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INTRODUCTION

1.1.

The smart living lab project is a pioneering, inter-disciplinary and inter-institutional
platform that combines several fields of research related to construction technolo-
gies. It aims to be a centre of national scope, recognized on an international level
and involving a variety of players and institutions. It brings together the skills of the
Ecole Polytechnique Fédérale de Lausanne (EPFL), the School of Engineering and
Architecture (HEIA-FR) and the University of Fribourg (UniFR) in the areas of tech-
nology and materials, as well as law and human sciences.

Following the relocation of Fribourg's Cardinal brewery in 2011, the industrial site
was acquired by the city and state of Fribourg to turn it into a technological park,
called blueFACTORY. This is the transforming site where the smart living building
(SLB) is intended to emerge. The blueFACTORY site has inherent qualities with its
proximity from the railway station. The neighbourhood offers a variety of destina-
tions of use with housing, offices, commercial areas, etc.

One of the smart living lab’s projects is the design and construction of its own build-
ing, which will be at the cutting edge of research and best practice on sustainability.
Before starting the construction of the smart living building, a preliminary research
called smart living building (SLB) research program has been set up, of which this
report is the executive summary. Its objective is to sum up the research findings
discovered in this frame, and to outline the way they can be used as fundamental
requirements into the future operational design brief. A yideo (Costa Grisel et al,
2016) enables a five-minute understanding of the purpose and scope of the research.
A glimpse of the program results is provided by an illustrated poster (Poncéty et al,
2016) which is linked to the following sections by references (i.e. 01-C corresponding
to Part 1 Why? of the poster, bubble C). The poster is available on the following link:
building2050.epfl.ch/poster. The detailed results have already been partly published
and should eventually represent about 20 peer reviewed conference papers and
journal articles.

1.2.

The SLB will be a multi-functional building (residential, offices and experimental
areas). The construction must correspond to the intermediary objectives set by the
2000-Watt Society model for the middle of the 21st century (hereafter called the 2050
objectives). These goals related to environmental impacts, are represented by three
main indicators, namely the cumulative energy demand (CED), the non-renewable

part of the CED (CED,,), and the global warming potential (GWP). These environmen-
tal performances?* should be reached without decreasing the users’ comfort and the
architectural quality. Thus, the research program has been set up to provide a better
understanding of the following issues (Jusselme, 2015c):

What are the objectives that could be defined regarding the per-
formance and quality that the building will have to reach?

Which are the architectural and technical strategies that should
be implemented to reach these objectives?

Which is the methodology that should be used to design and build
this ambitious and innovative building?

1.3.

The increasing number of necessary components and related techniques takes the
complexity of the building to a very high level. Climate change challenges in the
construction sector demand highly efficient buildings and require a full understand-
ing of the performances and interactions between all constituents. It is necessary to
identify them in order to optimise the major performance contributors (in terms of
CED, CED,, and GWP). A sensitivity analysis based on actual building construction
and operation allows for a global synthetic vision made up of groups of construction
elements, which are the vital organs of a building (Jusselme et al., 2015b).

These macro components simplify the understanding of the different mechanisms
that ensure overall performance and allow for the establishment of a strategy ena-
bling high-efficiency use of the available resources. The vital organs are necessary for
the performance of a building and have their own specific performances. The global
performance strategy is more accessible using a definition of vital organs, rather than
speaking about all components. It is believed that splitting a building into “organs”, as it
is proposed, has the advantage of probably being continued in the future, independent-
ly of the evolution of architecture, technological breakthroughs and changing user
habits. A vital organ performs well when it achieves its function with a low CO; content.

1SIA, 2011. SIA2040 / 2011 La voie SIA vers l'efficacité énergétique Building2050
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Figure 1 : Overview of the vital organs of a building

The envelope is the interface
between the external environment and
the user’s protected space. It is the rea-
son why we construct buildings: to pro-
tect ourselves from the environment.
The envelope is mainly composed of ex-
ternal walls and windows, slabs, the roof
and so forth.

Energy is necessary for
all buildings, and its availability is deter-
mined by the external context. The en-
ergy demand of the smart living build-
ing comes essentially from the need to
heat the living space and domestic hot
water, and from other requirements for
electricity.

The systems provide
comfort to users by means of heating,
ventilation, lighting and appliances.
They are located inside the building
and are powered by the energy supply.
Energy storage decouples the needs for

energy and its production. This subsys-
tem is seen as an efficient way to couple
the vital organs. It could be heat storage,
electricity storage, fuel storage, thermal
inertia storage, etc. The aim of such stor-
age is to better correlate energy needs
and a low-carbon energy supply.

The induced mobility of build-
ings has significant environmental im-
pacts. The location of the building in the
external environment is a major para-
meter of mobility, but architectural fea-
tures such as parking space for personal
transportation and energy supply for
mobility also affect this performance.

Knowledge
about user needs (in terms of usage
and comfort) is of prime importance in
order to create a usable and efficient
building. Usage intensity and its corre-
lation with low-carbon energy is a key
factor of this organ.

1.4.

The Kaya identity (01-A) is very useful to better identify the main drivers on which it is
necessary to work in order to reach the 2050 objectives. As illustrated by Figure 2, it
teaches us that there is a relationship between the GHG emissions, the global popu-
lation, the Gross Domestic Product (GDP), and the energy consumption that emit
these GHG. Understanding that the population (01-A2) and the GDP (01-A3) should
continue to grow till 2050, the remaining strategies consist in decreasing the energy
consumption generated by the GDP and to decrease the amount of GHG generated
by the energy consumption (Jusselme et al,, 2015a).

i %
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In the frame of this research program, the Kaya identity has been applied to build-

ings in Switzerland (Figure 3 and 01-B). It defines what will become the main experi-
mentations of this work, whose results are further detailed in section 2:

X _— X _—
S

Figure 2 : Kaya identity at world scale

The built area’s intensity of use. How to decrease the average
built surface area per capita? Doing that, is it possible to maintain
the comfort goals? (cf. 2.1. User environment strategies)

The efficient use of energy in the buildings. How to decrease
the energy consumption of the buildings? (cf. 2.2. Bioclimatic
strategies)

The carbon content of the energy consumption. How to better use
renewable energy? (cf. 2.3. Carbon based energy strategies)

Building2050
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Another part of the research was dedicated to the design process. The ambitious
performances (smart) expected from the building as a usable space (living) and a
research facility (lab) induced an interdisciplinary and multi-criteria approach. This
increases the number of design actors, fields of expertise, and at the end the com-
plexity of the design process. Thus, a specific work has been carried out to answer
the following questions, which results are further detailed in section 3:

Figure 3 : Kaya identity applied to buildings in Switzerland

Which is the design process that will allow performance, quality
and innovation? (cf. 3.1 The design process)

Which method would enable an easy integration of the 2050 ob-
jectives at the early design stage? (cf. 3.2 LCA in the early stages
of design)

There is not yet any validated masterplan of the blueFACTORY site, but researchers
and students have performed the first urban studies, and used them as an initial
frame to develop some SLB architectural feasibilities. It allowed them to detail the
building’s program with a projection of what could be the surface decomposition
(03-B) of the SLB. These drawings have been used as case studies for all the ener-
gy and environmental simulations performed in the frame of this work, but do not
pretend to be the real future building program as it is another undergoing process.

Following the main drivers identified by
the Kaya identity applied to buildings in
Switzerland, three main design strate-
gies were investigated through different
experimentations.

11
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2.1. USER ENVIRONMENT
STRATEGIES

The aim of the user environment strategy is to integrate and balance user
knowledge and the Building2050 objectives through a prototype that offers
a variety of workspaces (04-C1). In order to decrease GHG emissions, the ex-
perimentation intends to enhance its usage intensity and the flexibility of its
spaces (04-C3). However, existing methodologies to study space use are time
consuming and limited to qualitative methods, including observations, surveys
and interviews.

An appropriate balance between energy consumption and user requirements
needs to be found based on an understanding of the interrelations between user
behaviours (04-C2), building component design and the environmental impacts
of the building. In spite of the clear evidence of the use of a large number of fur-
niture and appliances in the daily life, none of the previous works have considered
them in the boundary of building LCA studies. In this experimentation, furniture
and appliances were included in the scope of the performance assessment.

Adopted approach for the SLB research program on user environment

In order to specify the building functionalities and surfaces (03-A), quantitative
and qualitative social studies have been performed (Maeder et al,, 2015).

First, a top-down study identified qualitative values relative to the project by
exploring the documentary production and the positions of the committees in-
volved. The top-down approach helped establish a conceptual base and build
a consensus regarding what were identified as the four key principles of the
smart living lab: cooperation, innovation, wellness and ecology.

Second, while many works on management and ergonomics explore the links
between the workplace and productivity, these studies are far fewer in the aca-
demic world, where the notion of productivity is harder to define. A bottom-up
approach, conducted in parallel, provided a quantitative analysis of the em-
ployees’ expectations, who will be those first affected by the building in terms
of layout and work environment. An online survey was set up, and the question-
naire was returned by 1,598 participants (03-D1; 03-D2; 03-C). This material led
to a better understanding of future users’ behaviour and comfort wishes.

(Verma etal, 2017)

In order to qualify the occupancy rate and space naviga-
tional pattern, a novel cost effective method, that is scalable
in terms of both the duration of the study and the number
of participants, has been proposed. Quantitatively accurate
knowledge was provided thanks to Bluetooth low energy sig-
nal strength analysis.

(Maeder et al, 2015)

* 94% of the future users want to control lighting, opening
windows, blinds and doors.

» 86% of the future users consider the view, luminosity, de-
sign and office-layout as important or very important.

(Hoxha et Jusselme 2017)

For a nearly net zero energy building, the furniture is respon-
sible for around 10% and appliances for 25% of the overall
building’s impacts of the global warming indicator.

a social database of user knowledge,

a prototype of the user environment,

a sociological method to assess the user comfort qualitatively,
a strategy to measure the real building intensity of use,

a set of recommendations or guidelines that can help de-
signers conceive the work spaces in the smart living building.

Building2050
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2.2. BIOCLIMATIC
STRATEGIES

The envelope, especially the glazing part and the side-effects induced on ven-
tilation and lighting are of major influence on the building’s environmental
impacts and user comfort (04-B3). To reduce the impacts of the facade itself,
it is important to work on the materials involved in the construction. On the
other side, to minimize the impacts related to the building’s consumption, it is
important to improve ventilation and daylighting, which have clear influences
on the facade’s design (04-B2).

Building Automation Systems (BAS) have been widely studied and have demon-
strated a significant energy-saving potential in many situations. Nevertheless,
advances in BAS technologies have typically been focused on primarily op-
timizing the trade-off between energy use and objective comfort and over-
looked the importance of the occupants’ interactive experience with their
environment.

Adopted approach for the SLB research program on bioclimatic strategies

A prototyped office space consisting of two rooms was designed and built. Com-
fort assessment and acceptability of the design solutions were investigated by
a user survey. Participants answered a questionnaire about their comfort per-
ception according to the operated ventilation, windows and shading (manually
or automatically) in these rooms.

In order to improve the operating consumption by storing internal or external
heat gains, thermal inertia is widely used as a bioclimatic strategy. Previous
studies highlighted the difference between the thermal behaviour results ob-
tained with tests on earth materials, like experiments in controlled climatic
chambers and real-world applications. In the literature, the potential of earth
as a bioclimatic lever has not yet been investigated in real conditions.

An application of Compressed Earth Bricks (CEB) has been used as a case study
to analyse the thermal behaviour of an earthen wall and the potential of cou-
pling it with night ventilation to stabilize temperatures and increase indoor
comfort. Results obtained in two different rooms, representative of lightweight
and heavyweight earthen construction, have been compared.

(Brambilla et al, 2016 2017b)
Inertia does not always provide environmental benefits. On
the contrary, embodied impacts of materials are often higher
than potential benefits.

(Brambilla et al,, 2017a).

Thanks to a pilot study, it has been shown that the perception

of control is positively correlated with the perceived comfort

and overall satisfaction.

« The general preferences for low-tech conditions seem to
have psychological reasons, since only few participants
who reported higher satisfaction in low-tech conditions
exercised their choice to change the configuration of win-
dows or shadings.

The observed spectrum of (reported) satisfaction level was
found to be more dispersed in the high-tech conditions as
in the low-tech conditions.

(Brambilla et al., 2017c)
The contribution of CEB walls to the passive cooling strategy
in office buildings, according to different ventilation scenarios
has been quantified.

Building2050
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2.3. CARBON BASED
ENERGY STRATEGIES

The objective of this research was to synchronize a low-environmental-impact
electricity supply and the building’s electricity consumption.

Nowadays it is still of common practice to use yearly-averaged values of elec-
tricity impact factors for LCA. It is also well accepted to size and design renew-
able and storage energy system on the basis of an annual energy balance (e.g.
NZEB). Demand side management is usually considered as an important lever
for energy peak shaving.

Adopted approach for the SLB research program on carbon based energy

This research effort represents the first attempt to assess impact factors (CED,
CED,, GWP) for the Swiss grid at an hourly time step, during a whole year. The
influence of their differences as well as the resulting patterns in the temporal
evolution of these impact factors have been investigated.

The dynamic environmental footprints of the electricity available from the
grid was here compared to the ones that could be produced or stored on-site.
This comparison is meant to be used as a decision tool, to design a perform-
ing building energy system that will guarantee positive resource payback time.
The potential of a carbon-based electric load shifting has been proposed for
GHG emission mitigation at the building level. The assessment results - still
under investigation - will indicate if such a strategy is efficient.

(Vuarnoz et al., 2017)

Based on the obtained output data, CO, emissions of a given
case study exhibit a difference of 4%, depending on if they
are assessed with mean annual or hourly emission factors.
Therefore, a discrimination of the CO, content of the grid
electricity has been proposed, regarding the different energy
needs of the building in Switzerland.

(Vuarnoz et al, 2016)

A novel energy strategy to operate buildings according
to the carbon footprint of the available energy has been
proposed. Its energy and environmental performance are
assessed by a holistic and versatile modelling framework,
which allows the simulation of a building energy system at
the hourly time step.

Offices have lower potential of GHG mitigation by load shift
than dwellings and the most effective period is the winter time.

(Nembrini et al., 2017)
Communication with the users is the key component for ena-
bling carbon-based load shift.

Building2050
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3.1. THE DESIGN PROCESS
| H E The current building production process in Switzerland is defined by SIA pro-
. cedures, which propose the architectural competition as the main means to re-

spond to a fixed brief and to reach architectural quality. The decision is quickly

made by a heterogeneous jury, which does not share evaluation criteria and
does not have proper tools to check technical performance. SIA procedures do
not specify the type of collaboration between different stakeholders, especial-
ly architects and engineers’ collaboration, which is a key factor for reaching
both the architectural qualities and environmental performance objectives of
the smart living building.

Adopted approach for the SLB research program on design process

The definition of a building process for the smart living building, taking into
account the environmental performance, the program, the urban context and
the future users has been studied. The research hypothesis — the architectural
quality of the future smart living lab building is influenced by its production
process throughout its entire life cycle — has been converted into a main issue:
how to reach simultaneously architectural qualities, user comfort and an envi-
ronmental performance?

(Radu et al,, 2016).
An iterative and incremental brief is proposed to improve
the RIBA model by gradually introducing the criteria of ar-
chitectural qualities and environmental performance, and by

allowing users to specify their needs.

Collaborative conception phases (test studies and prelimi-
nary design) between several studios, organized in thematic
sequences that allow a continuous evaluation of design pro-
T — posals and the appropriation of a low carbon tool (ELSA) is

proposed.

Building2050 19
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3.2. LCAIN THE EARLY
STAGES OF DESIGN

To face climate change, GHG emission targets will be set worldwide for the built
environment, one of its major contributors. As a result, Life-Cycle Assessment
(LCA) will become an important driver in the building design stakeholders’ de-
cisions, for increasing the operating performance while minimizing embodied
impacts. However, the integration of LCA to the design process adds a high de-
gree of complexity (05-B3). In addition, it allows assessing the environmental
performance but does not help finding design alternatives. New techniques
such as design solutions exploration methods are promising tools to under-
stand general performance trends, and to increase the usability of the results,
but have not been applied to LCA so far. One of the challenges to face is that
- due to the high number of parameters involved in GHG emission assessment
in buildings - it is currently impossible to investigate all the design solutions in
a reasonable computational time.

Adopted approach for the SLB research program on early stage LCA

A unique exploration method enabling to integrate lifecycle performance at
early design stages has been developed through this research program and
translated into an operating prototype named ELSA, which stands for Explora-
tion tool for Sustainable Architecture (elsa.epfl.ch).

This was made possible through an original combination of different tech-
niques, developed towards this end: a variation of analytical target cascad-
ing methodology, which needed to be adapted to the building scale (01-D),
parametric simulations (05-B4) and sensitivity analyses (05-B6). The proposed
approach aims to appraise design alternatives instantaneously by highlighting
the environmental consequences of architectural choices using specific data
visualization techniques (05-B7).

(Jusselme et al,, 2017)

It is impossible to apply an exploration method to LCA in a rea-
sonable computational time without its adaptation. A work-
flow coupling different techniques (LCA, exploration method,
sensitivity analysis and target cascading) has been proposed
as a new LCA-based data-driven design method.

(Jusselme et al, 2016)

A workflow has been prototyped as a web graphical interface
and demonstrated the ability of the method to provide low
carbon design alternatives.

(Cozza et al,, 2017)

A first pilot study with architecture students gave significant
results about the prototype operability and proposed recom-
mendations for assessing usability of building performance
simulation tools.

(Hoxha et al, 201¢6)

Impact targets for the Swiss context are defined by apply-
ing the target cascading approach to the smart living build-
ing, which aims at reaching the 2050 goals of the 2000-watt
society vision.

Building2050
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TEN KEY
REC

OMMEN-
DATIONS

To facilitate the transition towards the operatio-
nal phase, ten key recommendations have been ex-
tracted from the research program. They will have
to be further specified in order to become part of
the future design brief. Some of these topics are
directly extracted from the findings of the smart
living research program. Others came from the lit-
erature. They do not pretend to be exhaustive, but
mandatory according to the SLB objectives.
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1.

Innovation and quality are directly
linked to the design process. A “learn-
ing by doing” process (05-A3) is rec-
ommended to enable stakeholders to
follow the path towards these goals. It
requires frequent upgrades of the de-
sign brief, following the project’s stage
of knowledge.

2.

To construct a low-carbon and low-en-
ergy building, LCA is mandatory from
the early design stage (05-B2) to the
building operational phase. At an early
design stage: parametric assessment,
sensitivity analysis and target cascad-
ing should be used to address the low
detail resolution issues. During the op-
erative stage: environmental impacts
as specific as possible to the product
system should be used (real nature of
the implemented materials, and ener-
gy sources) with an hourly step assess-
ment of the energy flows.

3.

Scope: The building’s performance as-
sessment should consider its embodied
and operative impacts from cradle to
grave, including all components in the
perimeter of the building’s envelope
(e.g. furniture and appliances that
could represent up to 30% of the GWP
impact).

Targets: The building will have to reach
the SIA2040 objectives (SIA, 2011). Its

performance will be measured follow-
ing two different approaches, with cor-
responding units:
[kg CO;-eq.m?/year] and [kWhep.
m?/year] to address the norms and
common practice

[kg CO.-eq. FTE /year] and [kWhep.

FTE /year] to assess the intensity of

use measured in FTE
Due to uncertainty, the 2050 targets
should be reduced by 20% at the early
design stage. This performance should
be analysed at yearly steps over the
lifetime of the building from 0 to 100
years.

4.

The design process should be user-cen-
tred, considering the requirements and
preferences of the specific population
(referring to the survey and the users’ ex-
periment). The office dimensions should
not exceed 4 to 6 occupants; however,
the variability of indoor environment is
essential to assure a higher acceptance
of densification. Indoor environment
should be monitored. With building au-
tomation, manual override must be im-
plemented. In addition, enhancing users’
connections to the outside environment
has been proved essential.

5.

An interactive protocol of communi-
cation between users and the building
must be implemented. It is important to
inform users about the best way of using
the building to meet the environmental
targets, instead of automation only. Real
time monitoring is also necessary to ad-
just buildings’ performances.

6.

In order to improve the building’s envi-
ronmental performance, the evolution
of its usability has to be taken into con-
sideration. The building should be able
to be upgraded according to new needs
over time, like new ways of working or
living. Moreover, technical installations
must be easily accessible and well doc-
umented for future modifications, while
technologies implemented for flexibil-
ity should be avoided as most of them
are never used. A flexible use of space
cannot be ensured by the building’s flex-
ibility only. A smart management of hu-
man resources will also be essential to
achieve this goal.

7.

Computers and electronic equipment
account for an important part of the
embodied impact (more than 20% of the
GWP of the building). For this reason, it
is very important to set up an efficient
strategy for the IT systems, e.g. reduc-
ing the number of monitors, preferring
laptop vs. workstations, preferring soft-
phone VolP rather than IP phone...

The IT strategy is also crucial for the
flexibility of the space to enable work-
place sharing. A proper IT management
is mandatory to have compatible mate-
rial between different institutions (dock
station, network...).

8.

A wide range of technological systems
and architectural solutions can be used

to reach the CED, CED,, and GWP ob-
jectives for the year 2050. A priori no
materials or systems are forbidden in
the future building, if the inefficiency of
some materials and techniques is cor-
rectly balanced by the efficiency of the
others in a smart combination. The use
of tools like ELSA is suggested to under-
stand which are the right combinations
and how the elements influence each
others’ results.

9.

Energy storage should be integrated in
the building’s energy system in order to
increase the onsite use of renewable en-
ergy and not to maximise energy exports
to the grid. Adequate dimensioning
of the renewable and storage energy
system should be determined by clear
given objectives (e.g. NZEB, building
autonomy, ..) and must be endorsed
by LCA to confirm the respect of given
targets.

The LCA balance should integrate im-
pact factors of energy sources as close
as possible to reality, and energy ex-
ports towards the grid must be account-
ed in an appropriate and detailed meth-
od shared by all stakeholders.

10.

Offices represent 6% of the GHG emis-
sions in Switzerland, compared to 50%
due to housing. Therefore, the smart
living lab researchers should address
housing issues through the building fa-
cilities themselves.

Building2050
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5. CONCLUSION

The smart living building research program was a preliminary step towards the

construction of the future smart living building. It involved researchers within an
inter-disciplinary and multi-criteria approach. Thanks to the program, three major
outcomes have been identified:

+ The knowledge level of the smart living lab stakeholders has
been significantly improved regarding user’s needs, building ener-
gy performance, low carbon strategies and architectural quality.

+ The specific research findings have been published and will at a
larger scale benefit the scientific community.

+ The experimentations performed in the frame of the research
program have outlined the potential of the smart living building
to be a research facility itself.

The holistic nature of this research scope induces many opportunities of cutting-edge

topics. The interdisciplinary and inter-institutional collaboration within the smart
living lab must be maintained or even improved for further successful research.

Towards the operational phase of the SLB, the program results must now be trans-
lated into a specific design brief based on the research findings, the ten fundamental
topics and the five vital organs.

More than 30 researchers, 80 practitioners and 20 international experts were involved
in this program. Indeed, more than these results, the research program initiated the
research activities of the smart living lab. It allows the stakeholders to share a new
culture and language through common researches.
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