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productivity. This article takes a step further to analyse how the use of Sustainable buildings;
efficient interior design techniques can impact the habitable space in building design; smart
order to improve building sustainability in land use. Smart interior interior design; sustainability
design, a current trend related to the use of efficient and flexible assessment; land use
furniture and movable walls in tiny or compact apartments, is analysed.
A building with a standard design is used as a case study reference
building and compared to a proposed theoretical design alternative
using smart interior design techniques. In order to correctly assess
sustainability performance, a quantifiable and verified method is used.
Results showed that the use of smart interior design techniques can
greatly reduce buildings’ impact on the environment.

Introduction

Nowadays society is facing several environmental and societal problems. One solution has been to
improve the sustainability of the built environment with the green building movement. However,
architectural and interior designs are often undervalued as activities with influence in promoting
building sustainability. Nevertheless, several authors associate interior design to several key sustain-
ability issues, such as energy consumption, indoor air quality (Lee, 2012; Sorrento, 2012), the selection
of sustainable materials (McCoy, 2012) and daylight (Day, Theodorson, & Van Den Wymelenberg,
2012). Sorrento (2012) also points out that the user requirements, health, safety, welfare and pro-
ductivity are the concern of the interior designer (Sorrento, 2012), strengthening the connection
between interior design and sustainability goals. McCoy goes further asserting that almost all
topics or subjects relating to interior design have a direct relationship with sustainability (McCoy,
2012).

Interior design directly affects constructed areas and it is somehow common sense that buildings
adopting diverse strategies for the interior design make them more or less spacious. The size, the
amount and the arrangement of the compartments inside buildings, together with the predicted
occupancy of the building, influences the building performance regarding land use (Barbosa,
Araudjo, Mateus, & Braganca, 2015). Nevertheless, no studies were found connecting the interior
design to land use, which is surprising considering the impact of the design on the living spaces
from the point of view of the size and density of buildings.

It is important to design buildings taking into consideration the impact on land use since this is a
key aspect to consider in the design of sustainable buildings. This is due to the rapid increase in popu-
lation living in urban environments aggravated by poor urban planning. In consequence, urban
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sprawl (proliferation of low-density urban areas in the limits of cities) is occurring in most cities of the
world (Amado & Ribeiro, 2011; Arribas-Bel, Nijkamp, & Scholten, 2010; Barbosa, Braganca, & Mateus,
2014a, 2014b; Habibi & Asadi, 2011; Halleux, Marcinczak, & van der Krabben, 2012).

In order to be able to design high-performance buildings regarding land use, it is first necessary to
be able to quantify buildings’ performance. This way, it is possible to compare different solutions in
order to select the best ones (Barbosa et al., 2014a). Considering a previous study (Barbosa et al.,
2014a), a new assessment method was developed indicating that buildings have better performance
the higher the values of functional area (FA) and the number of occupants and the lower the values of
the gross floor area (GFA), the building footprint and the allotment area (AA) (Barbosa et al., 2014a).
The trend is to build buildings with high spatial efficiency (SE) and high density (in construction and in
population).

The argument is that it is possible to improve building sustainability by implementing the concept
of smart interior design. Smart interior design can be defined as the use of techniques to increase
flexibility of building compartments in order to reduce the amount of constructed areas while main-
taining the necessary requirements. These techniques improve the flexibility and adaptability of
buildings by increasing the number of possible uses of building compartments over time. These
additional functions eliminate the need for additional compartments and allow reducing the area
of buildings, while maintaining or even increasing functionality and possibly comfort. At the same
time, smart interior design has other co-benefits since it allows reducing the need for construction
materials, the production of wastes and the energy consumption for building climatisation, promot-
ing sustainability.

This work studies smart interior design solutions, such as efficient and adaptable furniture,
movable walls, and other space-saving techniques and their relation to land-use efficiency (LUE) of
buildings. These solutions are tested by the comparison of an existing building to a proposed theor-
etical design alternative. The comparison is done using quantifiable calculation methods.

Smart interior design techniques and implications
Examples of smart interior design in buildings

It is in the early design stages that building solutions should be predicted to increase buildings sus-
tainability levels (Braganga, Vieira, & Andrade, 2014). Generally, furniture size and weight makes the
adaptation of compartments very difficult because the pieces are hard to move or replace. Usually,
the selection of furniture is ignored in the design of conventional buildings. As an example, bedrooms
are hardly able to be transformed into other functions because conventional beds, wardrobes and
commodes are difficult to move. One possible solution for this is the use of smart interior design tech-
niques such as highly efficient and adaptable furniture. This sort of space-saving furniture enables
occupants, for example, to rotate and hide horizontal surfaces such as beds and tables to vertical pos-
itions against walls with little effort, allowing the easy transformation of building compartments.
Adaptable furniture is often associated with efficient storage techniques, such as hidden shelves
and drawers inside walls, floors, stairs or furniture pieces, allowing a reduction in the area of compart-
ments and better organisation of space. Other examples of these techniques are chairs and tables
that are foldable into smaller pieces which are easier to store and to deploy. These techniques
make building compartments dedicated to storage unnecessary.

Although this kind of furniture is not yet widely common, there are some cases using space-saving
furniture, such as the case of the Lego Style Apartment (Faircompanies, 2011), in which designers
planned the use of adaptable furniture and very efficient storage in a 26 m? apartment with all
the functions of a standard apartment (Figure 1(a)). Another example is the case of the Popup Inter-
active Apartment, developed at the Technical University of Delft (Figure 1(b)), in which the furniture is
made of thin plane elements that are hidden behind walls and slide using mechanical devices under
the floor, getting the desired and final shape in specific positions of the apartment (Designboom,
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Figure 1. Examples of the use of efficient furniture: (a) Lego Style Apartment (Faircompanies, 2011); (b) Popup Interactive Apart-
ment (Designboom, 2013b).

2013b). These examples show that it is possible to use several space-saving techniques to reduce con-
structed areas and also address difficulties in adapting compartments due to the inertia of the
furniture.

Another issue regarding the adaptation of building compartments is the limitation caused by the
existence of static walls, which confine the compartments to a fixed state and area. It is complicated
to adapt a compartment to a certain function that normally needs a minimum floor area to one with
less than that amount. One solution is the use of movable or operable partition walls (Figure 2). These
solutions make it possible to change the configuration of apartments according to user requirements.
One possible use of movable partition walls is the transformation of two bedrooms, which could be
combined by removing the dividing wall to make a bigger room, living room or even an office. In a
conventional apartment the two bedrooms would have the same function permanently, being unoc-
cupied during most of the day. But in an apartment using these systems the two bedrooms could be
transformed according to the occupants needs. Considering this, apartment occupants may possibly
not need a permanent compartment for the living room and therefore less floor area would be
required. Movable walls, besides allowing them to be folded or unfolded relatively quickly, can still
deliver high acoustic and thermal proprieties and can even hold doors and windows.

The Changing Places Group of the Massachusetts Institute of Technology (MIT) Media Lab has
been performing research about techniques to apply the concepts of adaptable compartments to
modern buildings. The CityHome Project develops and tests solutions to reduce the area of compart-
ments using several space-saving techniques combining adaptable and efficient furniture to trans-
formable and movable walls and home automation, creating truly easy to use transformable

Figure 2. Example of removable partition wall (Dividers, 2014).
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Figure 3. Examples of different layouts of apartment in project CityHome of MIT Changing Places Group (MIT, 2014).

spaces (MIT, 2014). Figure 3 presents 4 out of 10 possible layouts of the same apartment using Robo-
Walls and efficient furniture design that allow changing the number and area of compartments
according to the desires of the occupants. These layouts are not static; all use the same elements
that change places and forms over the course of the day (MIT, 2014).

There are some examples of the application of RoboWalls. Figure 4(a) and 4(b) shows the
application of these concepts in an existing apartment referred to as the Morphing Apartment,

(a) (b)

Figure 4. Examples of the use of RoboWalls and adaptable furniture (Designboom, 2013a; Faircompanies, 2012).
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Figure 5. Transformation of a bedroom into a living room using the Yo! Home concept (Woodroffe, 2012).

which is similar to the Lego Style Apartment using adaptable and efficient furniture. It is fully
functional in just 39 m?, but also uses a RoboWall to divide the main compartment of the apart-
ment, transforming two rooms into a bigger living room (Faircompanies, 2012). The same strat-
egy is used by architect Gary Chang in his own apartment in Hong Kong, in which he uses sliding
walls with automated mechanisms and embedded adaptable furniture to create a multi-use
apartment consisting of 24 rooms in just 30 m? (Figure 4(c) and 4(d)) (Designboom, 2013a).

This trend related to the use of smart interior design to improve quality of small spaces can be
further confirmed by the concept of the Yo! Home (Woodroffe, 2012). Yo! Home was developed in
the UK by Simon Woodroffe and consists of an apartment, typically between 40 and 75 m?, in
which a system of counterweights and hydraulic mechanisms are used to transform a single space
into several different rooms. The system innovates by using moveable floors that can be raised to
reveal new compartment types, transforming the apartment over the course of the day to suit occu-
pant needs (Figure 5).

Smart interior design and LUE

To be able to predict the implications of smart interior design on land use, it is first necessary to be
able to quantify the building’s impact on land use. Considering a previous study (Barbosa et al.,
2014a) an index was developed for the assessment of LUE of buildings (Barbosa et al., 2014a). The
calculation method suggests that the habitable area and the number of occupants are important
to LUE. The calculation method and the definitions of the variables are described as:

FA x OC

LUE= ———F—F—. 1
v GFA x IA x AA )

o Gross Floor Area (GFA): It is the area of the total surface of the building, measured by the external
perimeter of exterior walls and includes balconies.

o Functional Area (FA): It is the area of all compartments of the building, measured by the internal
perimeter of external walls, not including internal walls, ducts, vestibules, interior corridors, bath-
rooms, storage areas, other compartments of similar function and closets in the walls.

o Allotment Area (AA): Area of terrain, resulting from an allotment operation approved under the
current legislation.

e Implantation Area or Deployment Area (IA): Area resulting from vertical projection of the building
in a horizontal plan, measured by the external perimeter of exterior walls, including basements
and attachments, excluding balconies, parapets, peaks, eaves and porches.

e Number of Occupants (OC): Predicted number of occupants of the building.

Considering this index, buildings will perform better the higher the values for the relation between
FA and GFA (SE) and also for the number of occupants of the building. Lower values for the area of the
building footprint and the empty areas in the allotment would also improve the buildings impact on
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land use. Consequently, in order to improve LUE, buildings should have high density regarding both
the constructed areas and the occupants’ density. High-rise buildings seems to be a viable solution,
but several authors have expressed concerns about the height limit for buildings to be considered
sustainable (van den Dobbelsteen & de Wilde, 2004; Rovers, 2008). Super-tall buildings, therefore,
may not be a responsible solution to sustainability.

The implementation of solutions of smart interior design such as the ones proposed earlier
would have a direct impact on the results obtained by the application of the equation. Space-
saving solutions would increase the SE of the building, caused by a better arrangement of the
spaces and consequent reduction of non-FAs. At the same time, there would be a reduction of
the buildings GFA, since the buildings require less area. In consequence, the buildings IA and con-
sequently the AA could also be reduced. Taking this in consideration, it can be argued that the
implementation of solutions of smart interior design would promote buildings with increased
LUE. As Rovers (Rovers et al, 2011) put it, “every square meter in the system area must be
evaluated”.

Possible drawbacks of smart interior design

One possible disadvantage of smart interior design is the possibility of discomfort due to the
reduction of the habitable space. It is still necessary to perform comfort and social studies, real
size tests supported with questionnaires and interviews to analyse the response of building occu-
pants to this new concept of building design. Regarding the apartment transformation techniques,
one possible problem is the discomfort in the need to transform the apartment over the course of
the day, which is not instantaneous. Nevertheless, the transformation of the compartment can be
done relatively fast using electric motors in the RoboWalls in response to voice commands, mobile
phone or computer instructions. The systems can also be handled manually (with little physical
effort) in case of energy outage or if it is the occupants desire to operate them in this way.
Another challenge is that the automated mechanisms rely on the tidiness of the apartment since
there cannot be elements obstructing the free arrangement of the furniture. The mechanisms
would need to be correctly programmed with safety measures and communication methods with
the occupants. For example, if one wall was obstructed by an object on the ground, the mechanism
would not allow the wall to slide and it would communicate with the occupants asking them to
remove the object. Sensoring would become an important factor to allow a live response from the
mechanisms in case of obstacle detection, collision with objects or detection of possible object
falls from shelves during the movement of walls. One significant challenge is to allow the user-
friendly transformation of the apartment to be very fast and without major effort by the occupants.
The objective is to increase the functionality of the living space without reducing the comfort levels of
the occupants.

There are many other aspects to consider regarding the proposed techniques for smart
interior design. For example, the durability of the materials and mechanisms was never tested
and the existing cases are still very recent. Additionally, there is no knowledge about the main-
tenance requirements of these systems compared to standard buildings. Also a comparative life
cycle assessment study should be made to analyse the difference in environmental impacts
between buildings using smart interior design techniques and buildings with standard design.
Nevertheless, following a top-down approach in which each topic is addressed separately accord-
ing to the associated impacts (Lltzkendorf et al, 2012) focuses only on proving the argument
that it is possible to improve buildings’ impact on land use using smart interior design tech-
niques. The use of materials for the mechanical devices may also bring some implications for
land use regarding the extraction of raw materials. However, these may be compensated due
to the reduced need for construction materials in buildings using smart interior design
techniques.
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Comparison between standard buildings and buildings using smart interior design
techniques

Methodology

To test the argument that the use of solutions of smart interior design and space-saving techniques
can increase LUE, this work considers these innovative concepts in the development of an alternative
design for an existing residential building. In this case a residential building was used for the com-
parison, but the same strategy may be used in any type of building in which it is possible to
implement smart interior design features. The design alternative was designed taking into consider-
ation the same number of apartments and the same vertical circulation system (stairs and elevators)
as the original building. Changes were made only to the interior design of the apartments, which
thanks to the use of smart interior design features, required less area compared to the reference
building. It was then possible to compare the performance of the original design and the alternative
using the calculation methods described earlier. It is important to state that while the technologies
used in the design of the alternative are available; the alternative building design only exists as a
theoretical design developed for the purpose of this research.

Description of case study

The case study building is an existing five-storey residential building near the city of Porto in Portugal
(Figure 6). The building is composed by four aggregated blocks of two apartments with similar design.
For each group of two apartments in each block, the living rooms and the kitchens are very similar. All
apartments have a kitchen and a living room at the south facade and rooms in the north facade, with
bathrooms in the centre. The difference between the two apartments in each group is that one apartment
has three bedrooms and two bathrooms and the other has two bedrooms and one bathroom. This build-
ing can be considered a standard building from the point of view of the interior design since all building
functions are located in a dedicated and exclusive compartment and it uses common pieces of furniture.
Considering this, the standard interior design of this building can be considered representative of most
existing residential buildings, independently of the layout of the compartments.

Development of the design alternative

The proposed design for the building implementing space-saving techniques is presented in Figure 7.
This design alternative uses RoboWalls similar to those used in the case of the Morphing Apartment,
but it also uses other techniques, such as efficient furniture, folding walls, embedded sliding doors
and home automation. The layout of the design alternative is similar for all apartments of the building
and consists of two main compartments, the first consists of two bathrooms in the north facade and
the second is a single transformable compartment with roughly 33 m? at the south. This

Figure 6. Original layout of case study building.
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Figure 7. New building layout of case study using several space-saving techniques and having several design possibilities in each
apartment.

compartment allows the apartments to be transformed throughout the day in response to the occu-
pants’ desires. In consequence, the area of each apartment was reduced from an average of 90 m? in
the original building to 42.4 m? in the design alternative. Figure 7 (same scale as Figure 6) shows
some possible transformations of the apartments, which can range from 3 bedrooms and 1
kitchen to a single compartment working as a big dining room with space for almost 15 persons.
There are four separate RoboWalls and two folding walls, which provide a large number of combi-
nations for the interior design of the compartment. The new layout provides two bathrooms and
three bedrooms, one of them with a double bed and a private bathroom. Compared to the original
design there is one extra bedroom and one extra bathroom for each group of two apartments. The
GFA of each group of two apartments, including the vertical circulation elements is 234 m? for the
original design and 129 m? for the new design.

Performance assessment and comparison of results

To compare the performance of the original design of the building to the new design alternative, the
variables of the equation of LUE were measured. The values of the measurements, as well as the
results of the calculation of LUE are presented in Table 1.

The new design alternative showed a reduction in the IA and in the GFA of about 45%. The FA was
reduced by 54%, while there was a 14% increase in the number of occupants. It is possible to con-
clude that the design alternative, using smart interior design and space-saving techniques, has a
higher value for LUE (5,54 E"% oc/m®*) when compared to the case study building with standard
design (3,44 E"° oc/m*), which indicates better performance than the existing building of about
60%. This calculation considers the same AA for both cases. But considering that the IA was
reduced from 925 to 513 m?, it could be considered that the AA could also be reduced to maintain
the same proportion to the IAs. If it is considered a proportional reduction (45%) in the AA (from 2580
to 1431 m?), the value of LUE for the new design would be 9,98 E~°° oc/m*, which represents a sub-
stantial increase (third column in Table 1). One aspect that is important to mention is that the area of
the RoboWalls and other adaptable furniture predicted in the design alternative was considered in
the measurement of the FA of the new design alternative. This amount has some influence, since
RoboWalls have a predicted thickness of 20 cm to add to the 30 cm of furniture thickness in the
wall from which beds are set and additional 20 cm storage furniture around the rest of the apartment

Table 1. Calculation data from the original building and the new layout.

New layout (considering reduced  Original layout (considering furniture area in

Original layout New layout AA) calculation of FA)
AA: 2580 m? AA: 2580 m? AA: 1431 m? AA: 2580 m?

IA: 925 m? IA: 513 m? IA: 513 m? IA: 925 m?

GFA: 4751 m? GFA: 2688 m? GFA: 2688 m? GFA: 4751 m?

FA: 2786 m? FA: 1231 m? FA: 1231 m? FA: 2360 m?

0OC: 140 oc 0C: 160 oc 0OC: 160 oc OC: 140 oc

LliE =344 E%0c/ LUE=554 E% oc/ LUE =9,98 E~% oc/m* LUE = 2,91 E=% oc/m*

m m*



Rectangle



ARCHITECTURAL ENGINEERING AND DESIGN MANAGEMENT . 9

(except the kitchen). In the original design, the area of the furniture was not considered in the
measurement of FA. If furniture (such as beds, nightstands, commodes, sofas and tables) in the orig-
inal design was accounted for, the calculated FA would be 2360 m? (a loss of about 20 m? for each
group of 2 apartments), which would reduce the value of LUE of the original building to 2,91 E™°> oc/
m? (fourth column in Table 1). This means that from a conventional building to one using smart
interior design techniques, the LUE can be improved by a factor of three or more (from 2,91 E~%
oc/m” in the original design to 9,98 E~% oc/m* in the design alternative).

Conclusions

Results obtained by the assessment of LUE of the original building and a proposed design alternative
using smart interior design features indicate that the design alternative is better than the original.
Considering this, it is possible to conclude that the interior design of buildings can affect land use
and that the use of smart interior design techniques can greatly improve building sustainability.
The potential savings are significant, not only regarding LUE, as demonstrated in this work, but
also in other environmental impacts. For example, with a reduction in the GFA, smart interior
design techniques would allow buildings to consume less building materials. Considering also the
overall weight reduction of the building it may be possible in some situations to also reduce the
size of the structural elements. Moreover, the reduction in the interior volume of the buildings
would reduce the energy needed for thermal comfort, air circulation and lightning. However, the
use of automated systems to transform the compartments of the building may potentially increase
the initial cost of the building. Additional initial costs can be compensated by the reduced costs in
building materials and the lower costs associated with reduced energy consumption of the building
when viewed in a whole life context. Moreover, as these systems become more common and start to
be produced on an industrial scale they will, no doubt, become less expensive.

There are challenges for the implementation of smart interior design techniques related to the
mechanisms and technologies and also to the comfort of the occupants. Nevertheless, the matu-
ration of these systems will eventually solve the technical issues and as people become used to
this new concept the conditions for easier implementation would be created. The examples provided
and the design alternative developed in this work may be extreme cases among many possibilities of
the combination of movable walls, adaptable and efficient furniture and other space-saving tech-
niques. Probably a mid-term alternative would be more easily accepted by the general public and
at the same time still reduce buildings’ impact on the environment. Nonetheless, the objective of
this work was to demonstrate mathematically that these space-saving techniques could increase
the sustainability of the built environment by increasing LUE.

Smart interior design techniques may be a viable solution for small apartments existing in big
cities where the prices are very high and in which compact apartments are becoming more common-
place. With the increasing necessity to reduce the environmental footprint of the construction sector
the techniques presented in this work provide a viable alternative to more conventional practices.
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