comfortable and healthy indoor environments and to reduce energy demand of buildings
calls for creative solutions that elaborate on existing knowledge and good practice.

In many projects the architect is the project manager and therefore the architect is
responsible for the integration of all different objectives into a single building design.
The architect is in many cases also the one person that sets course to a final building
concept. The architect’s creative behaviour induces new and original ideas which are
needed to advance and cope with existing and new problems (Sternberg, 2005).

Climate design is the part of design that is concerned with the creation of healthy

and comfortable indoor environments. Climate design starts with the right design
requirements set by the principal. But they often fail to state clear and verifiable
demands for the indoor climate to be achieved in the design. Many elementary design
decisions made by the architect determine the initial quality of the indoor climate;
although often not recognised by the architects themselves. Decisions on building
form, material use and natural illumination may be made to suit another aspect of
design, but have at the same time consequences for the indoor climate. And at the very
same time they also address energy related aspects of building design. They determine
if and what additional building systems for heating, cooling, artificial lighting or
ventilation are needed.

Climatic design, or designing comfortable and healthy environments, is often neglected
as a (co)responsibility of the architect. There is little coordination between knowledge
on performance of design and its implementation in the design process. Architects
often do not know how to translate available knowledge on performance of design into
their design concepts. In many cases this knowledge is not quickly or easily accessible;
most building simulation tools produce detailed output that takes time, effort and skill
to be interpreted. As a consequence wrong design rules are used which result in the
implementation of non optimal design solutions.
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The objective of this research is to develop guidelines and a method of obtaining
knowledge for climate-responsive design and introduce them to the design process
in such a way that it assists architects in their design practice. Next to making the
architect aware of the energy and comfort impact of their (climate-responsive) design
decisions, an important aspect is the identification of the structural and architectural
impact of the implementation of climate-responsive building elements.

Knowledge on climate design can be introduced to the design process by the
employment of climate consultants. However, their specific knowledge and skills are
usually involved in the later phases of the design process. At those stages weaknesses
of the proposed building design exposed by climate design analysis can often only
be undone by means of considerable design changes that are in conflict with design
decisions that were made earlier in the process. This is the case in particular for
climate-responsive design due to the far-reaching integration. So, it will be helpful
to both the architect and the climate engineer when the engineer’s knowledge on
climate-responsive design and climate-responsive building elements in particular is
translated into the language of the architect and transformed into a form that fits to
the conceptual character of the early design stages.®

Expected outcomes of this research include a framework for a design support tool in
which knowledge on climate-responsive design is collected and presented in such a
way that it assists the architect in making well-founded decisions on the application of
climate-responsive design.
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It would of course also be helpful when the climate engineer ‘understands’ how the architect thinks and works.
However, this is outside the scope of this research.
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Research questions and approach

Derived from the problem analysis and the before mentioned research objectives the
following main research question is formulated:

How can architects fully exploit the potential of natural energy sources within the built
environment in their process of designing comfortable low-energy dwellings using
climate-responsive building elements?

In order to answer the main question, the following sub questions are researched
consecutively:

How can knowledge on climate-responsive design best be made available to the
architect?

To build a body of knowledge on climate-responsive design by itself does not guarantee
proper implementation in final design. In fact, the opposite may be true when the
knowledge is not available in the language of the one that has to work with that
information.

From a literature review on the topics of 1) how designers think and work, 2) how
designers learn, 3) architectural design styles, and 4) the creative design process, the
preferred language of the knowledge is researched. The results are presented in chapter 2.

What are the comfort and energy demands in relation to climate-responsive design?

A primary objective of building design is to provide healthy and comfortable indoor
environments, in which humans can work, dwell or perform any other activity that
contributes to their well-being. What is defined as comfortable has far-reaching
implications for the way buildings are designed and how they are operated, which inits turn
gives an indication of the energy used for maintaining a comfortable indoor environment.

In chapter 3 general knowledge and state-of-the-art insight in the design of
comfortable buildings is derived from a literature review. It is explained how we meet
comfort related energy demands in buildings today and suggests a way towards a
sustainable energy strategy. The chapter concludes with an elaboration on the relevant
boundary conditions (spatial, functional and comfort-related) and theirimpact on the
energy concept of a design.

What is the potential of natural energy sources within the built environment?

There are many low graded energy sources within a built environment that can be put to
use, driven by local climate. In order to exploit the potential of local climate one needs to
understand its dynamics. However, within urban areas the local climate can be significantly
distorted by urban tissue and layout, and thus generates a different energy potential.
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In chapter 4 the energy potential of a built environment is presented, down to the
level of local climate and influences of an urban setting. The results are based on a
literature review, partially complemented with newly conducted research in the form
of simulations. The chapter concludes with a discussion of the effects of the climate-
related boundary conditions on the energy concept design of buildings.

What are the underlying principles of climate-responsive design and how can they be
transformed into actual design solutions?

In chapter 5 the definition of climate-responsive design is further established by
positioning the concept in relation to common terms used in the field of passive and
low-energy design, and discussing relevant aspects such as responsiveness and spatial
and structural design. By explaining the underlying principles of climate-responsive
design, a list of climate-responsive design solutions - as the actual integration of these
principles in design - is logically deduced.

The chapter concludes with the content requirements for the design decision support
tool, logically deduced from the theoretical framework deduced under sub question 1
and the gathered and generated knowledge following sub questions 2 and 3.

What specific knowledge on climate-responsive design solutions is needed to fill the
design support tool?

In chapter 6 the content requirements for many climate-responsive design solutions
are filled in with aid of an extensive literature review. Many design principles and
solutions lend themselves for improved overall performance through collaboration.
The chapter concludes with a section that briefly presents some of these combined
solutions and with some guidelines how to identify potential collaborations and
possible conflicts.

What is the best form for a design-decision support tool to transfer knowledge on
climate-responsive design to the architect?

In chapter 7 the design support tool will be given form. The outcomes of the conducted
research in order to answer the preceding sub questions are complemented with

a literature analysis of (architectural) design decisions support tools in order to
determine the essentials to tackle with the climate-responsive design design-decision
support tool. The resulting requirements for content, function and form become

the foundation for the framework for the support tool. A concept for the tool is
presented and discussed. With aid of feedback collected from architects using the tool,
recommendations are stated for the future development of the tool.
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§ 1.3.3 Thesis outline

In resumé, the main research question is answered by consecutively answering the six
sub questions that are dealt with in six consecutively chapters, namely chapters 2 to 7.
The thesis outline is shown in Figure 1.1.

1. Introduction
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2. Knowledge transfer and
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\ \
3. Comfort and energy 4. The energy potential of a
demand of dwellings built environment
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5. Climate-responsive design
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7. A framework for a climate-
responsive design-decision
support tool
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8. Conclusions and
recommendations

FIGURE 1.1 Thesis outline
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Climate-responsive design has potential in all building types and in all climates.
Therefore it will be considered in a context as general as possible, but with a slight focus
on the design of newly-built dwellings in a Dutch context for reasons described below.

Some major advances in energy-efficiency of the built environment can be expected

in the field of housing. Firstly, energy conservation in common building design
practice still has a large focus on technical improvement at component level. In a
typical newly-built dwelling in the Netherlands, installations such as mechanical
ventilation and gas-fired boilers - and more recently electrical heat pumps - for both
space heating and the provision of domestic hot water have become the standard set
of equipment for providing comfort. Secondly, despite a significant drop in volume
since the global financial crisis of 2007-2009 - the Dutch Government steered towards
an average of 80.000 new dwellings per year before the crisis (TNO, 2008) - housing
production values are relatively high, averaging just under 48.000 a year (2012-2015;
http://statline.cbs.nl). Such numbers make dwellings in the Netherlands very well
suitable for the implementation, application and evaluation of climate-responsive
design principles.

Climate-responsive design has less constraints and therefore greater opportunities

in newly designed buildings. But implementation of climate-responsive design in
transformation and renovation projects is very well possible. Moreover, it is very vital
since the existing building stock with over 7 million dwellings contributes to a large
extent to overall residential energy consumption and related CO, emissions. Moreover,
in the near future the creation of new housing will likely be dominated by renovation
and transformation projects.

Societal relevance

The building industry heavily depends on energy produced from fossil minerals.
Therefore it has become a significant contributor to overall energy consumption
and CO, emissions. The EU and its member states acknowledge that action needs
to be taken and address this in their policy on climate change. At EU-level the 2020
target - in the form of binding legislation - is set to a 20% reduction in greenhouse
gas emissions (with respect to 1990 levels), an increase of the share of renewable
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resources to 20%, and 20% improvement in energy efficiency (European Commission,
2016a). From this EU goal, the Netherlands is bound to a 16% CO, emission reduction’
and a 14% renewable energy share (Government of the Netherlands, 2016). Late

2014 members of the EU reached an agreement on new targets for 2030, which are a
greenhouse gas reduction of at least 40%, an increase in the share of renewable energy
with at least 27%, and a reduction of total energy use with at last 27% (European
Commission, 2016b).

The necessity of an energy transition is also vital in an economical and socio-
political perspective. The dependence of industrialised countries on fossil fuels has
led to uncertainties in availability and pricing which resulted in an intensification
of international relationships between suppliers and consumers of primary energy
resources.

Scientific relevance

Although many advances have been made already, current design practice falls behind
technical developments and innovation in the field of sustainable building. There are

a lot of good examples of sustainable building design but this has not led to a general
shiftin practice. An integrated use of climate-responsive design principles can lead to a
combined improvement on both comfort and energy issues.

This research aims at a synthesis between architectural and climatic issues in building
design and its process. The starting point is the creation of comfortable and healthy
dwellings which upon realisation also aim at the exclusion of non-renewable energy
sources. Original elements of this research are the method of approach where climate-
responsive design forms the basis for low-energy building design and the dedication of
knowledge to general architectural practice. The gathered knowledge is translated for
practical use and connects to the architectural design process.

Connection to other research

In a strategic vision of the project group Duurzame Energie Projectontwikkeling
Woningbouw (DEPW, 2005) it is acknowledged that there is a need for a transition
to high performance new building concepts and new views on construction,
renovation and urbanism in order to satisfy on the one hand the increasing demands
concerning comfort and on the other hand reducing energy consumption and
environmental impact.
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This 16% reduction is to be realised without the use of the EU emissions trading system (ETS), in which coun-
tries can trade CO, emission rights.
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The project group DEPW connects to the international research collaboration of the
Annex 44 which is formed by about 25 research institutes, universities and private
companies from 13 countries (International Energy Agency, 2006). The Annex 44 is
initiated by the International Energy Agency (IEA) within the Implementing Agreement
entitled Energy Conservation in Buildings and Community Systems (ECBCS). The Annex
44's main objectives are:

State-of-the-art review of climate-responsive building elements, integrated building
concepts and environmental performance assessment methods.

Improvement and optimisation of climate-responsive building elements.
Development and optimisation of new building concepts with integration of climate-
responsive building elements and renewable energy systems.

Development of guidelines and procedures for estimation of environmental
performance of climate-responsive building elements and integrated building
concepts.

One of the main features of climate-responsive design is the application of climate-
responsive building elements. Within the Annex 44, and throughout this research,
such elements are described as:

Building construction elements actively used for transfer and storage of heat, light,
water and air. This means that construction elements, like floors, walls, roofs,
foundation etc., are logically and rationally combined and integrated with building
services systems such as heating, cooling, ventilation and lighting.

According to the Annex 44 statement, the development, application and
implementation of climate-responsive building elements are considered to be
a necessary step towards further energy efficiency improvements in the built
environment.

The focus of this thesis is on the application of climate-responsive design of dwellings;
with climate-responsive building elements in particular, and how architects become
able to apply them in their design. Key aspect is the gathering of knowledge on
structural and architectural impact of design solutions and their contribution to
comfort and energy performance.
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Knowledge transfer and transformation
in the creative design process

Building a body of knowledge on climate-responsive design by itself does not guarantee
proper implementation in newly designed dwellings. In fact, the opposite may be true
when the knowledge is not available in the language of the one that has to work with
the information. This chapter explores the form of the knowledge transfer and how to
present the knowledge to the architect to stimulate successful implementation in the
building design process.

The chapter starts with an observation of how designers think and work and elaborates
on three relevant aspects: creativity, intuition and the use of visualisations. Followed by
an observation of different learning styles that answer how to reach the architect with
information. The next step is to gain insight in different design styles, whereas the activity
of designing is not a normative set of actions to take but is highly shaped by personal
style. A review of the creative design process then shows at what moments during

the process that specific knowledge is needed. This knowledge will be gathered and
generated in chapters 2 to 6. The actual transformation will be given shape in chapter 7.

Before the focus of this chapter will shift towards the transformation of specific
knowledge of climate-responsive design to the expertise field of the architect, it is
relevant to briefly discuss the considered direction of the knowledge transfer; the
architect as the knowledge receiver.

A great deal of understanding climate design, and climate-responsive design in
particular, is about physics: the laws of air movement, heat transfer in materials,

etc. These physics are better understood and handled by (climate) engineers than
architects. This might suggest that engineers are better in managing this specific
part of design. However, climate-responsive design has more linkage to architecture
(i.e. spatial design and materialisation) than it has to engineering which argues for
execution by someone with design skills. Moreover, the architect is mostly also the
one person that sets course for a final design. It is therefore essential that knowledge
on climate-responsive design is understood by the architect. All the more because
the environmental quality of final design occur during the early stages of the design
process; typically the domain of the architect (Brown & DeKay, 2001; Yannas, 1989).

Knowledge transfer and transformation in the creative design process
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So, it will be helpful to both the architect and the engineer when the engineer’s
knowledge on climate-responsive building elements is translated into the 'language’
of the architect and transformed into a form that best fit the different levels of detail
typical for various design stages. Otherwise there is a risk that the architect might
wrongfully implement the knowledge or even ignore it altogether. Therefore it is
needed to know how the architect, as the receiver of specific knowledge, thinks and
works. An accompanying issue is that there are different kinds of architects, each with
their own style of designing. For starters it needs to be clear what kind of architects the
specific knowledge on climate-responsive building elements is gathered for? These
questions are to be answered in this chapter.

With the architect as the initiator of design, knowledge on climate-responsive building
elements need to be presented in such a way that it is both useful and usable for the
architect. The presented knowledge is therefore best transformed to the architect’s way
of designing. This way of designing varies with the complexity of the design problem
that will become better understood during the process. In the schematic phase or

early stages of design the architect is predominantly working on finding a synthesis
between his design ideas and all stated objectives (Cross, 1982). This process is merely
interpretative and incorporates minimal analytical activities (Brown & DeKay, 2001).
The form of the presented knowledge should address to this interpretative nature of
the schematic design phase and connect to designer skills (Yannas, 1989).

There has been a lot of research conducted on how designers think and work. Three
relevant aspects (creativity, intuition and visualisation) are discussed here briefly while
they provide a background for the suggested knowledge transformation.

Creativity in design

Creativity is the act of being creative and often considered to be a characteristic of a
good designer. Creative behaviour induces new and original ideas which are needed to
advance and cope with existing and new problems (Sternberg, 2005); not restricted
to the field of sustainable design. But creativity is more than just being original, it is
the ability to solve complex problems. Complex problems can be solved by using the
unconscious mind, where creative ideas surface after a period of conscious thought or
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action followed by a period of not consciously thinking about the problem (Dijksterhuis
& Meurs, 2006). This is a skill that can be learned, by mastering the principles of
lateral thinking (De Bono, 1970). It involves rearrangement of information in order

to restructure existing patterns and creating new ones. A prerequisite of mastering
that ability is by gaining knowledge and experience (Hertzbergeretal., 1991,

Lawson, 2005).

While the principles of climate-responsive design are not entirely new, discomfort
and energy consumption are still two issues that are not successfully solved on a
widespread scale in building design, and the design of dwellings in particular. This
calls for creative solutions that elaborate on existing knowledge and good practice.
This knowledge can be presented in many different levels of detail and complexity.
Sustainable design knowledge transferred to the architect should not be too detailed
while it may enable fixation of the architect on certain design solutions, and by doing
so limiting his or her creativity (Callado-Ruiz & Ostad-Ahmad-Ghorabi, 2010). The
knowledge should also not be too complex while it may be wrongly interpreted by the
architect orignored altogether.

Intuition in design

Intuition is an immediate insight which lead to an opinion or a decision that is not
always immediately validated by arguments. In the design process such mental
images are a second steering mechanism in decision-making next to a methodological
approach (Groeneveld, 2006) and its synergetic employment considered as one of

the designers most important skills (Lawson, 2005). Groeneveld (2006) considers
intuition as being gradually explored by the designer in the course of his life; not just
necessarily in the architectural field. The author demonstrates a design method in
which the designer’s intuition is actively applied. By doing so the intuitive part of the
design method becomes more effective which will be more beneficial in complex
design situations, i.e. starting from abstract design problems.

However, it is not clear if the employment of intuition also leads to improved
design outcomes in the field of sustainability. The opposite may be even true when
the architect has anomalous notions of certain relevant design aspects which
infects intuition. Anyway, the role of intuition in the design process is evident and
undeniably important.

Knowledge transfer and transformation in the creative design process
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Visualisations in design

Different forms of visual representation exist that assist in the development of the
design or are used to communicate information during the design process. The visual
style predominant in the early design stages is that of the sketch, a rough drawing,

not more than an outline, of a design idea. Designers use these sketches to learn to
understand the design problem (Menezes & Lawson, 2006). Thus, the use of sketches
or conceptual visualisations appears to have a retroactive effect on the outcome of
design. Sketching provides a way of visualising design ideas but in turn often enables
the designer with triggers to evolve his design.

People read sketches differently. Interesting to tell is that during this research the
author already started to explain the principles of climate-responsive design by
showing sketches to architects, architecture students, engineers as well as researchers
from the field of climate design and building physics. The variety of perceptions of what
was presented in the sketches seemed large.

People perceive and process new information in different ways. Notion of different
learning styles can give shape to specific knowledge transformations that are better
received by certain types of architects. Kolb's (1984) learning style is a widely accepted
approach and therefore presented here, forillustration purposes. Kolb's styles have two
dimensions along which people perceive and process information (Figure 2.1). The two
ends of the perception spectrum are concrete experience and abstract conceptualism.
With concrete experience people recognize the information by seeing analogies in

real life and from own experience, while with abstract conceptualism people think
their way through the information. Both sides of the process spectrum are formed by
active experimentation and reflective observation. When new information is received,
people that are characterised by active experimentation understand the information
by actively applying it to real situations. With reflective observation people study the
information and reason towards understanding.
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FIGURE 2.1 Kolb's styles of learning. Each quadrant represents a different preferred way to perceive and process
new information. Adapted from Kolb (1984).

The learning styles also reveal different ways in stimulating architects to improve the
outcome of their designs by introducing information on new techniques. For example,
students are found in the abstract conceptualism end of the perception spectrum

and find their way to the concrete experience end by doing and learning. Architecture
students can be educated in innovative concepts of building design. They can be
coached how to exert creativity in their future architectural practice. In the other end

of the perception spectrum you find the practicing architects. Pioneers are able to use
new techniques or design strategies in a heuristic approach, both solution-seeking and
educational at the same time. Pioneers can be found in the accommodator quadrant of
Kolb's learning styles. They know when and where to find specialists for assistance and
their design process and its outcomes can be used as case studies for other projects. On
the other hand, mainstream architects with less notion of sustainability rather design
according to regulations and previous experience. These architects are found in the
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diverger quadrant. They can only be moved to change their practice by new or more
stringent regulations. Regulations that can be subtracted from the results achieved by
the pioneers orin demonstration projects and research.

The majority of housing design in the Netherlands is realised in mainstream
architectural practice. Since the aim of this research is the development of a design
support tool with a focus on this group of architects, the support tool is best presented
in a normative style.

There are different kinds of architects, each with their own style of designing. Ina
comprehensive study Van Bakel (1995) identified six distinct design styles deduced
from a hierarchy in which designers prioritize one of three main design orientations
or starting points: site, program and concept. The predominant design orientation

is where the architect starts to look for a possible design solution. By doing so the
architect limits the design problem and marks out the character of his design solution
(Darke, 1979).

With site orientated design the features of the building site (e.g. location, orientation,
scenery, urban plan, etc.) are the primary factors in decision-making during the design
process. With program orientated design the issues stated in the design brief (e.g.
time, budget, client, use, etc.) determine the direction of the end-result. Finally, with
concept orientated design the architect’s design idea is the main driving force to a
final design. A first selection of possible design solutions based on the primary design
orientation is then narrowed down when they are assessed to the rules that come from
the secondary and tertiary design orientation.

The six identified distinct styles are pragmatic, syntactic, iconic, analogic, convergent

and feasibility. A short description of each of these design style is givenin Table 2.1, as
well as the corresponding hierarchy of design orientations.
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STYLES DESCRIPTION HIERARCHY OF DESIGN ORIENTATIONS

pragmatic The pragmatic design style starts from available site, program, concept
materials and resources to generate a building with a
satisfying indoor climate. A design solution is found
by trial and error starting from existing building
environment and the performance as stated in the
design brief.

syntactic The syntactic design style leads to the exploration program, site, concept
of geometrical aspects of space and elements which
become the rules that determine the final design.

With the iconic design style the final design clearly concept, program, site
arises from an abstract image that the architect
comes up with. This image can be traced back to
skills and intuition and result in designs that carry the
architect's signature.

analogic The analogic style of designing refers to architects concept, site, program
that derive new forms from existing ones by analo-
gous thinking. This existing forms are often based on
forms from other (non-architectural) fields.

convergent The convergent design style starts from the site which : site, concept, program
sets the rules that lead to the generation of different
design concepts. The final design is chosen in accor-
dance with the design brief.

feasability With feasibility style of designing the performanceis : program, concept, site
taken as the starting point and set the rules for the
possible conceptual design solutions.

TABLE 2.1 The six distinct architectural design styles and the corresponding hierarchy of design orientations (after Van Bakel,
1995).

Most relevant to this research is not so much the different design styles but the three
design orientations that function as the starting point because they steer towards a
certain transformation of knowledge. For example, architects that start designing from
the site first explore the building’s environment to determine what can be harvested
fromit. A structured overview of possible design solutions to harvest those natural
offers might be helpful to such an architect. Architects that take the program or design
brief as the starting point benefit most from quantitative information that allow a
quick assessment of different design solutions to meet stated requirements. Finally,
architects that start from a design idea could benefit from a highly visual approach of
possible design solutions that show how they affect the design.

The most common design style in mainstream housing design is probably the syntactic
style where the architect starts from satisfying the program. More preferable for climate-
responsive design is a pragmatic or convergent design style starting from the site.
Although architects can start off from clearly different onsets, a satisfying final design
outcome is only achieved when each orientation is taken course. This mutuality in design
where all three orientations will come across calls for cross-linkage of the information.
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Any design process starts with a problem or a need to which a solution is to be found.
There are different ways to tackle this problem. Well known in the field of architecture

is the “Pattern Language” (Alexander et al., 1977). The language is formed by a

set of patterns, each describing a problem, and a solution to every pattern. A more
general approach to problem-solving in a creative design process has been captured
in numerous models. Howard et al. (2008) compared a large number of models in
literature and derived a general four-phase process (Table 2.2), consisting of the
following four phases:

Analysis

the exploration of possibilities and limitations

Generation

the actual process of conceptual design with the generation of design options; valid
solutions to the problem (or need)

Evaluation

evaluation of design options

Communication or implementation

the selection of the preferred design option and the basis for the final design

Although often considered linear, these four phases are combined in a dynamic
process. The process can only be linear when all requirements are noted in a design
brief. In reality this is hardly the case and the conceptual design task involves the
definition and modification of the design task (Gero & Kannengiesser, 2004).
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MODE ANALYSIS PHASE GENERATION PHASE EVALUATION COMMUNICATION /
PHASE IMPLEMENTATION PHASE
Helmholtz Saturation Incubation Illumination - -
6)

Dewey (1910) Afelt difficulty Definition and Develop some possible solutions Implications Experience collaboration of
location of solutions conjectural
of difficulty through solution
reasoning

Wallas ) Preparation Incubation Illumination Verification -

Kris (1952) - Inspiration Elaboration Communication
Polya (1957) Understanding Devising a plan Carrying out the plan Looking Back -

the problem

- Divergence Convergence -
(1957)
Recog- i Defini- i Prepa- : Analy- Synthesis Evaluation Presentation
nition tion ration sis
Fact-finding Idea-finding Solution-find- -
ing

L= BRI Problem,  Fact-find-  Problem- Idea-finding Solution-find- Accep- Action
challenge, | ing finding ing tance-finding
opportu-
nity

Jones (1970) Divergent Transformation Convergent -
Searchfordata | Understandthe : Patternfinding Flashes of Judgement
problem insight
Stein (1974) Fact-finding Hypothesis formulation Hypothesis Communication of results
testing
Parnes (1981) Mess finding Problem- finding Idea-finding Solution- Acceptance-finding
finding

Amabile Problem or task Preparation Response generation Response Outcome
(1983) presentation validation
Barron and - Concep- Gestation | Parturi- - Bring up the baby
Harrington tion tion
(1981)
Isaksen et al. Construct- : Exploring | Framing Generating ideas Developing | Building | Apprais- Designing
(1994) ingoppor- i data problem solutions accep- ing process

tunities tance tasks
Cougeretal. Opportunity, Compiling Generating ideas Evaluating, Developing animplementation plan
(1993) delineation, pro- information prioritising

blem definition ideas

Shneiderman Collect Create Donate (communicate)
(2000) Relate
CEEECIISEIRE Problem Fact Problem Idea finding Evaluateand : Plan Accep- Action
(2000) finding finding defn. select tance

Diverge - converge at each stage

Kryssanov et Functional Structural Functional Analogies, Reinterpre- -
al. (2001) requirements requirements solutions metaphors tation

TABLE 2.2 A comparison of creative process models (Howard et al. 2008).
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Due to its complex character the design puzzle will have typically more than one
suitable outcome. All of these design options are subject to boundary conditions, a

set of design objectives and constraints, determined by legislation or client demand.
In climate-responsive design the main objective is the generation of a satisfying

(and functional) indoor environment by harnessing the energy potential of the local
environment (Fi 2). The boundary conditions of the design can bound the usage
of the energy potential of the local environment.? These conditions include restrictions
on comfort, accessibility, functionality, safety and sustainability, among others. Some
of these conditions are defined in regulations and are legally binding. Other conditions
are set by the clients and may be negotiable. As comfort is the primary aim of climate-
responsive design, the comfort demands encompass the final set of design options.
When the principal or design team is more ambitious they can bring the comfort
demands to a higher level by setting a goal. This will further narrow down the amount
of design options. The final design is the selected design option that best suffices
secondary design objectives such as finances, performance and architecture.

—

requirement

boundary condition

FIGURE 2.2 Schematic representation of possible design options within the set of objectives and constraints in
climate-responsive design.
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For example the Water Act may prohibit the exploitation of the energy potential of groundwater and nearby
surface water. Other examples are acts on preservation of monuments and district heritage which may generate

limitations to the visual appearance of the building, and thus to the application of more visible design solutions.
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The design process is a highly complex task. Architectural design has to meet a variety
of objectives that heavily interrelate with each other. With climate-responsive design
the challenge is to create comfortable and healthy indoor environments by mixing and
matching multiple design solutions. Hereby the proces becomes even more complex.
Creativity and high levels of expertise are required to generate a satisfying result.
Although experts can be introduced to the design process, in practice specific expertise
is sparsely used or can often not be called upon during the early design stages of
analysis and concept development (Kanters et al., 2014). This means that the architect
needs to make these decisions on his or her own. In order to do so the architect

needs sufficient information on the basics of climate-responsive design, provided as
informative support when making his or her decisions.

The knowledge that feeds the information needs will be gathered and generated in
the upcoming 4 chapters, splitinto two parts. The first part starts with an analysis

of comfort and energy demands of climate-responsive design in chapter 3, followed

by the quantification of the climate potential of the built environment in chapter 4

to meet those demands. The outcomes of chapter 3 and 4 lay the foundation of the
second part starting with chapter 5, which elaborates on the fundamentals of climate-
responsive design and gives an overview of identified climate-responsive building
elements. In chapter 6 relevant knowledge on climate-responsive building elements is
presented. The actual transformation will be given shape in chapter 7.

Knowledge transfer and transformation in the creative design process



46

References

Alexander, C., Ishikawa, S. & Silverstein, M. (1977) A pattern language: Towns, buildings, construction. New
York : Oxford University Press.

Brown, G.Z. and DeKay, M. (2001) Sun, Wind and Light - architectural design strategies (2nd edition). New York:
John Wiley and Sons, Inc.

Collado-Ruiz, R. and Ostad-Ahmad-Ghorabi, H. (2010) Influence of environmental information on creativity in
Design Studies, vol. 31, issue 5, pp. 479-498.

Cross, N. (1982) Designerly ways of knowing in Design Studies, vol. 3, issue 4, pp. 221-227.

Darke, J. (1979) The primary generator and the design process in Design Studies, vol. 1, issue 1, pp. 36-44.

De Bono, E. (1970) Lateral thinking: A textbook of creativity. London, England: Ward Lock Educational.

Dijksterhuis, A. and Meurs, T. (2006) Where creativity resides: The generative power of unconscious thought in
Consciousness And Cognition, vol. 15, issue 1, pp. 135-146.

Gero, .S. and Kannengiesser, U. (2004) The situated function-behaviour-structure framework in Design Studies
25, pp. 373-391.

Groeneveld, R.P. (2006) De innerlijke kracht van de ontwerper - de rol van intuitie in het ontwerpproces. Rotter-
dam, The Netherlands: Veenman Drukkers.

Hertzberger, H., Ghait, L., and Rike, I. (1991) Lessons for students in architecture. Rotterdam, The Netherlands:
Uitgeverij 010.

Howard, T.]., Culley, S.]. and Dekoninck, E. (2008) Describing the creative design process by the integration of
engineering design and cognitive psychology literature in Design Studies 29, pp. 160-180.

Kanters, J., Horvat, M. and Dubois, M.-C. (2014) Tools and methods used by architects for solar design in Energy
and Buildings, Volume 68, Part C, January 2014, Pages 721-731.

Kolb, D.A. (1984) Organizational Psychology: an experimental approach to organizational behaviour. New Jersey:
Prentice Hall.

Lawson, B. (2005) How Designers Think - the design process demystified (4th edition). Oxford, England: Archi-
tectural Press.

Menezes, A. and Lawson, B. (2006) How designers perceive sketches in Design Studies, vol. 27, issue 5, pp.
571-585.

Sternberg, R.]. (2005) Creativity or creativities? in International Journal of Human-Computer Sciences, vol. 63,
pp.370-382.

Van Bakel, A.P.M. (1995) Styles of architectural designing: empirical research on working styles and personality
disposition. Eindhoven, The Netherlands: Technische Universiteit Eindhoven.

Yannas, S. (1989) Physics and architecture. Issues of knowledge transfer and translation to design in Solar &
Wind Technology, vol. 6, issue 4, pp. 301-308.

Climate-responsive design



§ 31

47

Comfort and energy
demand of dwellings

The main objective of building design is to provide healthy and comfortable indoor
environments, in which humans can work, dwell or perform any other activity that
contributes to their well-being. The creation of such environments is of course
complemented by spatial, aesthetical, functional, economical and sustainable factors.
What is defined as comfortable has far-reaching implications for the way buildings are
designed and how they are operated, which in its turn gives an indication of the energy
used for maintaining a comfortable indoor environment.

This chapter provides both general knowledge and state-of-the-art insight in the
design of comfortable buildings and the consequences for the building's energy
demand. It presents recent views on health and comfort delivery that include the
human preference for diversity and moves away from the static conditions that rule
comfort definitions nowadays. It also explains how we meet comfort related energy
demands in buildings today and suggests that the way to go from there is to benefit
from the abundant supply of renewable energy sources. This chapter concludes with
an elaboration on the relevant boundary conditions (spatial, functional and comfort-
related) and theirimpact on the energy concept of a design.

We control the indoor environment to our needs by the delivery of different building
services such as heating, cooling, ventilation, lighting and domestic hot water, typically
established with aid of mechanical systems. This can be explained from the traditional
idea that meeting user needs on comfort could be met by the creation of a static, ideal
thermal environment. In this section comfort is regarded in the broader perspective

of human well-being and is considered from a user perspective rather than from the
perspective of energy-savings.
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Well-being

Human well-being is commonly described in terms of health, comfort and happiness.
The World Health Organisation uses the following definition of health (World Health
Organisation, 2014):

“Health is a state of complete physical, mental and social well-being and not merely the
absence of disease or infirmity.”

Comfortin the context of building design is often explained as a state of mind which
reflects the physiological human condition of an experienced environment. Happiness
comprehends the psychological condition of on-going or predominant well-being.
These three aspects, health, comfort and happiness, are obviously heavily interrelated.
Moreover, lasting discomfort or unhappiness can be a threat to health.

To clarify their mutual position, health, comfort and happiness can be considered in

a range from disease or direct measurable health issues (e.g. blood pressure, body
temperature) to non-measurable aspects of happiness (e.g. satisfaction, beauty,
quality) (Steemers, 2009). In this spectrum, comfort lies in-between, on the border of
quantitative and qualitative parameters (Figure 3.1).

health comfort happiness
measurable non-measurable
quantitative qualitative

FIGURE 3.1 The position of health, comfort and happiness in a well-being spectrum. Adapted from Steemers,
(2009).

Healthy environments have limited contaminations and minimise exposure to
physical, chemical and biological risk factors. People in the Netherlands spend on
average 85% of their time indoors (European Environment Agency, 2013). On average,
little over 16 hours a day we spend in our homes (Bluyssen, 2013). The protective
character of buildings plays an important role in keeping contaminations out. At the
same time that protection may also cause contaminants produced from human activity
orfrom used (building) materials to be retained indoors (Bonnefoy, 2007). Building
design is therefore an influential factor in the creation of healthy indoor environments.
Even though different strategies can guarantee a healthy indoor environment, it may be
evident that contaminations should primarily be tackled at their source.
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Comfort provision and the preference for diversity

Comfort knows many facets where it touches some of the physiological ways of
perception; our senses. It includes thermal, visual and acoustical aspects. The provision
of comfort means as much as keeping certain comfort levels and the avoidance of
discomfort. Therefore, comfort is not so much bounded by strict rules but can be
described in terms of a comfort zone. The boundaries of this comfort zone are set by
physiological, experiential and social factors (Shove, 2004). These three factors have
different consequences for the practical implementation of comfort in building design
and the control of the indoor climate.

Human comfort is subjective and based on the evolutionarily developed ability

of humans to adapt themselves to changing environments and to adapt these
environments to their needs. Comfort provision is a dynamic process under the
influence of environmental conditions and human interaction. Humans play an
important role in creating their own satisfying environment (Baker & Standeven, 1996;
Bordass etal., 1993). The possibility to manage one’s personal environment broadens
the window of acceptance (Brager et al., 2004; Nicol & Humphreys, 2002; Shove,
2004). The absence of comfort is not an immediate threat to health. On the contrary,
small deviations from what is the current standard imply certain health benefits

(Van Marken Lichtenbelt et al., 2014). Moreover, diversity should be celebrated. It
stimulates our senses and provides an interaction with the outdoor environment
(Baker, 2004; Heschong, 1979). How to cope with the subjectivity of comfort
perception in building design is covered in the section 3.1.5 the user in control.

The thermal indoor environment

What is defined as comfortable has far-reaching implications for the way buildings are
designed and how indoor environments are maintained. The creation of a comfortable
thermal environment is perhaps the most complicated, since it is defined by the
combination of many factors. The four environmental variables that affect thermal
comfort are: air temperature, air movement, air humidity and heat radiation (Szokolay,
2008). In this section the thermal indoor environment is considered into more detail;
starting off with thermal comfort and accompanied by two heavily related aspects:
indoor air quality and visual comfort. Since the aim here is to highlight to what extent a
comfortable thermal indoor environment can be met in conjunction with the dynamics
of the built environment, the study is predominantly qualitative.
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Thermal comfort is often considered as the driving force on which many comfort-
related design solutions are based. The challenge to meet user needs was met by the
definition of 'ideal’ thermal environments (which could be easily established with aid
of mechanical systems) that were determined from physiological behaviour of humans
in static thermal conditions.

Metabolism and the thermal balance of the human body

Metabolism is the on-going process of the human body in order to grow, recover

and adapt to changing environments. Basically it consists of two steps: catabolism
and anabolism. With catabolism the human body harvests vital nutrients (e.g.
carbohydrates) from food and beverages. It is succeeded by anabolism in which these
nutrients are used to generate new components (e.g. proteins) in the human body.

During this metabolic regulation the body produces heat which varies from 70 W for a
human asleep to 700 W at intense exercise. The metabolic rate is therefore also used
as a measure to indicate the rate of heat production. If this heat is not carried away,
body temperature will rise and can cause serious damage to the body.

Fortunately the human body is homeothermic, which means that it can regulate its
own heat balance. When the human body experiences discomfort the initial controlling
mechanism is the alteration of the blood flow to the skin. When it is too cold, the blood
flow will drop and skin temperature and heat dissipation will reduce. This adjustment
mechanism is called vasoconstriction. If this mechanism is not sufficient, the body
starts to shiver; a non-controllable muscle activity that increases the heat production
drastically. Ultimately, hypothermia will occur with a chance of serious harm to the
human body. The contrary, vasodilation, occurs when the body gets too hot. Blood flow
will increase and so will the skin temperature and the heat dissipation. If not sufficient,
the production of sweat starts which supplies the body with evaporative cooling. A final
stage of hyperthermia runs a risk of body damage.

To what level the human body can regulate its own heat balance depends on its state
(e.g. health, body shape, body fat, age and gender) and on some personal factors (e.g.
clothing and adaptive behaviour). In addition, some environmental factors are relevant
too. Environmental factors that influence thermal comfort are air temperature, air
movement, humidity and radiation from inner surfaces. These are of more importance
to designers because they are strongly influenced by building design.

Traditional comfort standards
Since the introduction of indoor climate control systems thermal comfort is

traditionally defined as a state of balance between heat production and dissipation; the
heat balance model. This approach forms the basis for traditional comfort standards,
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based on thermal comfort models developed by Fanger (1970). His comfort model

is based on the field experience of humans exposed to static conditions in controlled
indoor climates and assumes that comfort is established only when the human
thermal balance is in equilibrium. This resulted in a comfort standard with strict
temperature ranges in which the indoor temperature may vary only slightly in order

to maintain a certain level of comfort. It also led to a universal definition of thermal
comfort independent of climate, culture and building type. In other words any person
should experience similar comfort in any building anywhere in the world as long as the
indoor climate is controlled within certain limits.

The adaptive approach

Recently, a growing number of studies opt for a swing towards an adaptive approach
in which comfort is subject to changed perceptions as a result of adaptive ability of
human beings (Brager & De Dear, 1998) and should take cultural and social factors
into account (Shove, 2004). Within the adaptive approach three distinct types of
adaptation are identified: physiological, psychological and behavioural.

Physiological adaptation covers the adaptive ability of the human body itself. It has

a long-term component that is culturally decided and can vary with gender and age,
and a short-term component that depends on experienced weather in the recent past.
Practical implementation of the long-term effect is that people in warmer climates
perceive higher temperatures and wider variation as being comfortable opposed to
peoplein colder climates. The short-term effect deals with the slow adaptation of the
human body to a new situation as for instance the weather changes during heat waves
or if one moves from one climate to another.

Psychological adaptation comprehends past experiences and future expectations of
indoor climate. Whether or not a person feels comfortable in a certain environment

is partly influenced by attitude, preference and expectations. Shove (2004) poses the
interesting question whether addressing the comfort issue by meeting people’s needs
(on thermal comfort) will result in the creation of certain indoor environments that in
turn steer these needs in a certain direction, possibly away from the underlying cultural
or social needs.

Behavioural adaptation involves all abilities of occupants to exert influence on their
personal environment by opening windows, lowering blinds or moving to other spaces.
With the ability of doing so people become more tolerant to deviations and variations
in their thermal environment (Brager et al., 2004; Nicol & Humphreys, 2002).

Adaptive comfort standards in the Netherlands are deduced from these insights and

set limits to comfortable indoor temperatures as a function of multi-day ambient
temperature development (ISSO, 2004; Van der Linden et al., 2006). Figure 3.2 shows
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comfortable indoor operative temperatures as a function of the running mean outdoor
temperature for building that have a high degree of adaptive capabilities (e.g. separate
thermal zones, individual control and operable windows). The boundary conditions

of accepted temperature swings depend on the level of acceptance, indicated by the
predicted percentage of dissatisfied (PPD). The upper limits of the comfort zone show
anincreased acceptance of elevated indoor temperatures with persistent high ambient
temperatures.
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FIGURE 3.2 Adaptive comfort temperature limits as a function of the running mean outdoor temperature for
different levels of acceptance. These values are valid for buildings with a high degree of adaptive capabilities

(e.g. separate thermal zones, individual control and operable windows). It can be seen that the acceptance of
elevated indoor temperatures is higher with persistent increased ambient temperatures. Reprinted from Van der
Lindenetal. (2006).

These standards are valid for office environments. There are no adaptive comfort
standards defined specific for dwellings, still some dedicated research on this topic has
been conducted. Kurvers et al. (2008) remarks in their literature review on demand
control and indoor environment that comfort in dwellings is more subject to the
different types of adaptation. Therefore, the acceptance of elevated temperatures is
also higher. Peeters et al. (2009) submits that conditions in dwellings are not quite
comparable to office spaces, whereas domestic activities vary constantly, and proposes
a distinction between three different thermal zones: bathroom, bedrooms and other
habitable rooms. The relevance of distinct comfort standards for dwellings can also be
found in reported differences in thermal sensation of similar activities performed in
climate chambers, offices and homes (Oseland, 1995).
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All these adaptive mechanisms tend towards an indoor thermal environment that is

more in tune with the outdoor environment. Use the beneficial forces from the outdoor

environment and manage the energy flows in order to fit comfort needs.

Indoor air quality

The level of indoor air quality is determined by the amount of contaminants in the
(indoor) air and can have a severe impact on human health and comfort. There are
numerous contamination sources. According to their origin they can be divided into
the following two types: building construction related and building occupation related

(Figure 3.3).

construction

occupation

site

structure

decoration

human activity

Nitrogen dioxide (NO2),
soot and particulates
[from traffic, industry and
factory farming]

Volatile Organic Compounds (VOCs)
[e.g. formaldehyde in pressed wood products, glue and paint]

Volatile Organic
Compounds (VOCs)
[cleaning products]

FIGURE 3.3 Common contaminants and their sources that endanger indoor air quality.
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Building construction related contaminants are added to the indoor environment after
the erection of buildings and can be split into contaminants concerning the building
site and the building structure. Contamination sources from the site include pollution
from nearby traffic and from industry and factory farming. Most common pollutants are
nitrogen dioxide (NO,), soot and particulates (Volkshuisvesting, Ruimtelijke Ordening
en Milieubeheer, 2010). Contaminants related to the building structure are nested
within used building materials and are released to the indoor air over a certain period
of time. Most common contaminants embedded in building materials are volatile
organic compounds and radon.

The second and often inevitable source of contamination is the result of occupation.
Common contaminants are volatile organic compounds, carbon monoxide, carbon
dioxide, water vapour and house dust mites (Jongeneel et al., 2009). Volatile organic
compounds form a collection of organic chemical compounds that easily vaporize at
normal conditions and are used in many products (e.g. furniture, paint and cleaning
products). Some of those VOCs cause health issues when inhaled. Carbon monoxide
(CO) is a common by-product of burning matter with limited oxygen supplies. Just
like carbon dioxide (CO,) it is produced in gas-fired or wood-burning heaters, boilers
and stoves and is not noticeable by humans because it has no colour and no smell. CO
is a serious threat to human health because through inhalation it rapidly displaces
the oxygen in blood vessels and by doing so it poisons the organ systems that depend
on oxygen (i.e. central nervous system, heart and brain). CO, is also produced by
humans while breathing and displaces healthy oxygen levels in the air. Water vapour
is also produced when humans breathe. Other sources are human transpiration and
household activities like cooking and washing. While high humidity levels can worsen
complaints about respiration, they also provide ideal circumstances for many organic
contaminants or molds. Finally, house dust mites are microscopic organisms that can
particularly be found in beds, furniture and soft floor covering. They are a common
cause for allergic reactions.

Basic ventilation needs

Many contaminants can be prevented by carefully choosing the building site and

proper building systems and by using non-contaminated building materials. In
addition, contaminants can be removed from the indoor environment through
sufficient ventilation. However, building construction related contaminants should be
prevented or eliminated as much as possible. They carry unnecessary health risks and
by elimination limited ventilation is required when the building is unoccupied. Building
occupation related contaminants from human activity need to be removed from the
indoor environment through sufficient ventilation, preferably demand controlled, and
from regular cleaning (De Gids et al., 2012).
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A human being needs about 0.2 dm3/s of airin order to be able to take enough

oxygen fromit. In order to remove contaminants Dutch building requirements set a
minimum continuous ventilation need of 0.9 dm3/sm?, with a minimum of 7.0 dm?3/s,
for habitable rooms when staying indoors for longer periods. These numbers are in
accordance to the current Dutch standard NEN 15251 (2007) with the remark that
vulnerable people (i.e. sensitive people, sick people, young children, elderly) need 40%
more ventilation. However, depending on the amount of pollution from the building
itself 40% to 110% higher ventilation rates are recommended for office spaces.

With ventilation, fresh airis drawn in from outside. Although that air contains
pollutants as well, the indoor air quality will generally improve through ventilation with
outside air. Natural ventilation is the logical choice here but attention must be paid so
that the chosen design solution meets the requirements. The effectiveness of natural
ventilation is determined by design and layout. In fact, sufficient ventilation can be
guaranteed and therefore most of the health risks can easily be eliminated through
proper design. Here lies a responsibility for the architect.

Visual comfort

Light operates in the whole spectrum of well-being; from health to happiness. Bad
lighting conditions cause visual discomfort and can even become a health risk. This
is especially valid when performing so-called visual tasks (e.g. reading, writing,
computer-based tasks and assembly works). The absence of sufficient light tires

the eyes and brain and the exposure to extreme light intensities causes distraction
and disturbance. The other side of the spectrum is filled by light design as a quality
of architecture. Architectural qualities such as space and form and material
characteristics such as texture and colour are revealed through light. Moreover, light
can be manipulated by architecture.

The most common sources of light are thermal sources and include the sun, fire

and electrical lighting appliances. The visual spectrum or luminous flow is that part

of emitted electromagnetic radiation that is visible to the human eye. Important
phenomena in the experience of light and vision are brightness, contrast and shadow
casting which are defined by four performance indicators: illuminance, distribution,
direction and glare. However, the mapping alone of these performance indicators
does not simply tell us how people perceive the visual quality of a space. Other aspects
such as diversity, quality of view and freedom of choice play an important role in the
perception of visual comfort as well (Hellinga, 2013; Parpairi, 2004).
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Sunlight is vital to all living organisms and has considerable effect on human well-
being. The ultraviolet beams of natural light are essential for the production of vitamin
D in human skin. Light is also the main stimulator for the human biorhythm, the
natural trend in human physiological behaviour. Moreover, the absence of (natural)
lightin tune with the daily cycle contributes to seasonally affective disorder (SAD).
The dynamics of natural light also have a stimulating effect. Daylight provides a
surrounding source of light from a broad spectrum of colours and its dynamics give
information on time of day and weather conditions. Moreover, daylight is generally
appreciated as more comfortable than artificial light.

Daylight admission in buildings is typically guaranteed from the use of windows. Another
essential function of windows is to provide occupants with a view to the outside world; being
animportant source forinformation (Boyce et al., 2003). This is inextricably connected to
the reciprocal effect of being watched from the outside. Depending on personal preference,
partially based on cultural differences, this may be in conflict with privacy.

However, light has not only a relation to visual expression and health issues but also has a
strong link with the thermal environment. Light means energy. When sun rays are absorbed
in (building) mass, light is transformed into heat. The radiated heat directly affects air
and surface temperature and by doing so it influences thermal comfort. When light, heat,
airand their relation to comfort are controlled flawlessly and in tune with the outdoor
environment this will reduce energy consumption and dependency on artificial systems.

The userin control

The function of a dwelling is determined by the individual, shaped through personal
experience and cultural background. Being able to dwell is not only limited to the
building itself but also to a great extend to its surroundings, spanning different scale
levels (e.g. street, district, city or country), and can change in time, or with the zeitgeist
(e.g. urbanisation, smaller households, the office at home) (Leupen & Mooij, 2008).
In other words, people use a house in many different ways which will result in different
comfort needs.

However, in many housing projects the commissioner is a property developer or a
housing association, not the future occupant itself. In these cases, as a designer of
dwellings, the architect is practically unknown to the people that actually come to live in
the dwelling and therefore does not know how the design is eventually used as a dwelling.
Moreover, in time some residents will move out and be replaced by new individuals that
have other comfort needs. An ideal home should facilitate this individual way of turning a
buildinginto a home. But how to cope with such uncertainties?
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The obvious thing to do in order to meet personal perception and preference of comfort
by people is to let them be in charge of controlling their own environment. The idea

of people in charge of controlling their own environment will lead to comfortable
environments in more than one way. Beside the fact that a userin control can adapt the
environment to suit its personal needs best, people also have a wider range of thermal
conditions in which they feel comfortable when given the opportunity to take measures
to alter their environment. Since dwellings typically accommodate a small group of
people the concept of the user in control is quite appropriate here.

This scenario of the userin control can only work within certain boundary conditions.
When a user wants to exert influence over its environment its actions should lead to a
desired and expected change in comfort. This behaviour needs to be facilitated by the
building itself (e.g. the ability of moving between spaces) and complemented by the
used comfort systems that control the indoor environment in a more tailored way.

We use buildings to provide ourselves with a comfortable and healthy environment

in which we can dwell, work or relax. With buildings we create an indoor environment
that is less severe than the outdoor environment. Buildings keep out precipitation,
strong winds and excessive solar radiation and keep a comfortable indoor temperature
and provide us with fresh air. The creation and continuance of a comfortable indoor
environment requires energy.

Development of energy demand of Dutch dwellings

Energy demand is heavily set by energy performance regulations that over the past
years have become and in the future will become more stringent. Figure 3.4 shows

the calculated annual gas demand for space heating in a typical new Dutch dwelling
specific for the stated year. The calculated gas demand for space heating has dropped
with more than 90% in 40 years. These numbers depict theory. In practice the drop is
less dramatic. Research shows that the gas demand for space heating for dwellings with
a poor energy performance is overestimated with almost 100%, and underestimated
for dwellings with a high energy performance with roughly 20% (Majcen, 2016).
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FIGURE 3.4 The development of (calculated) annual gas demand for space heating for a typical new mid-
terraced dwelling. Adapted from Klimapedia (2015).

This was achieved from early reductions on component level (e.g. increased insulation
levels and improved air tightness of the building envelope), followed by improvements
on system level (e.g. increased efficiency of building systems). This may seem as quite
an achievement, butis only shows a part of the whole picture. Figure 3.5 and Table 3.1
show the calculated energy demand of typical newly built mid-terraced dwellings in
the Netherlands in 2006, 2011 and 2015. The dwellings’ shape, layout, architectural
measures and installations are considered as common practice following the Dutch
standards on energy efficiency in 2006, 2011 and 2015° (Agentschap NL, 2013;
Rijksdienst voor Ondernemend Nederland, 2015; SenterNovem, 2006).'° The dwelling
size, form, layout and position of openings don't vary throughout the years, but the
thermal resistance of different parts of the building envelop and the applied technical
systems do. The design can be seen as a schematic representation of the standard in
current and expected building design in the Netherlands at that time.

10
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The energy performance coefficient (EPC) dropped from 0.8 in 2006 to 0.6 in 2011 and was further reduced
t0 0.41in 2015. The calculation method of the energy performance coefficient was prescribed in the standard
NEN5128 since 2004 and replaced by NEN7120in 2011.

Since 2010 SenterNovem operates under the hood of Agentschap NL (NL Agency), an agency of the Dutch
Ministry of Economic Affairs that implements government policy for sustainability, innovation, and internation-
al business and cooperation. In 2014 Agentschap NL merged into Rijksdienst voor Ondernemend Nederland
(Netherlands Enterprise Agency).
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FIGURE 3.5 Calculated Building-related energy demand of typical mid-terraced dwellings in the Netherlands in
2006, 20011 and 2015. Note that the energy demand for summer comfort is a fictive demand that quantifies
measures to prevent overheating in summer. No active cooling system is installed. The whole yield of the

PV system diminishes the primary energy use and thus improves energy performance, although electricity
production exceeds building related energy consumption.

2006A 2006B 2011 2015A 2015B

3.0 m2K/W 3.0 m2K/W 3.5 m2K/W 4.5 m?K/W 4.5 m?K/W
4.0 m2K/W 4.0 m?K/W 4.0 mK/W 6.0 m?K/W 6.0 m?K/W
3.0 mK/W 3.0 m2K/W 3.5 m2K/W 3.5 mK/W 3.5 m2K/W
1.8 W/mK 1.8 W/m2K 1.65W/m2K 13W/mK 13W/mK

heating high-efficiency
gas-fired boiler
with radiators
(high-temperature

heating)

high-efficiency
gas-fired boiler
with radiators
(high-temperature
heating)

high-efficiency
gas-fired boiler with
radiators (low-tem-
perature heating)

high-efficiency
gas-fired boiler with
radiators (low-tem-
perature heating)

high-efficiency
gas-fired boiler with
radiators (low-tem-
perature heating)

ventilation self-regulating

vents for supply and

balanced venti-
lation with heat

balanced venti-
lation with heat

self-regulating
vents for supply and

demand controlled
balanced venti-

n
o
o
@
B
£

mechanical exhaust : recovery recovery demand controlled : lation with heat
mechanical exhaust : recovery
| 2.8 m? - 23m? - -
collect
EPC 0.78 0.74 0.53 0.40 0.40

TABLE 3.1 Overview of insulation values and used installations for typical mid-terraced dwellings in the Netherlands in 2006,

20011 and 2015
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The actual primary energy demand for the reference dwelling in 2015 is higher than
in 2011, but the energy performance certificate (EPC) is lower since the reference
dwelling of 2015 has a photovoltaic system installed. The generated electricity is for
a part used to lower the electricity used by the building systems, but the other part
accounts for a bonus that lowers the EPC.

What Figure 3.4 shows is that in general more stringent requirements on energy
performance are primarily battled with new or improved technical systems (e.g.
mechanical ventilation with heat recovery, solar thermal collectors and photovoltaic
systems). Since installations such as balanced ventilation systems and high-efficiency
gas-fired boilers for space heating and domestic hot water have become the standard,
climate control systems still rely heavily on fossil fuels and are to a large extent ignorant
of their context; its environment and its occupants.

How to tackle the energy demand

The urge to fully control the indoor environment resulted in the adoption of mechanical
climate control systems. Such systems operate almost completely separate from the
building and its environment. In other words, the same system works ‘fine” in any other
building anywhere in the world.

How do we meet our energy demands today?

Up until today, most buildings still depend on mechanical systems that run on non-
renewable sources of energy. Installations that are either gas-fired or run on electricity
that is foremost generated from burning gas or coal; only 4% of total primary energy
demand in the Netherlands is covered by renewable sources (2014; http://statline.
cbs.nl). This all happened in a time that fossil minerals were very cheap because they
seemed to be inexhaustible. Energy-efficiency and environmental concern were hardly
anissue and therefore no point of consideration.

Fossil minerals are harvested with conventional mining techniques and then
transported to a power plant where they are refined or burned to produce secondary
energy sources such as heat, electricity or fuel. Power lines or piping then deliver these
secondary energy sources to buildings, where they drive the different mechanical
installations for heating, cooling and ventilation (Figure 3.6).
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harvest transportation ~ conversion distribution delivery

FIGURE 3.6 Meeting energy demand from the remote conversion or refinery of non-renewable sources.

Human activities worldwide put an enormous pressure on the earth’s resources. Due
to population growth, increased wealth and upcoming new industries, the demand

for energy is growing explosively. So far mankind mainly trusts on fossil fuels to fulfil
these energy needs. As a consequence, large-scale mining of fossil fuel results in many
environmental burdens such as resource depletion, scenery damage, waste production,
CO, emissions and other forms of pollution.

For some time now the environment is getting more and more attention, making way
for sustainable solutions of energy provision. Besides, due to an increasing worldwide
demand and a declining stock of fossil minerals, energy prices are becoming very
unstable. This makes innovative new techniques suddenly economically interesting
and, moreover, viable.

Towards a sustainable energy strategy

The path to sustainable energy housekeeping in buildings is transitional and embraces
improving existing techniques, presenting new innovative solutions and thinking in
whole new concepts. A three-step approach commonly known as the Trias Energetica
has been all the rage in tackling the energy problem since the late 1980s.

The basics of the three stage approach were first mentioned by Duijvestein (1989) and
are applicable to a more general strategy of tackling environmental problems. His first
stage incorporates the prevention of unnecessary use, followed by the employment of
renewable sources and by the intelligent use of finite sources. A three step approach
with a specific focus on energy was later named Trias Energetica by Lysen (1996)

and has since become the synonym for the three step approach to tackle energy
problems. However, this approach has a slightly different focus than the original

three steps by Duijvestein. In Lysen's first step the focus is on energy efficiency rather
than on prevention. However, energy demand reduction is generally considered as

the initial step in the Trias Energetica and energy-efficiency is associated with the
(cleaner) use of fossil fuels in the third step. Nowadays, a New Stepped Strategy

that eliminates the utilisation of fossil fuels altogether and instead introduces the
utilisation of waste flows as a new second step is more commonly adopted (Figure 3.7,
Van den Dobbelsteen, 2008).
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FIGURE 3.7 The new stepped approach to sustainable energy design. Adapted from Van den Dobbelsteen

(2008).

This concept can even be stretched from the building to the city scale (Tillie et al.,
2009). The first step of the smallest scale (highlighted in grey, Figure 3.8) is considered
to be the founding approach for the application of climate-responsive building

elements.
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FIGURE 3.8 REAP methodology; a generic method for the sustainable redevelopment of urban areas. Reprinted

from Tillie et al. (2009).
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Afinal step in cutting down on the chain from harvest to use can be made by
minimising in-building infrastructure for energy transport by directly using the energy
flows in the built environment or by integrating the infrastructure in structural and
architectural building elements. This draws the general concept behind climate-
responsive building design from an energy point of view: the design of buildings that
manage natural energy flows in order to provide comfort in close interaction with the
dynamic conditions of the built environment. More specific, the ability of structural
and architectural elements to play an active role in the harvest of energy, the so-called
climate-responsive building elements, is the main focus of this research. Which low
graded energy sources within the built environment can be put to use for the creation
of healthy and comfortable indoor environments is the topic of the next chapter.

§ 3.3 Boundary conditions of the energy concept of design

With climate-responsive design the relation between comfort and building context

is restored. This brings new possibilities to design. However, climate and context
generate boundary conditions. These conditions come along conditions set by other
design issues, such as spatial, functional and comfort-related design issues. As many of
these boundary conditions may already have a major influence on the energy concept
of a design, theiridentification is fundamental to climate-responsive design.

§ 3.3.1 Spatial and functional boundary conditions

The way buildings are organised and used are of great influence on the basic comfort
demands (and thus energy needs). For instance, by connecting different housing units
together part of the building envelope becomes exposed to environments with similar,
more tempered conditions; as opposed to detached dwellings that are completely
surrounded by dynamic outdoor conditions. Another approach is to adapt the building
plan to follow patterns of use. For example, zones that require daylight and or heating
can be positioned towards the sun.

Moreover, occupant behaviour is becoming utterly important in far-reaching strategies
of demand reduction; especially in a strategy where comfort is delivered where needed
and when needed. Take for example different patterns of use between elderly people
and families with children. Elderly spend more time indoors at home and require a
smaller bandwidth with elevated temperatures in which the comfort zone may vary.
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BO RY DESCRIPTION DESIGN CONSIDERATIONS
CONDITION

site selection The energy potential of one site may be better fit for
and planning a certain design problem than the other. However,
in many design cases the plot is already decided for
by the principal. This only leaves site-specific energy
potential of the selected site to the architect.

- Consideration of site specific features such as plot
orientation, situation (urban or rural) and poten-
tial of (existing) landform and vegetation.

SIS The total amount of units on a certain plot. With
higher densities more units need to benefit from the
same energy potential.

- Increased densities require more stringent mea-
sures on reducing energy demand.

- Higher densities allow sharing of design solutions
that can boost effectiveness as opposed to when
applied on the scale of a single building unit.

- Higher densities allow (more) cost-effective appli-
cation of shared solutions.

organisation Forexample, apartment building, terraced dwellings
Sl el or detached house. The dwelling type determines
dwellings the ratio between specific areas of the building skin
(ground floor, facade, roof) available for energy
harvest.

- Apartments have a low unit-specific surface
exposed to ambient conditions, no specific surface
to the soil and large surface adjacent to other
apartments. Energy is therefore particularly to
be harvested at the facade or through communal
systems.

- Adetached house has large surfaces exposed to
ambient conditions, a significant surface exposed
to the soil and no surface adjacent to other build-
ings. This makes that energy can be harvested
virtually from any side of the building. However, as
aresult, the large effective heat loss area requires
special attention to limit energy losses.

target group Human presence and related comfort requirements
differ from group to group: families with children,
two-income couples with no children, single persons,
elderly, etc.

- Elderly spend most time indoors and require a
smaller band width in which the comfort zone may
vary. This would put more emphasis on sustained
retention of certain comfort levels.

- Two-income families with no children and single
persons us the house (and its living spaces) more
intermittently, which would benefit more from
a decentralized demand-driven comfort control
strategy.

- Families with children will use the house more
continuous, occupying different zones at the same
time. This would call for an individual operable
demand-driven control strategy.

price range The price range of the development (e.g. social hous-
ing or penthouses) partly set the available budget for
comfort-control related investments.

- Future occupants of social housing projects are
best helped by low operational costs.

- Development of more expensive dwellings give an
opportunity to apply more expensive solutions.

TABLE 3.2 Spatial and functional boundary conditions and their effect on the energy concept.
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This would put more emphasis on energy conservation and buffering techniques.
Families with children will occupy different zones at the same time, but less
continuous. This would call for an individual operable, demand-driven control strategy.

Already in the design brief, the specification of the design task, many spatial and
functional conditions are put down that affect the design’s energy concept. Such
conditions include site selection and planning, building density and the stacking and
organisation of dwellings, and the target group, amongst others. It is fundamental to
identify these conditions and their effect on the energy design concept. An overview of
such boundary conditions and their effects on the energy concept is given in Table 3.2.

Comfort-related boundary conditions

What we define as comfortable has far-reaching implications for the way we design
buildings and how we operate them, and therefore, the energy use for controlling

an indoor environment to maintain a certain level of comfort. The identification of
comfort-related objectives and constraints (e.g. minimal indoor climate requirements)
is essential in a climate-responsive design process. In Table 3.3 an overview is given of
relevant comfort-related parameters and the considerations regarding the design of
the energy concept.
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COMFORT-
RELATED
PARAMETER

Thermal comfort
requirements
and target values
(traditional vs.
EGES)

Summer comfort

Air quality re-
quirements (e.g.
maximum CO,
concentration)

Humidity
requirements

Acoustic require-
ments

Illumination
requirements

User interven-
tion

DESCRIPTION

Determines the general heating and cooling strategy.

DESIGN CONSIDERATIONS

Tune passive heating strategies to the heating de-
mand, thus optimize for the times most needed,
and complement with strategies of conserving or
storing energy.

Group zones with similar requirements and posi-
tion them in the building plan (orientation, floor
level) according to the energy offer.

Strategies to prevent and overcome issues of over-
heating.

Prevent issues of overheating by keeping heat out
or accelerated discharge of gained heat.

Apply passive cooling strategies using lower tem-
perature sources in the surroundings.

Ventilation strategy: when and where to ventilate.

Eliminate contamination sources as much as
possible.

Employ demand-control ventilation: design for
decentralized ventilation with heat recovery in cold
periods.

Defines humidity-control measures.

Moisture buffering strategies (e.g. hygroscopic
interior wall and ceiling finish) is a supplement to
typical control strategies based on ventilation.
Buffering techniques enable moisture control
spread over time, eliminating the need for direct
increased ventilation and possible accompanying
issues of discomfort.

Acoustical behaviour of elements and finishes

Unobstructed flow of (ventilation) air throughout
the building should match requirements on noise
levels.

Defines window size and arrangement, glare protec-
tion measures and privacy control.

Allowance for sufficient daylight admission in tune
with heat transfer (solar access and transmission
losses).

Special attention to daylight admission is needed
in densely built environments. Highly placed
windows can be more effective.

Adaptive control measures

Although it sometimes may seem that adaptive
control measures are in conflict with a low-energy
strategy, this is not per se true since adaptive
control measures improve comfort experience and
the acceptance of short-term deviations. A valid
climate-responsive concept is able to minimise
the negative energy effects of userintervention. In
addition users can be made aware of the energy
and comfortimpact of their actions.

TABLE 3.3 Comfort-related boundary conditions and their effect on the energy concept.
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As pointed out in the introduction of this dissertation the employment of non-
renewable energy sources redirected building design away from the context of local
environment and climate, and so the context lost its function as a boundary condition
of design. At least for comfort and energy aspects of design. The vast input of non-
renewable energy sources guarantees unconditional control of comfort systems.
However, leaving comfort provision entirely to such systems is not necessarily
synonymous with the realisation of a comfortable and thus functional environment. As
discussed in this chapter it can be, and often is, quite the contrary.

By putting the people in charge of their own environment they are also put in charge of
the decisions that affect energy consumption. From the perspective of energy-saving
user control can be extended to the concept of demand control. With demand control
comfort is delivered when needed and where needed. Although demand control links
to a large extent to user control it does not necessarily require the user to be in control,
but merely the presence and activity of the user. However the user can still stay (partly)
in control and the concept has the potential of reducing energy consumption while
comfortis only delivered locally and at desired moments; acting as a supplementing
strategy. With climate-responsive design buildings become a manager of natural
energy flows in order to provide comfort in close interaction with the dynamic
conditions of outdoor climate and the user. This entails an improvement in energy
sustainability by the exclusion of non-renewable energy sources but it also draws a line
to human preference for diversity and to the way the outdoor environmentis used as a
source of information.

The climate and context-related boundary conditions are discussed in chapter 4,
alongside the quantification of the energy potential of the built environment.
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The energy potential of a
built environment

The location of the building site defines the availability of climate resources. The design
of the building defines in what way these climate resources affect the building’s energy
balance. Available climate resources include air and ground temperature, the position
of the sun in the sky, sky cover, intensity of solar radiation, wind speed and direction,
humidity and the presence of nearby vegetation and water bodies. In this chapter

the energy potential of local climate resources in order to meet comfort demands in
buildings is researched.

There are many low graded energy sources that can be put to use in the built
environment. Here, a primary component is occurring local climate. In order to exploit
the potential of local climate one needs to understand its dynamics. Local climateis a
derivative of global climate. Therefore, the study of globally occurring natural processes
that together shape climate is a good starting point for exploring the energy potential
of the built environment. These global phenomena are then narrowed down to the
scale of local climate conditions and considered in an urban context since local climate
can be significantly distorted by urban tissue and layout, and thus provide a different
energy potential. The information is collected within distinct containers for main
climate resources sun, earth, wind, water and sky (section 4.2).

The impact of long-term expectations of changing climate on the energy potential is
taken into account as well (section 4.3). Since buildings are typically built to last for
decades, awareness and consideration of climate change and its expected effect on the
energy potential is both valid and necessary.

In the final section 4.4 of this chapter the interaction of the climate resources is

considered and how they affect the energy potential, resulting in an enumeration of
climate-related boundary conditions of the energy concept design of buildings.
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Climate is the prevailing state of the earth’s atmosphere in a region. The earth’s
atmosphere is the boundary layer between the earth’s body of mass and the galaxy. It
consists of a mixture of gases that is attracted to the earth by its gravitational forces.
The presence of the atmosphere is one of the exigencies of life on earth. The gas
mixture primarily consists of nitrogen (N,, 78%), oxygen (O,, 21%) and argon (Ar,
0.5%). It also contains so called greenhouse gases such as water vapour (H,0), carbon
dioxide (CO,), methane (CH,), nitrous oxide (N,O) and ozone (O,) and smaller amounts
of other tracer gases and industrial pollution. The atmosphere is divided into several
layers. The lowermost layer that is closest to the surface of the earth is called the
troposphere. It contains almost three quarters of total atmospheric mass and almost
all of its water vapour.

Climate is the result of several dynamic processes that occur continuously and interfere
heavily with each other, including tides, evaporation, precipitation, wind, waves,

ocean currents, solar radiation, geothermal processes and the production of biomass
(e.g. organic material such as plants and trees). All these natural processes are due

to three physical phenomena that are considered to be never-ending on the human
scale: gravity, nuclear fusion of the sun and radioactive decay within the earth. Climate
varies from place to place, while the dynamic processes within the atmosphere interact
strongly with the surface of the earth, among others things.

Weather is the current state of the atmosphere and is described with different
parameters such as temperature, sun shine, rainfall, cloudiness and humidity. Weather
services around the world collect weather data continuously and bring past results
togetherin long-term data sets that reveal a general picture of (local) climate.

Climate is subject to both the state of atmosphere and the earth’s subsurface. While
the built environment is situated at their boundary layer, the earth’s surface, it is
strongly affected by their interaction. Mutually, the presence of urban tissue and other
elements such as pools and vegetation affect their immediate environment, creating

a so-called (urban) microclimate which can be significantly different from the local
climate as it would be without the presence of those elements. This is often overlooked
in design. Buildings are often considered to be in an open field without any interfering
elements; even when bioclimatic design principles are taken into consideration. This
chapter quantifies the natural energy offer of the urban microclimate and thus reveals
the true natural energy potential of a built environment.
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In this section different climate parameters are analysed. Starting with global climate
phenomena and followed by a more specific local climate for the Dutch context, which
can be classified as temperate. Climate parameters are quantified where possible.
Maps and graphs for global radiation, sunshine hours, ambient temperatures, wind
speed and direction and precipitation and evaporation as used in the following sections
are long-term derivations for the period 1981 to 2010 (Sluijter, 2011). This data is
complemented by measured data of the European Solar Radiation Atlas (http://www.
helioclim.org/esra/) and the Photovoltaic Geographical Information System (http://
re.jrc.ec.europa.eu/pvgis/apps3/pvest.php). The climate parameters are presented
using distinct containers: sun and sky, earth, wind, and water.** While the considered
climatic parameters are often the result of a combined action of occurring phenomena,
this breakdown is done for ease of reading.

Each of these sections concludes with a sub section where the energy potential of the
built environment is further discussed to the level of the interface between the building
envelope and the environment, including some common ways on how to harvest that
energy. The effect of climate change on the energy offer and the impact on a climate-
responsive design strategy is discussed in section 4.3.

Sun and sky

The sun acts as a massive atomic stove and fuels all living organisms. From its outer
layers it disperses great amounts of electromagnetic radiation in a wide spectrum into
the universe. The incident solar radiation that hits the earth’s atmosphere at its outer
layer is fairly constant at 1362 W/m?2. This quantity of solar energy is called the solar
constant. The amount of solar radiation that actually strikes the earth’s surface is called
global radiation and can be broken down into a direct and diffuse component. The
part that strikes the earth without any hindrance is called direct radiation. That part

of global radiation that strikes the earth’s surface indirectly after it has been scattered
within the atmosphere, due to clouds, water or dust, is called diffuse radiation. A more
elaborate representation of the energy balance of the earth’s atmosphere under the
influence of solar radiation is shown in Figure 4.1.
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Another useful source of energy is the recovery of energy from waste flows. Although seen as an essential part
of energy-efficient design - and thus climate-responsive design - recovery from waste flows is not considered a
climate resource and is therefore not part of the elaboration in this chapter.
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FIGURE 4.1 Energy balance of the earth’s atmosphere under the influence of solar radiation. The incoming solar
radiation (342 W/m?) is approximately one-fourth of the solar constant (1362 W/m?), corrected for the angle of
theincoming sun's rays and the fact that half of the earth does not receive any solar radiation at any time. After
Kiehl & Trenberth (1997).

The magnitude of global radiation varies with the location on earth and depends

on the position of the sun in the sky. The higher the position of the sun, the shorter
the distance radiation has to travel from the sun to the earth’s surface and the less
reflection. Therefore, a more intense beam of radiation will strike a much smaller area
of the earth’s surface, both causing increased intensity of global radiation per unit of
area. Thisimplies that maximum levels of global radiation will be experienced near the
equator. When moving away from the equator, the travel distance to a specific location
on earth varies during the year due to the earth’s orbit around the sun and its axial tilt.
This is what causes seasonal variations in our climate.

Both direct and diffuse radiation is a valuable source of energy. Diffuse radiation makes

us experience ambient daylight and, if not reflected back into the atmosphere, global
radiation is absorbed in matter as thermal energy.

Climate-responsive design



Energy distribution of sunlight

The sun radiates its beams at various wavelengths. The part of the sun rays that makes
us able to see, the visible rays of light, has wavelengths between 380 nm and 780 nm.
Next to visible rays, the spectrum contains ultraviolet rays with shorter wavelengths
and infrared rays with longer wavelengths. Despite the relative narrow bandwidth,
visible light covers almost half of total energy distribution of sunlight.*?

Global radiation

The amount of solar radiation that travels through the atmosphere and strikes

the earth’s surface is called global radiation. The average annual amount of global
radiation in the Netherlands is 354 k]/cm? or 983 kWh/m? with slightly higher values
at the coastal areas in the western part of the Netherlands. On average the coastal area
receives more global radiation than the hinterland, though in winter the spread is more
evenly over the country (Figure 4.2).

1 June 2 December 3 annually

FIGURE 4.2 Average global radiation in the Netherlands. Reprinted from Sluijter (2011).

For the area of Rotterdam monthly average global radiation values reach 155 kWh/
m?in the months May, June and July and drop to 23 kWh/m? or below in November,
Decemberand January (Figure 4.3).

12 Solar cells are sensitive to wavelengths in a range from 350 nm to 1100 nm.
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FIGURE 4.3 Monthly average global radiation levels in Rotterdam, The Netherlands. Values retrieved from
Sluijter (2011).

As mentioned earlier global solar radiation can be broken down into two components:
direct radiation and diffuse radiation. The distribution between direct and diffuse
radiation differs from place to place and is strongly affected by the presence of clouds or
water in the atmosphere. So, during the cloudiest times of the year most of the global
radiation will be diffuse radiation. For the Rotterdam area, the average monthly share
of diffuse radiation is at its lowest in April and May, just below 50%. In November and
December diffuse radiation share is the highest at 70% (Figure 4.4).
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FIGURE 4.4 Ratio diffuse to global radiation in Rotterdam, The Netherlands. Values retrieved from European
Solar Radiation Atlas (http://www.helioclim.org/esra/) and Photovoltaic Geographical Information System
(http://re.jrc.ec.europa.eu/pvgis/apps3/pvest.php).
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Solar geometry

From an observers point of view the sun’s position can be described by two angles:
azimuth and altitude (Figure 4.5). The azimuth is the angle of the horizontal rotation
relative to the north, while moving clockwise. The altitude is the angle of the vertical
rotation relative to the ground plain. For every location on earth the sun'’s position
throughout the year is calculable and depends on the latitude of your position (i.e. your
position north or south of the equator). One can calculate the extreme altitudes of the
sun from the following equation: 90° - |(latitude)| £ 23.5".

Take for example the average Dutch person who lives on 52.5° N. The sun reaches its
highest position in the sky at the start of summer (summer solstice; around June 21st)
0of 90° -52.5" + 23.5° = 61°. Likewise the sun reaches its lowest position in the sky at
the start of the winter (winter solstice; around December 21st) of 90° - 52.5° - 23.5° =
14°.
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FIGURE 4.5 Solar geometry as function of azimuth and altitude (left) and key-date path of the sun in the sky at
52.5° N (right).

In a sun-path diagram the sun's trajectory is projected onto a horizontal plane,
showing the sun’s azimuth and altitude at any time of year valid for a specific latitude
(Figure 4.6). The dark radial lines from the centre represent the sun’s azimuth and the
dark concentric lines the sun’s altitude. The red lines represent the path of the sun

on the 21st day of each month. The red dashed lines represent the hour of the day, in
solar time.
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FIGURE 4.6 Sun-path diagram valid for 52° N.The red lines are shown in solar time.

Solar time vs. local time

By definition the sun reaches its highest position in the day due south (in the Northern
Hemisphere) at noon, 12:00 hours mean solar time. Both sunrise and sunset then
occur at identical angles from noon. For practical reasons we live by local time, which
is a standard time valid in a certain region on earth. These regions, or time zones, are
typically determined by their longitude and are referenced by Coordinated Universal
Time (UTC).*> Most European countries, including the Netherlands, use Central
European Time (CET) thatis one hour ahead of UTC in winter and two hours ahead of
UTCin summer.*

13
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Coordinated Universal Time (UTC) is based on international atomic time and is more or less equal to Greenwich
Mean Time (GMT), the standard time of longitude 0°. The noon sun, the moment when the sun reaches its
highest position due south, is referred to as 12:00 GMT or UTC. Mean is added while the noon sun will not occur
when exactly crossing longitude 0° throughout the whole year. This is the result of the earth's axial tilt and its
variable speed of movement due to the elliptic course around the sun. This difference is known as the equation
of time and the difference between mean solar time and apparent solar time may be up to 16 minutes.

Many countries, especially in the Northern hemisphere, use Daylight Savings Time (DST) and advance local time

with one hour during summerin order to obtain more daylight in the afternoon. Local time is then two hours
ahead of UTC. In the European Union summer time typically runs from the end of March till the end of October.
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The use of time zones implies that most locations on earth will experience a deviation
of local time from solar time. In Amsterdam this deviation is about 42 minutes late,
which means that the sun will reach its highest position in the day at about 12:42
hours local time in winter and at 13:42 hours in summer. To illustrate location
dependency, with respect to Amsterdam the sun reaches its highest position 8 minutes
earlierin the more eastern located city of Groningen. The use of Central European Time
stretches from Spain (solar time in Madrid is 75 minutes behind of CET) to Macedonia
(solar time in Skopje is 26 minutes ahead of CET) which shows that, besides the fact
that local time is based on political and economic factors rather than geographical
ones, the use of local time can have a significant effect on the energy potential of the
built environment when natural cycles follow solar time and can deviate much from
occupancy patterns primarily based on local time.

Sunshine hours

Basically on average 50% of the time daylight is available annually. This would lead

t0 0.5 * 8760 hours = 4380 hours of sunshine per year, anywhere on earth. Near the
equator this will be evenly spread throughout the day (12 hours of daylight, every day of
the year). At the poles it is distributed in bulk (half a year with full days of daylight, half
a year with full days of twilight). Between the equator and the poles daylight availability
per day is distributed according to its location and the time of the year; typically
summertime knows longer days than wintertime.

At the start of spring and at the start of autumn the sun rises from the east and sets to
the west exactly 12 hours later. During the summer in the Northern Hemisphere the
sunrise shifts to the northeast and sunset to the northwest. In winter time the sunrise
shifts to the southeast and sunset to the southwest. The further you travel away from
the equator, the longer the days will be in the summer and the shorter the days will

be in winter time. At 52° N the longest day of the year (around June 21st) lasts almost
16.5 hours and the shortest day of the year (around December 21st) last for about
7.5 hours.

The sunshine hours are slightly higher in the coastal area. Differences in sunshine
hours between various parts of the country are caused by clouds in the sky.
Predominate winds from the west and increased convection due to the warming of

air above land mass results in more clouds off the coastal area which in turn results

in decreased availability of sunshine. In December the spread of available sunshine is
more evenly over the country (Figure 4.7). The figures clearly show a lower total amount
of available sunshine than 4380 hours. This is because the definition of sunshine in

a meteorological sense is different. The World Meteorological Organisation (WMO)
defines sunshine when solarirradiance during a certain period is at least 120 W/m?,
which is roughly enough to cast shadows.
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FIGURE 4.7 Average sunshine hours in the Netherlands. Reprinted from Sluijter (2011).

Figure 4.8 shows the monthly average sunshine hours for the Rotterdam area. Values
vary from 47 hours in Decemberto 213 and 214 hours in July and May. An important
factorin the availability and distribution of natural light is the sky cover, the presence of
clouds and dust particles in the sky.
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FIGURE 4.8 Monthly average sunshine hours in Rotterdam, The Netherlands. Values retrieved from Sluijter
(2011).
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Sky cover

For the purpose of daylight design there is a distinction in two extreme sky conditions:
clearand overcast. In clear skies there are hardly any clouds obstructing the sun in
contrary to an overcast sky where the thickness of the cloud cover makes it impossible
to determine the position of the sun and all light becomes diffuse (Figure 4.9).

Light levels vary with time and day of the year and are higher at overcast skies; with the
exception of the sun and its corona (i.e. the area directly around the sun) of a clear sky.
In general luminance is not distributed evenly throughout the sky. In overcast skies
luminance is three times higher at the zenith (the point directly above an observer)
then at the horizon (the point perpendicular to the zenith), just opposite of clear skies
where luminance is three times higher at the horizon then at the zenith (Fjgurre 49)

clear sky overcast sky

zenith

-—— -

horizon |

FIGURE 4.9 Difference between clear and overcast sky (left) and explanation of zenith and horizon (right).

Ambient temperature

The temperature of the troposphere, that part of the atmosphere closest to the earth’s
surface, is for the most (indirectly) heated by the sun’s radiation, after being absorbed
and re-emitted from earth’s surface. Ambient temperatures in the Netherlands are
heavily affected by the presence of large bodies of water nearby (i.e. North Sea and the
Atlantic Ocean). Air temperatures above water mass don't heat up that quick due to the
large heat capacity of water. With prevailing winds from the west (i.e. coming from the
water) this relative cool air is blown over the land mass and has a tempered effect.

The average annual temperature in the Netherlands is 10.1°C. The northeastern part
of the country is slightly colder than the warmest part of the country, the southwest. In
summer the average temperature is 17.0°C, while in winter the average temperature
drops to 3.4°C. The highest temperatures in summer occur in the southeastern part of
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1 June 2 December 3 annually

FIGURE 4.10 Average air temperature in the Netherlands. Reprinted from Sluijter (2011).

The average annual temperature in the Rotterdam area is 10.4°C. Temperatures range
from 3.6°Cin January to 17.8°Cin July. Minimum and maximum average temperatures
deviate between 2.6°Cand 5.1°C from the mean (Figure 4.11).

24

=
0o

ambient temperature [°C]
[}
N

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

FIGURE 4.11 Monthly average air temperature in Rotterdam, The Netherlands, including minimal and
maximum trends. Values retrieved from Sluijter (2011).

Urban heat-island effect

Densely built urban environments strongly affect the local heat balance, causing air
temperatures to increase when compared to surrounding country side. This is called
the urban heat-island effect. The main causes for this effect are identified as: increased
storage of sensible heat in the urban thermal mass, additional heat released from
human activities, minimal evaporative cooling effect due to non-vegetated urban
surfaces and heat traps due to complex urban geometry.
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Depending on sun and wind patterns as the result of urban geometry, the average surface
temperature in urban areas can be as much as 2.5°C higher than in rural areas (Buik et al.,
2004). The (preliminary) results of a more recent study into the intensity of the urban heat
island in the city of Rotterdam (Heusinkveld et al., 2010) shows a maximum difference in
air temperature of 7°C when compared to neighbouring rural areas. Measurements were
taken on August 6th, 2009 which was a warm day with air temperatures over 30°C. The
biggest difference is measured just after sunset. The study also shows the effectiveness

of green urban parks on reducing the urban heat island while measurements reveal a
temperature rise that is limited to 3°Cin the greener urban areas. This increase is the
result of several effects including the absorption of solar radiation in street canyons,
reduced heat emission due to obstructions (incl. pollution), lower evaporation rates and
higher heat capacity due to the presence of less vegetation, and the production of more
heat due to human activities (e.g. traffic), among others (Pijpers-Van Esch, 2015).

Energy potential estimation of the sun in a built environment

The average annual amount of global radiation in the Netherlands is approximately
1000 kWh/m? on a horizontal surface (Figure 4.2). The amount of solar radiation on
sloped surfaces depends on its orientation (Figure 4.12).
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FIGURE 4.12 Annual solaryields for different building surfaces for location Amsterdam, the Netherlands. The
given percentages are relative to the amount of solar radiation on a horizontal surface. Values retrieved from
Photovoltaic Geographical Information System (http://re.jrc.ec.europa.eu/pvgis/apps3/pvest.php).

Maximum annual solar yields of 1130 kWh/m? occur at a surface facing south with a
slope of 36° with the horizontal. This is why solar systems are mostly placed according
to this orientation and inclination. However, solar yields are not consistent but depend
on the time of the year and time of the day. Table 4.1 shows the optimal angle to
harvest solar radiation when facing the sun (south in the Northern hemisphere) and
the monthly solar yields calculated for the optimal angle on a yearly basis (36°) and
for the optimal angle for each month. A slope of 65° on average will increase solar
yields with 8.7 to 12.1 % during the colder period from November to February when
compared to the annual optimal angle of 36°.
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Q,or (KWH/M?) | OPTIMAL Q,, (KWH/M?) | Q,,, (KWH/M?) | VIELDQ,,
SLOPE (°) OVERQ,,
18 66 30 33

38 62 60 66 8.7%
(Mar | 69 47 87 88 1.2%
(Ar ] 113 34 128 128 0.0%

152 21 155 158 2.1%
147 14 143 149 4.5%
(| 153 18 152 157 3.2%
(Avg | 129 29 140 141 0.5%
83 43 102 103 0.6%
49 56 70 74 47%
24 65 39 43 10.8%
[Dec | 14 67 23 26 12.1%
989 36 1130 1166 3.2%

TABLE 4.1 Monthly solaryields for surfaces facing south with different slopes (Q, : horizontal surface;
Q,,: surface with slope of 36° with horizontal; Qop(: surface with optimal slope relevant to the month) for
Amsterdam, the Netherlands.

Figure 4.13 and Figure 4.14 show solar radiation levels on the horizontal plane and

on vertical planes for different orientations on a typical day in December and June. In
December the vertical plane facing south will catch most solar radiation. This would call
for solar gain systems that harvest solar radiation facing south. However, in June solar
intensity is higher at east and west facing facades and high levels of solar radiation are
offered in the beginning or at the end of the day, respectively.
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FIGURE 4.13 Solar radiation on a vertical plane for FIGURE 4.14 Solar radiation on a vertical plane
different orientations on a typical day in December for different orientations on a typical day in June
for Amsterdam, the Netherlands. Values retrieved for Amsterdam, the Netherlands. Values retrieved
from Photovoltaic Geographical Information System from Photovoltaic Geographical Information System
(http://re.jrc.ec.europa.eu/pvgis/apps3/pvest.php). (http://rejrc.ec.europa.eu/pvgis/apps3/pvest.php).

Understanding these dynamic patterns may favour solar gain system setups that
produce energy closer to actual user needs when they occur rather than maximising
solaryields on an annual basis.

One must be aware of the fact that the mentioned figures and numbers apply for a
situation where the building is in an open field without any type of obstacle being
considered. In a realistic setting, buildings are subject to shadow casting from different
elements in their neighbourhood, such as vegetation and other buildings. In a joint
effort, this aspect has been researched as part of an extensive study into the influence
of some urban and building design paramaters (street width and orientation, and

roof shape and envelope design) on the solar exposure of the urban canyon and the
feasibility of passive solar heating strategies in dwellings (Van Esch et al., 2012). Figure
4.15 shows the total amount of solar radiation (in kWh) on the given days (December
21st and March 21st) for a single urban setting (15 m wide east-west running street)
under the influence of different roof shapes. In December no more than 6.5% of the
solar radiation that strikes the building is received by the south-facing envelope of the
ground floor. The roof has a significantly higher solar exposure in any of the considered
setups. The roof should therefore be an important aspect in passive solar design.
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FIGURE 4.15 Solar exposure (in kWh/day) of the envelope under the influence of different roof shapes in an
urban setup with a 15 m wide east-west running street. Values are given per distinct part of the envelope (e.g.
roof and facade by floor and orientation). Adapted from Van Esch et al. (2012).

§ 4.2.2 Earth

The on-going process of radioactive decay from the earth’s inner core produces an
on-going flux of heat to its surface, while the temperature of the space surrounding the
earth’s matteris graded much lower. The temperature drops steadily when reaching
the earth’s surface, but the gradient depends in both space and time due to several
factors, such as soil condition, groundwater flows and surface temperature.

Ground temperature distribution

In the Netherlands, approximately 0.08 W/m? of heat released from the inner core of
the earth reaches the surface (Davies & Davies, 2010). This is a fraction of the amount
of solar energy that strikes the surface. The geothermal gradient in the Netherlands is
about 3°Cfor every 100 meter (TNO-NITG, 2016). This results in an average ground
temperature of 70°C at a depth of 2000 m, but can reach up to 95°C locally depending
on soil conditions (Figure 4.16).
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The temperature of the soil at a shallow depth of 10 m remains relatively stable and
corresponds to the average annual surface temperature, which relates to the air
temperature swing and dampening effect of soil cover on incoming solar radiation.
Closer to the surface the temperature is influenced mainly by seasonal fluctuations

3mperatuur in °C.

Ligging van de meest geschikle eenheden voor winning.
B 95-100  75-80 %% Hoofd-Bonuzandsteen Subgroep

i, = HEEE Hoofo | ndsteen Sut + Mieland
90-95 WM 70-T5 Zandslé”v’:‘?nmualie hgrocp

85-90 WM 65-70 ||| Slochteren Formatie
80-85 N 60 - 65 WU Vieland Zandsteen Formatie + Slochteren Formati

FIGURE 4.16 Ground temperature variation of the
soil in the Netherlands at a depth of 2000 m. In order
to extract heat from such depths, the presence of
permeable aquifers is needed. The hatched areas
present the most suitable ares. Reprinted from TNO-
NITG.
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FIGURE 4.17 Ground temperature distribution

and variation in shallow layers of undisturbed
homogeneous material. The annual variation

of soil temperature at different depths can be
estimated using a simple trigonometric function

(Wu & Nofziger, 1999). Values based on long-term
derivations of ambient temperatures swings in The
Netherlands (Sluijter, 2011). This distribution is valid
for heavy, saturated soil (A = 2.42 W/mK; p = 3200
kg/m?; c, = 840j/kgK).
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Groundwater flows can disturb the thermal balance of the soil while energy stored in
the layers is exchanged with that of remote layers. This behaviour can either be adverse
or beneficial, depending on the followed strategy. Groundwater flows can replenish or
diminish the stored amount of heat.

Energy potential estimation in a built environment

The temperature of the soil at a certain depth and its variation throughout the year
gives a first indication of soil potential for meeting heating and cooling demands. The
tempering behaviour of the shallow layers of the ground can be made beneficial in
several ways. For example through buried ducts that precondition incoming fresh air.

At greater depths soil temperatures become independent to the air temperature
variation above the ground and will rise at greater depths due to the geothermal
gradient; the heat radiated from the core of the earth to the surface. The energy
stored at depths below 20 m can be retrieved by aid of vertical ground-coupled heat
exchangers; a tube-system placed in boreholes in which a medium runs up and down
the tubes to extract heat from the ground.

Typical for utility buildings that have a high cooling demand in summer, but also
applicable to residential developments, these systems are often extended with a
second ground source to create a seasonal storage system. Relative cool temperatures
can be subtracted from the ground to cool down the building in summer periods. The
heat of the warm return flow is then stored in the second ground source that can be
employed for heating purposes in the winter. Beside that the ground can suffice both
heating and cooling demands of a building, the dual systems also extends the energy
potential of the ground source while it (partially) regenerates the energy stored in the
ground.

When travelling further to the centre of the earth, ground temperatures reach up to
70°C at depths of 2000 m (Figure 4.16). These temperatures can be made beneficial
to low-temperature space heating or domestic hot water. Due to high costs of
realization, such installations are only economically viable at large-scale projects.
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Wind, the movement of airin the atmosphere, is dominated by three phenomena:
differences in air pressure, the earth’s rotation and friction with the earth’s surface.
Air movement behaviour is subject to the laws of physics, due to inertia air flow has a
tendency to continue its path even when it meets an obstacle. Air always flows from
high pressure to low pressure, where air pressure differences occur due to differences
in air temperature. Wind velocity is linear to the magnitude of air pressure differences
and wind direction depends mostly on the position of areas of high-pressure air and
low-pressure air. Due to friction near the surface of the earth, air speeds drop at lower
altitudes.

Thereis a clear pattern in daily and seasonal variation in wind in the Netherlands.
Solar radiation warms the air during the day and causes higher wind speeds during
the latter part of the day. During autumn and winter low-pressure air lingers near to
the Netherlands and has relative large pressure differences with high-pressure air
surrounding it, which results in more winds. Wind speed and course near the ground
is very whimsical due to turbulence of air which is caused by thermal instability of air
temperature and the surface roughness.

Figure 4.18 shows the average annual wind speed in the Netherlands. The highest wind

speeds occur near the coast and around the IJsselmeer, where the wind is not slowed
down by buildings or vegetation. Throughout the country wind speeds are higherin
December thaninJune.

1 June 2 December 3 annually

FIGURE 4.18 Average wind speeds in the Netherlands. Reprinted from Sluijter (2011).
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Information on wind direction and frequency for a specific location can be visually
combined in a wind rose. Figure 4.19 shows the wind rose for Rotterdam, the
Netherlands, during the period 1981 to 2010. It reveals an omnidirectional wind with
a prevailing wind coming from the southwest. Similar studies for other locations within
the Netherlands show nationwide identical results, although with stronger winds near
the coast.

0 Omom QOB Q00 |-

FIGURE 4.19 Wind rose showing FIGURE 4.20 Visual representation of wind velocity as function of height

wind direction and frequency in open field and a disturbed velocity pattern as function of the height in
combined for Rotterdam, the urban areas. The roughness of urban areas cause the average wind speed
Netherlands. Values retrieved to drop and result in more abrupt changes in wind speed and disturbed
from Sluijter (2011). flow patterns. Reprinted from Pijpers-van Esch, 2015.

Urban wind patterns

Measurements on wind direction and speed is standardised performed in an open

field at elevated heights of 10 m. Despite the fact that average wind speeds drop closer
to the ground, in dense urban areas air movement is heavily affected by the urban
geometry resulting in an even lower average wind speeds, more abrupt changes in wind
speeds and disturbed flow patterns (Figure 4.20). This means that results from the
nearest measurement location can’t be simply translated one-on-one to the building
site.

For moderate to strong winds the average wind speed drops with 20 to 30% when
compared to wind in open field. At the same time the intensity of the turbulence of
wind increases with 50 to 100%. Furthermore, the mass of the city as a whole creates
an urban boundary layer that lies as a canopy over the city. This will introduce vertical
air flows in cities that can reach wind speeds of 1 m/s (Allard, 1998; Mertens, 2006).
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Energy potential estimation in a built environment

Air movement in built environments can be made beneficial in two ways. The
movement of air can be used directly to ventilate or cool down a building. Alternatively,
energy can be harvested from wind flows with aid of wind turbines.

Natural ventilation potential

Natural air flow is induced due to differences in pressure. The driving forces of these
pressure differences may either be differences in air temperature or wind flow around
a building. Both concepts can be made beneficial to naturally ventilate buildings.
Temperature-driven ventilation or (passive) stack ventilation is based on difference
between density of warm and cool air. Warm air has a lower density which makes it
lighter than cool air. Therefore it has a tendency to float upwards. When warm indoor
airis able to escape from the building through a high placed opening it will force

fresh outdoor air to enter the building from a lower placed opening. The stack effect
increases at greater temperature differences and at an increased height difference
between the lower and upper openings in the building. Wind-driven ventilation is
based on occurring pressure differences around the perimeter of a building when it is
struck by wind. At the windward side the pressure will be elevated and fresh air is blown
into the building through openings and cracks. At the leeward side the pressure will be
lowered which causes an outward airflow through suction.

In reality both driving forces will occur simultaneously. Typically, temperature-driven
ventilation will be the main driving force for natural ventilation in winter and wind-
driven ventilation will be the main driving force for natural ventilation in summer.

Open windows allow for sufficient ventilation already at small temperature differences
and low wind speeds. However, the supply of the driving forces for natural ventilation
is random and sometimes difficult to control. It requires careful planning in order to be
sufficient at all times. Additional techniques can be employed to enlarge the pressure
difference between airinlets and outlets in order to increase the airflow, and thus
ventilation capacity.

Besides indoor air quality, natural ventilation also addresses to issues of thermal
comfort. Problems can occur when the temperature of fresh air deviates too much from
comfortable temperatures. In winter cold airflows can cause draught and in summer
extreme outdoor temperatures can contribute to indoor heat accumulation. Problems
with cold air can be overcome by paying attention to the way fresh air is introduced

into the room or through preheating with aid of a solar space, thermal storage wall or
ground-coupled ventilation. Heat accumulation problems in summer can be overcome
by drawing fresh air in from shaded areas, nearby water bodies or via ground-coupled
ventilation. On the other hand ventilation in summer can also satisfy cooling needs by
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either flushing warm air with cool air or via the cooling effect of an air flow that passes
human skin. In favour of opening windows to naturally ventilate buildings the ability to
open windows also addresses to the human preference for diversity and gives a link to
the outdoors; both contributing to the psychological experience of comfort.

Cooling potential of outdoor air

Ambient temperatures in the Netherlands are below the upper boundary of thermal
comfort most of the time. Therefore ambient air makes a good heat sink to cool

down buildings. Despite of that cooling needs often keep pace with high ambient
temperatures, ambient air can still be used to flush indoor air at occasional high
internal loads or to cool down building mass and prevent too much heat accumulation
during the night at persistent hot weather (i.e. night-time cooling). Even during hot
days in summer relative cool air can be extracted from nearby water bodies (evaporative
cooling effect) or shaded areas in the direct surrounding of the building. These shaded
areas can be created by the building itself or neighbouring buildings or from on-site
vegetation.

While urban tissue retains absorbed heat during the day, air temperaturesin urban
areas during the night will be well above the shown trend. Therefore the urban heat
island effect will decrease night-time cooling potential of ambient airin urban
environments.

Water

Water is an essential component of life on earth. Over 70% of the earth’s surface is
covered by water. However, most of this water is not suited for living organisms. The
relative small quantity that is potable is replenished from a continuous hydrological
cycle. Simplified this cycle consists of five main elements: condensation, precipitation,
infiltration, run off and evaporation.

Condensation is the formation of clouds when air temperature drops. If the
temperature drops below a certain point (i.e. dew temperature) the clouds cannot
retain more water and precipitation will come down. This water hits the earth’s surface
and either infiltrates into the ground or runs off to open bodies of water (e.g. rivers,
pools, etc.). The water that infiltrates the soil will run off as groundwater. Both streams
of runoff water will eventually lead to the oceans as they are the largest bodies of water.
From here water will evaporate under the influence of solar radiation and the water
vapour comes back into the atmosphere and forms clouds. Wind flows will spread the
clouds across the earth, closing the cycle. Most precipitation in a region falls at the
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highest places. Wind is forced to move up against the elevation which causes the air to
cool down. The leeward side in such regions will always show a significant reduction in
precipitation levels.

Precipitation and evaporation

The average annual precipitation in the Netherlands is 851 mm (Figure 4.21).%°

There is a clear difference between coastal areas and the hinterland when it comes to
seasonal and daily behaviour in precipitation. As a rule, most rain will fall when the
temperature difference between the body of mass (either land or water) and the air
directly above is the greatest. This difference causes instability of the air: upwards flow
of air, condensation and the formation of clouds. The greatest temperature differences
in the hinterland will occurin spring and during the summer when solar radiation
quickly warms up the land. Due to the enormous heat capacity of water the biggest
difference in coastal areas only occurs in fall. Following the same principle, in the
hinterland most rain will fall in the late afternoon and the early evening, while near the
coast most rain will fall early in the morning.

1 June 2 December 3 annually

FIGURE 4.21 Average precipitation in the Netherlands. Reprinted from Sluijter (2011).

The evaporation in the Netherlands is not measured, but derived from calculation
methods where the availability of sunshine is the primary factor. Therefore evaporation
will be higher near the coast due to increased levels of solar radiation (Figure 4.22).

15
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1 mm of precipitation corresponds with 1 dm?3/m?.

The energy potential of a built environment



94

1 June 2 December 3 annually

FIGURE 4.22 Average evaporation in the Netherlands. Reprinted from Sluijter (2011).
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FIGURE 4.23 Average relative humidity in the Netherlands. Reprinted from Sluijter (2011).
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FIGURE 4.24 Average relative humidity at 12:00 hours Universal Time (UT) in the Netherlands. Reprinted from
Sluijter (2011).
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Air humidity

Air can hold a maximum amount of water vapour depending on its temperature. The
higher the temperature, the more water it can contain. Humidity is typically mentioned
in relative values, as proportion of water vapour available in the air to what it can contain
as a maximum. In general high values of relative humidity occur in the night when the
airtemperature drops and low values occur during the warmer parts of the day. Relative
humidity is on average relatively even throughout the country (Figure 4.23 and Figure
4.24). During summer relative humidity is about 77% and in winter about 88%.

Surface water and groundwater

Surface water has a cooling potential for its direct surroundings. Due to its large
thermal capacity the temperature rise of water under influence of solar radiation

is much slower than the temperature rise of soil or building mass. The effect of
evaporation reduces the air temperature above bodies of water. This cooler air can be
employed for cooling purposes (evaporative cooling).

As mentioned earlier, groundwater flows disturb the thermal balance of the soil.
This can be undesired when stored heat is carried away along with the flow, but this

behaviour can as well be beneficial when stored amounts of heat are replenished.

Water in an urban context

Inan urban context the behaviour of the hydrological cycle can be heavily disturbed. Dense

urban patterns function as a waterproofing and make infiltration impossible. With the
result of sewage overload and soil degradation. Alternatively water retention can be made
beneficial in many ways. Local rainwater collection can be used as a grey water source
that replaces unnecessary use of potable water (e.g. flushing toilets, watering garden,
laundry, etc.). When collected in for example green roofs or open basins the microclimate
is affected by evaporative cooling and precipitated dust particles.

Finally green areas assimilated into urban areas allow water to penetrate the ground
and cut down on storm water. In addition to the positive effect of green areas on the
well-being of humans the arising effect of evapotranspiration (i.e. the combined effect

of evaporation of water from the soil and transpiration of water vapour from vegetation)

is positive for the thermal microclimate.

High levels of precipitation can also be found near dense urban areas. This is can be
explained from three factors, the urban heat island effect, the roughness of the urban
surface and raised emissions of water vapour from traffic and industry. Concentrated
building mass and a rough urban structure cause air to drift upwards easily, amplified
with increased water vapour emission this will lead to a higher chance of precipitation.

The energy potential of a built environment
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Energy potential estimation in a built environment

Due to its large thermal capacity the temperature swing of water bodies under
influence of solar radiation is tempered when compared to the temperature swing of
soil and building mass. Just the presence of surface water will bring about a cooling
effect to its direct surroundings. When air flows over surface water the air temperature
will drop from the resulting evaporation, because energy is needed for the evaporation
of water. The cooling effect can be as much as 2.5°C on hot summer days when the
building is next to the water body. The adiabatic cooling effect depends on the distance
the air has to travel over the water body and decreases proportionate with the height of
the facade (Daniels, 2000).

Since most buildings are meant to last and be used for decades, expected changes in
climate are a relevant aspect to consider, especially in climate-responsive design. Climate
change reflects changes in the energy offer of climate resources and in possible shifts of
comfortdemands, and thus in the climate-responsive design strategy to be followed.

The Royal Dutch Meteorological Institute (KNMI) generated different climate scenarios
that quantify human-induced climate change for around 2050 and 2085, relative to
the reference period 1981-2010 (KNMI, 2014; KNMI, 2015). Figure 4.25 gives an
overview of variations for different climate indicators (e.g. temperature, precipitation,
wind) considering four different scenarios (all combinations of two possible values for
global temperature rise and change in air circulation pattern) and two time horizons
(2050 and 2085). The different scenarios are accompanied by natural variations and
‘span the likely changes in the climate of the Netherlands'".

In all four scenarios and both time horizons, overall temperatures will increase which
results in more mild winters and hot summers. In 2050 mean temperatures in winter
are expected to increase between 1.1°Cand 2.7°C, and between 1.0°Cand 2.3°Cin
summer. The number of warm summer days with temperatures over 25°C will increase
from 21 days in the reference period to 26 to 36 days in 2050. Together with a slight
increase in solar radiation levels the need for cooling, including the prevention of
overheating, becomes more important.

However, the potential of both the earth and the nightly ambient air continue to be

viable cooling resources. Soil temperatures keep pace with the development of mean
ambient temperature, and since the expected increase of mean temperature lies

Climate-responsive design



97

somewhere between 1.0°Cand 2.3°C relative to the reference temperature of 10.1°C,
temperatures of the soil at certain depths stay well below the comfort zone. Cooling
with nighttime air also keeps profitable during certain times since almost the same
unlikeness of periods with temperatures over 20°C during the nightin 2050 applies as
in the reference period.

With respect to the climate resources of wind and water, the following variations are
expected in the climate scenarios. Changes in wind speed during winter are estimated
between -2.5% and 0.9% in 2050 and between -2.5% and 2.2% in 2085. Overall
precipitation will grow between 2.5% and 5.5% in 2050 and between 5% and 7% in
2085. Winter extremes and summer intensities also grow, although overall summer
will become more dry. Both cases are expected to have minimal effect on the climate-
responsive design strategy to follow.

In retrospect, mean temperatures rose with 0.9°C and solar radiation levels grew with
2.3% in the reference period 1981-2010 with respect to the prior period of 1951-
1980. In that same period precipitation rose with 9.9%
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FIGURE 4.25 An overview of future climate change in the Netherlands. The tabel shows variations for different
climate indicators (e.g. temperature, precipitation, wind) considering four different scenarios (all combinations
of two possible values for global temperature rise and change in air circulation pattern) and two time horizons
(2050 and 2085) relative to the reference period of 1981-2010. Reprinted from KNMI (2015).
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In the previous sections the energy potential of the built environment, under the
influence of local climate and existing urban context, has been examined. From this
a set of climate-related and context-related boundary conditions is derived. They are
presented as an enumeration of multiple strongly related environmental parameters,
round up with points of particular interest in the development of the energy concept

(Table 4.2).

Urban pattern, vegetatio
solar geometry

Urban pattern, landform, vege-
tation and distribution of wind
direction and speed

Annual temperature distri-
bution, soil composition and

ground cover

Average annual temperature,
soil composition and ground-
water flows

Air temperature distribution
(extreme values, mean values)
and solar geometry

Solar path in periods with high
chance on overheating

Natural light access to the
envelope

Water presence, whether or not

combined with vegetation

- Solaraccess to building envelope (shadow casting, etc.) determines potential for passive

and active solar strategies. In densely built areas solar harvest is limited at levels of the
building skin low to the ground. The uppermost storeys and the roof can still be well ex-
posed to the sun.

On-site vegetation can block sun access to the building, which can be beneficial to the
purpose of solar shading.

Wind behaviour in urban canyon and urban canopy determines potential for natural venti-
lation and wind power. A high density causes natural air to flow over the building rooftops,
while limiting the air flow at street level.

When no clear prevailing wind direction is available wind is best harvested using a strategy
thatis able to ‘catch’ wind from different directions.

Landform and vegetation may block wind access to the building, which can be beneficial to
the purpose of wind screening.

Energy exchange potential of shallow layers of the soil. Soil composition and (soil) tempera-
ture at shallow depths follows seasonal trends in air temperature of the location. Directly
underneath the building the energy balance is also fed by heat flows from the building.

Energy storage potential of deeper layers of the soil. Soil temperatures at depths of 10 m
and more are quite stable and close to the average annual air temperature at the location.
In addition, groundwater flows affect the energy balance of the soil, either boosting or
blowing the heating (or cooling) potential for prolonged periods.

Primary steering factor of general thermal energy balance of the building. Use a quick-scan
method to explore heating and cooling demands of an initial design.

By using a quick-scan method the need for preventive measures according to the time of
year and time of day can be mapped.
Fixed shading devices then block the solar radiation from corresponding sun angles.

Strategic use of daylight minimise the need for additional electric lighting.

- The presence of water has a cooling effect on the direct surroundings due to the effect of

evaporation.

TABLE 4.2 Climate-related and context-related boundary conditions and points of particular interest in the development of an

energy concept.
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This list acts as one of the starting points for the development of the building's energy
concept. In the next chapter 5 the full delineation of the concept of climate-responsive
design is expounded, resulting in the presentation of different design principles on
how to harvest and harness the energy potential of a built environment. Following
that list of design principles a set of design solutions is presented, as the actual
implementation of the stated design principles in building design. The focus then
shifts towards a set of climate-responsive building elements, design solutions in which
structural or architectural implementation of climate-responsive design principles

is brought to a maximum. The climate-responsive building elements on that list are
studied in more detail in chapter 6, together with their energy potential estimation.
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Climate-responsive design

Within this chapter the definition of climate-responsive design is further established,
by mapping the underlying principles and transforming them into actual design
solutions. The chapter kicks off by bringing some clarity in the tangle of energy-related
design language in order to give position to climate-responsive design (section 5.1).
Next, the principles and key elements of bioclimatic design are explained, coming
from both researchers and practicing architects (section 5.2). Bioclimatic design can
be seen as a founding design philosophy for climate-responsive design. Subsequently,
the chapter elaborates on the topic of climate-responsive design (section 5.3),
including a discussion of relevantissues of responsive behaviour of building elements
and that of spatial and structural design of dwellings. In section 5.4 the underlying
design principles are presented followed by the creation of a categorized overview of
climate-responsive building elements, as the actual technical integration of the before
mentioned design principles in architectural and structural elements. This chapter
finishes with the content requirements for the design support tool (section 5.5),
deduced from the theoretical framework presented in chapter 2 and the gathered and
generated knowledge of chapters 3 and 4.

Energy consciousness in building design can be characterized as the willingness to
improve the energy balance of buildings; achieved from either one of the stepsin the
New Stepped Strategy (see section 3.2.2). Current focus on energy consciousness in
building design has led to a proliferation of new technical terms. While all expressions
share the common trend towards sustainable energy housekeeping, historic meanings
are often embroiled or even falsely used. This section aims at avoidance of confusion
from the use of different definitions.

Passive versus active systems

The term passive in architecture traditionally refers to the absence of active systems
for climate control, where active systems can be defined as mechanical installations
that need energy to operate. Nowadays passive design is often used to indicate designs
that primarily consist of passive solutions, but does not necessarily rule out the use of
supplementing active systems.

Climate-responsive design



The broad spectrum of low energy design

Energy conscious design typically aims at a reduced primary energy use when
compared to conventional design. Project examples that pursue more energy
consciousness in their designs are commonly shared under the name of low energy
design which does not specify strict goals in energy use.

Within the low energy design movement a follow-up step was to come to zero energy
buildings; buildings that are completely self-sufficient and off-grid (i.e. not connected
to communal energy services such as the electricity grid). However, nowadays zero
energy buildings also cover net-zero energy or energy-neutral buildings that produce
as much energy on an annual scale equal to their own energy demand. These buildings
are still connected to communal energy facilities to overcome discrepancies in time
between energy generation and consumption. The produced surplus energy is not
stored for later use but delivered back to the grid. One step beyond net-zero energy
buildings are energy plus buildings that produce a surplus of energy (from renewable
sources) on an annual basis which is given back to the grid.

Both the net-zero energy concept and the energy plus concept are interesting concepts
when surplus energy from one building can be made beneficial to another building
during the transition towards a more energy-efficient built environment as a whole.
Surplus energy can also become beneficial in mixed-use developments where the
energy producing building can function as an energy hub on community scale or to
suffice domestic mobility related fuel needs. However, there is little gain to be expected
from energy producing buildings when they are considered on the scale of a single
building and no specific purpose for the surplus energy is clearly defined.

The carbon movement

Following the carbon movement sustainable performance calculation nowadays takes
the production of carbon dioxide as the normative parameter rather than just energy
use. Zero carbon means so much as zero fossil energy. All building related energy

is then generated from renewable resources; not necessarily generated on-site. In
contrast to zero carbon, carbon-neutral buildings become net-zero producers where
carbon emission is counter-balanced by some compensating measures; not necessarily
on-site or even building related.

To add to the confusion the term of carbon-neutral is also used in a wider perspective
which also includes the use of (building) materials and spans all activities within the

whole life-cycle of the building. This includes also energy use or carbon emission
during the construction and demolition phase.

102 Climate-responsive design



103

Interaction between building and its environment

Hastings (1989) makes a distinction in three different ways of how a building can
interact with the outdoor environment:

With climate-insensitive design there is no interaction with the environment at all. The
building operates indifferent from the climate it is set in. With such buildings most of
the interior spaces have no direct contact with the outdoors and building services are
provided mechanically.

With climate-combative design the building ‘fights' the outdoor environment, mainly
through super-insulation. The building design does take local climate into account
while it sets for the initial amount of insulation needed.

With climate-responsive design the building acts as an environmental filter. A balance
is found between the exclusion of unwanted forces and the admittance of the beneficial
ones.

According to Hastings' definition climate-responsive design puts an emphasis on

the potential of buildings as being an intermediate between the indoor and outdoor
environment. This intermediary function of the building is considered a key aspect

in the realization of comfortable buildings as well, along with the allowance for

human intervention in climate control to satisfy subjective needs (Fountain et al.,
1996, Mahdavi & Kumar, 1996). In fact, comfort delivery that is more in tune with
the dynamics of the natural environment also connects to the human preference for
diversity and can have a positive effect on human health (Van Marken Lichtenbelt et al.
2014).

The natural environment or local climate is also inextricably connected to low energy
design. Local climate is generally identified as one of three design parameters that
heavily determine the energy use of buildings, together with building use or comfort
demands and building design (Brown & DeKay, 2001; Santamouris, 2001). The
influence of local climate has a dual character of being either repelled when undesired
oremployed when potential.
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In recent years various design philosophies have been developed that address to more
energy consciousness in building design. Many of them state the importance of the
creation of a built environment in harmony with the natural environment. The potential

of natural energy sources in the field of low energy and comfortable design has been
addressed many times before in both research and architectural practice and is commonly
shared under the generic term of bioclimatic design. This has been mentioned in works by
Olgyay and Szokolay and putinto practice by Kristinsson and Yeang, among many others.

Bioclimatic design in theory and practice

‘Design with Climate’ (Olgyay, 1963) can be seen as one of the founding books that
restored interest in the incorporation of outdoor climate in building design. Already
in the early 1950's Olgyay introduced the term bioclimatic design in architecture.
Following his definition architectural design starts from a study into the building site
and local climate. Objective quantities such as orientation, building form and shape,
wind patterns and indoor conditions become parameters of design and architectural
expression will be a reflection of that specific building site.

Szokolay (2008) elaborated on the science of architecture by presenting objective
methods based on physical principles to determine the potential of natural energy
sources in the creation of comfortable buildings. According to Szokolay the architect’s
aim should be the creation of healthy and comfortable indoor environments that

use little or no energy other than from ambient or renewable sources. The task of the
designeris fourfold: examine the local context (e.g. building site and climate), establish
comfort limits, employ the building as much as practicable to meet these limits and,
finally, complement with active systems.

Architect Ken Yeang takes the building as a system and also considers it as the
intermediary between the indoor and outdoor environment. Many of Yeang's designs
are high rise buildings which he considers as a vertical continuation of urban design.
He mentions the potential of open systems where the building itself acts as an open
barrier where undesired external forces are excluded and desired ones are admitted
(Yeang, 1991). Within his theoretical framework of green design Yeang states three
essential components for an ecological model of a designed system: a description

of the built system itself, a description of the environment including the ambient
ecosystem and natural resources, and the mapping of the interactions between the
building and its environment (Yeang, 1995; Yeang, 2008).
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Architect J6n Kristinsson is known for his many progressive designs based upon

what he calls integrated design; the holistic physics approach to ecological building
(Kristinsson & Van den Dobbelsteen, 2012). It forms the bridge between architecture
and nature; without integrated knowledge of physics no true sustainable building

can be designed that will sustain. He also considers occupants and local context as
parameters of design (Figure 5.1).

designa occupants soil materials wind orientation solar auxiliary  electricity integrated
dwelling  occupation N water energy heating design
environment
scenery
1 2 3 4 5 6 7 8 9

FIGURE 5.1 Integrated design as the holistic physics approach to ecological design. Adapted from Kristinsson
(2002).

Many of Kristinsson's designs were (and still are) ahead of theirtime.In 1976 a
self-sufficient building for the municipality of Lelystad - designed but never built -

integrates many design techniques of which some are generally adopted by now (Figure
5.2). The design features parabolic roof shells that mirror sunlight to thermal collectors

in order to boost overall performance. Surplus heat in summer is stored underground
for use in winter. Furthermore, the daylight strips in the roof structure includes a
transparent foil that becomes reflective when the glass temperature rises above 30°C.
The facades of the building get shading from different measures including balconies,
deciduous vegetation and movable louvers. In order to reduce heat loss during the
heating period thermal shutters can be placed in front of the windows.
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balanced ventilation unit
with heat recovery

balconies for
solar shading
1671

movable louvred
shading devices
1671

thermal shutters
1671

earth-coupled
seasonal storage
@

FIGURE 5.2 Design for a self-sufficient municipal office in Lelystad, the Netherlands (1976). Architect: Jon
Kristinsson. Adapted from Kristinsson & Van den Dobbelsteen (2012). Numbers correspond to previous figure.

A study into the opportunities of energy performance improvement of social housing
with the restrictions of a tight budget led to the development of 184 minimum-energy
dwellings in Schiedam. The project covers 76 single family units and 108 apartments.
The dwellings feature fixed solar shading, thermal shutters to reduce heat loss during
the night, a balanced ventilation unit with heat recovery and air locks to reduce heat
loss when one enters the house. With an EPC of 0.53 the dwellings scored after
completion in 1984 better than the Dutch energy regulations that were put down in

2011, 26 years later.

Otherimplementations of bioclimatic design

Many design concepts are based on the same bioclimatic design principles and
therefore share some similarities. However because of different starting points
the outcomes of design have some clear differences as well. In this paragraph the
two rather well-developed design concepts of the Passive House and zero energy
development (ZED) are looked into in order to create room for climate-responsive

active and passive
solar systems
7

natural illumination from
daylight strips with
integrated temperature-
[S(i:nsitive shading devices
7]

parabolic mirror roof
shells improve
efficiency of thermal
collector

1671

deciduous vegetation
for seasonal solar

shading
B

design in the current practice of energy conscious design.

Climate-responsive design



Passive House

The Passive House concept is a well-known and rather popular concept based on
passive design principles, but with a crucial role for active systems. It was developed
inthe early 1990s in Germany. Since the establishment of the Passivhaus Institut
in 1996 the concept has been put into practice in many projects mainly situated in
Germany and Austria.

According to the original definition'® a Passive House of residential type poses a maximum
level for annual energy use for space heating of 15 kWh/m?, complemented by other
requirements for primary energy demand, air-tightness and heat exposure (Passivhaus
Institut, 2014). The passiveness of the concept is tucked away in high thermal insulation,
enhanced air tightness and the elimination of thermal bridges. The requirements are
further met by the use of a highly efficient mechanical ventilation systems with heat
recovery. In reference conditions internal heat production and heat recovery from the
ventilation airis sufficient to meet heating demands during most time of the year. During
the cold winter period some additional heating is obtained from an active heating system.

The concept of the Passive House is in its essence a low energy standard with a
maximum value set for the energy used for space heating, leaving many design options
open. The concept of the Passive House is feasible in any building function or size and
applicable to both newly built and renovation projects.

ZED

ZED stands for zero (fossil) energy design development and was branded after the
realisation of the mixed use development Beddington ZED (or BedZED) in 2002 in
Sutton near London. The philosophy behind ZED is that the design, construction and
refurbishment of developments should only use renewable energy sources with no direct
carbon emissions (Dunster et al., 2008). The ZED design philosophy is put down into
ZEDstandards, a set of guidelines. While the outcome of ZED design is determined by
location and scale, the guidelines are only made specific to the scale of the development.

For ruralZED developments, i.e. low density residential development, the ZEDstandards
are transformed into a base design concept with the possibility to upgrade that design
to meet higher ambitions. In other words, the concept has a modular approach which
allows an easy extension of the basic concept to meet more stringent demands or
higher ambitions. The presented design options go along with the different ambition
levels of the UK Code for Sustainable Homes (Crown, 2008) and goes all the way up the
highest achievement of level 6, zero carbon sustainable construction (Figure 5.3).
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The requirements for Passive Houses may vary from country to country in order to meet national building codes.

Climate-responsive design



5.3

108

Code Level 3 / Base design Code Level 4 Code Level 5 Code Level 6
super insulation + passive heat recovery ventilation  + pitched roof + sun space
thermal mass + solar hot water + PV panels + more PV panels
airtight construction +wood pellet heating + rainwater harvesting

roof overhang + green roof on north slope

green flat roof

FIGURE 5.3 ruralZED base specification and full upgrade path to highest level of the UK Code for Sustainable
Homes. Adapted from ZEDfactory (2010).

ZED developments are high performance catalogue units, focussing on self-builders or
home developers that want high performance buildings at competitive prices. A lot of
options to enhance the building performance are at the client’s disposal. Some of them
have a big impact on the aesthetics of the design, but apart from that the client can
hardly exert any influence on the design which is rather independent of its context.

Discussion

The success of a Passive House leans heavily on the joint effort of high thermal
insulation, enhanced air tightness and mechanical ventilation systems with heat
recovery. This results in a building that turns inwards and has little interaction with

its environment. The concept however leaves much to the architect when it comes to
architectural design. This isin high contrast to the almost completely pre-designed
concept of ruralZED. However, given the little room the architect has within ruralZED
the ambitions certainly raise the bar for sustainable design. Climate-responsive design
aims at a balanced design between architectural freedom and highly evolved energy
performance.

Climate-responsive design can be regarded as an encompassment of the synthesis of
the following three principles:

Energy exchange with the environment for comfort provision

Climate-responsive design is about provision of comfort to building occupants.
Available natural energy flows can often be made beneficial for climate control without
complexinterference. Acknowledge the fact that the outdoor environment has the
potential of being a source or sink of energy to buildings. Collect whatever is needed to
meet your energy demands.
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— The building as a responsive system

Responsive means acting in response, as to some stimulus. In climate-responsive
design the climate is the stimulus. Building space and mass can function as an
intermediary between the indoor and outdoor environment, allowing exchange of
energy between the two environments while acting as an environmental filter. The
building design as a whole (e.g. shape, plan, enclosure, elements, use of materials
and the installations) is considered with certain openness and forms the intermediary
between the indoor and outdoor environment. A climate-responsive building responds
to changes in climatic conditions, both internal and external, and to occupant
behaviour.

Far-reaching architectural or structural integration

Climate-responsive design is about interaction between the indoor and outdoor
environment. The design choices concerning space and mass have a significant effect
on the applicability of an integrated energy infrastructure.

Climate-responsive design embraces a strategy in building design where it extents
bioclimatic design principles of form and envelope design to structural and
architectural elements that actively harvest potential energy flows. Climate-responsive
design is not primarily about minimising energy demand of buildings. It is about
creating a comfortable and healthy building that benefits from the potential of the
natural energy resources in the built environment.

The energy balance of a climate-responsive building

Climate-responsive design takes advantage of the natural energy sources presentin
the built environment for passive or low-energy comfort provision. The building space
and mass act as an intermediary, where the indoor environment is controlled in close
interaction with dynamic outdoor conditions.

Since these dynamic outdoor conditions will not always be in phase with comfort
demands, the building needs to employ complementing treatment strategies such

as energy conservation, distribution, buffering, recovery and storage. Whole building
design will combine multiple techniques that together result into a comfortable
building with an effective energy balance primarily fed by natural energy flows (see
Figure 5.4 and Table 5.1 and Table 5.2). The energy sources comply to the climate
resources presented in the previous chapter, complemented with energy recovery from
waste flows, considered an essential part of energy-efficient design - and thus climate-
responsive design.
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FIGURE 5.4 The energy balance of a climate-responsive building where the harvest of natural energy sources
and complementing energy treatment strategies provide the energy needs for comfortable living.

ENERGY STRATEGY TREATMENT DESCRIPTION

promotion The admittance of external energy forces to enter the
& building, but also aid undesired energy flows in exiting
— the building.
.I prevention To keep undesired external energy forces from interfer-
ing with the indoor climate.
conservation The capacity of the building to retain energy within the
G building. Most common measures include prevention of
heat loss through infiltration and transmission.
buffering The capacity of the building to lessen the direct impact
of fluctuations in outdoor energy flows.
-»> -

distribution The transportation of energy throughout the building
from locations with an abundance to locations that lack

L’ energy.

recovery The partial or full regain of energy from waste flows.
storage The ability to bridge discrepancies in energy supply and
demand by keeping energy separate from the building
% which is retrievable at any desired time.

TABLE 5.1 Treatment strategies to realise an effective energy balance from external energy flows.
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COMFORT DEMAND DESCRIPTION

heating

The provision of space heating, including strategies to
preventindoor temperatures to drop below the lower
boundary of the comfort zone beside the actual input of
energy to increase indoor temperatures.

cooling

The provision of space cooling, including strategies to
prevent the indoor temperature to rise above the upper
boundary of the comfort zone next to the actual input of
energy to cool down the building.

daylighting

DB D

The provision of comfortable amounts of daylight
within indoor spaces.

ventilation

The provision of an healthy indoor air quality by the
introduction of fresh air and thus the removal of stale
air from indoor spaces.

hot water

> B

The generation of hot water for domestic use, e.g.
shower, cooking, etc.

electric power

IDME

The generation of electricity for domestic use.

TABLE 5.2 Comfort demands to be met by a climate-responsive building.

The effectiveness of climate-responsive design and the strategy to follow is heavily
related to local climate conditions and building use. For example, intermittently used
buildings that have a high internal heat production may have a high cooling load which
calls for a strategy that includes passive cooling measures but when the predominant

energy demand is attributed to space heating this would call for a different strategy that
harvests the free heat gains, has an adequate system of energy storage and distribution

and minimizes heat loss.
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The building as a responsiveness system

Definition of response:

‘Response; 1 (Psychology) An action or feeling which answers to some stimulus or
influence; 2 The way in which an apparatus responds to a stimulus or range of stimuli.’
(Oxford English Dictionary; http://www.oed.com)

From this definition responsive behaviour can be defined as a readily reaction to some
kind of stimulus. The reaction is a desired change of state in order to maintain certain
functionality. This change of state can either be an architectural change of elements or
a physical change of material characteristics. In the case of climate-responsive design
the functionality to maintain is comfort provision. The stimuli are changing indoor
comfort demands and variable outdoor conditions.

The focus of this research is on climate-responsive building elements, design solutions
that have a certain degree of structural or architectural integration and incorporate
some kind of dynamic behaviour (Figure 5.5).

CONSERVE

RECOVER

ENERGY 5 PREVENT ENERGY
FLOW FLOW

f

I
. PROMOTE

STORE BUFFER

v

DISTRIBUTE

FIGURE 5.5 The building can interfere with the natural energy flows in different ways.
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There are three different types of responsive methods: non-adaptable measures,
adaptable measures and smart materials. The non-adaptable measures may seem as
a paradox within the scope of responsive behaviour but it is part of climate-responsive
design because it concerns energy-saving measures that focus on comfort provision
while managing ambient energy flows (e.g. insulation or thermal mass). Adaptable
measures change state by some sort of intervention in the form of active control. In

its most simple form the state is changed through user-intervention (e.g. opening
windows, lowering blinds). This manoeuvre can also be automated using for example
time switches, thermostats or other sensors. The use of intelligent systems that include
learning curves or anticipated behaviour may increase performance of adaptable
measures. Unlike intelligent systems, which need some computational effort to
operate, smart materials have some kind of embedded intelligence so that it is capable
of being controlled in such a way that its response and properties change under a
certain stimulus (IOPscience, 2014).

The (climatic) stimuli that trigger responsive behaviour can be either fixed, repetitive
or real-time values. Design solutions that are designed to respond to fixed values
have their function tuned to climate parameters such as average annual ambient
temperature, a certain sun angle or a prevailing wind direction. Design solutions that
responds to repetitive values have their functionality tuned to diurnal cycles in solar
offer, for example. With real-time climatic stimuli the climatic parameter at a certain
time, e.g. measured temperature, solar intensity or wind direction, is the indicator.

Not all combinations of response and stimulus are possible. Smart materials respond
to dynamic, real-time conditions as opposed to non-adaptable measures that are
non-responding to real-time conditions. Figure 5.6 visualises the whole spectrum of
responsive behaviourin climate-responsive design.

(climatic) stimuli as a design parameter

fixed value repetitive value real-time value

non-adaptable measures

user-intervention

responsive adaptable

automated
methods measures

intelligent

smart materials

FIGURE 5.6 Levels of responsive behaviour as a function of the climatic stimuli and responsive methods.
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Degrees in structural and architectural integration

Abuilding as a whole can be seen as an enclosed space (or collections of spaces)

in which humans can exploit their activities. The enclosure of a space acts as some
kind of barrier between the indoor and outdoor environment. However, in climate-
responsive design it is preferred to consider this enclosure as an intermediary, which
puts an emphasis on the possibilities of interaction between the indoor and outdoor
environment. The design choices concerning space and mass have a significant effect
on the applicability of an integrated energy infrastructure.

Based on primary function the enclosure can be divided into four main layers:
structure, skin, interior and energy infrastructure (Leupen, 2002; Leupen & Mooij,
2008)."

The structure is the composition of walls, floors, columns and beams that together
guarantee stability and conduct the loads to the foundation of the building. The
structure also decides on the initial space and mass distribution.

The building skin is the primary separation of the interior from the exterior.

The building interior consists of internal walls and openings that decide on the
arrangement of internal spaces and internal routing, and the actual finishing of internal
surfaces.

The energy infrastructure is the whole set of facilities for distribution and supply of
energy, water and air. It is part of the technical infrastructure that also includes the
distribution of information, but this is outside the scope of this research.

There is no strict division between these layers and combinations between different
layers are seen very often in building practice. This research examines the boundaries
of the ability of the three layers structure, skin and interior to contribute to the
functionality of the energy infrastructural layer or even become an integral part of that
layer. These four layers together then function in a mutual and interlinked way that can
further exploit energy harvest and delivery.

17

114

Similar divisions have been made that address to other aspects of buildings. Architect Francis Duffy introduced
the concept of shearing layers and made a distinction based on the longevity of building components: ‘shell’,
‘services’, ‘scenery’ and ‘set’. Brand (1994) elaborated on this with his shearing layers of change, a reclassifica-
tion of Duffy’s distinction: 'site’, ‘structure’, ‘skin’, 'services’, ‘space plan” and 'stuff’. Leupen (2002) and Leupen
and Mooij (2008) dropped site and stuff since they think it is not part of the building itself.
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Structure

The building structure is the composition of multiple elements that as a whole
guarantee stability and conduct the loads to the foundation of the building. Typically
structural elements can be divided into two main categories: frame elements (e.g.
column and beam) and monolith elements (e.g. solid wall and floor). The actual

building structure can be a combination of elements from both categories (Figure 5.7).

all-frame hybrid: combined frame and monolith all monolith

columns and monolith floors  monolith walls and beams

)

monolith seperation wall monolith seperation wall

[ - ,L,J

monolith external wall monolith external wall

(- ,L,J 7 '

box model
FIGURE 5.7 Building structure variation based on frame and monolith elements. A separation wall separates
two indoor spaces. An external wall separates the indoor environment from the outdoor environment. After
Leupen & Mooij (2008).

The structure of a building can be realised from different materials. Monolith elements
are constructed most commonly from concrete (both vertical and horizontal elements)
or brickwork (in principle only vertical elements). The use of concrete allows for rigid
structures which resultin bigger heights and larger spans. Framed structural elements
are commonly made from concrete, steel or wood.

The chosen building structure defines the initial spatial layout (and mass) of a building.

With all-frame construction and columns with monolith floors the spatial layout of
each storey has almost no boundaries while with monolith walls and beams and all-
monolith construction the options are more limited. Although openings can be made
in monolith wall and floor elements, their possibility depends on dimensions and
materialisation of the element.
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There is a strong relationship between space and structure. Figure 5.8 shows a
wide variety of possibilities to erect a simple building form from different structural
elements, but still allow variety in the arrangement of individual zones. Moreover,
the many possibilities show a wide variety in orientation and direction of responsive
elements and their potential for harvesting energy in the building’s space and mass
and transporting it throughout the building.

FIGURE 5.8 Relation between space and structure; composition of structural elements show a wide variety of
possibilities to construct a single building form, here a rectangular plan with gable roof. After Sackman (1988).

Especially in housing the composition of individual elements and components has
often a repetitive character of both single elements and whole structural concepts.
The monolith separation wall structure is the most common structural concept used
in the Netherlands; a relic of the post-war industrialised process of mass-construction
of dwellings and the answer to uniform spatial layout of dwellings. These monolith
structures are swiftly constructed and relatively cheap when produced in larger series.
Furthermore, the concrete separation walls suffice requirements on sound insulation
and fire-safety.

Structural elements are designed to bear loads and conduct them to the foundation.
The loads to bear can be split into permanent and variable loads. Permanent loads
include the element’s own mass. For both economical and architectural reasons
floor elements are designed to be less massive while still being able to span a certain
distance. Where mass is left out, space becomes available for technical infrastructure
(e.g. pipes, ducts and wires).
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Skin

The skin of a building is the primary separation between indoor and outdoor and serves
multiple functions (e.g. rain protection, daylight admission, outside view, thermal or
sound insulation). To serve all these different functions, the skin is often composed

of different layers. Massive layers generally consist of a single material and are self-
supporting (e.g. brickwork or concrete) opposed to framed layers that are non-self-
supporting and therefore need a supporting structure.

Three main types in the composition of building elements and combined functionality
can be distinguished: segregation, incorporation and amalgamation (Heggeret al.,
2008; Figure 5.9). When two (or more) building elements and their functions are
clearly separated one speaks of segregation. Take for example an external waterproof
cladding mounted onto a structural component. Incorporation is achieved when two
(or more) elements with distinct functions are combined but practically function as

a single element. Consider for example a framed wall with thermal insulated infill.
Amalgamation is obtained when one element fulfils two (or more) different functions.
Structural elements such as a load bearing monolithic wall can simultaneously act as
the building skin.

1 With segregation two (or more) 2 With incorporation two (or 3 With amalgamation one ele-
elements and their functional- more) elements with distinct ment fulfils multiple functions.
ity are clearly separated. functions that particularly

function as a single element.

FIGURE 5.9 Three main types of composing building elements and combined functionality: segregation,
incorporation and amalgamation.

Toimprove or extend the functionality of typical (or existing) building components,
new layers can either be added to an existing configuration, providing the whole
configuration with new or improved functionality, or can be partly or completely
substituted by new layers (Figure 5.10). This has potential as a strategy for the
employment of climate-responsive design principles in renovation projects.
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1 Addition of layers. 2 Partial substitution of layers. 3 Complete substitution of
layers.

FIGURE 5.10 Three distinct types of changing layers.

Interior

Interior elements include the spatial arrangement by placing internal walls and
openings. It also includes the covering of the floor, wall and ceiling. Unlike former times
structural elements are nowadays often completely hidden from view. The interior
finish has significant impact on the quality of indoor spaces and can be used to fine-
tune visual, thermal, hygric and acoustical performance.

Within most housing developments it is common practice that most of the interior,
except for final covering of the floor and the wall in all but the wet zones, is determined
by the project developer or the housing cooperative, and not the future occupant. The
contribution of a future home owner multiplies when the home owner is known in the
early stages of design or construction. However, their options are often still limited to
pre-selected elements. Only with design of private houses it is more common practice
that the architect consults with the home owner when deciding on design, interior
finish and furnishing.

Energy infrastructure

The energy infrastructure contains the whole set of facilities for internal distribution
of energy, water and air. The energy infrastructure is a layer from more recent times.
Typically this layeris a plain distinctive layer that consists of a complex network of
ducts, pipes and wires controlled by one or more installations placed in a service room.
Most of the technical infrastructure is nowadays hidden from view in dedicated spaces
and by interior finish (e.g. shafts, wall channels, false ceilings, etc.).

The expanding network of the indoor energy infrastructure has become more and
more disordered. The need to simplify this complexity has led to different design
solutions that increase the manageability of the technical infrastructure during the
construction phase and improve the flexibility to meet altered requirements due to
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technical innovation or a change in building use. This can be done both on the scale of
the building as on the scale of a single building element. The Concept House and the
energy column are presented here forillustration purposes.

The general idea behind the Concept House is to deliver plus-energy buildings for

high density developments. In order to realise plus-energy in the long run the Concept
House aims for an increase of the uniformity of the energy infrastructure. The Concept
House clusters (most) components of building service delivery into a single unit
included in the sanitary core (Figure 5.11). The adoption of standard elements ensures
a simplified connection to both community services and communal building facilities
such as solar cells on the roof. By doing so the building is ready for implementation

of future energy delivery and supply systems. Internally the energy infrastructure is
embedded in floor and wall elements that allow for more flexibility in the delivery of
different services (Asselbergs et al., 2010).

FIGURE 5.11 The Concept House features a single cluster of building service delivery that connects to community
services and possible communal building facilities (1, 2). Internally, energy infrastructure is embedded in floor and
wall elements that allow for more flexibility (4, 6). Reprinted from Asselbergs et al. (2010).
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The energy column manages something similar on the scale of a single building element.
The energy column combines vertical transportation of ventilation air, information and
electricity in a single structural element. Ventilation air is then distributed throughout
the storey from a network of ducts embedded in the massive floors and delivered to the
space from outlets in the false ceiling. Data and electricity can be tapped from special
sockets in the lower end of the energy column. The general idea behind the energy
column is to maximise flexibility of the spatial plan (Figure 5.12).

I — =i = NS

FIGURE 5.12 First application of energy columns in the new Stedelijk Gymnasium in Utrecht, the Netherlands
by Thomas Rau. The energy column is developed in collaboration with JVZ and Grontmij. Reprinted from RAU
(2009).

Both the Concept House and the energy column address future flexibility; flexibility
with respect to future service delivery and flexibility of spatial layout. These concepts
focus on clustering and uniformity rather than exploring the potential of structural and
architectural layers to become part of the energy infrastructure, which is a fundamental
aspect of climate-responsive design.
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Architectural integration of energy infrastructure

The implementation of (new) infrastructural subsystems in building design may

have considerable impact on its architecture. Combining subsystems and design has
three distinct forms: addition, integration and adaptation (Hegger et al., 2008; Figure
5.13). With addition the subsystem is considered separately from the design. The
infrastructural subsystem is designed for optimised individual performance and merely
considers the building as a supportive structure. With integration the subsystem
follows the design. This may affect its individual performance but lessens the impact
on the architecture. With adaptation the design follows the (optimised) subsystem.
This can lead to new architectural concepts.

/s /S
1 With addition the energy 2 With integration the 3 With adaptation the design
system is added to the design energy system follows the follows the energy system.
taking only energy system design which reduces system’s
optimisation into account. performance.

FIGURE 5.13 Degrees of architectural integration of energy infrastructure in building design: addition,
integration and adaptation.

The decision to what degree energy infrastructure is to be architecturally integrated is a
choice for the architect. Buildings can be intentionally designed as ‘ordinary’ buildings
by camouflaging the sustainable elements or, on the contrary, can be manifested with
sustainable elements as a design feature and give the building a high sustainable
visibility factor.

Oneissue of the architectural integration of energy infrastructure is the difference

between material and system cycles during the life span of a building. Over the lifespan
of a building some parts will be replaced more frequently than others (Figure 5.14).
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FIGURE 5.14 The material recovery chart shows the number of times materials and systems cycle through a
building during lifetime. After Brand (1994).

Except for the site (no cycle) and the structure (single cycle) other elements (such as
skin, setting, systems and stuff) may cycle more than once. An integrated solution
needs to answer to the minimal cycle of the structural part, either by lengthening the
cycle of the systems part or by allowing its easy disassembly. The first option is probably
the preferred option for climate-responsive design.
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In the previous section the concept of climate-responsive design has been shaped.
In this section this concept is further made concrete by defining a set of design
principles, as the conceptual relations between energy source, energy treatment and
comfort demand. From these principles a set of design solutions, as the contextual,
architectural or technical implementations of these design principles into an actual
design, is derived.

This section will finish with the presentation of a non-exclusive and non-exhaustive set
of climate-responsive building elements - design solutions that are characterized by a
far-reaching integration of energy harvesting methods into structural and architectural
elements - since that is the main topic of this research.

Climate-responsive design principles

Many comfort aspects can be met directly from harvesting or adverting natural energy
flows, while others use some energy treatment strategy. A non-exhaustive set of
different design principles is schematically presented in a matrix (Table 5.3, Table 5.4)
and shortly described in Table 5.5.
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heating cooling daylighting ventilation hot water electric power
passive solar earth coupling natural illumi- natural ventilation solar hot water solar power
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solar shading
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buffering

thermal buffering

thermal buffering
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distribution
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bution

thermal distri-
bution

daylight distri-
bution

o

recovery

transmission heat
recovery
ventilation heat

recovery

effluent water heat
recovery

$

storage

thermal energy
storage

thermal energy
storage

hot water storage

- Ventilation heat recovery is about recovering valuable heat from stale air flows. It is therefore part of a heating strategy and not

of a ventilation strategy.
- Effluent water heat recovery is about recovering valuable heat from waste water flows. Since in current practice the recovered

heat from effluent water streams is directly transferred to fresh water streams it is here categorized as a strategy for the provi-
sion of domestic hot water.

TABLE 5.3 Matrix of climate-responsive design principles presented as comfort provision against energy treatment.
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LX)
heating cooling daylighting ventilation hot water electric power
passive solar solar shading natural illumi- natural ventilation: solar hot water solar power
heating nation solar-driven
solar shading
sun
earth coupling earth coupling geothermal hot
@ water
earth
natural cooling: natural ventilation: wind power

S

wind

natural air cooling

wind-driven

sky

natural cooling:
night-sky cooling

(e

natural cooling:
evaporative

cooling
water
transmission heat effluent water heat
recovery recovery
ventilation heat
recovery
waste

TABLE 5.4 Matrix of climate-responsive design principles presented as comfort provision against energy source.
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DESIGN PRINCIPLE DESCRIPTION

passive solar heating The principle of passive solar heating is based on the collection of short-wave solar radiation
in (building) mass thatin return disperses long-wave heat radiation that can be used for space
heating.

earth-coupling The general idea behind earth-coupling is to take advantage of the earth’s large thermal
storage capacity. Ground temperatures are quite stable at relatively small depths and are quite
similar to the local annual average ambient temperature. Near the surface ground tempera-
tures are more influenced by dynamic ambient conditions.

night-sky cooling The effective temperature of a sky at night is typically much lower than ambient conditions.
Therefore buildings cool down at night by radiating heat to the sky. This phenomenon also
occurs during daytime but is then levelled out by solar radiation.

natural air cooling Natural air flows can be used to remove unwanted heat from a building by flushing the building
with large volumes of (cool) air. Natural air cooling is based upon the natural ventilation princi-
ple of cross ventilation: openings on both sides of the building allow natural occurring winds to
pass through the building carrying the heat along.

evaporative cooling Evaporative cooling is based on the fact that energy is needed for the evaporation of water. If
this energy is withdrawn from the building, it will instantly cool down the building. Just the
presence of groundwater or surface water will bring about a cooling effect on its direct sur-
roundings. Due to its high thermal capacity, water has great potential as a heat sink.

natural illuminati Transparent and translucent openings allow natural light to illuminate adjacent spaces. Natu-
ral light can be splitinto two parts: sunlight and daylight. Sunlight is direct solar radiation and
daylight is diffuse solar radiation, although different terms are used in literature.

natural ventilation Natural air flow is induced due to differences in pressure. The driving forces of these pressure
differences may either be differences in air temperature or wind flow around a building. Both
concepts can be made beneficial to naturally ventilate buildings.

solar hot water Solar radiation can be used to directly heat water for domestic use. In a solar hot water system,
water circulates through a solar collector device which is heated by the sun.

geothermal hot water At greater depths the temperature of the soil will increase. Water trapped at large depths down
to 2000m can reach temperatures up to 60 °C or more. Depending on geothermal activity,
elevated temperatures can even be reached much closer to the surface. In principle this source
can be used for domestic hot water supply by extracting the hot water or its heat from the soil.

solar power With photovoltaics sunlight is directly transformed into electricity. The principle is based on
the photoelectric effect: passing energy contained in sunlight particles (i.e. photons) to elec-
trons in physical matter.
d power Wind power is the conversion of wind into any other useful form of energy. Wind turbines
harvest the wind to generate electricity.

solar shading Transparent openings allow natural light to enter the building and provide occupants with
a view outside. At the same time large sun-facing openings can be subjected to excessive
amounts of solar radiation at certain moments which could lead to discomfort due to either
overheating or unpleasant levels of light. Different types of solar shading are available to elimi-
nate these undesired effects.
Thermal conservation strategies aim at reducing heat losses both from transmission and
infiltration.

thermal buffering Thermal buffering is the capacity of a material to store heat, either from direct solar radiation
or from passing air flows. As the result of this buffering behaviour indoor temperature swings
are smoothened. In addition, energy is stored during the day and released during the night.
This will lower the temperature drop during the night and thus the desired amount of heat
required for the next day.

126 Climate-responsive design



DESIGN PRINCIPLE DESCRIPTION

thermal distribution

Energy can be distributed throughout the building to provide places which lack desired energy
levels at some moments with energy from places where there is an abundance. Energy can be
transferred by coupling air flows or with aid of a transport medium embedded in structural
elements.

daylight distribution

Daylight redirection and distribution can see to it that desired illumination levels are metin
the back of deep rooms or at spaces that are placed within the interior of a building that have
no windows.

transmission heat recovery

In addition to a strategy of transmission loss reduction (see thermal conservation) the thermal
energy from transmission heat flows can also be recovered.

ventilation heat recovery

The removal of stale air from a building also incorporates the removal of useful (thermal)
energy. This thermal energy can be (partly) regained from the waste air flow and passed onto
incoming fresh air flow, for instance. This reduces, or can even eliminate, the need for auxiliary
heating of fresh air.

effluent water heat recovery

The removal of effluent water flows often implies the removal of thermal energy that can be
put to use when recovered. Such waste flows include the drainage from toilets, showers or bath
tubs, dish washers, washing machines and sinks.

thermal energy storage

Thermal energy can be stored to bridge discrepancies in energy supply and demand. With ener-
gy storage energy is stored ‘separate’ from the building mass and space and is retrievable on
demand. The cycle of storage and retrieval of thermal energy can vary from diurnal to seasonal
cycles.

hot water storage

Hot water storage techniques ensure that (solar) hot water is available at any time, even during
periods with limited or no sunshine.

TABLE 5.5 Short description of climate-responsive design principles.

A next step is to translate the climate-responsive design principles into design
solutions that form the architectural implementation of the design principlesin an
actual design.

§ 5.4.2 Climate-responsive design solutions

Climate-responsive design solutions are the contextual, architectural or technical
implementations of the design principles into an actual design and can be divided
into six categories (site planning, building form and layout, skin, structure, finish
and (integrated) building service) that cover various dimensions in planning and
construction (Table 5.6).
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CONTEXTUAL SOLUTIONS

In

site planning

Site planning includes the exploration of the proposed building site with the goal to benefit from existing
or planned vegetation, water bodies and landform. The building site should also be considered in its urban
context to map possible obstruction from nearby objects such as buildings.

examples: shading from on-site vegetation, cooling potential of shaded areas and nearby water bodies, earth
shelter (e.g. (partial) buried buildings that are protected from harsh conditions or exploit the earth'’s large
thermal capacity).

Bl

building form
and layout

Through optimisation of building form and layout the energy potential of the built environment can be
harvested where it is offered through careful selection of building form and orientation, or can be created from
the design of outdoor zones with intermediate climate conditions. At the same time undesired energy flows
can be limited through compact building design, thermal zoning and clustering.

examples: compact design, thermal zoning, buffer zone (i.e. atrium)

ARCHITECTURAL SOLUTIONS

The building skin is the foremost intermediate between indoor and outdoor climate. The design of the enve-
lope includes decision-making on insulation levels, permeability, material selection and the arrangement of
transparent openings.

building skin  examples: airtightness, (super)insulation and climate-responsive building elements such as sun space, solar
chimney, thermal shutter
The building structure has a load bearing function but also predetermines spatial layout and the location and
a orientation of massive elements.
examples: climate-responsive building elements such as energy piles, thermo-activated elements
building
structure
The building finish (e.g. coverings of floors, walls and ceilings, glass treatment, etc.) has a fine-tuning effect on
I I visual, thermal, hygric and acoustical qualities of indoor spaces.
examples: reflective finishing, lime stucco
building finish

TECHNICAL SOLUTIONS

(m

(integrated)
building services

Building services are complementing components that have the sole purpose of energy harvest, distribution
and delivery. In common practice building services often act as stand-alone component but they exist with
different degrees of architectural integration. The building services considered in climate-responsive design
have a high degree of architectural integration.

examples: building integrated systems such as solar air collector, solar thermal collector, photovoltaic cells
and urban wind turbine, and non-integrated systems such as deep-layer earth coupling, ground-coupled
ventilation and vertical heat exchangers.

TABLE 5.6 Categorization of climate-responsive design solutions into contextual, architectural and technical solutions.

128

Climate-responsive design



As mentioned earlier the focus of this research is on climate-responsive building
elements, as the architectural climate-responsive design solutions that also fulfil a
structural or architectural function. However, the contextual and technical climate-
responsive design solutions will be taken into consideration throughout the remainder
of this section toillustrate and emphasize the integral character of climate-responsive
design.

Table 5.7 shows a non-exhaustive overview of climate-responsive design solutions,
categorised according to the (predominant) underlying design principle and the
solution type (contextual, architectural or technical).

The main focus in this research is on climate-responsive building elements
(highlighted in table 04 with a black border) which are characterized by a far-reaching
integration of energy harvesting methods into structural and architectural elements.
The remainder of this chapter will put emphasis on these design solutions and its
characteristics, starting with the presentation of an overview of identified climate-
responsive building elements.
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passive solar
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natural
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solar hot water
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natural air
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site planning building form building skin building building finish (integrated)
and layout structure building
services
direct solar gain thermal storage warm air collector
system sun space wall
shading from on- switchable window : structural shading printing
site vegetation system + device
external solar
shading
light shelf +
solar chimney
wind catcher
switchable window light pipes
system + optical fibres
translucentinsu-
lation +
solar thermal
collector
photovoltaic cell
cooling from
shaded areas
cooling from water
bodies
urban wind turbine
earth shelter + earth shelter + direct contact deep-layer earth
foundation slab coupling +
energy piles ground-coupled
absorber dia- ventilation
phragm wall
foundation slab
with absorber lines
deep-layer earth
coupling +
roof pond
airlock adaptable insu-
airtightness lation
compact design thermal shutter
thermal zoning translucentinsu-
wind screening lation +
thermal mass phase change
thermo-activa- material

tion +
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CONTEXTUAL ARCHITECTURAL TECHNICAL

N B A A U

site planning : buildingform : building skin building ¢ building finish : (integrated)
¢ andlayout © structure i building
services
thermal cavity wall heating i hollow core ven-
distribution tilation
thermo-activa-
tion +
daylight light-redirecting optical fibres
distribution window system
light shelf +
transmission boundary wall heat
heat recovery recovery

dynamicinsulation

ventilation heat

breathing window
recovery

rey water heat
recovery
thermal energy
storage
hot water
storage

TABLE 5.7 Overview of climate-responsive design solutions, categorised according to the (predominant) underlying design

principle(s) and the solution type (contextual, architectural or technical). Solutions marked with a + occur more than once in the
matrix.

§ 5.4.3 Climate-responsive building elements

The considered climate-responsive building elements are gathered in Table 5.8

and shortly described in Table 5.9. The presented overview is not intended to be an
exhaustive list of climate-responsive building elements. These design solutions are
gathered based on extensive literature research and analysis of numerous building
designs and project examples. The climate-responsive building elements are
categorized according to the relevant building system (structure or skin), building
element (construction pile, ground floor slab, column/beam, load bearing wall/floor,
opaque facade, transparent/translucent facade or roof) and service delivery (heating,

heat loss limitation, cooling, overheating prevention, ventilation, precondition
ventilation air or daylight control).
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building skin building structure

opaque transparent/ roof subsurface ground column / load bear-
facade  translucent foundation : floorslab beam ingwall /
facade elements floor
promotion cavity wall direct solar solar attic energy piles : thermal mass | thermo-acti- : thermal mass
provide space heating gain system absorber foundation vation thermo-
heating thermal sunspace diaphragm slab with activation
storage wall / wall absorber
heating Trombe wall lines
prevention adaptable thermal adaptable - adaptable -
heat loss insulation shutter insulation insulation
limitation translucent
insulation
promotion earth shelter - roof pond energy piles | direct contact i thermo-acti-  thermo-acti-
provide space absorber foundation vation vation
cooling diaphragm slab
wall foundation
cooling slab with
absorber
lines

earth shelter

prevention light shelf - thermal mass - structural
overheating switchable shading
prevention window device
system thermal mass
promotion solar chim- - solar chim- - - - -
enforce nat- ney ney
ural energy wind catcher
flows
ventilation
distribution / dynamic - hollow core hollow core hollow core
recovery insulation ventilation ventilation ventilation
precondition

ventilation

air
promotion / - light shelf structural - - - structural
prevention / switchable shading shading
distribution window device device
control system
daylighting comfortable translucent
amounts of insulation
daylight

TABLE 5.8 Matrix of climate-responsive building elements.
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adaptable insulation

DESIGN SOLUTION DESCRIPTION

Adaptable insulation is any type of insulation that is able to change its thermal characteristics.

cavity wall heating

A cavity wall is the air-filled space in-between two layers of the building skin or in-between
common walls of attached dwellings. When preheated air is blown into the cavity it will heat
the adjoining walls which will radiate the heat into the building space after a certain time lag.
When using the shared cavity wall of attached dwellings, two houses profit from one system.

switchable window system

Switchable windows are able to change their optical characteristics, e.g. absorptance, reflec-
tance, transmittance or light-scattering. A distinction can be made in active and passive sys-
tems. Active systems alter their optical characteristics from user intervention or any automated
process. Passive systems are self-regulating and gain different optical characteristics from
changes in temperature or light incidence. Other denotations are smart, dynamic, advanced or
chromogenic.

direct contact foundation slab

The direct contact foundation slab is specifically designed to be in direct contact with the earth
below, so the earth'’s large storage and exchange capacity can provide basic cooling.

direct solar gain system

In a direct solar gain system the living space functions as the solar collector. The interior
building mass is directly heated by incoming solar radiation and captured heat is dispersed to
the space.

dynamic insulation

Dynamicinsulation exploits the permeability of outer walls. When air transfer through the
building skin is allowed, the heat exchange characteristics of the outer wall can be employed
to preheat fresh ventilation air. The air flow is either led through specially constructed cavities
within the wall or by leading it through a permeable insulation layer. This latter concept is also
known as the breathing wall.

energy piles

Energy piles are like ordinary construction piles. Besides providing support to the building
structure they also function as a heat exchanger with the earth’s large thermal storage capac-

ity.

hollow core ventilation

With hollow core the storage and exchange capacity of massive building layers is used to ex-
change heat to ventilation air running through the hollow cores of structural elements, mostly
floors, before it is ventilated into the space.

Light shelves are horizontal overhangs placed above eye-level in a window and divide the
window in two horizontal layers. The shelf controls the amount of daylight entering a room by
simultaneously delivering shade to (a part of) the room behind and reflecting light towards the
ceiling allowing it to penetrate deep into the room.

light shelf
d

A roof pond is originally designed as an open pool on the roof and functions as a passive cool-
ing systemin hot areas where it benefits from the evaporative cooling effect. By covering the
roof pond and control the aperture of the pool to the sky the concept can become beneficial in
colder climates as well.

solar attic

Asolar attic collects solar radiation in the attic space for space heating purposes. It is especially
useful in a denser built environment where the lower levels of a building can not be accessed
by the winter sun directly. A solar attic needs to be placed outside the thermal envelope of the
main building to prevent issues with overheating in summer.

solar chimney

Asolar chimney promotes natural ventilation based on the natural stack effect. Solar radiation
heats up the airin a chimney, forcing air to move upwards. When the air is able to exhaust from
the upper vent, fresh air is drawn into the building from lower placed vents. The solar chimney
can be used to remove undesired stale air from the building and drawing fresh airin.

structural shading device

Structural shading devices or overhang elements strategically placed above windows provide
shade to the window at certain sun angles. Such structural elements can be a balcony, canopy
or cantilevered storey.

Asun space is an unheated transparent building extension placed outside the thermal enve-
lope of the main building. It collects solar radiation and provides an additional living space.

>>>

133 Climate-responsive design



thermal shutter

thermal storage wall / Trombe
wall

thermo-activation

translucent insulation

DESIGN SOLUTION DES TION

Thermal mass is the capacity of a material to store heat, either from direct solar radiation or
from passing air flows. As the result of this buffering behaviourindoor temperature swings are
smoothened. In addition, energy is stored during the day and released during the night. This
will lower the temperature drop during the night and thus the desired amount of heat required
for the next day.

Thermal shutters are insulated shutters that can be placed tightly fitted in front of a window.
Thermal shutters provide an additional insulating layer to the window during the night, when it
is most needed. It then compensates for the nocturnal radiation through transparent openings
that is detrimental to the window's overall thermal energy balance. Not every window shutter
is a thermal shutter. Thermal shutters have increased thermal resistance and fit tightly into the
window system. The shutters can be placed both on the outside of a window or at the inside.

Athermal storage wall consists of a layer of glass placed in front of a sun-faced wall with a
small airspace in between. During daytime the sun warms the airin the cavity and heat is ab-
sorbed by the wall. This heat is conducted through the wall and radiated into the space behind.
With a Trombe wall the preheated air in the cavity can also be ventilated into the building.

With thermo-activation the storage and exchange capacity of massive building layers is actively
used in the distribution of energy throughout the building. A transport medium, often water,
flows through an integrated tube system and activates or deactivates the thermal buffering
effect of massive layers.

Translucent insulation is the umbrella term for all thermal insulation materials that transmit a
certain amount of light.

Awind catcher or wind chimney is a chimney that towers above roof level and is able to harvest
energy from the more undisturbed wind flows.

TABLE 5.9 Short description of climate-responsive building elements.

In the next chapter more design relevant information is given for each of the
climate-responsive building elements. The remainder of this chapter elaborates on
some specific characteristics of climate-responsive building elements since they
allincorporate some kind of responsive behaviour and all have a certain degree of
structural and architectural integration.
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In the next chapter more design relevant information is given for each of the climate-
responsive building elements as presented in Table 5.8. This information is then
transformed as part of a climate-responsive design support tool to which the layout is
givenin chapter 7.

The content requirements for the design support tool can be denominated, based on
the theoretical framework as presented in chapter 2 and the gathered and generated
knowledge in the previous chapters 3 and 4 and in the prior sections of this chapter.

In order to design with climate-responsive building elements the architect should be
given an overview of the comfort contribution and energy performance of climate-
responsive design solutions. Because that is why these elements are potentially
beneficial. This information on performance aids the architect in selecting those
solutions that help achieve the design objectives on comfort and energy.

Furthermore, the identification of collaborations and conflicts when using multiple
design principles together is essential. The generation of a satisfying design is more
than just stacking principles upon each other. In some some cases the combination
can only become beneficial when certain areas of concern are considered, while in other
cases greater convergence of stacking can boost overall performance. In addition, it
should be made clear what a possible energy function of a building element is besides
their primary function. This is where comfort and energy related design objectives of
climate-responsive building elements meet other objectives (i.e. spatial, functional and
structural). The architect should be made aware of possible adjustments needed when
applied as climate-responsive elements in contrary to when used traditionally, i.e. non
climate-responsive. Both aspects are relevant to the process of design.

Finally, the impact of climate-responsive building elements on the appearance of
design is relevant. Many climate-responsive building elements will not be visible
while others will leave a clear aesthetic trace. The architectural consequences of using
invisible or visible green elements in design can be part of the architect’s strategy.
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Climate-responsive building
elements toolbox

In chapter 5 the foundation of climate-responsive design was studied. This resulted
in a list of climate-responsive building elements (Table 5.8). This chapter elaborates
on that list by providing additional knowledge on the following aspects: energy
performance and comfort contribution, architectural and spatial consequences for
application and implications for the architectural design process.

As the discussion will make clear, many design principles and solutions lend
themselves forimproved overall performance through collaboration. Some of these
combined solutions are briefly presented in section 6.9. In the final section of this
chapter the findings are collected in a resumé, providing guidelines for the phase of
energy concept development.

The climate-responsive building elements are discussed in a logical order in which
some of the more general principles, on which other design solutions are partially
based, are discussed first. The overview presented here is extensive but has no
intention of being exclusive or selective. Some elements would address to more than
one principle. They are categorised within the principle according to their primary
function (Table 6.1).
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DESIGN PRINCIPLES DESIGN SOLUTIONS

thermal conservation adaptable insulation
thermal shutter
translucentinsulation
dynamicinsulation

thermal buffering + thermal thermal mass

distribution thermo-activated building elements
cavity wall heating

ventilated hollow core elements

passive solar heating direct solar gain
thermal storage wall
sun space

roof pond

[solar attic]

earth-coupling direct-contact foundation slab
earth shelter
energy piles

natural illumination light-redirecting window systems
switchable window systems
light shelf

natural ventilation solar chimney
wind chimney

[structural shading device]

TABLE 6.1 Overview of discussed climate-responsive building elements, grouped according to their primary design
principle. Solutions presented between straight brackets are mentioned, but not discussed in great detail.

Each of the considered design principles starts with a concise discussion of relevant design
solutions - not only limited to climate-responsive building elements - and is followed by a
study on the aspects that were identified as content requirements in section 5.5:

— Performance
the comfort contribution and energy performance
— Process
the collaborations and conflicts of combining solutions, and the possible energy
function of a building element
— Architectural consequences
the impact of climate-responsive building elements on the appearance of design

The aspect of performance includes typical characteristics of the design solution

and its components and its potential for improving energy performance and comfort
contribution. The knowledge is based on state-of-the-art research. The aspect of
process enumerates architectural and spatial design considerations concerned with the
employment of the design solution in question; identifying possible conflicts with other
strategies. Finally, the aspect of architectural consequences deals with materialisation
and composition and shows the degree of architectural integration (see chapter 5) and
discusses the suitability for renovation projects.
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§ 6.2 Thermal conservation

Thermal conservation strategies aim at reducing heat losses both from transmission
and infiltration. Such strategies typically include specific notion to insulation and
airtightness of the building envelope.

In the building industry insulation capacity of (building) materials is specified using the
material’s thermal resistance or R-value. Standards for newly built residential buildings
in The Netherlands are 4.5 m?K/W for opaque wall elements and 6.0 m2K/W for

roofs. Superinsulation is a collective term of a significant improvement of the thermal
resistance of the building skin compared to common practice. Since common practice
and thus typical R-values link to local context, superinsulation is not so much denoted
with fixed numbers. As far as the Netherlands (and similar climates) is concerned
superinsulation may imply R-values of 6, 8 or even 10 m?K/W; typical valuesin a
PassiveHouse concept where (super)insulation is commonly employed with the
intention to predominantly heat the building from internal heat producing sources.

Improved levels of thermal resistance can be achieved by using thicker layers of
insulation, at the expense of building space, or by using advanced insulation materials
such as aerogel or vacuum insulation that have an increased intrinsic thermal
resistance (Baetens etal., 20103, 2011).

As an alternative to fixed thermal resistance of the building skin the concept of
adaptable insulation (section 6.2.1) enables an adaptable thermal resistance that
better fits to variations in energy offer and demand.

Windows are accountable for a large part of the transmission losses in common building
design, since they are typically worse insulators than opaque building elements. To limit heat
loss through windows without cutting out daylight admission and outside view a thermal
shutter (section 6.2.2), which improves the thermal resistance of the window system, can
be placed in front of the window during the night. If windows are just to guarantee daylight
admittance they can also be replaced with translucent insulation (section 6.2.3), which gives
improved thermal resistance and still allows for diffuse light to enter.

Infiltration is the uncontrolled air flow through cracks and openings in the building envelope.
While they provide part of the ventilation needs they are considered undesired because of
their uncontrolled nature. When special attention is paid to the realisation of an air-tight
envelope during construction infiltration air flows can be reduced to a minimum. However,
reducing infiltration losses is concurrent to paying more attention to proper ventilation
measures to assure a healthy indoor air quality. Alternatively heat loss from infiltration

air flow through the building envelope can be partly reclaimed by allowing it to preheat
incoming fresh air flows following the concept of dynamic insulation (section 6.2.4).
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Other strategies for thermal conservation focus on spatial aspects. Such strategies
include compact building design and thermal zoning. The compactness of dwelling is
the ratio between the exposed surface area and the building volume. Typically, more
exposed surface area at a given volume will indicate a greater heat loss and thus a
reduced energy performance. To further minimise exposed surface area dwellings can
be connected and stacked. The benefits of compact design on thermal performance are
evident but may be in conflict with other passive strategies. So are natural ventilation
strategies best served with spread-out layouts and large building blocks may benefit
from a stretched plan for proper daylight admission. With respect to the latter an
atrium might be a design solution that compromises both compact design and
sufficient daylight admittance.

With thermal zoning the different zones in a building can be arranged according to
their thermal requirements. For instance, zones that require more heat and daylight
can be placed towards the sun. Another option is to surround zones with the more
stringent heat requirements with buffer zones that have less stringent requirements.

Adaptable insulation

Adaptable insulation is any type of insulation that is able to change its thermal
resistance from an insulated state to a conductive state. By doing so the thermal
resistance of the building envelope can be altered to be more in tune with changing
requirements based on dynamic weather conditions and occupation. Adaptable
insulation has yet not been developed into commercial products specific for the
building industry. Practical building solutions, though only as prototype, are formed by
switchable thermal insulation panels (STI). Another type of adaptable insulation could
be formed by using gas-filled panels (GFP).

Switchable thermal insulation (STI) panels are practically similar to commercial
available vacuum insulation panels that consist of an evacuated core material encased
by airtight container or envelope (Baetens et al., 2010a). The evacuated state, and
thus a high thermal resistance, is maintained by an entrapped getter that absorbs the
hydrogen within the panel. By heating the getter the absorbed hydrogen is released and
the panel’s thermal resistance decreases. Another type of adaptable insulation could
be formed by using gas-filled panels (GFP). GFPs are in essence sealed bags containing
a certain amount of chambers constructed from plastic sheets and aluminised thin
foils joined togetherin a honeycomb structure (Baetens et al., 2010c). The GFP can be
inflated or deflated through a nozzle. When deflated the panels have limited thickness
and thermal resistance. When inflated the panels gain a high thermal resistance.
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Both types of adaptable insulation require a control system for controlling the
adaptable behaviour. With the STI this system is minimal since only an electrical
current is needed to be applied to the getter inside the panel. The hermetically sealed
GFPs need an additional system that inflates and deflates the panel. Fairly simple
compressors can be used when the GFP is filled with air. When other gases than air
are used a more elaborate system including a storage vessel is needed. Both types

of insulation, but GFP in particular, require regular maintenance after installation.
Therefore easy accessibility of the insulation panels is preferable.

Performance

Practical thermal conductivity of switchable thermal insulation (STI) using glass
fibre board varies between 0.003 W/mK and 0.15 W/mK for a 2 cm thick panel,
where a continuous electrical current of roughly 5 W/m?is needed to maintain the
high conductance state (Meister et al., 1999). With gas-filled panels (GFP) best
performance values for the thermal resistance of a 50 mm thick panel varies from
1.8 m?K/W to 4.2 m?K/W depending on the gas used to fill the chambers (see Table
67.72). The thermal resistance is minimal when the GFP is deflated, due to its limited
thickness.

0.028 1.8

TABLE 6.2 Typical thermal resistance of gas-filled (GFP) with thickness of 50 mm for different gas fills (Baetens
etal., 2010c).

GAS Agee (W/MK) R-VALUE (M2K/W)

Since the GFPs can be inflated and deflated on demand, in theory, a switchable set-up
for use in buildings could be realised. The gas-fill is then applied to tune dynamic
climate conditions with indoor thermal requirements. Gas-filled panels with built

in nozzles are available on the market. Such commercial products exist mainly for
high-demanding cargo and storage purposes (Coldpack, 2011; GFP insulation, 2011;
Lawrence Berkeley National Laboratory, 2011). When deflated such GFPs have a very
small thickness of 0.4 mm (Fi-Foil, 2011) and limited heat resistance when compared
to conventional thermal insulation in the building industry. However, no such product
or prototype has been developed specifically for the building industry yet.

The comfort and energy performance of a standard office room equipped with
adaptable insulation using GFPs, located in a Dutch climate, was researched by Van
der Spoel et al. (2008). In their dynamic numerical study they assumed thermal
resistances of 3.0 m?K/W in the insulated state and a thermal resistance of 0.17
m?K/W in the conductive state. The switch between insulated and conductive state
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is triggered by the indoor temperature and the direction of the thermal gradient. The
use of adaptable insulation in favour of common insulation does not appear to be
beneficial in a passive solar heating strategy for office spaces but does show a positive
effect when used in a passive cooling strategy.*®

Process

The use of adaptable insulation can be an alternative to night-time ventilation for
habitable zones (e.g. bedrooms) to prevent issues of draught. The adaptable insulation
isin a resistive state except during the cooler nights in hot summer periods to flush
excessive heat from the building.

Architectural consequences

The STI has a rigid shape and is easily embedded into typical building structures. A
GFP lacks stiffness by itself but can easily replace traditional insulation layers in stud
walls. Alternatively, Van der Spoel et al. (2008) showed that GFPs can also be used
as an aesthetical feature when the GFP changes shape when its changes state from
inflated to deflated, or vice versa. However, since GFPs are vulnerable to defects they
require some kind of protective shield whereas the steel encasing of STI makes it less
vulnerable.

Thermal shutter

Athermal shutteris an insulated shutter that can be placed in front of a window.
Thermal shutters provide an additional insulating layer to the window during the night
in the heating season, when it is most needed. It then compensates for the nocturnal
radiation through transparent openings that is detrimental to the window's overall
thermal energy balance. Not every window shutter is a thermal shutter. Thermal
shutters have increased thermal resistance and fit tightly into the window system.

18
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Conditions for optimum effect are the use of a non-insulating thermal storage layer on the inside of the con-
struction and ambient air as a heat sink (i.e. adaptable insulation will not function properly when applied in
ground floor slabs). The study findings show a reduction of the exceeding hours with a factor 7. Furthermore,
a free cooling equivalent of 60 to 80 M]/m? per annum is achievable with adaptable insulation installed in the
facade or roof after optimisation of the control strategy.
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Table 6.3 shows the results of a small parameter analysis of thermal shutters applied
to a typical mid-terraced dwelling in the Netherlands. The analysis is conducted by the
author. More information on the building model and other simulation parameters can
be found in Appendix A.

_ SIMULATION#01 | SIMULATION#02 | SIMULATION#03 | SIMULATION #04

shutter location

shutter control

heat resistance of shutter

reduction of heat demand

on all windows on the
inside

on all windows on the
inside

on all windows on the
inside

on all windows on the
inside

closed when solar

closed when solar

closed when solar

closed between 23:00

radiation is O radiationis O radiationis O - 07:00 hours
1.6 m?K/W 3.2 mK/W 6.4 m?K/W 3.2 m?K/W
13.6% 15.6% 16.9% 9.1%

17.1% 18.6% 11.5%

reduction of transmission losses LA

TABLE 6.3 Influence of thermal shutters on heat demand and transmission losses of a typical Dutch mid-terraced dwelling.
Considered parameters are the heat resistance of the thermal shutter and the control strategy for putting the shutters in place.

When the shutters are closed at sunset, the additional heat resistance of the shutter
makes that the overall heat resistance of the window and shutter together is equal to
the heat resistance of the opaque facade elements (SIMULATION #01), the annual
heat demand is reduced with 15.6% and the transmission losses drop with 17.1%. The
variation in the heat resistance of the shutters (SIMULATION #02 and SIMULATION
#03) does affect overall performance, as expected. However, the differences are small.
The shutter control strategy is an important factor. When the shutters are not closed
when the sun sets but only during sleeping hours (SIMULATION #04) the performance
drops significantly. The heat demand then only reduces with 9.1%.

Process

The overall performance can be increased when the shutters are placed in front of the
window when the energy balance of the window has become negative (i.e. transmission
losses are larger than solar gains). However, this will imply that shutters can be closed

during the day at times when it is very cloudy or very cold. This may interfere with visual
comfort demands.

143 Climate-responsive building elements toolbox



144

Architectural consequences

Thermal shutters can be placed both on the inside or on the outside of a window and
have different variations in operability (Figure 6.1). Shutters placed on the outside of
the window are visually present and can be designed as an architectural feature (Figure
6.2, Figure 6.3).

N S I '
/

FIGURE 6.1 Different variations in the operability of thermal shutters. Adapted from Kristinsson & Van den
Dobbelsteen (2012).

> - ‘ : ; |
FIGURE 6.2 External hinged thermal shutters. FIGURE 6.3 External folded thermal shutters. Search
Minimum-energy dwellings, Schiedam, the office building, Amsterdam, the Netherlands by
Netherlands by Jon Kristinsson. Photo by Jon Witteveen architects. Photo by Jeroen Musch.

Kristinsson.
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Translucent insulation

Translucentinsulation (TI) is the collective term for thermal insulation materials with
a high solar transmittance. TI transforms direct beam radiation into diffuse light. The
admitted diffuse light is then scattered more evenly throughout the room and the
absence of direct radiation eliminates issues of glare. As a consequence, translucent
insulation obscures the view out.

Typical translucent insulation materials (TIM) are composed of porous array
structured materials such as glass fibre tissue or thermoplastics. The heat resistance
of translucent insulation as a system (e.g. placed within a glazing system) is derived
from enclosed air gaps or evacuated spaces (Kaushika & Sumathy, 2003; Wong et
al., 2007). More recently renewed attention is given to advanced insulation materials
with similar characteristics such as aerogels, i.e. dried gels with a very high porosity
(Baetensetal.,, 2011). *°

Performance

Table 6.4 shows the U-value and the solar and light transmittance of different
translucent insulation systems, compared to some high performance window systems.
Some translucent insulation materials (TIM) have lower thermal conductivities than
high performance insulated glazing but allow more heat from natural light to enter the
building.

19
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Some aerogel materials still allow views through and are technically not a TIM. Still they are considered here as
well while, compared to clear glazing, the view through such aerogel glazing units is obscured by a haze and it
scatters the incoming light when exposed to direct sunlight.
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GLAZING TYPE U, (W/mzK)

translucent insulation systems using thermoplastics

Okapane glazing unit with 40 mm of glass fibre tissue ina 56 mm 11-14 38% 38%
cavity (Okalux, 2011)

Kalwall system with fibreglass insulation; thickness of 100 mm 0.45-0.85 4-9% 5-12%
(Kalwall, 2010)

translucent insulation systems using aerogels

Prototype glazing unit with 15 mm monolithic silica aerogel <07 76%

(Jensen et al., 2004)

Kalwall system with aerogel infill; thickness of 70 mm 0.3 12-22% 12 -20%
(Kalwall, 2010)

Okagel glazing unit with 60 mm of Okagel 0.3 <61% <59%
(Okalux, 2011)

high performance window systems

High performance double-pane glazing with low-emissivity coating 12 64% 80%
and argon fill; total thickness of 24 mm (Saint Gobain, 2010)

Triple glazing with argon fill; total thickness of 30 or 36 mm 0.7-0.9 50% 71%

(Saint Gobain, 2010)

TABLE 6.4 Typical properties of translucent insulation systems compared to high performance window systems.

Process

The application of TIM integrates the aspects of thermal insulation, natural

illumination and privacy and glare control in a single architectural solution and may
therefore be favoured over other design solutions that combine multiple measures to

achieve the same result.

Architectural consequences

The effect of light scattering due to its translucency makes Tl an interesting
architectural element from an aesthetical point of view (Figure 6.4). To prevent

possible issues with hindrance from scattered light, Tl is best used at intermittently
used spaces or at that side of the building that receives little direct solar radiation (e.g.
north side of the building in the Northern Hemisphere).
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FIGURE 6.4 Translucentinsulation used in the facade of the staircase of a private dwelling in Filothei, Athens,
Greece by GEM architects. Reprinted from Helmania website.

Dynamic insulation

Dynamicinsulation is an air-permeable insulation layer in an external wall or roof
structure through which air from outside is led. The air is pre-heated by the conductive
heat flow in the opposite direction. Dynamic insulation exploits the permeability of
outer walls in order to reduce heat losses, in contrast to air-tight buildings. When air
transfer through the building skin is allowed, the heat exchange characteristics of the
outer wall can be employed to preheat fresh ventilation air, and thereby reducing the
conductive heat loss through the outer wall to very low levels. The air flow is either

led through specially constructed cavities within the wall or by leading it through a
permeable insulation layer. This latter concept is also known as the breathing wall and
is the more common used technique (Aschehoug & Perino, 2009).

Performance

The U-value of dynamic insulation depends on the air flow rate through the insulation
layer. At increased air flows the conductive heat losses will drop which results in a lower
overall U-value of the insulated layer when compared to the static situation (e.g. no
convective flows in the insulation layer) (Figure 6.5). Experiments performed within

a test cell chamber as shown in Figure 6.8 show that at an infiltration rate of 40 m*/h
(equivalent to an air exchange rate of one per hour for the test setup) the U-value

of the whole wall structure is 0.1 W/m?K, compared to 0.26 W/m?K in the static
situation (Baker, 2003). At the same time the air flowing through the insulation is pre-
heated while it collects heat from the conductive counter-flow. Figure 6.7 shows the
(estimated) temperature development of the incoming air. The temperature drops at
increased air velocities but the heat recovery is still significant.
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0.60

0.0 1.0 20 30 40
Air Velocity mm/sec

— Theoretical Curve  ® NPL Test Results

FIGURE 6.5 Dynamic U-value of a 140 mm thick FIGURE 6.6 Modular dynamic insulation panels
dynamicinsulation panelin an EPS encasing. At mounted in unfinished wall and roof structure.
increased air flow rates through the panel U-value Reprinted from Energyflo Construction Technologies
will be lower since conductive heat losses drop website.

significantly. Reprinted from Energyflo (2011).

Process

To maintain an inward air flow the indoor air pressure needs to be lower than the
outdoor air pressure. A reliable way to maintain an under-pressure is by using vents.
However, using the potential of natural forces such as the thermal stack effect and wind
forces are preferable from an energy-saving point of view.

Architectural consequences

The dynamic insulation layer can be composed of compressed straw board, mineral
wool and thin paperboard or cellulose fibre. For ease of installation commercial
products are often encased in EPS or other rigid insulation materials (Figure 6.6).
Figure 6.8 shows a typical wall configuration with dynamic insulation, here used in
test cell experiments in the UK (Baker, 2003). The dynamic insulation is embedded
in a timber framework and covered by a weather-proof cladding at the outside and
by plasterboard on the inside, a typical interior surface finish. While plasterboard is
impermeable to air the air is withdrawn from the cavity behind the plasterboard and
vented into the building.
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FIGURE 6.7 Estimated interior surface temperature (T|,s) and air

supply temperature (T_) at an indoor temperature of 20°C and outdoor
temperature of 5°C when using plasterboard as internal cladding. The air
temperature decreases with increased air velocity. In theory T, = T_when
the air penetrating the dynamic insulation layer is directly introduced
into theroom. Here T_ < T, because of the airimpermeable plasterboard
layer. Reprinted from Baker (2003).
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FIGURE 6.8 Test cell wall
configuration using dynamic
insulation panels. The air s led
into the outer cavity wall from
an opening at the bottom of the
wall. The air then flows slowly
through the dynamic insulation.
Because of the airimpermeable
plasterboard layer at the inside,
the airis withdrawn from the
cavity behind it and distributed
into the room using vents.
Reprinted from Baker (2003).

Thermal buffering and distribution using structural and architectural elements is
strongly connected. Therefore both concepts are discussed together in this section.

Thermal buffering is the capacity of the building to lessen the impact of fluctuations
in the thermal environment. This can be realised by enabling the building’s thermal

mass (section 6.3.1), the capacity of (building) materials to store and release heat. The

basic principle of thermal mass is based on passive means (e.g. follows natural energy
flows) and is commonly available in the form of building elements and furniture. A
larger share of thermal mass can also be employed in a more controlled way through
activation. These so-called thermo-activated building elements (TABS, section 6.3.2)
are structural elements through which a transport medium runs that activates or

deactivates the thermal mass.
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Thermal mass, both passive and through activation, can be employed in two different

ways. The first method is to retain surplus heat during the day in colder periods in order
to heat the building during the night. A second method is to store excessive heat in the
mass during hot days to prevent issues with overheating. The stored heat then needs to
be flushed away or discharged from the building to prepare the mass for a next hot day.

Thermal energy can also be distributed throughout the building to provide places that
are too cool with abundant heat from somewhere else, or vice versa. Rather than using
coupling air flows between one zone to another or adding a separate layer of supporting
infrastructure to distribute the heat, the concept of thermal distribution can also be
connected to the building's structural layers in order to actively employ the building's
thermal mass, as for example with the before mentioned thermo-activated building
elements.

Related design solutions are cavity wall heating (section 6.3.3) and ventilated hollow
core elements (section 6.3.4), both operating by transporting air using existing cavities.
With cavity wall heating warm air is introduced into a cavity wall that will activate

the thermal mass of the wall structure upon which heat is eventually radiated into

the room. With ventilated hollow core elements the concept of thermal buffering is
extended for ventilation purposes. Ventilation air is preconditioned by the energy
stored in structural elements before it is introduced into the room.

Thermal mass

Thermal mass is the capacity of a material to store and release heat under the influence
of changes in their thermal environment. By doing so it smoothens and delays (indoor)
temperature swings. There are two types of thermal mass: external and internal.
External thermal mass tempers the effect of outdoor temperature swings and solar
radiation exposure of the (opaque) envelope on the indoor temperature. The whole
structure contributes to the tempering effect. Internal thermal mass tempers the

effect of swings in the indoor temperature resulting from internal heat production
orincoming solar radiation. Only a thin layer of mass directly exposed to the indoor
environment contributes to that effect.
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Performance

The thermal resistance and thermal capacitance of a material determines its tempering
effect, in terms of the time lag of peak temperature and its attenuation (Figure 6.9).

outdoor air temperature

) development
time lag

e iNdooOr air temperature
h development with

— low thermal mass
attenuation . .
e iNMOOr air temperature
g development with
high thermal mass

[

temperature

-

FIGURE 6.9 Typical indoor air temperature development in unconditioned buildings with low thermal mass and
in buildings with high thermal mass under the influence of a sinusoidal changing thermal environment; here

an ambient temperature trend. High thermal mass will result in a larger time lag and considerable attenuation
between outdoor and indoor temperature development.

The amount of energy that can be stored in a material is indicated by its volumetric
heat capacity, the product of the material’s density and its specific heat capacity. The
absorbed heat is eventually released. The time between absorption and re-radiation
depends on the material’s thermal diffusivity, which equals thermal conductivity
divided by the volumetric heat capacity. A low thermal diffusivity indicates a long lag
between absorption and re-radiation. This lagging behaviour can become beneficial
when stored heat during day time is not directly needed for space heating but rather for
preventing large temperature drops overnight.

The volumetric heat capacity and thermal diffusivity of different (building) materials
are shown in Table 6.5. The table also shows the properties of non-structural materials
such as water and phase change materials (PCM) that form an alternative in certain
thermal mass strategies.
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MATERIAL Density Specific heat | Volumetric (Latent) Heat | Heat conduc- | Thermal
p (kg/m?3) capacity heat capacity | of fusion tivity diffusivity

¢, (1/kegK) (p*c) (/kg) (W/mK) A/ (p*c,))
()/m3K) (m?/s)

Structural materials

Brick 1900 840 1,60E+06 - 0,9 5,64E-07
Heavyweight concrete 2300 840 1,93E+06 - 1,83 9,47E-07
Lightweight concrete 1900 840 1,60E+06 - 1,28 8,02E-07
Structural wood (European 550 1880 1,03E+06 - 0,13 1,26E-07
pinewood)

Non-structural materials

Water 998 4180 4,17E+06 3,34E+05 0,60 -
PCM

organic (e.g. paraffin) 870 2300 1,87E+06 1,80E+05 0,19 -
inorganic (e.g.salt hydrates) 1475 2700 3,87E+06 1,80E+05 0,56 -

The value for each property of PCM (split into organic and inorganic) is derived from the average value with a melting temperature
between 20°Cand 30°C.

TABLE 6.5 Comparison of heat storage capacity of building materials. The volumetric heat capacity determines the amount of
energy that can be stored. The thermal diffusivity determines the speed of activation. With substances such as water and PCM the
heat of fusion gives an indication of the amount of energy stored or released when the material goes through a phase change from
solid to liquid or vice versa (Israéls & Stofberg, 2010; Van der Linden, 2006; Verkerk, 1992; Young et al., 2013)

Due to their high density typical structural materials such as brick and concrete
show good heat storage abilities. Organic construction materials such as wood have
lower densities but higher specific heat capacity which still make them suitable for
use in (passive) thermal mass strategies. Its high specific heat capacity gives water
great potential for heat storage. Moreover, due to occurring convection flows heat is
transported much quicker throughout the body of water than in massive materials.
This results in a much quicker activation of all storage capacity.

Phase change material (PCM) is another, non-structural building material, with high
heat storage capacity (Baetens et al., 2010b). PCMs are latent heat storage (LHS)
materials that store and release heat when going through a phase change; under
atmospheric conditions typically from solid to liquid and vice versa. The (latent) heat of
fusion indicates the amount of energy that can be stored or released within a complete
phase transition that occurs at a certain melting point or in a certain temperature
range. This means that the storage ability of PCM only starts to work at a selective
temperature that triggers the phase transition. This effect is quite similar to that of
freezing water. However, with a melting point of 0°C the phase transition of water
occurs far from comfortable temperatures. Many PCM have a melting point that is

well within the comfortable temperature range of 20 to 26°C. Compared to brick and
concrete they have increased storage capacities at much lower densities (Table 6.5).
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PCM are either encapsulated to form stand-alone elements (F.i.gy.re 610) or processed
as additives in other building elements or interior finish. Experimental tests, supported
by numerical results, shows thata 5 cm gypsum layer with embedded PCM“°is able to
store up to 290 Wh/m? per day (Koschenz & Lehmann, 2004).

FIGURE 6.10 Sliced PCM filled aluminium sheet container. Photo by Bas Hasselaar.

Process

As said before, in order to allow thermal mass to exchange energy with its environment
both should be well connected without too many barriers. This puts some constraints
on the finish of walls, floor and ceilings which in turn can interfere with commonly taken
acoustical measures. Thermal mass composition can be chosen in such a way that a
desired lag and attenuation is obtained. For example in homogeneous elements more
thickness or a higher thermal capacitance will elongate the lag but will also lead to more
attenuation. Alternatively, a well-chosen composition of capacitive and resistive layers
will resultin a certain time lag but with less attenuation than would be realised in a
(much thicker) homogeneous wall (Duffin & Knowles, 1984; Szokolay, 2008).

Forillustration purposes, Table 6.6 shows the dynamic thermal properties, according
to NEN-EN-ISO 13786 (NEN, 2008), of typical heavy-weight and wood frame external
wall compositions. The heavy-weight construction has an internal surface admittance
of 4.5 times bigger than the wood frame construction. Together with the large heat
capacity the time lag of the heavy-weight structure is 3.3 hours longer and the peak is

reduced by a factor 2 with respect to the wood frame structure.
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The micro-encapsulated paraffin particles account for 23% of the element's total weight.
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WALL
COMPOSITION

#01: heavy-weight construction with internal and external leafs of bricks

thickness (m)

density (kg/m?)

thermal con-

ductivity (W/
mK)

specific heat
capacity ()/kgK)

thermal resis-
tance (m2K/W)

internal - - - - 0.13
sand-lime brick 0.10 2000 1.00 840 0.10
insulation 0.15 30 43.00 1470 3.49
cavity 0.04 - - - 0.18
building brick 0.10 1900 1.20 840 0.08
external - - - - 0.04
4.02
#02: wood frame construction with external leaf of bricks
internal - - - - 0.13
wooden panel 13.00 640 0.15 1900 0.08
insulation 0.15 30 43.00 1470 3.49
wooden panel 9.00 640 0.15 1900 0.06
cavity 0.04 - - - 0.18
building brick 0.10 1900 1.20 840 0.08
external - - - - 0.04
4.06

DYNAMIC THERMAL PROPERTIES

#01: heavy-weight construction with internal and external leafs of bricks

thermal admit-

tance (W/m?2K)

thermal trans-
mittance (W/
m2K)

time lag (hr)

areal heat

capacity (k}/
m2K)

decrement
factor (-)

internal surface 5.4 - 1.8 75.2 -
external surface 9.0 - 3.4 124.3 -
periodic - 0.09 -9.2 - 0.35
#02: wood frame construction with external cladding of brickwork

internal surface 12 - 41 19.0 -
external surface 9.1 - 3.3 126.9 -
periodic - 0.17 -5.9 - 0.70

TABLE 6.6 Dynamic thermal properties, according to NEN-EN-ISO 13786 (NEN, 2008), of a heavy-weight and wood frame wall
composition under the influence of a sinusoidal temperature variation with a 24h period. The air-to-air heat resistance of both
structures is similar (upper part of the table), but the dynamic properties (bottom part of the table) differ significantly. The heavy-
weight structure has an attenuation almost twice as big as produced by the wood frame structure.
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In practice, this illustrated dynamic behaviour is heavily affected by ventilation and
infiltration air flows since they entail relatively quick and large fluctuations in a thermal
environment. Therefore, such air flows should be controlled (e.g. limited to minimal
desired to maintain indoor air quality) when thermal mass is to be activated (e.g.
storing heat) and needed for heating purposes. However, excessive ventilation is very
useful when the mass is employed to prevent issues of overheating and the stored heat
needs to be drained from the building (Artmann et al., 2008).

Architectural consequences

The architectural impact of thermal mass is rather low since thermal mass exploits
the storage behaviour of common building materials. However, in order to improve
its ability to exchange energy with its surroundings, the thermal mass should be well
exposed to the environment. This puts restrictions on wall and floor finish and thus
may resultin structural layers to come into sight (Figure 6.11).

FIGURE 6.11 Thermal mass wall made of loam in AEE INTEC office building, Gleisdorf, Austria.

An advantage of water-based thermal mass systems over massive structural elements
is that the system is more easily expandable (i.e. the heat capacity can be adjusted)
and collected heat is transportable (i.e. it can be stored elsewhere for later use or
distributed to other zones). Water drums can be kept visible to put an emphasis on

its presence or can be tucked away within a wall system. This ‘'mobile’ thermal mass
system can also be put to use in renovation projects, for instance to replace low-weight
interior walls.
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Thermo-activated building elements

With thermo active building systems (TABS) a transport medium flows through the
core of the (structural) building elements which activates or charges the thermal
buffering effect of the massive layer. Through thermo-activation of building elements
more thermal mass can be put to use in a more controlled way compared to regular
(passive) thermal mass.

In thermo-activated elements the tubes are placed in the core of the structural floor
and exchange energy with that concrete layer and thus only indirectly, and delayed,
with the adjoining spaces. The same system can also be employed to deactivate or
discharge the thermal mass by removing excessive heat stored in the building mass,
and thus provide cooling.

The most common configurations use water flowing through an embedded tube
system within structural concrete layers, also known as concrete core activation (CCA).
Other systems are air-based or ventilated systems that use existing cavities within the
building element and, although less common, combined water-based and ventilated
systems (Weitzmann, 2004). Even though most common in practice, the concept of
thermo-activation is not limited to floor elements. The concept of thermo-activated
floors differs from that of ordinary floor heating systems. The difference lies in the
position of the embedded tubes and the resulting heat flows (Figure 6.12). The tubes
in floor heating systems are positioned in the upper part of the floor area on top of an
insulation layer and only warm the space above the floor with a response time that is
shorter than with thermo-activated systems.

typical floor construction with floor heating typical thermo-activated floor construction

floor cover
screed floor cover
floor heating tubes screed

waterproof foil embedded tubes
insulation structural floor

structural floor

FIGURE 6.12 Typical floor construction with floor heating (left) and typical thermo-activated floor element
(right). Adapted from Babiak et al. (2007b).
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Performance

Thermo-activated building elements are most commonly used in office buildings that
often focus more on cooling due to their intermittent usage and high internal heat
loads during occupancy hours. However, post-occupancy monitoring of a dwelling
equipped with thermo-activated floor elements (Kalkman, 2007) shows satisfying
results for residential use as well.

The monitoring took place in a three-storey dwelling provided with thermo-activation
of the ground floor and both storey floors; all equipped with a non-insulated floor cover.
Monitoring results showed stable indoor temperatures of 22.0°C +/- 0.9°C for the
living room during mid-season where day temperatures are relatively high and night
temperatures can drop significantly.?* The analysis also showed that comfort could be
guaranteed during persistent hot weather (28°C during the day, 20°C at night) where
the indoor temperatures did not exceed 24°C.

Process

The large effective surface of thermo-activated building elements allows them to
function properly at relative low temperatures, where flow medium temperatures are
slightly higher or lower than the desired comfort temperature. Therefore, thermo-
activation is most effectively combined in a system that harvests low temperature heat
sources such as ambient heat, regained waste heat or ground-coupling. The system has
a relative long response-time and will fail to provide comfort when the building suffers
quick and large temperature changes. Proper design measures with respect to solar
screening and adequate thermal insulation are therefore necessary.

Itisimportant that floor and ceiling cover are geared to the use of thermo-activated
floor elements. Too much thermal resistance will obstruct heat exchange between
floor structure and the adjoining space (Kalkman, 2005?% Lehmann et al., 2007;
Weitzmann, 2004). Otherwise the thermo-activated building elements will become
thermally stable at the expense of the adjoining spaces. However, leaving the
structural layer bare requires specific attention to prevent acoustical discomfort since
typical measures can become counterproductive to the thermal buffering effect (see
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Occasional peaks in the indoor temperature are found in the late afternoon and during the night. These peaks
were explained from the counterproductive energy balance of the large unshaded windows; too much solar ra-
diation harvest during the day and too much transmission heat loss during the night. The use of proper shading
and the application of better insulating glazing systems or thermal shutters could reduce these effects.

Similar findings on the avoidance of insulated layers were obtained in this detailed study to best practice con-

figuration of thermo-activated floor elements in combination with a heat pump connected to energy pilesina
single-family dwelling in Kampen, the Netherlands.
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thermal mass, section 6.3.1). This especially goes for storey floors in stacked dwellings
but can be solved by the selection of materials that contribute to both the desired
thermal and acoustical aspects or by applying additional acoustical measures to

the room.

The application of thermo-activation requires careful planning during the construction
phase in order to avoid processing the thermo-activated building elements

afterwards that could damage the embedded piping (e.g. drilling and milling work for
electrical wiring).

Architectural consequences

Similar to thermal mass, the architectural impact of thermo-activated building systems
is minimal since the concept exploits the storage behaviour of common structural
elements. Nevertheless, the thermo-activated elements should be well exposed to their
environmentin order to employ its ability to exchange energy. This puts restrictions on
wall and floor finish and thus may result in structural layers to come into sight (Babiak
etal, 2007a).

The high level of integration makes this concept best fit for new housing developments.
However, a similar concept to that of thermo-activated building elements is a system
with capillary micro pipes that can be embedded in a gypsum layer (Babiak et al.,
2007b; Koschenz & Lehmann, 2004). Although this concept activates less of the
available thermal mass, it can still be beneficial in renovation projects.

§ 6.3.3 Cavity wall heating

A cavity wall is the whole setup of two wall layers with an air-filled space in-between.
When warm air is blown into the cavity it will heat the wall structure which will
eventually radiate heat into the building. When using the cavity wall of a common wall
between two adjoining houses, both houses profit from one and the same system.

The preheated air can be generated and transported to the cavity in different ways. A
proven concept is that of the solar cavity wall where solar radiation warms the airin
either a roof collector or a sunspace (see section 6.4.3). In both cases the warm air
is withdrawn from the collector using a fan and then introduced to the cavity wall.

In the first setup (Figure 6.13) airis warmed by solar radiation in the roof collector
that covers the whole sloped surface facing the sun. The warm air from the ridge is
then drawn down one side of the dwelling, spread throughout the crawl space, flows
upwards in the cavity wall on the other side of the dwelling and is finally led into the
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roof collector again for another warming cycle. In the second setup (Figure 6.14) air is
warmed in the sunspace, which can be used as an additional living space. The warmed
airis withdrawn from the sunspace and transported to the cavity of the common wall
between two dwellings. The airis forced to flow downwards and then upwards in the
cavity wall and is eventually ventilated back into the sunspace.

FIGURE 6.13 Solar cavity wall concept with a roof FIGURE 6.14 Solar cavity wall concept with sunspace
collector. Solar cavity wall dwellings, Hoofddorp collector. Solar cavity dwellings, Morra Park, Drachten
(1984) by architect Jon Kristinsson. Reprinted from (1990) by Jon Kristinsson. Reprinted from Kristinsson
Kristinsson (2002). & Van den Dobbelsteen (2012).

Performance

Practical implementation of the solar cavity wall concept revealed the potential of the
system in mid-season with relatively high temperature difference between day and night
(Kristinsson & Van den Dobbelsteen, 2012; Van den Entetal.,, 1982). During the darkest
days of the winter an auxiliary heating system is needed to maintain comfortable indoor
temperatures. Post-occupancy evaluation showed an auxiliary space heating demand

of 500 m? gas/year for the solar cavity wall dwellings in Morra Park, Drachten. The

solar cavity wall with a roof collector was found to be more effective. The dwellings only
need approximately 100 m? gas/year for additional space heating. In comparison, the
calculated annual gas demand for space heating for typical newly built dwellings at that
time dropped from 1571 m?in 1983, to 1054 m?in 1988 to 920 m?in 1990 (Figure
3.4). Both project examples were equipped with a balanced ventilation system with heat
recovery unit, which limits heating demand in colder periods.

Architectural consequences
When using a roof collector the visibility of a solar cavity wall system is limited. The

sunspace on the other hand is more noticeable and could be seen as an architectural
design feature and adds more living space.
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Implementing cavity wall heating using roof collectors in renovation projects is possible but
may require significant architectural intervention. Moreover, the application is bounded by
some criteria surrounding the usability of the cavity wall structure and the crawl space.

Ventilated hollow core elements

In ventilated hollow core elements the storage and exchange capacity of the massive
building layer is used to exchange heat to air circulating through the hollow cores of
structural elements (Figure 6.15), mostly concrete floors (Weitzman, 2004; Winwood
etal., 1997). The presence of hollow cores in structural floor elements is common in
the building industry from a cost-reduction point of view because it reduces the weight
of the element while maintaining similar dimensions and strength.

AIR DIFFUSER VENTILATES
AIRINTO ROOM

SUPPLY AIR DISTRIBUTED
"THROUGH HOLLOW CORES

SUPPLY TRUNK DUCT

FIGURE 6.15 Ventilated hollow core floor element in which ventilation air running through the cores is
preconditioned from stored in the mass of the floor. Reprinted from http://www.termobuild.com/about/

Performance

The concept of the ventilated hollow core elements has two different modes of
operation determined by the season. In summer mode excess heat from within

the building is stored in the floor's mass during the day by radiation and natural
convection, following the principle of (passive) thermal mass. During the night cold
ambient air circulates through the cores and cools down the mass and building and
enables a new cycle of excess heat storage during the following day. Simultaneously
the cooled building mass can also pre-cool warm ambient air before being ventilated
into the building during the day. In winter mode the stored heat during daytime is re-
radiated back into the room during the night, also following the principle of (passive)
thermal mass, and reduces the initial heat demand at the start of the next day. In
addition, the hollow cores also enable the preheating of ambient air circulating through
the cores before being ventilated into the building.
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The principle of ventilated hollow core elements does not differ much from water-
based thermo-activated building elements except for its transport medium. However,
with ventilated hollow core elements the air running through the cores can not only
(de)activate the thermal mass but can also be ventilated into the building.

The concept of ventilated hollow core elements is well-studied (Barton et al., 2002;
Corgnati & Kindinis, 2007; Weitzmann, 2004; Winwood et al., 1997) and has found
multiple practical implementations, although with a predominant focus on cooling
demand reduction in office spaces. Winwood et al. (1997) studied different variants
and configurations and assessed their performance by calculating the intrinsic
storage capacity (i.e. the proportion of available energy transferred from the air to the
thermal mass) and the effective volume (i.e. the amount of mass that interacts with
the ventilation air). They came to the conclusion that lower air flow rates and longer
channels (i.e. the distance air travels within the hollow core element) increase the
thermal stability effect of the massive floor. Compiled from different studies, Barton
etal. (2002) mention that air velocity rates of about 1 m/s enable thermal energy
exchange between the air running through the hollow cores and the floor slab of 10 to
40 W/m2.

In Sweden more experience has been gained with ventilated hollow core elements in
apartment buildings (Strangbetong, 2011a). Such a system was integrated in a four-
storey apartment building accommodating 16 units in accordance with the Passive
House concept (Strangbetong, 2011b). The ventilated hollow core system is here
used for space heating, cooling and ventilation. A ground-coupled communal heat
pump system (8.4 kW) with electric auxiliary heating during the coldest periods, in
combination with high thermal insulation, airtightness and thermal mass, is sufficient
to meet the passive house standards. Ventilation air is introduced evenly throughout
the dwelling and has a maximum temperature of 25°Cin summer. During summer
the hollow core elements are flushed with cooler air during the night to reset the heat
storage capacity during daytime.

Process
As the result of a high flow resistance within the cores, natural air flows may not be

adequate to provide sufficient ventilation. A reliable way to maintain sufficient air flow
through the cores is by using fans. However, using the potential of natural forces such as

the thermal stack effect and wind forces are preferable from an energy-saving point of view.

Winwood et al. (1997) stated that both floor and ceiling cover should be geared to
the use of thermo-activated elements (i.e. limit barriers between mass and space, for
example through insulation and false ceilings) to enable heat exchange between floor
structure and the adjoining space. Otherwise the effectiveness of the system would
drop dramatically.
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Architectural consequences

Similar to the before mentioned thermal buffering and distribution principles,
ventilated hollow core elements have minimal architectural impact. There is only need
for registers in the floor or ceiling and an opening for the air intake.

Due to the difficulty to access and modify existing structural elements with hollow
cores the concept is not particularly suited for renovation projects. The problem is not
so much about adding airinlets and outlets but about connecting different cores in
order to create a continuous air path.

With passive solar heating the potential of the sun is employed for space heating
purposes. The principle of passive solar heating is based on the collection of short-
wave solar radiation by building mass that in turn disperses long-wave heat radiation,
following the principle of thermal mass. Careful tuning of solar radiation collection,
thermal conservation and diurnal storage decides to what extent solar radiation can
contribute to annual space heating (Crosbie, 1998; Goulding et al., 1993; Hastings &
Wall, 2007; Hestnes et al., 2003).

The three basic generic types of passive solar heating systems are direct, indirect and
isolated. With direct systems transparent openings allow solar radiation to directly
radiate the building mass in the interior of the building. The dispersed heat radiation is
directly delivered to the indoor space. With indirect systems the exterior of the building
mass is radiated by the sun. The absorbed heat then first needs to conduct through

the mass before it can be delivered to the indoor space. Finally, with isolated systems
solar radiation is collected and trapped in a place that has no direct thermal connection
with the space to be heated. The heat is then transported from the isolated system
when necessary.

Direct systems are more effective than indirect systems because solar radiation is
absorbed by materials within the thermal envelope. The heat is trapped within the
building. With indirect systems only part of the absorbed heat will conduct through the
building skin and radiate to the indoor space. In addition, indirect systems may be in
conflict with thermal conservation strategies (e.g. insulation). With isolated systems
solar radiation is collected in a stand-alone collector that has no or limited direct thermal
connection with the building (for example solar thermal collectors). The focus here lies on
the direct and indirect systems that have a certain degree of architectural integration.
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In order to trap solar radiation within a space the exposed building mass can be placed
behind a layer of glass, because glass transmits short-wave solar radiation but reflects
long-wave heat radiation dispersed from the building mass. The obvious way to allow
solar radiation directly into the building is to strategically place windows facing the sun
and using the space to be heated as the solar collector device. As an alternative to this
system of direct solar gain (section 6.4.1) the solar radiation can also be pre-caught in
some kind of buffer space which gives more control over the exchange of heat to the
space that needs to be heated. Design solutions that make use of such buffer spaces
are the thermal storage wall (section 6.4.2) and the sun space (section 6.4.3). As an
alternative in high density developments where the facade has no direct access to

the winter sun, the solar attic can harvest solar radiation at the roof. Since water is

an excellent medium for thermal storage, the roof pond (section 6.4.4) is discussed
here as well.

§ 6.4.1 Directsolargain

In a direct solar gain system the interior building mass is directly heated by incoming
solar radiation and captured heat is dispersed directly into the space that is to be
heated. The living space functions as the solar collector which means that there is no
need for thermal distribution, although collected heat can be distributed to other zones
of the building. Solar radiation enters the building through all transparent openings
and is stored in massive floor and wall elements.

Performance

The potential of catching solar radiation behind glass depends on relevant
characteristics of the glass layer, which is discussed here, and the solar exposed
building mass, which was discussed with the concept of thermal mass (section 6.3.1).
The total amount of solar radiation that is transmitted through a glass layer is set by
three design parameters: window orientation, window size and the energy transmission
factor or g-value of the window. Window orientation and size determine the absolute
amount of solar radiation that strikes the window surface (Figure 4.12).

The energy transmission factor (or g-value) of the glazing determines how much of
that collected energy is transmitted towards the interior. The g-value is negatively
influenced by special coatings that are used to reduce energy transmission of high
performance double glazing in order to prevent issues of overheating in summer.
Table 6.7 gives an overview of the performance of different glazing units.
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GLAZING TYPE U (W/mZK) g-value[-]

Standard double-pane glazing 4/16/4 mm 0.76
Airfill

High performance double-pane glazing with low-emis-  4/16/4 mm 14 0.64

sivity coating Air fill

High performance double-pane glazing with argon fill 4/16/4 mm 12 0.64

and low-emissivity coatings; different coatings decrease Argon fill

thermal admittance (U) but also lower the solar admit- 4/16/4 mm 11 0.42
tance (g-value) Argon fil
6/15/4 mm 1.0 0.28
Argon fill
Triple glazing with argon fill; different configurations 4/9/4/9/4 mm 0.9 0.50
lower the thermal admittance (U) Argon fill
4/12/4/12/4 mm 0.7 0.50
Argon fill
Triple glazing with krypton fill 4/12/4/12/4 mm 0.5 0.60
Krypton fill

TABLE 6.7 Comparison of energy transmission factors of different types of glazing systems (Saint Gobain, 2010).
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Energy transmission factors vary widely from 0.76 for standard double-pane glazing to
0.28 for high performance double-pane glazing with special coatings. This difference
implies a 48% reduced energy potential from the sun between both types of glazing.
Alternatively, a better alignment between energy transmission factor and heat
resistance could be found by using high performance triple glazing without coatings
and applying (external) shading devices to prevent overheating issues.

Process

While the solar collector is at the same time a living space, the air temperature and its
fluctuations must be controlled within a certain comfort range. This can be achieved by
choosing a proper harmony between window geometry and placement, glazing type,
the available mass during the times passive solar heating is desired and solar control
measures to block undesired admission of solar radiation when no heating is desired.

Within this harmony the prevention of overheating and the containment of stored
heat during the night are essential. To prevent discomfort due to overheating counter
measures (e.g. solar shading) should be taken to eliminate incoming solar radiation
when passive solar heating is not requisite. Furthermore, large transparent openings
may cause privacy issues. The use of skylights or clerestory windows could solve these
issues (section 6.6).
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To ensure that the stored heat during the day is sufficient to compensate for the lack of
solar radiation at night, nocturnal heat loss needs to be restricted. Especially with direct
solar gain systems attention is required for the transparent openings while as a primary
componentin collecting solar radiation they typically insulate worse than opaque
elements. Heat loss can be minimised by using high performance insulated glazing

or a type of movable insulation that covers the window during the night (e.g. thermal
shutters (section 6.2.2).

Architectural consequences

The visual impact of direct solar gain solutions is minimal but can also be used
prominently as a distinct architectural feature (Figure 6.16, Figure 6.17). Furthermore,
the concept is well-suited for renovation projects; subject to the passive solar heating
potential of the location. At smaller renovation works a passive solar heating strategy

can easily be taken into consideration at window replacement selection (e.g. balance
between thermal insulation, solar gain and sun shading). In large-scale renovation
works complete facades can be replaced with enlarged transparent elements that fully
adopt a passive solar heating strategy.

FIGURE 6.16 The sun-facing facade is almost FIGURE 6.17 Transparent roof elements see
completely transparent. Semi-detached passive supply direct solar gains in the common transfer
houses in Bregenz, Austria by Walter Unterrainer. space between the two dwellings. Patchwork-
Reprinted from Walter Unterrainer Architektur Atelier House in Mllheim, Germany by Pfeifer Roser Kuhn
website. Architekten. Photo by Ruedi Walti.

Thermal storage wall

Athermal storage wall consists of a layer of glass placed in front of a sun-faced wall
with a small airspace in between. During daytime the wall absorbs solar radiation
and heats up. After a certain delay part of the heat is conducted through the wall and

thermal mass (section 6.3.1).
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ATrombe wall is a special type of thermal storage wall with added vents at the base and
top of the back wall (Figure 6.19). The vents allow for controlled circulation of airinto
the building. Therefore a Trombe wall provides space heating in a second way: air from
the cavity can be directly let into the building.

o Q

A
A
A

FIGURE 6.18 Thermal storage wall. FIGURE 6.19 Trombe wall.

Performance

The rate at which heat is conducted through the wall depends on the chosen material
(see thermal mass, section 6.3.1) and the thickness of the wall. A massive wall is
typically made from masonry or concrete and is commonly designed as part of the
building structure. Alternatively, a lighter construction containing a water tank can be
used. A water wall can be more effective because water has a much larger heat capacity
than concrete or masonry walls and because convection currents distribute heat much
quicker through the wall. It should be noted that the material of the water storage
containers is an important factor in the overall performance of such systems. If massive
or water walls require too much space, phase change materials (PCM) can be used to
require similar heat storage capacities at lower volumes.

The overall performance of a thermal storage wall can be improved by increasing the
amount of solar radiation that hits the storage wall and by eliminating heat emission

to the ambience during the night. The solar radiation exposure of a thermal storage
wall can be increased by using reflective surfaces (e.g. light-coloured pavement, water
bodies) that reflect solar radiation towards the glass. This will increase the effectiveness
of the system since more solar radiation can be harvested with the same collector size
(Figure 6.20). In addition, a movable insulated layer placed in front of the storage

wall eliminates heat loss to the night-sky. When a reflected coating is applied to the
inner surface of the rotatable insulated layer the same element can accomplish both
functionsin one (Figure 6.21).
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FIGURE 6.20 A reflecting pavement next to the FIGURE 6.21 Areflecting surface at the inside of the
building reflects solar radiation to the thermal storage ~ movable cover reflects solar radiation to the thermal
wall. storage wall. When the sun sets the cover is placed

in front of the thermal storage wall minimizing heat
loss to the night sky. The cover can also add an extra
layer of insulation. Concept developed by Steve Baer
(Lechner, 2001).

Process

When solar radiation collection is undesired the thermal storage wall can be protected
from the sun’s rays by solar shading devices or the absorbed heat can be flushed

by abundant ventilation of the air gap between the glazing and the absorbing wall.
Increased insulation values of the glazing or movable insulation can be applied to
prevent heat loss at overcast skies in colder periods or at night.

An advantage of thermal storage walls over direct solar gain systems is the absence
of possible issues with glare, privacy and degradation of fabrics due to light from the
ultraviolet spectrum.

Architectural consequences

The transparent layer in front of an opaque wall is a distinct architectural feature that
has a clear visual impact on the building; possibly integrated in the facade that allows
access from the exterior (Figure 6.22).
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FIGURE 6.22 In a single-family house a Trombe wall FIGURE 6.23 A spandrel wall executed as a loam

is applied in lightweight structures and PCM modules thermal storage wall, here flanked by solar cells. The
are fixed to the back wall to add ‘thermal mass'. The facade also contains windows to admit direct sunlight
glass layer can be opened to flush the air cavity and and provide views outside. Wohnhaus M by Martin
prevent overheating in hot periods. Norton Summit 1, Rauch and Robert Felber. Reprinted from Lehm Ton

Adelaide, Australia by John Maitland. Reprinted from Erde website.
Energy Architecture website.

Thermal storage walls are possible in renovation projects. Thermal storage walls can
be created by placing a glass layer in front of existing solar-exposed massive wall
elements. If these wall elements are well insulated from the inside the best option is to
transform the system into a Trombe wall that will predominantly provide heat from air
circulation in the cavity; since the insulation layer will reduce the heat transfer through
the massive wall (Figure 6.23).

Sunspace

A sunspace (or solarium, solar house, greenhouse, winter garden or conservatory) is
a transparent building extension placed outside the thermal envelope of the main
building. During the day the sunspace will heat up under the influence of incoming
solar radiation and will, in its basic function, act as a thermal buffer space. It shares
similar functionality as a thermal storage wall but the sunspace is large enough to be
used as an additional living space; only when the climate is not too severe.
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Performance

Inits most simple form a sunspace acts as a thermal buffer space, minimising heat
losses of the main building. Due to its construction a sunspace heats up (and cools
down) much quicker than the main building. Alternatively, the sunspace can also

be used to preheat ventilation air. By equipping the sunspace with large transparent
areas and minimal insulation, the sunspace will respond more quickly to changesin
temperature and solar radiation. The temperature in a sunspace will then be some
degrees higher than ambient temperature (Oliveti et al., 2012). In winter this collected
heat can be used to preheat ventilation air for the living spaces of the main building

by opening doors and windows to the sunspace. In summer the temperature of the
sun space will be too severe if no additional measures are taken. These measures may
include (additional) insulation of the separation wall to the main building, shading of
the sun space roof and abundant natural ventilation of the sun space to flush excessive
heat.

The potential of the sunspace is illustrated with the Glass House dwellings by KWSA
architects (Figure 6.26). The operational performance of the Glass house dwellings was
part of an extensive research project in which expected performance of the dwellings
was compared to monitoring results obtained during occupancy (Kalkman & Willems,
2003). The average indoor air temperature of the living room during a persistent hot
period in summer measured 24.2°C (Figure 6.24, 1). When the ambient temperature
drops to a low 15.3°Cearly in the morning, the temperature of the sunspace and

the core dwelling have dropped to respectively 17.5°Cand 21.4°C. The temperature
inside the core dwelling reaches a maximum of 25.8°C at the end of the day. To
control the indoor temperatures the core dwelling can be cooled down when ventilated
directly with the cooler ambient air in the evening and at night, and from the base of
the sunspace in the morning until the afternoon. The temperature in the base of the
sunspace is much cooler than ambient temperature, which can be explained from the
large thermal capacity of the soil. The temperature development of the core dwelling
shows a slight heat accumulation under these severe climatic conditions.

Measurements for a typical sunny, mid-season day (Figure 6.24, 2) revealed that the
average temperature in the sunspace throughout the night is some degrees higher than
the ambient temperature. The temperature in the lower part of the sunspace (base)
stays much below the temperatures measured on elevated heights (front and roof) and
reaches a maximum of 23°C. The temperature course of the core dwelling shows no
heat accumulation under these climatic conditions.
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FIGURE 6.24 24H temperature development for different parts of the Glass House dwellings. Adapted from
Kalkman & Willems (2003).

The assessment of comfort perception of the occupants revealed that the core dwelling
was considered warm, but comfortable. Remarkably, the sunspace was considered to
be as comfortable as the core dwelling while its temperature is most of the time several
degrees higher. Apparently the occupants accept higher temperatures in the sunspace
thanin the core dwelling. As from October, the sun space is considered to be too cold.

Computer simulations on the effect of the presence of the solar space on the heat
demand of the core dwelling showed a net decrease of 2 G]. A 2.9 G] decrease in

transmission losses is partly counterbalanced by a loss in passive solar gains of 0.9 GJ.7>

Process

In urban environments, solar exposure of individual houses is constrained by street
layouts and the shape of neighbouring buildings. Obstructions put restrictions on the
solar exposure of transparent openings in the building skin and thus on the potential
of solar radiation in a passive solar heating strategy. An extensive study was conducted
into the effects of urban parameters (street width and orientation) and architectural
parameters (roof shape and building envelope design) on solar access to the urban
canopy and the viability of passive solar heating strategies in residential buildings
(Looman & Van Esch, 2010; Van Esch et al., 2012). In a typical urban layout with a
street width of 15 m during the winter when sun angles are low, approximately 70% of
the sunlight to which a building is exposed to is harvested at the roof and the topmost
floor. This would favour the positioning of the sunspace on top of the building. This
concept of a solar attic functions similarly to that of other indirect solar heat gain
systems but with enlarged solar exposure and less obstruction from neighbouring
objects the solar attic can still be effective in denser urban developments.
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However, actual energy use measurements during occupancy showed occasional primary energy demands up to
120% higher than what pre-design calculations predicted. This was validated by dynamic computer simulations
and were explained from ‘excessive’ ventilation of the core dwelling (i.e. ventilation rates that are much higher
than the (Dutch) building regulations prescribe in order to maintain healthy indoor air quality standards).
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Architectural consequences

Sunspaces exist in many sizes, ranging from attached to a single floor or an entire
facade (Figure 625) or even spanning the whole building (Figure 626) This latter
concept creates additional living spaces outside of the core building that can be put to
use depending on activity and time of year. The development of the Prét-a-loger house,
the entry of Delft University of Technology for the 2014 Solar Decathlon, illustrates

the potential of remodelling houses with sunspaces - accompanied with other design

solutions - since they are merely an extension (Figure 6.27). However, this will claim

) L.

FIGURE 6.25 Eco-dwellings FIGURE 6.26 Glass covered FIGURE 6.27 Sunspace in

Carisven, Heerlen, the dwellings; Glass house dwellings renovation, Prét-a-loger house,

Netherlands by Renz Pijnenborgh. in Culemborg, the Netherlands by entry of Delft University of

Photo by Gerlach Delissen. KWSA. Photo by KWSA. Technology for the 2014 Solar
Decathlon.

Roof pond

In arid areas a roof pond is typically designed as an open pool on the roof and functions
as a passive cooling system where it benefits from the evaporative cooling effect. By
covering the roof pond and control the aperture of the pool to the sky the concept can
become beneficial in colder climates as well (Juanicé, 2008). Such a roof pond has four
configurations, depending on season (summer, winter) and time of day (day, night).

In summer, at night-time the roof pond is exposed to the sky and heat can dissipate
away. At daytime an insulated cover is placed on top of the roof pond to prevent solar
radiation to heat the water and to provide passive cooling to the building in the form
of a cooled ceiling (Figure 6.28, 1). The same concept can also be used in the heating
season. In winter, during the day the roof pond is exposed to solar radiation and stores
heat. The effectiveness can be increased by covering the roof pond with a layer of glass.
During the night an insulated layer covers the roof and the stored heat is delivered to
the building (Figure 6.28, 2).
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1 Summer: during the day the roof pond stores ex- 2 Winter: a glass cover lets the roof pond function

cessive heat from the building. At night the roof cover as a solar thermal collector. The roof pond is covered

is removed and the stored heat can dissipate away. during the night to minimise heat emission to the
night sky.

FIGURE 6.28 Roof pond operation in summer and winter.

Performance

Extending the size of solar thermal collectors to the whole available roof area will
suffice most of the space heating demand for houses up to latitudes of 37° (Hassan

& Beliveau, 2007). Moving further away from the equator will generally resultin
increased heat demand and reduced solar radiation levels. Still, roof ponds can be
quite beneficial at higher latitudes. For example, a flat roof of a typical row house in the
Netherlands is exposed to approximately 0.5 kWh/m? of solar energy (G'') on a winter
day. The daily amount of collected energy is:

E,=G" n-A (kWh),

where the efficiency of solar collection nis 0.5, similar to flat thermal collectors and the
roof area Ais 52.4 m?. The total daily amount of collected energy is 13.1 kWh, roughly
25% of total energy demand for space heating during a winter day for a typical house in
the Netherlands. The effectiveness of a roof pond system can be enhanced by reducing
the heat loss and by harvesting more solar energy by integrating the roof pond in an
inclined roof. As an alternative to a movable cover, when exposure to solar radiation is
undesired, a storage tank and piping can distribute the heat throughout the building
(Juanico, 2010).
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Process

When applying a roof pond system the roof structure needs to be capable of carrying the
extra load. In addition the structure should be conductive to allow the stored heat to be
transported to the underlying zones, preferable the zones that require the most heating.

Roof ponds can be seen as a low-tech (and low cost) version of water-based solar
thermal collectors.?* Roof ponds can also be designed as a series of water bags (Raeissi
& Taheri, 2000). The use of water bags makes the system modular and also applicable
in sloped roofs which harvest more solar energy in winter at higher latitudes. The use of
dark-coloured bags can further enhance heat absorption.

Architectural consequences

Roof pond structures have a low visual impact on the design. Roof pond systems are
suitable in renovation projects on condition that the structure is able to carry the
additional load and is able to conduct heat sufficiently towards the interior or is backed
up by an alternative distribution network.

The general idea behind earth-coupling is to take advantage of the earth's large
thermal storage capacity. Ground temperatures are becoming more stable at relatively
small depths because the dynamic ambient conditions are dampened out and follow
local annual average ambient temperatures.

In direct systems the interface between building and the ground is employed directly;
the direct contact a building makes with the underlying earth enables thermal energy
exchange through conduction. Typically, a building’s ground floor slab is in direct
contact with the soil underneath and can be designed to harvest energy from the
ground. As an alternative to the direct contact foundation slab (Figure 6.29, 1; section
6.5.1) the building can also be (partially) buried in the ground or covered with earth
toincrease the area of interface. This technique is called earth shelter (Figure 6.29,

2; section 6.5.2), referring to the protective function a buried or covered building gets
from harsh climate conditions.
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Solar thermal collectors are typically designed for domestic hot water production, but can also be employed as a
night-time radiant cooling system.
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FIGURE 6.29 Earth coupling principles.

The earth’s large thermal capacity can also be employed using buried transport
systems (e.g. tubes, pipes) in which a transport medium runs that harvests the heat
from the soil. For example, in an open loop ground-coupled ventilation (Figure 6.29, 3)
system buried ducts are used to precondition ventilation air before it is introduced into
the building. Isolated systems have no direct thermal connection to the building where
the exchanged energy is centrally collected and then transferred to the building when
needed, using a (central) distribution system. Such ground-coupled heat exchanger
systems consist of either an open-loop system where groundwater is extracted from the
ground or a closed loop system where one or more buried tubes in which a transport
medium (typically a mixture of water and antifreeze) runs and exchanges energy with
the surrounding soil. The tubes can be placed in a vertical setup (vertical borehole

heat exchangers; Figure 6.29, 4) which requires drilling holes or placed horizontally in
trenches which eliminates the need for drilling holes but does require more use of land.
The exchanged energy is centrally collected and then most commonly transferred to the
building's central heating system (with the possibility of upgrading first). Alternatively
the extracted energy from the ground can also be used to preheat ventilation air that

is directly drawn from outside (closed loop ground-coupled ventilation). Closed loop
ground-coupled systems can also be incorporated in the structural elements of the
foundation (e.g. diaphragm walls, foundation slab and construction piles). The use

of absorber diaphragm walls, foundation slab with absorber lines and energy piles
(section 6.5.3) eliminates the need for separate heat exchanger systems that are to be
placed within the soil.

Only the design solutions that have a certain degree of structural or architectural

integration (i.e. direct contact foundation slab, earth shelter and energy piles) are
discussed here in more detail.
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Direct contact foundation slab

The direct-contact foundation slab is specifically designed to be in direct contact
with the earth below the building in order to enable interaction with the earth’s large
storage capacity. This type of direct earth-coupling uses standard building elements.

Performance

Since ground temperatures are typically below the lower boundary of the comfort
zone the concept has most potential delivering free cooling. Therefore, the concept
israrely used in temperate and cold climates due to expected decreased overall
performance in winter. For example, a typical R_value for the ground floor slab in

the Netherlands is 4.0 m?K/W which more or less disconnects the building from

the ground underneath. However, free cooling can still be employed in temperate
climates when the concept is combined with variable insulation, for instance through
adaptable insulation (section 6.2.1).

Process

When the building is not disconnected from the soil underneath by a certain degree
of insulation, the ground is warmed by a downward heat flow from inside the building
and potentially form (direct) solar radiation. Since the temperature of uncovered

soil follows mean ambient temperatures heat will dissipate away at the perimeter of
the building (block). More to the centre of the ground floor slab the earth-coupled
heat exchange will be more downwards (Figure 6.30). Eventually this will resultin a
stable temperature gradient directly underneath the building. If this exchanged heat
is contained underneath the building it will function as a thermal storage device.
Heat containment focussed on minimising thermal leakage near the perimeter of the
building is best achieved through a layer of insulation that extends deeperinto the
ground, if desired extended with a vegetated grade cover. Expected behaviour of the
thermal storage system can be disrupted by groundwater flows which can both flush
heat away or on the contrary restore the stock of thermal energy.
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FIGURE 6.30 The direction of heat flow from the building to the ground. The heat flow near the perimeter of the
building (block) is pointed towards the surface while the heat flow from the middle of the ground floor slab is
pointed downwards. After Watson & Labs (1983).

Architectural consequences

Ground-coupled foundation slabs differ not so much from conventional ground floor
slabs except for the specific attention given to the thermal conductance of the slab.
There is no visual impact on the building design.

Earth shelter

Through existing or man-made landscaping buildings can be sheltered from harsh
climatic conditions (e.g. strong winds, extreme temperatures) when (partially) buried
in the ground. In addition, earth sheltered buildings deploy the large thermal storage
capacity of the earth to reduce heating demand in winter and promote passive cooling
in summer because ambient air temperature fluctuations are more tempered when
going deeper underground and do follow the annual average ambient air temperature.

Earth sheltering has different basic forms (Figure 6.31). When excavated the building is
placed below surface grade realised through excavation. In a bermed setup the building
is constructed at surface grade while earth is bermed up against its walls. Finally, with
hillside earth shelter the building is integrated into existing hilly landscape.
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1 excavated 2 bermed 3 hillside
FIGURE 6.31 Different types of earth-sheltered dwellings.

Performance

The potential of earth shelter strategies depends on the building’s heating and cooling
demand in respect to the difference between the air and ground temperature. In windy
climates, earth sheltering provides buildings with a natural wind screen that limit

heat loss. It is noticed that earth-sheltered design is beneficial in any climate (Anselm,
2008; Carpenter, 1994; Kumar et al., 2007). In colder climates earth-sheltered design
reduces heat transfer rates and heat loss through the structure.

The Honingham earth-sheltered social housing project in the United Kingdom (Figure
6.32) by architect Jeremy Harrall validates the potential of earth sheltering. All but the
south-facing wall of the dwellings are covered by a thick layer of earth. The dwellings
use a wide plan that allows every single room to be naturally lit and heated by the

sun. The building has high thermal mass and improved thermal insulation. Without
the use of any additional heating system, in fact the dwellings don't even have one,
the temperature inside maintains at a comfortable 22°Cin winter. The use of solar
collectors and efficient lighting limits the occupancy costs for the tenants.

Process

Special attention to daylight admission and ventilation is needed when buildings are
(partially) buried, since they are exposed to a smaller outdoor environment to interact
with. A waterproof substructure is essential in areas where groundwater levels are
high. Furthermore, high humidity levels during warmer periods can cause issues of
condensation when no countermeasures are taken to the surfaces that are in direct
contact with the much cooler earth.
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Architectural consequences

Earth sheltered houses are characterised by a building plan which only has limited
direct connection to the ambient air and thus require specific attention to ventilation
and daylight entry. A partially buried dwelling has a distinct visual appearance and is
only viable in newly-built developments because of their specific style in planning and
construction (Figure 6.32, Figure 6.33).

FIGURE 6.32 Honingham Social Housing, United FIGURE 6.33 Villa Vals, Switzerland by SeARCH and
Kingdom by SEArch architects is constructed at CMA is constructed in existing hillside. Photo by
surface grade with a bank of earth bermed to its outer Kecko.

walls. Reprinted from SEArch architects website.

Energy piles

The soil conditions in some parts of the Netherlands make that buildings require
construction piles or other foundation elements. Combining ground-coupled heat
exchangers in load bearing substructures eliminates the need for a separate earth-
coupled heat exchanger and accompanying actions for installation. Most well-known in
the Netherlands are the use of energy piles. Energy piles are like ordinary construction
piles, but besides provision of support to the building structure they also function as a
heat exchanger with the earth’s large thermal storage capacity.

Energy piles are constructed with a system of embedded tubes which contain a heat
transport medium. This transport medium is used to exchange energy between the
building and the soil underneath. During the heating season heat is extracted from the
soil and delivered to the central heating system; typically upgraded using a heat pump.
In summer periods this process can be reversed. Excessive heat is taken from the
building and transported to the earth surrounding the energy piles, thereby providing
(free) cooling to the building.
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Performance

The performance of a whole system using energy piles depends on the soil
characteristics, the building’s heat demand and the energy pile configuration (TNO-
MEP, 2003). The heat-exchange capacity of a single pile is bounded by its length,

the distance to other energy piles and used type (i.e. materialisation and loop
configuration). Longer and slimmer piles are able to extract more heat from the ground.
However, the active length of a pile is determined by structural considerations, i.e. the
depth of the bearing layer. Whole system capacity is determined by the active length of
all piles together. More piles means more capacity; in theory. When distance between
the piles becomes too small the capacity of the system decreases because piles extract
heat from the same source and total performance will drop.

Typical energy piles incorporate one or more HDPE?® tubes in a concrete pile, which has
good thermal characteristics (e.g. thermal capacity and conductivity) for use in earth-
coupled systems, and are capable of 30 - 35 W/m of heat extraction when applied

in common soil conditions (i.e. sand and clay) (TNO-MEP, 2003). Different soils, the
water table and groundwater flow activity influence heat extraction capability. Table 6.8
gives an overview of the monitored heat exchange capacity of two buildings equipped
with energy piles.

PROJECT Setup Specific heat extraction Specific heat exchange
capacity in heating mode | capacity in cooling mode
(W/m) (W/m)

Detached dwelling in Schemerhorn, The 30 energy piles with an [unknown] 17.3

Netherlands by architect Sander Douma effective length of 428 m

(1999)

Detached dwelling in Kampen (2005) 21 energy piles with 25.7 38.1

effective length of 210 m

TABLE 6.8 Specific heat extraction capacity of energy piles as monitored in existing projects (Kalkman, 2007; TNO-MEP, 2003).

Long-term performance of energy piles is guaranteed when the amount of heat
extracted from the subsurface is equal to the amount of energy stored in return. For
instance, if more heat is extracted than restored the source will deplete and system
efficiency will eventually drop. Restoring the energy balance of the soil is called
regeneration. This is valid for all types of ground-coupled systems that harvest larger
amounts of energy from the ground. If the annual heating and cooling demand of
the building is not in tune, complete regeneration of the soil can be accomplished by
collecting additional heat from solar radiation with thermal collectors.

25 High-density polyethylene.
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Process

Since load-bearing is the primary function, the energy potential of energy piles is
bounded by structural performance. When too much heat is extracted from the soil it
could freeze, which in turn can cause severe damage to the construction pile and even
lead to failure (i.e. loss of bearing performance). In order to increase the effectiveness
of the whole building system (e.g. increase the share energy piles contribute to the
heating demand) measures should be taken on the demand side of heating (e.g.
thermal conservation, thermal buffering, etc.) rather than on the supply side (i.e.
installing more piles or extract more heat from the soil).

Architectural consequences

The application of energy piles or other ground-coupled foundation elements does
hardly differ from conventional, non-ground-coupled foundation elements and has no
visual trace on the building design.

Windows are the primary and most common solution to admit daylight into a building.
In addition, windows play an important role in a passive solar heating strategy when
the sunis harvested directly. As mentioned before large transparent openings can
cause problems with overheating in warm periods as well as discomfort due to bright
levels of light. These issues can be managed by proper sun control measures that often
inextricably connect both strategies of natural illumination and solar shading. Daylight
systems, solutions that primarily focus on natural illumination, are discussed in this
section. Solar shading is discussed in section 6.7.

Beside the use of a window or other strategically placed transparant openings such

as the clerestory window and the skylight (all discussed in section 6.6.1), there are
different ways to control the amount of daylight and improve its quality. Table 6.9
presents an overview of different daylight systems, categorised according to principle of
light control and its responsive method.
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methods

LIGHT CONTROL BEHAVIOUR

light scattering and light redirecting light distribution
filtering
non-adaptable measures translucentinsu- light-redirecting light tubes
lation window systems optical fibres
light shelves fresnel lens
adaptable measures | user-intervention switchable window
automated systems
intelligent heliostats
smart materials

TABLE 6.9 Overview of daylight systems categorised according to their light control behaviour and its responsive method.
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Light scattering systems transform direct sunlight into diffuse sunlight. Such systems
include translucent insulation (as discussed before in section 6.2.3) and switchable
window systems (section 6.6.3), an umbrella term for window systems that are able to
change their optical characteristics such as opacity and heat and light transmittance.

Light redirecting window systems redirect daylight to get improved levels of natural
light or a better spatial distribution. Such systems include light-redirecting glazing,
where incoming light is redirected as the result of a glazing-embedded property or from
an additional layer within a window system (section 6.6.2), and light shelves (section
6.6.4), architectural elements that at the same time provide shading.

Light distribution systems transport light throughout the building. A light tube consists
of a collector unit in the building envelope that harvests the sunlight, an amplifier unit
(a narrow tube lined with a reflecting material) that redirects the harvested light further
along the tube and a diffuser unit that emits the light into the building. Alternatively,
light can be transported much more effectively over longer distances using optical
fibres, merely the same wiring that is used in the communication industry. Other
solutions are the use of a fresnel lens or a heliostat, a sun-tracking mirror structure
that redirects sunlight to a second mirror or other fixed collector element. All of these
light distributing systems have limited architectural implementation, although the
proportion of a heliostat can be considered otherwise, and are therefore not discussed
into more detail as part of this dissertation.

Despite the fact that well-designed daylight systems will result in a more balanced
naturally litindoor environment their employment is still limited; certainly regarding
residential projects. Relatively large windows and high ceilings are often sufficient to allow
plenty of daylight into houses that are characterised by a compact form, individual daylight
control and less stringent lighting requirements opposed to non-residential buildings

(e.g. offices, schools). However, possible issues of overheating when using large windows
require counter measures such as shading or passive cooling. The daylight systems as
presented here can provide a solution as well; particularly in renovation projects.
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Windows and skylights

Windows are the common solution to admit daylight into a building, and therefore
minimise the need for artificial lighting. In addition, windows also have the social
function of connecting the indoors with the outdoors. Therefore, windows are typically
placed in a vertical position and at eye-level. When specific daylight admittance or
privacy needs are to be met windows can be positioned in the building envelope
differently. Forinstance, clerestory windows or skylights may better suit such needs. A
clerestory window is a vertical window placed above eye-level (Figure 6.34) and allows
daylight deeper into the building. Since their placement is above eye-level clerestory
windows can also eliminate possible privacy issues. Skylights are windows placed in the
roof of a building (Figure 6.35). Due to their orientation, skylights see part of the zenith
and therefore admit more light per unit area than ordinary windows at overcast sky
conditions (section 4.2).

O o

FIGURE 6.34 Clerestory; window placed above eye- FIGURE 6.35 Skylight; window placed in the roof of a
level that allows light to enter deeper into the room building. Since a skylight is facing towards the zenith
and prevents possible privacy issues. it admits more light per unit area than vertically

placed windows.
Performance

One way of daylight quality assessment of indoor spaces is by calculating the daylight
factor, the ratio of illuminance perceived inside to ambient levels. The daylight factor
is a ‘worst case scenario’ calculation using an standardised overcast sky (NEN, 2004)
which makes the determination location and orientation independent. Figure 6.36
shows the effect of window size, shape and position on daylight distribution. The study
shows that taller windows allow daylight to penetrate deeper into the room and wider
windows generate more daylight spread from side to side.
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Minimum requirements on daylight admission as put down in Dutch standards
demand a window sized 10% of the habitable area that lies behind, with a minimum
of 0.5 m?. The minimal required window size is greater when the window is subject
to the presence of on-site obstacles and overhangs orincludes glazing with a Light
Transmission Factor below 0.6. Furthermore, parts of transparent openings that are
below 0.6 m above floor height are not taken into account.

FIGURE 6.36 The effect of of window size, shape and position on daylight distribution, represented by the
daylight factor. Window sizes of 10%, 25% and 50% of available wall area is considered for different positions:
A) fixed height, fixed at side, variable width; B) fixed height, placed at center, variable width; C) Variable height,
fixed at sill, full width; D) variable height, fixed at head, full width. Adapted from Szokolay (2008).

Process

Daylight optimisation is predominantly determined by building form and layout on the
one hand, and window geometry, arrangement, orientation and glazing type on the
other. A large ratio of transparent openings to building volume will increase daylight
factor, but all of thisis at odds with a thermal conservation strategy. Alternatively,

in compact design the use of atria or skylights can increase daylight admission to
sufficient levels. Regarding the layout, zones that require the most levels of daylight can
be positioned near the outer perimeter of the building. Furthermore, reflective indoor
surfaces allow daylight deeper into the zone. Window type, geometry, arrangement and
orientation must be considered for the specific location. The presence of neighbouring
buildings, vegetation and (fixed) awnings are all of influence on the amount of daylight
that strikes the facade. A window to wall ratio of 30% (Yanovshtchinsky et al., 2013)
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can be seen as a rule of thumb for the Netherlands, where proper shading measures
for sun-facing windows and anti-glare measures for windows facing east and west
always need to be taken into consideration. Placing windows away from the edges

and putting them higher up in the facade (i.e. clerestory windows) is beneficial for the
daylight factor. Finally, the light transmittance of the glazing determines which part of
the daylight that strikes the glass is passed to the interior, and is closely related to solar
energy transmittance (g-value).

Window design, combined with shading design, is closely tied to both summerand
winter performance. In summer excessive solar access can cause issues of overheating
and in winter a large share of transparent openings in the building envelope may
conflict with a thermal conservation strategy since the thermal resistance of
transparent elements is generally worse than of opaque elements.

Architectural consequences

According to Le Corbusier “Architecture is the masterly, correct, and magnificent play
of masses brought together in light.”? Light is an important aspect of architectural
design and the availability of sufficient daylight is important to human well-being. The
use of clerestory windows or skylights can be beneficial in long-stretched buildings or
in a dense urban context with reduced natural light offer. Sufficient daylight admission
from such solutions can be obtained with distinct architectural impact (Figure 6.37).

FIGURE 6.37 House Uesslingen by Spillmann Echsle Architekten features a saw tooth roof with skylights to
allow more daylight into the building. Photo by Spillmann Echsle Architekten.

In 'Vers un Architecture’, 1923.
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Light-redirecting window systems

Light-redirecting window systems have the specific function of redirecting incoming
sunlight. It uses techniques that either block direct radiation or redirect it towards the
ceiling of the interior, depending on the angle of incidence. Light at other angles can
pass unhindered.

Light-redirecting window systems need to be specifically manufactured since the
light-redirecting behaviour is angle-sensitive; subject to window orientation and
inclination with respect to the sun’s trajectory at the building location. Alternatively,
such elements can be mounted onto movable elements that are able to track the sun
and thus redirect light during stretched periods of time (Boubekri, 2008; James &
Bahaj, 2003).

Light-redirecting behaviour can be achieved from various principles. Most common
are prismatic or holographic techniques and laser-cut panels (Edmonds, 1993; Miiller,
1994; Tholl et al., 1994). Both prismatic and holographic techniques can be applied to
a window system by either substituting standard glazing with prismatic or holographic
glazing or by including a separate sheet or film. With laser cut panels a laser makes
incisions in an acrylic plastic panel. The depth and inclination of the cuts and the
distance between the cuts determine the panel’s light-redirecting behaviour.

Performance

Arelatively cheap way to add prismatic behaviour to a window system is the use of

a prismatic film placed in-between a (highly insulated) double-pane glazing system
(ISFH, 2011). The effective g-value of a prototype window developed by the Institute
for Solar Energy Research Hamelin (ISFH) was derived during field measurements.
With respect to direct solar radiation the g-value switched from 0.52 in winter mode
to 0.12 in summer mode; contributing to a reduction of 40% in solar heat gain (Figure
6.38). The overall U-value of the prototype was measured to be between 0.5 and 0.7
W/m?2K, which is similar to triple glazing.
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FIGURE 6.38 Effective solar heat gain coefficient (SHGC) or g-value of a double-pane window with an
embedded prismatic foil. The average g-value for direct solar radiation (beam) varies from 0.5 in winter to 0.15
in summer. Reprinted from ISFH (2011).

Process

Large prismatic or holographic elements and large cuts in a laser-cut panel obstruct
views to the outside. This is usually no problem when light-redirecting elements

are used in skylights or clerestory windows. For use in conventional windows (i.e.
windows typically used to provide views outside) reducing the size of the light-
redirecting elements will improve the view out but simultaneously increase the risk
of glare. As with any daylight system light-redirecting windows are bounded by the
entirety of considerations on daylight admittance, glare prevention, solar shading and
outside view.

Architectural consequences

The visual impact of light-redirecting window solutions is low although large
light-redirecting features become visible to the eye. Alternatively, a compact light-
redirecting element integrated into the upper part of ordinary, thin window systems
is less noticeable (Figure 6.39). When the light-redirecting behaviour is embedded in

movable elements this will not only improve the effective use of the system as a whole
but can also become a distinct architectural feature.
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Light-redirecting window systems may be beneficial in projects that cope with low
levels of natural light as the result of stretched building plans or limited solar access as
the result of a dense urban context. In particular, light-redirecting techniques may be a
proper design solution in renovation projects with relatively small transparent openings
where daylight issues need to be overcome with minimal adaptation to the facade or
window system.

FIGURE 6.39 The LightLouver is a light shelf solution of minimal proportions which makes it easy to use in
renovation projects. Old National Bank headquarters, Evansville, United States by HOK. Photo by LightLouver
Daylighting System - Copyright 2002, Michael . Holtz, LightLouver LLC.
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Switchable window systems

Switchable window systems are able to change its optical characteristics (e.g.
reflectance, transmittance or opacity). A distinction can be made in active and

passive systems. Active systems require an intervention in order to alter their optical
characteristics, either from user intervention or any automated process. Passive
systems are self-regulating since their optical characteristics alter with changing
temperature or light incidence. Other denotations for this concept are smart, dynamic,
advanced or chromogenic.

Active systems include electrochromic (EC) and gasochromic (GC) techniques (Somani
& Radhakrishnan, 2003). Electrochromic glazing is activated by adding an electrical
current to a coating. The electrical current modifies the structure of the coating which
causes it to change colour and with that alter the light transmittance (Papaefthimiou
etal.,, 2006). Gasochromic glazing is typically activated by the introduction of diluted
hydrogen to a coating. Similar to electrochromic glazing the coating will change colour
which influences the light transmittance, but not the ability to see through (Figure
6.40). The removal (or replacement) of the hydrogen with oxygen causes the glazing to
revert to its original state (Wittwer et al., 2004).

Other types of electrically activated glazing make use of liquid crystals or dispersed
particles that change their orientation when a current is applied. The glazing then
changes from transparent to opaque (Figure 6.41). Such systems do not affect overall
transmittance of light and energy, but are applicable as privacy glass.

Passive systems consists of two layers of glass with a solar-sensitive substance in
between (Lampert 2004; Seeboth et al., 2000). Thermotropic (TT) and thermochromic
(TC) glazing are manufactured with a temperature-sensitive substance. They differ

in the way they behave upon a change in temperature. Thermotropic glazing is able

to change its reflective properties while thermochromic glazing controls energy
transmittance by changing its colour. With photochromic (PC) glazing the substance is
sensitive to variations in light exposure. Photochromic glazing then alters its colour to
control energy transmittance.

Switchable window systems show different behaviour than light-redirecting window
systems since it can actively or passively change its optical properties after assembly.
Light-redirecting window systems, on the other hand, rely on static behaviour based
upon a certain glass treatment chosen following specific comfort demands and

local conditions; apart from the fact that light-redirecting behaviour can also be
incorporated into movable elements.
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FIGURE 6.40 Aninvisible chromogenic layer is FIGURE 6.41 Double glazing unit with a Polymer

colourless when in contact with oxygen but turns dispersed liquid crystal (PDLC) layer that can be
bluish when in contact with a small amount of switched between a clear, transparent state and a
hydrogen. Photo by Fraunhofer ISE. frosted, opaque state. Reprinted from Intelligent

Glass website.

Performance

Table 6.10 gives an overview of performance of some switchable window systems.

The gasochromic and thermotropic types perform better (e.g. have a broader range

in transmittance between normal and tinted state) than most electrochromic types.
However, electrochromics are preferred more often in architectural practice because of
the low scattering and their ease of operability (e.g. a low voltage is sufficient to switch
between different states). Moreover, one issue of hydrogels, as the common thermo-
sensitive substance used in thermotropic systems, is its cyclic durability and the
inconsistent transparency over the glass layer during the switching process.
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TYPE WINDOW SYSTEM STATE s Teo SHGC /
G-VALUE
11 electrochromic | typical values (Lampert, 2004) normal state | 50% - 70% 0.52-0.58
tinted state | 10% - 25% 0.16-0.26
electrochromic : double pane configuration with argon normal state | 62.5% 0.48
filling (Sage Electrochromics, 2011) tinted state | 3.5% 0.09
electrochromic | double pane configuration (James & normal state | 70% 0.52
Bahaj, 2005) tinted state 4% 0.10
electrochromic | double pane configuration (Papaefthimi- | normal state : 50% / 72% / 55%
ouetal, 2006) tinted state ~ 15% / 17% / 2%
gasochromic double pane configuration with 560 nm | normal state | 77% 0.76
thick coating (Wittwer et al., 2004) tinted state | 6% 0.05
thermotropic  : CloudGel film between two panes of glass | normal state | 79% 63%
(Lampert, 2004) (T=25°C)
tinted state = 4% 3%
(T=60°C)

T,.: The percentage of the visible spectrum (380-720 nm) that is transmitted through the glazing.
T,.: The percentage of the total solar radiation that is transmitted through the glazing.

The g-value of #1 is calculated from given values of the Shading Coefficient (SC), the ratio of solar heat gain through glazing com-

pared to standard clear float glass. SCis roughly 1.15 times SHGC (or g-value) which has become the standard.

The gasochromic glazing (#5) turns blue in the tinted state. By applying thicker coatings the colour becomes darker and the light
transmittance will be further reduced. Mixing the original coating with other oxides can alter the colour in the tinted state. This
will affect the performance in that state as well (Wittwer et al., 2004).

TABLE 6.10 Overview of switchable window systems and their performance.

To increase the thermal performance of switchable window systems their application
can be integrated into a window system which includes for example an additional low-e

coated layer. The double pane electrochromic glazing unit (#2) hasan U

of 0.28

W/m?K. The double pane gasochromic glazing unit (#5) can be combined with a third
low-e coated glass layer which will reduce the U-value of the whole triple-glazing unit
to under 1 W/m?2K. The significant impact that switchable window system can have on
indoor temperature development under the influence of solarirradiation is shown in
test results from field measurements conducted with a liquid crystal window system

190  Climate-responsive design



§ 6.64

191

0 T T T h -
0:00:00 6:00:00 12:00:00 18:00:00 0:0C -
Time of day -

FIGURE 6.42 Measured outdoor temperature (a) and indoor temperature of a reference test cabin (b; g-value:
0.44,T :0.69and U _:1.1W/m?K) and a test cabin equipped with a liquid crystal window (c). Reprinted from

vis* glass’

Van Oosten & Zitto (2016).

Process

As mentioned earlier, the employment of daylight systems is determined from an
interrelated set of considerations on daylight admittance, glare prevention, solar
shading and outside view. When daylight admittance and outside view are important
factors and need to be ensured at all times, switchable window systems that only
change colour are best suited. Switchable window systems that becomes opaque in
the tinted state is applicable in windows where outside view is not important (e.g.
skylights, clerestory windows, atrium windows).

Architectural consequences

A switchable window system in its normal, clear state has no visual difference

from ordinary glass. This doesn’t apply for its tinted, coloured or opaque state. The
application of switchable window systems puts constrains on window size - when
compared to ordinary glazing - and will therefore result in a patchwork of glazing panels
when applied in full glass facades.

Light shelf

Light shelves are architectural elements typically placed above eye-level and split a
window in two. The top of the shelf reflects light through the upper part towards the
ceiling and deeper into the room. At the same time the lower part receives less natural
light. This will result in a more evenly spread natural illumination of the room; bright
levels of light directly behind the window are tempered and natural light can penetrate
deeperinto the room.

Climate-responsive building elements toolbox



192

The shelf can be placed either at the exterior of the window, at its interior or cut
through the window. Light shelves that stick out of the window also function as a
shading device, offering to the lower part of the window.

Performance

In a field experiment conducted by Christoffersen et al. (1999) the natural light
distribution in a room when adding different types of horizontal light shelves to a
window was compared to a reference situation where the window was not equipped
with light shelves. Design parameters were the upper finish of the light shelf (matt,
white and specular) and its position (internal, external), among others. They found
that the level of illumination only increased with an internally placed specular light
shelf at clear sky conditions when the sun’s altitude was low. At overcast conditions any
researched light shelf design reduces illumination levels since it partially blocks views
to the sky. Although overall illumination levels dropped, the situation was perceived
more comfortable due to the more even distribution, on the condition that a minimal
level of illumination is achieved.

In order to reflect natural light towards the ceiling the upper surface of the light shelves
needs to be painted white, or be specular when solar heat gain is no issue. To improve
the even distribution of light throughout the room the finish of the ceiling is best
white-coloured as well.

Process

Light shelf design is part of the window system and therefore bounded by
considerations on daylight admittance, glare prevention, solar shading and outside
view. When the shelf position is lowered more light will be reflected into the building
through the upper window. At the same time the lower window becomes smaller and
reduces the window area available for views outside. The clear view on the sky through
the enlarged top window can also cause issues of glare. This can be eliminated by
extending the light shelf towards the interior. When solar shading is necessary the light
shelf may be extended towards the outdoors.

Architectural consequences

Alight shelfis a visible item in any design configuration. It can be designed as a distinct
aesthetical element, both for to the interior and the exterior of the building (Figure
6.43). Light shelves lend themselves to renovation projects on the condition of high
windows where the shelf can be positioned above eye-level. Otherwise the reflective
top may cause issues of glare.
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FIGURE 6.43 Light shelves allow natural light to penetrate deeper into the room and reduces bright light levels
directly near the window. The light shelves are placed inside the facade to keep the reflective top cover clean
(and thus more reflective). The shelves still are pushed to the outside to catch more light, poking the building
envelope outwards. Amgen office building, Breda by Ector Hoogstad architects. Photo by Marcel van Kerckhoven.

Solar shading is primarily about the exclusion of undesired solar radiation through
transparent openings at those times that air temperatures are already high. Shading
devices come in many different variations (Flgure644) and can be categorised in different
ways. With respect to shading element position three generic types can be distinguished:
exterior elements, glazing embedded systems and interior elements. A second
categorisation regards the control or adaptability of the shading. It can either be fixed (i.e.
not able to change position or state during occupation)?” or adaptable (i.e. able to alter
position or state during occupation). The adaptable behaviour can relate to movability
(e.g. folding, retractable or mobile shading devices) or changeability of optical properties
of the glazing (switchable window system, section 6.6.3). A special type of fixed shading is
from structural elements that provide shade for other parts of the building.

27

193

A special type of adaptable behaviour can be (seasonally) gained from (on-site) vegetation (e.g. plants, trees and
bushes). Strategic placement of a building with respect to existing vegetation or the use of planted vegetation
can offer time-dependent solar shading. When using winter-proof vegetation shading is provided throughout
the year while deciduous vegetation provides best shading more in phase with the need for cooling in summer.
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FIGURE 6.44 Various examples of shading.

Performance

When it comes to a cooling strategy, exterior sun shading devices perform best

in keeping the heat out. This is illustrated in Figure 6.45 where the performance

of a window system with identical venetian blinds is compared for three different
positions of the blinds. Most relevantin a cooling strategy are the g-value and the
convection factor (CF), the convective part of the transmitted energy that will resultin
an immediate increase of indoor temperature. The g-value of the setup with external
shading is significantly lower and the convection factor (CF) is almost zero, when
compared to positioning the blinds inter-pane at the interior.

o o o o
Z
é
z
1 noshading; g-value: 2 external shading; 3 inter-pane shading; 4 internal shading;
0.63, CF: 0.04, RF: 0.09, g-value: 0.09, CF: 0.01, g-value: 0.23, CF: 0.21, g-value: 0.49, CF: 0.45,
DF:0.86 RF:0.22, DF: 0.77 RF:0.46, DF: 0.32 RF:0.39, DF: 0.16

FIGURE 6.45 The influence of the position of a solar shading setup using venetian blinds (at angle of 65°)
on the g-value of the window system (after Beck, 2010). CF is convective fraction; RF is radiative fraction;
DF is direct fraction.

Process

When designing shades, both site location and orientation of windows need
to be considered with respect to heating and cooling demands. Since any
shading device has an effect on received levels of daylight, this should also be
part of consideration during design, together with the aspect of outside view.
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Furthermore, shading may not interfere with a passive heating strategy where solar
heat is harvested through those same transparent openings that are shaded in
summer. The distinct sun path in summer and winter makes that fixed architectural
elements can be employed to suffice both strategies (Olgyay & Olgyay, 1976). Careful
design is crucial. Especially with structural shading devices since they cannot be easily
altered after construction.

Shading devices need to be designed in such a way that solar radiation is blocked
only at those times of year when overheating is of concern. This goes beyond an often
used simplified solar shading strategy based on the design of fixed shading elements
that provide full shade from the highest sun angles. As can be seen in chapter 4

peak ambient temperatures in the Netherlands do not coincide with the highest sun
angles but occur with a phase shift of approximately 2 months. So, a much desired
fixed shading device designed for sun angles experienced at the 21st of August also
provide the same shade around the 21st of April, where direct solar gains are more
welcome since ambient temperatures are much lower than in August. This field of
tension can be overcome by using adaptable shades or complementing fixed shading
by the use of deciduous vegetation that is bare before summer and becomes very leafy
during summer.

Architectural consequences

Shading devices come in different forms and when positioned at the exterior of the
building, such devices can be considered as an iconic architectural feature. Typical
exterior shading devices are overhangs, louvers, curtains, among others that can either
be fixed or movable after being mounted to the building (Figure 6.46, Figure 6.47).

Light shelves (section 6.6.4) also act as solar shading when they are placed externally.

FIGURE 6.46 Folding shading device that forms an overhang; Villa FIGURE 6.47 Fixed iconic
Réhling, Kudelstaart, the Netherlands by Paul de Ruiter. Photo by shading elements; Esplanade,
Pieter Kers. Singapore by DP Architects.
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Glazing embedded shading can be realised as an after-treatment to standard glazing or
as a whole new glazing typology. The after-treatment of standard glazing can be directly
processed into the glazing (e.g. enamelled glazing) or attached to the glazing in a non-
permanent way with for instance stickers (Figure 6.48, Figure 6.49).

FIGURE 6.48 Printed horizontal lamellas; Stuttgart Museum of Art, FIGURE 6.49 Tree-shape sticker;
Stuttgart, Germany by Hascher Jehle Architektur. Reprinted from Hascher ~ Tattoo House, Adelaide, Australia
Jehle Architektur website. by Austin Maynard architects.

Photo by Peter Bennetts.

Interior shading devices include louvers, blinds and curtains. Their ability to keep heat
out is limited when compared to external shading since, due to their position at the
inside of the window, heat radiation is already admitted into the building. Furthermore,
within housing developments the selection of interior shading is often left to the
occupant and not the architect.

Structural elements such as balconies, canopies, cantilevered floors, setback windows
and sloped facades can provide shade to other parts of the building. Such shading
elements are grouped as structural shading devices and can be considered as distinct
architectural features (Figure 6.50, Figure 6.51). They perform similar to more
common external static shading devices such as overhangs, louvres or screens, except

that they can not or not easily be altered after construction. Therefore careful planning
during the design phase is essential.
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FIGURE 6.50 Shade from canopy and balconies; Hill FIGURE 6.51 Each cantilevered storey acts as an

End Ecohouse, Hill End, Brisbane, Australia by Riddel overhang for the windows of the storey below; London

Architecture. Photo by Christopher Frederik Jones. Town Hall, London, United Kingdom by Norman
Foster. Photo by Steve Cadman.

§ 6.8 Natural ventilation

Ventilation is primarily about the provision of a healthy indoor air quality by the
introduction of fresh air to the building, and simultaneously the removal of stale air.

Air flow is induced due to differences in pressure. This can be achieved mechanically by
using fans or naturally by employing air pressure differences that are the result of either
a temperature difference (thermal-driven or stack ventilation) or from wind flowing
around the building (wind-driven or cross ventilation) (Figure 6:52).

1 Thermal-driven or stack ventilation. 2 Wind-driven or cross ventilation.

FIGURE 6.52 Natural ventilation
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In practice both effects mostly occur simultaneously. The efficiency of natural
ventilation depends on building geometry, resistance against unobstructed air flows,
placement and characteristics of openings and the characteristics of the environment
(e.g. climate, urban setting, etc.), among others (Allard & Ghiaus, 2005; Brown &
DeKay, 2001). Both ways of natural ventilation can be enforced and thus used more
effectively with aid of architectural solutions.

Stack ventilation is enforced by an increased height and temperature difference
between the air intake and outlet. A so-called solar chimney (section 6.8.1) employs
the concept of solar driven ventilation where the temperature gradient that causes the
stack effect is enforced by solar radiation. Stale air can then be removed from a building
on sunny, windless days without mechanical installations.

To profit from natural ventilation from wind forces the building skin needs to have
good access to wind. In typical residential neighbourhoods characterised by a relatively
compact built environment with repetitive low-rise buildings, the wind has a tendency
to flow over the array of buildings. With aid of a wind chimney (section 6.8.2) the more
undisturbed wind flows above the urban canopy layer can be harvested and put to use
for ventilation purposes.

Alternatively, the concept of ventilation can also be employed to passively cool down
a building.

Solar chimney

A solar chimney promotes natural ventilation from thermal currents. It enforces the
natural stack effect by using solar radiation to heat up the airin a chimney, forcing the
air to move upwards. When the airis able to exhaust from the chimney through a vent
in the top the resulting air flow will draw air into the chimney from lower placed vents.
By placing openings strategically in the building skin fresh air is drawn into a zone and
is forced to flow into the chimney, ventilating the zone.

A solar chimney differs from ordinary chimneys because the solar-facing side of the
chimney is designed to harvest solar radiation, typically by using glazing and a layer of
insulation at the back wall (Figure 6.53). Except for the insulation layer, this part of the
solar chimney is constructed similar to the Trombe wall.
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FIGURE 6.53 The principle of a solar chimney (left) and a typical cross-section of that part of the solar chimney
that is exposed to solar radiation (right).

Performance

Afonso and Oliviera (2000) conducted field experiments and additional simulations for
a small-scale solar chimney design situated in Lisbon, Portugal (38° N). The research
focussed on using the solar chimney for natural ventilation purposes and considers

the effects of two relatively cool days in January and March (average T, 6.4°Cand
13.0°C). The calculated contribution of solar radiation to the stack effect in the
chimney was 10.2%in January and 22.4% in March, whereas the actual average flow
rate in the chimney is higherin January due to a lower ambient temperature.

Afonso and Oliviera (2000) also studied the effect of storage wall thickness and
insulation. They found that the thickness of the storage wall hardly affects the average
flow rate in the channel but does affect the amplitude of the diurnal air flow rate.
Thicker walls have a smaller amplitude meaning that air flow rates are higher during
the night and lower during the day when compared to thinner walls. The difference in
storage capacity means that thin walls are therefore most beneficial during the day
while thick walls increase the chimney effect during the night. The importance of the
insulation layer is validated by simulation outcomes that revealed a 60% drop in solar
contribution when no insulation was applied compared to an adiabatic setup. Only 5
cm of insulation proved to be sufficient to approximate the ideal situation. They also
found that chimney performance improves with higher chimneys and concluded that
anincrease in chimney width is more effective than chimney height when it comes to
increasing air flow rates.
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Harris and Helwig (2007) studied the optimum configuration (i.e. dimensions and

materialisation) and inclination angle?® of rooftop solar chimneys on a summer day in
Edinburgh, Scotland (52° N), as measured by the airflow rate through the chimney for
cooling purposes. A slope of 67.5° from the horizontal is found to be the optimum for
the considered local climate and generates 11% more airflow than a vertical chimney.

In Bronsema (2013) the performance - in terms of potential for both natural
ventilation and passive solar heating - of solar chimneys for office buildings was
researched for the Dutch context. The efficiency of the chimney - in terms of passive
solar design - is predominantly determined by the choice for glazing (high g-value, low
U-value) and improved by using a low thermal mass absorber wall. South-facing solar
chimneys perform best, although multi-orientation chimneys show a more evenly
spread in the stack effect during the day. Furthermore, the performance is quite rightly
determined with the width of the chimney.

Process

The employment of solar-driven ventilation requires careful planning, since ventilation
will also be needed after sunset. The use of heat absorption techniques within the
chimney structure will elongate the effect of the solar chimney. In order to achieve

a year-round ventilation solution, the concept of solar-driven ventilation is best
combined with other techniques based on the principle of wind-driven ventilation
(Bronsema 2013). In some cases it might even be necessary to develop a hybrid system
where a mechanical system complements the solar chimney.

When a solar chimney has a direct contact with a comfort zone, sufficient insulation
of the chimney's back wall is of importance to eliminate undesired heat flow from
the chimney to the building. Furthermore, when the driving force within the chimney
ceases a possible counter flow of air due to downdraught needs to be prevented.

Architectural consequences

To make sure that all zones profit from the solar enforced stack effect the sun faced
chimney needs to exceed the upper most floor that needs to be ventilated, typically above
roof level. Such solar chimneys have a distinctive visual appearance that may then be
seen as an aesthetical design feature. When using existing open staircases that have little
obstructions, solar chimneys are applicable in renovation projects (Figure 6.54). However,
special attention is needed to restrain temperatures and drafts that cause discomfort.

The vertical height of all simulated chimneys is fixed at 3 m. This will elongate the effective length of a chimney
when sloping it towards the horizontal. At the same time the resulting larger collector area will increase thermal
heat losses which reduces overall performance.
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FIGURE 6.54 An added rooftop pavilion provides extra space in a renovation project. The pavilion is equipped
with a small chimney. Solar radiation that enters the chimney chamber through a window is absorbed by a dark
surface finish and quickly heats the chamber. The hot air can escape from a small vent at the top of the chimney
causing cooler air to be taken in from lower placed shaded areas. Meridian View House, Washington, United
States by iISTUDIO architects. Reprinted from iSTUDIO architects website.

Alternatively, the chimney can also be merged into the facade or sloped roof structure
(Figure 6.55). By doing so you still benefit from solarinduced thermal stack without

a visually notable chimney. Merging the chimney in the facade or roof structure will
elongate the channel of the chimney and thus increase performance.

FIGURE 6.55 The double layer of the dome provides solar-induced natural ventilation; Philology Library, Berlin
by Norman Foster. Reprinted from Foster + Partners website.
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Wind chimney

Wind chimneys are chimney-like elements that tower above roof level and are able to
catch the more undisturbed wind flows. Wind chimneys can be employed as a wind
catcher (Figure 6.56) that allows fresh air in directly, following the principle of cross
ventilation, when the opening in the chimney is pointed towards the direction of the
wind. Alternatively, wind chimneys can be utilised as an exhaust chimney when passing
wind flows create a slight under pressure in the chimney, causing air to be drawn

out from the building (Figure 6.57). A single chimney with two openings in opposite
directions can be used to both take fresh airin and stale air out using a single structure
(Figure 6.58). Wind chimneys with an opening fixed to a certain orientation only

work with unidirectional wind flows. To increase the effectiveness of a wind catcher or
exhaust chimney throughout the year a wind cowl can be put on top that has the ability
to turn in the wind. The system then becomes universally applicable, independent
from the wind direction. The air flow in an exhaust chimney can be enforced by adding
a certain roof shape over the chimney that forces wind flows to speed up when passing
over the chimney due to the Venturi-effect (Figure 6.59).

; N
AT ATNA TN

FIGURE 6.56 Awind FIGURE 6.57 With FIGURE 6.58 Awind FIGURE 6.59 Enforced
catcher has an opening an exhaust chimney chimney with double wind speed over an
facing the wind allowing passing air flows cause openings can be used exhaust chimney as the
ventilation air to enter a lower pressure in the to both allow fresh airin result of the Venturi-
the building. chimney that triggers an and stale airout using a effect caused by the
exhaust flow of stale air. single chimney. added roof shape.
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Performance

A study into whole building ventilation under real weather conditions was conducted
for a typical wind cowl system on top of a three-storey building (Dunster et al., 2008).
The used weather data set for Gatwick, United Kingdom shows an average wind speed
of 3.2 m/s. The plot of the air change rate throughout the year shows an air change
rate between 0.5 and 1.0 per hour during many parts of the year with a lower rate in
summer periods.?” This can be explained from a reduced contribution of the stack
effect due to higher outdoor temperatures and lower wind speeds. Complementary
field measurements on the effectiveness of the wind cowl system showed that required
minimal ventilation air change rates (0.3 dm?3/s per m? according to UK building
regulationsin 2006) are achievable at low wind conditions. By simply increasing the
size of the air inlet and outlet higher ventilation rates are possible.

Process

The exploration of expected local wind patterns is the primary step to decide what kind
of wind chimney is applicable. When wind blows from a clear predominant direction
(i.e. southwest in the Netherlands, section 4.2.3) a wind catcher or exhaust with a
single opening will do. When there is no clear predominant wind direction or when you
want to increase the effectiveness of the system, multiple openings or a rotary version
may be the better solution.

The next step is to determine the size of the openings. This depends on the average
wind speed and the minimal required ventilation rate. The larger the opening, the more
air can be transported at certain wind speeds.

Architectural consequences
In order to boost the effectiveness of a wind catcher at low wind speeds, the openings

need to be relatively big. Therefore wind chimneys become highly visible and can be
designed as a specific architectural feature (Figure 6.60).

29

203

When the house is cooled down during the night by flushing it with cool ambient air, sufficient ventilation
during the day is guaranteed by just opening windows.
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FIGURE 6.60 Rotating wind cowl that draws fresh air in and removes stale air at the same time. The system is
equipped with a heat exchanger unit; BedZed, Hackbridge, London, United Kingdom by Bill Dunster. Photo by
Tom Chance. Copyright: BioRegional.

The previous section of this chapter has given an overview of different climate-
responsive building elements. These architectural elements have been discussed on
the basis of the primary underlying design principle. Many of the discussed design
principles and solutions lend themselves for collaboration. Here, some combined
solutions are presented briefly. Their presentation is forillustration purposes only and
the shown solutions are selected arbitrarily.

Adaptable insulation and thermal storage wall

Prototypes of switchable thermal insulation (STI, section 6.2.1) that have been
developed so far are considered integrated into thermal storage walls (section
6.4.2, Figure 6.61) (ZAE-Bayern, 2011). In summer the STIis in a resistive state
preventing the storage wall to be heated by the sun. In winter the STI switches to
a conductive state and solar energy is harvested for space heating purposes.
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Different dynamic building simulations using climate data for Wiirzburg, Germany
were conducted to calculate the performance (Horn et al., 2000; Meister et al.,

1999). These studies showed an increased solar heat gain of the thermal storage wall
between 140 kWh/m? and 200 kWh/m? during the heating season, depending on the
configuration of the thermal storage wall and the used control strategy.

Summer: panel off Winter: panel on
Up =0.2 WmiK . Up = 2.0 WimPK

) Electricity = 5.0 W/m?@
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Released Hs gas
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FIGURE 6.61 Summer and winter operation of switchable thermal insulation (STI) embedded in a thermal
storage wall setup. The mentioned U-values are valid for a 2 cm thick panel consisting of compressed glass fibre
encased in a stainless steel container. Reprinted from Lindenberger et al. (2004).

Thermal shutters as solar shading

The function of a thermal shutter can be extended to that of a solar shading device.
Different techniques exist to integrate solar shading functionality in a thermal shutter.
When the shutter is designed as a louvre that can be shut®° (Figure 6.62) or when it can

and daylight admission. The foldable shutter can be positioned above the window to
block high solar angles in summer or fold open to the side of the window to block low
sun angles in the morning or the evening (Figure 6.64). The thermal shutter can also
be equipped with a translucent insulation material which guarantees a certain heat
resistance while still allowing diffuse light to enter the building. Such shutters can also

be placed in front of the window at cold winter days without excluding all natural light.
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Concept similar to Skylid self-operating insulated louvers by Zomeworks as developed in the 1970’s [www.
zomeworks.com].
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FIGURE 6.62 Louvred shading FIGURE 6.63 Foldable thermal FIGURE 6.64 Externally hinged

device that can be closed and shutter that folds open to form a thermal shutters that functionas a
function as a thermal shutter. shading device at the top of the shading device. Municipality office
window. in Bronckhorst, the Netherlands

by Atelier Pro. Reprinted from
Atelier Pro website.

Translucent insulation with water drums to store heat

As mentioned before, the high specific heat capacity of water gives it great potential for
heat storage purposes (Table 6.5, section 6.3.1). Furthermore, thermal mass systems
using water over massive (building) materials have the ability of being embedded in
transparent containers that still allow natural light to enter the building (Figure 6.65).

FIGURE 6.65 Translucent thermal storage wall of the Solar Decathlon House 1 of Ohio State University. This
thermal storage wall is constructed from two translucent plates of polycarbonate holding water-filled acrylic
tubes in-between. This configuration allows sufficient natural light to enter the bathroom and still maintains
privacy. Reprinted from Ohio State University website.
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Window system with prismatic elements and embedded PCM
Atranslucentinsulation system can also be extended with light-redirecting behaviour
that enables the capacity of an integrated thermal storage wall at certain sun angles.
Such a window system was specially designed for the Alterswohnen housing project
(Figure 6.66). The 8 cm thick quadruple layered window system has a U-value of 0.48
W/m?2K. The outermost cavity is equipped with prismatic elements that block sun
angles higher than 40° and transmit the radiation at lower angles. The innermost
cavity is equipped with a phase change material (PCM) that absorbs the transmitted
light and re-radiates the heat with a delay into the room (Figure 6.67). As a result

the peak indoor temperature is shifted with three hours. The window system has

an estimated heat demand reduction of 80-180 kWh/m? per year, depending on

the building design (Horschig et al., 2007). The shape of the prismatic elements is
customisable and determines at which sun angles radiation is reflected or transmitted.

solar azimuth > 40° solar azimuth < 35°
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prismatic elements * pcm container glass pane gas-filled cavity
FIGURE 6.66 Translucent FIGURE 6.67 Schematic representation of window system in summer
window system with thermal mode when the sun’s azimuth is over 40° (left) and in winter mode
buffering capacity from prismatic when the azimuth is below 35° (right). In summer mode the direct solar
elements and embedded PCM. radiation that strikes the window is reflected by the prismatic elements.
Alterswohnen in Domat/ In winter mode, when the solar radiation strikes the window at a lower
EMS, Switzerland by Schwarz angle, the sun’s rays pass the prismatic elements and is then absorbed by
Architekten. Adapted from Swiss the container with PCM. The stored heat is with a delay delivered to the
Solar Agency (2006). room. Adapted from Swiss Solar Agency (2006).
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In section 5.5 the following content requirements for the design support tool
were defined:

Comfort contribution and energy performance

Identification of collaborations and conflicts when using multiple design principles
together

Possible energy function of climate-responsive building elements and their primary (or
other) function

Impact of climate-responsive building elements on the appearance of design

In the previous sections of this chapter this information was generated for a selection of
climate-responsive building elements as presented in Table 5.8. This section provides

a resumé of the gathered knowledge on the four denominated content requirements.
that form a substantial part of the content for the support tool, as described in the next
chapter 7.

Comfort contribution and energy performance

In the previous sections of this chapter the comfort contribution and energy
performance of many climate-responsive building elements was researched.
Whenever this contribution or performance was quantified it shows a potential of
that contribution or performance. In other words, it gives an indication of what can be
achieved and does not state absolute or guaranteed values. These quantifications are
very likely to be specific for the used design options and can not be easily compared to
one another for the purpose of selecting design solutions based on their contribution
or performance. Moreover, conditions and restrictions apply to the presented
quantification and may result in misinterpretations if not communicated well enough.
Providing meaningful indications of comfort contribution and energy performance for
climate-responsive design solutions is considered beyond the scope of this research,
mainly because of its time-consuming and complex nature. There is no value in
bringing the researched comfort contribution and energy performance in the sections
6.21t0 6.8 herein aresumé.
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Identification of collaborations and conflicts when

using multiple design principles together

Most principles will operate next to each other without interfering with their individual
performance, but some combinations require special attention in the design process
in order to prevent conflicts in the final design which can reduce overall performance
significantly. Next to possible conflicts, climate-responsive principles also have great
opportunity of improved overall performance through collaboration. One of the
challenges of concept development is to exploit these synergetic effects and overcome
conflicts through creative solutions.

In order to combine and integrate complementing design principles into a single
design it should be clear what the boundary conditions are for each individual design
principle to operate as intended. Furthermore, it is essential to provide insight into the
opportunities one principle has to be improved or complemented which can be realised
through collaboration, and to give insight into the threats that can lead to possible
conflicts when different principles are combined.

Conflicting effects

Conflicting aims are inevitable in a highly complex design process. Any design decision
made can affect future decisions to be made in the process. It may exclude other design
solutions or reduce their performance when not addressed correctly. For instance,
compact and stacked building design reduces the area of the building envelope that

is exposed to the outdoor environment. This can be beneficial in harsh conditions
where the envelope primarily operates as a shelter but will also reduce the possibility

of interaction with the outdoor environment at times when valuable energy can be
harvested. The key is to be aware of the possible conflicts in an early stage in order to
come up with creative solutions to gain in overall performance of the design. Possible
conflicts, drawn from the work in the previous sections, are listed in Table 6.11.
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POSSIBLE CON- | EXPLANATION / CLARIFICATION DESIGN CONSIDERATIONS
FLICTS

HdaliiaiEl e | Aflexible layout leaves the planning of the dwelling to
ClGaE el the occupant. This implies that all zones need to be
zoning able to fulfil a variety of comfort demands, including
the one’s with the highest standard. Oppossed to a
thermal zoning concept where it should be clear to
the occupant if a zone is meant to fulfil a specific pur-
pose in the energy concept that makes it not eligible
for flexible use (e.g. a sun space that is transformed
into an all-year round living space and therefore
reduces overall performance).

Compact design
vs. daylight
admission and
natural ventila-
tion potential

Compact building design is highly functional while
routing stays minimal and highly efficient from

a thermal conservation point of view. However,
compact design may conflict with sufficient daylight
admission and the potential of using natural ventila-
tion techniques.

Use skylights to improve the quality of natural
lightinto the building. Harvest undisturbed wind
flows that pass over the building roof.

Natural ventilation and passive cooling strategies
require a matching layout. The flexibility of the layout
should be taken into account in order to prevent the
need for technical installations when building use
changes.

Flexibility of
layout vs. strat-

egies for natural
ventilation and
passive cooling

Natural ventilation flows benefit from unobstruct-
ed paths and are enforced by sufficient height
differences.

Thermal buffer-
ing vs. natural
illumination

Massive building elements to improve the building's
thermal quality by buffering energy may interfere with
desired levels of transparency for daylight admission
and views to the outside.

Adopt floor structures and/or interior wall ele-
ments for thermal mass.
Choose PCM as an alternative.

Natural illumi-
nation vs. solar
shading

Careful design of measures that guarantee daylight
admission and outside view in compliance with solar
shading, glare protection and privacy issues.

Use solutions that are able to meet multiple
requirements. These solutions can be either
non-adaptable such as light shelves or adaptable
in the form of movable or foldable sun shades, or
louvres.

Active solar de-
sign vs. passive
solar design

Aray of sunlight can typically only be used once.
Smart selection optimises both active solar gains (e.g.
photovoltaics or thermal collectors) and passive solar
gains (e.g. passive solar heating, natural illumina-
tion).

Deploy both active and passive solar design strat-
egies close(r) to comfort demands to be met (e.g.
solar hot water in the morning, solar power after
works hours, etc.).

TABLE 6.11 An overview of possible conflicts in the development of the climate-responsive design concept.

Synergetic effects

Different design principles and solutions have great potential to boost individual and
thus overall performance when they collaborate on the condition that their application
is geared to one another. For instance the design of solar shading devices that can be
placed in front of a window and function as an additional thermal insulation layer.
Unlocking this potential is essential to reach high performance when employing
natural energy flows to supply comfort. Synergetic effects, drawn from the previous

chapters are listed in Tab|e6 12
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DESIGN PRINCIPLE THAT HAS AN
OPPORTUNITY TO COLLABORATE

passive solar heating and thermal
energy storage

EXPLANATION AND CONSIDERATIONS

The overcapacity of ‘over-sized' (i.e. generating more energy than directly required)
passive solar heating solutions can be stored for later use.

passive solar heating and thermal
buffering

The overcapacity of ‘over-sized’ (i.e. generating more energy than directly required)
passive solar heating solutions can be buffered for use after the sun sets and ambient
temperatures may drop significantly.

Trombe wall systems where air filled cavities are heated by solar radiation can be par-
tially employed as solar chimney.

passive solar heating and solar
driven ventilation

solar shading and thermal conser-
vation

When solar shading devices are designed in such a way that they can be placed in front
of a window, they can function as additional thermal insulation when needed.

solar shading and solar power

Since a shading device's primary task is to prevent windows to be exposed to solar
radiation, they can be equipped with photovoltaic cells to harvest solar energy instead
of rejecting it.

natural ventilation and earth
coupling

In colder periods when ventilation air drawn directly from outside could cause issues of
draught. To prevent this, a solar or wind-driven ventilation system can be connected to
a ground-coupled ventilation system that preconditions the fresh ventilation air.

solar driven ventilation and natural

air cooling

The need for cooling follows the solar offer to a large degree. Solar-driven ventilation
flows can therefore be applied to draw cool air in for passive cooling purposes.

TABLE 6.12 An overview of opportunities for collaboration between climate-responsive design principles.

Possible energy function of climate-responsive building
elements and their primary (or other) function

The selection of design elements should aim for their contribution to the energy
concept next to fulfilling primary functions such as safety and functionality. For

instance, a construction pile could function as a vertical ground-coupled heat
exchanger, next to its primary function as building support. Another example is the
employment of attic space to collect solar radiation or trap valuable heat that rises from
the lower storeys of the building. Table 6.13 gives an overview of the hidden energy

purpose of building components, supplementary to their primary function(s).

211 Climate-responsive building elements toolbox



building site

staircase

hallways

Eluald

construction pile

nd floor slab

I

basement

load bearing wall

[UIGEIRVEL

- accessibility
- outdoor space

COMPONENT PRIMARY FUNCTION(S) HIDDEN ENERGY PURPOSE(S)

improvement of microclimate through vegetation and water bodies
shading from vegetation
wind protection

internal routing

increase height difference to enforce natural ventilation potential

internal routing

thermal distribution
thermal buffer zone

storage space
additional living space

solar collection
internal heat collector (from rising warm air)

building support

earth coupling

- building support

thermal mass
direct earth coupling

utility and storage space

energy storage facility

- building support

thermal mass
thermo-activation

building support

thermo-activation

building support

thermo-activation

- building support

spaces
- storey seperation
- fire protection

- internal organization of

thermal mass
thermo-activation

- shelter

microclimate improvement from green walls
thermal conservation

- daylight admission
- natural ventilation
- outdoor view

thermal conservation
direct solar heating

- shelter
- rainwaterdrainage

microclimate improvement from green roofs
thermal conservation

roof pond

solar attic

internal wall

spaces
- room seperation
- fire protection

- internal organization of

thermal mass

- aesthetical feature

surface characteristics for optimization of daylight, thermal mass and
acoustics

I
o
o
=
[a)
o
<
m
=|

aesthetical feature

surface characteristics for optimization of daylight, thermal mass and
acoustics

TABLE 6.13 An overview of the hidden energy purpose of building components, supplementary to their primary function(s).
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In most cases the energy function of an element will not interfere with its primary or
other function(s). Still, a possible negative influence on the primary function when
employing the energy function to its full potential is a point of concern. For example, in
section 6.5.3 it was mentioned that when too much heat is extracted from the ground
when using energy piles - construction piles with integrated heat exchanger - the
construction pile may loose its bearing capacity due to frost.
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Impact of climate-responsive building elements on the appearance of design

Many climate-responsive building elements don't typically show as such, meaning that
they don't have a distinguished visual appearance where they differ from ‘ordinary’
elements. Take for example the energy pile. Unlike other climate-responsive building
elements that can not be 'hidden’ in the design. Take for example the concept of

earth sheltering. Some elements can be made visible or rather not and still perform

as desired. Such elements, for example the solar chimney, can be employed by the
architect to create distinguished architectural designs. Table 6.14 gives an overview of
the (in)visibility of the element in design.

DESIGN PRINCIPLES DESIGN SOLUTIONS IMPACT ON APPEARANCE OF DESIGN
v v

thermal conservation adaptable insulation
thermal shutter v
translucentinsulation v
dynamicinsulation v
thermal buffering + thermal mass v
thermal distribution thermo-activated building elements v
cavity wall heating v
ventilated hollow core elements v
passive solar heating direct solar gain v
thermal storage wall v
sun space v v
roof pond v v
earth-coupling direct-contact foundation slab v
earth shelter v
energy piles v
natural illumination light-redirecting window systems v
switchable window systems v
light shelf v
natural ventilation solar chimney v v
wind catcher v
structural overhang v

TABLE 6.14 An overview of the visual impact of climate-responsive elements on the design. visible elements are clearly
distinguishable and can, if desired, be designed as an architectural feature, whereas ‘invisible’ elements don't appear different from
the ‘ordinary’ building elements.
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§ 6.11 Conclusion

In this chapter additional knowledge is gathered for climate-responsive design
solutions on the aspects of performance, process and architectural consequences,
discussed according to the main design principle they are based on (section 6.2. to
6.8). Since many design principles and solutions are suitable for collaboration, some of
the combined solutions are briefly presented in section 6.9. The in-depth discussion of
the design solutions and the brief discussion of combined solutions in this chapter give
a comprehensive, but not necessarily complete overview of climate-responsive design
solutions. In section 6.10 the findings were collected in a resumé with the enumeration
of design guidelines for the phase of energy concept development.

In the next chapter, a framework will be presented for a design-decision support tool
that aims to assist architects in making informed decisions during the development of
the energy concept of a design, as part of the early stages of the design process. Starting
from the definition of the tool's requirements, the results from this chapter together
with the findings of chapters 3 and 4 are incorporated in a concept tool.
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A framework for a climate-responsive
design decision support tool

The architectural design process is very complex. Miscellaneous objectives have

to be met in the final design. Creativity and high levels of expertise are required to
come up with a fulfilling result. As mentioned in chapter 2 experts can be of help but
arein practice scarcely used within the early design stages of analysis and concept
development. Therefore, architects need to make these decisions themselves, which
requires general knowledge of climate-responsive design, provided to them in the
form of an informative support tool. The key elements of knowledge transfer and
transformation were presented in chapter 2.

The basic layer of information on energy and comfort was studied in chapters 3 and
4.1n chapter 3 the comfort and energy demands of climate-responsive design were
researched. In chapter 4 the climate potential of the built environment to meet those
comfort demands were quantified. In chapter 5 the concept of climate-responsive
design was further deduced, followed by a more in depth research into some of the
identified climate-responsive building elements on the aspects of performance,
process and architectural consequences in chapter 6.

In this chapter a framework for a climate-responsive design decision support tool is
presented. The chapter starts with stating the requirements of the tool (section 7.1),
followed by the presentation of a preliminary working concept of the tool in section
7.2.In section 7.3 the conformation of the tool in its presented form to the stated
requirements in section 7.1 is discussed, followed by the discussion of collected
feedback from architects that worked with the tool in section 7.4. In the final section
7.5 recommendations are stated for the future development of the tool.

The objective is to formulate the foundations of a framework for the support tool

that provides informative support with the goal to assist in decision making during
the early stages of the design process (see section 2.5). The key elements are split
into requirements for content, function and form. The requirements for the content
were determined in section 5.5. The requirements for the function are derived from a
literature analysis of (architectural) design decisions support tools. The requirements
for the form of the tool are derived from the theoretical framework given in chapter 2.
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Content requirements

In section 5.5 the requirements regarding the content of the design support tool were
defined, as the result of the theoretical framework presented in chapter 2 and the
knowledge generated and gathered in chapters 3, 4 and 5.

In summary, the following enumeration of content requirements for the framework of

the climate-responsive design decision support tool can be given:

Performance

the comfort contribution and energy performance of a design solution;

Process

the possible disagreements between the employment of the energy function of
climate-responsive building elements and their primary (or other) function, and the
identification of collaborations and conflicts when using multiple design principles
together;

Architectural consequences

the impact of climate-responsive building elements on the appearance of design.

The actual content is (partially) ‘produced’ in chapter 6, differentiated between the

aspects of performance, process and architectural consequences. In section 7.3 the
conformation of the framework to these requirements is discussed.

Functional requirements

Different studies have been conducted into the need for and the preferred method
of decision support tools in the early stages of the design process. Erbas and Van
Dijk (2012) surveyed architects to identify their preferences and needs with respect
to the use of decision support tools in the case of designing high performance green
buildings. They concluded that a possible decision support tool should include

a knowledge base with expert knowledge and best practice examples. The main
output of their envisioned tool should provide possible enhancements for the
design choices and informative assessment of design alternatives. In a study by
Attia et al. (2012a) architects ranked intelligence as the most important feature

of a decision support tool - preferred over accuracy, interoperability and usability -
where intelligence was defined by the architects as the ability to inform during and
assistin decision-making. Attia et al. (2012b) proposed a method how to include
building performance simulation (BSP) into the early stages of the design process.
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Key elements to be considered in the development of such a tool include the presence
of informative support during the decision-making - instead of post-evaluative - and
the ability to communicate design alternatives. Furthermore the output of the tool
should be clearly defined, comprehensible and allow for logical iteration within the
cyclic process when designing.

The use of building performance simulation (BPS) and computer-aided architectural
design (CAAD) tools in the early stages of the design process has been widely
researched (Ellis & Mathews, 2002; Hensen, 2004; Shaviv, 1999; Yezioro, 2008).
The suggested benefits of using such tools in the early design stages are to be found
in calculating performance of design decisions and comparing design alternatives
based upon simulation results. Ongoing research on this topic has moved to
identifying the downsides of using such tools in the early design stages and the need
forimprovements (Kanters et al., 2014), and the setting up of a blueprint for the
development of next-generation tools (Attia et al., 2012b). The found drawbacks
include its complexity, the need for time-consuming simulations, the difficulty in
interpreting the results and the overall notion that it does not attune to the architect’s
method of working.

In the early stages of the design process climate-responsive design is about the
generation of energy concepts. In this phase accessible guidelines and the option to
compare alternatives is more important than to assess absolute performance. The
conceptual design phase is dynamic and has many iterations. Informative, context-
specific knowledge reduces the number of iterations before the architect has generated
a satisfying number of design options from which he or she can continue to the next
design phase of assessment. The climate-responsive design-decision support tool aims
to address these essential elements.

In conclusion, the following enumeration of functional requirements for the framework
of the climate-responsive design decision support tool can be given:

— include a knowledge base with expert knowledge and best practice examples

— provide informative, context-specific knowledge

— provide accessible guidelines

— provide an option to compare alternatives

— include the ability to inform during and assist in decision-making (i.e. intelligence)
— limit complexity and generate easy to interpret output

In section 7.3 the conformation of the framework to these requirements is discussed.
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Form requirements

The tool is primarily developed for the architect so it needs to blend in the architect’s
workflow enabling the architect’s creativity, guiding his or her intuition and presented
in a highly visual style (section 2.2). In addition, the tool should tie to the generation
phase, the process of conceptual design with the generation of design options (section
2.5). Tool adoption by architects may increase if it can be customised to their needs.

The tool should allow knowledge to be accessed from any of the three different design
orientations (site, program and concept; section 2.4). The information on comfort

and energy can be best quantified and presented in tables and figures that are easy

to read. This information is particularly of use to program-orientated architects. The
information on energy harvest should show conditions with respect to orientation and
dimension. When clearly overviewed in schemes and matrices this information best
suits a site-orientated architect. Finally, information on the sustainable visibility factor
of design solutions and the identification of possible alternatives, especially when
presented illustratively, best suits the concept-orientated architects. Such images
include sketches of design solutions and an image pool of project examples.

As opposed to access from one of three different design orientations, the tool should
also give room for free exploration, in which the user can wander around the knowledge
from any chosen starting point. This may induce the process of creative thinking and

by doing so unlocking the generation of new ideas on how to incorporate principles of
climate-responsive design in architecture. In order to give room for exploration, the
tool should be able to allow custom navigation patterns.

In conclusion, the following enumeration of form requirements for the framework of
the climate-responsive design decision support tool can be given:

enable or give room to creativity

offer customisation options

prevent misinterpretation through proper guidance
presentin avisual style

allow custom navigation patterns

In section 7.3 the conformation of the framework to these requirements is discussed.
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Drawn from the aforementioned requirements the design decision support tool is best
met by a web-based tool. Web-based means that it is easy accessible from any device
connected to the internet. The interface can either be a website that can be accessed
from any browser or a dedicated web-application (i.e. a website that feels like a native
application). A website or web-application is preferred over a native application or
computer program since it eliminates the need for active updating in order to gain new
features or content. So, the end user always has access to the most up to date content.

One major advantage of digital forms, such as websites or applications, over printed
forms is the ability to create complex navigation patterns throughout the content
without loosing track, by using breadcrumbs and the possibility to take one or more
steps back. Other advantages over the printed form is the possibility to apply custom
filters on the content to quickly access only that information the architect finds
suitable, and the possibility of additional layers of intelligence that can make the
architect aware of resulting considerations and possible consequences after filtering
content. In addition, selected content can be centrally saved for future reference.

A concept of the web-based tool has been developed - available online at http://www.
climateresponsivedesign.nl/tool - in order to illustrate what a climate-responsive
design-decision support tool could look like. The goal of this concept is to present some
of the elements of the tool, illustrate in what ways the user can navigate through the
knowledge, and in what ways the interrelationships between different content parts
within the knowledge base are shared with the user. Since it is a concept it does not
contain all content or desired functions.

The concept tool is validated in section 7.3, by discussing the conformation of the
tool to the stated requirements. In section 7.4 the concept tool in its current form is
reviewed using feedback from architects that used the tool for some time during their
design work. Combined with own findings, the feedback from the architects is used to
present suggestions for the further development of the tool in section 7.5.
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The knowledge base

The heart of the tool is formed by the knowledge base, constructed from items
grouped into one of four categories: principles, solutions, projects and guidelines. An
overview of all items in these categories are directly accessible from the menu and thus
provide initial access to the underlying content. In order to understand the structure

of the knowledge base and how to navigate through the content, the main aspects -
relationships, stored content, overviews and bookmarks - are explained in more detail,
using screenshots of the concept tool where available.

Relationships

Figure 7.1 shows a schematic representation of the relationships that exist between
any item that populates the knowledge base, namely principles, solutions, projects and
guidelines. Projects are assigned to solutions, which in turn are assigned to principles.
There is no direct link between projects and principles. A principle can contain one

or more solutions, and any solution is linked to one or more principles. Any solution

is linked to one or more projects, and any project is linked to one or more solutions.
Solutions that share the same principle are interlinked as well, to quickly identify
alternative solutions that share the same principle. Both a principle and a solution

can be associated with one or more relevant guidelines. All presented relations are
incorporated within the knowledge base as hyperlinks, which makes it easy to navigate
from one item to another.

principle| |[solution| |project| |guideline

FIGURE 7.1 Relationships between principles, solutions, projects and guidelines in the climate-responsive
design knowledge base.
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Stored content

The information stored within the knowledge base differs per category, and is most
comprehensive for principles, solutions and projects:

— Principles
a shortintroduction including a qualitative description of the solutions based upon
that principle, some references (i.e. articles, books, websites), associated energy
sources, comfort provisions and energy treatments, indicated by icons, and a list of
links to related solutions and relevant guidelines

— solutions
a short description, and thorough information on performance, process and
architectural impact, some references (i.e. articles, books, websites), a sketch to give a
quick visual indication of the concept, associated energy sources, comfort provisions
and energy treatments, an indication of the visual impact, and a list of links to related
principles and projects, relevant guidelines and similar solutions

— projects
some metadata about the status, scale, location and architect, some illustrative
photographs and drawings, some references (i.e. articles, books and website), and a list
of applied solutions

— guidelines
a short description and some additional explanation

Overviews
Catalogue

The menu of the tool gives direct access to an overview of all items within a single
category. The overview pages are presented in multiple ways. A first way is in the form
of a catalogue for all items in each category (with the exclusion of the guidelines). The
catalogue consists of a condensed version of the stored information per single item
where the description is exchanged for a short summary accompanied by a direct link
toinfo sheet. Sketches, icons, photos and links to related principles, solutions and
projects are also shown (Figure 7.2, Figure 7.3, Figure 7.4).
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FIGURE 7.4 Screenshot of (partial) catalogue with project examples.

Matrix

As an alternative way to quickly scan different design principles or design solutions is
through the use of a matrix. There are three different matrices, all already presented
in chapter 5. Design principles are presented in a matrix of comfort provision against
energy treatment (Figure 7.5; Table 5.3) and presented in a second matrix of comfort
provision against energy source (Figure 7.6; Table 5.4).
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FIGURE 7.5 Screenshot of matrix of design principles, presented as comfort provision against energy treatment.
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FIGURE 7.6 Screenshot of matrix with design principles, presented as comfort provision against energy source.

The solutions are presented in a matrix of principles against design solution type
(Figure 7.7; Table 5.7).
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Gallery

The projects are also presented in a gallery; an alternative catalogue style using only
photos. The photos link directly to the info sheet of the selected project (Figure 7.8).

CRD/KB switch to catalogue view

T e |
uu"‘" - 1 s

FIGURE 7.8 Screenshot of image gallery with project examples.
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Infosheets

The most detailed presentation style of stored content is through info sheets

containing all available information for an item. Figure 7.9, Figure 7.10, Figure 7.11
show screenshots of info sheets of a randomly selected principle, solution and project.
Guidelines do not have info sheets since there is only a limited amount of information
stored on guidelines in the knowledge base. The formatting of info sheets is very similar
for the different categories, consisting of a main content area containing descriptive
information and a smaller column to the right with the visual elements (sketches and
icons) and links to related content from the knowledge base. The info sheet of a project

has a second smaller column showing photos and drawings.
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Guidelines

The guidelines are splitinto analytical guidelines and concept development guidelines.
The analytical guidelines relate to the exploration of possibilities and limitations of
climate-responsive design and are split into:

identification of spatial and functional boundary conditions (section 3.3.1)
identification of comfort-related objectives and constraints (section 3.3.2)
inventory of climate potential (section 4.4)

The concept development guidelines relate to the generation of design options and are
splitinto:

putting forward the hidden energy purpose of building elements (section 6.10)
showing possible conflicts when applying certain principles or solutions (section 6.10)
mapping the synergetic effects when stacking design principles and solutions (section

6.10)

The guidelines are presented in lists and tables on the overview pages (Figure 7.12).
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FIGURE 7.12 Partial screenshot of guidelines overview.
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Bookmarks

Whenever the user wants to keep an item for future reference, the user has the ability
to bookmark it. All bookmarked items are listed on a special page and can be managed
from there (Figure 7.13).

By clicking on links the user navigates through the available knowledge. Any link to
a principle, solution or project is clickable and brings you directly to the relevant info
sheet. Using the common navigation function of web browsers the user can go back
and forth to the visited pages.

< climateresponsivedesign.ni/tool/bookmarks/

CRD/KB
My bookmarks

introduction
» bookmarked principles

solutions

projects

» bookmarked solutions
thermal storage wall m

my bookmarks direct solar gain

» bookmarked projects

Kaswoningen
Office and Appartment House, Gleisdorf 48]

go'to checkout

FIGURE 7.13 screenshot of 'my bookmarks' page.

Illustration of custom navigation patterns

The tool allows knowledge to be accessed from any of the three different design
orientations (site, program and concept; section 2.4) by starting from the guidelines
or one of the matrix overviews. Another requirement was to give the user the ability

to freely explore the contents of the knowledge base. In order to do so, the tool should
allow custom navigation patterns. These patterns are schematically presented in
Figure 7.14. As mentioned before the categories principles, solutions and projects are
presented in overviews using a matrix or a catalogue with links to the individual info
sheets. Similar solutions (e.g. solutions that share the same principle) are presented
collectively in the solutions overviews and are interlinked through their info sheets.
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FIGURE 7.14 Scheme of custom navigation patterns.

Figure 7.15 shows an excerpt of the actual relationships that are incorporated in the
concept tool. The scheme starts by showing only direct relationships of the design
principle passive solar heating to the design solutions direct solar gain, sun space

and thermal storage wall. From these design solutions only direct relationships to
guidelines (presented by their ID for readability) and projects are shown. From the
stated projects then direct relations to other design solutions are shown, And finally,
from these set of solutions the direct relation to other design principles are shown. This
scheme only shows 27 of 129 items (principles, solutions, projects and guidelines) that
are incorporated in the concept tool. Itillustrates how can be navigated freely from one

item to another that have no direct connection in the knowledge base.
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FIGURE 7.15 Excerpt of actual relationships that exist in the concept tool.

In the previous section a concept of a climate-responsive design-decision support tool
was shown. The tool aims to assist architects in making informed decisions during the
development of the energy concept of a design, as part of the early stages of the design
process. In this section it is examined to what extent the concept tool conforms to the

requirements as listed in section 7.1:

Content requirements

the comfort contribution and energy performance of a design solution;

the possible disagreements between the employment of the energy function of
climate-responsive building elements and their primary (or other) function;

the identification of collaborations and conflicts when using multiple design principles
together;

the impact of climate-responsive building elements on the appearance of design.

A framework for a climate-responsive design decision support tool
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Functional requirements

include a knowledge base with expert knowledge and best practice examples
provide informative, context-specific knowledge

provide accessible guidelines

provide the option to compare alternatives

include the ability to inform during and assist in decision-making (i.e. intelligence)
limit complexity and generate easy to interpret output

Form requirements

enable or give room to creativity

offer customisation options

prevent misinterpretation through proper guidance
presentin a visual style

allow custom navigation patterns

The heart of the tool is formed by the knowledge base with descriptive information for
each item. If applicable, context-specific information is communicated. For example
if solutions are bounded by certain restrictions such as building height or orientation,
and if a solution is applicable in renovation projects. The general principles are linked
to design solutions which in turn are linked to projects examples, providing the user
with real examples of climate-responsive design. This all answers to requirements #5,
#6 and #13. Similar solutions, i.e. solutions based on the same design principle, are
mentioned on both the solutions catalogue view and the individual info sheets and give
the user possible design alternatives. Since there is no direct way to compare similar
solutions - you have to study the solutions one after another - it only partially answers
to requirement #8.

The content requirements #2 and #3 are met by the incorporation of different tables
and lists on the guidelines overview page (Figure 7.12). Requirement #3 is also met

- together with requirement #4 - with the presentation of relevant guidelines on the
info sheets. Both the analytical guidelines (sections 3.3 and 4.4) and the concept
development guidelines (section 6.10) help the user to become aware of beneficial and
conflicting aspects when employing climate-responsive design. The user is provided
with feedback on relevant issues which should assist in improved decision-making.
This answers to requirements #7 and partially to requirement #9, since custom filters
are not yet implemented into the tool.

Content requirement #1 is not answered to in the tool. In order to quantify comfort
contribution and energy performance of any given design solution, you have to
conduct calculations on the scale of whole building design. However, since the tool
aims to assist architects in making informed decisions during the early stages of the
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design process, decisions on many design options are not yet taken. This demands
doing calculations with many variables still open and may result in an outcome that
is less meaningful. Moreover, as was mentioned before with the determination of the
functional requirements (section 7.1), in this phase accessible guidelines and the

option to compare alternatives is more important than to assess absolute performance.

Mainly because conducting simulations is a time-consuming and complex process.
Providing the architect with indications of comfort contribution and energy
performance may be helpful in order to make informed decisions on these aspects.
However, in order to generate such indications, for example in the form of a rating,
many simulations must be conducted first. After processing the outcomes the results
can be incorporated into the knowledge base and presented to the architect, with the
remark that it is vital to communicate conditions and restrictions that apply to the
given indication in order to prevent misinterpretations.

The tool has a highly visual form with a structured layout in order to create an easy to
understand navigation. Each of the four categories (principles, solutions, projects and
guidelines) is represented with a unique colour that is used consistently throughout
the tool. Sketches provide a quick concept of the given solution and icons are used

to make associated energy sources, comfort provisions and energy treatments easy
recognizable. This all answers to requirements #10 and #14.

The user can access the knowledge base from multiple starting points and navigate
through the contentin a random order to discover potential design solutions. The
different presentation modes (i.e. matrix, catalogue, gallery and lists) also allow
access to the content from any of the three different design orientations site, program
and concept. All existing relationships between principles, solutions, projects and
guidelines are communicated on both the different overviews and the info sheets. This
allows the user to quickly jump to related content, while the browsers history makes
it possible to trace back any step. This all helps the user to quickly access relevant
knowledge. This all meets requirement #15. Combined with the use of sketches and
exemplary project examples this would leave room to the architect to come up with
creative ideas, answering to requirement #11.

The tool does not offer customisation options in its presented form, so requirement
#12is not yet met. However, advanced customisation is to be relatively easy
incorporated since the structure of the tool is deliberately kept modular and flexible.

A way to validate the tool is to collect feedback from the intended group of users, the

architects. In the next section feedback from architects that used the tool for some
period is presented.
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Since the tool is aimed at architects, best is to allow architects to test the tool and
provide feedback on the tool in general and more specific on the stated qualities of
the tool. From their feedback improvements on user experience and user interaction
can be implemented. This will eventually lead to a better embedding of the tool in the
architect's workflow.

Atotal number of twelve architects, from twelve different firms, where asked to provide
this feedback. The architects were invited based on a profile, namely employed at a
relatively small firm and working on relatively small projects that are tightly bounded
by time and budget. This ties to the focus of the tool as stated earlier in the research
constraints in section 1.4. Although all approached architects responded positive,
many of them said that they could not deliver in the given timeframe. From the
following architects feedback has been collected:

Job Schroén, September architectuur

Arjen Spreeuwers, SPR. architectuurstudio

Dennis Hauer & Eirini Sfakiotaki, Urban Climate Architects
Tjerk van de Wetering & Freddie Slot, BYTR

Preferably, the architects used the tool when working on an actual design task. This
proofed to be difficult in the given timeframe, so as an alternative some architects used
the tool on a recent design task or on a fictional or - for them - typical design task.

The architects were introduced to the tool in a 45 minute one-on-one session, after
which they were presented with a short questionnaire, consisting of the following nine
questions:

1 How valuableisinformation regarding climate-responsive design in the analysis phase?
2 How valuableisinformation regarding climate-responsive design in the
generation phase?
3 Howvaluable can information regarding climate-responsive design be in other
design phases, namely evaluation and implementation?
4 Which elements®! of the tool are most valuable to you?
5 Which elements of the tool are least valuable to you?
6  Which elements are missing?

31 Matrices, catalogue, info sheets, sketches, icons, qualitative information, quantified information, references,
relationships between design principles and solutions, photo gallery, reference projects, guidelines and book-
marks.
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How valuable is the presented information regarding climate-responsive design in
the generation phase?

How do you value the form of the tool?

How do you value the usability of the tool?

They were then asked to use the tool sometimes during the successive weeks after
which a follow-up meeting was arranged to collect the feedback. The follow-up
meeting was - in all but one case - in the form of an unstructured interview to allow for
discussion and debate. The following outcomes®? can be deduced from the feedback:

The general opinion about the added value of having information on climate-
responsive design in the early phases of the design process is acknowledged by all
respondents. They find a quick scan of possible design principles useful and it will help
them with establishing the starting points of the design’s determining factors.

It is mentioned that the availability of the information may increase the chance on a
integral design outcome, rather than seemingly employing design solutions as add-ons
to the design.

The added value of climate-responsive design in the evaluation and implementation
phase is acknowledged as well, but only if the information is made more specific

(e.g. applicability, materialisation, dimensions, etc.) and quantified on relevant
aspects, including energy performance, costs and pay-back time. Fundamental in the
evaluation stage is the possibility of comparing this quantified information for different
design solutions, in an easy to read visual style. It was stated multiple times that there
was no trace of these elements in the tool, and thus making the tool in its current form
not useful in these design phases.

The matrices of design principles and solutions were identified as valuable elements

of the tool. The matrices give a quick to read bundled overview of possibilities. The
projects overview was also mentioned as a valuable element, since it allows for a quick
scan of the visual impact of different design solutions. With respect to the form of the
project overview, some architects would find it more useful if archetypes are shown,
while others rather see a collection of good and bad examples.

The guidelines were mentioned as a less valuable element of the tool. It was mentioned
that this may be due to its execution. The design guidelines were tucked away and could
hardly be used during decision support. It was mentioned that the guidelines would
benefit more from a presentation in the form of a roadmap. Also the bookmarks were
mentioned as less valuable in its current form since it is merely a repetition of information
and is still presented in bulk, which makes it feel as an information overload. The
bookmark function would be much improved if only selective parts of the information
could be bookmarked instead of principles, solutions or projects in their entirety.

32
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It was agreed upon the anonymous presentation of the architect's feedback, in order to make it impossible to
trace back answers to individual persons.
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A more visible presentation of combined design solutions was identified as a valuable
but yet missing element of the tool. Although synergetic and conflicting effects are
part of the tool, they are tucked away and only communicated as a remark. It was
mentioned it would be more helpful if such synergetic effects were a more prominent
part of the tool and presented in a highly visual style, including examples. Furthermore
it was mentioned that a more concentrated comparative analysis among selected
design solutions was considered vital for the tool to become helpful as design-decision
support. The pros and cons of a design solution are only presented within the individual
info sheets and can by no means be directly compared to other design solutions.

The offered information was considered valuable and forces the architect to think
ahead. However, it was mentioned that the presented information is not per se
directive or defining in the design process. It was mentioned that this could be
achieved by offering more deepened and stratified information in the form of schemes
and drawings.

[t was also mentioned that the tool has potential to be used as a communication tool
when presenting design ideas to clients. On the condition that the knowledge base is
expanded with more illustrative examples in photos, schemes and drawings.

The tool was in general considered user-friendly since it is organised, well structured
and has a recognisable visual style. The tool as a collection of climate-responsive
design principles and solutions was considered valuable since it gives the architect

a head start on the topic and will limit the need of studying the topic by consulting

a number of other sources, such as books, magazines and websites. However, at the
moment the tool sometimes presents a lot of descriptive information in bulk and can
therefore become too much to handle. This forces the architect to spend more time
studying the presented information, which slows down the design process. Architects
mentioned that the readability of the information will improve when presented as

an enumeration where possible and that the usability of the tool will benefit from

the use of filters that limit the presented information only relevant to the design task
ahead and a more layered presentation of detailed information. Furthermore, valuable
elements (i.e. matrices) and key information (i.e. pros and cons) were sometimes
considered as hidden and should be presented more prominently, more directly and
more specifically.

These findings form a good basis for suggestions to improve the tool, together with

the findings from section 7.3. The suggestions for future development of the tool are
presented in the next section.
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As mentioned earlier, the presented concept tool is meant to be a working concept
of a support tool. The intention never was to deliver a final product. The knowledge
base is not filled with contentin all areas and some of the desired functions were not
implemented in the presented concept.

Drawn from the tool requirements (section 7.1) and complemented by the feedback
given by architects that used the tool (section 7.4), the following suggestions for future
development can be identified:

A more streamlined presentation of primary and related secondary content on the
info sheet, by switching from the current column-based setup (Figure 7.16, 1) to a
row-based setup(Figure 7.16, 2). This includes for example the presentation of project
examples in the sidebar directly alongside the main content block architecture, and the
presentation of the guidelines directly alongside the main content block process.

The presentation of knowledge using different layers of detail, by starting to provide a
concise overview (e.g. guidelines, synergetic and conflicting effects and applicability)
and giving the user access to more specific content (e.g. background information,
properties and performance) on demand. To manage the amount of information
displayed at once, an expand/collapse layout (Figure 7.16, 3) or a tab-based layout
(Figure 7.16, 4) improves the readability.

A more prominent, direct and visual approach to synergetic and conflicting effects.
Show the architects how to benefit from synergetic effects and how to overcome
possible conflicts by project examples and detailed schemes and sketches.
Complement synergetic effects with exemplary projects that successfully combine
multiple solutions (Figure 7.16, 5).

The extension of the project examples with more detailed information, schemes,
drawings, performance and lessons learned. This can be achieved by creating a closer
linkage to existing (online) resources that already bundle more detailed project
information (e.g. wikiarquitectura).

The implementation of more context-specific content will speed up the process of
developing an energy concept and improve the outcome. Examples of relevant context-
specific content are building type (e.g. detached house, row house, flat), building scale
(e.g. single unit, housing block, low-rise, high-rise) and setting (e.g. urban, rural),
among others.

The introduction of filters for setting project-specific conditions (e.g. plot size,
orientation, maximum building height) in order to limit the amount of information
presented only to the relevant bits (Figure 7.16, 6).

A more concentrated and visual approach for the comparison of different design
solutions. This could for example include a side-by-side presentation of user selected
design solutions (Figure 7.16, 7).
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8 A more selective approach to the bookmarks in order to limit the amount of
bookmarked information only to the relevant bits (Figure 7.16, 8).

9 The widening of the scope of the knowledge base with the inclusion of more dedicated
knowledge of the urban microclimate and its effects on natural energy potential of the
built environment.
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FIGURE 7.16 Sketches toillustrate future development of the tool.
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As with any knowledge base it is essential to keep the content up to date. It is
unlikely that the content will become outdated on a short term, but complementary
knowledge, new insights, new solutions and example projects that are relevant to
climate-responsive design must be added to the knowledge base to keep the tool
relevant. The tool can benefit from the contribution of experts on both correcting and
complementing the knowledge base. Maintaining these kinds of knowledge bases is
probably best outsourced to a knowledge institute or a dedicated organisation with
expert contributions.

The presentation of a working concept of the design-decision support tool, its review
by architects and the enumeration of suggestions for the improvement and future
development of the tool brings the end of this research in sight. In the final chapter 8
the research questions will be revisited.
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Conclusions and recommendations

With the proposal of a working concept for a support tool for climate-responsive design
in the previous chapter this research project reached its completion. In conclusion, in
this final chapter the main research question will be answered, complemented with
research findings and recommendations for further research.

In chapter 1 the following main research question was stated:

How can architects fully exploit the potential of natural energy sources within the built
environment in their process of designing comfortable low-energy dwellings using
climate-responsive building elements?

This main question will be answered by answering the stated sub research questions
first, one by one.

How can knowledge on climate-responsive design best be made available to the architect?

Building a knowledge base on climate-responsive design by itself does not guarantee
proper interpretation and implementation by the architect. Any knowledge should

be presented to the architect in the right language. Choosing the right language
requires understanding of how the architect thinks and works. The aspects of creativity,
intuition and visualisation in design are relevant in order to provide the background for
the presented knowledge transformation.

The creative design process consists in general of the following phases:

analysis

the exploration of possibilities and limitations

generation

the actual process of conceptual design with the generation of design options; valid
solutions to the problem (or need)

evaluation

evaluation of design options

communication orimplementation

the selection of the preferred design option and the basis for the final design
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Although experts can be introduced to the design process, in practice specific expertise
is sparsely used or can often not be called upon during the early design stages of
analysis and concept development. In those cases architects need to make decisions
on climate-responsive design on their own. The architect is then best served if the
knowledge is available as informative support during decision making when laying out
the energy design concept.

Following Kolb's different learning styles a design support tool is found to be best
presented in a normative style - when focusing on mainstream architectural practice -
while addressing different design orientations (program, concept and site) as possible
starting points of design.

What are the comfort and energy demands in relation to climate-responsive design?

What is defined as comfortable has far-reaching implications for the way buildings
are designed and how indoor environments are maintained. The urge to fully control
the indoor environment has resulted in the widespread dependance on mechanical
climate control systems. Such systems operate almost completely separately from the
building and are almost indifferent to their environment. The more adaptive approach
to comfort provision tends towards an indoor thermal environment that is attuned to
the dynamics of the outdoor environment.

Through climate-responsive design a building becomes an intermediary of occurring
natural energy flows and reconnects the user to the outdoor environment. The
employment of the ability of structural and architectural elements to play an active
role in the harvesting and harnessing energy flows, the so-called climate-responsive
building elements, fulfil a link in the development of an energy design concept.

Many spatial, functional and comfort-related conditions that are written down in

the design brief affect the energy concept of a design. As many of these boundary
conditions may already have a major influence on the energy concept of a design, their
identification is fundamental to climate-responsive design. The conditions and their
effect on the energy design concept were identified in section 3.3 and are repeated in
Table 8.1 and Table 8.2.
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CONDITION

site selection
and planning

The energy potential of one site may be better fit for
a certain design problem than the other. However,
in many design cases the plot is already decided for
by the principal. This only leaves site-specific energy
potential of the selected site to the architect.

DESCRIPTION DESIGN CONSIDERATIONS

- Consideration of site specific features such as plot

orientation, situation (urban or rural) and poten-
tial of (existing) landform and vegetation.

e SR The total amount of units on a certain plot. With
higher densities more units need to benefit from the
same energy potential.

Increased densities require more stringent mea-
sures on reducing energy demand.

Higher densities allow sharing of design solutions
that can boost effectiveness as opposed to when
applied on the scale of a single building unit.
Higher densities allow (more) cost-effective appli-
cation of shared solutions.

organisation
and stacking of
dwellings

Forexample, apartment building, terraced dwellings
or detached house. The dwelling type determines
the ratio between specific areas of the building skin
(ground floor, facade, roof) available for energy
harvest.

Apartments have a low unit-specific surface
exposed to ambient conditions, no specific surface
to the soil and large surface adjacent to other
apartments. Energy is therefore particularly to

be harvested at the facade or through communal
systems.

Adetached house has large surfaces exposed to
ambient conditions, a significant surface exposed
to the soil and no surface adjacent to other build-
ings. This makes that energy can be harvested
virtually from any side of the building. However, as
aresult, the large effective heat loss area requires
special attention to limit energy losses.

target group Human presence and related comfort requirements
differ from group to group: families with children,
two-income couples with no children, single persons,

elderly, etc.

Elderly spend most time indoors and require a
smaller band width in which the comfort zone may
vary. This would put more emphasis on sustained
retention of certain comfort levels.

Two-income families with no children and single
persons us the house (and its living spaces) more
intermittently, which would benefit more from

a decentralized demand-driven comfort control
strategy.

Families with children will use the house more
continuous, occupying different zones at the same
time. This would call for an individual operable
demand-driven control strategy.

price range

The price range of the development (e.g. social hous-
ing or penthouses) partly set the available budget for
comfort-control related investments.

Future occupants of social housing projects are
best helped by low operational costs.
Development of more expensive dwellings give an
opportunity to apply more expensive solutions.

TABLE 8.1 Spatial and functional boundary conditions and their effect on the energy concept.

249 Conclusions and recommendations



COMFORT-
RELATED
PARAMETER

Thermal comfort
requirements
and target values
(traditional vs.
EGES)

Summer comfort

Air quality re-
quirements (e.g.
maximum CO,
concentration)

Humidity
requirements

Acoustic require-
ments

Illumination
requirements

User interven-
tion

DESCRIPTION DESIGN CONSIDERATIONS

Determines the general heating and cooling strategy. . — Tune passive heating strategies to the heating de-
mand, thus optimize for the times most needed,
and complement with strategies of conserving or
storing energy.

- Group zones with similar requirements and posi-
tion them in the building plan (orientation, floor
level) according to the energy offer.

Strategies to prevent and overcome issues of over- - Preventissues of overheating by keeping heat out

heating. or accelerated discharge of gained heat.

- Apply passive cooling strategies using lower tem-
perature sources in the surroundings.

Ventilation strategy: when and where to ventilate. - Eliminate contamination sources as much as
possible.

- Employ demand-control ventilation: design for
decentralized ventilation with heat recovery in cold
periods.

Defines humidity-control measures. - Moisture buffering strategies (e.g. hygroscopic
interior wall and ceiling finish) is a supplement to
typical control strategies based on ventilation.

- Buffering techniques enable moisture control
spread over time, eliminating the need for direct
increased ventilation and possible accompanying
issues of discomfort.

Acoustical behaviour of elements and finishes - Unobstructed flow of (ventilation) air throughout
the building should match requirements on noise
levels.

Defines window size and arrangement, glare protec- - - Allowance for sufficient daylight admission in tune

tion measures and privacy control. with heat transfer (solar access and transmission
losses).

- Special attention to daylight admission is needed
in densely built environments. Highly placed
windows can be more effective.

Adaptive control measures - Although it sometimes may seem that adaptive
control measures are in conflict with a low-energy
strategy, this is not per se true since adaptive
control measures improve comfort experience and
the acceptance of short-term deviations. A valid
climate-responsive concept is able to minimise
the negative energy effects of userintervention. In
addition users can be made aware of the energy
and comfortimpact of their actions.

TABLE 8.2 Comfort-related boundary conditions and their effect on the energy concept.
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What is the potential of natural energy sources within the built environment?
In chapter 4 the energy offer of the climate resources (e.g. sun and sky, earth, wind,

and water) in context of local climate and the influence of the urban microclimate
was researched. The presence of urban tissue and other elements such as water and
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vegetation has an effect on the microclimate which can be significantly different from

local climate as it would be without the presence of such elements. Such factors should

be taken into account when calculating the energy potential of a built environment.

In the light of climate change, it was discussed that due to the expected changesin

climate (e.g. solar radiation, temperature, precipitation and wind) - in accordance with
KNMTI's climate scenarios - emphasis shifts to cooling, or the prevention of overheating.

These changes in energy offer of climate resources and comfort demands determine
the climate-responsive design strategy to be followed.

In this study some heavily related environmental parameters with a strong effect on the

development of the energy concept were derived (section 4.4, repeated in Table 8.3).

Urban pattern, vegetation and
solar geometry

Urban pattern, landform,
vegetation and distribution of
wind direction and speed

Annual temperature distri-

bution, soil composition and
ground cover

Average annual temperature,
soil composition and ground-
water flows

Air temperature distribution
(extreme values, mean values)
and solar geometry

Solar path in periods with high
chance on overheating

Natural light access to the
envelope

combined with vegetation

- Solaraccess to building envelope (shadow casting, etc.) determines potential for passive

and active solar strategies. In densely built areas solar harvest is limited at levels of the
building skin low to the ground. The uppermost storeys and the roof can still be well ex-
posed to the sun.

On-site vegetation can block sun access to the building, which can be beneficial to the
purpose of solar shading.

Wind behaviour in urban canyon and urban canopy determines potential for natural venti-
lation and wind power. A high density causes natural air to flow over the building rooftops,
while limiting the air flow at street level.

When no clear prevailing wind direction is available wind is best harvested using a strategy
thatis able to ‘catch’ wind from different directions.

Landform and vegetation may block wind access to the building, which can be beneficial to
the purpose of wind screening.

Energy exchange potential of shallow layers of the soil. Soil composition and (soil) tempera-
ture at shallow depths follows seasonal trends in air temperature of the location. Directly
underneath the building the energy balance is also fed by heat flows from the building.

Energy storage potential of deeper layers of the soil. Soil temperatures at depths of 10 m
and more are quite stable and close to the average annual air temperature at the location.
In addition, groundwater flows affect the energy balance of the soil, either boosting or
blowing the heating (or cooling) potential for prolonged periods.

Primary steering factor of general thermal energy balance of the building. Use a quick-scan
method to explore heating and cooling demands of an initial design.

By using a quick-scan method the need for preventive measures according to the time of
year and time of day can be mapped.
Fixed shading devices then block the solar radiation from corresponding sun angles.

Strategic use of daylight minimise the need for additional electric lighting.

Water presence, whether or not i

The presence of water has a cooling effect on the direct surroundings due to the effect of
evaporation.

TABLE 8.3 Climate-related and context-related boundary conditions and points of particularinterest in the development of an

energy concept.
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What are the underlying principles of climate-responsive design and how can they be
transformed into actual design solutions?

Climate-responsive design enables the potential of buildings to act as an intermediary
between the indoor and outdoor environment. By doing so, a comfortable indoor
environment can be created that is in tune with the dynamics of the outdoor
environment. Following the human preference for diversity this can have a positive
effect on health.

Comfort demands, local climate and building design together determine to a large
extent the energy use of buildings. Local climate is also inextricably connected to low
energy design when considered as a potential energy source instead of a threat. Based
on the principles of bioclimatic design, climate-responsive design is not a one size fits
all design solution but aims to be a balance between architecture and an high energy
performance. Key aspects of climate-responsive design are comfort provision, the
building as a responsive system and energy exchange with the environment.

Next to the promotion and prevention of energy exchange climate-responsive design
employs complementing energy treatment strategies such as energy conservation,
distribution, buffering, recovery and storage. Climate-responsive buildings can
combine multiple design solutions that together result into a comfortable building
with an effective energy balance primarily fed by natural energy flows (Figure 8.1). The
design strategy to follow and the effectiveness of chosen solutions depend on local
climate conditions and the intended building use.

O ® = & -~

sun earth wind sky water waste
< G -> l Q g
promotion prevention conservation buffering distribution recovery storage
heating cooling daylighting ventilation hot water electric power

FIGURE 8.1 The energy balance of a climate-responsive building where the harvest of natural energy sources
and complementing energy treatment strategies provide the energy needs for comfortable living.
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Many comfort aspects can be met directly from harvesting or adverting natural energy

flows, while others use some energy treatment strategy. The different design principles

were schematically presented in two matrices and shortly described in section 5.4.1. The
matrix of climate-responsive design principles presented as comfort provision against

energy treatment is repeated here (Table 8.4).
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passive solar earth coupling natural illumi- natural ventilation solar hot water solar power
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solar shading

solar shading
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thermal conser-
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thermal conser-
vation
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buffering

thermal buffering

thermal buffering

L,

distribution

thermal distri-
bution

thermal distri-
bution

daylight distri-
bution

o

recovery

transmission heat
recovery
ventilation heat

recovery

effluent water heat
recovery

$

storage

thermal energy
storage

thermal energy
storage

hot water storage

- Ventilation heat recovery is about recovering valuable heat from stale air flows. It is therefore part of a heating strategy and not
of a ventilation strategy.

- Effluent water heat recovery is about recovering valuable heat from waste water flows. Since in current practice the recovered
heat from effluent water streams is directly transferred to fresh water streams it is here categorized as a strategy for the provi-

sion of domestic hot water.

TABLE 8.4 Matrix of climate-responsive design principles presented as comfort provision against energy treatment.
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From these design principles a collection of climate-responsive design solutions
was composed. The climate-responsive design solutions are divided into three main
categories (i.e. contextual, architectural or technical) and into six subcategories that
cover various dimensions in planning and construction (i.e. site planning, building
form and layout, building skin, building structure, building finish and (integrated)
building services) (Figure 78.27).

CONTEXTUAL ARCHITECTURAL TECHNICAL

M B O a o

siteplanning | buildingformand @ buildingskin | building structure |  building finish (integrated)
layout ! ! ! . building services

FIGURE 8.2 Categorization of climate-responsive design solutions into contextual, architectural and technical solutions.

A non-exhaustive overview of climate-responsive design solutions, categorised
according to the predominant underlying design principle and the solution type (i.e.
contextual, architectural or technical) was presented in section 5.4.2 and is repeated
here (Table 8.5).
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passive solar
heating

solar shadi

natural
ventilation

natural
illumination

solar hot water

night-sky cooling

natural air
cooling

wind power

earth-coupling

geothermal hot
water

evaporative
cooling

thermal
conservation

thermal
buffering
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CONTEX L ARCHITECTURAL TECHNICAL

site planning building form building skin building building finish (integrated)
and layout structure building
services
direct solar gain thermal storage warm air collector
system sun space wall
shading from on- switchable window : structural shading printing
site vegetation system + device
external solar
shading
light shelf +
solar chimney
wind catcher
switchable window light pipes
system + optical fibres
translucent insu-
lation +
solar thermal
collector
photovoltaic cell
cooling from
shaded areas
cooling from water
bodies
urban wind turbine
earth shelter + earth shelter + direct contact deep-layer earth
foundation slab coupling +
energy piles ground-coupled
absorber dia- ventilation
phragm wall
foundation slab
with absorber lines
deep-layer earth
coupling +
roof pond
air lock adaptable insu-
airtightness lation
compact design thermal shutter
thermal zoning translucentinsu-
wind screening lation +
thermal mass phase change
thermo-activa- material
tion +
>>>
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thermal
distribution

daylight
distribution

transmission
heat recovery

ARCHITECTURAL

A

(m

site planning building form building skin building building finish (integrated)
and layout structure building
services

cavity wall heating

tilation
thermo-activa-
tion +

hollow core ven-

light-redirecting
window system
light shelf +

optical fibres

boundary wall heat
recovery

dynamicinsulation

ventilation heat
covery

breathing window

thermal ene
storage

hot water
storage

TABLE 8.5 Overview of climate-responsive design solutions, categorised according to the (predominant) underlying design
principle(s) and the solution type (contextual, architectural or technical). Solutions marked with a + occur more than once in the

matrix.

The main focus in this research is on climate-responsive building elements - design
solutions within the architectural design solution categories building skin and structure
- characterized by a far-reaching integration of energy harvest methods into structural

and architectural elements. They were discussed in section 5.4.3 and is repeated here
(Table 8.6).
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building skin building structure

opaque transparent/ roof subsurface ground column / load bear-
facade | translucent foundation | floorslab beam ingwall /
facade elements floor
promotion cavity wall direct solar solar attic energy piles : thermal mass i thermo-acti- i thermal mass
provide space heating gain system absorber foundation vation thermo-
heating thermal sunspace diaphragm slab with activation
storage wall / wall absorber
heating Trombe wall lines
prevention adaptable thermal adaptable - adaptable -
heat loss insulation shutter insulation insulation
limitation translucent
insulation
promotion earth shelter - roof pond energy piles | direct contact | thermo-acti- | thermo-acti-
provide space absorber foundation vation vation
cooling diaphragm slab
wall foundation
cooling slab with
absorber
lines

earth shelter

prevention light shelf - thermal mass - structural
overheating switchable shading
prevention window device
system thermal mass
promotion solar chim- - solar chim- - - - -
enforce nat- ney ney
ural energy wind catcher
flows
ventilation
distribution / dynamic - hollow core hollow core hollow core
recovery insulation ventilation ventilation ventilation

precondition

ventilation
air
promotion / - light shelf structural - - - structural
prevention / switchable shading shading
distribution window device device
control system
daylighting comfortable translucent
amounts of insulation
daylight

TABLE 8.6 Matrix of climate-responsive building elements.
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Based on the theoretical framework as presented in chapter 2 and the gathered and
generated knowledge in chapters 3, 4 and 5, the following content requirements for the
design support tool were formulated in section 5.5:

Performance

the comfort contribution and energy performance

Process

the collaborations and conflicts of combining solutions, and the possible energy
function of a building element

Architectural consequences

the impact of climate-responsive building elements on the appearance of design

These content requirements were given interpretation by the research conducted in
chapter 6.

What specific knowledge on climate-responsive design solutions is needed to fill the
design support tool?

In chapter 6 the information meeting the content requirements as stated in section
5.5 was generated for a selection of climate-responsive building elements. Hereafter, a
resume of the gathered knowledge is answers to this sub question.

Comfort contribution and energy performance

Quantified results on comfort contribution and energy performance merely give

an indication and are very specific for the considered design options. This makes
comparison of outcomes for the purpose of selecting design solutions based on their
contribution or performance difficult. Moreover, conditions and restrictions apply to
the presented quantification and may result in misinterpretations if not communicated
well enough. The provision of meaningful indications of comfort contribution and
energy performance for climate-responsive design solutions is considered beyond the
scope of this research, mainly because of its time-consuming and complex nature.

Identification of synergetic and conflicting effects

Most design principles and solutions will operate next to each other without interfering
with theirindividual performance. Some have great opportunity of improved overall
performance through collaboration, but some combinations require special attention
in the design process in order to prevent conflicts in the final design which can reduce
overall performance significantly. The key is to be aware of the possible conflicts in an
early stage in order to come up with creative solutions to gain in overall performance of
the design. Possible conflicts and synergetic effects were collected in section 6.10 and
repeated herein Table 8.7 and Table 8.8.
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POSSIBLE CO|
FLICTS

Flexibility of lay-

out vs. thermal
zoning

Compact design
vs. daylight
admission and
natural ventila-
tion potential

Flexibility of
layout vs. strat-
egies for natural
ventilation and
passive cooling

Thermal buffer-
ing vs. natural
illumination

Natural illumi-
nation vs. solar
shading

Active solar de-
sign vs. passive
solar design

EXPLANATION / CLARIFICATION DESIGN CONSIDERATIONS

Aflexible layout leaves the planning of the dwelling to
the occupant. This implies that all zones need to be
able to fulfil a variety of comfort demands, including
the one’s with the highest standard. Oppossed to a
thermal zoning concept where it should be clear to
the occupant if a zone is meant to fulfil a specific pur-
pose in the energy concept that makes it not eligible
for flexible use (e.g. a sun space that is transformed
into an all-year round living space and therefore
reduces overall performance).

Compact building design is highly functional while
routing stays minimal and highly efficient from

a thermal conservation point of view. However,
compact design may conflict with sufficient daylight
admission and the potential of using natural ventila-
tion techniques.

Use skylights to improve the quality of natural
light into the building. Harvest undisturbed wind
flows that pass over the building roof.

Natural ventilation and passive cooling strategies
require a matching layout. The flexibility of the layout
should be taken into account in order to prevent the
need for technical installations when building use
changes.

Natural ventilation flows benefit from unobstruct-
ed paths and are enforced by sufficient height
differences.

Massive building elements to improve the building's
thermal quality by buffering energy may interfere with
desired levels of transparency for daylight admission
and views to the outside.

Adopt floor structures and/or interior wall ele-
ments for thermal mass.
Choose PCM as an alternative.

Careful design of measures that guarantee daylight
admission and outside view in compliance with solar
shading, glare protection and privacy issues.

Use solutions that are able to meet multiple
requirements. These solutions can be either
non-adaptable such as light shelves or adaptable
in the form of movable or foldable sun shades, or
louvres.

Aray of sunlight can typically only be used once.
Smart selection optimises both active solar gains (e.g.
photovoltaics or thermal collectors) and passive solar
gains (e.g. passive solar heating, natural illumina-
tion).

Deploy both active and passive solar design strat-
egies close(r) to comfort demands to be met (e.g.
solar hot water in the morning, solar power after
works hours, etc.).

TABLE 8.7 An overview of possible conflicts in the development of the climate-responsive design concept.
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DESIGN PRINCIPLE THAT HAS AN EXPLANATION AND CONSIDERATIONS

OPPORTUNITY TO COLLABORATE
passive solar heating and thermal - The overcapacity of ‘over-sized’ (i.e. generating more energy than directly required)
energy storage passive solar heating solutions can be stored for later use.

passive solar heating and thermal - The overcapacity of ‘over-sized’ (i.e. generating more energy than directly required)
buffering passive solar heating solutions can be buffered for use after the sun sets and ambient
temperatures may drop significantly.

passive solar heating and solar ~ Trombe wall systems where air filled cavities are heated by solar radiation can be par-
driven ventilation tially employed as solar chimney.

solar shading and thermal conser- - When solar shading devices are designed in such a way that they can be placed in front
vation of a window, they can function as additional thermal insulation when needed.

solar shading and solar power - Since a shading device's primary task is to prevent windows to be exposed to solar
radiation, they can be equipped with photovoltaic cells to harvest solar energy instead
of rejecting it.

natural ventilation and earth ~ Incolder periods when ventilation air drawn directly from outside could cause issues of
coupling draught. To prevent this, a solar or wind-driven ventilation system can be connected to
a ground-coupled ventilation system that preconditions the fresh ventilation air.

SelEle iV E e Bl el E el — The need for cooling follows the solar offer to a large degree. Solar-driven ventilation

air cooling flows can therefore be applied to draw cool air in for passive cooling purposes.

TABLE 8.8 An overview of opportunities for collaboration between climate-responsive design principles.

Possible energy function of climate-responsive building elements and their primary (or
other) function

The selection of design elements should aim for their contribution to the energy
concept, but may not interfere with the fulfilment of their primary functions such

as safety and functionality. An overview of the hidden energy purpose of building
components, supplementary to their primary function(s) was presented in section 6.10
and is repeated here (Table 8.9).
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building site -

accessibility
outdoor space

COMPONENT PRIMARY FUNCTION(S) HIDDEN ENERGY PURPOSE(S)

improvement of microclimate through vegetation and water bodies
shading from vegetation
wind protection

staircase

internal routing

increase height difference to enforce natural ventilation potential

hallways

internal routing

thermal distribution
thermal buffer zone

storage space
additional living space

solar collection
internal heat collector (from rising warm air)

construction pile

building support

earth coupling

building support

thermal mass
direct earth coupling

basement

utility and storage space

energy storage facility

building support

thermal mass
thermo-activation

building support

thermo-activation

building support

thermo-activation

building support
internal organization of
spaces

storey seperation

fire protection

thermal mass
thermo-activation

external wall -

shelter

microclimate improvement from green walls
thermal conservation

daylight admission
natural ventilation
outdoor view

thermal conservation
direct solar heating

shelter
rainwater drainage

microclimate improvement from green roofs
thermal conservation

roof pond

solar attic

internal wall -

internal organization of
spaces

room seperation

fire protection

thermal mass
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aesthetical feature

surface characteristics for optimization of daylight, thermal mass and
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aesthetical feature

surface characteristics for optimization of daylight, thermal mass and
acoustics

TABLE 8.9 An overview of the hidden energy purpose of building components, supplementary to their primary function(s).
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Impact of climate-responsive building elements on the appearance of design

Some climate-responsive solutions have significant impact on the appearance of
design, while others don't. The architect can select design solutions in order to create
distinguished architectural designs. An overview of the (in)visibility of the design
solutions was presented in section 6.10 and is repeated here in Table 8.10.

DESIGN PRINCIPLES DESIGN SOL IMPACT ON APPEARANCE OF DESIGN
e | e

thermal conservation adaptable insulation v v

thermal shutter v

translucent insulation v

dynamic insulation

thermal buffering + thermal mass
thermal distribution

thermo-activated building elements

cavity wall heating

ventilated hollow core elements

N ENIENE RN ENE RN

passive solar heating direct solar gain

thermal storage wall v

<
<

sun space

[

roof pond v

earth-coupling direct-contact foundation slab v

earth shelter v

energy piles v

natural illumination light-redirecting window system

switchable window system

light shelf

natural ventilation solar chimney

RN RN RN AN

wind catcher

solar shading structural overhang v

TABLE 8.10 An overview of the visual impact of climate-responsive elements on the design. visible elements are clearly
distinguishable and can, if desired, be designed as an architectural feature, whereas ‘invisible’ elements don't appear different from
the ‘ordinary’ building elements.
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What is the best form for a design-decision support tool to transfer knowledge on
climate-responsive design to the architect?

In the early stages of the design process climate-responsive design is mainly about the
generation of energy concepts, in which unequivocal guidelines and comparison of
alternatives is more valuable than the assessment of absolute performance. The aim of
the design support tool is to provide informative, context-specific knowledge that will
assist the architect in generating design options.

The following key elements of the tool - splitinto requirements for content, function
and form - were listed in section 7.1, and are repeated here:

Content requirements

the comfort contribution and energy performance of a design solution;

the possible disagreements between the employment of the energy function of
climate-responsive building elements and their primary (or other) function;

the identification of collaborations and conflicts when using multiple design principles
together;

the impact of climate-responsive building elements on the appearance of design.

Functional requirements

include a knowledge base with expert knowledge and best practice examples
provide informative, context-specific knowledge

provide accessible guidelines

provide the option to compare alternatives

include the ability to inform during and assist in decision-making (i.e. intelligence)
limit complexity and generate easy to interpret output

Form requirements

enable or give room to creativity

offer customisation options

prevent misinterpretation through proper guidance
presentin a visual style

allow custom navigation patterns

Deduced from these requirements it was inferred that the support tool is best met
using a web-based tool. This has the advantage of always up to date information

and features accessibility from any device connected to the internet, the inclusion

of custom navigation patterns, the inclusion of context-specific and custom filters,
highlighting relationships to relevant parts of the knowledge base, and a bookmarking
system in order to save relevant bits of the knowledge base for future reference.
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An extensive preview of how the tool could function and look like was given in chapter
7,and is available online at http://www.climateresponsivedesign.nl/tool. The goal

of this concept is to present some of the elements of the tool, illustrate in what ways
the user can navigate through the knowledge, and in what ways the interrelationships
between different content parts within the knowledge base are shared with the user.
Sinceitis a concept it does not contain all content or desired functions. It is not meant
to be a final product.

The heart of the tool is formed by the knowledge base, constructed from items grouped
into one of four categories: principles, solutions, projects and guidelines. The most
detailed presentation style of stored content peritem is through info sheets. Other
presentation styles include overviews in the form of a catalogue, a matrix, and an image
gallery (projects only). These overviews give a quick look for all items in a category

(with the exclusion of the guidelines) and reveal direct relationships to similaritems
(solutions only) and connected items from the other categories. Figure 8.3 shows an
schematic overview of the different relationships between items in the knowledge base.

principles solutions projects

matrix catalogue matrix catalogue matrix catalogue

N

ha¥

Bh:

info sheet

\

info sheet info sheet

g

similar
2 solution
N info sheet

guidelines

guideline

FIGURE 8.3 Scheme of custom navigation patterns.
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In section 7.3 it was analysed that the concept tool conforms to a large extent

to the stated requirements, with the exception of requirements #12 on offering
customisation options. In addition, several architects were asked to use the tool for
some time during their practice. They were introduced to the tool in a 45 minute one-
on-one session and asked to use the tool sometimes during the successive weeks after
which a follow-up meeting was arranged to collect their feedback. The results can be
found in section 7.4. The main outcomes are summarized here:

The general opinion about the added value of having information on climate-
responsive design in the early phases of the design process is acknowledged by all
respondents.

It was mentioned that the availability of the information may increase the chance on a
integral design outcome, rather than seemingly employing design solutions as add-ons
to the design.

The added value of climate-responsive design in the evaluation and implementation
phase is acknowledged as well, but only if the information is made more specific and

quantified on relevant aspects, including energy performance, costs and pay-back time.

The possibility of comparing different design solutions - in an easy to read visual style -
is considered fundamental in the evaluation stage.

The presented overviews in matrix form were identified as a valuable element of the
tool.

The guidelines in their present form were mentioned as a less valuable element of the
tool, since they were hidden and could hardly be used during decision support. It was
mentioned that the guidelines would benefit more from a presentation in the form of a
roadmap.

The bookmarks in their current form were considered as less valuable, but could
benefit from adding the possibility of only bookmarking selective parts of the presented
information.

A more visible presentation of combined design solutions was identified as a valuable
but yet missing element of the tool.

It was mentioned that a more concentrated comparative analysis among selected
design solutions is considered vital for the tool to become more helpful as design-
decision support.

It was mentioned that the offered information forces the architect to think ahead.
However, it was also mentioned that the presented information is not per se directive
or defining in the design process, which could be improved by offering more deepened
and stratified information in the form of schemes and drawings.

It was mentioned that the tool has potential to be used as a communication tool

when presenting design ideas to clients. On the condition that the knowledge base is
expanded with more illustrative examples in photos, schemes and drawings.

The toolin general was considered user-friendly since it is organised, well structured
and has a recognisable visual style. Downside of the tool is that the descriptive
information is often presented in bulk. This would be improved when presented
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as an enumeration where possible. Furthermore, it was acknowledged that the
usability of the tool will benefit from the use of filters that limit the presented
information only relevant to the design task ahead and a more layered presentation
of detailed information.

The following suggestions for future development of the tool are identified:

The presentation of knowledge using different layers of detail, by starting to provide a
concise overview (e.g. guidelines, synergetic and conflicting effects and applicability)
and giving the user access to more specific content (e.g. background information and
properties) on demand.

A more prominent, direct and visual approach to synergetic and conflicting effects.

A more streamlined presentation of primary and related secondary content on the info
sheets.

The extension of projects with more detailed information, schemes, drawings,
performance and lessons learned, by linking to existing (online) resources.

The implementation of more context-specific content (e.g. building type, scale, setting)
in order to speed up the process of developing an energy concept and improve the
outcome.

The introduction of filters for setting project-specific conditions (e.g. plot size,
orientation, maximum building height) in order to limit the amount of information
presented only to the relevant bits.

A more concentrated and visual approach for the comparison of different design
solutions.

A more selective approach to the bookmarks in order to limit the amount of
bookmarked information only to the relevant bits.

The widening of the scope of the knowledge base with the inclusion of more dedicated
knowledge of the urban microclimate and its effects on natural energy potential of the
built environment.

Itis essential to keep the knowledge base up to date. This is probably best outsourced
to a knowledge institute or a dedicated organisation with expert contributions.

Main research question

How can architects fully exploit the potential of natural energy sources within the built
environment in their process of designing comfortable low-energy dwellings using
climate-responsive building elements?

In order for architects to successfully implement climate-responsive design they
need to understand the potential of the natural sources within the built environment
and how the building’s space and mass can harvest and harness these energy flows.
Rather than trying to make the designer think like an engineer and use the tools of an
engineer, it is better to transform the knowledge to the field of the architect.
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Many design choices made in the early stages of the design process determine the
possibility of the applicability of climate-responsive design solutions. In this phase

of the design process the architect needs to be steered in directions where the use

of climate-responsive design will become beneficial by presenting design guidelines
and design alternatives, rather than given insight in absolute performance of different
design options. The generation of absolute performance in this state will take too
much time in the process of design iteration. Architect’s will benefit here from working
concepts, indications of their performance, constraints of application, an overview of
conflicting and synergetic effects when applied together with other design solutions
and the impact of it on the visual appearance of design.

A working concept for a support tool was developed within this research project. The
aim of the tool is to support the architect in the generation of design options for the
energy concept of their design. Using a web-based support tool, architect’s can access
relevant knowledge in different ways that suit their method of working. It also enables
the presentation of relationships in a clear way and therefore unlocks much broader
parts of the content to them. It will help speeding up the proces of design iteration
before the energy concept can be assessed into more depth in the successive phase of
the design process.

This research resulted in a working concept of a climate-responsive design-decision
support tool. The tool provides a translation and transformation of expert knowledge
on climate-responsive design into the field of the architect. As with any tool that
contains expert knowledge, the presented information is subject to interpretation

and can be misread. By no means the presented information can be without error or
argument. Therefore, the use of such expert tools does not campaign for not consulting
experts. On the contrary, expert opinion validate the choices made by the architect.
The tool is meant to give informative support to the architect during the early stages of
designing the energy concept.

While conducting the research many lessons were learned. By answering the research
questions, it becomes evident where there is room for improvement. These findings are
presented here as recommendations for further research and tool development.
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Update the presentation of the context-specific knowledge and expand the knowledge
base with more context-specific knowledge

Since hardly any design project starts with a carte blanche, presenting only relevant
knowledge will enable a head start in the design process. This has been identified
with the functional requirements (section 7.1) and pinpointed by the architects that
reviewed the tool. However, the presentation of context-specific knowledge within
the tool in its discussed form falls short at this aspect, since the knowledge is often
scattered around. Here lies room for improvement.

One way to improve this is by using labels to tag bits of knowledge and make these
labels available to the user as filters. This includes labels such as building scale (e.g.
detached houses, row houses, high-rise, etc.) and setting (e.g. urban, rural, etc.),
among others. These labels - especially the ability to filter on labels - will enable the
architect to navigate more quickly to relevant parts of the knowledge and will decrease
the number of design iterations in the process of developing an energy concept.

Expand the knowledge base with knowledge layers

The knowledge is now presented in bulk and can become too much to handle. The
bundling and filtering of context-specific knowledge is one way to make the knowledge
more accessible. Another way is to implement knowledge layers in which the presented
level of detail is gradually expanded from general to practical. The use of the general
knowledge layer is used to grasp the concept of a design principle or solution and to
quickly assess if it has potential to be used in the architect’s design task. The practical
level or levels then give more insight into the applicability and its performance, by for
example the presentation of project examples with detailed drawings, an overview of
applied materials, and the listing of specific design considerations. In addition, the
most detailed practical knowledge layer can also be extended with more specificand
directive guidelines.

Development of indicators of performance of design solutions

In the research process multiple attempts were made to derive general quantifications
on the comfort and energy performance of climate-responsive design solutions.

The idea was to come up with some kind of indicators to allow a quick-scan of the
performance of a certain design solution in comparison to alternatives. It turned

out that quantifications of comfort contribution and energy performance on a

single solution basis are difficult to make generic, since they are influenced by many
design paramaters.
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Therefore, such quantifications can hardly be employed to assess different design
solutions during the development of the energy concept for the purpose of selecting
one solution in favour of another. Simply because there are too many design variables
at that time in the process that affect performance. However, architects would be much
helped by such indicators and the development of them would be very helpful.

When the tool is expanded with filterable context-specific knowledge and the
knowledge layers, performance indicators can become meaningful since they can be
presented at the more practical layers.

Insight in possible disagreements between the employment of the energy function of
(climate-responsive) building elements and their primary function

In this research a list has been presented of possible energy functions of building
elements, alongside their primary function. In some cases these energy functions may
interfere with their primary function. Complementary research is needed to pinpoint
these disagreements and to develop guidelines to overcome them.

Call for context-specific energy potential studies

A study into the influence of certain urban and building design paramaters, namely
street width and orientation, and roof shape and envelope design, on the solar
exposure of the urban canyon and the feasibility of passive solar heating strategies in
dwellings (Looman & Van Esch, 2010; Van Esch et al., 2012) has shown that typical
passive solar design solutions such as enlarged transparant openings not automatically
lead to improved performance. In fact, some studied configurations show a clear
worsening.

Itis a common mistake to present the natural energy potential as if the building is to be
found in an open field with unfettered views to the horizon. By doing so a deviant image
of the real natural energy potential is taken into account during the design process
which may lead to wrong design decisions and, even worse, the false conclusion that
comfort demands can never be met by employing naturally occurring energy forces.

In conclusion, the setting of a proposed building plot should always be taken into
account when calculating the energy potential. Even better, the generation of an
extensive map of the energy potential of a given plot prior to the architect starting
with his or her process will provide a much more realistic image of context-specific
analytical guidelines.
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Consideration of urban microclimate in the design of buildings

In supplement to the prior recommendation it is to be expected that new building
developments will also affect the urban microclimate that they reside in. These
alterations on the urban microclimate should also be mapped in advance of
construction and should be part of the assessment. Preferably, new developments
should impact the urban microclimate in favourable ways.

The step-by-step approach to prescribe more stringent standards on energy
performance predominantly steers towards developments in the technical direction
towards the widespread adoption of least-cost™, sub-optimised existing solutions.
Even the newly proposed indicators (Rijksdienst voor Ondernemend Nederland, 2015)
lack a certain ambition. In line with the European requirements (European Council for
an Energy Efficient Economy, 2010) all new buildings need to be near energy neutral by
the end of 2020. For the Dutch case, instead of a single performance indicator, three
indicators now have to be met:

maximum energy demand in kWh/m?a
maximum primary energy use in kWh/m?a
minimum share of renewable energy in %

Regarding the third indicator, preliminary demands for the minimum share of renewable are
set to 50% (Haytink, 2015), which means so much that the other half can still be met using
non-renewable sources. This is already a dead end now, and will certainly be in 2021. Both
current and proposed future standards hardly trigger true innovation on the architectural
or even contextual level, the fundamental levels in the field of low-energy building design.

This has to change and a fair way to do this might be by taking life cycle costs - running
costs, and the costs of environmental and health impact - into account during
assessment. Altogether, more knowledge on sustainable building design, and in
particular the transformation and transfer of that knowledge to the design practice,

is essential. The creation of design-decision support tools can assistin a more
widespread implementation of such knowledge. These tools also have much potential
as teaching tools in architecture education.
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As a final remark, in order to create true climate-responsive indoor environments the
outdoor environment has to be considered in a mutual way. The indoor and outdoor
climate interact. The urban microclimate is steering the energy potential and gives
direction to the creation of comfortable indoor environments, but the building itself
also affects the microclimate it sets in. Understanding both domains and designing
accordingly will be profitable to both. This is a direction in which building design needs
to evolve.
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appendixa  Description of reference building

model used in simulations

In this appendix a reference building model is described into more detail. The model
is used in the different simulations conducted within the scope of this research. The
model represents a mid-terraced dwelling, the most common type in both existing
stock and new housing developments in the Netherlands. The building form, plan and
its roof type is based on the reference dwelling as described by SenterNovem (2006).
The chosen reference model was representative for the then current and expected
standard in the Netherlands with respect to the building design, applied building
services, energy performance and manufacturing costs, among others.*

Drawings and floor plans

Figure App.A.1 and Figure App.A.2 show the view of the front and back facade of
the model and the floor plans. The three-storey building had a total gross floor area

of 124.3 m?. The ground floor contains the main living area typically with an open
connection to the kitchen at the front of the building. The back of the ground floor gives
access to the private terrace. The first floor accommodates three bedrooms and the
bathroom. The second floor is designed to be used a habitable zone as well.

34
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Since 2010 SenterNovem operates under the hood of Agentschap NL (NL Agency), an agency of the Dutch
Ministry of Economic Affairs that implements government policy for sustainability, innovation, and interna-
tional business and cooperation. In 2014 Agentschap NL merged into the RVO, Rijksdienst voor Ondernemend
Nederland (Netherland Enterprise Agency).

The definition of the reference dwelling was updated in 2011 and again in 2015, following the more stringent
requirements on energy performance (see also section 3.2.1). The form and layout of the reference dwelling
didn't change. The improved energy performance was met by increased levels of insulation and the employment
of building systems such as solar thermal collectors, solar cells and demand controlled ventilation with heat
recovery.
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FIGURE APP.A.1 Views of the front and back facade of the mid-terraced dwelling with a gable roof. The front

facade contains the main entrance to the house from the public street.
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FIGURE APP.A.2 Floor plans of mid-terraced dwelling.
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Materialisation

Table App.A.1 shows an overview of the building elements and their materialisation.
The reference model is constructed from massive building elements that can be
categorized as high thermal mass, with an overall building weight above 600 kg/m?
floor area. The building meets standard insulation requirements; both ground floor and
external walls have a heat resistance R_of 3.0 m2K/W, the roof has a heat resistance

R, of 4.0 m?K/W. The floors and walls are not accommodated with any type of internal

finish (e.g. carpet, wooden panels, ceramic tiles or gypsum plaster).

Thickness | Thermal | Heatre- |Specific | Density |Massby | Heat
conduc- | sistance | heat p (kg/m?3) | area (kg/ | capacity

tivity R, c, (1/keK) m?) by area
A (W/ (m2K/W) (k]/m?2K)

Ground floor internal heat transfer - - 0.13 - - - -
Lightweight concrete 0.050 0.5 0.10 840 1350 67.5 56.7
Heavyweight concrete 0.050 17 0.03 840 2400 120 100.8
Insulation 0.120 0.045 2.67 1470 30 3.6 53
external heat transfer - - 0.04 - - - -
total 0.220 3.0 1911 162.8
Internal floor internal heat transfer - - 0.13 - - - -
Heavyweight concrete 0.200 19 0.11 840 2500 500 420.0
external heat transfer - - 0.13 - - - -
total 0.200 0.4 500.0 420.0
Internal wall internal heat transfer - - 0.13 - - - -
Sandline brick 0.100 1 0.10 840 2000 200 168.0
external heat transfer - - 0.13 - - - -
total 0.100 0.4 200.0 168.0
Separation internal heat transfer - - 0.13 - - - -
WAL Heavyweight concrete 0200 1.9 0.11 840 2500 500 420.0
duwellings external heat transfer - - 0.13 - - - -
total 0.200 0.4 500.0 420.0
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Thickness Heatre- | Specific Density Massby | Heat
d(m) sistance | heat p (kg/m?) | area (kg/ | capacity

R, ¢, (1/kgK) m?) by area
(m2K/W) (kJ/m?2K)

External wall internal heat transfer
Sand-lime brick 0.100 1 0.10 840 2000 200 168.0
Insulation 0.090 0.035 2.57 1470 30 2.7 4.0

Air gap 0.007 - 0.10 - - - -
Building brick 0.100 1.2 0.08 840 1900 190 159.6

external heat transfer - - 0.04 - - R R
total 0.297 3.0 392.7 331.6

internal heat transfer - - 0.13 - - - -
Heavyweight concrete 0.200 1.9 0.11 840 2500 500 420.0
Insulation 0.160 0.045 3.56 1470 30 4.8 7.1
Lightweight concrete 0.100 0.5 0.20 840 1350 135 1134
external heat transfer - - 0.04 - - - -
total 0.460 4.0 639.8 540.5

TABLE APP.A.1 Overview of building elements and their materialisation.

The doors are made of wood (A = 0.12W/mK; ¢ = 1880]/kgK; p = 600 kg/m?) and
are 40 mm thick. The standard window system consists of a double-glazing unit filled
with argon ( Ug =1.27W/m?K ) and aluminium framing with a thermal break.
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