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Abstract

Building envelope inefficiency accounts fora substantial portion of the construction sector2 K
energy losses,one of the primary causes of climate change. This master thesis studies an
effective alternative to traditional fadades insulation methods. In that context, it analyses,
optimizes, and studies practical applications of the House in a GreenHouseHGH) concept,
a core house enclosed in a greenhouse. First, energy simulationgrove that surrounding a
house with a greenhouse is equivalent to using a traditional insulating composite in termsof
guantitative energy performance. Second,a biomimetic research-by-design process is
followed to counter the five identified weaknesses of the HGH: high illuminance levels,
insufficient passive heating in the coldest days and overheating in the warmest ays, high
humidity levels, and a margin to optimize the energy collection.As a result, two combined
biomimetic optimized solutions are proposed toimprove the HGH. These areinspired by the
properties of the termite mounds, the desert rhubarb, the strelitzia reginae the sunflower, the
chameleon skin, as well asthe geodesic dome. Subsequently this thesis studies the practical
application of these two solutions to existing insufficiently insulated Brussels villas in three
different setups: a full, semi orrooftop greenhouse. Provided certain conditions are met, the
optimized HGH may bea concrete alternative to standard insulation methods. To conclude,
the HGH concept is efficient in terms of thermal insulation, is an alternative to fuelbased
insulation materials, can be further optimized through biomimetic design, andmay be applied
to retrofit Brussels villas. It also goes beyond insulation by providing in-situ food production,
water autonomy, and enhanced mental health through greater proximity to nature.
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Problem statement

1.

Climate change is one of the biggest challenges of the 2% century. This phenomenon is
mainly driven by the rising emission of greenhouse gases (GHG). Indeed, human activity
increases the concentration of the greenhouse gases in the atmospherein particular carbon
dioxide (CQ) (refer to Appendix 1¥ Climate for more details p.168).

First, the building sector is the world's greatest user of raw materials, it accounts for up to
40% of the EU energy consumption and represents almost 10% of total domestic carbon
footprint (European Commission 2022) (Webb, Aye and Green 2018)In this context, wiser
planning and more energy-efficient design are crucial to reducing the construction sector's
detrimental influence on the environment (Barozzi, et al. 2016) For this reason, the EU and
the reports of the Intergovernmental Panel on Climate Change (IPCC) call for a drastic
reduction in GHGof 50-80% by 2050 compared to 2020(Cruz 2016) (European Commission
2022). In other words, primary energy consumption, which accounts for the largest share of
carbon emissions, must be reduced through the improveE = F L G> ‘eNeigP < AF 2?2 K
performance. This involves loweringheating and cooling use, which can be achieved through
insulation (Bianco, et al. 219).

Second, he average level of insulationof Brussels housesis very pooras most of them were
built before the 1960s and their current pace of renovation is too slow (Brussels
Environnement 2022). In addition, the building stock would certainly benefit from alternate
insulation techniques, as standard systems are quite limiting.Indeed, the insulation retrofit
of buildings nowadays is most often conducted by adding non regenerative petrochemicat
based materials either inside, outside, or in-between the cavities in the walls.Each of these
solutions are complex and expensive to implement, as they bear arisk of thermal bridges,
condensation, denaturing of frames,covering of architectural qualities, etc. (Carton 2009).

Ergo, there isroom to propose new and innovative insulation solutionsin the construction
sector. To that end, thisMaster Thesis will study, analyze, apply, and optimize te House in
a GreenHouse (HGH) model.



Introduction

2.

Climate change and climate zones

As explained in the problem statement, innovative solutions to reduce the contribution of the
construction sector to the causes of the climate change are a key challenge for today K
engineers and architects (refer to Appendix 1¥ Climate for more details p.168).

Climate change does not only affect the temperatures, but also increases the risks of natural
disasters because of the modified precipitations and sea level(Pepermans and Maeseele
2017) ¥ as demonstrated, for example,by the floods in Belgium after the heavy rains during
the summer 2021.

According to the KQopen climatic classification system, Belgium sits in a temperate oceanic

climate zone, defined by Cfb. A temperate region is characterized by wide temperature

ranges and distinct seasonal changes whee mean temperatures evolve betweenVE! 9 F <
T[E!| -;=9FA; L=EH=J9L= J=?AGFK ~1!>:° HJ=K=FL
relative humidity and precipitation spread throughout the entire year. These zones aralso

frequently cloudy (Beck, et al. 2018)

House in a Greenhouse (HGH)

The House in a GreenHouse (HGH) model is based on a specific type of doubigkin envelope,
namely the enclosing of a housein a glazed greenhouse. HGH has many advantages. Besides
providing an insulating air layer between the ouside and the inside of the home, it also
provides its occupants with possibilities for local food production under the greenhouse,
more area for the implementation of renewable sources of energy and proximiy to nature.
The latter has been proven to enhance mental healt{Superior Health Council 2021)(further
details in annex p168).

Yet, as it will be shown in the following chapters, the very design of the HGH model also
presents weaknesses, such ashigh illuminance levels, scarce passive heating in the winter
and overheating in the summer, high humidity levels, and a margin to optimizehe energy
collection.



Main concepts

Biomimicry and Biomimetic Design

Biomimicry applied to architecture is a science that imitates nature to find design solutions.
Indeed, organisms have managed to achieve what humans do without consuming fossil

fuels, harming the environment, or risking the future ¥ L @=J =>GJ = = AE? - KMKL9A

Whereas nature only uses renewable resources and reuses as much as possible while using
the path of least resistance, hence saving energy, humans operate with a lot of non
renewable sources of energy and produce a lot of waste(Appendix 2¥ Biomimicry p.173).

Biomimicry comes from the Greek bios, life and mimesis, imitation. According to the book
Innovation inspired by naturewritten by Janine M. Benyus (1958¥) in 1997, this science is
based on three pillars:

1. Nature as model: Biomimicry AK 9 F=0 K, A=F, = L@9L KLM
imitates or takes inspiration from these designs and processes to solve human
problems, e.g., a solar cell inspired by a leaf.

2. Nature as measure: Biomimicty uses an ecological standard to judge the rightness of
our innovations. After 3.8 billion years of evolution, nature has learned. What works.
What is appropriate. What lasts.

3. Nature as mentor.: Biomimicry is a new way of viewing and valuing nature. It introduces
an era based not on what we can extract from the natural world, but on what we can

D=9JF (Bdn@i51948) / -

According to the Biomimicry Institute, the most up-to-date source of this science, bioinspired
design is a wellrecognized term describing design and engineering techniques that use
nature as a resource.Biomimicry is a form of bioinspired design. Indeed, Biomimicry learns

from, and copies regenerative straegies found in nature for functional problems; whereas an
entity that is bioinspired refers to a design inspired by or based on biological structures, a
EGJ= >GJE9D HJG,; =KK| 2 @Bionrlidrylnstifufe RO0&).= > AF AL

Biomimetic design is biomimicry applied to design. For that purpose, several methodologies
have been defined such as the topdown and bottom-up approaches (Sabry Aziz et El sherif
2016).

<A=K FI9LIA

AGF AK DS

! Sustainable  AF L @AK ; GFL=PL E=9FK} -9: D= LG := MK=< OAL@GML : =AF?
E=L@G<K L@9L <G FGL ; GEHD=L=DQ MK= MH GJ <=KLJGQMéd&rah-MJ 9D J=KGMJ; :

Webster 2022)



Introduction

Biomimicry and building envelopes

The initial aim of architecture is to shelter humans from weather conditions. Therefore,
architecture requires an awareness of how to respond to changing climatic conditions, such
as people who, over time, have adapted to their surroundings by dressing for the weather and
living in ways that are tailored to their local environment (Kaslegard 2010)

The building envelope or building skin¥ its outer walls and roof ¥ is the boundary through
which the building interacts with the environment and where most energy and material
exchange occur. It is similar to natural skin as it consists of filters that react to light, air,
moisture, sound, and heat. The main purpose of a skin is its capability to maintain internal
conditions while the external environment is changing in terms of tempeiture regulation
(Radwan and Osama 2016)

Traditional > 9 6 9 are= built with static components and require human involvement to

maintain the building's temperature (e.g.: open and close windows or curtains). Adaptive

9F<AGJ J=KHGFKAN= >969<= KQKL=EK ;9F ; @YF?= >MF;
changing external circumstances and may provide adjustable heat exchange, shade,

humidity, ventilation, energy storage etc. (Sandak, & al. 2019).

A first observation is that the HGH model is an example of a biomimetic design solution. The
greenhouse that surrounds the house operates in a comparable manneias a skin layer. the

objective is to insulate and protect the home and its residents from the outdoors, like one

would wear a jacket when it gets colder outside.In that way, the greenhouse acts as an
adaptive thermal comfort solution, a c/imate shell, and provides a buffer zone between the
outdoors and the living space.



Research goals

3.

This thesis will study the behavior of a HGH prototype to achieve a higher energy efficiency

in regions with cold or temperate climates. This model and derivatives have already been

built and studied by others, like Lacatonand4 9 KK9 D2 K OAFL papd® wedish K GJ L @=
concept Naturhus. After describing and analyzing reallife examples, this thesis will review

ways to optimize it through biomimicry via a researchby-design process. Theapplication of

the concept to insufficiently insulated Brussels villas will then be studied.

Therefore, the main researchquestion is:

Is the House in a GreenHouse concepvaluable for Belgium? How can we improve its energy
performance through biomimetic design and apply this solution fo the retrofit of Brussels
Villas?

The research will be conducted through a HGH prototype, ¥ designed specifically for this
thesis. It is based on several case studies. To fulfil the thesis target, the following ofectives
will be sought:

- What are doubleKCAF >90869<=Ky T &GO° <G L@=Q AEHJGN=
performance?
- Which types of biomimetic envelopes already exist? (How) do they improve a
: MAD<AF?2K =F=J?2Q H=J>GJE9F; =y
- What is the impact of an outer glassskin on the thermal efficiency of a house? How
could it be improved by copying some natural bioprocesses?
- How could the thermal efficiency of Brussels Villas be improved through the
addition of a biomimetic outer glass skin such as a greenhouse?



Introduction

4.

To answer the aforementioned questions, the following methodology will be used.

Firstly, a literature review will be performed, both on a historical overview and the stat®f-
the-art of research on the main concepts. This initial chapter will be completed by several
case studies toidentify the main weaknesses of the HGH concept, as well as looking for initial
HOL@K >GJ AEHJGN=E=FLK| 2@=K= LOG ; @Q9HL=JK OADD

Secondly, experiments will be conducted. First, by designing the prototyp mentioned before.
Second, by conducting energy simulationsusing the OpenStudio software, based on five
scenarios to determine the insulating properties of the HGH concept. Third, by conducting a
research-by-Design (RbD) analysis of eight different biomimetic envelopes to optimize the
prototype based on the issuesidentified in both the research and the simulations. Last, by
performing another RbD development to apply the concept in a practical manner. The goal is
to use the HGH concept to insulate the bulding stock of detached houses in Brussels.

Finally, conclusions will be drawn and potential further research on the subject will be
identified.



Master Thesis outline

5.

Chapter 1 frames the context based on a literaturereview, byproviding a historical overview
and the state-of-the-art findings on L @A K L @sspeatKBiomiGikery) thermal efficiency,
climatic design, and building skins.

In Chapter 2, six case studies are presented. Three are usedas introductions to the subject:
the Greenhouse Living Concept, theEdge,and the One Ocean Building The other three case
studies (Naturhus, Kaseco, and the Dome over Manhattanproject) are describedin depth and
critically analyzed.

Chapter 3 contains the basic assumptions used as well as the build-up of the HGH prototype
designed specifically for this paper.

Chapter 4 presents the results of the energy simulations conducted on five different
scenarios to determine whether the greenhouse can act as an insulation solution.

Chapter 5 describes the biomimetic Research by Design process performed to optimize the
HGH model. To this end,eightbio-AF KHAJ =< GHL AGFK > Guére dngiyzed GML =J
based on the findings of the previous chapters.

Chapter 6 goes over different Research by Design scenarios for the practical application of
the concept optimized in chapter 5. The optimized greenhouse is placed over typicaBrussels
villas, andthe feasibility of this application is discussed.

Finally,the conclusion summarizes the main findings in comparison to the initial objectives,
the contribution of this thesis to the ongoing research, its limitations and potential further
research onthe subject.

FiguelADDMKLJ9L=K L@AK L@=KAK2 KLJM; LMJ=|

KCA
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Figure 1. Master Thesis' outline (Author, 2022)






CHAPTER 1

This first chapter aims at providing a state of the art on the different subjects
involved in this thesis. It starts with the definitions ana/or an historical review
of the key elements framing this research namely climate change and climate

zones, the thermal/energy efficiency of a building, climatic design, building
skins and of course biomimicry and its application in terms of building

envelopes.

After the definition and the historical background, the state of the art will
highlight the most recent and optimized developments in Biomimicry
TJ=KGMJ; =K{ HJIAF, AHD=K{ A<=9K{ <
(efficiency, buildings in diverse climates, passive solar designand
greenhouses) available in the scientific literature. It will also present the
biomimetic research by design process that has been followed to improve the
overall efficiency of the HGH model and its application on theBrussels villas.



Historical overview

1.
Biomimicry

One of the first instances of Biomimicry was the study of birds to enable human flight by
Leonardo da Vinci (1452¢1519). In the many notes he left about his findings, he developed
the well-known concepts for flying machines. Despite never being able to build one himself
(Leonardo da Vinci 2019) his observations of pigeons in flight are claimed to have inspired
the Wright Brothers (respectively 1867-1912 and 1871-1948), who piloted the first airplane in
1903 (Benson 2021).

In the 1950s, the American biophysicist Otto Schmitt (1913-1998) was the first to introduce
the term biomimetics. In his research, he developed theSchmitt trigger? by analyzing squid
neurons and attempting to construct a device that replicated the organic mechanism ofnerve
transmission (Sullivan s.d.) He continued to work on technologies that mimic natural
processes which he labeled biomimetics (Vincent, et al. 2006)(De Rossi and Pieroni2013).
Simultaneously, in 1962, the similar term Biomimicry emerged in the scientific literature
(Pawlyn 2016).

In the late 1990s, the term was officially reintroduced to the public in Janine Benyus' book
Biomimicry: Innovation Inspired by Naturg(Standford Daily 2008) It has not stopped gaining
visibility and popularity since then, esgecially in the last two decades wheremore innovations
towards sustainability are taking place.

2Schmitt triggers are comparator circuits that employ positive feedback to implement delayed action (slight changes
in the input cause significant variations in the output in the same phase) and are used to eliminate noise from an analog
signal whilst turning it to a digital signal (Components 101 2019)
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Building envelopes

Traditional facades

Circa 1950, James Marston Fitch (190942000) characterized the building envelope as a twe
way filler ¥ a selective, pemeable membrane. He compared the envelope to our skin, which
enables our bodies react to their surroundings and maintain ideal operating conditions
(Furness, et al. 2019)

As mentioned in the problem statement, building envelogs are responsible for more than

WSA G> 9 : MAD<AF?2K =F=J?2Q DGKK=K]| "> EGKL G> L@
repercussion of climate change and making small changes at an individual level by, e.g.:

reducing their heating consumption, they also demand higher and higher levels of thermal

comfort in their homes (Webb, Aye and Green 2018)Of course, construction techniques for

building envelopes are highly influenced by the: M A D gdogr&phidal location andits nearby

climate conditions (Antoniadou, et al. 2020)

Notwithstanding, Marta Barozzi et.al. argue in their article The Sustainability of Adaptive

Envelopesthat buildings could operate without high-energy-; GFKMEAF? =1 MAHE=FL A>
features were carefully designed(Barozzi, etal. 2016) " GM: D= KCAF >9069<=K 9J-=
solutions, as they can provide both enhanced indoor @vironment and energy savings(Souza

2019).

Nowadays, the envelope efficiency of the building is primarilyensured by its insulation.
Traditionally, thermal storage techniques were used to provide thermal comfort in the
summer ¥ such as double brick layers. Since the 1960s, external thermal insulation
composite systems have been used throughout Northern Europe. The positioning of the
insulating material, either external or internal, is the fundamental difference in traditional
building elements (Antoniadou, et al. 2020)



Historical overview

Double skin facades

"GM: D= KCAF >9069<=K 9J= >9069<= KthouterankbeingsF KAKL AF ?
in glass, wherein air flows through the intermediate cavity (Furness, et al. 2019) This means

that these systems are ventilated. They have been used mostly in colder climates in the past,

such as in Scandinavia. However, theyhave become increasingly popular in warmer areas of

the world, such as in Belgium or even in GreecéAntoniadou, et al. 2020) If appropriately

built, double skin> 9 6 8 &am provide both enhanced indoor environment, energy sawngs

and better indoor natural light features.

Figure 2 and Figure 3 illustrate the first roles of dGM: D= K C A fespectvélylayligit
improvements (early 1900s) and ventilation (1920s).

- Figure 2 was taken in the Post Office Savings Bankdesigned by Otto Wagner in
1903| "L MK=K 9 LQH= G> <GM: D= KCAF >969<= LG HJ
the ceiling.
- Figure 3 represents the 1925 construction named the Tsentrosoyuz building by Le
Corbusier (1887-1965) and Nicolai Kolli (1894-1966). The architects worked on an
innovative curtain wall, provided with ventilation systems in between the layers of
glazing.

>L =17 L@= >AJKL < GM: D= ittlK gragFess wasonthde=fdf dedafies. L @= T\ USK
However, in the 1990s, growing environmental concerns started toinfluence architecture
9?29AF| 1AF; = L@=F/{ L@= ?G9D G> 9 <GM: D=- KCAF >906¢
efficient building possible (Poirazis 2004).

2 Please refer toAppendix 3 p170 for further details
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Figure2: Double-K CA F > 9 6 9 < % iKiprovéinentss Fo§p Oifc€ &avings Bank, Vienna, Otto
Wagner 1903 Pablo Rodrigue

\“' l’:

Figure 3: DoubleK CAF > 9 06 9 < = K Tse/@rdsoyNzailliy D/@icawiEGlie Lorbusier and Nicolai
Kolli 1925 (Cemal Emder)



State of the art

2.
Biomimicry
SOIUHOI’I resources

The two diagrams on Figure 4 show quantitatively the capability of nature-inspired design to

generate more sustainable solutionsfor technical problems. They compare the consumption

of resources (energy, information, maerial, etc.), arranged according to size, employed by
humans (Figure 4.a) and by nature (Figure 4.b) to solve problems (Gallo 2018). These
diagrams clearly show that humans use a lot more energy and substance than nature in their

problem resolutions. Biology focuses more on information and structure, relying only on
FOLMJO9D =F=J?Q ~ KGD9J{ @Q<J9MDA;{ ?2=GL@=JE9D({
renewable resources like fossil fuels.Moreover, living organisms have sustained themselves

without over-the-top technologies for almost four billion years.

According to Janine Benyus, there are nine principles that underpin nature's designs. She
claims that nature (Benyus 1998} -

- Runs onsuniight - Banks on diversity

- Uses only the energy it needs - Demands local expertise

- Fits form to function - Excesses are suppressed from
- Recycles everything within.

- Rewards cooperation - Taps the power of limits-

OAF
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Figure 4. Problem solutions arranged according to size hierarchy comparison between engineering
solutions (top graph) and biological solutions (bottom graph). The engineering solutions use much
more energy and substance, while thebiological ones focus on information, time, and structure (Gallo
2018)
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%9DDG2 K : GGC KLO9L=K L@IL L@=J= 9J= LO@alg§9BGJ
2018).

- The first is autopoiesis or conativity®, referring to a natural organism's ability to
reproduce and maintain itself. All livingbeings are driven by the desire to maintain
their own integrity and existence.

- The second is about howthey go about achieving their conative goals in a specific
way. They do so in a way that requires the least amount of work from them. The
idea is called of /least resistance and is focused on avoiding difficulties rather than
confronting them head-on.

Research by Design and Biomimicry

Biomimicry approaches as a design method generally fall into two categories Figure 5):
problem-driven/ top -down or solution-driven/ bottom -up (Sabry Aziz et El sherif 2016)In his
book, M. Gallo confirms theseconcepts. (Gallo 2018).

In parallel, thereare two similar Research by Design processes described in the Biomimicry
Guil®d K H gFigera 6K

- Top-Down approach or Challenge to Biology identifying a human requirement or
design challenge and finding a solution based on how other organisms or
ecosystems solve it. This approach isproblem driven.

- Bottom-Up approachor Biology to Design recognizinga certain feature, activity, or
function in an organism or ecosystem and converting it into human concepts. This
approach is solution driven.

Both processes are applied in Chapter 5 and, respectively.

4 Conationfrom Latin conatus; any natural tendency, impulse or directed effortKolbe 2009)

A<=9
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Top-Down Bottom-up

1. Design problem

2. Search for biological
analogies

3. Ideniification of
appropriate principles
4. Abstraction, 4. Abstraction,
detachment from
biological model

3. Understanding the
principles

2. Biomechanics,
functional morphology
and anatomy

6. Design solution
5. Technical
implementation

detachment from
biological model
5. Testing, analysis,
feedback

6. Design solution

1. Biological research

Figure 5: Top-Down and Bottom-Up approaches to Biomimicry (Sabry Aziz et El sherif 2016)

1. DISCOVER
Natural Models

2. ABSTRACT
Design Principles

3. BRAINSTORM
Potential Applications

4. EMULATE
Nature’s Strategies

5. EVALUATE
Against Life’s Principles

1. IDENTIFY
Function

2. DEFINE
Context

2. BIOLOGIZE
Challenge

3. DISCOVER
Natural Models
4. ABSTRACT
R M_\,ENGE Design Principles
10 B\O\_OGY 5. EMULATE
Nature’s Strategies

6. EVALUATE
Against Life’s Principles

Figure 6. Biomimicry Design processes. Design Spirals (BDS). Biology to Design and Challezipo
Biology (C2B)(Peters 2011)
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Lastly, there are three degrees oBiomimicry that may be used for design issues in addition

to the two approaches already presented. The three stages of imitation are evident and well
noted from biomimetic technologies and techniques: organism level, behavior level, and
ecosystem level (Sabry Aziz et El sherif 2016)(Benyus 1998).

- The organism leveldepicts the imitation of a specific organism or a portion of a
larger organism.

- The behavior mimicry levelreplicates the behavior of every organism.

- The ecosystem level mimics the entire ecosystem, which is regarded the most
difficult because it focuses on functionality, a complicated issue to replicate.

For each level, there are five subevels that define the degree of imitation. This can be in
terms of how it appears (shape), what it is made of (material), how it is created (construction),
how it functions (process), and what it can do (capacity), and its capabilities (function)(Sabry
Aziz et El sherif 2016)

Biomimetic processes and building skin applications

L. Badarnah studied different morphologies found in nature and their processes. She explains
their mechanism and their building application. Table 1 summarizes elements of her
research. She based this study on the four elements to control in a building: heat (and cool),
air, water, and light(Badarnah 2017).

Her work shows that there are multiple strategies in nature that can be mimicked to improve
a building system efficiency. Heating, ventilation and cooling processes areindeedfrequently

observed in nature, e.g:

- At organism level wrinkles on the surface of the skin
- At ecosystem level:-mounds and funnels built by insects and animals

Further details are available in Appendix 2¥ Biomimicry, p173.
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Table 1. Distinct morphologies, corresponding processes, their underlying mechanisms, and potential
applications for environmental adaptation. * The relevant environmental aspects involved in a process.:

Morphology

Heat ( ¢ Air (Y, Water (9, and/or Light (%) (Badarnah 2017)

Processes

CCEG

Mechanism

Applications

Wrinkles

Evaporation ¢ :
reflection ¢ ;

convection ¢

Provision of enough surface area
(holding moisture and promote
evaporation)

Creation of self-shaded areas
(reduced heat loads)

Generation of convective currents
for enhanced heat losses

Cooling
external
cladding

Hexagons

Flow ‘4

condensation

interception

Decrease of contact angle (due to
micro-structuring of surfaces) A
super-hydrophilic surface

Creation of optimal pattern for
capillary water flow

Enhancement of light interception
(for hexagonal array of facets on a
spherical plane)

Moisture and
light
harvesting

Spikes

Condensation

Creation of boundary layer that
improves water collection from fog
(spiky leaves)

Moisture
harvesting

Lamellae

Reflection “;

absorption

Reflection of wavelengths (tightly
packed ridges with horizontal
lamellae and micro ribs)

96% absorption of the incident solar
radiation (due to variations in film
thicknesses)

Light control
and energy
generation

Mounds
and funnels

Flow “; velocity

gradient

Generation of velocity gradients on
the surface resulting in a pressure
gradient for wind induced ventilation

Ventilation
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Double skin facades

" GM: D= K CA F uswaly&dhsidersd h@/ performance| I1M; @ >9069<=K @I9N=

goal of being energy efficient and environmentally sustainable, all whilst assuring the well
being of the habitants.

In pages 66to 68 of his literature review report, Harris Poirazis studied the advantages and
disadvantages of < GM: D= K CAF > éribus solrces (Paditazis 20@!)- The most
striking ones are that buildings with such systems benefit from increased acoustic and
thermal insulation, better ventilation, and thermal comfort. However, their construction,
maintenance as well as operational costs are higher in general, and they are more susceptible
to overheating problems.

Energywise, they are interesting for their versatility as they may be used in both cold and hot
climates. In colder regions, the air buffer acts as a heat barrier The cavity's sunheated air
warms up the spaces outside the glass, reducing the needfor interior heating systems
(Figure 7(1)). In hot regions, the hollow can be vented outside the building to reduce the
cooling demand. The chimney effect, in which variations in air density generate a circular
motion that enables warmer air to leave, is used todrain excess heat. As the temperature in
the hollow rises, the air is forced out, creating a small breeze while isolating the area from
heat accumulation (Figure 7(2) ; Figure 7(3)) (Souza 2019).

Further details can be found inAppendix 3¥ Double Skin Facades p174.
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Figure7} " GM: D= KFRofnHop te 9aiichk (2)RMinter: passive heating thanks to solar energy
heating up the air in between the glass layers (2), (3) Summer: natural ventilation thanks to the
buoyancy effect: warm air goes up,; hence the building is naturally ventilated.(ArchDaily, 2019
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Efficiency of double skin facades

The use of ventilated and doubleK CA F >9069<=K i 9F J=KMDL AF 9 N9
consequences.

The first is a reduction in energy usage¥ both in heating and cooling. Because of the heat

gains and lower heating load, overall energy requirements are reduced. During the warmer

K=9KGFK{ L@= N=FLAD9LAGF G> L@= 9AJ t@RoHheAFKA<= L @-
warm air might reduce the temperature in the buildings, therefore reducing the cooling costs

and energy consumption. Furthermore, the air gap's ventilation provides user comfort and

reduces humidity, particularly on wet days¥ mostly thanks to the amount of light and heat

coming through the external layer but also the ventilation system. The vented double skin

>969<= E9Q 9DKG : = MK=< LG HJGNA<= FGAK= AKGD9LAGF
barrier against the noise of cities and corgested places. (Antoniadou, et al. 2020)

Despite the advantages of ventilated and doubleK CAF >969<=K{ L@=J= 9J= K=N:
that should be considered, particularly in terms of economic and safety evaluation. For

instanc= { 9K L@= 9AJ ?9H ; 9MK=K J9HA< 9AJ >D9E= <AKH:=:
compromised, necessitating more ventilation to eliminate flames. Moreover, because a

second skin is required, the initial cost is higher than with otherinsulation options

(Antoniadou, et al. 2020)

Finally, it is important to consider the direction and suitable positioning of exterior
construction characteristics, so that solar radiation may be employed efficiently. As a result,
South-facing orientations are determined to be the best for ventilated doubleK CAF >i8 6 9 < =K
Belgium.
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Building according to the climate

Thermal efficiency of a building in different climate zones

Sustainable construction is defined by the Environmental Protection Agency (EPA) as the
process of creating structures and employing methods that are environmentally responsible
and resource-efficient throughout a building's life cycle, from siting to design, building,
execution, upkeep, restoration, and dismantling. The protection of the natural environment,
the use of non-toxic building materials, the reduction and reuse of resources, waste
minimization, and the use of life-cycle cost analysis are all important concepts. One ofthe

most important characteristics of sustainable structures is their energy efficiency (EPA
2022).

Over time, a variety of simple passive architecture strategies have been followed to increase
the energy efficiency and therefore the sustainability levelof a single house in relation to its
climate zone (EPA 2022)

- Appropriately choose thesite and orientation of the building.

- Organize theroom layout and/or window sizing according to the orientation and
street. Because glass is a poor insulator, special consideration must be given to the
windows. In northern nations, this strategy usually results in the installation of more
South-facing windows and fewer north-facing windows.

- Insulate the building to keep the heat inside the house and therebyimprove the
heating, ventilation, and air conditioning (HVAC) system's efficiencyThese systems
are the largest energy consumers.A more energy-efficient construction requires
less energy to create or dissipateheat, but it may require more ventilation capacity
to eliminate stale interior air.

- In hotter areas, cooling is a significant consideration; however, passive solar
designs can also be quite successful. The use of high thermal mass building
materials is also critical for retaining the chilly temperatures of the night during the
day. Buildings are also frequently built to catchthe winds for better ventilation and
cooling.

Climatic design refers to the methods and ideas utilized to maximize the benefits of the
climatic conditions surrounding the structure. Constructions under the climatic design
paradigm try to get the most from their local environment, much like organisms rely on the
resources offered by nature Heat accumulating or rejecting strategies, air humidity, natural
ventilation, wind, greenhouse effect, and shade are all factors to consider.
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Greenhouse and passive solar design

A greenhouse is a structure that has glass walls and a glass roof. Its goal is to take use of
passive solar technology, which turns sunlight into usable heat without the use of active
mechanical devices. Passive solar design is a form of climatic design. During the day, solar
radiation penetrates and heats the air within becauseof the poor thermal conductivity of the
glass, which prevents heat from escaping properly. Because the glass walls retain heat, the
greenhouse remains warm even on colder nights(Goddard 2014).

The heating qualities of a greenhouse are an intriguing advantagen cold and temperate
areas. The notion has been adopted by a fewbuilders who decided to build a house within a
greenhouse to profit from its passive solar system.

According to the US Department of Energy, passive solar design strategiesequire (US
Department of Energy 2000)

- Using energy-efficient design strategies: the house must be wellinsulated to benefit
the most from the solar heat gains

- Site orientation: Orient the house with the long axis running EastVest.

- Windows: select, orient, optimize glazed surfaces to maximize winter heat gains
and minimize summer heat gains

- Shading: provide overhangs or other shading devices in the South direction to avoid
overheating in summer but let the winter sun get in

- Thermal mass: add thermal mass in floors or walls for heat storage (heat travels
through masonry or concrete at the average rate of 2,5 cm per hour. This means
that it takes around eight hours for the noon warmth to reach the other side of a 26
cm thick wall (Energy saver 2022)

- Ventilation: use natural ventilation

- Daylight: prefer natural daylighting



Chapter 1¥ Literature review

3.

To summarize, this chapter defined biomimicryand: AGEAE=LA; <=KA?F{ <GM: D=
and building envelopes, as well as climatc building design from both a historical and state-
of-the-art approach.

The main conclusions are that:

- The design of the envelope of a building is a key element determining its energy
efficiency

- Applying biomimetic principles to its design could further improve the building
thermal behavior. Indeed, several nature strategies exist and may be copied to
improve a building efficiency in terms of heating, cooling, moisture, energy
generation and/ or ventilation

- " GM: D= K G BeRefitfr@rdpassive solar heating andventilation and are more
energy efficient than traditional ones. A HGH is a design similar to a double skin
>909<=|

- Several climatic design strategies exist to increase the energy efficiency of a single
house depending on its climate zone.

- Agreenhouse uses the passive solar technologyo warm up during the day and stay
warm during the night.

- Two biomimetic Research by Design methodologies have been defined, one
problem-driven and one solutiondriven. Both will be wsed later in this thesis.

This literature review will be completed by some case studies in the next chapter. Together,
L@=Q OADD @=DH <=KA?F L@AK L@=KAK? HJ GLGLQH=
conducted (energy simulations, optimization, application).

C






CHAPTER 2

Chapter 2 will present six case studies ofbuildings based on biomimetic
design or enclosed in a greenhouse or holding a glazed atrium: the
greenhouse living concept, the Edge building, the One Ocean Building
Naturhus in Sweden, Kaseco in Belgium, and the Dome over Manhattan
project. The purpose is to describe he different constructions, discuss the
systems as well as the additional processes used by the different architects
to regulate the temperature or ventilation inside the glass shell. The
different examples will also help to set up the detailed characterigics of our
HGH prototype, and to alreadly identify matters for improvement that will be
solved via a biomimetic design process.
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1.

Greenhouse living concept — Greenhouses

Concept: Living in a greenhouse
Function: Resilential or productive
Localization: Anywhere

Architect: Greenhouse living group

The Greenhouse Living concepi(Figure 8) has been receivingevermore attention in the last
years, not only in Nordic countries but also in Western EuropeTwo building-scale key
concepts derive from Greenhouse Living namely NatureHouses and Urban Food Production
(Greenhouse Living 2021}

Nature Houses (residential) consist of the combination of a greenhouse, a corehouse, and
an eco-cycle system, as displayed inFigure 8(1). The concept is inspired by the Swedish
architect Bengt Warne. The inhabitants live inside the core house, @raditional home with
closed walls and windows. Around it, there is a greenhouse which creates a warmer climate
and comfortable covered outdoor area accessible at any time. The greenhouse enables to
grow plants, fruits, and vegetables(Greenhause Living 2021). Different designers thought of
diverse ecological cyclesin the house:

- In Sweden, Anders Solvarm uses filtered wastewater to provide nutrients to the
plants.
- In Belgium, Koen Vandewalle focused on rainwater collection and ventilation.

Urban Food Production(services) consists of the implementation of greenhouses on top of

buildings in an urban context, as shown onFigure 8(2)| : GML GF= L@AJ< G> @GMK=¢0
impact comes from the food that is consumed. Ergo, local food production is crucial. Those

will need to be supported by closed cycles of water and nutrients¥ whilst breaking free from

pollutant fertilizers and pesticides (Greenhouse Living 2021)

Goal of this case analysis This thesis focuses on HGH, related to this concept Nature Houses already

follow a biomimetic design since there are based on the multilayer principle just like thehuman skin, or

clothes layering for example. This broad definitionand concept @= DH >J 9 EAF? L @= L @=KAK HJ
characteristics (Chapter 3).
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Figure 8: Greenhouse living conceptexamples. from top to bottom . (1) Nature house, Uppgrenna
Nature House by Tailor Made arkitekter, 2015 (UIf Celandey (2) Urban food production, Digitala
Tomater / Digital Tomatoes project (Greenhouse Living 2021)
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The Edge — Amsterdam, Atrium

Concept: Atrium for energy savings

Function} - >>A,;, =K{ "=DGALL=2K &=9</ M9JL =K
Localization: Amsterdam, the Netherlands

Architect: PLP Architecture

The Edge(Figure 9) is a smart building in two ways, technologywise and in its energy use. It
is not an HGH, but its main design feature, the atrium, works ira comparable manner. The
building is energy positive. Designed in 2014 it scored the highest BREEAM score ever at
the time (Bakker, Ramage and Jalia n.d{Tracy 2016). The atrium offers a lot of light and air
in the common zone. It also acts as a buffer zone forinsulation and noise reduction according
to the architects (Boston Consulting Group n.d.)

As shown on Figure 9(1), he volumetry was thought about carefully. First, the Southern wall

isthck OAL@ EAFAE9D GH=FAF?K{ GHLAEARAF? L@= L@=JE9D ;
provides stable natural daylight in the offices throughout the day. Third, the roofdoes not

only host many solar panels for hot water and electricity, but also collects ranwater for indoor

use. The Edge also uses geothermal energy for thermal comfort and ventilation. The excess

office air is used to ventilate the atrium (Figure 9(2)). The building is very hightechnology and

smart, which avoids electricity and heating or air conditioning excesses(Bakker, Ramage and

Jaliand)™ * p H= R -Akefidé n.di)@racy 2016) (Boston Consulting Group n.d.)

Goal of this case analysis Determining what benefits are gained from a space within a glass skin.The

A<=9 G> J=?MDI9LAF? L@= <9QDA?@. 9,, GI<AF? LG L@= :@QMAD<:
aesthetic and functional purposes as well as for saving energy is close to themain aim of the HGH

concept. The Edge inspires for its climatic design strategies as well as the thermal and ventilation

benefits of the glass atrium itself even if it does not surround the entire buildng.

S BREEAMor Building Research Establishment Environmental Assessment Methodis a thorough and recognized

assessment of a building's environmental performance. It evaluates a building's specification, design, construction, and
use recognized performance indicators that are compared to established standards.The measures used represent a
broad range of categories and criteria from energy to ecology(BRE Global 2011)
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Figure 9: (1) The Edge volumetrydevelopment and atrium advantages(top) and U ° 2 @=enetgx ? = @ K
strategies (building and atrium) (bottom) (PLP Architecture)



Introduction

One Ocean Building — Yeosu, Biomimicry

Concept} <9 QDA?@L ;[ GFLJGD NA9 . AGEGJH@A, >9069<-=
Function: Exhibition pavilion

Localization: Yeosu, South Korea

Architect: SOMA Lima

The One Ocean buildingis located in Yeosu, South Korea. Itdisplays a kinetic adaptative
> 9 6 Bystem, where lamellae canmove and create patterns. This pavilion is a result of
formal biomimetic design inspired onthe ocean (Soma Architects 2012) (ArchDaily 2012)

On the one hand, more than a hundred lamellaenimicking the opening-closing system of

fish grills surround the main entrance. On the other hand, the waterfront is composed of
pebble-ike elements. The concrete cones facing the sea suggest a new coastline and are
linked to the main entrance with pathways emerging from the ground on the other side of the
pavilion (ArchDaily 2012)

The lamellae are made of glass fiber reinforced polymers (GFRP), a material that can be
molded into a variety of dynamic designs. They are used asnobile sun-shading devices that
can be programmed to adapt to changing lighting conditions, follow a predetermined dance
and react to specific occurrences. Consequently, light can radiate in and out of the structure
and provide views in both directions(Figure 10(1)), or the structure can stay closedup (Figure
10(2)) (ArchDaily 2012)(Knippershelbig 2012).

They are based on theflectofin system: the asymmetrical bending is facilitated by actuators
at the top and bottom (Figure 10(1)) (Soma Architects 2012) (Knippershelbig 2012).

Goal of this case analysé: From this case study, it is most insightful to look into the way this Flectofin
system was implemented and used. Indeed, e One Ocean Building is a perfect example of a biomimetic
adaptative skin that contributes to the regulation of the temperature and the ventilation inside the
building and therefore to an improved energy efficiency. The system is also remarkable in the sense that
it allows to automatically monitor the shading in the building according to the evolution of the external
temperature. These principles will be used in Chapter 5.
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Figure10} - F= -, =9 F MA D < Aflectofinsystent-for the lenelad (1Pt adiedlae are
open, letting air and light inside (top); (2) the lamellae are closegbottom) (ArchDaily 2012)



Naturhus | Sweden, Nature house

2.

Concept: House in a greenhoug
Function: Housing

Localization: Sweden

Builder and idea Anders Solvarm
Original concept Bengt Wan

Naturhus (Figure 11) is one of the most well-known cases of the HGH concept. This house
was constructed by the engineer Anders Solvarm for himself and his family. In an interview
for the TV show HOMEon Apple TV+ (2020), he explained how his concept was inspired by
Bengt Warne to create a perpetual Mediterranean climate in his home country, Sweden.

According to him, the greenhouse provides ac/imate shellaround the house and is a radical
way to lengthen the summer season despite the harsh meteorologic conditions of the region
(Naturhusvillan 2021) (Apple TV+2020).

Naturhus is built around the idea of enhancing the relationship between people and plants
(Apple TV+ 2020) The householdallows its inhabitants to live closer to nature and develop
their environmental consciousness. The construction provides a comfortable and relaxing
environment,enhanceshealth benefits,and functions as a resource forboth food and energy.
The core house takes the form of a traditional Swedish cabin, entirelybuilt with wood from
the forest near the site (Naturhusvillan 2021). A remarkable benefit is also the scheme ofthe
water cycle. Indeed, the grey water of the house is filtered before being used directly on the
plants of the greenhouse! This wastewater isricher in nutrients, and this process imitates
nature by using renewableresources. Moreover,firepits with chimneys are used to heat the
house as needed. No electrical heating is needed as the firepits combined with the climate
shell provide a sufficient thermal efficiency to stay comfortable during the Swedish winters
(Apple TV+ 2020)

All the aforementioned aspects of NATURHUS are illustrated orfrigure 12.
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Figure 11: Naturhus: the first Nature House in Sweden developed by Anders SolvarntiNaturhusvillan
2021)

TECHNICAL SYSTEMS
Integrated solar panels

-~ Integrated rooftop ventilation,
automatic temperature regulation

. Ventilation system with heat exchange

.~ LED lightings

. Fireplace for pleasure and heating without
~ e electricity

- Automatic irrigation returns nutrients from
5 wastewater to plants: ecocycle

MATERIALS AND BUILDING COMPONENTS

Renewable building materials
Core living house in wood

Accessible roof terrace that alos enables future
extensions

Well insulated windows and building parts
(walls, ceilings, slabs, ...) for minimum
energy loss and consumption

NATURHUS, SWEDEN

Integrated greenhouse (or climate shell) for social
gatherings and cultivation of plants, in
harmony with outside garden

Figure 12: Naturhus organization, builtup and systems (Author, 2022)



Pros and cons of Naturhus

The following table highlights some advantages and disadvantages of this house in the
particular Swedish weather. These results come from a personal analysis tased on the
literature review, comments expressed in the presentation episode by the architect himself
9K O=DD 9K GF L @=
addressed in the Energy Performance in Buildingsand Low-Enerqy Designfor sustainable
buildings (EPB) classes given at the Vrije Universiteit Brussel (VUB) respectively in 202021
and 2021-2022 by Professor Filip Descamps.

Category

Table 2: Pros and Consanalysis of NATURHUS(Author 2022)

Advantages

G>>A; A9D ; GEH9FQ2a K O=:

Disadvantages, questions

KAL = |

Thermal
comfort

Mid-season: no need
for extra heating as
the greenhouse
insulates.

Warm days: the greenhouse is prone to some
overheating and needs to be carefully ventilated.
Cold/cloudy days: firepits with local wood are
neededto heat up the interior.

Daylight

The greenhouse is
very well lit, the
garden space can be
used throughout the
year.

The interior of the house is less litas the sunrays
have to cross several barriers before reaching
the inside. Sweden has early nights from October
to March, so there is a need for sufficient

daylight.

Water
supply

The house has an
ingenious waste-
water-to-plants cycle
system.

What happens when there is not enough grey

water for the plants?

There is a need for extra maintenance to clean

the grey water filters.

Solar gains

There are solar
panels on the South
part of the roof for
the electrical needs
of the family.

When the days are short in Sweden, is it
sufficient? Is there enough electricity all year

around?

Materials

The cabin was made
in the wood of the
forest right next to
the site.

For the greenhouse, a lot of extra materials were
used ¥ especially glass (large CQ footprint).

Maintenance

The glass getsdusty easily and needs a special
team or expensive equipment to be cleaned.
Selfcleaning glass Biomimicry) can be an

option to explore?

F



Living within nature.
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The greenhouse gets loud when it rains or hai.
The humidity levels might not be comfortable,
especially in summer A Choose the plants and

Space, Good thermal )
materials carefully.
MK = J 2| performance even . ) )
. i High cost compared to the dimensions of the
comfort, during the winter. ) i
) ) house A inaccessible to most people.
architecture | Energy savings from . i
) If the greenhouse is not ventilated enough there
the double skin. .
can be smell issues from the plants or the
kitchen.
Comfortable, Living close to sunraysand in a high humidity
Health relaxing environment might result in health problems

Overall, Naturhus is avery impressive project. The advantage of having such architecture in

environment

(Arundel, et al. 1986)

Sweden is that the average yearly temperatures are lower than in Belgiunand thus the
double skin can really be used at its full potential as a climate shell On the otherhand, the
days are noticeably short in the Scandinavian winter which means that the passive solar
gains may then be smaller than in Belgium.

The principal areas for improvement identified are the following:

- Overheatingduring warm days, insufficient heating during cold or cloudy days, high
daylight levelsduring sunny days, increased humidity and energy harvesting can be

problematic

- Relying almost only on the sunrays for electricity can beinsufficient, as the days in

Scandinavia areextremely short in winter
- The choice to have a greenhouse around the core house adds to the amounand
cost of materials, as well as theembodied carbon footprint

Goal of this case analysé: This case studly isrelated to the prototype developed in chapter3 and aims at
determining the pros and cons of this house as well as potential paths for improvement. Since the house
/s located in Sweden,particular care will be applied when using it to designthe prototype as a different

climate involves diverse considerations in terms of light, temperatures, precipitation, etc.

% Please refer toAppendix 4¥ Additional case studies, p. 172 for more information



Kaseco| Belgium, Nature House

3.

Concept: House in a greenhouse

Functions: Housing, office

Localization: Belgium

Builder and tlea: Koen Vandewalle

Original concept Bengt Warne andViike Reynolds

Kaseco (Figure 13) is the first autonomous bioecological HGH in Belgium, constructed in
2018 and designed by the architect Koen Vandewalle fohim and his family of 7. It is situated
in Rekkem, West Flanders

K. Vandewalle has always been fascinated by the concepts of minimal energy usage, circular
construction, and the cradleto-cradle principle while studying bio-ecological building at
KAHO Gent. This house was inspired by the concepts of the Americardesigner Mike
Reynolds' Earthships and Swedish architect Bengt Warne's NaturhugKASECO+ 2017)
Kaseco can be described with terms such asecological, sustainable, self-sufficient, unique
living conceptin Belgium and abroad(IMMO DOCHY 2021)

According to Vandewalle, all the materials can be recycleckasily. The basement of the house

is made of concrete. The greenhousecovers 360 m?2 ¥ of which 120 are for plant growing

activities ¥ and can be taken apart. The house has a wooden frame and cellulose insulating

panels, chosen because of their biodegradability.The house is built on three levels: the

ground floor includes all living quaters; in the upper floor there is the office and the lower

>DGGJ ~ @9D>09Q MF<=J?JGMF< LG MK= L@= ?JGMF<?2K
accommodates the sleeping rooms and bathrooms (Vandewalle 2021)

Kaseco hasa double skin (Figure 13): the greenhouse is the outside layer and the house the

inside layer. The space between the two acts as an insulating material and cretes a welkit

living space as well as enabling the growth of local foods. The greenhouse surrounding the

dwelling also acts as a microclimate, creating aneverlasting spring. It makes possible the

AFL=JAGJ LG := 9JGMF< US LIKGAUXEdG ORE@EIF 1L=@&; @ =EGF3 9L
(Vandewalle 2021) This phenomenon allows the inhabitants to drastically reduce their

energy consumption and costs for heating.
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Figure 13: KASEC Qarchitecture. View from the exterior (top),; and from the interior (bottom (IMMO
DOCHY 2021).
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Moreover, the Kaseco is designed to be energyautonomous, meaning that it is not linked to
the electrical, heating and water gric. That is possible thanks to some novel strategies and
investments the architect decided to include (Deboyser 2019)

First, 72 solar panels on the roof of the greenhouse are used for electricity and heating
generation (Figure 14). They are combinedwith 48-volt salt-water-based batteries (Deboyser
2019) (KASECO+ 2017)

Second, the collected rainwater is passed through several filters before being stocked and
used throughout the house for all needs. The grey water is then directed towards another
purification station before going back into a nearby water stream (Deboyser 2019)
(Vandewalle 2021)

Third, the windows of the house are thermally interrupted with an aluminum front and triple
glazing (KASECO+ 2017)Deboyser2019)9 F< L @= >969<= AK N=FLAD9L=< <M
avoid overheating (Vandewalle 2021)

Moreover, w@=F L @= AF<GGJ L=EH=J9 Lthedwindowslonther@f E&E GJ = L @9 F
the greenhouse automatically open (the mechanism can be seen on Figure 14). This

provokes a natural airflow and allows fresh air foma. JGN=F86 9D O=DD LG ; AJ; MD
greenhouse and cool the atmosphere (Deboyser 2019) Last, the greenhouse hosts a lot of

eatable plants and herbs, used for cooking(Vandewalle 2021)

All the aforementioned aspects of KASECO are illustrated ofrigure 15.
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Figure14} 1 GD9J HI9F=DK 9F< . KASERQKASECD+WDE’PD HJIJAF;, AHD= A

TECHNICAL SYSTEMS

I 1 solar panels linked with salt
water batteries for electricity

Hot water solar collector

rooftop i
automatic temperature regulation

Autonomous rainwater harvesting system with
lava filter, rainwater tank and infiltration
basins. The collected water is used for all
the house’s needs

Thermal mass for thermoregulation

MATERIALS AND BUILDING COMPONENTS
Renewable or secondary sourced building materials

Cellulose/wood wool insulation injected into the
timber frame structure

Thermally broken wooden frame with aluminium
front and triple glazing

KASECO, BELGIUM

Single glazing for the greenhouse and laminated
glass for the raof

Integrated greenhouse (or climate shell) for social
gatherings and cultivation of plants, in
harmony with outside garden

Figure 15: KASECQorganization, built-up and systems (Author, 2022)
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Pros and cons of Kaseco

The following table highlights some advantages and disadvantages of this house in the
particular Belgian weather. These results come from a personal analysis based on the
literature review, comments expressed by the architect himself in the several sourcesstated
9: GN= 9K O=DD 9K GF L @=
topics addressed in the EPBclasses given at VUB.

G>>A; A9D ; GEH9FQa2 K O=:

Table 3: Pros and Cons analysis ofKASECQAuthor 2022)

Category Advantages Disadvantages, questions
Winter and mid-
Thermal season: no need for | Duringwarm days, the greenhouse is prone to
comfort extra heating as the overheating and extra energy is used in an A/C
greenhouse provides | system.
solar gains.
The greenhouse is L . .
well ﬁt and the The interior of the house is less litas the sunrays
Daylight ' have to cross several barriers before reaching
gardencanbeused | . .
inside¥=KH=; A9DDQ < MdudyEa&s.
throughout the year.
. J G N £webt® Extra ventilation and extra cooling are needed
Ventilation ventilate when the because of the overheating and humidity levels.
temperatures get The plants and people in the greenhouse create
over a set number. a lot of humidity inside by breathing.
Rainwater collection
Water N
SupD| and filtration to /
PPY cover all needs.
Solar panels on the
South part of the
roof for electricity When the days are short or grey in Belgium, is it
Solar gains | and heating, enough | sufficient? Is there enough electricity all year
for a family of 7 around?
living full time in the
house.
The house is high The house is high tech, which uses a lot of extra
tech, meaning that it | energy (even if it is renewable, a lot of embodied
Technology . . .
can be controlled carbon is emitted when manufacturing the
easily. batteries, solar panels, ventilation systems, etc.).
Lots of glass resulting in a large CQ footprint.
A lot of the materials g g 9 P
. . The entire basement is of concrete.
Materials are biodegradable or o . .
i The house is inwood but did not have time to dry
secondarily sourced. . .
(visible cracks under finishes ).

KAL =
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The glass getsdusty easily and needs a special
team or expensive equipment to be cleaned.
The greenhouse gets loud when it rains or hails.
The humidity levels are not comfortable (plants,
Living within nature. | people, insufficient ventilation).

Maintenance /

Space, . .
MpK _ja Good thermal | There are no windows in the bathrooms.
comfo:t performance  even | The spaces are kept to a minimum. There is no
. ’ during the winter. extra space for more activities ¥ compared to its
architecture .
Autonomous house. | price.
If the greenhouse is not ventilated enough there
can be smell issues from the plants or the kitchen
Living so close to sunrays might result in some
unforeseen health problems, like skin cancer.
Comfortable, . L
Health ) . Another disadvantage may be that living whee
relaxing environment . . .
relative humidity levels are high, can cause lung
problems.

Overall, Kaseco undeniablyhas a lot of advantages. However, the extra skin and the concept
also causes problems, such as overheatingduring warm days resulting in higher technology
needs in the home ¥ hence a bigger carbon and ecological footprint¥, some noise and smell
issues, as well as humidity problems due to the plants. The overheating problem is more
significant here than in the previous example, Naturhus in Sweden. Indeed, the Belgian
climate is on average hotter than in Scandinavia, and the problem will persist especially
considering the direction of climate change as well as theincreasingly frequent heat waves
during the summer.

Goal of this case analysé: This case study is related to the prototype developed in chapter 3. The goal
here is to determine the pros and cons of this house, and potential paths for improvement. Since the
house is located in Belgium, it is even more relevant to analyze, as some praiples can directly be applied
fo the prototype and avoid making the same mistakes.



Geodesic Dome over Manhattan¥ USA, Nature Gy

4.

Concept: Enclosing Manhattan in a geodesic done
Functions: Ciy

Localization: USANew-York City, NY

Builder and idea Richard Buckminster Fuller
Original concept Richard Buckminster Fuller

Richard Buckminster Fuller (1895-1983) was a visionary, weltknown for his geodesic domes.
In 1960, he proposed the idea of putting @Dome over Manhattan (DoM) in New-York City, NY,
USA(Figure 16).

Fullerenvisioned architecture as a form of organism, and by considering the flows and fluxes,
he mapped triangles and tetrahedra This ledto the theorization of the geodesic dome (Budds
2016) (Martin 1997). He liked demonstrating the strength of a triangle by applyng pressure
on it comparatively to a rectangle. The rectangle would fold up and become unstable, but the
triangle withstands the pressure. The geodesic dome is thusa spherical structure made of
triangles and has unrivaled strength (Buckminster Fuller Institute s.d.).

The sphere employs the doing more with less principle by enclosing the greateg volume of
internal space with the smallest amount of surface area, hence conservingmaterial, and
money.

In the 1950s, Fuller had the opportunity to show his idea for the design of the enclosed center
court design of the Ford Rotunda in Michigan. The weight of a standard steel frame was
determined to be 150 tons whereas$ M D Diesiyri weighed just 8 tons (Tingley 2020).

Fuller's ideawas to cover midtown Manhattan in a 3.21-km-diameter (2 miles) hemispherical
geodesic dome (Figure 16). He calculated the total surface of buildings in New York covered
by the dome in this superimposition and determined that the dome would cover eighty times
more surface than its own, henceminimizing heat losses in New York by eighty times. That
represents a decreaseof around 20% of the energy intake at that time(Reznich 2017). He
also calculated that the electric lights in New York Cityalone would provide enough heat to
cover all the needs under the dome He argued thatthe economy of not having to remove the
snow under the covered area for ten years would pay for the domeand confirmed that
guttering would collect rainwater (Budds 2016).
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Figure 16: Sketch for Dome Over Manhattanby R. Buckminster Fuller (1960)(Reznich 2017)
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Pros and cons of the Dome over Manhattan

The following table and text highlight some advantages and disadvantages of this concept.

2@=K= J=KMDLK ; GE= >JGE 9 H=JKGF9D 9F9DQKAK :9K=«<
arguments stated in the several sources citedin this section. In addition, some arguments

derive from topics addressed in the EPBclasses given at VUB.

Fuller’s arguments

The dome, in particular, is energy efficient for a variety of reasons(Buckminster Fuller
Institute s.d.):
- Its smaller surface area necessitates the use of fewer construction materials, thus
also weighs less.
- Because of its spherical structure, exposure to cold in the winter and heat in the
summer is reduced.
- With return air ducts, the concave interior provides a natural circulation that allows
hot or cool air to circulate uniformly around the dome.
- Because the winds that lea to heat loss flow gently around the dome, extreme wind
turbulence is reduced.
- It functions as a down-pointing headlight reflector, reflecting and concentrating
inside heat. This aids in preventing radiative heat loss.
- According to the Oregon Dome Co., @lome owner can save up to 30% in energyer
year compared to a rectilinear house. This contributes to the reductionof wasted
energy in the environment(Buckminster Fuller Institute s.d.).

Laura Kurgan’s arguments

However, Fuller omitted several shortcomings of this system. In her article Threat Domes

published in 1997, Laura Kurganargued that, if Fuller focused on the difference between

inside and outside ¥ snow and rain, light and heat, he neglected what happenednside the

dome at street level. She questioned- O@G AK AFKA<= 9F< O@G AK GMLKA<-=
GF L@= <GE=2K =PL=JAGJy ~&répseltP¥ <O@=Kk<F 908 L@@= Q AK Dl
the same article, the author mentions the need of airconditioning to regulate the temperature

inside the structure (Kurgan 1997).
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Pros and cons table

Table 4: Pros and Cons analysis ofthe Dome Over Manhattan(Author 2022)

Category Advantages Disadvantages,questions
Winter and mid-
season: no need for . . .
. Summer: the dome is prone to overheating, with
Thermal extra heatingasthe |~ .
its limitation of heat losses and direct sun
comfort greenhouse uses the ) . .
. exposure on all sidesA need for air conditioning
passive solar
technology.
The dome provides
Water . P .
Ssupp| rainwater collection /
PRY to use in the city.
Winter and  mid-
. season: solar gains | During the summer, the solar gains make the
Solar gains . .
provide an extended | dome prone to overheating.
summer season.
The dome is so high and large that isdifficult to
Maintenance / clean, and with time a lot of dust, water stains
and glass discoloration will occur.
Since it is a city, the pollution levels might rise
Good thermal | quickly if no sufficient ventilation is provided.
performance  even | The humidity levels might not be comfortable,
Space during the winter. especially in summer, as all living entities exhale
cofnfortl Energy savings from | water condensation from the inside of the
. ’ the double skin. greenhouse or dome.
architecture

Uniform and higher
ventilation due to its
spheric shape

Fuller states that only lightbulbs will provide
internal gains, but that is not true. Hedid not take
into account the electronic devices, people, cars,
and plants, which might thus cause overheating.

Overall, the Dome over Manhattan can be considered a visionary project. In fact, the nature
houses that are being constructed now all use this idea as a starting point: the knefits of
enclosing the living space in a glazed volume. However, like the other case studies, the DoM
seems to have overheating problems, especially during sunny seasons. The choice to have a
greenhouse around the core house severely adds to the amount ad cost of materials, even

if these are reduced by the particular geometry. This also leads to a larger embodied carbon

footprint.

Goal of this case analysé: This case study isrelated to the biomimetic Research by Design developed in
chapter 5. The goal here is to determine the pros and cons of replacing a traditionally shaped greenhouse
by a geodesic dome, as well as the potential paths for improvement.
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5.

Aparameter that is crucial is the localization of the HGH, as thepros and cons of the different
cases differ depending on the climate zone In particular,mean temperature and the quantity
of daylight impact the solar and heating gains as well as the enegy production and the level
of humidity of the model.

The following key characteristics derived from the aforementioned case studies as well as
the literature reviewwill be used to design the HGH prototype developed in the next chapter

- The construction materials will be glass for the greenhouse andsteel or a material
that does not swell with water for the inside house due to the high humidity levels

- The prototype will be oriented EastWest in the longitudinal direction of the
greenhouse using climatic design considerations, so that all bedrooms can easily
face North (to avoid the effects of overheating in summer) and the living spaces
South (to benefit from the maximum light)

- Athick layer of insulation will be incorporated in the> 9 6 9 < = in&ide hous@to
reduce its thermal losses

- Technical equipment. a large technical space is needed to account for all
supplementary energetical/ water cycles systems

The analysis of the different case studies already highlighted some areas for further
improvements:

- Avoid overheating of the system during the warmdays

- Passive solar gains might not be sufficient to heat the whole house during cold/
cloudy days (especially in Sweden)

- Energy production shall be maximized to guarantee the autonomy of the protoype

- The glass house needs to be ventilated properly to reduce the humidity ratethe bad
smells, and the inside pollution rate

- The cleaningand the maintenance of the glass house can be expensive

- The air circulation is more uniform in a spheric space like a dome than in a
rectangular/ triangular greenhouse -therefore the ventilation is more efficient in a
dome

- The quantity of material needed to build a dome is lower than to build a rectangular
greenhouse with a sloped roof









CHAPTER 3
THE BUILD-UP OF V2
- HGH PROTOTYPE

For the purpose of this thesis, a prototype of a house in a greenhouse
(HGH) is designed, based on the case studies displayed in the previous
chapter. This chapter includes descriptions of the architectural, strictural,
and technical aspects of the prototype, as well as illustrations. The goal is
then to quantify the efficiency of the outer glass skin as an insulation layer
through energy consumption simulations.
All mentioned dimensions are in meters (m).
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Description of the HGH prototype

The HGH prototype that is designed for this thesis isoriginal and based on the literature
review and the case studies analyzed in theprevious chapter. The project is calledV?, with a
V from vetro (meaning g/ass in Italian) and the V from verde (meaning greenin the same
language, both in the sense of sustanable and the colors of nature).

The inside house accommodates a single family of 4 or 5, with someone working (partly)
from home. All residents have access to theagricultural production of the greenhouse for
their consumption. The project is situated in Brussels, Belgium. The design aims to provide
both a comfortable and sustainable way of life for its inhabitants, amid nature(Figure 18 and
Figure 19). One of the purposes of the house it to live more connecatd with nature as it is
accepted that it has positive effects on health and wellbeing This concept is named biophilia
(Grinde and Patil 2009)(Superior Health Council 2021)

Layout

4~ AK ; GEHGK =tke c@3echousen€d the gréebhdgse. The core house counts two
floors of 96 m”~each (12x8m), each 3m high The roof is flat.

On the upper floor, there are three bedrooms, one office and two bathroomsMost bedrooms
are oriented towards North to avoid overheating during the summer and providea constant,
soft light throughout the day (Figure 17).

Downstairs, dl living spaces are oriented Southand open-up to a large wooden terrasse to
enjoy the sun as muchas possible. The technical installations, as well as a laundry room and
storing areas are locatedon the Northern side of the house (Figure 18).

The following pages contain plans and sections of the prototype. They were turned to have a better
overview.



Figure 17: First floor of the house:3 bedrooms, one office, 2 bathrooms (Author, 2022)
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Figure 18: Groundfloor of the house: living room, kitchen, technical spaces, terrasse and the

§reenhouse The dimensions of the different elements are displayed on this picture (Author, 2022)
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bure 19: House elevation ,.\dew from inside the greenhouse and outside the house. The
greeouse Is used for food productiovrand creating a natural environment, the house is cladded with
megiallic panels and the large windows allow a relationship with the surroundngs. (Author, 2022)
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Figure 20: Hguse sectfpn . Thé structure is regular, and the greenhouse foundations allow for the
plants to talge root in e soil. The dimensions of the different elements are displayed on this pictue
(Author, 2022)
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Figure 20 shows that the windows of the house are in double glazing with aluminum frames
and a thermal break. They are placed very high and hidden in the slab above in order to open
up the view to see the natural surroundings.The structure of the inside house is composed
of steel columns and beams, concrete foundation dab and wooden floors. The walls are
lightweight, made up of metallic panels for the outdoor cladding, and are insulated with a
rockwool layer. The thickness of this insulation will be changed for the processing of the
energy scenarios

The cladding panels create patterns (Figure 19). Metal was chosen over, for example, a wood

cladding because the interior of the greenhouse can get humid due to the vegtation¥ as

noticed in Kaseco. Since wood absorbs water and inflates, cracks could appear on the
>909<=K GJ AFKA<= L@= @GE=]| 2@AK ; GMD< D=9< LG
problems later on. Metal has the advantage of being waterproof iftreated against rust.

2@= ?J==FQ@GMKwers\W] KMB>9; ¥UPTXE®° OALsl@pe@rocf. llE @A? @ <
structure is also composed of steel tubular sections for the columns, as well as tbeams. The

foundations are made up of a concrete slab, where plants ca grow without limitations in the

holes, as shown onFigure 21. The windows of the greenhouse are in simple glazing(Figure

20).

1,M0m

Figure 21: Greenhouse foundations scheme holes are left open to plant crops and treesfAuthor, 2022)
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Technical elements

First, VA MEofaKenergy collected via solar panels on the greenhouseoof, so that the
house is autonomous both in hot water and electricity production.

Second, the rainwater that is collected on the roof of the greenhouse and covers both
drinkable (filtered) and ron-drinkable water needs. The grey wastewater of the house is also
filtered several times before being used to nourish the plants of the greenhouse. This ensures
9 ; DGK=< 09L=J DGGH KQKL=E O@=J= 4~ AK 9?29AF 9MLGF

DD L @= 9>GJ=E-=F lara Bustrated o Kgdre 22 bdfow.G> 4

This design, with alternations in terms of amount of insulation and/or greenhouse, is used in
the following chapter for various energy simulations.

TECHNICAL SYSTEMS

solar panels linked with salt water
batteries for electricity

Hot water solar collector

Autonomous raimwater harvesting system with
lava filter, rainwater tank and infiltration
basins. The collected water is used for all

the house’s needs

. Automaic irrigation returns nutrients from
wastewater to plants= ecocycle

LED lightings
Closed North side on the groundfloor to

provide passive heating, cooling and avoid
extra heat losses

BELGIUM

I

2

MATERIALS AND BUILDING COMPONENTS

\%

Renewable or secandary sourced building materials
Rockwool insulation

Thermally broken aluminum frame and
double glazing

Integrated greenhouse (or climate shell) for social
gatherines and cultinvation of plants, in harmany
with the outside garden

Figure 22: \F organization, builtup and systems (Author, 2022)

Further details on the prototype are available inAppendix 5¥ Details of Protol. Q H =p.182"









CHAPTER 4

The aim of this chapter is to determine whether surrounding a house by a
greenhouse provides sufficient thermal insulation. To that end, dynamic
energy simulations of five insulation scenarios were conducted using the
software Open Studio, an Energy Plusniterface that was coupled with the
3D modeling program Sketchup. This chapter will first go over the different
scenarios and provide some hypotheses on the results. Afterwards, all
Input data will be explained before diving into the actual simulations. The
results are then compared, and a conclusion is drawn on the thermal
impact of the greenhouse



Introduction

V. CHAPTER 4 — ENERGY SIMULATIONS

1. Introduction

Scenarios

To understand how or how much influence the greenhouse has on theinsulation of the core
house, dynamic energy simulations will be conducted.

B=; 9MK= G> ALK K; GH= 9F< J=K=9J; @foduMenKiteAGF2 K KH
scenarios (Figure 23) to deliver concluding and quantifiable results:

SCENARIO 1

No greenhouse, just the core
house, 0 cm of insulafing
materials on the envelope

SCENARIO 2

Greenhouse around the core
house, 0 cm of insulating
materials on the envelope

7 Dynamic simulations are conducted overan extended period Stationary (or static) simulations are carried out for one
instant t.
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SCENARIO 3

No greenhouse, just the core
house with 33 cm of
insulating materials on the
envelope

SCENARIO 4

Greenhouse and core house
with 33 cm of insulating
materials on the envelope

) .

SCENARIO 5

Greenhouse only

Figure 23: Energy simulation scenarios From top to bottom . scenario 1 (house only, no insulation);
scenario 2 (house and greenhouse, no insulation), scenario 3 (house onlypsulation); scenario 4 (house
and greenhouse, insulation),; scenario 5 (greenhouse onlypAuthor, 2022)



Introduction

Definitions

Three key results will then be analyzed heaing demand, cooling demand, and energy
demand. These outcomes are expected to give insights alout the validity of the HGH concept
in Belgium.

*AC= 9FQ GL@=J : MAD<AF?{ 4~ HJ=K=FLK}

- Energy(or heat) gains, which result from the heat caused by the sun 6olar gains) and
the heat generated inside(from people, equipment, and plants).

- Energy(or heat) losses, which result from transmission losses (through the walls and
ceiling of the house; through the walls and ceiling of thegreenhouse); and ventilation
losses.

Given the energy gains and losses:

- The heating demand is the amount of heat that needs to be added to reach a
comfort able temperature insideL @= @GMK= ." @=J= USE! °

- The cooling demand is the amount of heat that needs to be removed to reach the

comfort temperature inside.

- The energy demand is the difference between the losses and the gains, the latter
multiplied by the gain utilization factor® which will be independently calculated. In short,
it is the sum of demands for heating or cooling to keep the temperature inside
comfortable. The energy demand is the heat that mwst be added or removed for the
@QGMK= LG KL9Q 9L 9 ; GE>GJLY9: D= L=EH=J9LMJ=
demand of the five scenarios will thus give an insight on the insulating properties of the
greenhouse.

To properly define the inputs of these simulations, a few parameters must be detailed,
namely the climate type, the number of residents and their activity levels(including presence
duration in and out the house) the plants grown inside the greenhouse (quantity, type,heat
production) andthe=1 MAHE=FL2 K K@9J= G> @=9L HJIG<M; LAGF|

& The gain utilization factor is automatically calculated by the software.
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Assumptions
Intuitively, preliminary conclusions can be drawn before going into the simulations:

- Scenario 1compared to scenario 2 shall demonstrate that adding a greenhousewill
increase the core house? Kxdoor temperature on average reducing the heating
demand. However, it could result in increased cooling demand. The air layer
between both constructions will insulate the house.

- Scenarios 2 and 3will allow to compare the general efficiency of both insulation
techniques (greenhouse vs insulating layer). They should both insulate the core
house. Per contra,the HGH concept is known to tend towards overheating, ® the
scenarios might have different shares of heating and cooling demands.

- Scenario 4 compared to scenario 2 should show that adding an insulating materials
layer on the core house already surrounded by a greenhousewill decrease both
cooling and heating needs, thanks to improved insulation. This fourth scenario
should result in the best energy efficiency of all.



Input Data

2.

Parameters’ definition

People

A family of five lives in \Z: the parents (Laura and Natasha), their two kids (Leo and Alexei)
9F< #EADQ{ (BguR24pa K HO9JLF=1

- The two moms (respectively 45 and 46 years old) live there fultime, and Laura works
from home while Natasha is at her office every weekday from 8AM to 7PM.

- Leo (20) is a law student. Helives at home but is usually at university from 8AM to 7PM.

- Alexei () studies architectural engineering They live with theirgirlfriend Emily in a
campus dorm room and come home for the weekend.

All five usuallyhave breakfast together in the city every weekend morning from 8AM to noon,
leaving the house empty. Laura and Natasha then go to their weekly walk on Saturday and
their pottery class from 1PM to 8PM.

It is assumed that each person produces 120Wsgm in the house (low to mixed activity
levels) and 100W/sgm (low activity levels) in the greenhousé.

9 More details in appendix p.180
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Name: [Natzsha
Pronouns: shefher
Mationality: Belgian
Born in: Belgivm
,f'g’»‘«ge: 46 years old
Occupation: Vaccine researcher
Hobbies: Knitting, cello
Quality: Social butterfly Name: Laura
Pronouns: shefher
MNationality: Belgo-ltalian
Born in: Belgium
N Aoe: 45 years old
\ ol Occupation: Editor-Publisher
@J Hobbles: Cooking, yoga
Quality: Can make italian coffee

Name: Leo

Pronouns: hefhim
Mationality: ltalo-Belgian
Born in: Belgium

Age: 20 years old
Occupation: Law student
Hobbies: Reading, swimming
Quality: Very calm person

Name: Emilie
Pronouns: shefher

Nationality: Belgio-Japanese
R Born in: Belgium
N
Age: 21 years old

Occupation: Biology student
4 Hobbies: Baking, gardening
L Cuality: Highly generous

Name: Alexe! ,I

Pronouns: they/them !

Mationality: Italo-Belgian

Bornin: Belgium

A 2 years old

Occupation: Arch. engineering student
Hobbies: Drawing, running

Ouality: Good time manager

Figure24} . =GHD= <=>AFALAGF} 4% J=KA<=FL @ythor, DIZ) ADDMKL J 9 L.



Input Data

Schedules and affluences

Based on theassumptions above, AL AK HGKKA: D= LG <J90O0 L@= 9>>DM=F.

use for one typical week, separating weekdays (Monday to Friday) and weekend days
(Saturday and Sunday) Graph1).

Climate and time period

The software has been parameterized for a house in Brussels. It automatically considers the
characteristics of the climate zone for the simulations over one full year.

The key assumption of the simulations is that the target temperature to reach inside the core
@GMK= AK USE! =N=JQ <9Q G> L@= Q=91J|

Equipment

It is assumed that lighting produces 7 W/m? in the house (Descamps 2021), 5W/m? in the
greenhouse, and computer equipment 5W/m? in the house (Shesho, Tashevski and Filkoski
2020) when people are present The presence of people is dictated by the affluence graphs
on the next page.
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Weekday affluence

Number of people

01:00 04:.00 07:00 10:00 13:00 16:00 19:00  22:00

Time

Week-end affluence

Number of people

0 |

01:.00 04:.00 07:.00 10:00 13:00 16:00 19:00  22:00

Time

Graph 1: Weekday (op) and weekend pottom) affluence. The number of people present in the house
changes the internal gains as people produce heat(Author, 2022)
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Plants

Carbon dioxide increases temperatures. Hence, photosynthesis reducestemperatures.
Moreover, plants produce heat during their blossoming phase. The following paragraphs will
quantify this heat production in order to add it to the simulations.

The US NOAANational Oceanic and Atmospheric Administration) argues that with increased
CQ: concentrations comes an increase in temperatures (NOAA 2021) A reverse statement
is also true: in the process of photosynthesis, plants absorb carbon dioxide, a greenhouse
gas, and sunlight, lowering the temperatue (Kurniawan 2004). Photosynthesis uses energy
from light and is thus only possible during the daytime for most plants. Since it usesCQ,, the
temperature will decrease during the day. However, at night, indootemperatures inside the
greenhousewill rise if the system is closed and no airexchange with the outside is possible
(Kurniawan 2004).

Heat production only happens during the blossoming phase of plants. It depends on the rate

of CO; emissions from plants, according to the calorific equivalent of pra sicx i YW
(Seymour 2010). Itis a process that necessitates a lot of energy from plants, which they only
use to enhance pollination during the flowering time. A study compared the heat production
of plants with their mass (Seymour 2010). Given the scope of this thesis, &a averagevalue of
the ratio power over mass was calculated at0,013 W/g of plant per year (refer to Appendix 6
¥ Energy simulations p. 186).

Next, it was important to define which vegetables would grow inside the greenhouse to know
when they would bloom, hence produce heat. Three commonly found vegetables were
chosen: local trees, beans, carrots, and tomatoes. It is assumed that each type of ap will

i GN=J GF= >A>L@ G> L@= ?J==F@GMK=2K F=L GH=F 9J=9{

and resting spaces.

Based on the averagemass of one of each of these; J GHK?2 HJG<M; LAGF
multiplied by 0,013 W/g, the power of each crap can be determined. Considering the area
allowed for each entity multiplied by the share of blooming time (i.e.: when they produce heat);
the final amount of power (or heat production) per plant is calculated?.

Overall, it can be assumed that all plantsand trees will, in the greenhouse, producet86 kWh
per yeart! and contribute to internal heat gains.

° These calculations are further detailed inAppendix 6¥ Energy simulations, p196
* This number was determined by summing each individual result.
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Materials

The following Table 5 includes all materials that were used in the \? prototype. The materials
and building techniques are simplified and typical for a new construction in Belgium with a
E=L9DDA,; K L JcMddingvahd-deckinrgddbuble glazingwindows in the house and
simple for the greenhouse,and the floors with concrete, screed, and a wooden coveringThe
green materials on Table 8 refer to the insulating layers that will change with the scenarios.
Further information is available in Appendix 6¥ Energy simulations, p191

Table 5. \"\materials table (Author, 2022)

HOUSE GREENHOUSE
Localization Material
EXTERIOR
Metal roofing
Roof
Metal decking
Metal finish
Walls
Dry wall
Wooden parquet
Slab Screed

Insulation mineral wool
Concrete foundation slab
SUBSURFACES EXTERIOR

Windows roof Glass

Glass Glass
Windows walls Air

Glass
INTERIOR

Dry wall
Wwall Air

Dry wall
Wooden parquet
Floor Screed
Plywood




Input Data

Model simplifications

- The house is considered as one thermal zone, notonsidering the different rooms inside
as their own insulation value can be neglected compared to the outer walls

- Table 6 summarizes the power produced by the different elements as per hypotheses
on input data detailed hereabove

- Due to limitations of the Openstudio program, the HGH model is designed having walls
and roof composed of (from out to in): glazed surface ¥ 3m or more of air ¥ metal finish
¥ (insulation) ¥ dry wall complex. This ensured that the software would understand the
actual repercussions of this double skin on the energy fluxes of the model Figure 25).

Table 6. summary of the input data (Author, 2022)

House Greenhouse
Equipment 5W/E " 0
Lighting 7W/E 5W/E
People 120 W/E ~pA 100 W/E ~pA
Plants 0 486 kWlyr

P

Figure 25: section of the model design assumptions in Openstudio. Assumption: each wall is a very
thick complex which includes both layers (green).(Author, 2022)
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3.

The software studies the energy performance of the system during one entire yearbased on
the climatic zone area. All seasons areconsidered. The output of the simulations is the total
energy demand needed in order to have a constant) S E ! L=EH=J@dcMdhousd F KA < =

The most relevant results of total energy, cooling, and heatingdemands per year for thecore
house only are displayed in the following table and grapts.

The 4 scenario summary tables of the OpenStudio simulation results are available irthe
Appendix 6¥ Energy simulations (P.193 - 194).

The sum of the heating and cooling demands equals the total energy demand.

Table 7: heating and coolingdemand for the house [kWh/yr] of each scenario(Author, 2022)

. . Heating demand Cooling demand
Scenario number Scenario name
[kWhlyr] [KWh/yr]

1 House, no insulation 85914 11997

2 HGH, no insulation 5156 25955

3 House, insulation 25986 5172

4 HGH, insulation 5917 10755

5 Greenhouse only 0 0

Table 8: total energy demand for the house [kWHh/yr] of eachscenario (Author, 2022)

Total Energy Energy demand in
Scenario number Scenario name demand for the % of scenario 1
core house [kWh/yr]
1 House, no 97911 100%
insulation
2 HGH, no insulation 31111 31,77%
3 House, insulationt? 31158 31,82%
4 HGH, insulation 16672 17,03%
5 Greenhouse only 0 0,00%

2 Insulation refers to the 33 cm of Rockwool insulating composite (with cavities) all around the envelope of the house
(ceiling and walls).



Simulation results

Cooling and heating demand for the house

[kWh/yr]
100000
80000
60000
40000
_—
20000 .
[
0
House, no HGH, no House, HGH, Greenhouse
insulation insulation insulation insulation only
1 2 3 4 5
District heating [kKWh/yr] m District cooling [KWh/yr]
Graph2: Cooling and heating demand for the housgkWh/yr] (Author, 2022)
Total Energy demand for the house [kWh/yr]
100000
80000
60000
40000
0 ]
House, no HGH, no House, HGH, Greenhouse
insulation insulation insulation insulation only
1 2 3 4 5

Graph 3: Total energy demand for the house [kKWh/yrj(Author, 2022)
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The following conclusions can be drawn from the simulation results.

The house with no insulation and no greenhousgscenario 1) has the highest energy
demand, which makes sense as the systemsmust work harder to keep the house
at a stable temperature, knowing that the heat gains and losses are important
Scenarios 2 and 3(insulating the house with Rockwool vs with a greenhouse)have
similar total energy demand results. This proves that the greenhouse acts like gn)
(33cm) insulating layer, integrated in the roof and walls of a house Furthermore, it
is worth noting that the total yearly energy demand decreasesby more than two
thirds compared to scenario 1 without any insulation.

However, scenarios 2 and 3 show contrary levels of heating and cooling demand
Indeed, the greenhouse will increase solar gains, henceeduce heating needs during
the cold season but adding cooling needs during the warm season comparedto a
traditional insulation. Similarly, more heating is neededwith a traditional insulating
material than with a greenhouse during the cold season. This observation confirms
the risk of overheating during warm days observed in the case studies if the hose
is insulated with just a greenhouse

Scenario 4has the lowest energy demand of all It shows that having a greenhouse
as well as an insulated house (thereforetwo insulation layers) allows remarkably
high energy savings. The total energy demand of this system is divided by two
compared to scenarios 2 and 3 where there is only one insulation layerlt shows
that the house will consume only 17,03% of the energy demand required in scenario
1 to maintain the same internal temperature. However, despite two insulation layers,
the prototype is not fully autonomous in terms of heating and cooling since the total
energy demand is still 16672 kWh/yr. This confirms a potential need for extra
heating during frigid days.

Scenario 4 has lower levels ofenergy demand than scenarios 2 and 3. It also has a
lower heating demand, but a slightly higher level of cooling demand compared to
scenario 3. Cooling needs are higher than heating needs. Onceagain, this
observation suggests arisk of overheating during warm days.

Scenario 5 shows of course no energy demand here, as this thesis looks at the
energy demand of the house only.



Simulation results

Rationality of simulation results

According to the US Energy Information Administration, the typical energy consumptiorof a
house reaches about 10000 kWh/year/US resident (U.S. Energy Information Administration
2021). Accounting for the fact that there are aboutthree to five people inthis prototype house,
the theoretical consumption would reach circa 40000 kWh/year for the insulated house
(scenarios 2 and 3) This calculation confirms the reasonableness of the prototype
simulation results, giving a little bit more than 30000 kWh/year for scenarios 2 and 3.

Moreover, the French Engie? J GMH KL 9L =K L @9 L -irsulatedQHdusehdidd TSSE”™ O:
consumes around 16975 kWh/year in total of which 10542 kWh/year of heating| 1AF; = 4nr23K

1 GJ= @GMK= ; GN=JK 9 DE GKHe mutplREDBY fwo, lar@AcdchB8E : =J ; 9
kWhlyear. This is in tune with the heating demand of 31158 KWh/year of the scenario 3

(L9CAF? AFLG 9; ; GMFL L@= USE )J®J?=L L=EH=J9LMJ= >G

2 More details can be found inAppendix 6¥ Energy simulations p.203
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4.

To conclude the simulation findings:

- The greenhouse around the house is as energy efficient as a typical 33 cm
insulation layer integrated in the envelope of the housein terms of total energy
demand of the system

- Combining two insulation layers (greenhouse and hous with 33cm insulation as in
scenario 4) reduces the energy demand of the system by six, or approximately
81.000 kwh/year, compared to a single non-insulated house

- Despite two insulation layers, the prototype is notautonomous in terms of heating
and cooling throughout the full year. This demonstrates that some extra heating is
still needed during cold/cloudy days.

- The energy demand for cooling is five times higher wih a greenhouse than in a
traditionally insulated house in Belgium. With two insulation techniques, it is still
more than twice higher than with a single 33 cm traditional insulation layer. This
proves that the greenhouse may cause some overheating duringvarmer days even
when the core house is also insulated

In conclusion, adding a greenhouse to an insulated houseis a very smart way of improving
its energy efficiency since it would further reduce its energy demand by %486 kWh/year
(approximately half). In addition, the greenhouse does not only provide insulation, contrary to
a composite layer, it also provides an indoor farming station for local food production, semi-
outdoor spaces that can be used at all hours of the day and year, and of coursehealth
qualities linked to biophilia (see chapter 3). It will however use more outdoor space around
the house as well as additionalresources and materials.

Yet, the greenhouse asis shows flaws as observed in the case studies and demonstrated
with the simulations. The system is not completely autonomous from an energy standpoint
since there are additional cooling needs during warm daysand still need for extra external
heating during cold days. Other weaknesses observed in the case studies areverbrightness
and risk of high humidity levels especially during these warm days.

The following chapter will analyze biomimetic design scenarios to address and/or mitigate
these weaknesses as well as maximize the @ergy production with renewable systems.






CHAPTER 5

Chapter 5 presents theresults of the Research by Design conducted to
address the weaknesses of the HGH identified during the case studies
analyses and the energy simulations and maximize its energy production.
Following the Challenge to Biology methodology described in Chapted,
KGE= ' AGEAE=LA; =PHDGJILAGFK
?2J==F@GMK=} 9<<AF? LG L@= ?J==F@C
D=9N=K{ L@ >D=;, LG>AF KQKL=E{ L @=
the shape of the greenhouse (sunflowers, gedesic dome),; and lastly two
scenarios which combine the options studied before. In the end, all
scenarios will be compared and assessed in a critical way.



Research Process¥ Challenge to Biology

1.

The simulations and the case studies presented in the previous chapters demonstrated the
insulating advantages of the greenhouse surrounding the house However, several issues
were also found for the HGH prototype. The five main weaknessesidentified are the high
humidity rate, the overheating duringwarm days, some residual heat needs during colddays,
the high illuminance levels and the unoptimized renewable energy harvesting systems

The aim of this chapter is to propose biomimetic solution s to optimize the HGH prototype by
improving/ solving these issues using the top-down approach of the Research by Design
process (RbD)as explained inChapter 1.

The following steps of the Challenge to Biology RbD process were applied to find solutions
to the weaknesses identified (1) Identify; (2) Define (3) Biologize; @) Discover; §) Abstract;
(6) Emulate; (7) Evaluate (as defined in the literature review Research by Design and
Biomimicry18).

(1) Identify the function

The goal(s) pursued with the modified design of the greenhouseare:
- Prevent overheatingon warm days
- Reducethe humidity rate
- Reduce heat losseson cold days
- Reduce theilluminance levek in the greenhouse
- Optimize the energy harvesting systens

(2) Define the context

The modified design is to be appliedon or replacing a greenhousesurrounding a core house
in an oceanic temperate climate zone like Belgium. Scenario 4 ¥ house with 33 cm of
insulation surrounded by the greenhouse - is used as a basefor the research of this chapter,
as it is the scenario with the lowest total energy demand



Chapter 5¥ Biomimetic Research by Design

(3) Biologize the problem

The following (non-exhaustive) processes which aim at improving thermal and energy
efficiency were identified in nature:

- Ventilating

- Covering

- Following the orientation of the sun

- Capturing humidity

- Changingskin color in reaction to the sunlight

(4) Discover natural models

The following biological organisms, behaviors and / or ecosystem allowing the natural
processes abovewere analyzedin depth (Figure 26):

- Termite mounds

- Desert rhubarb leaves

- Chameleon skin

- Sunflower and Strelitzia Reginae flower behavior

Figure 26: From left to right and top to bottom: termite mound (@brewbooks on Flickr); desert rhubarb
leaf (Karin Kloosterman), sunflower (Jon Sullivan), chameleon Martin Van Lokven / Minden Pictures),
Strelitzia Reginae flower (@ntdanai on iStock).














































































































































































































































































































































































