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P R E FA C E

I have created a machine. A mechanical facade that breathes dynamic life
to a building that once lay dormant. Where one can observe physically,
how the building is feeling and thinking.

The thoughts of the machine can at times be confusing. I have started
at its outputs for hours, trying to contemplate the purpose of its motions,
only later to understand the ingenuity behind its decisions. But this facade
still only has the mind of an infant. An infant that has been born with a
basic understanding of building thermodynamics, solar radiation, human
comfort and photovoltaics. And with the programmed knowledge it can
think for the whole building and use what range of motion it has, to fulfil
its goal: Minimise building energy consumption while maximising human
comfort.

What is presented in this thesis is merely the humble beginnings of what
is to come. Over the next years it will make mistakes and learn from them,
it will start interacting with people and learn from their behaviour. It will
start connecting to other devices, both locally in the building, and over
the internet. It will continue to grow, at which point, it will be nearly im-
possible to understand what the purpose of its motions even mean. We,
as simple humans, will forfeit the control of our homes to the superior
intellect of the machines that we have created.
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A B S T R A C T

Adaptive photovoltaic envelopes have the potential to improve building
energy performance by controlling natural lighting and solar heat gains,
while simultaneously generating electricity to match the building demand.
This study analyses the potential of adaptive photovoltaic envelopes, from
the design process to its evaluation. The study first presents a performative
design environment that combines multiple technological branches into a
single automated work-flow. The environment designs the form of the fa-
cade, provides feedback on its structural strength, analyses the energetic
performance of the interior space, conducts a daylighting analysis, renders
images and produces fabrication plans for a rapid design process. Through
this methodology, an adaptive photovoltaic envelope known as the Adap-
tive Solar Facade was successfully designed and constructed. The control
strategy for the adaptive envelope is built using a model predictive con-
trol algorithm which runs successive simulations of the electricity produc-
tion and building energy demand for all possible angle configurations of
the panels. Angle configurations that result in minimum building energy
demand, sufficient daylighting, and maximum electricity production are
chosen. This control strategy can also be numerically evaluated over a year
and results show that an adaptive system can have a 20% - 80% energy
saving over an equivalent static system. The large range is due to the sensi-
tivity of the building type. Running this numerical evaluation over eleven
building use types spanning six construction periods show that modern
offices, schools, and retail stores are ideal application cases. The adaptive
envelopes ultimately perform best when there is a mix of both heating and
cooling demands in the building space. A CO2 life cycle analysis of the
adaptive solar facade shows that it is favourably competitive to traditional
building integrated photovoltaic systems.
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Z U S A M M E N FA S S U N G

Adaptive Gebäudehüllen mit integrierter Photovoltaik haben das Poten-
tial den Energiehaushalt eines Gebäudes positiv zu beeinflussen, indem
natürliche Lichtführung und solare Wärmegewinne aktiv gesteuert wer-
den, während gleichzeitig Strom bedarfsgerecht produziert wird. In dieser
Arbeit wird das Potential von adaptiven Gebäudehüllen mit integrierter
Photovoltaik vom Entwurfsprozess bis zur Evaluation analysiert. Zuerst
wird eine Entwicklungsumgebung präsentiert, welche verschiedene techni-
sche Disziplinen zusammenführt um einen automatisierten Arbeitsablauf
zu erzielen. Die Entwicklungsumgebung entwirft die Form der Fassade,
bewertet die strukturelle Festigkeit, analysiert das Energieprofil der Innen-
räume, führt eine Tageslichtanalyse durch, rendert Bilder und produziert
Fertigungspläne für einen schnellen Entwurfsprozess. Mit dieser Methodik
konnte eine adaptive Fassade mit integrierter Photovoltaik, auch bekannt
als Adaptive Solare Fassade, erfolgreich entworfen und fabriziert werden.
Zur Regelung der adaptiven Gebäudehülle wurde ein modellgestützter Re-
gelalgorithmus entwickelt, welcher die Stromproduktion und den Energie-
bedarf für alle möglichen Konfigurationen der Anstellwinkel der Module
simuliert. Für jeden Zeitschritt wird jene Konfiguration der Anstellwinkel
gewählt, welche den Gesamtenergiebedarf des Gebäudes minimiert, genü-
gend Tageslicht zulässt und die Stromproduktion maximiert. Diese Regel-
strategie kann auch rechnerisch über ein ganzes Jahr ausgewertet werden.
Die resultate zeigen, dass ein adaptives System im Vergleich zu einem äqui-
valenten statischen System, je nach Gebäudetyp, 20% - 80% Energieeinspa-
rungen erbringen kann. Die Anwendung dieser Evaluation auf elf verschie-
dene Gebäudenutzungstypen aus sechs verschiedenen Bauperioden zeigt,
dass moderne Verwaltungsgebäude, Schulen und Verkaufsgebäude ideale
Anwendungsszenarien sind. Adaptive Gebäudehüllen funktionieren am
besten, wenn ein Mix aus Heiz- und Kühlbedarf der Gebäudeflächen be-
steht. Eine Lebenszyklusanalyse der adaptiven solaren Fassade zeigt, dass
diese konkurrenzfähig zu herkömmlichen integrierten Photovoltaiksyste-
men ist.
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N O TAT I O N

frequently used symbols

Te Outdoor air temperature ◦C

Tm Thermal mass temperature ◦C

Ts Internal wall surface temperature ◦C

Tair Indoor air temperature ◦C

Tsup Ventilation supply air temperature ◦C

Hem Wall thermal conductance W/K

Hms Internal conductance between the internal surface and mass
W/K

His Internal conductance between the indoor air and internal sur-
face W/K

Hve Ventilation thermal conductance W/K

Hw Window thermal conductance W/K

Htr Equivalent thermal conductance, see Appendix W/K

Cm Thermal Capacitance J/K

φHC Heating or cooling load W

φsol Solar heat gain W

φint Internal heat gain W

φmtot Equivalent heat flux, see Appendix W

ϕ f lux Luminance per floor area Lx

Ew Incident luminance on the window Lumens

G Solar transmittance of the window

M Maintenance factor of the window

U Utilisation factor of the window

ACH Air Changes per Hour

Vroom Volume of a room

abbreviations

ASF Adaptive Solar Facade
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PDE Performative Design Environment

BIM Building Information Modelling

FEA Finite Element Analysis

BIPV Building Integrated Photovoltaic

PV Photovoltaic

HVAC Heating Ventilation and Air Conditioning

CIGS Copper Indium Gallium Selenide

CdTe Cadmium Telluride

COP Coefficient of Performance

CEA City Energy Analyst

LCA Life Cycle Analysis

SMQ Specific Mass Quantity

GWP Global Warming Potential





1
I N T R O D U C T I O N

Intelligence is the ability to adapt to change
— Stephen Hawking

1.1 the adaptive envelope

A building, in its original manifestation, is a shelter. A means to protect the
human body from harsh external conditions. And within this, we ascribe
the notion of the envelope, the barrier between the external and internal
environments. It is the barrier that protects us from frigid temperatures,
shades us from solar rays, and keeps us dry when a storm passes by. And
over time, we have not just developed the quality of our envelopes, but
also technologies that enable us to manufacture interior environments. The
combination of heating, cooling, lighting and air handling enables us to ex-
clude the energies of the exterior and form hermetic envelopes. Buildings
transformed from mere shelters to places of comfort where we now spend
87% of our lives [1]. We have in essence, become an indoor species.

Unfortunately, the manufacture of interior environments comes with a
large environmental impact. Buildings are currently responsible for 32%
of our final energy use and 19% of our total greenhouse gas emissions [2].
There is, however, a 50% - 90% emission reduction potential using existing
technologies [2]. On one hand, the efficiency of our manufactured inte-
rior environment can be increased. We can install more efficient systems
to manufacture this energy at a lower environmental cost. We can further
increase the isolation properties of our envelopes, thus reducing the en-
ergetic loss to the exterior. On the other hand, we can rewind the clock
of architectural history and move back to a time where we did not man-
ufacture internal environments, but rather mediated the external energies
to fulfil that of the interior. These strategies, commonly described as pas-
sive design strategies, include aspects such as natural ventilation, thermal
storage, and static shading.

Instead of rewinding the clock of architectural history, there is also the
possibility to look ahead. With new technologies, the mediation of the ex-
ternal environment is not restricted to passive strategies, but also active
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ones. The mediation of solar radiation through responsive shading is one
such example. A responsive shading system will open when solar radia-
tion levels are low to maximise natural lighting, and close when the ra-
diation reaches a critical peak at which the building begins to overheat.
Iconic examples include the Al Bahar Towers in Dubai [3], the Arab World
Institute in Paris, and the ThyssenKrupp Headquarters in Essen.

In an ideal setting, the envelope does not just exist in an open or closed
state, but in a multitude of states fulfilling various functions. This modu-
larity enables certain parts of the envelope to respond for optimal daylight
distribution, whereas others are optimised for heating / cooling demand
reduction, and enhancing views to the exterior. If we also replace the enve-
lope material with lightweight thin-film solar panels, we can harvest solar
energy on-site and use it to meet the demands of the interior space. It
is through this modularity that we can best balance the often conflicting
interests of user comfort, and building energy reduction.

This modularity, however, introduces new challenges in terms of con-
trol. In a responsive system, the designer sets threshold radiation levels at
which the envelope opens and closes. This modular envelope however, can
have thousands of possible states and needs to find the optimum balance
between building energy demand reduction, occupant comfort, and pho-
tovoltaic (PV) electricity production. It is in this context that one coins the
term adaptive. An adaptive envelope senses its environment, such as the
occupancy, interior temperature, exterior temperature and radiation lev-
els, and then determines the optimum envelope configuration to mediate
a comfortable interior environment while minimising the total net energy
consumption.

This adaptive nature can span different time durations. In the short time
span, if the sun goes behind a cloud, or the occupancy dramatically in-
creases, the envelope will be able to adapt to meet this new environment.
Likewise, the envelope will also adapt to long-term variations such as
global warming.

1.2 research questions

Adaptive envelopes have existed as an attractive concept due to their en-
ergy saving prospects, and architectural image. The goal of this thesis is to
bring the concept of an adaptive photovoltaic envelope to reality and eval-
uate its performance in the current and future building stock. In essence,
it can be condensed to five core research questions.
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• How can complex architectural components, such as an adaptive pho-
tovoltaic envelope, be designed and constructed?

• How can a photovoltaic envelope be controlled to be adaptive?

• What is the energy saving potential of an adaptive photovoltaic enve-
lope?

• How does the energy saving potential vary for different building
types?

• What is the life cycle CO2 saving potential of an adaptive photo-
voltaic envelope?

1.3 research overview

This thesis presents a study of an adaptive photovoltaic envelope, from
design and construction, to control and evaluation. Due to the broad scope,
the scientific contribution of this thesis spans multiple disciplines.

1.3.1 Performative Design

The development of an adaptive envelope requires innovative changes to
the classic design process. In particular, processes that interlink multiple
technological branches into a single automated work-flow. The work is
novel for two reasons. Firstly, it combines fields of architecture, structural
engineering, building energy evaluation, photovoltaic design, control, and
manufacture into a work-flow that automatically generates the envelope
geometry, and evaluates its performance. Secondly, it details the entire
process from concept to final fabrication.

1.3.2 Models for Adaptive Control

The design of the adaptive control system requires the development of mul-
tiple high speed mathematical models to rapidly evaluate the performance
of the envelope. Models created in the scope of this thesis include:

• A single zone building simulation engine known as a resistance-
capacitance model. The software has been open sourced and is being
slowly utilised within the academic community.
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• Coupling a high resolution radiation model to a PV electricity simu-
lator in order to measure the performance of the PV modules while
including the effects of module self shading

• Coupling the photovoltaic electricity production to the building en-
ergy demand which opens up new methods of building management
as the envelope controls both the production and consumption of en-
ergy.

• Generating and calibrating a rapid linear daylighting model

The combination of these models creates the adaptive control strategy as
introduced in Section 1.1. The models can also be used for the numerical
evaluation of energy performance over a range of different building use
types.

1.3.3 Life Cycle Assessment of Building Integrated Photovoltaic Technologies

The evaluation of the system is not just restricted to energetic evaluations,
but extends to assess its life cycle impact. In order to achieve an adequate
comparison, I evaluate the environmental impact of current building in-
tegrated photovoltaic technologies, and compare them to an adaptive sys-
tem.
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1.4 organisation of the thesis

The remainder of this thesis is composed of three journal papers and one
conference paper. Chapter 2 introduces the parametric design environ-
ment, which was created for the rapid iterative development of adaptive
envelopes. This chapter also introduces some of the design elements of
the final envelope. Chapter 3 introduces the model predictive control strat-
egy for adaptive control. This chapter first introduces the model, and then
discusses the energy saving potential of an adaptive photovoltaic enve-
lope. Chapter 4 takes on the model from Chapter 3 and runs an evaluation
on eleven different building use types spanning six construction periods.
Chapter 5 then takes the results of the energy simulation methodology and
assesses the carbon life cycle cost. Finally, Chapter 6 concludes the thesis.

This dissertation is written in the context of the Adaptive Solar Facade
(ASF), an adaptive photovoltaic envelope designed for a research and in-
novation unit known as the HiLo [4]. The ASF is a modular envelope of
40 x 40 cm copper indium galium selenide (CIGS) PV panels that can be
actuated in two degrees of freedom with a range of 90

◦.





2
PA R A M E T R I C D E S I G N E N V I R O N M E N T F O R K I N E T I C
P H O T O V O LTA I C A R C H I T E C T U R E

The design of complex architectural components such as kinetic architec-
tural elements poses a challenge due to the multiple technological branches
involved. This chapter presents a performative design environment that
combines the branches of structural and energy engineering, control, in-
dustrial design, and architecture. The methodology is applied in the con-
text of the Adaptive Solar Facade, a kinetic photovoltaic shading system
for the HiLo building in Duebendorf, Switzerland. The chapter describes
how the environment enables the user to design the form of the facade, get
feedback on its structural strength, analyse the energetic performance of
the interior space, conduct a daylighting analysis, render images, and pro-
duce fabrication plans for a rapid design process. With the parametric de-
sign environment, project meetings transform from information exchanges
to design sessions where all stakeholders can collaboratively influence the
design and see immediate results. What would normally take a month, was
condensed to just a few hours. Ultimately, this chapter extends the field of
performative design by presenting a practical example where a system as
complex as a kinetic photovoltaic envelope can be designed, prototyped,
and fabricated by a small team of four designers.

Jayathissa, P., Caranovic, S., Hofer, J., Nagy, Z. & Schlueter, A. Parametric Design Environment
for Kinetic Photovoltaic Architecture. In Review (2017)
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8 parametric design environment

2.1 introduction

The interest for applying kinetic envelopes in architecture has increased
in recent years. On one hand, there is the availability of digital design
processes, which enables kinetic concepts to come to life. On the other
hand, there is the desire to have active building elements to regulate energy
flows to create a more sustainable built environment [5].

When analysing the various energy flows, it is solar radiation that is
of particular interest. As seen in Figure 2.1 the mediation of solar radia-
tion has the potential to reduce heating and cooling demands, while si-
multaneously distributing daylight according to the occupants’ desires [6].
Furthermore, utilising thin film photovoltaic panels as the kinetic element
enables the facade to also act as an electricity generator. In Chapter 3 it is
shown that such technologies can, in some cases, offset the entire energy
consumption of the building space behind the envelope [7].

The application of kinetic architectural envelopes has so far been centred
around iconic examples. These include the Al Bahar Towers in Dubai [3],
the Arab World Institute in Paris, and the ThyssenKrupp Headquarters
in Essen. Bringing these technologies to the mainstream, however, can be
challenging.

One major challenge in the design of Kinetic Architectural Elements is
the involvement of multiple technological branches. Among these branches
one can count structural and energy engineering, control, industrial design,
and architecture. Each of these branches has strong interdependencies to
each other. For example, during the detail design process, a small variation
in the control system such as the range of movement can affect energetic
performance and architectural image. This may result in a redesign, that
then needs to undergo structural evaluations and fit within the budget.
These iteration cycles become a time intensive process that, in some cases,
can take months to solve. In order to unite these branches efficiently, new
design methods and environments have to be developed.

The state of the art in interdisciplinary building design lies in build-
ing information modelling (BIM) [8, 9]. The utilisation of BIM to perform
fast energy and structural assessments can coordinate the design from its
early stages. However, design using BIM is often based on high levels of
standardisation, which makes it complicated when designing custom in-
novative components. The development of kinetic architectural envelopes
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requires a flexible infrastructure, which allows for fast design, prototyping
and production, while maintaining the ability to be customized for each
system individually.

Performative design environments can overcome the limitations of BIM [10].
Performative design takes computer aided design (CAD) in a reversed
manner, where it is the simulations that drive the design. Here, the con-
cept of form making, is replaced with form finding. An example of per-
formative design has been described by Turrin et al. where passive so-
lar strategies were explored to improve the thermal comfort and daylight
quality under a tessellated roof [11]. This can also stretch to structural
performative design in tools such as RhinoVault where the final form is
determined through iterative structural simulations [12]. Holzer on the
other hand used performative design for direct structural feedback using
first and second order structural simulations [13]. These tools can also be
utilised on the component level, and have been previously analysed in a
design studio for smart building envelopes [14]. However, integrating mul-
tiple tools in a single automated environment has still proven to be difficult
due to some tools lacking parametrisation capabilities, low openness of the
tools interfaces, and low flexibility [15, 16]. Furthermore, this lack of inter-
operability results in long iteration cycles, making it difficult to evaluate
the necessary trade-offs.

This chapter builds on existing knowledge to produce a state of the art
performative design environment (PDE) that can shape the form of a fa-
cade, provide feedback on its structural strength, analyse the energetic per-
formance and day-lighting conditions of the building space, render images,
and produce fabrication drawings for a rapid iterative design process. This
is accomplished within the Rhino/Grasshopper environment with python
as a scripting language. The methodology is applied in the context of the
Adaptive Solar Facade (ASF), a kinetic photovoltaic facade constructed for
a research and innovation unit known as the HiLo [4]. HiLo is a two bed-
room apartment with a portfolio of energy saving technologies that cre-
ate a net zero energy building [17]. Both bedrooms of the HiLo will be
equipped with an ASF as seen in Figure 2.2. The adaptive control of solar
radiation into the bedrooms, coupled with on site electricity generation
will contribute to this overall net zero energy strategy. The entire design
process from conceptual design, to prototyping, and final fabrication will
be presented.
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importanceASF
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min max

views

daylighting

Cooling

PV

Figure 2.1: The facade acting as a mediator between the interior and exterior
environment, while fulfilling various functions [6]

The remainder of the chapter is organised as follows: the next section
details the parametric design environment and the simulations that drive
the final design. Section 2.3 describes the outcomes of this design process
including the details of the kinetic facade, and Section 2.4 discusses the
limitations of this environment and concludes the chapter.

2.2 methodology

The parametric design environment (PDE), shown schematically in Figure
2.3 details the multiple processes that were used in parallel to handle the
different technological branches. From this, four key outputs are generated:
the structural performance, energetic performance, manufacturing plans,
and visual renders. Inputs to the PDE are defined by the parameters that
have the greatest influence on the design. In this case, they are the overall
frame dimension and profile, the photovoltaic panel dimension, spacing
and layout, and the range of motion.

These inputs are numerically fed into the design environment and gen-
erate instantaneous results of the structural performance, energetic perfor-
mance, visual renders and manufacturing plans. By doing so, the multiple
trade-offs between the technological branches, as explained in Section 2.1,
can be simultaneously observed. The electricity generation, building en-
ergy demand, utilisation factor of yield strength, dimensions, collision de-
tection, aesthetics, and manufacturing costs are of particular interest. This
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Figure 2.2: Render of the HiLo module to be constructed in Dubendorf, Switzer-
land. Two adaptive solar facades have been planned on the south
and west facing facades.

ultimately allows for quick feedback loops with the major stakeholders
(architects, structural engineering, energy engineers, and production team)
involved in the project.

The environment combines the geometric modelling software Rhinoceros
3D [18], its parametric plug-in Grasshopper [19], and python [20] as a
scripting language. The relatively unspecialised nature of Rhino is com-
plemented by a large number of specialised add-ons for Grasshopper. Fur-
thermore, custom Grasshopper modules can be scripted using python. The
following subsections will explain the structural and energetic analysis in
more detail.

2.2.1 Energy Evaluation

The purpose of the ASF is to maximise electricity production on the photo-
voltaic (PV) panels and minimise the energy consumption of the building
behind the facade. In order to best achieve this, the layout of the PV panels,
and the electrical interconneciton of PV panels must be carefully designed.
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The evaluation of the energetic performance of the ASF can be found in
Chapter 3, and will be briefly reviewed here for completion. This part of
the PDE consists of five stages:

1. Solar Radiation Model: The radiation on the PV panels and window
behind the ASF is calculated using the Grasshopper - LadyBug plu-
gin. [21]. An example of the simulation result is shown in Figure 2.4.
A tighter layout of panels allows for more PV material per facade
area, however it also results in more module self-shading, which re-
duces the overall electricity production.

2. PV Electricity Production: The radiation result on the PV panels is
coupled to an electrical circuit simulation of monolithically intercon-
nected, thin-film CIGS PV modules. This model takes into account
the effects of module self-shading and temperature dependence [22].

3. Building Energy Model: The radiation calculated on the window
surface is fed to a 5R1C single zone resistance-capacitance building
model based on the ISO 13790 standard [23]. This calculates the heat-
ing or cooling demand of the building. A tight layout of PV panels
enables more control over the solar insolation. Tight configurations
tend to perform better in hot climates, whereas sparse configurations
perform better in colder climates.

4. Daylighting Model: A linear daylighting model based on the to-
tal flux methodology is used to determine the luminosity in the
room [24]. When the luminosity falls below a threshold value of 300lx,
artificial lighting is turned on. Sparse configurations result in more
daylight distribution, which reduces the need for artificial lighting in
the morning and evening hours.

5. Optimisation: The simulation is conducted for all possible panel an-
gle combinations for every hour of the year. By summing all the time
steps, the annual energetic performance of the ASF can be evaluated.

This analysis finds the optimum balance between PV generation and day-
light control to minimise heating, cooling and lighting demands where the
overall objective is the minimisation of net energy. The source code for
this methodology, with installation instructions can be downloaded from
github [25, 26].

During the design stage, this analysis is conducted for a typical day in
summer, and in winter. Once a design has been selected, an annual study
with hourly time steps is conducted to achieve a high resolution result.
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Figure 2.4: A simulation result showing the radiation on the solar panels and the
window element on the 16 June 2013 between 12:00-13:00 in Zurich.

2.2.2 Structural form finding and finite element analysis

The panel spacing, as discussed in Section 2.2.1 can also influence the struc-
tural performance of the system, which in turn, influences the architectural
image. It is therefore important to run the structural analysis in parallel to
find the optimum solution. This subsection will first introduce the struc-
tural concept, and then detail how this concept was developed with the
PDE.

The proposed ASF is based on a vaulted cross-hatched network of stain-
less steel pipes as seen in Figure 2.5. The junctions where the pipes cross
serve as the mounting points for each dynamic photovoltaic module. All
utility lines are routed within the pipe network. A steel frame supports the
pipe network to create a stand-alone pre fabricated component, which can
be mounted directly to the building envelope. The vaulted shape further
strengthens the structure against wind loads, thus allowing for thinner
pipe diameters, which increases transparency.
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Figure 2.5: The Adaptive Solar Facade existing in varying states

The form of the vaulted structure is determined through RhinoVault,
a form finding plug in for Grasshopper [12]. The method calculates the
optimum shape of the pipe network based on the loading points and in-
puts to the design environment. Once the form is determined, a structural
second order finite element analysis is conducted using the Karamba3d
plug-in [27] to dimension the structural elements. Further manual adjust-
ments to the mesh can be conducted to improve the architectural image.
Each manual adjustment is directly computed by the second order FEA
module, providing real time feedback about the stability of the adjusted
structure. Figure 2.6 shows an example of this output with a list of simu-
lation parameters. A load of 420N was applied on each panel node, which
is equivalent to a category one hurricane on the Saffir-Simpson scale. The
results are visualised in the form of coloured meshes which detail the utili-
sation factor in relation to the von Mises stress. A scaled down 2.2m x 1.5m
prototype was constructed to validate the structural model.
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Figure 2.6: An example output from the Karamba structural simulation. The
black arrows detail the loading direction, and the colour details the
utilisation factor in relation to the von Mises stress. The table on the
right details the input parameters to the simulation.
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2.2.3 Integration of classical design methods

A purely parametric approach is very useful in investigating design pos-
sibilities, but once the concept needs to be put in practice, the parametric
design environment needs to be complemented with physical prototypes,
testing and classical design methods like simple 3D modelling and elec-
tronics design. As there is a trade-off between the flexibility of a parametrised
environment and the time required for its development, it is important to
wisely choose what to parametrise and what to design with classical meth-
ods. Parametrising the entire design process of complex systems such as
an ASF can result in instabilities and lead to an increase in design time.
For this reason, it is important to include certain constants amongst the
parametric variables. Constants include the design of the electronics, con-
nection details, and the actuator design [28, 29].

2.3 results

This section details some of the outcomes of the aforementioned design en-
vironment in relation to the case study at the HiLo building. In particular
we will evaluate the optimal PV panel layout, the structure, details of the
module design, and fabrication.

A typical iteration of the PDE would take one minute. However a high
resolution hourly analysis of the energetic performance with all solar an-
gles can take up to six hours. During a typical meeting, the simplified
model would be run with approximately 20 iterations. Afterwards, a high
resolution model is run for validation.

2.3.1 Optimum PV Panel Layout

The design of the PV panel layout is an example where all four stakehold-
ers had inputs to the design. From an energetic perspective, a dense layout
would have a larger overall PV surface area for electricity generation. How-
ever if the panels are too close together, there would be high module self
shading which would lower the overall performance of the panels, as seen
in Figure 2.7 [22]. Furthermore, there would be less natural lighting in the
room, resulting in an increase of the building’s overall energy consump-
tion. From an architectural perspective, a sparse PV layout is preferred as
it increases the transparency of the facade from the inside. This also low-
ers the overall cost, as less PV panels are required. Structurally, however,
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Figure 2.7: Effect of annual PV production with respect to module spacing per
square meter of facade area [22]

a sparse PV layout results in longer pipe elements between the junctions
which lowers the overall strength, due to increased buckling length. Ulti-
mately, a PV panel spacing of 510mm with a module size of 420mm was
chosen as a trade-off between the above mentioned requirements.

2.3.2 Optimum Supporting Frame Dimension

With a frame size of 2.5 x 4.02 m, a PV panel spacing of 510 mm and a
structural depth of the vault of 150 mm, the shape of the rod-net vault, the
profiles of the pipes, and the size of the supporting frame were calculated.
With a wind load of 0.92KN /m2, and a safety factor of 1.8, the finite
element analysis concluded that the stainless steel pipe and the rectangular
steel frame have a minimum dimensions of 16x2mm and 180x120x6mm
respectively.

The relatively large frame is the result of a snap-through buckling failure
criterion and relatively weak support conditions at the corners. As the
vault is loaded, the large lateral forces on the frame result in deflections,
which in turn reduce the depth of the vaulted structure. The reduced depth
of the vault further increases the lateral loading, thus leading to a global
snap-through buckling failure. The frame must therefore be large enough
to withstand the maximum load criterion with minimal deflection. This
solution is characteristic to the conditions present on the HiLo building,
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where the ASF will be mounted with an offset of 80 cm from the building’s
support structure. In principle, the edge point of the pipe structure could
be mounted directly to the support structure of the building, thus reducing
the need for a frame. Figure 2.8a depicts how the utilisation of the pipe
elements decreases with increasing frame strength, up to the point where
all edge points are supported individually.

The 150 mm depth of the vaulted structure is sufficient to handle the
wind loads with relatively thin pipes and minimal variation in the panel
orientation. Ultimately, the choice of the structural depth is a trade-off be-
tween stability, self-shading, and aesthetics. A deeper structure offers more
load bearing capacity requiring thinner pipes, however the self-shading of
the panels increase. On the other hand, a shallow structure is less resilient
to wind loads, leading to thicker pipes. The effect of the depth on the struc-
tural stability is depicted in Figure 2.8b. The figure shows how the max-
imum utilisation of the pipes decreases with increasing structural depth,
with a very steep decrease in the range of 12-15 cm.

The construction details contribute significantly to the overall stability
of the structure and to the match between the real behaviour and the FEA
simulation. For this reason, we designed the pipe and frame connections
to provide a completely stiff connection under the assumed wind loads. To
form the vaulted shape, each pipe element is bent close to its edges and
kept straight in between those points to improve their stability to localised
buckling.

2.3.3 Structural Validation

Due to the complexity of the joints and double curved form, it was im-
portant to validate the structural analysis. A scaled down, 2.2m x 1.5m,
prototype designed through the PDE was constructed for testing purposes.
Weights were added to each of the seven junction nodes in 5kg increments
until the structure collapsed as seen in Figure 2.9. Each junction node was
also fitted with a deflection gauge.

The results of this analysis are summarised in Table 2.1. The simulated
model underestimates the overall strength by 12% which is sufficient to
validate the model. The deflection results, however, have a larger diversion.
This diversion can be attributed to a weak construction joint at one of
the edge nodes. The average deflection of the structure is 10.5mm which
is close to the simulated model. Besides confirming the accuracy of the
simulation, this test also confirmed the predicted snap-though buckling



20 parametric design environment

(a)

(b)

Figure 2.8: Utilisation factor, represented as a percentage of the maximum yield
strength. Failure occurs with utilisation factors greater than 100%.
The utilisation factor decreases with increasing frame size cross sec-
tion, and with greater vaulted depth.
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(a) (b)

(c) (d)

Figure 2.9: Prototype constructed for model validation. a,b details the experi-
mental set up. c,d detail the snap-through buckling of the structure

failure. Additionally, as seen in Figure 2.9d, the junction nodes, and frame
connections were capable of resisting local torsion and maintained their
position. The failure was localised at the pipes as predicted in Section 2.3.2.

2.3.4 Module Design

The kinetic PV module was then parametrically designed to fit within the
requirements of the optimised layout and structure. The PV panels must be
able to fully open, and fully close without making contact with the rod-net
structure or other PV modules as shown in Figure 2.10. The PV panel is ac-
tuated using a soft pneumatic actuator [28]. The actuator is made from neo-
prene rubber and contains three air chambers. By pumping one or more of
these chambers with compressed air, the actuator will deform, thus mov-
ing the panel with a 90

◦ range in two degrees of freedom. The cantilevered
bracket connects this actuator to the rod-net structure and holds it at a
distance that prevents collision with other PV panels or the structure. A
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Physical Model Simulated Model Deviation

Max Point Loading 250N 220N -12%

Max Deflection 14.5mm 10.3mm -29%

Table 2.1: Comparison of the physical and simulated model for the scaled down
prototype

decentralised control box, located behind the junction element, contains
three pneumatic valves and an electronic board addresses the valves over
a common data bus. This controls the flow of air to the chambers inside
the actuator. An exploded view of the module is shown in Figure 2.11.

2.3.5 Fabrication

Once a design has been configured using the PDE, manufacturing plans
can be automatically generated. This enables the plans to be immediately
sent to manufacturers, without a significant time investment. This is espe-
cially important for components such as the steel pipes where each pipe
has a unique length and bend angle. As an example, Figure 2.12 details
four of the 92 pipe bending plans. Besides the plan, the PDE also gener-
ates a set of meta data that can be directly fed into a CNC pipe bending
machine, thus simplifying the transition from design to production.

An ASF for the HiLo building was fabricated for testing purposes. The
overall system took two people 11 days to construct, and was mounted
onto a temporary concrete wall in one day, as seen in Figure 2.13. The
design generated by the performative design environment was flawless.
The ASF is currently undergoing tests to measure the electricity generation
and adaptive control strategy.

2.4 discussion and conclusion

This chapter presents a practical PDE for the design and fabrication of ki-
netic architectural elements. The PDE is capable of combining the multiple
fields of structural engineering, energy engineering, control engineering,
industrial design and architecture into one uniform environment, allow-
ing the designers to handle the complexities of a multidisciplinary project.

The major advantage of this environment is the considerable decrease in
time between design iterations. Traditionally each of the respective stake-
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20 21

3. Parametric Design Environment Design Optimisation of the Adaptive Solar Façade

Integration of pre-modelled elements in the parametric design environment:

As some elements are not worth parameterizing or are standard components, the GH 
script offers the possibility to integrate those as pre-modelled geometries. These elements 
are introduced in the script by importing them in the active Rhino document and 
referencing them in the appropriate “geometry” components in GH. More about the role 
and importance of pre-modelled elements for a parametric model will be presented in the 
next chapter. 

Generate the detailed axes for the pipes

Based on the double curved network, the junction node, the cantilever and the size 
of the ball joints to the frame, the iASFgenerator calculates the exact geometry of the 
required pipes. For this, it first distributes and orients the junctions, together with a series 
of reference points, in the right positions, at the crossing of the structural axes and then 
connects the right reference points to form the axes of each individual pipe between two 
junctions. Every pipe is bent at each end at a distance of 30 mm if no cantilever attaches 
to that end and 120 mm otherwise. This is structurally beneficial, as the element between 
two points where a load is applied is always straight, improving buckling behaviour, as 
well as it is beneficial for the design and production of the cantilevers, which maintain 
their geometry for every junction, regardless of the general curvature of the structural 
network. At the frame border, the pipe axes are extended to fit the size of the ball joints 
(please refer to Figure 21 ). 

Figure 11: Example of premodelled elements: Right - cantilever and actuator; Middle - Junction node; 
Left: Refference points for positioning the premodelled elements

Generate and adjust PV panels:

The PV panels and their layout have a strong impact on the general image of the ASF. For 
the purpose of a flexible, parametric tool, it is important to allow as many adjustments 
of the PV panels as possible. From the requirements of the system itself and the desires 
expressed by the architects and clients, following adjustments of the panels are possible:

 • Depth and vertical offset (to adjust the relation of the panel centre to the structure 
junctions)

 • PV size and position (to adjust the size of the PV film on the aluminium substrate)

 • Cut lines (to trim the edge panels for the visual effect of a continuous edge)

 • Edge panel removal / addition (to remove or add rows of panels on the edge)

Figure 12: Panel removal / addition (green: panels 
that can be added outside of the 
pipe network; red: panels that can be 
removed from the edge junctions; gray: 
not modifiable)

Figure 13: Panel trimming: the edge pannels 
can be trimmed to avoid the zig-
zag apearence

Figure 14: Panel positioning and minimal 
distance “fan”. Depth offset and 
height offset depend on the 
geometry of the cantilever. The 
rotational parameters simulate the 
actuation of the panel. The minimal 
distance “fan” visualizes and 
calculates the distance between the 
panel and the pipe network.

Figure 2.10: Constraints of panel motion relative to the structure
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Figure 2.11: Exploded View of the final ASF Module

holders in the project would work on their individual design, and then
exchange information in a meeting. With the PDE, the meeting is trans-
formed from an information exchange session, to a design session where
all stakeholders can collaboratively influence the design and immediately
see the necessary results. With traditional methods, five design iterations
would normally take a month, whereas with the PDE, this can be con-
densed to a few hours. The design environment also develops with the
project allowing for new parametric inputs, or new outputs to be created.
This can be easily done with collaborative software management tools such
as git, a distributed version control system.

One disadvantage is the overhead required to manage a PDE. Like a BIM
manager, a PDE manager is required and must have a careful overview of
the software. As the software ultimately determines the final form of the
design, any errors in the software can be detrimental to the final design. It
was therefore necessary for all stakeholders to conduct a final independent
analysis prior to the submission of the final design.

One limiting factor in the design of the PDE is the computational time.
The full annual energetic analysis, for example, may take six hours to solve.
Simplifications were therefore made to accelerate this process during the
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Figure 2.12: Automatically generated drawings for pipe bending. Here we show
four of the 92 pipe drawings

(a) (b)

Figure 2.13: Mounting of a prefabricated ASF to the test site.
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design stage, and the full complex evaluation was conducted afterwards
to validate the simplified model.

It is also important to determine what aspects of the design should be
contained within the PDE and what should be designed with classical
methods. Essentially, all aspects where there could be conflicts between
the stakeholders were included in the PDE, whereas many of the design
details, such as the mounting brackets to the building, can still be designed
independently and imported into the PDE as a static object. Over time,
some static objects, such as the cantilevered bracket of the PV module
became parametrised.

Ultimately, this chapter presents a further step in the field of performa-
tive design by showing how a system as complex as a kinetic photovoltaic
envelope, can be developed, prototyped and finally fabricated by a small
team of four designers. The methodology can be utilised for any building
component where multiple technological branches are required.



3
O P T I M I S I N G B U I L D I N G N E T E N E R G Y D E M A N D W I T H
D Y N A M I C B I P V S H A D I N G

The utilisation of a dynamic photovoltaic system for adaptive shading
can improve building energy performance by controlling solar heat gains
and natural lighting, while simultaneously generating electricity on site.
This chapter firstly presents an integrated simulation framework to cou-
ple photovoltaic electricity generation to building energy savings through
adaptive shading. A high-resolution radiance and photovoltaic model cal-
culates the photovoltaic electricity yield while taking into account partial
shading between modules. The remaining solar irradiation that penetrates
the window is used in a resistance-capacitance building thermal model. A
simulation of all possible dynamic configurations is conducted for each
hourly time step, of which the most energy efficient configuration is cho-
sen. This framework is utilised to determine the optimal orientation of
the photovoltaic panels to maximise the electricity generation while min-
imising the building’s heating, lighting and cooling demand. An existing
adaptive photovoltaic facade was used as a case study for evaluation. The
results report a 20% - 80% net energy saving compared to an equivalent
static photovoltaic shading system depending on the efficiency of the heat-
ing and cooling system. In some cases the Adaptive Solar Facade can al-
most compensate for the entire energy demand of the office space behind it.
The control of photovoltaic production on the facade, simultaneously with
the building energy demand, opens up new methods of building manage-
ment as the facade can control both the production and consumption of
electricity.

Jayathissa, P., Luzzatto, M., Schmidl, J., Hofer, J., Nagy, Z. & Schlueter, A. Optimising Building
Net Energy Demand with Dynamic BIPV shading. Applied Energy (2017)
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3.1 introduction

Buildings are a critical element in our modern society and accommodate
a variety of needs and functions. Unfortunately the energy consumed by
buildings accounts for 32% of global final energy consumption and 19% of
energy-related greenhouse gas emissions [2]. The existing building stock,
therefore, offers a great potential for CO2 mitigation of up to 50% - 90%
using existing technologies [2]. Of these proposed technologies, building
integrated photovoltaics (BIPV) have been recognised as a viable path to
supply the energy needs of a building [30, 31].

Developments in efficiency and costs of thin-film BIPV technologies have
brought new design possibilities [32–35]. Their lightweight and flexible na-
ture allows for easier and more aesthetically pleasing integration into the
building envelope. Furthermore, from a life-cycle perspective as evaluated
in Chapter 5, there are attractive returns on embodied energy [36, 37]. One
such example is the application of thin film PV on glazed surfaces to cre-
ate a semi transparent BIPV system [38–40]. Such systems not only gener-
ate electricity, but also influence the thermo-optic properties of a building,
which in Los Angeles can reduce the HVAC energy demand by 30% [41].
However, when used in colder climates, the reduction of solar heat gains
results in a net HVAC loss [41].

Dynamic building envelopes can mitigate this loss by actively control-
ling direct and indirect radiation into the building, while still responding
to the occupant’s desires [5]. As seen in Figure 3.1 this mediation of solar
radiation has the potential of improving daylight distribution, while simul-
taneously reducing heating and cooling demands [6]. Using thin film solar
panels as the shading element also allows for the simultaneous production
of photovoltaic electricity.

Previous research in this field can be divided into two categories: the
integration of building energy performance simulation with shading, and
the effects of BIPV on building energy performance.

With respect to the first category, the effects of external shading on build-
ing energy performance have been widely studied [42]. Palmero-Marrero
et al. analyses the effects of external louvres using TRNSYS [43]. The chap-
ter shows that significant energy savings for space cooling is possible in
hot climates, however in cities like London, the increase in the heating
demand results in a net energetic loss. Nielsen et al. quantified the perfor-
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mance of dynamic solar shading systems using both building thermal and
daylight simulations with a case study in Denmark [44]. The results show
that a dynamic shading system is the best design alternative as it has an
improvement in daylighting performance over fixed shading systems.

Previous BIPV research analyses electricity production and building en-
ergy demand for static BIPV shading systems. Freitas et al. analyses differ-
ent configurations of BIPV systems and shows that a tilted louvre configu-
ration generates 20% - 40% more electricity than a flat vertical layout [45].
Sun et al. analyses a static tilted photovoltaic system mounted over win-
dows and reports a 51.6% reduction in cooling demand [46]. Mandalaki
et al. expands this analysis to 13 different types of shading devices with
integrated PV [47]. Hu et al. combines PV production with building en-
ergy performance in an analysis of Trombe wall systems and finds that a
Trombe wall with PV Venetian blinds has a 45% energy saving when com-
pared to classic PV Trombe wall systems [48]. Optimising the panel angles
for PV production however are not always advantageous. Chatzipanagi et
al. demonstrated that an inclination of 30

◦ of integrated crystalline mod-
ules results in very high operating temperatures, thus penalising the sys-
tem [49]. It is therefore important to also include thermal effects in BIPV
analysis.

This chapter expands on this previous research in two parts. Firstly, by
combining the two aforementioned categories to evaluate a dynamic pho-
tovoltaic shading system and its interaction with the building energy de-
mand. Secondly, by proposing a novel adaptive control strategy where the
results of the simulation are used to determine the orientation of the PV
panels. We have previously modelled the energy performance of dynamic
BIPV shading systems [50]. The methodology was sufficient to attain an
understanding of how such a system functions, however it used simplifica-
tions that ignored time-dependent characteristics of the building, such as
thermal capacitance.

The contribution of this chapter is a simulation framework that over-
comes these simplifications, in order to evaluate the energetic performance
of adaptive photovoltaic envelopes with respect to PV electricity produc-
tion and building energy demand. The framework is applied in the context
of the Adaptive Solar Facade (ASF) project, shown in Figure 3.2 [6]. The
ASF is a lightweight PV shading system composed of dynamically actuated
copper indium gallium selenide (CIGS) panels. CIGS panels from Flisom
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Figure 3.1: The facade acting as a mediator between the interior and exterior
environment, while fulfilling various functions [6]

were chosen due to their light-weight nature, high efficiency, and mono-
lithic interconnection, however in principle any light-weight PV material
can be used [51]. Each panel can independently rotate in two degrees of
freedom, through the use of a soft pneumatic actuator [29]. This freedom
enables local variations of the facade when reacting to internal and exter-
nal factors. For more information on the technology, please refer to the
publication by Nagy et al. [6].

The remainder of the chapter is organised as follows. The next section
describes the simulation methodology including the case study used in the
analysis. In Section 3.3 the results of the case study are presented which
describes the adaptive response of the ASF to variations in the external
and internal environment. Finally, Section 3.5 concludes the chapter.

3.2 methodology

The proposed framework is shown schematically in Figure 3.3. In brief,
it consists of five stages. First, the radiation on the PV panels and office
window is calculated for a single configuration of the ASF. The radiation
results on the PV panels are then used to calculate the electricity gener-
ation. The radiation results on the window are imported into a building
thermal model, and a separate lighting model. Finally, an exhaustive search
of all possible configurations is performed to determine the optimal config-
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Figure 3.2: An example of an ASF constructed at the House of Natural Re-
sources [6]

uration for maximum energetic performance. The framework along with
installation guides are publicly available for download [25, 26] . The fol-
lowing subsections detail these five stages.

3.2.1 Radiation Analysis

A solar radiation simulation is run within the Rhino/Grasshopper envi-
ronment [19] with the Ladybug plugin [21], that uses Radiance [52] to
determine the incident insolation on the solar facade. The solar radia-
tion analysis implemented in Ladybug is based on the cumulative sky
approach [53] using the Perez All-Weather sky model and weather files
with hourly resolution [54]. In this analysis, the sky is divided using the
Tregenza scheme [55]. The approach enables us to calculate solar irradiance
on the modules, and the glazed surface behind the facade. Self shading of
the PV modules is inevitable as the gap between modules is only 100mm.
The modules were therefore divided with a gird size of 25mm to include
the effect of mutual shading as seen in Figure 3.4.

3.2.2 PV Circuit Simulation

The radiation results are coupled using Python to an electrical circuit sim-
ulation of monolithically interconnected, thin-film CIGS PV modules with
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Figure 3.3: Simulation workflow
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Figure 3.4: A simulation result showing module and window insolation from
11:00 - 12:00 on the 16 June for a Zurich weather file and a specific
module orientation.

sub-cell level representation [20, 22]. This model uses the standard equiva-
lent circuit model to calculate sub-cell current-voltage curves with a single
diode, one series resistor, and one shunt resistor [56]. By doing so, the
electrical losses through module self shading, as described in Section 3.2.1,
can be taken into account. In addition to the irradiation dependency, the PV
simulation includes temperature dependency. A linear relation between PV
cell operating temperature and incident solar irradiance is assumed [57].
Infra-red thermal imaging at different irradiance levels was used to infer
the correlation factor. Electro-thermal effects and the influence of wind are
neglected in the model. For more information, please refer to the publica-
tion by Hofer et al. [22].

3.2.3 RC Model for Building Energy Demand

This subsection describes the formulation of a physics-based model to sim-
ulate the thermal behaviour of the building using a resistor-capacitor (RC)
model. This is based on an electrical analogy corresponding to the equiv-
alent thermal physics [58–60]. The model, shown in Figure 3.5, consists of
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Figure 3.5: A 5R1C Model of the single zone office space

one internal thermal capacitance, and five thermal resistances. This is also
known as a 5R1C model and is based on the ISO 13790 standard [23]. It is
briefly reviewed here for completeness.

The only surface in contact with the external environment is the south
facing glazed surface. All other surfaces of the room are in contact with
other thermal zones of the building that are assume to hold the same room
temperature. They can therefore be modelled as adiabatic surfaces. Denot-
ing by Tm, the temperature of the thermal mass in the room, the differential
equation for the circuit in Figure 3.5 is given by

Cm
dTm

dt
+ Tm(Htr3 + Hem) = φmtot (3.1)

The value φmtot represents an equivalent thermal heat flux based on the
solar heat gains, internal heat gains, external air temperature and the ther-
mal conductances of the building elements. For this analysis variations
of air convection caused by the solar facade are ignored. For more in-
formation on this model, refer to the Appendix, or the source code on
GitHub [26].
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Equation 3.1 is discretised using the Crank-Nicolson method so it can be
solved numerically as,

Tmk+1 =
φmtot + Tmk

(
Cm
∆t − 0.5(Htr3 + Hem)

)
Cm
∆t + 0.5(Htr3 + Hem)

(3.2)

where the subscripts k and k + 1 refer to the time-steps of length ∆t [61].

The heating or cooling demand for each time step is determined to en-
sure that the temperature Tmk+1 is within the set thermal set points for
occupant comfort. An unrestricted heating or cooling system is assumed.
This means that the heating or cooling supply will always meet the calcu-
lated demand. The thermal demand is converted to electrical energy based
on an average coefficient of performance (COP) of the heating or cooling
system.

3.2.4 Lighting Model

Lighting control is based on the average luminance of the room. The lumi-
nance that passes through the solar facade, to the window, is calculated in
the radiation analysis in Section 3.2.1. Using the total flux method [24], the
total luminance per floor area is calculated by

ϕ f lux =
EwGMU

A f loor
(3.3)

where Ew is the incident illuminance on the window, G is the solar trans-
mittance of the window, M is the maintenance factor which takes surface
dust into account, and U is an empirical utilisation factor based on the
room dimensions and ceiling profile. If the room luminosity is less than
the set threshold for comfortable lighting, and there are occupants in the
room, the lights are switched on to their maximum power. When compared
against a more complex Radiance model with ambient bounces there was
only a 5% divergence in results. The total flux method was therefore chosen
due to its computational speed. This method however, is only applicable
for small spaces. The evaluation of a hall, or an open plan working space
would require a ray tracing analysis with multiple bounces. The electrical
wiring and pneumatics of the ASF are encased within a reflective double
curved stainless steel pipe structure that takes 6% of the projected area.
The influence of this structure can therefore be assumed to be negligible.
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3.2.5 Exhaustive Search Optimisation

At each time step the combination that minimises the net building energy
demand, i.e. the difference of building energy demand for heating, cool-
ing, lighting against BIPV electricity generation, is found using an exhaus-
tive search of all possible configurations. Transient elements of the results,
such as the temperature of the room, and thermal control settings are then
stored for the next time step. It is also possible to run this optimisation to
minimise individual objectives, such as heating alone.

3.2.6 Case Study

The ASF, shown in Figure 3.2, was constructed on the House of Natural
Resources at the ETH Zurich [6]. This system is used as a case study for the
framework. The solar facade consists of 400mm CIGS square panels that
can rotate in two degrees of freedom via a soft pneumatic actuator [29].
Each panel can be independently actuated with a continuous range of ac-
tuation. However, for simplicity, all panels are grouped into one cluster
that moves in unison with discrete angles. On the horizontal axis, the pan-
els can move from 0

◦ (closed) to 90
◦ (open) position in steps of 15

◦. On the
vertical axis, they can move from 45

◦ to -45
◦ in 15

◦ steps. This results in 49

possible dynamic configurations of the facade system.
The studied building is a two person office which is 3.1m high, 4.9m

wide, and 7m deep. Input data for the simulation is based on an energy
plus weather file for the Zurich region [62]. The weather data is recorded
at an hourly resolution, and therefore the simulation is also run at hourly
time-steps. A full set of input parameters for this case study is summarised
in Table 3.1.

3.3 results

This section details the results of the framework applied to the case study.
Section 3.3.1 details the daily performance, this is then expanded in Sec-
tion 3.3.2 for results spanning one year. Section 3.3.3 then compares this
performance with a static shading system, and a facade with no shading.
For each evaluation the thermal energy demands have been converted to
an electrical energy input based on the coefficient of performance of the
heating or cooling system.
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Office Zone Settings

Office Envelope Internal Walls: Adiabatic

Window: Double Glazed U=1.1 W/m2K

External Wall: U=0.2 W/m2K

Daylighting Variables Glass Solar Transmittance: 0.68

Maintenance Factor: 0.9

Utilisation Factor: 0.7

Thermal Conductances Hve = 39W/K

Hw = 14.9W/K

Hem = 0.34W/K

His = 491W/K

Hms = 780W/K

Thermal Set Points Heating: 22
◦C

Cooling: 26
◦C

Set-Back: 4
◦C

Building System Lighting Load: 11.8 W/m2

Lighting Control Threshold: 300 lx

COP Heating: 3

COP Cooling: 3

Occupancy Office Schedule [63]

Ventilation: 1.5 air changes per hour

Infiltration: 0.5 air changes per hour

Human Heat Emission: 120W per person

Location Assumptions

Weather File Zurich-Kloten, Switzerland 2013 [62]

Window Orientation South

Table 3.1: Summary of simulation parameters
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3.3.1 Daily Energetic and Control Profiles of the ASF

The optimisation is run to minimise net energy. The results, shown in Fig-
ure 3.6a detail the simulation run on a sunny day in winter. The dashed
line details the optimum altitude angle from an open (90

◦), to a closed
(0◦) position, and the azimuth angles from a south-east facing (45

◦) to a
south-west facing (-45

◦) direction. One can see that the the azimuth an-
gles start at an east facing position, roughly around 30

◦, and switches to
a west facing position, around -30

◦ in the afternoon. The building energy
demand consists of heating (H) and lighting (L) loads in the morning and
evening. Between 10:00 to 15:00 the PV panels are capable of generating
more electricity (PV) than the office requires.

Figure 3.6b compares this simulation with a sunny day in summer. The
main energetic difference is the presence of a cooling (C) load in the after-
noon. The panels still move in the azimuth directions from east to west,
however the panels in the altitude direction sit at a higher angle to catch
the higher sun position. The patterns in the summer and winter cases are
representative of a solar tracking model, however, in both cases it appears
to be limited between ±30

◦. This is most likely due to high module self-
shading at ±45

◦, resulting in a large decrease in the PV module efficiency.
In winter, the altitude angle is relatively stagnant at 15

◦. This angle is suffi-
cient to maximise the PV electricity generation, while still allowing enough
solar penetration into the room to keep the lighting and heating demands
to a minimum.

In comparison, Figure 3.6c, details an optimisation on the same winter
day, purely to minimise the heating load. In this case, the PV electricity
generation, lighting demand, and cooling demand are not taken into ac-
count. There are two observable differences in the choice of angles. Firstly,
the angles in the altitude position are mostly in the open (90

◦) position.
Secondly, the azimuth angles follow an inverse solar tracking methodol-
ogy, starting with west facing angles in the morning, and moving to east
facing directions in the evening. Both effects maximise the solar penetra-
tion into the room and therefore minimise the heating demand (red line),
at the expense of the PV electricity generation (gold line). A similar com-
parison was conducted for the summer case where a simulation was run
purely to optimise the cooling load as seen in 3.6d. The optimum angles
to minimise cooling are similar to the optimum angles to minimise net
energy so there are only minor differences in the chosen angles.
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It is also interesting to note that a sunny day in winter produces 3.0kWh
of electricity, while a sunny day in summer produces only slightly more at
3.8kWh in the net energy optimisation case. This is due to the variation in
the sun position. The low winter sun position combined with solar track-
ing means that the panels are often perpendicular to the direction of the
solar radiation. In summer, on the other hand, there is a high sun position,
resulting in module self-shading which decreases the efficiency of the PV
panels. Over the full day, the PV electricity supply compensates for 62%
of the energy demand on a sunny winters day, and 270% of the energy
demand on a sunny summers day.

3.3.2 Optimum Annual Configurations

The optimal configurations of the ASF case study over a year can be vi-
sualised using heat-maps. Figure 3.7 and 3.8 detail the optimal angle in
the altitude and azimuth angles respectively. To accelerate the radiation
analysis, the weather data for each month is averaged to acquire data for
a typical day of that month. Figure 3.7a-d detail optimisations of individ-
ual objectives. Open configurations (light colours) are often chosen for the
minimisation of the heating and lighting demands. Likewise, closed config-
urations (dark colours) are the preferred solutions to minimise the cooling
demand during the summer months. Interestingly, this trend appears to in-
verse during the summer months at midday. The high sun position favours
open positions to maximise shading thus minimising cooling in summer.
Likewise closed positions with maximum tilt in the azimuth angle max-
imise solar penetration, and thus minimise heating. The grey coloured
points indicate times where there is no sun and therefore the ASF has
no influence on the results.

When the four optimisation cases are combined to achieve the configu-
rations for total energy minimisation we get interesting results, as seen in
Figure 3.7f and 3.8f. There is a clear tendency of the ASF to follow an opti-
mal PV production pattern with the exception of the mid-winter evenings
where heating and lighting are important. This means that it is energeti-
cally favourable to heat the room through solar radiation heat gains rather
than converting the solar radiation into electricity which is then used for
room heating. Configurations to reduce cooling demand are complimen-
tary with the PV supply optimisation and therefore have a minor influence
on the system control.
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Figure 3.6: Net energy optimisation and adaptation of the ASF on a sunny day
in winter (a) and summer (b). The solid lines detail the energy bal-
ance of heating (H), lighting (L), Cooling (C), PV electricity produc-
tion (PV) and net energy (E) in Watt-hours. The dashed lines detail
the panel position in the altitude angle from open (90

◦), to a closed
(0◦) position, and in the azimuth direction from a south-east facing
(45

◦) to a south-west facing (-45
◦) direction. Only daylight hours are

shown for the angle optimisation. In Figures (c) - (d) the optimisation
is restricted to just the heating optimisation and cooling optimisation
in winter and summer respectively.
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Figure 3.7: Carpet plots detailing the optimal altitude angles to minimise the
heating demand(a), cooling demand (b), lighting demand (c), and
maximise PV electricity production (d). (e) details the combinations
for optimum building thermal management without PV production,
(f) also includes the PV production. Small angles correspond to
closed positions, whereas large angles represent open positions. The
corresponding azimuth angles for each hour are shown in Figure 3.8.
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Figure 3.8: Carpet plots detailing the optimal azimuth angles to minimise the
heating demand (a), cooling demand (b), lighting demand (c), and
maximise PV electricity production (d). (e) details the combinations
for optimum building thermal management without PV production,
(f) also includes the PV production. Negative angles correspond to
the panels facing west, whereas positive angles represent east-facing
panels. The corresponding altitude angles for each hour are shown
in Figure 3.7.
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Figure 3.9: Carpet plots detailing the net energy consumption. Each square rep-
resents the total energy consumption for that specific hour of the en-
tire month. Red colours detail net energy consumption, while blue
colours detail net energy production.

Figure 3.9 shows the net electricity use. Red colours detail the electrical
consumption intensity, and blue colours detail the PV electricity surplus. It
is interesting to see in Figure 3.9f how the combination of electricity gener-
ation and adaptive shading can compensate for the energy consumption of
the building during most sunlit hours. Overall the PV electricity compen-
sates for 61% of the energy demand of the office behind the facade during
the course of the year in the net energy optimisation case.

3.3.3 Comparison With Other Systems

Figure 3.10 shows the difference between a window with no shading sys-
tem, a static shading system, and an adaptive shading system which min-
imised net energy demand, for various coefficients of performance of the
heating and cooling system. The optimum orientation of the static shading
system was calculated using the same simulation framework, and a panel
inclination of 45

◦ in the altitude direction is close to the energy optimal
state.

Figure 3.10a details an example of an inefficient building system with
resistive electrical heating and a low efficiency cooling heat pump. A sim-
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COPheating COPcooling ASF vs No Shading ASF vs Static

(kWh/year) (kWh/year)

1 1 3750 (70%) 724 (31%)

1 3 1370 (62%) 670 (44%)

3 3 1560 (76%) 120 (20%)

6 6 1190 (97%) 145 (80%)

Table 3.2: Net electricity savings of the ASF to a building with no shading, and
a static photovoltaic shading system in kWh/year.

ple static shading system can have a large reduction in the cooling de-
mand with an increase in the heating demand. By including adaptability
the same reduction in cooling is possible with a reduced increase in the
heating demand. This effect becomes more pronounced in Figure 3.10b
where a standard heat pump is added for cooling. Here the comparison
between a static shading system and no shading is similar to the results
obtained by Palmero-Marrero et al. where the reduction in the cooling de-
mand is offset by the increase in heating demand [43]. An adaptive facade
is able to negate this loss resulting in a 44% net energy saving compared
to a building with a static facade. When an efficient heat pump heating
system is also included, as detailed in Figure 3.10c, there is an increase in
PV electricity supply by 19%, but a negligible change in the building en-
ergy demand. This is because the angles that maximise photovoltaic gen-
eration are preferred over angles that reduce the heating demand as there
is a larger net energy saving. The same results apply to a highly efficient
building case as detailed in Figure 3.10d. Interestingly in this case, the PV
supply of the ASF can almost compensate for the entire energy demand of
the office space behind it. The results are summarised in Table 3.2.

3.4 discussion

The results show the advantages of an adaptive system to a static system
with a 20% - 80% net energy saving potential. These results, however, are
sensitive to the building system. Decreasing the efficiency of the heating,
cooling or lighting systems will give higher preference for configurations
optimised for building thermal management through adaptive shading
over photovoltaic electricity generation. On the contrary, a highly efficient
building system will show preference of the ASF to maximise PV electric-
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(b) COPheating = 1, COPcooling = 3
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(c) COPheating = 3, COPcooling = 3
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(d) COPheating = 6, COPcooling = 6

Figure 3.10: Breakdown of the operational electricity consumption with no shad-
ing, with static panels at 45

◦, and an ASF for different coefficients
of performance of the heating and cooling system. (a) represents
an inefficient heating and cooling system, (b) represents a standard
cooling system with resistive heating, (c) represents a standard heat
pump system for heating and cooling, and (d) represents a high ef-
ficiency heating and cooling system.
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ity generation by following the sun. It is therefore important to run this
framework for each individual building project to evaluate the cost-benefit
ratio.

The results are also sensitive to the building location. Buildings in warmer
climates, such as Miami have a large cooling demand and negligible heat-
ing demands. In such cases, from an energetic perspective, there would be
a limited need for adaptivity. A static system comprising of semi transpar-
ent BIPV glass, or optimally tilted louvres would be a preferred solution.
From the perspective of the user however, the ability to open or close the
facade shading may be more favourable than having a fixed static system
which blocks the views. The influence of occupant interaction has not been
included in this study and will be evaluated through measurements of the
constructed prototypes.

One bottleneck in this framework is the time required to compute the
optimum set of angles. A computation of 49 configurations takes approx-
imately 20 minutes, mainly due to the slow computational speed of the
radiation analysis with shading. As a result, the angle resolution was lim-
ited to 15

◦. The radiation simulation could be accelerated by using parallel
projection methods for the shading pattern calculation instead of having a
discrete fine grid mesh on the PV modules. The overall computation speed
could also be improved by using genetic algorithms over an exhaustive
search. Through the use of these methods, a finer range of angles could be
computed.

One limitation in the model is the daylighting model. The total flux
method is chosen due to computational speed. However this does not ap-
ply for large open plan office spaces or halls. Furthermore, visual comfort
issues such as glare can not be modelled with this method. Ray tracing
methods, such as those utilised in the software package Radiance, can
overcome this, but are too computationally intensive for this analysis. A
custom radiation simulation using parallel projection methods for shad-
ing, as described earlier, may allow us to quickly evaluate the glare, and
minimise its effect. The lighting is also currently modelled as a closed loop
on-off system. By combining the system with variable lighting may lead to
more efficient and interesting daylighting strategies.

One energetic loss in the system is due to self-shading between modules.
When the model was run, purely to optimise photovoltaic electricity pro-
duction, the optimal angles do not follow a classic solar tracking model.
Rather it follows a model similar to a two axis back tracking system [64].
This is because a solar tracking model results in high module self-shading
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which reduces the overall efficiency of the PV panels. If the maximisation
of PV electricity generation is the primary objective for the control of PV
modules, a numerical approach based on a parametric 3D model as pre-
sented in this work, may be very effective to find solutions for complex
tracking system geometries. The losses could be minimised in the design
stage by increasing the spacing between PV modules.

Aside from the energy savings, the coupling of the PV electricity produc-
tion with the building energy consumption brings new interesting build-
ing control strategies. For example, on a sunny winters day the facade
can exist in an energy optimisation position to maximise the PV electricity
yield while still enabling enough solar infiltration to keep the heating and
lighting demands low. When the batteries are full, the facade can switch
its optimisation strategy to positions that maximise the solar infiltration
to the building, thus raising the thermal mass and reducing the evening
heating demands.

3.5 conclusion

This chapter presents a framework to model the energy performance of an
adaptive photovoltaic envelope. This is achieved through the use of Radi-
ance for the radiation simulations, an electrical circuit simulation for the
PV production taking into account effects of self-shading, and a resistor-
capacitor model for the building simulation. An exhaustive search optimi-
sation algorithm computes the most energy efficient system configuration
for control by minimising the heating, cooling and lighting load, while si-
multaneously maximising the PV electricity generation. This framework
can be applied to evaluate different PV system geometries, building sys-
tems, building typologies and climates.

The evaluation of the Adaptive Solar Facade details the advantages of
the adaptive system to a static system. The ASF is able to orientate itself
to the most energy efficient position, thus finding the optimum balance
between PV generation, and daylight control to minimise heating, cooling
and lighting demands. When optimising for heating and lighting minimi-
sation the ASF orients to open altitude positions at 90

◦ to the vertical plane.
When optimising for PV and cooling, the ASF selects closed position, be-
tween 15

◦ - 45
◦ to the vertical plane. When combining all objectives for net

energy minimisation there is a tendency for the ASF to follow an optimal
PV production pattern with the exception of winter evenings where it is
more favourable to utilise the solar heat gains for space heating and light-



48 optimising building net energy demand with dynamic bipv shading

ing. This result however, is only restricted to this case study. A less efficient
heating system, for example, will result in the ASF existing in more open
configurations to utilise the solar heat gains.

The results report a 20% - 80% net energy saving compared to an equiv-
alent static PV shading system depending on the efficiency of the building
system. On a typical sunny winters day, the PV generation of the ASF can
compensate for 62% of the energy demand, whereas on a sunny summers
day, this rises to 270%. Over the course of the year, including cloudy days,
the PV supply compensates for 61% of the annual energy demand. This
can reach 95% in the case of a very efficient heating and cooling system
with an average COP of six.

This work ultimately presents a framework for the planning and optimi-
sation of sophisticated adaptive BIPV systems. Next stages of the research
involve the utilisation of this model in the physical prototypes. The main
difference in the physical model is the use of sensor data for the tem-
perature and radiation values, as opposed to using a historical weather
file. Furthermore, measuring the indoor temperature, PV electricity pro-
duction, and lighting quality will create a closed loop feedback for model
calibration and machine learning.
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S E N S I T I V I T Y O F B U I L D I N G P R O P E RT I E S A N D U S E
T Y P E S F O R T H E A P P L I C AT I O N O F A D A P T I V E
P H O T O V O LTA I C S H A D I N G S Y S T E M S

An adaptive solar facade can improve building energy performance by con-
trolling solar heat gains and natural lighting, while simultaneously gener-
ating electricity on site. The adaptive control of the solar facade is deter-
mined through an optimisation algorithm that minimises the net energy
demand. This chapter first evaluates the sensitivity of the adaptive solar
facade to the thermal performance of the building envelope for a south
facing room in Zurich. Then the performance of an adaptive solar facade
is evaluated on 11 building use types spanning six construction periods. In
addition, the performance of an adaptive system is compared to an equiv-
alent static photovoltaic system, and a facade with no shading system. Re-
sults show that the adaptive solar facade performs best in buildings that
have a high cooling demand and low heating demand. This is because the
optimum configurations for cooling minimisation generate the maximum
photovoltaic electricity. Higher energy saving potentials are observed in
newer buildings with low envelope thermal transmittance (U-value or in-
filtration). However, in buildings with a very high cooling demand, and no
heating demand, there is only a small improvement in performance com-
pared to an equivalent static system. An adaptive solar facade is therefore
an optimum solution when there are both heating demands, and cooling
demands present. Modern offices, retail stores, food stores, and schools
have this property and perform well with an adaptive solar facade com-
pared to an equivalent static system, and a facade with no shading.

Jayathissa, P., Zarb, J., Hofer, J. & Schlueter, A. Sensitivity of Building Properties and Use
Types for the Application of Adaptive Photovoltaic Shading Systems. Energy Procedia, Pro-
ceedings to CISBAT (2017)
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4.1 introduction

The built environment is responsible for 19% of global greenhouse gas
emissions [2]. Fortunately, the use of existing technologies such as building
integrated photovoltaics (BIPV), thermal insulation, and efficient building
systems can mitigate up to 50%-90% of this emission portfolio [2].

Thin film photovoltaics (PV) in particular have improved in terms of ef-
ficiency, cost, and light weight integration [32–35], which influenced the
development of the adaptive solar facade (ASF) [6]. The adaptive solar fa-
cade consists of an array of independently actuated photovoltaic panels
that can move in two axes at a range of 90

◦. An example of this technology
was built at the House of Natural Resources at the ETH Zurich Campus
as seen in Figure 4.1. Through the control of solar radiation, the ASF is ca-
pable of minimising the building energy consumption in terms of heating,
cooling and lighting demands, while simultaneously generating electricity
on site.

The optimum panel angles of the ASF are determined through a model
control algorithm detailed in Chapter 3 [65]. Simulations of building en-
ergy performance and photovoltaic electricity supply are performed for
every possible combination of angles for each time step. Through an ex-
haustive search, the optimum combination is chosen. An ASF built on a
building with an inefficient heating system will tend to exist in a more
open position in winter so that the room can heat naturally through solar
radiation. Likewise, a building with an efficient heating system will tend
to optimise more for the generation of electricity on site. This sensitivity
to the building typology leads to an energy saving variation of 20% - 80%
compared to an equivalent static system [50, 65].

This chapter utilises the models proposed by in Chapter 3 to extend
the evaluation to a variety of building archetypes in Zurich. First, the sen-
sitivity of the ASF performance is evaluated in relation to the envelope
resistance, and infiltration. This is then extended to evaluate 11 building
use types spanning six construction periods from the the City Energy An-
alyst (CEA) for ArcGIS database [66]. By doing so, one can evaluate the
optimum building properties and types for the application of an ASF.
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Figure 4.1: Left: An example of an ASF constructed at the House of Natural
Resources. Right: a schematic describing how the facade can mediate
solar radiation to optimise the internal environmental conditions [6]

The remainder of the chapter is organised as follows. The next section
describes the simulation methodology. Section 4.3 presents the results of
the case study which describes the sensitivity of the ASF to the building
typology. Finally, Section 4.4 concludes the chapter.

4.2 methodology

A control methodology of adaptive photovoltaic shading systems to max-
imise PV electricity production while minimising the building energy con-
sumption was proposed in Chapter 3. It will be briefly reviewed here for
completeness.

• Solar Radiation Model: The radiation on the PV panels and window
behind the ASF is calculated for a single configuration of the ASF
using LadyBug/Radiance for a single time step of one hour [21, 52].

• PV Electricity Production: The radiation result is coupled to an elec-
trical circuit simulation of monolithically interconnected, thin-film
CIGS PV modules. This model takes into account the effects of mod-
ule self-shading and temperature dependence [22].

• Building Energy Model: A 5R1C single zone resistance-capacitance
building model based on the ISO 13790 standard computes the heat-
ing or cooling demand of the building for the particular time-step [23].
The only surface in contact with the external environment is the
south facing glazed surface. All other surfaces are in contact with
other thermal zones and modelled as adiabatic surfaces. The climate
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in Zurich is defined as an oceanic climate (Cfb) by the Koeppen Index
with an average July temperature of 18.4◦C, and January temperature
of 0.2◦C [67].

• Daylighting Model: A linear daylighting model based on the to-
tal flux methodology is used to determine the luminosity in the
room [24].

• Optimisation: The simulation is conducted for all possible panel an-
gle combinations. The angle combination with the lowest net energy
consumption is chosen for each time-step.

4.2.1 Sensitivity Analysis

Sensitivities in the framework can be modelled by adjusting variables in
the resistor-capacitor model. Two envelope sensitivities will be analysed in
this study

• Envelope Thermal Transmittance: The building envelope is charac-
terised in the RC model as Hw which is the U-value of the envelope.

• Infiltration: The infiltration rate is modified as an air exchange con-
ductance in the ISO RC model Hve detailed in Chapter 3 [23, 65].

This quasi-conductance is modelled as

Hve =
ρcaVroom

3600

[
ACHin f l + ACHvent(1 − ηvent)

]
(4.1)

where:

ρca is the heat capacity per air volume = 1200 J/(m3K);

ηvent is the efficiency of the ventilation heat recovery unit

ACHvent is the air changes per hour for ventilation of the room vol-
ume Vroom

ACHin f l is the air changes per hour for the infiltration of the room
volume Vroom which is the variable in this sensitivity analysis

4.2.2 Analysis of Archetypes

Building envelope parameters are imported from the CEA Toolbox, an
open source urban building simulation software. The archetype databases
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are publicly available on the CEA GitHub page [63, 68]. From this data, the
following variables are evaluated: envelope U-value, occupancy profile, hu-
man heat emissions, lighting control set point, lighting load, thermal set
points, and building thermal capacitance.

One critical component not analysed in the evaluation is the window to
wall ratio. This was kept constant to maintain a valid comparison.

4.3 results

4.3.1 Sensitivity of the Building Envelope

Figure 4.2a details the performance of the ASF constructed on a typical of-
fice building with respect to the envelope U-value. As expected the heating
demand increases with increasing U-value. Interestingly, the photovoltaic
electricity supply decreases. This is because the ASF always optimises for
net energy minimisation. With increasing heating demands, the ASF will
optimise for positions that direct solar radiation into the building to min-
imise the heating loads as opposed to generating the electricity on the pan-
els. This same characteristic is apparent in 4.2b which compares the energy
saving potential of the ASF compared to a glazed facade with no shading
system. A building with low envelope U-value will have a large saving
potential due to the reduction of cooling loads, and supply of photovoltaic
electricity. As the envelope U-value increases, this saving potential begins
to decrease.

Figure 4.2c compares the ASF to an equivalent static photovoltaic shad-
ing system with panels orientated in the most energetically favourable po-
sition. As the U-value increases the net energy saving increases. As men-
tioned earlier, the heating demand increases with increasing U-value. For
high U-value envelopes, the ASF will adapt and open up the panels thus
reducing the heating demands. The equivalent static system will remain
in a semi closed position for the entire year, and will block the solar heat
gains necessary in winter.

Figure 4.3 details the equivalent analysis with varying infiltration rates.
Similar trends can be observed to those in Figure 4.2. Leakier buildings
lead to high heat demands, which decreases the performance of the ASF
compared to a glazed window with no shading, but increases the perfor-
mance relative to a static shading system.
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Figure 4.2: Influence of envelope thermal transmittance (U-value). a) Details the
energetic performance of the ASF with respect to building envelope
U-value. b) compares the energy saving potential of an ASF relative
to a facade with no shading system. c) compares the energy saving
potential of an ASF relative to an equivalent static PV system.
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Figure 4.3: Influence of infiltration. a) Details the energetic performance of the
ASF with respect to building infiltration. b) compares the energy sav-
ing potential of an ASF relative to a facade with no shading system.
c) compares the energy saving potential of an ASF relative to an
equivalent static PV system.
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Figure 4.4: Annual results detailing the energy saving potential of the ASF vs a
glazed window with no shading system

4.3.2 Archetype Evaluation of the ASF

Figure 4.4 compares the energy saving potential of 11 building use types
with six different construction periods compared to a glazed facade with
no shading system. Darker colours indicate larger energy saving potentials.
One clear trend is the increasing saving potential in newer buildings over
older buildings. This can be attributed to the lower envelope U-value in
newer buildings, which as discussed in Section 4.3.1 will increase the en-
ergy saving potential. It is also interesting to note that the ASF performs
best in gym use types. Gyms have a large cooling demand due to the high
human heat emissions. Optimum configurations for cooling minimisation
generates the maximum photovoltaic electricity supply.

However, an ASF is not necessarily the best design solution for buildings
with a large cooling demand. Figure 4.5 compares the ASF performance
against an equivalent static system. If we once again focus on the modern
gym, we notice that there is only a small increase in the energy perfor-
mance of an adaptive system over an optimally configured static system.
When comparing both heat maps we see that an ASF performs best on in
a modern office, retail store, food store, and school. These archetypes per-
form well due to two reasons. Firstly, they have an even balance of heating
and cooling demands. Thus there is a need for adaptivity in the envelope
to reduce these demands. Secondly, these archetypes are in use during the
day. Residential buildings on the other hand are mostly occupied at night
where the ASF has no influence on the building performance.
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Figure 4.5: Annual results detailing the energy saving potential of the ASF vs a
static photovoltaic shading system

4.4 discussion and conclusion

This chapter has evaluated the energetic performance of the adaptive solar
facade (ASF) over 11 building archetypes spanning six construction peri-
ods. The ASF performs most efficiently in an environment dominated by
cooling demands as the angles of photovoltaic panels to reduce the cool-
ing demand also maximise the photovoltaic electricity supply. When com-
pared to a plain glazed facade with no shading system, we observe large
energy saving reductions in buildings that have high cooling demands
and low heating demands. When compared to an equivalent static photo-
voltaic shading system, the inverse is true: larger energy saving potentials
are present in buildings with low cooling demands and high heating de-
mands. This is because the static system is not capable of opening its pan-
els during times where heating is required, thus disadvantaging buildings
with a large heat demand.

For shading system designers, there is an important balance between
the building archetype and the type of shading system to be used. For
buildings with poorly performing envelopes, maximising solar heat gains
is important to reduce heating loads. A window without shading, or a sys-
tem with manually controlled Venetian blinds may be the optimal solution.
Modern buildings with good insulation and large heat gains have a high
cooling demand. In these cases, the ASF performs very well and would be
a recommended solution. However, when the cooling demands are very
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high, such as in a modern gym, it would be more cost effective to install a
simpler, static photovoltaic shading system at an optimum solar angle.

Further expansion of this research should be conducted to evaluate the
impact of the building system. Increasing the efficiency of the heating, cool-
ing, or lighting system will give higher preference for configurations op-
timised for photovoltaic electricity generation over building thermal man-
agement.

The analysis ultimately helped to clearly identify possible application
cases of an adaptive solar facade with the highest benefit in terms of en-
ergy efficiency. The methodology proposed may also be useful for the iden-
tification of suitable application cases for other shading system types.



5
L I F E C Y C L E A S S E S S M E N T O F D Y N A M I C B U I L D I N G
I N T E G R AT E D P H O T O V O LTA I C S

This chapter assess the environmental impact of a dynamic, adaptive, build-
ing integrated photovoltaic (BIPV) systems. Such systems combine the ben-
efits of adaptive shading with facade integrated solar tracking, thus reduc-
ing the building energy demand, and simultaneously generating electric-
ity on-site. The inventory for the life cycle assessment (LCA) was acquired
using production data, and Energy Plus simulations to calculate the build-
ing energy demand. The impact assessment was conducted according to
ISO 14040 and ISO 14044 standards using the Eco-invent database and
openLCA as an analysis tool. The embodied environmental impact of the
dynamic BIPV solution is higher than a static alternative due to the added
control system, electronics, actuators, and additional supporting structure,
resulting in higher life cycle impacts. However when accounting for the
systems multi functionality aspect, i.e. savings through adaptive shading
to the building’s heating, cooling and lighting loads, the embodied envi-
ronmental impact can be offset, making the ASF an interesting alternative
for BIPV. A sensitivity analysis investigates modifications to the actuator
type, control system, and location and find that none of the investigated
parameters overturn the key findings. The analysis ultimately enables us to
provide design recommendations for future dynamic BIPV installations.

Jayathissa, P., Jansen, M., Heeren, N., Nagy, Z. & Schlueter, A. Life cycle assessment of dy-
namic building integrated photovoltaics. Solar Energy Materials and Solar Cells 156, 75 (2016)
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5.1 introduction

Buildings are at the heart of society and currently account for 32% of global
final energy consumption and 19% of energy related greenhouse gas emis-
sions [2]. Nevertheless the building sector has a 50-90% emission reduc-
tion potential using existing technologies, and widespread implementation
could see energy use in buildings stabilise or even fall by 2050 [2]. Within
this strategy, building integrated photovoltaics (BIPV) has the potential of
providing a substantial segment of a building’s energy needs [30]. Even
the photovoltaic (PV) industry has identified BIPV as one of the four key
factors for the future success of PV [31].

Recent developments regarding efficiency and costs of thin film BIPV
technologies, in particular, CIGS, have brought new design possibilities [32–
35]. Their lightweight nature and customisable shapes allow for easier and
more aesthetically pleasing integration into the building envelope. In addi-
tion, less power is required to actuate them, thus facilitating the develop-
ment of dynamic envelope elements due to their reduced weight [69].

Dynamic buildings envelopes have gained interest in recent years be-
cause they can save energy by controlling direct and indirect radiation into
the building, while still responding to the desires of the user [5]. This me-
diation of solar insolation can offer a reduction in heating / cooling loads
and an improvement of daylight distribution as seen in Figure 5.1 [69]. In-
terestingly the structure and mechanics required for dynamic envelopes
couples seamlessly with the structure and mechanics required for facade
integrated PV solar tracking. The use of light weight PV as an adaptive
envelope material enables it to also benefit from on-site energy produc-
tion. Furthermore, it provides a new way of aesthetically integrating PV
panels onto buildings. As discussed in Chapter 3, the balance of electric-
ity production and adaptive shading can in some cases offset the entire
energy demand of an office space behind the envelope [70]. We have pro-
posed one possible combination of these technologies as an Adaptive Solar
Facade (ASF) [6]. An example of an ASF can be seen in Figure 5.2.

The design of an ASF comes at an added cost. The additional electron-
ics, actuators, and supporting structure adds further embodied CO2 to the
product. It is therefore important to conduct a life cycle impact assess-
ment (LCA) to analyse whether the life cycle environmental impacts are
favourable, compared to a more classic system. It is also important to see
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min max

views

daylighting

PV electricity
production

Figure 5.1: The facade acting as a mediator between the interior and exterior
environment, while fulfilling various functions [6]

Figure 5.2: An example of an ASF constructed at the House of Natural Re-
sources [6]
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how variations in design can alter the green house gas (GHG) reduction
potential of the technology. Aspects such as the chosen actuator, control
system, and location of operation can have an impact on environmental
performance.

The state of the art literature assesses existing photovoltaic technolo-
gies [71–73], and the balance of systems (BOS) which includes all other
components of a photovoltaic system [74]. This has not however, been ex-
panded to dynamic BIPV systems, and in particular, systems that combine
the benefits of adaptive shading and electricity production.

This chapter investigates the environmental performance of an ASF and
compare it to existing static photovoltaic systems. This also includes 1) a
system expansion including the heating ventilation and air conditioning
(HVAC) savings through adaptive shading 2) design variations of the ASF,
3) the operational emissions of a building, with and without an ASF, and
4) the sensitivity of the LCA to its location and design.

The remainder of the chapter is organized as follows. The following
section introduces the ASF and the used LCA methodology. Section 5.3
presents the results of the LCA analysis. Section 5.4 discusses the results
and provides design guidelines. Section 5.5 concludes the chapter.

5.2 methodology

This section details the inventory, Energy Plus simulation methodology,
important assumptions, and the LCA evaluation method. The assessment
considers the environmental impacts of the production, operation, and dis-
posal of an ASF. A lifetime of 20 years is assumed based on the product
warranty of the PV panels. The impact assessment is performed according
to the ISO 14040 and ISO 14044, and is performed in four stages: (1) Goal
and Scope Definition, (2) Inventory Analysis, (3) Impact Assessment, and
(4) Interpretation [75].

1 . goal and scope definition : This chapter primarily assesses car-
bon emission reductions therefore the global warming potential (GWP)
impact category is primarily assessed. The assessment also looks at
six other major ReCiPe midpoint indicators: terrestrial acidification
potential (TAP), freshwater eutrophication potential (FEP), human
toxicity potential (HTP), metal depletion potential (MDP), and pho-
tochemical oxidant formation potential (POFP). These categories are
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most relevant to the technology and most widely used in existing
literature [76]. The functional unit is the electrical power production
of the system in kWh.

The scope of the assessment, respectively the system boundary, is
summarised in Figure 4. This includes an analysis of the manufac-
ture, dynamic actuation, maintenance, and disposal of the solar fa-
cade. The scope comprises of a cradle-to-grave approach, where trans-
port to and from site is taken into account. In order to account for
the multi-functionality aspect of the ASF (i.e. electricity production
and shading benefit), a sensitivity analysis is undertaken, and the
system boundary is expanded to include operational energy savings
through adaptive shading. Ecoinvent v3.1 [77] is used as the life cycle
inventory (LCI) background database with the cut-off system model
1. That means impacts are allocated to the primary use of the product
and it receives no credit for the provision of recycled material. Once
a product is disposed or recycled, it leaves the system boundary and
the recycled product comes “burden-free”.

2 . inventory analysis : The Ecoinvent v3.1 database is used as the
main LCA database [77]. A detailed description of the inventory is
found in Section 5.2.1 and 5.2.2.

3 . impact assessment : The assessment is based on the IPCC 2007 method-
ology [78]. The GWP assessment is performed using the OpenLCA
assessment tool [79]. In the assessment, the emission factor (EF) of
an ASF is compared with other PV systems. The emission factor is
expressed as

EF =
GWP

G
[ kgCO2−eq

kWh ] (5.1)

where (G) is the electricity production in (kWh).

4 . interpretation : The results of the LCA analysis (not including
shading effects) are compared with other facade integrated PV tech-
nologies. A system expansion is performed to also include the effects
of adaptive shading to the system. Finally a sensitivity analysis is
conducted which is further described in Section 5.2.3.

1 http://www.ecoinvent.org/database/system-models-in-ecoinvent-3/cut-off-system-
model/allocation-cut-off-by-classification.html - Accessed: 8.2.2016
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5.2.1 Embodied Life Cycle Inventory

The mechanical components of an ASF can be broken into four parts: a
PV panel, actuator, cantilever, and a cable net supporting structure. The
PV panel, actuator and cantilever combine to form a dynamic PV module,
which is then mounted on a cable net supporting structure. An exploded
view of these components can be seen in Figure 5.3. There are also ad-
ditional electronics which exists off the facade in a separate control box.
Theses five components along with the assembly, are the main product
systems in the manufacture of an ASF as seen in Figure 5.4. The inventory
quantities are given in specific mass quantity (SMQ), which is the mass in
kg of the specific materials.

Figure 5.3: Exploded view of an ASF module mounted on a cable net supporting
structure
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Figure 5.4: Breakdown of the ASF into five embodied product components, in-
stallation, operation, and disposal

pv panel

Weight is the primary restriction when selecting a PV panel. Any
technology that requires glass encapsulation or a heavy substructure
can therefore not be used. The technology also needs to be on the
market with high module efficiency. CIGS PV panels were selected
as the thin film panel of choice due to its high efficiency, low cost, and
ability to be deposited on a polymer or aluminium substrate [80].



66 life cycle assessment of dynamic building integrated photovoltaics

Material description SMQ

CIGS PV film 0.569 m2
PV/m2

facade

Aluminum sheet 1.593 kg/m2
facade

Chromium steel panel adapter 1.422 kg/m2
facade

Polyethylene for junction box 0.036 kg/m2
facade

Diode, glass for junction box 0.011 kg/m2
facade

Table 5.1: Inventory in specific mass quantity (SMQ) of the top five input flows
to the PV manufacturing process

actuator

Traditionally photovoltaic actuation is done through the use of servo
motors. Servo motors however become a limiting factor for adap-
tive facades due to their high upfront costs, and instability in heavy
winds. Soft robotic actuators on the other hand are cheaper and more
resilient to harsh environmental conditions [81]. The soft robotic actu-
ators however are still in development and have an estimated lifetime
of five years. They will therefore require three rounds of maintenance
during the lifetime of the ASF. For the purpose of this assessment a
sensitivity analysis will be run on the use of servo motors and soft
robotic actuators.

Material description SMQ

Chromium steel rings 1.0665 kg/m2
facade

Electronics, for control, 2-2way valves 0.0130 kg/m2
facade

Silicone chambers 0.8887 kg/m2
facade

Polyurethane tubes 0.0933 kg/m2
facade

Air compressor, screw type, 0.75kW 1.7281 kg/m2
facade

Table 5.2: Inventory of four main input flows to the soft robotic actuator manu-
facturing process

cantilever

The cantilever is a steel connection point between the PV panel and
the supporting structure.
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Material description SMQ

Chromium steel bracket 1.4220 kg/m2
facade

Chromium steel fixing clamp 0.0284 kg/m2
facade

Table 5.3: Inventory of main input flows to the cantilever manufacturing process

supporting structure

The supporting structure is the connection point between the array
of photovoltaic modules and the building itself. Many different de-
signs are possible, however, the analysis will be based of an existing
adaptive solar facade [6]. This design consists of a steel cable-net that
spans a steel supporting frame. The steel frame is then mounted on
the building facade.

Material description SMQ

Chromium steel frame 6.9928 kg/m2
facade

Chromium steel swaged external thread 0.2897 kg/m2
facade

Chromium steel wire rope WC 0.1593 kg/m2
facade

Table 5.4: Inventory of the four main input flows to the manufacturing process
of the Supporting Structure

control system and electronics

The control system is required for the actuation of panels and the
regulation of photovoltaic electricity production.

Material description SMQ

Inverter 1.25kW 0.6090 kg/m2
facade

PV cable 0.256 kg/m2
facade

Control Electronics 0.0516 kg/m2
facade

Table 5.5: Inventory of the four main input flows to the manufacturing process
of the Control System

assembly

There are many assembly options available. From past experience,
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an installation of an equivalent ASF required a hydraulic hoist which
was in operation for eight hours [70].

Material description SMQ

Hoist, diesel <18.64kW, idling 0.5267 h/m2
facade

Table 5.6: Inventory of main input flows to the Assembly Process

5.2.2 Operational Life Cycle Inventory

The operational inventory is categorised as 1) energy consumption of an
office room 2) electricity consumption through dynamic actuation, and 3)
maintenance.

building energy consumption :
An adaptive shading system, when mounted over a glazed facade,
has an impact on the energy consumption of the building. More
specifically, it has an impact on the heating cooling and lighting loads
as described in Chapter 3. Previously conducted simulations com-
pared three scenarios: 1) facade with no shading, 2) a facade with a
static shading system, optimally angled at 45

◦ to the horizontal axis,
and 3) an adaptive solar facade [70].

The simulation was conducted on a south facing office room. The
room, 7.0 meters in length, 4.9 meters wide and 3.1 meters high
was modeled using Rhinoceros 3D CAD Package [18]. Grasshop-
per [19] was used to model the orientation of each photovoltaic panel.
The geometrical input is imported to Energy Plus [82] through the
DIVA [83] interface. A single zone thermal analysis was conducted
for each possible geometrical configuration of the ASF for each hour
of the year. The results were then post processed in MATLAB [84].

The simulations show a total energy saving of 25% compared to
static panels at 45

◦ and 56% compared to a case with no facade shad-
ing [70]. These results are sumarised in Figure 5.5. This data is used
to perform previously described sensitivity analysis which also ac-
counts for HVAC energy savings through adaptive shading.
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Figure 5.5: Breakdown of operational energy consumption for a system in Frank-
furt am Main with a) no shading, b) with louvers at 45

◦ and c) with
an ASF – not including on-site electricity production.

dynamic actuation : The energy required for actuation is also taken
into account. It takes 0.31Wh to fully open a single actuator. Based
on the assumption of four full openings and closings per day per
actuator, the combined energy requirement is approximated to be
489kWh in its 20 year lifetime.

maintenance : Soft robotic actuators currently have a lifetime of five
years, and therefore will need to be replaced three times during the
20 year lifetime of an ASF. No other maintenance efforts are consid-
ered for the assessment of 20 years.
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Building Settings

Office Envelope Roof: Adiabatic

Floor: Adiabatic

Walls: Adiabatic

Window: Double Glazed (e=0.2) 3mm/13mm air

Thermal Set Points Heating: 22
◦C

Cooling: 26
◦C

Building System Hydronic Heating: COP=4

Hydronic Cooling: COP=3

Lighting Control Lighting Load: 11.8W/m2

Lighting Control: 300 lx Threshhold

Occupancy Office: Weekdays from 8:00-18:00

People set point: 0.1 persons/m2

Infiltration: 0.5 air changes per hour

Location Assumptions

Weather File Frankfurt am Main, Germany (106370IWEC)

Electricity Mix Germany (DE) [85]

Average Solar Radiation 855kWh/m2/year

Maintenance

Actuator Changes Every 5 years

ASF Assumptions

Full openings and closings 4 per day

Table 5.7: Summary of main assumptions for the calculation of operational emis-
sions

5.2.3 Sensitivity Analysis

In order to evaluate the impact of varying parameters on the LCA, a sensi-
tivity analysis is performed on the following assumptions
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• When an ASF is built over a glazed building surface, thus including
the effects of adaptive shading on the building energy consumption.

• The location of the ASF including the effects of the GWP of the local
electricity mix. Assessments will also be run in Madrid and Geneva.

• A static version of the ASF, where panels are optimally orientated at
45

◦ to the horizontal (altitude) axis.

• The type of actuation system (servo motors compared to soft robotic
actuators).

• The complexity of the control system. The ASF can be built where
each panel is independently actuated, or a case where it is actuated
in rows. When the panels are actuated independently more valves
and control electronics are required.

5.3 results

This section presents the results of the LCA analysis in relation to the 1)
embodied emissions, 2) a calculation of the emission factor, 3) sensitivity
of the LCA to design and location, and 4) a comparison to other PV tech-
nologies.

5.3.1 LCA of the Adaptive Solar Facade Manufacture

A breakdown of six major midpoint impact indicators based of the ReCiPe
methodology [86] can be found in Figure 5.6. The largest embodied GWP
contribution in the ASF comes from the solar panels, followed by the elec-
tronics and the supporting structure. The control and electronics systems
play a large role in freshwater eutrophication, and human toxicity due to
the high life cycle emissions of electronic systems.
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Figure 5.6: Embodied emission breakdown of six major midpoint indicators.
The solar panels, control/electronics, and steel frame have the high-
est life cycle impact

5.3.2 Calculation of GWP Emission Factor

The combined GWP of main inputs to the ASF, previously described in
Figure 5.4, can be illustrated using a waterfall chart as shown in Figure
5.7.

This gives us a final emission of 3037kgCO2-eq. When the energy sav-
ings through adaptive shading is included in the system expansion, the
final emissions come down to -8318kgCO2-eq. Dividing these values by
the photovoltaic electricity production over a 20 year life time of 9175kWh,
an emission factor of 331gCO2-eq/kWh is obtained for the system without
adaptive shading and -906 gCO2-eq/kWh with adaptive shading.
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Figure 5.7: Waterfall diagram of GWP of the ASF not including photovoltaic
electricity production. When reading from left to right, the far left bar
details the embodied carbon emissions. The second, third and fourth
bar detail the actuation, maintenance, and disposal respectively. This
leaves us with a final emissions value (grey bar) of 3037kgCO2-eq.
The orange bar details the emission reduction through adaptive shad-
ing which is part of the system expansion bringing the total down to
-8318kgCO2-eq. When these totals are divided by the photovoltaic
electricity production (9174kWh) an emission factor of 331gCO2-
eq/kWh is attained for the system without adaptive shading and
-906 gCO2-eq/kWh with adaptive shading. Note that the waterfall
chart itself doesn’t show PV electricity generation. This is taken into
account in the emission factor.

5.3.3 Sensitivity Analysis

The sensitivity analysis is shown in Figure 5.8. The performance of the
ASF is dependent on the location where it is operated as explained in Sec-
tion 5.2.2. Changing the weather files of the simulation, and the electricity
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mix of the country brings interesting results. Geneva has a similar climate
to Frankfurt, however the local electricity mix is dominated by hydro and
nuclear power which has a very low GWP potential [85]. This would then
increase the emission factor of the ASF to 53.5 gCO2-eq/kWh. This differ-
ence arises as the greenhouse gas emission savings of adaptive shading are
dependent on the emission factor of the grid mix. Spain on the other hand
has a warmer climate, with higher solar radiation, but a less greenhouse
gas intensive electricity mix. This ultimately results in a similar emission
factor of the ASF of -825 gCO2-eq/kWh.

A case without the actuators and necessary control system for a dynamic
system is also presented. Instead, panels are optimally orientated at 45

◦ to
the horizontal axis. This reduces embodied greenhouse gas emissions by
12.1% from the baseline highlighted in Figure 5.6. However the reduction
in electricity production, and savings through adaptive shading, result in
a 15% higher emission factor.

The choice of actuator has a small impact on the embodied carbon emis-
sions. Changing a single Soft Robotic Actuator (including the air compres-
sor, tubing, and maintenance) to a classical servo motor increases the total
embodied GWP by 23% from 2498 kg CO2-eq to 3073 kg CO2-eq. However,
the servo motors have lower operational emissions and maintenance. Ulti-
mately an ASF with servo motors has a 1.5% higher emission factor.

The control system design should be carefully thought out due to the
high embodied human toxicity, freshwater eutrophication and terrestrial
acidification. However simplifying the actuation control electronics has a
minimal effect as the majority of the emissions lie in the inverter, cables,
and air compressor. In terms of GWP, there is a 0.3% difference which is
negligible.
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Figure 5.8: Sensitivity analysis of the emission factor including the HVAC im-
pact of adaptive shading based on location, actuation system, and
control system

5.3.4 Comparison to existing PV technologies

Comparison of the ASF to other PV technologies and the German elec-
tricity mix is highlighted in Figure 5.9. This comparison is conducted in
Frankfurt am Main with an average irradiation of 855 kWh/m2/year.

The blue bars detail systems with no added shading benefits. Here the
ASF, a static optimally orientated facade as used in Figure 5.8, and three
classical flat facade installations are presented. The orange bars detail the
system expansion where the ASF is built over glazed surfaces which also
bring energy savings to the building. Because the GWP savings through
adaptive shading offsets the entire embodied GWP, we have a system with
a negative emission factor.
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Figure 5.9: Comparison of facade installations in Germany with an average fa-
cade irradiation of 855kWh/m2/year. The ASF is compared to an
optimally orientated static facade, and classic flat facade mounted
PV solutions. The orange bars include the system expansion of en-
ergy savings through adaptive shading.

5.4 discussion

An adaptive solar facade, purely as a solar tracking and electricity genera-
tion technology is inferior to simple flat mounted static solutions in terms
of life cycle emissions. Classic static facade mounted Poly-Si and CIGS so-
lutions perform 40% to 50% better than the ASF respectively. This is due to
the additional greenhouse gas emissions, caused by the material required
for the control system, supporting structure, actuators, and the energy re-
quired for actuation. A static ASF where the solar panels are orientated for
optimal harvest also has a lower life cycle performance compared to classic
facade systems. This is because the added structure required for optimal
orientation is not compensated by the added gains in photovoltaic produc-
tion.
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However when one considers the multi functionality of the ASF and
account for energy savings to the building through adaptive shading, a
negative emission factor of -906 gCO2-eq/kWh is attained. This is because
the savings to the building system in terms of heating, cooling, and light-
ing offsets the embodied GWP four-fold. This demonstrates the advantage
of using the PV material, not only as an electricity generation unit, but
also as a building material for adaptive shading systems. This analysis
also present a static ASF where all panels were orientated at an optimal
angle of 45

◦ to the horizontal axis. Although this solution performs well,
it sacrifices user comfort. The users can not open the facade to suit their
desires.

GWP savings through adaptive shading however are sensitive to the
GWP of the electricity mix. A country with a low GWP electricity mix will
result in lower operational GWP savings than a country with a high GWP
electricity mix. For example, an ASF installed in Switzerland has a higher
emission factor of 53.5 gCO2-eq/kWh.

Although it is favourable to install an ASF in Germany, it still has bene-
fits in countries such as Switzerland. For instance, with an emission factor
53% less than the standard mix, it contributes to a nuclear free energy mix.
Furthermore, it provides interesting design options for architects where
they can install PV in locations which were previously not possible. Thus
increasing BIPV potential.

When designing an ASF architects and engineers may consider:

• The added benefit of a highly adaptable shading element

• The trade-off between soft robotic actuators and servo motors for
actuation. Although the investigated soft robotic actuator has an em-
bodied GWP three times lower than a servo motor, it requires three
times more energy to actuate. Purely from an LCA perspective, if
more than 6 actuations are required a day, servo motors would be
the preferred solution.

• Control system electronics cost 27.5kgCO2-eq/kg and play a large
contribution in human toxicity, freshwater eutriphication and terres-
trial acidification. They should therefore be carefully designed. How-
ever increasing the resolution of the ASF control system to allow each
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panel to be independently actuated only increases the emission factor
by 1.6gCO2-eq/kWh.

• The structural support system in the current analysis used a stainless
steel frame representing 22% of the total embodied carbon emissions,
21% of terrestrial acidification, 44% of metal depletion, and 25% of
photochemical oxidant formation. Redesigning the frame to use less
stainless steel, or an alternative material with a lower life cycle im-
pact, such as plain steel, should be considered.

• If the ASF is installed in front of an opaque building surface then the
advantages of adaptive shading are not present. In this case, a static,
flat mounted system is a preferred design choice.

One limitation of the LCA is that the analysis focuses on a single office
room. Expanding the analysis to the entire building, or urban level may
yield different results. The LCA also assumes that the user will not override
the system. In practice the facade will adapt to the desires of the user.

The LCA also excludes other aspects of building system such as the
downsizing of heating and cooling appliances, the use of DC electricity
on-site, and the increase in user comfort.

5.5 conclusion

As an electricity producing device the ASF is outperformed by fixed PV
systems. However it comes with the added benefit of building integration
and multi functionality, i.e. allowing for better control of solar loads and
user comfort. When adding these aspects to the comparison (i.e. acounting
for HVAC savings), the system becomes favourably competitive to a tra-
ditional PV system as it has a negative emission factor of -906gCO2/kWh.
These advantages however, will not be present if the ASF is installed over
an opaque building surface. It is therefore preferable to install static sys-
tems over opaque facades, and keep the adaptive system for glazed facades
only.

The design of an ASF can greatly influence the results. Varying factors
such as the choice of actuators, the complexity of the control system, and
the structural support can change the emission factor. The largest variable
however is the emission factor of the grid electricity mix. The building
operational savings in heating, cooling, and lighting will have a CO2 saving
based on the grid electricity mix.
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Future research will validate the assumptions to building energy con-
sumption through experimentation, and test the users response. This will
be conducted on the ETH House of Natural Resources living lab where
an example of an ASF has already been constructed [6]. Further numerical
simulations of the ASF on different building typologies, building systems
and climates will enable us to specifically target the best application sce-
nario.

To conclude, I demonstrate that BIPV systems and adaptive shading el-
ements complement each other successfully. One can see an improvement
in environmental performance of the PV technology, and create new archi-
tectural possibilities for the aesthetic integration of PV panels over glazed
building surfaces, thus expanding BIPV potential.





6
C O N C L U S I O N

Words exist because of meaning. Once you’ve gotten
the meaning, you can forget the words.

— Zhuangzi

This thesis was based on the hypothesis that an adaptive photovoltaic
envelope can reduce the CO2 footprint of the built environment. In order
to test this hypothesis, I present how such a system could be designed,
constructed, controlled, and finally, evaluated.

I first present the performative design environment for the fabrication
of kinetic architectural elements. Here I show how the multiple fields of
structural engineering, energy engineering, control engineering, industrial
design, and architecture can be combined into a single automated work-
flow that accelerates the design process.

I then present how the adaptive system can be controlled using a model
predictive algorithm which combines building energy demand and solar
radiation simulations. From the simulation outputs, the adaptive system
can determine the best physical configuration to minimise the net energy
building demand. This framework can be used, to not only control the
facade, but to evaluate the energy saving potential of an adaptive photo-
voltaic envelope over a static system. Results show that there is a 20% -
80% energy saving potential compared to an equivalent static system.

The range of these results is large as they are heavily dependent on the
building type. This framework is therefore run for 11 different building
use types spanning six construction periods. Results show that the ASF
performs best in environments where there is a mix of both heating and
cooling demands. For buildings that predominantly have cooling demands,
a simple static system at an optimum solar angle would be the most cost-
effective solutions. Likewise, for a building that predominantly consists of
heating demands, a window without shading, or a manually controlled
Venetian blind may be optimal. The ASF performs best in modern offices,
retail stores, food stores and schools.

Finally, I extract the results of a modern office based simulation and con-
duct a CO2 life cycle analysis. Results show that the ASF, running purely
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as an electricity producing device, is outperformed by static PV systems by
50%. However, when I include the energy saving to the building interior,
the ASF becomes favourably competitive to a traditional PV system.

This thesis is largely centred around the development of the ASF tech-
nology. However it is not the technology that is of interest, rather the proof
that such a technology can be built, controlled, and reduce the CO2 foot-
print of a building. By doing so, this thesis positions itself as a further step-
ping stone in the adaptive transformation of our built environment. As the
multiple fields of robotics, architecture, and energy engineering continue
to merge, novel adaptive concepts of will be developed. The methods pre-
sented in this thesis, can then facilitate the transformation of these concepts
into physical products.

There are still major hurdles that must be overcome for this transition to
occur. From discussions I have had with designers of the Al Bahar towers
and the Arab World Institute, and my own experiences, maintenance is the
largest hurdle. Most electrical and mechanical components will only have
a warranty of 20 years, whereas a building must last for at least 50 years.
This could be overcome with regular maintenance checks, however the
costs will be borne by the building owner which would restrict the market
uptake of the technology. Neglecting the maintenance of the adaptive en-
velope will eventually lead to failure, which results in immense occupant
dissatisfaction. For example, a failure on the prototype at the House of Nat-
ural Resources prevented the panels from opening, leaving the occupants
in a dark office for over a month. Fortunately, this was still a prototype;
however equivalent failures on a commercial scale may have a detrimental
impact on the future of adaptive envelopes.

I however believe that with our rate of technological advancement, we
will see adaptive envelopes of some form enter the market. It is simply a
matter of time.

6.1 outlook

The next imminent steps lie in the hands of future architects. In essence,
this thesis is a feasibility study that describes how an adaptive system can
be designed, controlled and evaluated; using the adaptive solar facade as a
case study. In reality, adaptive architecture will not just be limited to kinetic
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envelopes, but any technology that has the potential to vary its property.
Examples could include walls with varying thermal resistances, or variable
ventilation systems.

The kinetic envelope however, has a property that other adaptive tech-
nologies lack. And that is the architectural expression of the building. An
adaptive facade evolves a building from a static system to one that feels
alive and changes with variation in the season, the day, the weather, or its
use.

One remaining step in this technology that hasn’t been addressed in this
thesis is the interaction with users. The users currently have the ability to
override the adaptive algorithm in order to open or close the panels. This
override, however, should also be integrated into a machine learning al-
gorithm to enable the facade not just to adapt to the external conditions,
but to the desires of the user. This research will be possible once the con-
structed ASF is installed on the HiLo building.





A
A P P E N D I X

a.1 full set of equations to the building model

The following equations are based on the ISO 13790 standard [23]. Denot-
ing by Tm, the temperature of the thermal mass in the room,

Tm(Htr3 + He) + Cm
dTm

dt
= φmtot (A.1)

The value φmtot represents an equivalent thermal heat flux and is given
by,

φmtot = φm + HeTe +
Htr3

Htr2
(φst + HwTe + Htr1Tsup +

Htr1

Hve
(φHC +φio)) (A.2)

where Cm is the thermal capacitance of the room, Te is the external air
temperature, Tsup is the conditioned air supply temperature. The solar heat
gains φsol , and internal heat gains φint are represented by three equivalent
heat fluxes φio, φst and φm which correspond to a heat exchange to the
air Tair, internal room surface Ts, and thermal mass Tm respectively. The
heating and cooling heat flux is represented by φHC. The five thermal con-
ductances H are represented by three equivalent conductances

Htr1 =
1

1/Hve + 1/His
(A.3)

Htr2 = Htr1 + Hw (A.4)

Htr3 =
1

1/Htr2 + 1/Hms
(A.5)

The internal heat flow rates due to internal gains and solar sources are
divided between the thermal nodes by

φio = 0.5φint (A.6)

φm =
Am

At
(0.5φint + φsol) (A.7)
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φst = (1 − Am

At
− Hw

9.1 ∗ At
)(0.5φint + φsol) (A.8)

Applying the Crank-Nicolson method [61] to Equation 3.1 gives us the
discrete differential equation:

Tmk+1 =
φmtot + Tmk (

Cm
∆t − 0.5(Htr3 + He))

Cm
∆t + 0.5(Htr3 + He)

(A.9)

a.2 lca parameters

a.2.1 Electricity production of different PV Systems
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a.2.2 Major Contributions to Disposal
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