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A B S T R A C T

This paper presents research on lightweight construction and smart, integrated and adaptive building systems.
The research is focused on addressing challenges related to the building industry at large, including most pro-
minently the improvement of energy efficiency, onsite power generation, and the reduction of the quantity of
materials required to build. We introduce four innovations in context of the design of an experimental building
(NEST HiLo): a lightweight, unreinforced funicular floor system; a flexibly formed, concrete shell sandwich roof;
a soft actuated, adaptive solar facade and an automated, occupant-centred control system. We demonstrate novel
structural engineering approaches to compression-only concrete elements and shell design using multi-criteria
shape optimisation. We explore a building facade concept, which employs robotic actuators for solar shading and
on-site generation. In addition, the operational phase of the building will be used as a living laboratory where
occupants' locations and needs for comfort are detected and used for the control of the energy innovations. The
research provides insight into design topics that will become increasingly relevant for the evolution of improved
lifecycle energy buildings.

1. Introduction

Buildings account for 40% of global energy consumption and up to
30% of global greenhouse gas (GHG) emissions [1]. Up to 46% [2] of
this energy use is locked in for long periods due to the life span of
buildings. Furthermore, this embodied energy and the related emissions
may double or potentially even triple by mid-century due to several key
trends, which includes population growth, additional building services
requirements and increases to the size of households [3].

In the European Union (EU), advances in minimising energy usage
have been largely focused on operational energy. Improvements in
building envelope performance, energy systems efficiency and onsite
power generation are delivering on 2020 targets for Net Zero Energy
Buildings (NZEB) [4]. With a view to EU 2050 targets, that is an 80%
reduction in GHG emissions from 1990 levels [5], further developments
in GHG emissions reduction must also consider the impact of embodied

energy.
Over the building lifecycle, the key energy related decisions are

contained in the early design phase [6]. The decisions are made based
on input of various domain experts. Enhancements in operational en-
ergy performance are related mainly to the energy systems domain.
This is not the case for embodied energy, as other domains have a
strong influence on embodied energy decisions. In fact, the structural
system of buildings alone can account for up to 55% of embodied en-
ergy [7]. To improve lifecycle energy performance an integrated design
approach can be used to manage the conflicting inter-domain con-
straints of a building design. Such an approach, proactively balances
the requirements of the primary domain (e.g. structural design) with
the impact on the energy domain. This is in contrast to the traditional
sequential design approach, where each domain provides largely in-
dependent solutions.

This paper presents research on lightweight construction and
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adaptive energy systems, for an experimental building (HiLo). The
objective of HiLo is to demonstrate that optimum lifecycle energy
performance is possible on challenging buildings by balancing the
constraints of architecture, structures and energy systems. HiLo is
planned as a net plus energy building (NPEB) with an annual weighted
energy demand of 37.8 kWh/m2 and a weighted energy surplus of 45%.
In previous work, we have presented the numerical simulation frame-
work used to integrate thermally active building systems (TABS) and
building integrated photovoltaics (BIPV) with lightweight structures
[8]. Moreover, the numerical approaches used to optimise lightweight
concrete structures were discussed in [9,10]. This paper provides an
overview of the development of the four key HiLo innovations: a
lightweight, unreinforced funicular floor system; a flexibly formed,
concrete shell sandwich roof; a soft-actuated, adaptive solar facade; and
an automated, occupant-centred control system.

The article is organised as follows. Section 2 summarises the key
aspects of the project background. In Section 3, the architectural con-
cept of HiLo is outlined. The four innovations are presented in Section
4. A discussion on future work is outlined in Section 5. The conclusions
are provided in Section 6.

2. Background

As a future living and working laboratory, NEST (Next Evolution in
Sustainable building Technologies) (Fig. 1) [11] consists of a central
backbone building to accommodate exchangeable living and office
buildings or units. This allows novel materials, components and in-
novative systems to be tested, demonstrated and optimised under real-
world conditions. NEST is a modular, district scale research and de-
monstration platform for advanced and innovative building technolo-
gies in Switzerland. The NEST backbone building was completed in
2016.

As one of the first NEST modules, HiLo (Fig. 2) [12] is a research
and innovation building in the domains of lightweight construction and
adaptive building systems. HiLo (High performance, Low energy) is
planned as a two bedroom apartment for visiting faculty of the Swiss
federal research institutes Empa and Eawag and it is planned to start
construction in early 2018.

3. Architectural concept

The architectural concept of HiLo involves the deployment of a
doubly curved roof relative to an arrangement of cellular rooms, which
yields a dual spatial condition. This supports the competing needs for
privacy versus communality, and work versus living. The affordance of
hybrid live/work scenarios is becoming increasingly relevant and de-
sirable in response to the demands of our cities for quality urban
housing. This concept attempts to minimise sprawl and dependence on

transport infrastructures, while maintaining urban density, vibrancy
and amenity. HiLo serves as an example of the exciting potentials such
aspirations hold and the role that emerging technologies play in med-
iating these concerns against the broader performance frameworks of
material and energy efficiencies.

The spatial organisation of HiLo serves to provide each innovation
the best opportunity to be demonstrated and tested. Of most con-
sequence is the decision to minimise contact with the roof; this allows
its structural achievement to be fully appreciated (Fig. 3). To accom-
plish this, a primarily open plan approach has been adopted. Only
sleeping and bathing activities have been allocated enclosed rooms.
HiLo is 16 × 9 m in plan, has a floor area of 138 m2, and an enclosed
volume of 364 m3. The heated floor area, i.e. the value used for energy
calculations, is 175.1 m2.

4. Innovations

The four innovations introduced through HiLo are (Fig. 4):

1. A lightweight funicular floor system (Section 4.1) that features,
(a) a thin funicular concrete shell with stiffening fins, and
(b) a hydronic radiant heating and cooling system;

2. An integrated, thin shell roof (Section 4.2) that features,
(a) a mesh-reinforced concrete and PU foam sandwich structure,
(b) flexible thin-film photovoltaics,
(c) a hydronic radiant heating and cooling system, and
(d) a lightweight flexible formwork for its construction;

3. An adaptive solar facade (Section 4.3), that features;
(a) photovoltaic panels, driven by
(b) soft robotic actuators; and,

4. An occupant-centred control system, that features (Section 4.4),

Fig. 1. Early rendering of an intermediate state of NEST showing several research and
innovation units (© Empa, Gramazio & Kohler).

Fig. 2. Exterior of HiLo, initial design (© HiLo, Doug and Wolf).

Fig. 3. Interior of HiLo, initial design (© HiLo, Doug and Wolf).
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(a) constant indoor/outdoor climate monitoring,
(b) adaptive set-points for the building systems, and
(c) learning of user preferences through interaction.

The following subsections will discuss the individual innovations.

4.1. Lightweight funicular floor system

A lightweight concrete floor system is being developed for HiLo
(Fig. 5). The system features a prefabricated method that enables quick

on-site installation as well as an integrated low exergy heating and
cooling function. The overall system aims to reduce: the use of material;
operational energy; the floor height; as well as construction cost and
time, compared to traditional solutions. Each of the floor panels is
geometrically unique and has its own set of specific interfaces with
structure, space and infrastructure. Therefore, HiLo serves as the perfect
test and proof of the system's flexibility.

4.1.1. Structural design
The floor system consists of a modular and thin concrete construc-

tion, made up of a vault, stiffening fins and a system of tension ties at
the perimeter. The floor is shaped such that it works in compression
only, while externalising any tension to the perimeter, thus avoiding
the need for any traditional rebar. Each floor is supported at the four
corners, which are connected by steel tension ties to absorb the hor-
izontal thrusts of the funicular shell. This structural system is designed
in concrete to achieve a thickness of only 20 mm for both vault and fins;
while still being able to resist asymmetrical loading. As a result, this
system would save more than 70% of concrete weight compared to an
already efficient prestressed hollowcore floor slab.

The solution is inspired by built examples in tile vaulting in which
thin, unreinforced masonry vaults are stiffened by vertical diaphragms,
also called spandrel walls [14]. In traditional construction, spandrel
walls had two main objectives: provide a horizontal level for the floor
finishing and contribute to the structural behaviour, maintaining a
minimum thickness of the vault while resisting asymmetrical loading.
Contemporary projects, such as the Mapungubwe National Park Inter-
pretive Centre, South Africa [15], and the Sustainable Urban Dwelling
Unit (SUDU) prototype building, Ethiopia, (Fig. 6), have applied this
technique successfully, combining a thin unreinforced masonry vault
and spandrel walls, using low-strength, cement-stabilised earthen tiles
[13].

All of the floors required for HiLo have different and irregular
geometry. They are all quadrilateral in plan and are all supported at
their corners, but their spans and shapes vary significantly. For this
reason, a computational setup to generate the geometry for all floors
was implemented [10].

Its objective is to obtain a compression-only shell under dead load,
and an optimised density and arrangement of thin stiffeners for the live
load combinations. This takes away the need for conventional rebar
entirely by ensuring that the predominant stresses in the floors are
compressive.

The design of the floors starts with the generation of a pattern that
takes into account the expected force flow to the supports (Fig. 7).
Using this pattern as a force diagram, the shape of the vault was

Fig. 4. Key innovations and components of HiLo: a) flexibly formed sandwich shell roof
with photovoltaics; b) mezzanine level; c) funicular floor system; d) entry level with
ribbon wall concealing utilities and services; and, e) soft-actuated adaptive solar facade.

Fig. 5. Initial structural prototype of the floor system (dimensions in mm) [10].
Fig. 6. Thin-tile floor with spandrell walls of the SUDU project in Addis Ababa, Ethiopia,
2010 [13].
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generated using Thrust Network Analysis (TNA). TNA is a form-finding
method capable of generating funicular discrete networks under ver-
tical loading conditions. It gives the designer a high degree of control
over the shape by allowing different force flow assumptions in the
network [16]. The pattern is translated into a compression-only net-
work that is used as the shape of the vault. Two constraints are given to
the TNA algorithm: the pattern is to stay fixed in plan, and the depth of
the resulting vault is given. The floors are designed to have a total
structural depth of 400 mm at the supports, this depth reduces to
30 mm at the centre of the floors.

To confirm the overall soundness of the shape, a best-fit TNA [17] is
employed. It ensures that the resulting shape is capable of directing
loads to the supports in an efficient manner, generating only com-
pressive stresses, and that all forces are contained within the geometry
of the structure. The resulting thrust network is used as the basis for the
fin stiffeners. They are the result of extruding the edges of the network

to their desired height.
The form-finding process assumes that the supports are completely

fixed and that they can take both horizontal and vertical thrust from the
floor system. However, in the HiLo unit only the vertical component of
the thrust is transmitted to the NEST backbone structure, the horizontal
component is taken by the tension ties that surround each floor.

Each tie is comprised of one round steel bar, connected to the
concrete shell through a steel angle profile at the corners, and con-
nected to each other by a tensioning sleeve, to allow for the bars to be
post-tensioned. The diameter of each bar is different in each one of the
floor systems, according to their spans. Larger floor spans result in
shallower shells, and hence higher horizontal thrusts, this translates
into higher diameters for the ties. The tension ties are dimensioned to
take the horizontal thrusts generated by the floor under all of the
loading conditions prescribed by SIA (Swiss Society of Engineers and
Architects) code, and to ensure that the horizontal displacements of the
supports are kept within what is allowable by the concrete shell. The
ties are designed to have zero displacements in the shell under self-
weight and dead loads (the standard load condition). This is achieved
by calculating the horizontal thrust in each support under the standard
loading condition, and using those forces to post-tension the ties. This
means that under standard loading the tension on the ties is close to
zero, and that there are no horizontal displacements of the supports.
The forces used to post-tension the ties are shown in Fig. 7.

A 2.8 × 1 m prototype of the funicular floor system was built and
tested for serviceability and ultimate loads [18]. The serviceability test
showed that the floor was very stiff, with vertical deformations under
span/25,000. The ultimate load was estimated using a very critical
asymmetric load scenario, and showed that the floor carried 2.5 times
the factored design load.

4.1.2. Building systems integration
The funicular floor above each bedroom will be a thermally active

building system (TABS) [19]. This will be realised by integrating a
hydronic pipe network within the concrete component (Fig. 8a), which
will provide heating and cooling to the bedrooms through the thin
(20 mm) concrete radiant panel at ceiling level.

The permanent formwork elements used to manufacture the floor
will also serve as thermal insulation. The initial geometry of the ex-
panded polystyrene (EPS) blocks (Fig. 8a) will be based on the struc-
tural design. This geometry will be updated to include a positioning
channel for the hydronic pipework. Computational fluid dynamics
(CFD) models of the full floor geometry (Fig. 8b) have been used to
inform the loop layout strategy and estimate the thermal performance
of the system. The numerical simulations were completed with the CFD
code ANSYS Fluent 14. This provided steady state and transient thermal

Fig. 7. Floor system fin patterns and post-tensioning forces.

Fig. 8. (a) Cutaway view of the funicular floor, the hydronic pipework and the permanent
formwork. (b) Heating case - ceiling surface temperature contour plot [20].
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data for the geometrically complex systems. The results were also used
to resolve building physics issues such as the connection between the
funicular floor and the external building envelope. A full discussion of
the modelling process is provided in [8,20,21].

4.2. Integrated, thin shell roof

The most attention grabbing of the innovations is the integrated,
thin shell roof. It is envisioned as a lightweight, sandwich, thin shell
roof structure, integrating both structure and building systems. This
efficiency is translated into an architecturally elegant form through the
use of the touchdown points to the main structure. The entire spatial
strategy of HiLo is dedicated to allowing the roof's form to be fully
comprehended (including from the street below).

The residential program places more diverse demands on the roof
than large exhibition or sports hall programs, which are usually asso-
ciated with shell structures. Thus, although relatively small, the roof is
highly irregular and complete control is needed to successfully ne-
gotiate the diverse spatial, environmental (including balanced solar
exposure) and structural interfaces. More specifically, the design aims
to severely reduce material, and hence weight, both for the formwork
and its resulting shell structure. To achieve all of this, the roof geometry
is the specific result of a sequence of single- and subsequent multi-cri-
teria evolutionary optimisation, evaluating various parameters related
to structural and energy performance, as well as architectural, spatial
and constructional constraints. Further engineering was carried out to
incorporate additional nonlinearities necessary to assess the strength,
stiffness and stability of the shell.

The improvement in structural performance targets a significant
reduction in the concrete volume compared to a typical concrete roof
section. This provides a low embodied energy building element, while
retaining the beneficial characteristics of concrete in relation to op-
erational energy. This reduces the structural requirements for building
foundations and increases the potential for further embodied energy
reductions. This integrated approach to design opens up sustainable
district scale opportunities to address vertical densification of cities by,
for example, providing very lightweight building extensions.

4.2.1. Structural design
Thin shell structures, if properly designed and constructed, are able

to cover large spaces at minimal material cost through efficient mem-
brane action. In our case, the shape of the roof is structurally optimised
to push the limit of what is possible in concrete [22]. An evolutionary
design process breeds possible solutions by continuously evaluating
structural performance and functional constraints (Fig. 9). The most
optimal geometry is chosen for further development.

The roof structure for HiLo is a thin mesh-reinforced sandwich shell,
consisting of upper and lower concrete shells with a rigid polyurethane
(PU) core. This provides a continuous surface in visible architectural
concrete from the inside to the outside of the building, with minimal
interruption by the glass facade. The sandwich design was primarily
developed to minimise thermal bridging at the connection between the

glass facade and the roof (Fig. 10). This increases the structural depth
and reduces sensitivity to external loads.

The sandwich roof has a total concrete thickness (combined thick-
ness of the upper and lower shells) varying between 3 and 30 cm, 8 cm
on average, and spans in the range of 6–9 m. The total weight is 29
metric tons. The shell is supported on five ‘touchdown’ points and has
free edges along its entire perimeter.

The shell is anticlastic (negative double curvature). This is a ne-
cessary construction constraint, as the shell will be constructed on a
prestressed flexible formwork (Section 4.2.2) which is inherently an-
ticlastic. As a result, the shell will locally act in bending and needs to be
reinforced. An advantage of anticlastic shells is a lower sensitivity to
imperfections. The differences in temperature and humidity on either
side of the PU core lead to higher thermal loads and differential strains
due to creep and shrinkage. The thermal actions have an immediate
effect on the short-term behaviour of the shell, which acts restrained
due to the shell's stiffness, leading to microcracking from the outset on
the outer shell. However, this improves load thermal action factors,
suggesting it acts as a form of prestress. In addition, a range of concrete
strengths and the influence of using ferrocement or textile-reinforced
concrete was evaluated, to inform the detailed design phase, and de-
velopment of the actual concrete mix.

To fully realise the structural efficiency of a flexibly formed shell, it
is crucial to both design an optimal shell within the project's constraints
and to control the cable forces such that its form, despite the formwork's
flexibility and the weight of the wet concrete, is in the end exactly as
required. A computational approach to realise this goal was developed
[22]. The first part of this procedure applies a multi-criteria optimisa-
tion to find the geometry of the roof, and consists of the following steps:

1. Generate the shell's boundary conditions and internal topology of
the cable-net;

2. Generate an anticlastic surface based on a given force distribution,
as the basis for the shell's geometry;

3. Generate governing load combinations in the serviceability limit
state (to check for allowable deflections);

4. Optimise the thickness of the shell, subject to allowable deflections
and yield strength of the material; and,

5. Evaluate, for each generated shape, the structural performance and
several spatial criteria.

The roof was optimised in two rounds. Initially, a single-criterion
optimisation (minimising mass subject to stress and deflection con-
straints), to study different boundary conditions (positions and number
of supports as well as roof height) while evaluating various structural
parameters. The amount of glazing and solar radiation was also mea-
sured. Based on this analysis, a multi-criteria optimisation was devel-
oped for the final design.

The four criteria optimised were internal elastic energy (propor-
tional to mass), buckling load factor (lowest, positive value), deviation
of the formwork to target shape, and surface area of glazing (Fig. 11). A
fifth measure of the amount of head clearance below the roof was also
calculated to compare results. Each optimisation consisted of about 100

Fig. 9. Results from sixteen early optimisations (16 × 100 generations, 100 shells each),
with A1 and A2 selected for further development based on overall structural and energy
performance.

Fig. 10. The final sandwich shell roof evaluated during the final design phase.
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generations of 100 roof geometries (i.e. having evaluated 10,000 po-
tential roof shapes).

The result from the optimisation phase was set as the target shape of
the shell. This fed into a more advanced structural analysis, as a check
on the optimised shape. The nonlinear finite element analysis included
modelling the actual sandwich buildup, and some additional effects:

1. Geometric nonlinearity according to third order theory, accounting
for snap through and post-buckling behaviour;

2. Material nonlinearity to introduce concrete cracking and plastic/
ductile behaviour of both the concrete and its reinforcement;

3. Creep and shinkage that causes concrete deformations over time;
and,

4. Limit load iterations, to evaluate the structure's capacity beyond the
ultimate limit state.

The reinforced concrete was modelled as a C90/105 with B500A
according to Swiss code SIA 262 [23] with corresponding yield
strengths, but a parametric study was carried out as well for a range
between C35 and C90 concrete, and for AR-glass and carbon fibre TRC,
to inform the detailed engineering phase. Properties for TRC were taken
from [24,25], with yield strengths calculated based on material factors
for GFRP and CFRP [26]. The higher C90 concrete strength was mainly
chosen based on the resulting creep and shrinkage behaviour according
to code, and given previous experience with viscous and fine concrete
mixes, which exhibit high strength [27]. The steel type was chosen
based on its similarity to that mentioned in the American code for
ferrocement, ACI 549.1R-93 [28]. The mesh layers are 1 mm diameter,
with 13 mm spacing, so 60 mm /m2 per direction, with up to 12 layers
per concrete face. The high density PU is modelled based on linear
elastic properties from suppliers: E = 300 MPa, fy = 20 MPa,

=ρ 600 kg/m3.
The shell was checked against the following requirements. In SLS,

allowable deflections for occasional live loads are 1/500th of the span
L, i.e. 18 mm for the shell, and 1/300th of twice a cantilever, i.e. 60 mm
for the cantilevering slab supporting the shell at the front (according to
Swiss code SIA 260 [29]). Deflections along the glass facade are chosen
to be less than 10 mm. Crack width may not exceed 0.1 mm according
to American code for ferrocement ACI 549R-97 [30]. In ULS, stresses
should not exceed the material yield strengths and buckling with de-
creasing post-buckling capacity may not occur. In a load stepping cal-
culation according to 1979 IASS recommendations [31] for concrete
shells, a limit load of at least 1.75 the SLS load combinations should be
reached.

4.2.2. Construction system
Shell structures have become rare as they are challenging to

construct, traditionally requiring full and generally rigid formworks,
which are both material and labour-intensive. The materials are often
used only once, since they are customised for a specific doubly curved
geometry. Due to the amount of work involved, these structures are
generally not competitive in a contemporary building environment
where labour is expensive such as Switzerland.

A highly efficient, reusable and lightweight flexible formwork
system allows the reintroduction of efficient, doubly curved, thin shell
roof structures without the typically associated high labour and re-
source investments. It has allowed us to reduce the amount of material,
especially in relation to the falsework (scaffolding). In this case, the
shuttering is replaced by a fabric and the falsework is replaced by cables
which are supported by an external frame at its boundaries.

The formwork system offers a degree of control over the anticlastic
shape, through non-uniform prestressing of the cable-net, such that it
can be easily optimised for improved structural behaviour and other
criteria compared to traditional geometries. In particular, an inverse
optimisation was applied to determine the non-uniform prestresses in
the final state, after deflection and under load of the wet concrete. From
this, the initial prestressed state can be calculated, which represents the
non-uniform pre-camber necessary beforehand, to obtain the optimised
geometry after loading.

The first cable-net and fabric formwork prototype had dimensions of
1.8 × 1.8 × 1.2 m and was built to produce two prototype concrete
shell structures [9]. The first shell had two main objectives. First, to
establish, as a proof of concept, a complete workflow for the structural
design of an anticlastic thin concrete shell taking into account the
fabrication constraints of a hybrid cable-net and fabric formwork.
Second, to construct a prototype shell based on this workflow in order
to identify challenges in both computational and constructional aspects.

The second prototype was used to prove that the formwork system is
able to control the final geometry within a tolerance of± 5 mm. The
main objective was to improve the control of the geometry through
measurements of force and more accurate measurement of the geo-
metry. By doing so, it was possible to demonstrate average tolerances as
low as 1.3 mm for a 2.6 m span, so 1/2000th of the span (Figs. 12 and
13) [32].

4.2.3. Building systems integration
The roof shell integrates multiple functions besides the structure

(Fig. 14). First, it is a thermally active system (TABS) due to the em-
bedded hydronic pipework. This provides heating and cooling to the
main living space through the concrete radiant surface at ceiling level.
The large surface area of the shell is utilised to achieve low tempera-
tures for heating and high temperatures for cooling, therefore reducing
the amount of exergy required for heating purposes [33]. This is de-
livered efficiently by the district geothermal heat sources from the
NEST backbone. Second, flexible thin-film CIGS (copper indium gallium

Fig. 11. Four criteria (clockwise from top left): elastic energy, buckling load factor λ for
quasi-permanent load combination, cable-net deviations, and surface area A of clear
glazing.

Fig. 12. The second prototype showing the timber frame and the prestressed cable net.
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selenide) photovoltaic panels are integrated with the concrete shell, a
surface with complex geometry to demonstrate the utilisation of non-
typical building envelopes as a resource for local renewable energy
harvesting during the building lifecycle [34,35].

Thermal edge losses at the roof and the glass facade interface was
one of the main drivers of the development of the sandwich shell. A
CFD model was used to support the design and evaluate the impact on
overall energy performance of HiLo. In addition, the TABS performance
at ceiling level was also estimated using a CFD model. The model
contained a parameter analysis, which included pipe spacing and the
physical properties of the key materials. A discussion on the modelling
process is provided in [8,34].

In relation to the roof PV panels, a parametric study has been per-
formed analysing solar irradiation and other important design para-
meters (such as bending radius) as a function of panel orientation and
PV module size [36,37]. The analysis showed that panel orientation has
a significant impact on the effective PV surface area that can be in-
stalled on the roof, but a minor influence on the area specific insolation.
As shown in Fig. 15, an orientation of 30° relative to the NEST building
achieves the highest amount of active photovoltaic module area and
provides an agreeable visual appearance.

4.3. Adaptive solar facade

A building facade is the boundary between two climatic conditions,
the exterior and the interior. Thus, it acts as an interface and needs to
respond to changing weather and occupant desires. For HiLo, an
Adaptive Solar Facade (ASF) will be employed to provide a more
flexible and responsive interface using a novel system currently under

research and development [38]. As a result the facade will continually
change, providing in a dynamic and temporal experience that animates
a key urban corner of the NEST project throughout the day and night.

The two ASF's are located in front of the windows of the two bed-
rooms. This provides a strong interaction with the inhabitants, which
allows testing between the four system imperatives: energy production,
passive energy control (daylighting, solar ingress), occupant privacy
and occupant views.

In addition, locating the two adaptive solar installations on facades
with significantly different orientations, allows for a comprehensive
assessment of the system capacity.

4.3.1. Solar shading and photovoltaic cells
Building shading systems have an important role in architecture,

simultaneously influencing building appearance, building energy per-
formance, and occupant comfort. Shading systems can control solar
insolation, thereby offering reductions in heating/cooling loads, as well
as modulate daylighting levels, hence offering reduction in artificial
lighting energy. Architectural responses to this range from traditional
shutters to automated shading systems.

In recent years, due to an increase in the availability of decen-
tralised electricity generation technologies, such as photovoltaic (PV)
cells, many architects have successfully integrated these systems into
buildings to further improve energy performance. PV cells have been
used in external building walls, as semi-transparent facades, or in
skylight structures. Moreover, due to an increase in the use of large
window openings and curtain walls in today's architecture, there is a
growing need for integrating PV elements into shading systems [39,35].

The HiLo adaptive solar envelope consists of movable modular
elements (Fig. 16), which provides solar energy generation, shading as
well as controlling the opacity and transparency of the facade [37]. The

Fig. 13. This is the second prototype constructed at ETH Zurich for the HiLo project. It
was used to demonstrate low construction tolerances.

Fig. 14. Exploded view of the thin shell roof, the hydronic pipework, insulation layers
and PV module.

Fig. 15. PV module layout and annual solar irradiance on the HiLo roof for different strip
orientations.
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different modes of the modules are controlled based on sensor as well as
on occupant input.

A proof of concept prototype was constructed on the House of
Natural Resources Building (HoNR) at the ETH Hönggerberg campus in
Zurich (Fig. 17). This provided valuable feedback on system perfor-
mance [35] and the construction detailing of the innovation.

The Adaptive Solar Facade employs soft pneumatic actuators
[39,40,41–43] to individually rotate the facade modules (400 ×
400 mm) according to the demand. The elements provide solar energy
generation, shading as well as controlling the opacity (privacy) and
transparency (views) of the facade. In correspondence to changes to the
outside environment and demands of the interior and the occupants,
the elements can rotate to provide the desired functionality. Fig. 18
presents a prototype of the soft pneumatic actuator developed for ap-
plication within the adaptive solar facade. The actuators contain three
inflatable chambers and are capable of orienting a PV cell in two de-
grees of freedom. Using an updated design of the actuator, it is possible
to achieve fully open and closed facade states.

4.4. Occupant-centred control

Building automation considers the control of recurring equipment
activities based on occupancy demand and weather conditions. Typical
examples are maintaining the set points for HVAC systems, lighting,
appliances, and security systems. The objectives of building automation
are improved occupant comfort, a reduction in energy consumption,
and a reduction in operation and maintenance costs. Well established
for commercial buildings, currently there is a trend of moving these
types of automation systems into the household, where traditionally the
heating thermostat was the only automation element.

The reasons for this trend are the availability of affordable small

scale computing power (e.g. Arduino & Raspberry Pi) and low power
wireless sensor networks (e.g. Z-Wave & ZigBee), which has led to an
explosion of do-it-yourself (DIY) home automation systems. The market
for commercial building automation systems is rather saturated and this
is encouraging suppliers (Siemens, ABB &Honeywell) to enter the new
market of home automation. In addition, many novel companies
emerge exclusively targeting the home automation market; examples
are Aizo/digitalStrom, Adhoco, EnOcean and Insteon. Some of these
companies have joined alliances, such as Z-Wave Alliance, ZigBee
Alliance, and Qivicon, to collaborate on cross vendor home automation
solutions.

Nonetheless, large-scale success of home automation has so far not
been achieved, it remains merely in the realm of DIY systems. One
possible reason is that currently available solutions in today's building
automation industry have been designed with the aim to solve a con-
ventional building control problem: minimisation of energy consump-
tion, while keeping the occupant comfort within the standard range
[44].

The occupant centred control (OCC) approach changes this focus to
achieving comfort specifically tailored to individual occupants, while
maximising the energy efficiency [45]. The OCC, therefore, can be
defined as a learning-based building control that detects occupant-
building interaction, learns the occupant's comfort needs, and auto-
matically adapts building services to these requirements. This control
strategy reduces the need for occupant's actions, achieves a level of
comfort specifically tailored to the occupant, and further improves
energy savings compared to conventional building control strategies.

This is illustrated by a lighting control study, where the control
system was able to learn occupant specific illuminance levels in each
office, based only on detection of the occupants using standard light
switches. After the learning phase, the control system was able to au-
tomatically provide the desired illuminance levels, without further ac-
tion from the occupant. During a 6-week study in 10 offices, energy
savings of 37.9% and 73.2% compared to a standard setting control
baseline and a worst-case scenario were achieved respectively [46,47].

In HiLo, a home automation system will be implemented to enable
research in the domain of occupant centred control (Fig. 19). This home
automation system will connect to all building services and will be
capable of steering the functionality of each component. Therefore, it
will allow researchers to manage experiments during the operation
phase of HiLo.

The home automation system will permit the following tasks:

1. Actively monitor the indoor and outdoor climate parameters and
occupant-building interaction;

2. Execute control algorithms on a central computer; and,
3. Send set point values to the building services.

In terms of the ASF, the home automation system will allow

Fig. 16. Exploded view of the ASF element with (a) photovoltaic panel, (b) panel adapter,
(c) junction box, (d) electronic shield, (e) soft pneumatic actuator, (f) cantilever, (g)
cable-net structure, and (h) PV power cables.

Fig. 17. Proof of concept prototype on the HoNR building.

Fig. 18. Prototype of the soft pneumatic actuator.
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monitoring of the facade performance, e.g. its influence on the opera-
tion of other building services, on the overall building energy effi-
ciency, as well as on the occupants' comfort, in real-world scenarios.

The HiLo apartment guests will be part of the experiments and their
feedback will be taken into account in building control algorithms. The
HiLo home automation system should be able to non-intrusively
monitor the occupant's location and the occupant's interaction with
building systems, such as adjustments of cooling/heating set points and
lighting levels.

It will be possible to test, evaluate, and improve building control
algorithms with different occupants in real-world scenarios, leading to
results that are directly applicable to the building automation industry.

5. Discussion and future work

As the funicular floor system has a significantly lower mass when
compared to traditional concrete floors, the sound insulation cap-
abilities of the system are to be further studied. In this regard, the floor
possesses an interesting advantage that can be exploited, it's stiffness.
Numerical experiments have shown that the double curvature of the
vault, as well as the fins, provide a significant amount of stiffness given
sound insulation in the lower frequency range [48]. These results are in
agreement with previous research [49–51]. The low frequencies are the
most problematic for lightweight building components.

The fire safety of the funicular floor system used in HiLo is guar-
anteed by a set of emergency sprinklers. However, the thinness of the
floor concrete elements leave it vulnerable to spalling. Further research
on this issue should be conducted.

The fabrication method for the floor is a double sided mould, fol-
lowing the successful completion of the first full-scale prototype
(Fig. 5). However, flexible and bespoke prefabrication solutions are
being developed for the floor, which would allow mass-customisation.

The thin concrete shell and the funicular floor are integrated with
TABS. At the concept stage, simulation was used to estimate thermal
performance based on design data. Experimental verification and
characterisation will be completed during the operational phase of
HiLo. This will serve as a basis for operational optimisation as well as
aiding future developments for highly efficient and integrated compo-
nents.

HiLo will be used as a ‘living laboratory’ and a building space where
occupants' locations and needs for comfort are detected and used for
control of building services. Once the apartment receives its first re-
sidents, performance of the control system can be monitored, verified
and improved. Besides the control of standard building services, we will
explore the effects the adaptive solar facade has on occupants' comfort
and the effects it has on the building energy balance.

6. Conclusions

HiLo seeks to address many challenges related to the building in-
dustry at large, including most prominently the issue of energy con-
sumption and production, and the drastic reduction of materials re-
quired to build. The energy concept of HiLo targets zero GHG emissions
and net-plus energy in operation, simultaneously exploring lightweight
structural systems. This was achieved by employing an integrated de-
sign approach that identified and analysed the key parameters of each
discipline at an early phase.

The floor system represents the most dramatic material savings
within a project whose stated goal is the severe reduction of required
materials. Through its funicular form, this structural system, cast in
concrete, achieves a thickness of only 20 mm for both the vault and fins.
This saves a significant volume of concrete material and weight com-
pared to traditional concrete floor slabs used in the construction of
frame buildings.

The roof goes beyond a shell with a singular function to simply span
or cover, to create instead a shell that is at once a structure and a fa-
cade. Its shape is heavily optimised to push the limits of what is possible
in concrete.

The structural optimisation that achieves very light concrete struc-
tures, presents an opportunity for low energy active cooling and heating
system. This paper presents how this opportunity is being addressed in
two integrated building components.

The adaptive solar facade consists of movable modular elements
that are mounted curtain-like in front of the facade, employing novel
soft pneumatic actuators. The elements provide solar energy genera-
tion, shading as well as controlling the opacity (privacy) and trans-
parency (views) of the facade.

All of the systems for interior climatisation as well as energy har-
vesting are controlled by a building automation system to optimally
balance between energy efficiency and user preferences, taking into
account available renewable energy, both from the building and the
district backbone. Adaptive learning algorithms facilitate the con-
tinuous improvement of the behaviour and thus the adaptation of the
building systems to their users and environments.

The innovations of HiLo will be implemented within the NEST de-
monstration platform. This provides for the testing and development of
these new ideas under real-life conditions and within a relatively short
timeframe from inception. It is expected that the precise synergy of
building systems, structure and high quality architectural design will
show that HiLo delivers on its name and ambition: High performance,
Low energy.
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Fig. 19. A possible realisation of HiLo Home Automation system.
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