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Foreword

The organization of the 35" PLEA Conference has been an enormous challenge. The unprecedented
circumstances that preceded it required flexible and, at the same time, determined decision
making. Once finished, we hope that PLEA 2020 becomes a landmark in the longstanding and
unique trajectory of PLEA. It has been its first virtual Conference; arguably, the one with the lowest
carbon footprint (which is being calculated by some participants). The organizational expenses
were lower than those for a physical conference, which allowed for a substantial reduction in the
participation fees. According to the participants’ comments and feedback, the event was quite
satisfactory. The environment was, overall, dynamic and engaging, the debate was fluid and there
were numerous opportunities for interaction, considering the limitations. The high quality of the
technical presentations was one of the most important factors, as they kept ongoing attention
during the three days. The keynote speakers brought fresh and diverse ideas to the discussion. The
roundtables were often enriched with the comments and remarks from the participants, enhancing
direct interaction with the speakers as well as among themselves.

On the other hand, it was a little disappointing that we couldn’t share the experience of A Coruiia’s
city life or the beautiful Galician landscapes with the PLEA community. As much as we and the
environment can benefit from virtual events there are certain opportunities (immersion in other
culture, casual encounters during coffee breaks...) that require physical presence. It seems likely
that a balance between virtual and face to face meetings is to be found in future events. We hope
we can host such an event in A Corufia after the pandemic is over.

The central theme of PLEA 2020 was the Post Carbon City. When the potential subjects to be
addressed in the conference were first discussed, most of the topics were related to energy
efficiency, ventilation, comfort, daylight, mobility, microclimate or materials...However, in our
opening statement we also proposed a paradigm shift to start designing “the cities we want in
the future, to construct utopian visions in which urban progress is based on ecology, equality
and wellness”. A few months later we find ourselves studying how buildings and cities influence
wellness and disease. Some widely established assumptions about sustainable urban models need
to be revaluated according to a new set of criteria, which in some cases may contravene the rules
of efficiency. However, the need for high quality indoor and outdoor environments will be strongly
reinforced after this episode. People staying at home during lockdowns, quarantines or due to
remote working create new scenarios and demand greater flexibility and performance in domestic
environments. The provision of comfortable outdoor spaces where social interaction is safer during
the epidemic has led to a number of cities taken unprecedented measures. This could be a unique
opportunity to set up the urban agenda for the forthcoming climatic challenges. Quoting the PLEA
2020 Award acceptance speech by prof. José Farifia “We are already in a period of urgency and it
is necessary to act”.

A number of articles presented in the Conference have showcased novel methodologies, from

data mining to machine learning, while other papers relied on well-established methods, such as
field observations and measurements, physical prototypes or computer simulations carried out
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by a wide array of software tools. Overall, reviewers seemed to praise those proposals with a
clear potential to be implemented, regardless of their methodology. By contrast, very specific case
studies that offered little insights beyond the case at hand or established knowledge tended to
be penalized. Half of the awarded and commended papers and posters addressed urban aspects
(the microclimatic effect of vegetation, temporary urban interventions, the value of urban nature,
urban canyons...). The climatic adaptation of buildings for future conditions was also a central topic
both in the conference and in five awarded papers; the social approach to sustainability was not
a minor subject as it was thoroughly addressed in at least three awarded articles and in a good
number of papers presented at the Conference.

The selection of the papers to be presented followed a rigorous process. We received around
850 abstracts, from 1,500 authors affiliated to some 300 organizations from 60 countries. All
the abstracts were reviewed by at least two reviewers in a double blind process. The first round
required some 1,700 reviews to select 450 abstracts, which were to be converted into full technical
papers. A second round of reviews was conducted to finally select 306 articles: 37 as posters and
269 as oral presentations.

All the material generated from this Conference is now freely accessible through the official
repository of the University of A Corufia (ruc.udc.es), the PLEA 2020 website (plea2020.org) and
PLEA (plea-arch.org). In addition, all the videos have been uploaded to PLEA 2020 YouTube Channel,
including the keynote sessions and roundtables.

(PLEA 2020 youtube channel).

Finally, | would like to express my gratitude to the global PLEA organization, for keeping up an
invaluable network and stewarding high quality standards in all its Conferences. | would also like
to thank the University of A Corufia, and, particularly, the School of Architecture for their constant
support during these months, the regional government of Galicia: Xunta de Galicia, the local
council of A Corufia, and all our sponsors and supporters. The presence of the President of the
Galician Government, Alberto Nuiez Feijoo, the Mayor of A Coruiia Inés Rey, the Chancellor of the
University of A Corufa Julio Abalde and the Dean of the School of Architecture Placido Lizancos,
in the inaugural Ceremony was very special moment and their speeches reflected a commitment
with values and ideas shared by the PLEA Community. The organization of PLEA 2020 wouldn’t
have been possible without the whole local organizing committee (Amparo, Cristina, David, Emma
and Santiago) and the assistance of the PLEA 2020 team (Alba, Alvaro, Ana, Daniel and Erika). |
wish you can find the PLEA 2020 Conference Proceedings at least as useful and enlightening as a
compilation of timely and relevant research in Sustainable Architecture and Urban Design as the
previous 34 PLEA editions.

Jorge Rodriguez Alvarez
PLEA 2020 Conference Chair
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PLEA 2020 - Planning Post Carbon Cities, the first on-line PLEA conference

The 35" International Conference on Sustainable Architecture and Urban Design, entitled PLEA
2020 - Planning Post Carbon Cities, was the first on-line PLEA conference. Due to the pandemic
that hit the world in the beginning of 2020, the organizers from the University of A Coruia were
forced to convert what was meant to be a live event with people’s physical presence in the Spanish
city of A Coruna, in Galicia, into an on-line one.

Despite the natural constrains of the on-line modus operandi upon human dynamics, the
commitment of the organizers in providing an easy and reliable digital platform, coupled with
the engagement of the participants populating live chats of technical and keynote presentations
made the conference a vibrant forum of environmental technical knowledge sharing. The PLEA
2020 event had 306 papers presented and brought together more than 700 participants from
over 60 countries who are interested and active in the field of environmental design, teaching and
research, located in different parts of the world, spanning from the Americas to the Far-East Asia.
The quality of the papers is particularly high. Members of the PLEA Board unanimously agreed to
hand out 4 best paper awards and 3 best poster award, together with a number of commendations.
Thanks must be due to the hard work of the members of the scientific committee and the
conference organizers. Furthermore, during the opening ceremony of the conference, the PLEA
Lifetime Achievement Award 2020 was presented to Professor Edna Shaviv and the PLEA Award
2020 was given to Professor José Farifia Tojo. May we send our congratulations again to both of
them.

On a rather positive note, the virtual status of the conference in 2020, in which challenges and
opportunities for the post carbon cities and, therefore, post carbon societies were broadly
discussed, opened a new avenue for the PLEA community itself, focused on the reduction of its
environmental impact, associated with air travel across the world to attend periodic scientific
meetings. Following on the steps of organizers of the 35" International Conference on Passive and
Low Energy Architecture, we expect that the next PLEA conferences will explore on-line possibilities,
specially to facilitate the participation of those in regions of the world away from the conference
location, whilst creating adequate conditions for safe physical presence, when possible, in order
to bring back the unmeasurable richness of human interaction and the consequent advantages to
knowledge sharing.

Joana Carla Soares Gongalves
On behalf of the PLEA Board
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About the Keynote Lectures

The six keynote speakers addressed the theme of Planning Post Carbon Cities from a strategic design
perspective and vision, qualified by research activities in real context as well as in the analytical
realm. The role of people’s behaviour and behavioural change, alongside the design focus of fulling
people’s needs and expectation in both buildings and urban design defined a common thread seen
across all the six talks spread along the three-days conference.

Susan Carruth, from GXN, in Copenhagen, and Klaus Bode from Urban Systems Design (USD),
in London, open the keynote talks. Susan gave the talk on Cities of the Future: Behaviourally
driven, Materially Bound, in which she explored two themes: circular design and how to scale-
up from materials to the design of cities, alongside the so-called behavioural design and their
applicability in the planning of future cities. Following up, Klaus” presentation about Planning Post
Carbon Cities: Our Challenges and Opportunities could not stress more the key role of occupants in
reducing energy demand in buildings, calling for a design approach that he entitles human centric
design, whilst revealing the potential for innovative and effective solutions at both building and
masterplan scales, when based on passive environmental strategies and low-energy engineering.

In the second day of the event, Cynthia Echave, Urban Ecology expert based in Barcelona, talked
about Liveability and Resilience from an Ecological Approach. In hertalk, Cynthia explored innovative
ecosystemic solutions liaising green economy, social inclusiveness and governance, focused on the
Euro-Mediterranean Region and African cities. In the sequence, Helle Sgholt, CEO and cofounder
of Gehl, gave the talk The Need for People and Public Spaces. The long legacy of the design practice
exercised by Gehl Architects in designing quality-urban spaces geared for pedestrians and social
activitiesis well known. In this talk, Helle brought some of the latest examples of projects developed
by the firm that contribute to make cities around the world more liveable and sustainable.

In the closing day, Michael Smith, from Entre Nos Atelier, in San José, Costa Rica, and Belinda
Tato, from Ecosistema Urbano, in Madrid focused on social aspects. Michael’s talk on Regenerative
Design and Spatial Justice brought a number of successful real-life projects in Latin America which
exemplify his commitment with a social design agenda including community empowerment,
environmental awareness and hands-on experiences based on inclusive design processes, mostly
developed upon low-income environments. Belinda spoke about Ecosistema Urbano, showing
projects based on knowledge from urbanism, architecture, engineering and sociology, resulting in
what she calls urban social design, in which the design of environments, spaces and social dynamics
come together in order to improve the self-organization of citizens, social interaction within
communities and their relationship with the local physical and natural environment. Regarding the
design process, both talks drew on the opportunities laying in participatory processes to create
spaces for people.

Concluding, in addition to the emphasis put on the role of people in the design and planning of
the Post Carbon City, by addressing issues of existing built environments, the keynote speakers
collectively showcased a wide range of successful real and experimental projects, that highlight
the advantages of a multidisciplinary approach, in reverting the current environmental and social
conditions in cities around the world, in a creative and environmentally sound manner.
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ABSTRACT: To reach net zero carbon by 2050, significant reductions must be achieved in embodied carbon
emissions as well as operational energy demand in buildings. This paper uses a mixed methods case study
approach to compare two individual Passivhaus homes built within a few years of each other in the UK. The aim
is to understand the level of importance to attach to embodied carbon emissions in new build Passivhaus homes,
the degree of difference that occurs when different structural and finishing materials are used, and whether
Passivhaus metrics are fit for purpose. In both cases the embodied carbon is relatively high with a long payback.
KEYWORDS: Embodied Carbon, Embodied Energy, Passivhaus, Housing, UK

1. INTRODUCTION

In 2019 the UK Government committed itself to a
legally binding target of net zero carbon emissions by
2050, to mitigate the current global climate
emergency and aim to keep global warming to below
1.5C. The UK Climate Change Committee states that all
new homes must be low carbon, and that the 29
million existing homes in the UK are retrofitted to low
carbon standards [1]. One solution is adopting The
Passivhaus Standard, first developed by Wolfgang
Feist and colleagues in Germany [2]. This stipulates
that a new Passivhaus home should not use more than
15kWh/sgm/pa for heating and hot water, and no
more than 125 kWh/sqm/pa as primary energy use
overall. There is also an Enerphit retrofit version. This
standard has become increasingly popular in the last
decade with numerous local authorities mandating it
in different countries. Post-occupancy evaluation has
shown that on average, UK Passivhaus homes
consistently outperform other low carbon homes built
at the same time [3].

Despite this progress, there remains a major
research gap in relation to understanding embodied
carbon (EC) emissions in Passivhaus homes, with no
requirement in the main Passivhaus Standard to take
account of this, and no regulatory requirements
either. As homes become more energy efficient, the
embodied energy (EE) and resultant EC emissions,
becomes increasingly important, to the point where it
can outweigh the significance of the carbon emissions
in use, when this figure is net zero.

This paper uses a case study approach to compare
two Passivhaus homes built in the UK, and evaluate
their EC emissions in relation to other examples. The
aim is to understand the level of importance to attach
to EC emissions in new build Passivhaus homes, the

degree of difference that occurs when different
structural and finishing materials are used, and
whether Passivhaus metrics are fit for purpose.

2. EMBODIED ENERGY AND CARBON

Three methods used to calculate EE and EC
emissions are:

1. Input-output (I0) analysis which uses national
financial transactions to establish the energy intensity
of economic sectors and attributes this to individual
products.

2. Process-based analysis (PA), which collects all
data, including direct and indirect energy inputs,
related directly to the individual building product.

3.Hybrid analysis (HI-O) which combines both 10
and PA processes, making it the most reliable and
comprehensive method [4].

Due to limited data availability, the process
analysis method was used in this study. EE figures are
typically converted to EC emissions using nationally or
regionally defined carbon conversion factors. EE and
EC emissions assessments define the material life cycle
boundary as either: cradle to gate (material extraction
to factory gate); cradle to site, (additionally including
transportation to the construction site); cradle to
grave, (additionally including in-use, maintenance and
demolition); and lastly cradle to cradle (additionally
including reuse, recovery and recycling). Defining the
boundary for EE varies considerably in literature. Dixit
et al. [5] considers the additional demolition and waste
disposal stages while Chau, Leung and Ng [6] only
include extraction, production, transportation to the
site and constructional energy stages. There are also
concerns about varying heating factors applied and
whether or not renewable energy is accounted for [7].
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Appropriate materials choices can significantly
decrease EE and EC emissions [8]. Careful material
selection during the design process is thus vital as low
impact materials or highly re-useable or recyclable
materials significantly decrease emissions [9]. Due to
limited data availability for EE calculations, and the
importance of climate change mitigation, the focus in
this study is on EC emissions.

3. METHODOLOGY

A mixed methods approach was used to gather
data and inform the quantitative EC analysis with a
deeper qualitative understanding of additional
contextual factors that can affect EC calculations.
Additional methods included a document review,
detailed site visit to each of the homes, with an
interview of the home owner/client as well as the
architect responsible for the design of the home. A
careful photographic survey was also made of each
home inside and out and compared to construction
drawings and specifications in order to establish any
alterations in construction subsequent to completion,
which  would require adjustment of the EC
calculations.

The study followed the Royal Institution of
Chartered Surveyors (RCIS) guidance. This calculates
the EC emissions per kilogram of product, using the
cradle to gate framework that covers processing to the
final product stage only and not to site [10]. It is based
on an adapted form of Life Cycle Assessment (LCA) as
defined by the International Standard ISO 14044:2006
[11]. Material intensity data was based on a
combination of the Inventory of Carbon & Energy (ICE
Version 3.0, 2019) open source database for carbon
emission of construction materials [12], and additional
Energy Product Declaration (EPD) data to supplement
this database where data was missing [13]. A UK beta
version embodied carbon emissions tool, H\B:ERT,
was used initially to take off quantitative
measurements from the drawings using a REVIT model
[14]. This uses an earlier version of ICE Version 2.0,
requiring further adjustments. No attempt was made
to calculate cradle to cradle carbon emissions, given
the significant contingencies relating to lifecycle
assumptions for the materials and products involved,
as well as their final destinations and the potentially
significant construction alterations that can occur over
the life of a home [15]. It is recognised, however, that
transportation to the construction site can typically
add 10% to the result.

The Passivhaus energy in use standard was
converted to a carbon emissions equivalent using the
UK carbon emission factors for the national energy
grid, which are updated annually [16]. Finally the
embodied carbon emissions were compared with the
Passivhaus standard carbon equivalent using Treated
Floor Area.

4. CASE STUDIES
4.1 Timber house

The first case study, Plummerswood, is an award-
winning three bedroom detached Passivhaus home
near Edinburgh in Scotland, completed in 2011 and
designed by Gaia Architects (Figs. 1 and 2). It has a
Treated Floor Area of 300 m2 Two people living
together currently inhabit the home.

Unusually, it uses a ‘brettstapel’ construction
system that consists of 80mm solid timber beams
connected by timber dowels to form panel walling and
flooring, without the need of any other fixing material
such as glue or metal. The design principle exploits the
different moisture content of the two structural
elements; beams (15%) and dowels (8%) [17]. The
exchange in moisture levels causes expansion in the
dowels to snugly fit into the panel holes. This system
allows low grade home grown timber to be used, with
more carbon sequestrated than for an average timber
frame structure. It also increases air tightness, with
low thermal conductivity, and provides good air
quality. There is 340mm woodfibre insulation in
between the Brettstapel and outer timber cladding
(Fig. 3). In theory, this should make the home low
impact in terms of carbon emissions. However, the
timber system was sourced from Austria, as there is no
brettstapel factory in the UK, adding to transport
emissions arising from travel from the factory to site
(which are not calculated here).

Figure 1: Plummerswood House First Floor Plan (Gaia
Architects).
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The house uses a wood stove in the living room to
generate space heating and uses mechanical
ventilation with heat recovery (MVHR). A 5.6 m? solar
thermal panel system provides some hot water and
electricity from the grid fulfils any other energy needs.

Figure 2: Plummerswood House First Floor Plan (Gaia
Architects).

Figure 3: Plummerswood House (Exterior), Edinburgh (Gaia
Architects)

4.2 Brick/Concrete house

The second case study is a three bedroom
detached Passivhaus home in York, England
completed in 2015 and designed by Anne Thorne
Architects (Figs 4 and 5). It has a Treated Floor Area of
127m?2. Originally planned for four people, the house is
now mainly inhabited by one person. The house also
has an MVHR system.

In contrast to the previous case study, it is built of
handmade bricks that have much higher carbon
emissions than the Brettstapel, but which were

sourced very locally (15 miles from site), minimising
transportation.

This dwelling has 400 mm Polyisocyanurate (PIR)
high performance insulation in the ground flooring.
The tiled roof has high-density polyethylene between
the battens and 300mm mineral wool insulation. The
external Walls comprise 300 mm mineral wool
insulation between 105mm handmade brick and
100mm aerated concrete block inner leaf resting on
concrete foundations.

Figure 4: Ground floor Plan above: First Floor Plan below

(Anne Thorne architects).
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Figure 5:

External Views (Sergio Gomez Torres).

5. RESULTS AND DISCUSSION

5.1 Embodied carbon emissions timber house

The EC emissions of the timber case study house is
calculated to be 452.47 kgCO,e/m? which equates to
136,013 kgCO.,e in total as delivered to the factory
gates. This virtually achieves the best practice figure of
450kgC02e/m? set for 2025 by the ground breaking
RIBA ‘Sustainability Outcome’ targets set in 2019 [18].
The embodied carbon emissions from the
superstructure (Brettstapel) materials, modelled with
H\B:ERT is 273.8 kgCO,e/m?. The carbon sequestration
capacity of the timber materials is ignored here
because there is no guarantee of adequate tree
replacement or that the building will lock up the
sequestered carbon for a long enough time to the
match regrowth period.

The total substructure EC was 178.67 kgCO,e/m?,
which is lower than the superstructure figure and can
be explained by the greater volume of material used
for the superstructure. Steel and concrete materials
were the main contributors to the substructure
material emissions, with concrete embodying 52% of
this. Substituting 70% blast furnace slag for virgin
concrete aggregate could decrease the total EC of the
substructure by 22%, which is significant.

The actual OE consumption of the timber house at
64.11 kWh/m?/pa (excluding estimated renewable
energy contribution of 7.03 kWh/m?/pa), as
monitored for one year, is under half the Passivhaus
standard requirements for primary energy use (120
kWh/m?/pa) and equates to OC (operational carbon)
emissions of 9.14 kgC0O,e/m?/pa or 2742 kgCO,e/pa.
This can be attributed to the exceptionally high
insulation level as well only two people using the
home, and the use of a woodstove for space heating,
rather than electricity from the UK grid but grid
electricity for hot water, when not heated by solar
panels. This means that the EC emissions for the house
as calculated to the factory gates is equal to 49 years
of OC emissions, which is a significant proportion of a
typical lifespan of 60 years for a home. This shows that
when low carbon buildings are more realistically

analysed from a life cycle approach which includes the
carbon emissions from material use, they can have a
much heavier environmental impact than is indicated
by simply examining the carbon emissions from the
energy consumed in use.

5.2 Embodied carbon emission for brick/concrete
house

The EC emissions for the brick/concrete house is
466.90 kgCO,e/m? which equates to 59,295.95
kgCO2e in total — less than half the total figure for the
timber house, due to smaller size of the
brick/concrete house.

The very low OE consumption for the home is
4,401.08 kWh/pa or just 34.65 kWh/m?/pa, as
monitored over one year. This is even lower than the
timber house and less than a third of the Passivhaus
120 kWh/m2 primary energy target. This can be
attributed to the exceptionally high insulation level as
well as only one person using the home very frugally.

The OC emissions equates to 7.66 kgCO,e/m?/pa or
973.34 kgCOse /pa. This rate per m? is lower than the
timber house despite the different energy sources but
the overall OC emissions total per year for the house is
less than half that for the timber house. The EC
emissions for this house as calculated to the factory
gates is equal to 61 years of OC emissions, which is
greater number of years than for the timber house. In
other words the EC emissions just from cradle to gate
is more than the OC emissions over a typical house
lifespan of 60 years.

The above results and discussion of the two case
studies is a summary only — more detail can be found
in two accompanying papers [19]. The next sections
discuss wider implications for Passivhaus metrics
when assessing environmental impact.

5.3 Embodied Carbon ‘sufficiency’ in Passivhaus
homes

While the above figures only show the overall
impact of two homes, there are other similar
Passivhaus detached homes that have also performed
in a similar way. One 153m? detached home in the UK,
completed in 2019, delivered a calculated figure of 338
kgCO,e/m?, which is slightly lower than the two case
study homes shown here. Another 150m? detached
home completed in 2015 did even better, reporting
just 286 kgCO,e/m? [20]. However, the EC tool used to
calculate these figures, “PHRibbon”, did not include
the EC for services, which can be significant (e.g. the
MVHR and hot water system) whereas the figures
shown here include this. This shows the difficulty of
comparing EC figures calculated using different tools,
which use different boundary conditions.

It is important to consider two other factors that
are not normally considered together in embodied
carbon calculations: the size of the home and the

Vol.1|5

35" PLEA Conference. Planning Post Carbon Cities.
DOI: https://doi.orq/10.17979/spudc.9788497497947



https://doi.org/10.17979/spudc.9788497497947

number of people living it. This generates the overall
carbon emissions for a home which can then be
expressed per person, which is a more useful figure in
terms of the personal environmental impact that
individuals have in relation to their chosen lifestyle in
their home. This relates to an argument concerning
the ‘sufficiency’ [21] of home size in relation to its
carbon emissions, and whether the home is effectively
utilised. Energy and resource ‘sufficiency’ moves
beyond the rate at which energy or material resources
are used in a home, to consider the overall impact of
the energy in use and resources consumed in terms of
overall carbon emissions per person.

When the two case studies are compared in terms
of size and utilisation, the results are counter-intuitive
in terms of overall carbon emissions. The seemingly
more ‘eco’” material (brettstapel) house is much larger
than the case study brick/concrete house, and at 300
m? is over three times larger than the average UK
terraced family home and twice as large as the average
detached house with an equivalent number of
bedspaces according to government statistics. This
significantly increases the impact of the timber
components in terms of EC, given the extra wall and
floor area needed, and means that the amount of
substructure concrete could be easily halved for a
home half the size, reducing embodied carbon
emissions.

The comparison of resource use gets even more
complicated however when the occupancy level is
taken into account as a ‘sufficiency’ metric.  The
timber home is now doubly profligate in terms of
‘sufficiency’, given that only two people live in a
relatively large house. The floor area provided per
person is 150m? compared to just 25 m? per person for
the average 4 person detached family home in the UK.
The wide use of timber in the home offsets this space
usage to a large degree, however, as does the low
energy use, in terms of overall carbon emissions. This
is particularly so, if the timber is not incinerated at the
end of its life, and if it comes from guaranteed
sustainable forestry sources. However, the ‘profligate’
Brettstapel house has twice as many occupants on
average compared to the brick/concrete house. Thus,
when resource use is considered per person as a
comparison between these two cases, the overall EC
figure for the Brettstapel house needs to be halved to
provide the equivalent EC per person figure, giving it a
similar EC impact per person to the brick/concrete
house.

5.4 Brick versus Timber

Softwood timber clearly has less carbon emissions
per volume than fired brick [19]. At the same time,
timber also has better insulating qualities than brick,
meaning that it needs less additional insulation
material to bring the brettstapel construction up to
Passivhaus standard. Nevertheless the timber

construction materials had to travel 1600 miles by
truck and ferry to reach their destination, whereas the
brick was manufactured very locally — just a few miles
away from the home. The transportation factor has
been excluded from this paper, but it is non-trivial,
particularly given that many countries have to
outsource their timber supplies, including the UK. At
the same time, timber construction cannot be
considered for carbon sequestration unless adequate
re-afforestation is certified and the building is not
prematurely demolished before its predicted lifespan.
the EE and EC for timber can also be surprisingly high,
if it is a heavily manufactured product, such as Cross
Laminated Timber, involving glues and multiple
cutting, and if it is treated with chemical preservative.

5.5 Limitations

When comparing the percentage of EC emissions
established by H\B:ERT against those -calculated
through the bill of quantities, this tool accounted for
16% less EC emissions, due to omission of services and
other factors. Moreover, the accounting for EC
emissions in the transport, construction and end of life
is unclear in H:/BERT.

The H\B:ERT plug-in also has clear limitations
during the modelling process. The materials are too
generically defined in terms of density and embodied
carbon. Missing materials need to be assigned by user
from other sources, but this is time consuming.
Worryingly, there are no defined products for the
plumbing, sanitation, electricity services or other
complex elements like bio disk units or boilers, which
have to be estimated. The plug-in also needs to be
updated as it uses the old version of the ICE database
making it less reliable.

Another challenge during the research process was
finding a reliable carbon database to calculate carbon
footprint of the materials. ICE V3.0 is open source, but
has less material profiles compared with ICE V2.0. The
EPD reports were useful to compensate for this, but it
was difficult to find exactly the same product. Similar
products can vary from company to company as they
use different material and energy sources and
transportation. Finding the EPD reports for some fixing
elements proved particularly challenging, so only the
major materials were used for the embodied carbon
calculations to generate approximate figures for these
elements in this case. Further studies are needed to
break down these individual elements and calculate
them more accurately. All of this shows that EE and EC
calculation processes in key tools have yet to mature.

6. CONCLUSION

The two case studies examined here easily meet
the Passivhaus standard energy use requirements, yet
the overall embodied carbon emissions in each case is
significant for a variety of different reasons, including
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house floor area and occupancy levels as well as
materials specified. For a lifespan of 60 years, the
embodied carbon emissions for both homes form a
very significant proportion of the overall carbon
emissions when compared with in-use emissions over
this same period, despite using different materials.
This demonstrates that a simple drive for energy
efficiency in use through the mass deployment of
Passivhaus standard new build homes will initially
cause a major jump in carbon emissions during their
construction (the carbon ‘burp’) unless appropriate
measures are taken to mitigate this. It is essential
therefore to compliment any Passivhaus energy
efficiency drives with an equal emphasis on sufficiency
as well as the type of material used to construct the
homes in the first place. This demands that the
Passivhaus Standard includes utilisation factors and
overall size of homes, as well as embodied carbon
emissions to generate a total carbon emissions result
per person and per home. By taking all three of these
factors into consideration a more accurate
environmental impact of each Passivhaus home can be
assessed.
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ABSTRACT: As one of the leading conferences in the study area of passive and low energy architecture, the Passive
and Low Energy Architecture (PLEA) Conference has presented continuously great efforts and innovative ideas
from worldwide research communities and professional society in promoting the study of passive and low energy
architecture. With the rapid urbanization and technological progress in the past decade, more and more research
branches of PLEA emerged. Clarifying the research trend variation would benefit the research communities in
identifying research gaps in this research area. This paper examines the PLEA proceedings from 2006 to 2018 with
text data mining techniques in Python environment. More than three thousand lines of research paper titles have
been analyzed to find out the research trend variations. The analysis reveals that main concerns of PLEA research
have remained stable during the past decades. The main concerns are, indoor and outdoor thermal comfort in
building level, and urban heat island effect in regional level. Natural ventilation is one of the most discussed
technique in passive design strategies. Enlightening but rare mentioned keywords are ‘visual comfort’, ‘life cycle’,
‘integrated design’, ‘urban morphology’, ‘urban micro-climate’, ‘climate change’, ‘parametric study’, ‘benefit
reusing’, ‘neural network’. In 2018, more advanced computation methods have been involved in PLEA research.
The social house, school, dwelling, office, and residential buildings are the building types that being focused most.
Research gaps lie in rural buildings that are occupied by about half of the global population and the study on
accessible daylight via reasonable architectural design. This study may serve as an informative reference for
research communities, industry practitioners and non-profit organizations to appreciate passive and low energy

architecture research trends and developments.

KEYWORDS: Text data mining; Passive; Low Energy; Architecture; Research trend.

1. INTRODUCTION

Passive and low energy architecture (PLEA)
advocates the bioclimatic design and the application of
natural and innovative techniques for sustainable
architecture and urban design. Bioclimatic design,
combining ‘biology’ and ‘climate’, is an approach to
the design of buildings and landscape based on local
climate [1]. The bioclimatic house uses the regular
architectural elements to increase the energetic
performance and get a natural comfort rather than
expensive mechanical installations. Studies on PLEA
make a lot of sense. Accessing to more daylight,
natural ventilation rather than electrical lighting or
heating ventilation and air conditioning (HVAC) system
to achieve thermal and visual comfort would be
healthier and more delightful for the occupants [2],
and save significant building energy budget and reduce
carbon dioxide emission [3].

The methodology of PLEA concerns the disposition
of buildings, such as orientation related to the sun and
wind, aspect ratio; site planning, air movement,
openings and the building envelopes [4]. Specifically, a
variety of strategies have been studied, including
‘passive solar heating’, ‘active solar heating’, ‘cooling
through a high thermal mass’, ‘cooling by high thermal
mass with nocturnal renovation’ and so on [5].

Clarifying the research trend variation would benefit
the research communities in identifying the research
gaps in this research area.

This paper examines the PLEA conference
proceedings from 2006 to 2018 with text data mining
techniques in Python environment. We analyzed 3336
lines of paper titles to find out the research trend
variations through a three step work flow: pre-
processing, processing and analysis. The PLEA
conference proceedings are selected as the data pool
since it is one of the most famous and long-lasting
annual conference on this theme, and the proceedings
are freely available on its website.

Previous literature has reviewed the studies on low
energy architectural design. For instance, Agugliaro et
al. [5] reviewed the bioclimatic architecture strategies
for achieving thermal comfort. They examined the
concept of bioclimatic architecture, the bioclimatic
architecture construction strategies as a function of
each climate zone with the objective of achieving the
greatest climate comfort level within a specific
building, and analyzed the principle scientific research
trends in the relevant area. Chandel et al. [6]
presented a comprehensive review of vernacular
architecture research status to identify energy
efficient vernacular architecture features affecting
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indoor thermal comfort conditions for adaptation in
modern architecture to suit present day lifestyle. Most
of the review papers are based on a comprehensive
collection of relevant literature to summarize the
study trend with a subjectively categorization. This
type of review papers has advantages in providing a
holistic picture of the research area; but have limits in
identifying the ‘hot’ topics which have been discussed
too much and the ‘less popular’ topics which needs
more attentions.

This paper is innovative in applying text data
mining techniques to analyze research trends in PLEA
area, With the data pool -- more than three thousand
titles of relevant research papers, the fundamental
concerns, ‘hot’ topics, ‘less popular’ topics,
enlightening but rare discussed topics, new emerging
topics can be identified objectively. Clarifying the
research concerns and variation trends of passive and
low energy architecture can provide informative
references for research communities, industry
practitioners and non-profit organizations in future
study on passive and low energy architecture research.

Section 2 describes the basic information of the
PLEA conference proceedings from 2006 to 2018,
including the location, theme and amounts of research
paper title lines; then specifies the flowchart of text
data mining technique in Python environment. Section
3 presents the results and discussion; Section 4 draws
conclusions.

2. METHODOLOGY

The text data mining technique is applied to the
proceedings of PLEA from 2006 to 2018. This section
describes the conference data pool in Section 2.1;
introduces the diagram of the text data mining
flowchart in Section 2.2.

2.1 Data Introduction

PLEA is an annual conference being held at
different venues each year. The venue and theme of
each year slightly affects the research concerns.
Consequently, it is necessary to summarize the basic
information, such as location, theme, and amounts of
research paper titles, of the annual conference from
2006 to 2018. The conference has been held mainly in
Europe, north America and Asia. The amounts of
accepted research papers vary from 155 to 665, as
shown in Figure 1 and Table 1.

2018-Hong'Kong AR . ]

2017-Edinburgh 1665
2016-Los Angeles, USA| T 285
2015-Bologna, ltaly[ """ 292

2014-Ahmedabad,India 229

2013-Munich["]192
2012-Lima[ 217
2011-Beigium| T 255
2009-Quebec, Canadal " ]171
2008-Dublin, Ireland] T 261
2007-Singapore| |155
2006-Geneva,Switzerland| TN 350

T T T T T
0 100 200 300 400 500 600 700

Year & Location

Research Paper Title (Counts)

Figure 1: Year, location and counts of research paper
titles of annual PLEA conference

Table 1: Theme of annual PLEA conference

Year Theme

2006  Lessons From Traditional Architecture

2007  “Sun, Wind, and Architecture”

2008  Towards Zero Energy Building

2009  Architecture Energy and Occupant’s Perspective

2011  Architecture and Sustainable Development

2012  Towards and Environmentally Responsible
Architecture

2013  Architectural Quality in View of Future Based on
Renewable Sources

2014  Sustainable Habitat for Developing Societies
Choosing the Way Forward

2015  Architecture in (R)evolution

2016  Cities, Buildings, People: Towards Regenerative
Environments

2017  Design to Thrive

2018  Smart and Healthy within the “2-degree Limit”

2.2 Diagram of text data mining approach

As shown in Figure 2, after extracting title text lines
from PDF files, the text data mining mainly contains
three steps--‘pre-processing’, ‘processing’ and
‘analysis’. Pre-processing excludes the stopwords and
punctuations and stems words of the raw corpus. The
stopwords refer to the assistant words in a sentence
such as ‘the’, ‘is’, ‘are’, ‘they’, ‘of’ and so on. The pre-
processing is beneficial in reducing the work load to
make the processing more efficient. Processing finds
out the words’ and strings’ frequency ranking pattern
of each year’s proceeding to get the annual main
research concerns. Single word, double-word string
and triple-word string are studied to draw the entire
pictures of the research concerns’ variation. With the
processing results, the variation trend of highly
concerned research topics can be analyzed.

( Import PDF files. |

l
[ Extract text lines. ]
[ vExclude 'stopwords' and puctuations.]
l
[ Words stemming. ]

[ Words' frequency distribution analysis ]

< Single word

Double-word string

Triple-word string

—

[ Words' frequency distribution analysis

Figure 2: Diagram of text data mining approach
3. RESULTS and DISCUSSION
The frequency ranking of single word (first 20),
double-word string (first 25) and triple-word string
(first 20) provide very different information about the
keywords of research concerns.
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decades. They are complimentary by disclosing the
research concerns through different perspectives.

From the single word to triple-word string, the
counts of reappearance reduced generally. For
example, in Year 2017, the top-ranking single word
‘building’ has been repeated more about 190 times
within 665 research titles; the top-ranking double-
word string ‘thermal comfort’ has been repeated
about 48 times; the top-ranking triple-word string
‘urban heat island’ has been repeated 7 times. We can
infer that, ‘building’ is the main research object other
than ‘urban’ although ‘urban heat island’ is a popular
topic that attracts lots of attentions. Indoor or outdoor
‘thermal comfort’ is the main concern in the building
zone level. Similarly, in the year of 2009, 2015 and
2016.

To summary, the fundamental concerns of PLEA
research have remained stable during the past decade.
In the building level, indoor and outdoor thermal
comfort has been discussed most; in regional level, the
urban heat island effect attracts most attentions.
Natural ventilation is one of most popular techniques
in passive design strategies. The frequency ranking of
double-word string indicates interesting but rare
mentioned key words in the past decades, including
‘visual comfort’, ‘life cycle’ , ‘integrated design’ ,
‘urban morphology’, ‘urban micro-climate’, ‘climate
change’, ‘parametric study’, ‘benefit reusing’, ‘neural
network’. In 2018, more advanced computation
methods have been involved in PLEA research. The
social house, school, dwelling, office, and residential
buildings are the building types that being focused
most.

As to the research object, attentions are mainly
paid on a variety of building type in cities and urban
heat island effect. The research gap lies in rural
buildings, which are occupied by 50% of the global
population now [7]. As to the technique for passive
design strategies, natural ventilation has been
discussed a lot. The access to daylight via reasonable
architectural design which improve visual comfort and
benefit for thermal environment [8] needs more
attention from the researchers.

4. CONCLUSIONS

The frequency rankings of single word, double-
word string and triple-word string outline different
pictures about the research concerns in the past
decade, but are complimentary by disclosing the
research concerns through different perspectives.

The analysis reveals that main concerns of passive
and low energy architecture research have remained
stable during the past decades. The main concerns are,
indoor and outdoor thermal comfort in building level,
and urban heat island effect in regional level. Natural
ventilation is one of the most discussed techniques in
passive design strategies. Enlightening but rare
mentioned key words in the past decade are ‘visual

comfort’, ‘life cycle’ , ‘integrated design’ , ‘urban
morphology’, ‘urban micro-climate’, ‘climate change’,
‘parametric study’, ‘benefit reusing’, ‘neural network’.
In 2018, more advanced computation methods have
been involved in passive and low energy architecture
research. The social house, school, dwelling, office,
and residential buildings are the building types that
being focused most. Research gaps lie in rural
buildings and the study on accessible daylight via
reasonable architectural design.

Clarifying the research concerns and variation
trends of passive and low energy architecture can
provide informative references for research
communities, industry practitioners and non-profit
organizations in the future study on passive and low
energy architecture research.
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ABSTRACT: Pure soil construction or raw material earthen construction (earthen construction technology without
adding chemical stabilizers) is a sustainable construction method with the advantages of having no impact on the
environment, low embodied energy and good indoor comfort. Both in China and western countries, this technology
has a long history but it has some limitations as well: the construction process is not standardized, durability
questioned, not waterproof and so on. Therefore, there are higher requirements for the design and building
management in this kind of building, to avoid the occurrence of problems leading to the rework of the project which
increases its cost and time limit. This research takes the pure soil construction technology as the research subject,
combined with the research and development centre for rural vitalization in Yunnan China. Summarizes and analysis
the problems in the process of building. And provides methods of preventing and solving those problems from three
aspects, to achieve optimal management and accelerate construction.

KEYWORDS: rammed earth, sustainable development, raw material, Construction and management, contemporary

earthen construction

1. INTRODUCTION

Pure soil construction or raw material earthen
construction (earthen construction without the addition
of chemical stabilisers) is a sustainable construction
method with the advantages of low embodied energy,
low construction cost and good indoor comfort.[1]
Compared with that of modern buildings and even that
of modern earth buildings with chemical stabilisers, the
environmental performance of pure soil construction is
the strongest. This technology has a long history in China
and western countries. The most famous example is the
Great Wall of China, which was built approximately
2,000 years ago using local materials: rammed earth (RE),
stones, baked bricks and wood.[2] However, it has
several limitations: the construction is neither
standardised, durable nor waterproof. Therefore, the
requirements for the design and building management
in construction are high to avoid the occurrence of
problems that lead to project reworking or safety
problems, thus increasing costs and time limits. [3]

2. PROBLEMS IN CONSTRUCTION
2.1 Case background

The research and development centre for rural
vitalization(The Terra center) is a research institution for

developing rural areas in China with sustainable
methods. It also undertakes the training of craftsmen
and holding academic conferences and activities. The RE
walls of Terra center are built entirely of raw materials
without any additives.

e
==

Figure 1 Terra center

2.2 Problems in construction

In most studies on earthen buildings, people only
focus on investigating building materials and stabilisers,
but often ignore the construction process. Moreover,
construction problems are poorly analysed and
summarised.

The extent of compaction affects the overall load-
bearing performance and the texture of the finished
surface. Therefore, the management of ramming is one
of the most important parts of construction. The
following is a summary of the problems in ramming.
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2.2.1 Shrinkage

With the evaporation of moisture in the soil, the RE
wall will shrink to a certain extent. Excessive shrinkage
will cause extensive cracking. If cracking throughout the
wall, then the first defect will affect the overall stability,
whereas the second will affect indoor thermal comfort.

R
e
\\Li\\ R

|1}
I
|

Figure 3 Deviation

2.2.2 Crack
The different physical properties of the soil and
water content of the mixture will lead to different
degrees of cracking. Cracks will affect the aesthetics of
RE and its ability to adjust room temperature. Cracks will
also affect the stability of the structure in severe cases.
Cracks are evaluated and regulated in different

countries in accordance with earthen construction codes.

Cracks that meet the requirements of those codes will

be qualified because they will not cause safety problems.

[4] However, given the absence of construction codes in
China and that many parts of China are in earthquake
zones, the formation of cracks in the earth construction
of seismic areas should be strictly controlled in addition
to referring to foreign codes.[5]

All  cracking problems and locations during
construction are summarised. Their causes are then
analysed, and solutions to minimise the incidence of
cracks are identified. (Table 1)

2.2.3 Deviation

If the mixing is too wet, then the RE wall will deviate
from the contact site with the tie column. Deviation will
also occur if the formwork is not calibrated in time.

' Location: Around the tie rod
of the formwork

Cause: Given that the
compaction force is uneven,
soil around tie rod is not
. compacted tightly enough

Location: Lower edge of the
formwork

| Cause: Failure to remove the
1 formwork in time results in
¢ uneven shrinkage along the
top and bottom of the soil.

| Location: Wall surface

| Cause: Moisture content of
| the mixing is too high or

| too low

. Location: Above the opening

Cause: The lintel above the
door and window opening is
too short or the material
bearing capacity is

| insufficient.

| Location: Cracking due to
| incorrect operation

| Cause: Wrong way to use
brace or knot on the top

Location: Temperature
difference on the two sides
of the wall

Cause: Different sunlight
intensities on both sides of
the wall lead to different

degrees of drying and
shrinkage

Table 1 Crack analysis

2.2.4 Wall damage

1) Damp

Raw soil buildings are limited in the aspect of
waterproofing. Given the failure of waterproofing
measures during the rainy season, sustained
concentrated water flow will damage the RE wall,
resulting in partial destruction, deformation and even
collapse.[6] Some specific parts are easily dampened if
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special treatments are not performed. Long-term
dampness will also lead to damage. Therefore, detailing
design is crucial and always needed for those parts.

All damping problems and locations during the
construction process are summarised. Their causes are
then analysed. (Table 2)

Location Causes:

Junction with other | Water infiltration is present at

materials the junction of the RE wall
and concrete foundation.

Wall crown The top of the rammed earth
wall is the weakest location
and will soften if constantly
soaked in water.

Windowsill Rainwater at the edge of
rammed earth wall results in
partial dampness and damage.

Table 2 Damp analysis

2) Leakage

Given that RE walls made of raw material are not
waterproof, prolonged rain or concentrated leakage will
lead to damage to RE walls.[7] Water leakage easily
occurs where tarps are damaged or where they are
connected. The second is the bottom of the RE wall that
is easily damaged by the prolonged splashing of water
on the ground.

When pouring the concrete floor, the cement slurry
pollutes the RE wall along the crevices of the formwork
because the concrete is too diluted or the formwork is
poorly treated for leakage prevention.

Figure 5 Cement slurry

Figure 4 Water leakage
3) Damage during formwork removal

Figure 6 Formwork removal damage

During formwork removal, wet clay is prone to
adhering to the formwork and falls off together due to
improper operation or the lack of oiling. [8]

3. COUNTERMEASURES
3.1 Design process

The design process involves the moisture-proofing of
the bottom and top of the earth wall, the installation of
doors and windows, the moisture-proofing of toilets and
kitchens and the design of roofs and outer walls in
accordance with the local climate.
3.1.1 stairs

Figure 7 Stairs Figure 8 Footing

The wall compactness of pure soil is an important
condition for ensuring its stability. Thus, drilling and
processing after construction should be avoided. The
staircase is designed in the form of a cantilevered
central slab. The stair lintel is connected to other beams,
and the ladder surface of the stairs is not in contact with
the RE wall. (Figure 7)
3.1.2 footing and base details

The foundation of the building should have a
waterproof layer above the ground to ensure that the RE
wall at the bottom will not get wet. The height of the
waterproof foundation can be determined in accordance
with local weather conditions. (Figure 8)
3.1.3 openings and supports

The openings for door and window is usually
reserved from top beam to floor beam, which can
facilitate construction. And structural column should be
embedded in both sides of the reserved openings to
facilitate the installation of doors and Windows. Other
forms of windowing shall be designed and constructed
in strict accordance with the methods specified in the
earth construction manual.[9]
3.1.4 protection given by roofs

Temporary roof protection is required during
construction. During roof design, the expansion of the
eave depends on the local weather and wind direction.
Waterproof structures are required on the tops of RE
walls after construction.
3.1.5 Services and fixings

Considering that embedded pipes are not conducive
for repair, and leakage will damage the RE wall, all the
pipes are not installed through embedding.
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The water supply and drainage piping layout should
be fixed using other parts instead of directly making
holes in the RE wall. The wires should be installed
through the floor slab, floor beam and roof beam.

Figure 9 Drainage Figure 10 Wires
3.1.6 toilet

A double-layered wall in the toilet must be used to
maintain the breathing performance, which is the ability
to adjust temperature, of pure earth walls and to ensure
that the room can meet reusable water supply and

drainage demand and does not suffer from dampness.

Figure 11 Double layer wall

3.2 Construction management
3.2.1 Solution to shrinkage

To predict the degree of shrinkage of the RE wall, a
test panel should be fabricated before construction. The
test panel is 600 mm high by 1000 mm wide and 350
mm thick. The building method, material and moisture
content of the test panel should be exactly the same as
those of Terra Centre.(Figurel2) The test panel must be
checked after surface drying because a newly
constructed RE wall is completely different from a wall
that has dried out.

i, —

Figure 12 test panel Figure 13‘hit and miss’

We used the vertical ramming method to regulate
shrinkage. During construction, the order and timing of
ramming is monitored, and then the ‘hit and miss’
approach is adopted.(Figurel3) That is, adjacent walls
are not rammed at the same time. Every two walls are
rammed. The tester then waits until the walls have
completely dried and then rams the middle of the walls
to minimise shrinkage.

3.2.2 Solution to cracks

Location Solution

Around the tie | Ramming should be

rod of  the | reinforced around the tie rod and
formwork combined with a manual rammer

Lower edge of | Remove the formwork after
the formwork ramming
Wall surface Strictly supervise and control the

moisture content of RE materials

The sides of the lintel above the
door and window openings must
be extended by at least 30 cm

Above openings

Cracks due to | Prohibit the practice of ropes on

incorrect the top and strictly monitor the
operation strength of the support
Temperature Install a sun screen on the sunlit

difference on | side to balance the drying of each
two sides of the | side

wall
Table 3 Solution to cracks

3.2.3 Solution to deviation

Mode Merit and demerit
Formwork calibration is
Merit  convenient, and the probability
Overall of deviation is low.
frame All formwork for building is
mode Demerit needed, and failure to remove
the formwork can lead to
cracking.
Formwork calibration is
Vertical Merit conver.ne.nt, gnd the probability
frame of deviation is low.
mode The amount of formwork is
Demerit large, and the junction of two
plates must buckle.
. Formwork usage is small, and
Merit .
each plate is fixed firmly
Rounds
frame Layer-by-layer formwork
. calibration is time consuming,
mode Demerit

and the probability of deviation
is increased.

Table 4 Formwork setting mode
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The water content of the mixing should be checked
regularly, whereas compactness and load-bearing
capacity should be checked through on-site sampling. he
installation, calibration and removal of formwork and
the correctness of other construction operations should
be strictly checked by on-site architects.

If the mixing is excessively wet, then the RE wall will
deviate from the contact site with tie column. In this
case, the RE wall must be slightly propped on both sides
until drying is complete.

Three modes of formwork setting are introduced to
avoid whole wall deviation, and the second method is
adopted in this project. (Table4)

3.2.4 Solution to wall damage

Waterproofing and leakproofing measures should be
taken in advance to prevent leakage. Covering the
building with a plastic sheet or temporary roofing during
construction is a good way to avoid rain erosion.
However, a real roof is needed. In addition to providing
sufficient eave extension, natural roof drainage should
be avoided. The rain will flow back along the bottom of
eaves, and in case of strong winds, the rain will erode
the exterior walls. Thus, gutters and drains are essential.

When pouring the concrete floor, the cement slurry
will pollute the RE wall along the crevices of the
formwork because the concrete is too diluted or the
formwork is not well treated for leakage prevention.
Before pouring concrete, anti-leakage measures should
be taken. If slurry leakage has occurred, then the leaked
slurry should be cleaned in accordance with the texture
of the RE wall after it has dried out.

The following treatments should be emphasised for
components that are easily dampened.(Table5)

A i Location:  Junction with

" 4 / A — | concrete
V. o i | Solution: Use a waterproof
paintbrush on the

foundation, floor and roof

Location: Wall crown

Solution: Use stone or
cement to seal the top of the
RE wall to ensure stability

Location: Windowsill

During mould removal, wet clay is prone to adhering
to the formwork and falling off together due to
improper operation or the lack of oiling. Therefore, the
formwork should be cleaned and oiled before ramming
to prevent this situation. In addition, the formwork
should slide up instead of directly hinging away.

3.3 Training

In accordance with the design guidelines of earthen
houses in various countries and regions, workers should
be trained in the perception of soil and the construction
method to improve their skills and accuracy before the
project starts.

Figure 14 Mixing training  Figure 15 Ramming training
3.4 Repair

If wall damage occurs, but does not affect the overall
structural safety of the building, then the damaged part
can be repaired.

Generally speaking, repair is divided into the
following steps: wetting, re-erecting formwork and
ramming and removing formwork. During the repair of
this project, we found that if the wall is thin (<300 mm),
then the whole piece must be removed and re-rammed.
The thickness of the damaged wall in this project is 600
mm, and the damaged part is half the thickness. We
chose to remove the half part of the damaged wall and
re-tamper it. Notably, however, the restoration work
must be done with great care because the re-ramming
part tends to detach from the original part.

Solution: Install a
windowsill  to  expedite
rainwater
Table 5 Solution for wall damage
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4. CONCLUSION

Pure soil construction is a sustainable technology,
and modern techniques help increase its strength and
regulate its construction practices.

With the dissemination and popularity of sustainable
technology and materials in recent years, a growing
number of RE buildings are being built worldwide.
However, this study finds that:

1) Designers and builders must increase awareness.
Although modern techniques and equipment have
been used in the construction of modern earth
buildings, the design of modern earth buildings is
different from that of modern buildings. Therefore,
the plan should be discussed with earth experts
before construction.

2) Even if the construction is performed by skilled
workers, a certain period of construction training is
necessary before the construction of raw soil
buildings to familiarise workers with the
characteristics of materials, construction tools and
standard operations.

3) On-site instruction is crucial in the whole
construction system. A soil specialist or on-site
designer should frequently inspect the site.

4) In addition to optimizing the ratio of materials with
different particle sizes in the mixture, we can
minimise the disadvantages of earth construction
and give full play to its advantages by doing a good
job in construction management.
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ABSTRACT: This paper presents the methodology and results of in-situ building fabric thermal testing to calibrate
as-built energy models of three low energy dwellings in the UK, so as to examine the gap between the as-
designed and as-built energy performance. The in-situ tests included air permeability testing, along with thermal
imaging and heat flux measurement. Despite the dwellings being designed to high thermal standards, heat flux
measurements showed poor thermal quality of the walls and roof section even for the ‘good’ quality sections
that were measured. Thermal imaging surveys revealed air leakage pathways around door/window openings,
penetrations and junctions between walls and ceilings indicating poor detailing and workmanship. Air
permeability (AP) was found to have increased after the initial test due to post-completion alteration to the
building fabric. Though the results were higher than expected they were within the UK Building Regulations
limiting fabric parameters. Calibration of the model through temperature monitoring provided less extreme
projected energy performance gap than simply replacing the designed AP values and U-values with test results.
Insights from the study have reinforced the need for national Building Regulations to require as-built energy

models with in-situ test data to measure the gap between intent and outcomes.
KEYWORDS: Building performance evaluation, performance gap, thermography, energy modelling

1. INTRODUCTION

The UK Government is legally committed to a
target of net zero for UK greenhouse gas (GHG)
emissions by 2050 and to five-year carbon budgets in
the interim set by the Committee on Climate Change
[1]. Over the years various policies aimed at
encouraging energy efficiency measures in domestic
buildings such as Code for Sustainable Homes (CSH)
and the Green Deal, have come and gone. According
to the UK government’s Department for Business,
Energy and Industrial Strategy’s (BEIS) Clean Growth
Strategy [2], the UK has outperformed the target
emissions reductions; however, the housing sector,
will need to do more to meet its share of reductions.

These carbon budgets have driven the need for
new dwellings to be built with high standards of
insulation and airtightness with managed ventilation,
high efficiency heating systems, and renewables.
However, there is a growing concern that low/zero
energy dwellings often underperform as compared to
the design specifications, due to discrepancy in
building fabric thermal performance, systems
efficiency and occupant behaviour.

Building performance evaluation (BPE) studies
offer a range of methods to evaluate the
effectiveness of design and construction in meeting
expected performance. Recent performance
evaluation studies [3, 4] have demonstrated that in-
use energy use can be up to three-five times more
than design predictions. This energy performance gap
(EPG) between the predicted energy performance of

a building (domestic or non-domestic) and its
measured performance has been highlighted by
several studies [5-14]. BPE studies of new dwellings
[7, 14-16] have shown the reasons for performance
gap to be related to discrepancies that arise across
the building process, from the design and modelling
tools used to design the building, through build-
ability, materials and build quality (as-designed and
as-built), systems integration and commissioning but
handover and operation, as well as the
understanding, comfort and behaviour of the
occupants. Clearly national policy targets for carbon
reduction cannot be met without understanding,
quantifying and minimising this performance gap
between as-designed, as-built and in-use stages.

This paper uses in-situ building fabric thermal
performance testing to examine the gap between as-
designed and as-built energy performance to create
and calibrate as-built energy models of three low
energy dwellings in the UK. The study is part of a
research project (2015 - 2020), funded by the
European Union’s Horizon 2020 Research and
Innovation programme, called Zero Plus project
which seeks to achieve net-regulated energy use of
less than 20 kWh/m?/year. This paper presents the
methods used and results of the pre-occupancy
evaluation of three dwellings designed to meet the
above target.
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2. CASE STUDY DWELLINGS

The three case study dwellings in the study (Zero
Plus project) are shown in Figure 1 on the following
page. The dwellings are located in York (UK). The
house numbering is from right to left in the images.
ZP1 and ZP2 are both 2-bedroom semi-detached
properties, consisting of two stories. These two
properties are mirrored, and both share the party
wall along the lounge wall. ZP3 is a 3-bedroom, plus
study detached property, also with two stories.

Figure 1: Case study dwellings

All three dwellings were constructed to meet
Code for Sustainable Homes (CSH) Level 4. Though
CSH is no longer a standard used in the UK, it is the
standard that was used when the development began
design. Even to this day, though CSH has been
abandoned, the standard fabric parameters used in
the development to meet it still surpass the current
UK Building Regulations (BRUKL) limiting fabric
parameters (U-values and air permeability) as shown
in table 1.

Table 1: Design and regulation fabric parameters

ZP design BRUKL

Wall W/(m2-K) 0.17 0.30

§ Roof W/(m2-K) 0.16 0.20
IS Floor W/(m2-K) 0.14 0.25
S  Party wall W/(m2:K) 0.20 0.20
Windows W/(m?2:K) 1.33 2.00

Air perm. (m3 h"t m2) @50pa 4.00 10.00

3. METHODOLOGY

The objective of pre-occupancy testing was to
check the actual thermal performance of the building
fabric and identify any areas of air leakage, thermal
bridging or less than adequate insulation in the
external fabric. The BPE methods included the use of
a blower door test to measure air permeability, heat
flux measurement to measure thermal transmittance
(U-value) and thermal imaging survey to qualitatively
document heat loss.

Air  permeability tests were performed
immediately following construction (January -
February 2019) and again in April 2019. The test was
conducted on each of the three dwellings in
accordance with ATTMA TSL1 recommendations,
using the Blower Door and depressurisation pressures
up to 50Pa. All ventilation openings were closed and
or sealed with an adhesive membrane.
Measurements of air flow rate through the fan of a
Blower Door fitted to the front door were recorded
with fan speed varied to give pressures of
approximately 10 to 60Pa. Calculations were then
made to produce a figure for air permeability at a
pressure difference of 50Pa.

Thermal imaging was carried out on the 3rd of
April 2019 and performed twice for each property,
before and during depressurisation. Depressurisation
was used to highlight further areas of air leakage. A
blower door was used and a pressure of around -50Pa
was maintained for a period of 15 minutes before a
second thermographic survey was undertaken. A
19°C difference was maintained between interior and
exterior except for ZP2 where the heating was not
working. In ZP2, temporary convection heaters were
installed approximately four hours prior to the
survey.

Heat flux plates were installed for 14 days to
measure variations in thermal transmittance (U-
value) between good and poor areas in close
proximity. The detailed test method outlined in
International Standard I1SO 9869-1 was followed. Wall
measurements on ZP1 and ZP3 were on North walls.
The roof measurement was done on ZP2 in the first-
floor bathroom. The locations for the Heat Flux plates
were chosen as places where there were relatively
good and poor areas of building fabric in close
proximity  (following the thermal imaging
assessment). Air temperatures were measured in the
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respective rooms and outside the fabric as near as
possible to the same part of the fabric. The heat flux
measurement  for  assessment of  thermal
transmittance was carried out from 3™ April to 24"
April 2020. The process of quantifying the thermal
transmittance involves data logging of the
temperature on each side of the fabric element and
the heat flow through the heat flux sensors. U-Value
W/(m2K) of a wall is heat flux (in W/m?) divided by
temperature difference (K). This is calculated from
the average value of heat flux divided by the average
temperature difference. Because temperatures and
heat flow vary during the test, average values of each
parameter need to be taken over an extended test
period.

3.1 Energy model calibration

Throughout the design process, dynamic thermal
simulation models were developed and maintained
using the Integrated Environmental Solutions Virtual
Environment (IES VE) suite of software, specifically
ModellT for modelling the external physical
characteristics of the dwellings and Apache for
setting thermal parameters and running simulations.
IES VE thermal calculation and dynamic simulation
software was selected since it is an approved industry
standard, audited by the Chartered Institution of
Building Services Engineers (CIBSE) and the United
Kingdom Accreditation Service as well as being an
accredited  software for  producing  Energy
Performance Certificates (EPCs) by the Building
Research Establishment (BRE).

For modelling purposes ZP1 and ZP2 are a single
model (semi-detached type), i.e. type ‘B3’ and ZP3 is
a model of the detached type, ‘C4’. The models were
calibrated following the pre-occupancy evaluation
results to observe potential performance gap issues,
specifically where the building fabric may be
performing differently from as-designed
expectations. Two model calibration methods were
explored as described below:

Method 1 (M1) - U-values through heat flux
measurements: M1 used heat flux measurements
and latest air permeability results to calibrate the
model by using these values as parameters in the
model. The mean of the air permeability results for
ZP1 and ZP2, 5.42 m3h-1/m? at 50 Pa, was used for
model B3. External wall thermal transmittance of
0.56 W/m?K was used for both B3 and C4. This is
calculated by taking the ‘good’ and ‘bad’ heat flux
measurements in ZP1 and using ‘good’ as 90% of wall
and ‘bad’ as 10% of wall as the ‘bad’ measurements
were at most representative of corners and trim
conditions. A roof thermal transmittance of 0.3
W/m?K was calculated in the same way.

Thermal transmittance = (‘good’ x .9) + (‘bad’ x .1)

Some limitations of M1 were as follows: ZP2 had
inoperable heating, thereby limiting the temperature
difference between the interior and the exterior.
Also, the heat flux measurements were only taken on
north walls in two instances and a ceiling in one
instance. The worst areas were sought out for taking
heat flux measurements; therefore, the thermal
transmittance results from the assessment may be
higher than the thermal transmittance in the
dwellings overall.

Method 2 (M2) — U-values through temperature
monitoring. An alternate method was explored for
contrast. This method used temperature data
measured during the summer in ZP2. Though the
inoperable heating was problematic for pre-
occupancy testing it provided an opportunity to study
the dwelling unoccupied and free running for a longer
period. As ZP2 remained unoccupied, this dwelling
was used to calibrate the model using internal
temperature data. Hourly external temperature data
from Weather Underground!were used to align with
external temperatures in the model. Similar
temperature patterns were aligned from the same
period for the day with the lowest temperature in the
model. Observing the lowest temperature is helpful
in observing the greatest strain on the external fabric
albeit this evaluation was performed in the end of
summer/shoulder season (September) and the lowest
temperature was 6°C.

As the dwelling was unoccupied, all internal gains
from occupant activity were removed from the
model, that is, occupant body heat, appliance energy,
domestic hot water energy, and lighting energy. In
addition, occupant window opening patters and
heating patterns were removed from the model.

After the model was revised to mimic the pre-
occupancy state of the unoccupied ZP2 dwelling, the
thermal transmittance of the exterior walls and roof
were adjusted to find the best match using simulated
temperature data in the lounge. Two versions of the
model were tested:

1. Model A — all parameters to match fabric
details of the pre-occupancy evaluation (see
details of method M1).

2. Model D — same air permeability as method
M1, ‘good’ heat flux measurement for the
roof of 0.19 W/(m?K), and external wall
thermal transmittance of 0.26 W/(m?-K) was
used. This value was the change variable for
finding the match between the monitored
temperature data and model temperature
data at the lowest point for the space
simulated.

1

www.wunderground.com/history/daily/gb/leeds/EG
NM/date/2019-9-10
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4. RESULTS
4.1 Air permeability testing

The results of the latest air permeability (AP) tests
were compared with the test conducted at the
completion stage, as shown in table 2.

Table 2: Case study form and air permeability details

ZP1 ZP2 ZP3

Total floor area
(TFA) (m2)
Envelope area
(m?)

Design AP
(m3 h-! m-2@50pa)
Completion AP
(m3 h-! m-2@50pa)
Current AP
(m?3 h-! m-2@50pa)

84.4 84.4 129.6

245.8 2458 3211

4 4 4

3.94 3.97 2.77

5.39 5.44 7.53

Interestingly all three dwellings were found to
have better AP results than design targets when they
were first tested. The current tests showed that none
of the three dwellings met the design target of 4 m?
h-! m-2 @50pa, although all dwellings remained
within UK Building Regulations requirement of 10 m3
h- m-> @50pa. ZP3 had deteriorated most
significantly, and it was noted that there were holes
in the kitchen wall where waste pipes had been fitted
and the gaps around the pipes were not sealed
properly. Other areas that had deteriorated included
holes cut in the first floor, presumably to trace pipes
or cables in the void and not properly filled, and
cracks at the edges of the stairs and under the
skirtings. These anomalies were re-confirmed in the
thermal imaging survey under depressurisation.
According to the developer some work had been
done on the properties to fix defects between the
first and second test.

4.2 Thermal imaging survey

Thermal imaging in all three dwellings showed air
leakage pathways around openings and penetrations.
Most surfaces were found to have a low thermal
index which generally equals high U-values. The most
common areas within ZP1 that these types of
anomalies were seen were around skirting boards
and at the junctions between the ceilings and walls
(figure 2). ZP2 showed similar signs of air leakage
throughout the property, as well as air leakage
around the openable elements especially around
doors and windows. ZP3 also showed similar signs of
air leakage that was observed within the other two
properties. This was mainly seen at the junctions
between the ceiling and wall and around external
doors.

Figure 2: Air leakage in bedroom corner of ZP1

4.3 U-values through heat flux measurements

Overall heat flux measurements showed poor
thermal quality of the walls and roof section that
were measured. Whereas ‘good’ and ‘poor’ quality
sections were measured, even the ‘good’ quality
sections did not meet the design U-value. The
measured values of thermal transmittance for the
walls of the three dwellings were found to be
significantly higher than design values as shown in
Table 3. In fact, the wall U-values for ZP1 and ZP2 do
not meet UK Building Regulations limiting fabric
parameters. Similar differences were observed for
the designed and measured U-values of the roofs.
The U-values as calculated through the thermal
imaging were a consistent 0.7 W/(m?K); however,
well-insulated  fabric elements show greater
uncertainties in measuring thermal transmittance
through thermal imaging. Unfortunately, as the test
were taken at a much later stage, the build quality,
insulation thicknesses, and actual wall construction
could not be reviewed.

Table 3: Heat flux measurements W/(m?2K)

Wall Wall Roof
ZP1 ZP3 P2
Design specification 0.17 0.17 0.16
Measured good area 0.47 0.56 0.19
Measured poor area 1.39 1.95 1.28

4.4 Calibrated energy models

Since in-situ measurements were mainly about
building fabric thermal performance that affects
space heating, as-designed energy models of the
three dwellings were calibrated using the two
methods (M1 and M2) to compare the difference
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between as-designed and as-built (calibrated) space
heating energy use.

Using method M1 that used measured U-values
(through heat flux measurement) and measured air
permeability (M1), as-built space heating was found
to be about twice than the designed space heating
energy for all three dwellings, as shown in Table 4.

Table 4: Calibration method 1 results

ZP1/zP2 ZP3
As- As- As- As-
designed  built designed built
Space
heating 2,575 5,361 4,491 9,873
(kWh)

Using method M2, thermal transmittance of
building fabric elements was manipulated to align the
model’s internal temperature with monitored data
for the lounge. This resulted in an external wall U-
value of 0.26 W/(m?K) in Model D. In Model A
(external wall U-value of 0.56 W/(m?K) resulted in
1°C cooler internal temperatures in the model than
what was monitored for the same period, which is
why Model D was analysed further. In the case of
method 2 (Model D), as-built annual space heating
energy use was found to be 1.4 times more than
designed space heating, as shown in Table 5.

Table 5: Calibration method 2 results (Model D)

ZP1/ZP2 ZP3
As- As- As- As-
designed built designed built
Space
heating 2,575 3,596 4,491 6,002
(kWh)
5. DISCUSSION

The three in-situ tests revealed the magnitude of
the gap between expected and actual thermal
performance of the building fabric and the likely
thermal defects that occurred in the three case study
dwellings. Overall, most elements of the wall
construction appeared to be well-insulated. However,
depressurisation of the dwelling as part of the air
permeability test highlighted the air leakage
pathways and origins of some of these anomalies. Air
movement was prevalent at the junction between
walls and ceilings within all three properties, which
could lead to thermal bypass. Air infiltration was seen
around doors, particularly at the threshold of the
doors to the garden area. The heat flux measurement
showed areas of the building fabric that did not meet
the limiting fabric parameters of Building regulations.
It is recommended that the constructor addresses the

identified thermal defects before occupants move
into the dwellings.

The second wave of air permeability tests showed
higher AP values than those conducted post
completion as part of compliance testing. This is a
significant finding and implies that one-off tests are
not adequate to identify thermal defects in dwellings
since the building fabric thermal performance may
deteriorate as works are undertaken, even after
compliance testing. Moreover, there is very little
research undertaken on longitudinal testing of
building fabric performance; something that needs to
be considered in future iterations of Building
Regulations. The study has also exposed that
communication of design intent amongst developers,
constructors and designers is essential for achieving
the intended thermal performance. If any works to
the building fabric are undertaken (holes cut)
following  air-tightness  testing, professionals
responsible for ensuring a continuous air tightness
layer must be involved.

Utilising in-situ testing data to calibrate as-built
energy models is vital since it exposes the real
difference between intended and actual energy
performance without the influence of occupancy
related factors since the dwellings are un-occupied.
This is why calibration of the model through
temperature monitoring provided less extreme
projected energy performance gap than simply
replacing the designed AP values and U-values with
results from air permeability testing and heat flux
measurements. It is evident that using more detailed
data for calibration of energy models reduces the
projected energy performance gap. To make this
mainstream, future revisions of UK Building
Regulations should require in-situ testing of building
fabric thermal performance using a combination of
tests (and not just air permeability tests), and
submission of calibrated as-built energy models for
compliance purposes.

6. CONCLUSION

The building fabric thermal performance of three
low energy case study dwellings was systematically
measured in-situ through concurrent tests involving
air permeability, thermal imaging and heat flux
measurements. The results were used to calibrate as-
built energy models, so as to identify the real
difference between as-designed and as-built energy
performance.

Despite the dwellings being designed to high
thermal standards, heat flux measurements showed
poor thermal quality of the walls and roof section
even for the ‘good’ quality sections that were
measured. Thermal imaging surveys revealed where
the fabric performance was being compromised. Air
leakage pathways were found around door/window
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openings, penetrations and junctions between walls
and ceilings indicating poor detailing and
workmanship.

Insights from the study have reinforced the need
for national Building Regulations to require as-built
energy models with in-situ test data to measure the
gap between intent and outcomes.
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ABSTRACT: The “Dampoort KnapT OP!” project in Ghent (Belgium) supported 9 families of captive residents in the
necessary renovation of their dwellings. The aim of this study is to analyse the impact of these measures on the
performance of the building envelope, energy use of and indoor climate in 3 single family dwellings. Measurements
were carried out during the heating season in 2017-2018 (before) and 2018-2019 (after renovation). The monitoring
campaign included pressurisation tests and infrared thermography. Temperature, relative humidity and CO,-
concentration were monitored during 2 to 4 consecutive weeks. Gas consumption (for heating) was measured on daily
basis in a short period in dwelling A and B and annual values from 2016 to 2019 were acquired for all dwellings. The
results show that it is difficult to draw general conclusions from comparable renovation actions in the studied dwellings.
The air tightness increased in dwelling B while it decreased in dwelling C. Dwellings A and C have an increase of indoor
temperature while the temperature is slightly decreased in dwelling B. The energy use for heating decreased in dwelling
A and B but increased in C. The impact of the user on the indoor climate and energy use is also shown.

KEYWORDS: Renovation, Monitoring, Energy Use, Indoor Climate, Residential Buildings

1. INTRODUCTION

The city of Ghent (Belgium) is suffering from a lack of
affordable, qualitative housing for people with low
income. They are stuck in houses that are unsafe, of poor
quality, not energy-efficient and not adapted to people’s
physical needs. ‘Caught’ in bad living conditions, these
people are called ‘captive residents’.

The “Dampoort KnapT OP!” project of the public
centre for social welfare of Ghent (Belgium) supports 9
families of captive residents in the Dampoort
neighbourhood in Ghent in the necessary renovation of
their dwellings. For each renovation, a starting capital of
€ 30.000 is provided with the focus on improvement of
safety, quality of living and energy savings. This pilot
project is up-scaled and applied to 100 dwellings in the
new project “Gent knapt op” as described in [1].

The aim of this study is to analyse the impact of the
renovation measures on the performance of the building
envelope, the energy use of and the indoor climate in 3
different single family dwellings of the “Dampoort KnapT
OP!” project.

Other recent studies already determined the impact
of an energy retrofit in residential buildings. Broderick et
al. [2] measured the potential impact in fifteen semi-
detached Irish homes on the indoor air quality (IAQ) and
thermal comfort. They observed an increase of average

temperatures but no significant change in relative
humidity. A significant change in concentrations of a
number of pollutants was measured, attributed to
reduced ventilation rates as a result of improved building
air tightness. Foldvary et al. [3] evaluated the impact of
simple energy renovations on |IAQ, air exchange rates
and occupant satisfaction in Slovak residential buildings.
Concentrations of total volatile organic components
(TVOC) was elevated after renovation. It was concluded
that energy renovation without considering its potential
impact on the indoor environment could adversely affect
the IAQ. La Fleur et al. [4] studied the measured and
predicted energy use and indoor climate before and
after a major renovation in a Swedish apartment
building. An increase of indoor temperature was
measured.

Major renovation projects in Northern Europe,
including insulating building envelope and installation of
a heat recovery system, cause reduction of normalized
heating demand of 30 to 68% [4], [5], [6]. La Fleur et al.
[4] also mentioned an Under-prediction of saving
potential since indoor temperature has increased after
renovation and the impact of the user behaviour on the
energy-saving potential.

This paper is structured as follows. Paragraph 2
describes the characteristics of the buildings before and
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after renovation and details of the monitoring campaign.
The impact of the renovation on the building envelope,
indoor climate and energy use is shown in the results
part in paragraph 3, followed by conclusions.

2. METHOD
2.1 Description of the dwellings

2.1.2 Building characteristics and use

All buildings are originally built before 1945 and
renovated in 2018. Figure 1 and 2 show the section
respectively the ground floor plan of dwellings A and C
while Figure 3 shows the ground floor plan of dwelling B.
The heat loss area is indicated in red.

Table 1 summarizes the geometrical data of the 3
dwellings. Dwelling A and C are both terraced houses
while dwelling B is a ground floor apartment with one
common wall. Dwelling A and B have a similar net floor
area and volume, while the volume and floor area of
dwelling C is twice as large as this of the other buildings.

The use of the building, the heating set points and
opening of the windows are shown in Table 2. Only living
room, kitchen, bathroom and some sleeping rooms are
heated. The occupants in dwelling C changed their habit
of heating after renovation. The house is now constantly
heated while before the retrofit the house was only
heated when present. The other dwellings have a night
setback for the heating. Windows are rarely opened.

Table 1: Geometrical data of the dwellings

A B C
Building type |1 oced Afarrcf?nednt Terraced
gtyp house g house
floor)
Number of 5 1 5
floors
Net floozr - g3 6
area (m?)
Heat loss
2 172.8 260.5 323.5
area (m?)
Volume (m?) 263 291 611

Table 2: Usage data of the dwellings

A B C
Occupants 1to2 3 2
11h-15h30
Use weekdays 18h-7h30 17h-8h30 17h30-10h
Use weekends 0-24h 0-24h 17h30-10h
Heating set 20 21.5%* 21
point use (°C)
Heating set 21/no
point night (°C) 7 7 heating*
Living, Living,
Living, kitchen, kitchen,
Heated rooms kitchen, bathroom,  bathroom,
bathroom sleeping sleeping
room 3 room1, 2
windows ping
room

* after/before renovation
** before renovation: thermostat was broken

2.1.2 Renovation measures

Table 3 gives an overview of the renovation
measures in the three residential buildings.

Renovation in dwelling A includes the insulation of
the sloped (U = 0.19 W/m?K) and flat roof (U = 0.18
W/m?2K), replacement of the roof lights in the kitchen
and bathroom (U,, = 1.7 W/m?K) and replacement of the
roof window (U,, = 1.0 W/m?K) and the window in the
sleeping room on the first floor (U,, = 1.6 W/mZK).

In dwelling B, both the building envelope and the
heating system were refurbished. A new condensing
boiler with a new thermostat and new radiators in the
sleeping room, toilet and kitchen were installed. In
addition, the windows in the kitchen, living room and
toilet were replaced and also a new external door was
foreseen (U, = 1.0 W/m?K, Us = 1.6 W/m?K).

The sloped (U = 0.16 W/mZ2K) and flat roof (U = 0.14
W/m?2K) in dwelling C were insulated. In addition, a new
door in the hall and new windows in the living room and
sleeping room were installed (Ug = 1.0 W/m?K, Us = 1.1
W/m?2K).

The other walls and windows in all three dwellings
are not insulated.

Table 3: Overview of renovation measures

A B C

Sloped roof X - X
Flat roof X - X
Windows X X X
Roof window X - -
External door - X X
Heating system - X -
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Figure 3: floor plan of dwelling B

2.2 Monitoring

The measurements were carried out during the
heating season (winter) in 2017-2018 (before
renovation) and 2018-2019 (after renovation). The
monitoring campaign included pressurisation tests
according to EN 13829 [7] to measure the air tightness
of the whole building and infrared thermography to
visualise the air leakage paths and thermal bridges in the
building envelope. Infrared scans were executed in
cloudy weather and with an indoor and outdoor
temperature difference of 8 to 16°C.
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The following parameters of the indoor climate were
monitored every 5 to 10 minutes during 2 to 4
consecutive weeks in all the rooms in use: temperature,
relative  humidity and CO,-concentration. The
monitoring locations are indicated on the floor plans on
Figure 2 and 3 with green dots (all parameters) and
green triangles (only temperature and relative
humidity). Table 4 shows the accuracy of the sensors.

Moreover, the gas consumption for heating was
measured as follows. In dwelling A and B, daily values
were monitored from March 18 to April 30 2019 via June
Energy [8]. Annual values from 2016 to 2019 were
acquired from the energy provider and subdivided per
month based on the actual heating degree days.

Table 4: Accuracy of the sensors for indoor climate [9][10]

HOBO U12 HOBO MX1102
Temperature (°C) +0.35 +0.21
Relative humidity +2.5 +2.0
(%) [10-90] [20-80]
CO; (ppm) - + 50 + 5% value
3. RESULTS

3.1 Building envelope and air tightness

Figure 4 shows the impact of the renovation on the
measured global air tightness ns, of all dwellings, except
for dwelling A, which had no reference value. The air
tightness in dwelling B is improved due to new windows
and external door with attention to airtight finishing. On
the other hand, a small decrease is noticed in dwelling C.
These results are in line with measurements in a
comparable study in Belgium [11]. Some dwellings have
an improvement of the air tightness of 5-30%, while
other dwellings have a worse level of air tightness (19-
40%) after renovation.

12

10
8
6 M before
after
4
0
A B €

Figure 4: Measured air tightness (nso) of the dwellings before
and after renovation.

nso (h?)

N

The results also indicate that the leakage rates after
renovation remain relatively high due to significant air
leaks as confirmed by infrared scans. Figure 5 shows e.g.
the air leaks underneath the external door in dwelling A
and B after renovation. Moreover, the infrared scans

prove that the overall insulation quality of the dwellings
can be improved. Heat losses occur to a large extent
along facades and non-renovated building envelope
sections. However, the infrared scans did show that the
renovated envelope elements were properly insulated.

Figure 5: Infrared scan of the external door in dwelling A (left)
and B (right).

3.2 Indoor climate

3.2.1 Temperature

The average indoor temperature before and after the
renovation works is compared in all three dwellings in
Figure 6. It is shown that the average temperature in
dwelling A and Ciis increased as a result of insulating the
roofs and the new windows. The temperature rise in
dwelling C is more pronounced as a consequence of the
changed heating habit from discontinuously to
continuously. By contrast, the average temperature is
slightly decreased in dwelling B due to better user
control of the heating system to avoid high energy bills.

25 =
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Figure 6: Comparison of measured average indoor temperature
in all dwellings before and after renovation.

3.2.2 Relative humidity and CO,-concentration

Figure 7 and 8 compare the average relative humidity
respectively the CO,-concentration before and after
renovation in the living room of every dwelling.
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In dwelling A and C, the average relative humidity in
the living rooms is decreased due the increase in indoor
temperature. In addition, the CO,-concentration is only
slightly influenced by the renovation.
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Figure 7: Comparison of measured average relative humidity in
the living room in all dwellings before and after renovation.

In the meantime, renovation caused an increase of
both the average relative and absolute humidity in the
living room in dwelling B due to lower temperature and
a higher air tightness level as shown on Figure 4. This is
also noticed when comparing the average CO,-
concentration in the living room in dwelling B before and
after renovation on Figure 8. The median of the CO,-
concentration is increased with 18%. All other rooms in
dwelling B also have a significant rise of CO,-
concentration.
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Figure 8: Comparison of measured average CO2-concentration
in the living room in all dwellings before and after renovation.

3.3 Energy use for heating

Figure 9 and 10 show the impact of the renovation
on the energy use for heating in dwelling A and C,
normalised for outdoor temperature respectively
outdoor and indoor temperature.

The energy use in dwelling A is in both cases
decreased caused by insulating the roofs. On the
contrary, the energy use in dwelling C is increased. Only

when the energy use is corrected to the outdoor and the
indoor temperature, a small decrease is noticed in this
house. This means that the decrease caused by the
insulation of the roofs is outweighed by the increase due
to the changed heating regime, i.e. a rebound effect is
noticed in dwelling C.

0 ||I| ‘lll ||I| |II|
Dec Jan Feb Mar

u A before renovation M A after renovation

o
& @& ® ©°

Normalised energy use for heating [kWh/m?]
~

m C before renovation m C after renovation

Figure 9: Measured average energy use for heating (normalised
for the outdoor temperature) in dwelling A and C before and
after renovation.
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Figure 10: Measured average energy use for heating
(normalised for the outdoor and indoor temperature) in
dwelling A and C before and after renovation.
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Figure 11: Measured average energy use for heating

(normalised for the outdoor temperature) in dwelling A and B
before and after renovation.
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Figure 11 shows the impact of the renovation on the
energy use for heating in dwelling A and B in April,
normalised for outdoor temperature. This figures
confirms the conclusions from Figure 9 in dwelling A. A
significant decrease in energy use in dwelling B is also
noticed as a result of the renewal of the control of the
heating system in this house.

These results are in line with the findings of a
comparable study in Belgium [11].

4. CONCLUSIONS
This paper analysed the impact of restricted

(3]

retention to improve living conditions of captive
residents,” in PLEA 2020: Planning Post Carbon Cities,
2020.

A. Broderick, M. Byrne, S. Armstrong, J. Sheahan, and
A. M. Coggins, “A pre and post evaluation of indoor
air quality, ventilation, and thermal comfort in
retrofitted co-operative social housing,” Build.
Environ., vol. 122, pp. 126-133, 2017.

V. Foldvary, G. Beko, S. Langer, K. Arrhenius, and D.
Petras, “Effect of energy renovation on indoor air
quality in multifamily residential buildings in
Slovakia,” Build. Environ., vol. 122, pp. 363-372,
2017.

renovation measures on the performance of the building (4] L. La Fleur, B. Moshfegh, and P. Rohdin, “Measured
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envelope, the energy use of and the indoor climate in 3 . .
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shown that it is difficult to draw general conclusions [5] L. Liu, P. Rohdin, and B. Moshfegh, “Evaluating
from comparable renovation actions in the three studied indoor environment of a retrofitted multi-family
dwellings. building with improved energy performance in
Regarding the building envelope, the air tightness is Sweden,” Energy Build., vol. 102, pp. 32-44, 2015.
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ABSTRACT: The challenge of daylighting is to assess light generated from sun and sky at a certain point, where
sky luminance varies according to a series of meteorological, seasonal, and geometrical parameters that are
difficult to codify. As daylight through windows, varies significantly by times and seasons, a common
phenomenon in reading space of libraries are students more tend to draw the curtain when the weather is
sunnier than usual, and turn on artificial lighting, resulting use of additional energy. Studies show in a tropical
location the introduction of light shelf at any height produces an overall reduction of illumination on work plane
and common light shelves cannot actively deal with external environmental factors. This paper studies on how to
improve the daylight condition using angular light shelves in the reading space of a university library in context
of Dhaka. Dynamic daylight simulation technique using DAYSIM, is applied in this research. Different angles of
light shelves are found suitable for four dates which represents different seasons of the year, as 25° for 20
March, 20° for 21 June, 30° for 22 September and 35° for 21 December for a reading space in a university library

in the context of Dhaka.

KEYWORDS: Daylighting, CBDM simulation, Library lighting, Adjustable Light Shelf, Angular Light Shelf

1. INTRODUCTION

Daylight is a feature of a space that can increase
length and quality of stay [1]. As an important place
for students to read and study, the quality of lighting
in the reading space of university library has a great
influence on the visual and learning efficiency of
students [2]. A common phenomenon in the reading
space of libraries is students more tend to draw the
curtain when the weather is sunnier than usual, and
turn on artificial lights, resulting in additional use of
energy. The challenge of daylight design involves with
the assessment of lighting generated from natural
sources (sun and sky) at a certain reference point,
where sky luminance varies according to a series of
meteorological, seasonal, and geometrical
parameters that are difficult to codify. The
illuminance penetrations through the windows, vary
significantly by times and seasons. Since the solar
altitude is higher in summer, the penetration in
summer is more tilted toward window adjacent areas
than in spring and fall. Extreme illumination is
produced that reached often the centre of the
functional space in winter, probably because direct
solar radiation comes from below the shades.

Light shelves have been discussed in numerous
studies as suitable solutions for controlling daylight in
side-lit spaces by offering shading and at the same
time can redirect a significant part of the incoming
light flux towards the ceiling to improve uniformity of
daylight [3]. The light in a library need to be adequate
for the users to see a particular task, usually reading a
book or the text on a computer screen. Studies show,

in a tropical location, such as Bangladesh, the
introduction of light shelf at any height produces an
overall reduction of illumination on the work plane
throughout the interior space; however, light shelf
can be an effective element to enhance the quality of
daylight in tropical buildings, if designed and located
properly [4] and the common light shelves cannot
actively deal with external environmental factors
[5]. A slight tilt of a light shelf can increase the light
flux entering the room especially during summer
months. With increase of the latitude, angle of tilt
decreases. The objective of this research is to identify
the effectiveness of adjustable tilted angles of light
shelf at south window fagade of a university library
reading space to ensure effective daylighting during
different times and seasons considering the climate
of Dhaka.

2. LIGHT SHELVES AND TILTINGS

Although a light shelf is supposed to produce an
improvement of illumination conditions and energy
savings, this is not always the case. Light shelves have
maximum efficiency when the sun shines directly
over the shelf. Study on light shelf performance on
solar geometry and surface reflectance demonstrates
the dependence of light shelf on solar angle, time of
year and day, and model reflectance, yet illuminance
level in the back of the room is not often improved
[6].

To prevent unwanted solar heating, a window
need to be shaded from the direct solar component
and in some cases also from reflected components. It
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is generally agreed that the principle of thermal solar
control is to let the sun’s energy into the building
during the winter and to intercept it in the summer.
The type, size and location of a shading device will
therefore depend on solar angular relationships with
the window in terms of solar altitude and azimuth.
Shading the window perimeter by tilting the shelf
downward will reduce the amount of light reflected
to the ceiling. Upward tilting will improve penetration
of reflected daylight and reduce shading effects (Fig.
1). Therefore, upward tilting angles are varied in this
research to identify suitable angles for different times
of days and seasons.

Downward
tilted

Upward ™.
tﬁted

Figure 1: Upward and downward tilted light shelf influences
shading and daylight reflection

3. METHODOLOGY

The seasonal positions of the sun are universally
known in general terms. It is directly over the equator
about 21 March, the vernal equinox; and thereafter it
appears farther north each day until it reaches its
zenith above the tropic of cancer about 21 June (the
summer solstice in northern latitudes). Then the sun
appears a little more southerly each day, rising above
the equator about 21 September (the autumnal
equinox) and reaching its most southerly point over
the tropic of capricorn about 21 December (winter
solstice).

June 21
{summer solstica)

Mar 21, Sep 21
(equinox)
Dec 21 Shading
[winter solstice] 1)
Window
==,
3y g"? b EA.
o . =t
<= Nerth

Figure 2: Solar solstice and equinox position for Dhaka.

Dynamic daylight simulation (DDS) technique
using DAYSIM, is applied in this research. For finding
the precise angles of light shelf on different seasons
four dates have been selected to analyze according to
different sky conditions and sunshine time. The dates
are fixed on the 20 March, 21 June, 22 September

and 21 December; which are the equinox and solstice
dates of Dhaka (Fig. 2) as mentioned. As the sun
position also changes on different parts of a day,
three times of a day are selected for analysis. The
times are 8:30 at morning, 12:30 at noon and 4:30 at
afternoon as the operation hour of the libraries are
usually from 8:00 am to 5:00 pm.

As a case space, the designed central library of
Bangladesh University of Engineering and Technology
(BUET) is selected considering its size, width,
orientation, and potential of daylight inclusion. The
library building is north-south oriented (elongated to
east-west) which is ideal for tropical climate of Dhaka
considering the sun and wind (Fig. 3). The second
floor of the building is taken as a case space with 72
reading tables with the capacity of 288 readers (Fig.
4).

Figure 4: Interior views of the BUET Central Library

Daylight simulation allows to study the effect of
one variable by keeping the others constant. To
observe the variation of daylight penetration into the
library the angles of light shelf is changed and the
surrounding is considered as vacant [4]. The
simulations are done considering the windows in
north and south fagades with constant sill level, lintel
level, work plane height, materials and other
surroundings as found during the field survey. There
are horizontal louvers in the south fagade which are
eliminated during the simulation. The internal
partitions are also not taken into consideration during
simulation. Standard width of 1 m light shelves are
installed at 2.4 m height in the south facade. A 3D
model is built for the simulation as shown in Fig 5.
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Figure 5: 3-dimensional exterior view of the case reading
space with sun path diagram of Dhaka used for simulation.

A common approach for simulation is to define a grid
of illuminance sensors that extends throughout a
lighting zone [7]. 49 test sensor points are derived
from seven lines in equal intervals on both horizontal
and vertical axes in the reading area of the case
library. These 49 sensor points are set into the height
of 0.75m (Fig.7) from the finished floor level
representing the work plane height for the reading
spaces of Dhaka [8]. Intersection points in the plan
are coded according to letter and number system as
shown in Figure 6.

A B C & . F G
[ [ Il 0l _| [ [l
L A | %8 0o o TG O e *E RIc
< %] "%8 Ve 15 0P e bF e
3 W 0% T T% 0% 0% g
4 %A %8 S T O T plc!
3 £ [ T O [P T e A
¢ o - g SO ag RolEL g
! YA |oteEEe (ot SEE e o Ye
N
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Figure 6: Location of the test sensor points in the case space
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Figure 7: Schematic cross section of the case reading space
towards XX’ axis showing sensor points used for simulation.

4. SIMULATION

It is expected that among the illumination at 49
intersection points, the most crucial points are on the
axis 7 and 1 (Fig. 6). Points on axis 7 is at the south
facade of the case library with angular light shelf and
points on axis 1 is at the north fagade without light
shelf. That is why there is high possibility of glare
problem at the points on axis 7.

In this study, the initial 3D models for simulation
are constructed in three phases with different angles
(upward tilted) with the horizontal axis of light shelf.
In the first phase, from 0° angled light shelf to 60°
angled light shelf, models of five angles are
constructed with a gap of 15° (i.e. 0°, 15°, 30°, 45°and
60°). In the second phase, the adjacent angles of the
best found angle in the first phase (30°) with a gap of
5° are constructed in order to find out the more
precise angles (i.e. 15°, 20°, 25°, 30°, 35°, 40° and
45°). In the third phase, the adjacent 15° angles of the
best found angle in the second phase (30°) with a gap
of 1° are constructed to specify the best light shelf
angles with highest precisions for the year round (i.e.
15°,16°,17°,...45°). The detail results for the second
phase, with an interval of 5° are presented in this
paper, as in all cases these angles (i.e. 15°, 20°, 25°,
30°, 35°, 40° and 45°) (Fig. 8) perform better among
all studied simulations and governed in decision
support process.

o
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Figure 8: Studied angles (i.e. 15°, 20°, 25°, 30°, 35°, 40° and
45°) for the second phase, with an interval of 5°.

The design illumination on work plane height for
the reading spaces of Dhaka was considered as 300
lux for 9 hours (8.00 to 17.00) [8]. Some variables are
compared, such as average illumination, number of
points below 300 lux (under light); number of points
between 300-900 lux (effective light); and number of
points above 900 lux (glare), for determining the best
angles of the light shelves [4].

Performance metrics can be used for comparative
studies to guide building design or to benchmark a
building element against a pool of same elements
with different configurations. Rating between
different configurations is easier to interpret using
specific variables. In the rating of the seven different
studied angles of light shelf the highest value is
considered as a rating of ‘6’ points. When the values
of the configuration types are decreased the rating
point is also decreased respectively. The lowest value
in any performance metric is counted as ‘0’ rating
points. When all the studied configurations have got
the ratings for each of the performance parametric,
the total rating is summed for each configuration
individually. By comparing these individual
performances of total ratings, a ranking is done to
know which one secured the best position.
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4.1 Rating points with ranks for different angles of
light shelf on 20 March

On the 20 March, the illumination is high due to
the position of the sun. To identify the best angles for
three different times of the day rating points (RPs)
with ranks for different angles of light shelf on the 20
March are considered and shown on Table 1.
Table 1: Rating points with ranks for different angles of
light shelf on 20 March in different times

4.2 Rating points with ranks for different angles of
light shelf on 21 June

On the 21 June, the illumination is the highest due
to the perpendicular position of the sun. To identify
the best angles for three different times of the day
RPs with ranks for different angles of light shelf on
the 21 June are considered and shown on Table 2.
Table 2: Rating points with ranks for different angles of
light shelf on 21 June in different times

c < c c
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4.3 Rating points with ranks for different angles of
light shelf on 22 September

On the 22 September, the illumination is high due
to the position of the sun. To identify the best angles
for three different times of the day RPs with ranks for
different angles of light shelf on the 22 September
are considered and shown on Table 3.
Table 3: Rating points with ranks for different angles of
light shelf on 22 September in different times

4.4 Rating points with ranks for different angles of
light shelf on 21 December

On the 21 December, the illumination is the
lowest due to the position of the sun. To identify the
best angles for three different times of the day RPs
with ranks for different angles of light shelf on the 21
December are considered and shown on Table 4.
Table 4: Rating points with ranks for different angles of
light shelf on 21 December in different times
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4. RESULTS

The simulation is done in order to find out the
best angles for particular dates which might
represent the seasons. From the comparison of the
findings it is found that, 25° angular light shelf
performs effectively on the 20 March whereas, on the
21 June 20° angular light shelf performs best. 30°
angular light shelf performs well on the 22 September
and 35° angular light shelf performs the best on 21
December comparing the results of different times of
the day (Table 5). Though on the 20 March and on the
22 September the position of the sun is same (Fig. 2),
but due to different sunshine hours and different
cloud covers, the angles of the light shelves are
different (Table 6).

Table 5: Summary result of the daylight simulation of
equinox and solstice dates

Shelf Recommended
Date Time Angles Light Shelf Angle
g for the Date
20 8.30 am 25°
o o
March 12.30 pm 25o 25
4.30 pm 20
’1 8.30 am 20°
12.30 pm | 20° 20°
June 5
4.30 pm 20
- 8.30 am 25°
12.30 pm | 30° 30°
September 5
4.30 pm 30
’1 8.30 am 30°
12.30 pm | 35° 35°
December S
4.30 pm 35

Table 6: Daylight distribution of the reading space at work
plane height on different dates with best angled light shelf.

20 March with 25°

21 June with 20°

21 December with 35°

-

Physical measurement of the actual daylight level
in the existing case reading space of the library were
compared with the illumination values generated by
RADIANCE simulation tool at 12.30 pm on 8th
October, 2018 according to climate data collected
from Bangladesh Meteorological Department. The
average illumination value of 49 sensor points found

in survey was 203 lux. On the other hand, average
illumination value of 49 sensor points found in
RADIANCE simulation tool was 193 lux. Therefore,
there is an average deviation of 10 lux between
actual condition and simulation results, which was
approximately 4.93% (<5%) deviation of actual
condition.

5. CONCLUSION

The natural lighting design of reading spaces in
libraries not only affects the physical and mental
health of readers, but also concerns the energy
consumption of the buildings. The capital city Dhaka
is one of the mega cities of the world. Most of the
public and private university libraries in Dhaka lack
the standard illumination and glare free uniform
lighting in the reading spaces. Adjustable light shelves
angles would be effective as the illumination varies
with the changes of position of the sun and cloud
cover in order to improve the uniform distribution of
light at the reading spaces of a university library at
different seasons of the year and times of the day.

ACKNOWLEDGEMENTS

This work has been carried out in the Department
of Architecture, BUET. The authors gratefully
acknowledge the support and facilities provided by
BUET.

REFERENCES

1. Wastawy, S.F., (2006). Libraries: The learning space
within. Library of Alexandria. World Library & Information
Congress, Egypt.

2. Yang, Z., (2017). Research on natural lighting in
reading spaces of university libraries in Jinan under the
perspective of energy-efficiency. IOP Conference Series:
Earth and Environmental Science, Volume 94,
conference 1: 1-6.

3. Kontadakis, A., Tsangrassoulis, A., Doulos, L., and
Zerefos, S., (2017). A Review of Light Shelf Designs for
Daylit Environments. Sustainability. 10: 1-24.

4. Joarder, M.A.R., Ahmed, Z.N., Price, A.D.F.,, and
Mourshed M.M., (2009). A Simulation Assessment of the
Height of Light Shelves to Enhance Daylighting Quality in
Tropical Office Buildings Under Overcast Sky Conditions
in Dhaka, Bangladesh. 11 IBPSA Conference, 27-30 July,
Glasgow, Scotland: 920-927.

5. Heangwoo, L., Seonghyun, P., and Janghoo, S., (2018).
Development and Performance Evaluation of Light
Shelves using Width-Adjustable Reflectors. Advances in
Civil Engineering, vol. 2018: 1-9.

6. Claros, S.T., and Soler, A., (2002). Indoor Daylight
Climate-Influence of Light Shelf and Model Reflectance on
Light Shelf Performance in Madrid for Hours with Unit
Sunshine Fraction. Building and Environment; 37:587-598.
7. Reinhart, C.F.,, Mardaljevic, J. and Rogers, Z. (2006).
Dynamic Daylight Performance  Metrics for Sustainable
Building Design. Leukos. 3(1). pp. 7-31.

8. Bangladesh National Building Code (2006). House
Building Research Institute. Ministry of Housing and Public
Works. Government of People’s Republic of Bangladesh.

Vol.1| 37

35" PLEA Conference. Planning Post Carbon Cities.
DOI: https://doi.orq/10.17979/spudc.9788497497947



https://doi.org/10.17979/spudc.9788497497947

PLEA 2020 A CORUNA

Planning Post Carbon Cities

The Modern Vernacular: Adapting Vernacular Architecture for a
Modern Production Facility in the context of Rishikesh, India
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ABSTRACT: The paper describes the design process of a cosmetic and skin care production unit in the foothills of
the Himalayas, that aims to be free-running and off grid. Through the combination of passive design and
vernacular strategies, the building targets to achieve an energy efficient building envelope with an EPI (Energy
Performance Index) of 38kWh/m2/year. The passive strategies integrated into the facade design give a strong
architectural expression to the building that draws inspiration from its local context. Resource optimization has
also enabled to economize investment in renewable sources of energy that helps in closing the loop, by offsetting

the energy and water requirement of the facility.

KEYWORDS: Resource optimization, Passive Strategies, Vernacular architecture, Energy Positive

1. INTRODUCTION

An Indian cosmetic, skincare brand that
specializes in Ayurvedic preparations for its products
commissioned the architectural practice to design
their 1000sq.m production unit in Rishikesh, India.
This was to imbibe the brand’s philosophy of infusing
ancient wisdom with modern aesthetics [1]. The
remote location of the project and the limited
availability of resources determined the budgetary
and building constraints for the design.

The Architectural Practice set out to achieve a
resource optimized and energy-efficient building
through an integrated design approach. This
approach is governed by the firm’s copyright matrix
of SOUL (i.e., S- Sustainability, O- optimization, U-
unique, and L-Liveable) and illustrated through the
design of this free-running and off-grid production
unit.

2. CONTEXT

Nestled in the foothills of the Himalayas, along the
banks of the river Ganga, Rishikesh is replete with
natural beauty and resources. The site is located
within a 600-acre village, about 50 kms away from
the main town. The availability of basic infrastructure,
vernacular houses constructed by using conventional
building materials like mud, stone, and timber and
agriculture being the main livelihood of the region,
enforced the ideology of developing a self-sustaining
building.

2.1 Climate

Air Movement Potential
(ke @2m/s
t Temp: 23°t0 36°C

RH
Air Moven

Existing Adaptive Comfort Zone
............................ . Jamap: 337 %0 30°C.
RH: 65% to 20%

ermal Mass + Night Purging
Teinp: 17910 419 C

417

Dy Buts Temperature °C o kY n ] 50

Analysing the local climate helps to understand
Figure 1: Potential of Passive Strategies

and identify the possible range of passive strategies
applicable to the site. Rishikesh (30.08° N, 78.26° E)
with an altitude of 372 m experiences hot summers
(25-35°C), humid monsoons (25-30°C, RH 75-80%)
and cool winters (15- 20 °C). Figure 1, illustrates the
use of high thermal mass and night purging with a
diurnal variation of 8-9 °C to tackle the hot summer
period, whereas the humid period indicates the
potential to employ physiological cooling by utilizing
the prevalent Northeast and Southeast winds.

2.2 Learning’s from Vernacular

The factors which guide the local architecture of
the region are: a) easy access to building quality
stone b) limited availability of good quality topsoil, c)
varying availability of timber and water, d) moderate
precipitation with no snow in winters [2].
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The buildings are placed along the contours with an
east-west orientation to benefit from the direct
sunlight. The walls are typically made of stone, while
the timber is used for structural purposes and slate
for the sloping roof. In a typical traditional house i.e.,
the 'Kholi," a central entry divides the house into two
parts. Over time, both the parts evolved into two
separate units on either side of the stairs. The ground
floor is called 'Goth' and is meant for cattle, fodder,
and storage. This helps to give warmth to the upper
floors where the people reside in winters. [2].

3. DESIGN STRATEGY

The design brief clearly illustrated the sequential
flow of the Ayurvedic preparation for the skincare
products' manufacturing and packaging (i.e., Herbal
soaps and Body scrubs). These products are made
from local herbs and are manually processed and
packaged.

Therefore, the building's functional division and
space planning were not only to be sensitive to the
production process but also to be user-centric (i.e., a
secure, comfortable, and interactive environment) for
the employees. The operative indoor environment
was to be designed on the lines of human comfort
standards and did not demand any conventional
mechanical systems. Figure 2 highlights that thermal
comfort can be achieved for almost 80% of the year
by passive strategies.

The building design explores a healthy working
environment through user-driven adaptive
opportunities; the provision of manually operable
window systems and basic active systems (i.e., ceiling
fans) helps regulate the indoors during the warm and
humid period. While thermal mass has an impact
during the cold period.

3.1 Built Form Optimization

A rectangular volume of 30 X18m originated from
the re-utilization of the existing footprint of the old
building. The reformed building is oriented along the
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Figure 2: Human thermal comfort conditions for 80% of the
year by passive strategies.

east-west axis with a central entry punctured by a
light well. The arrangement of programs along the
central court with a skylight above brings in daylight,
eliminates the use of corridors, and provides the
flexibility of spaces.

The spatial division was done based on the
process-driven activities and was defined as follows: i)
Manufacturing hall (Soap preparation and oil
extraction process), ii) Herb Stores, iii) Herb Grinding,
iii) Packaging hall. These spaces were arranged
symbiotic to the traditional “Kholi” design highlighted
in the previous section. The manufacturing hall and
stores are planned on the ground floor (i.e., spaces
with high internal heat gains), whereas the Packing
hall and herb grinding spaces (i.e., spaces with higher
occupancy) on the floor above—the well-lit central
lobby functions as an interactive communal zone for
the staff.

Further, the N-S orientated butterfly roof
developed reminiscing the reverse form of the
traditional roof provides not only a modern aesthetic
but also allows larger operable windows which help in
taking advantage of prevailing winds; Northeast and
Southeast. In addition, allowing an 80%-day lit floor
plate with unobstructed views of the valley. Also, the
high volume of space created with facing the incline

Double layered green
roof for insulation
1

FOYER

Figufe 3: Section highlighting the application of passive design strategies
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of the roof further explores power generation by the
installation of PV panels (figure 3).

3.2 Building Envelope Optimization

Designing a building in hill settlements can be
challenging due to the terrain, climatic conditions,
vegetation, and limited access to resources. These
factors force resource optimisation to become a vital
component of the brief, thus leading to the
adaptation of vernacular strategies and materials.

Building materials, glazing area (WWR-window to
wall ratio), and fagade shading determine the
envelope's performance. Analysis of these three
factors helps determine the sensitivity of each
parameter to optimize the facade design for indoor
thermal and visual comfort.

35% _ IMPROVING

WWR
BPTIMIZATION FACADE
SPECIFICATIONS

exposeD_ 35% _ smapep_ 90%
FACADE FACADE

From Vernacular SOLAR LOAD W/SQ.M
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m
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~
~
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Figure 4: Facade Optimisation -Solar heat gain Analysis

Figure 4 illustrates the cumulative heat gain
calculation for the building envelope on a peak
summer day to assess its thermal efficiency. The base
case is considered with envelope specifications, same
as the vernacular (single leaf stone or mud wall with
single pane glazing), WWR 60% with full exposure to
the sun. Case 1 highlights the impact of facade
shading, resulting in a reduction of solar heat gain by
35%. Further optimisation of WWR from 60% to 25%
(case 2) allows another reduction of 50%. As
discussed in section 2.1, the impact of thermal mass
helps maintain constant indoor temperatures during
both the winter and summer peaks; therefore, case 3
has been simulated by improving facade
specifications. The high thermal mass fagade was
achieved using a double leaf stone/ brick cavity wall

instead of a single leaf brick wall and a basic double-
glazed unit instead of single glazing. An overall
improvement of 78% observed from the base case
help set the fagcade design parameters.

4 BUILDING PERFORMANCE

4.1. Indoor thermal Comfort

The study of passive strategies highlighted that
indoor comfort for users can be improved through
enhancing air movement during the warm and humid
period. A naturally ventilated building proves to
perform better than an airtight building. Therefore,
the window systems are designed with manually
operable panels that encourage cross ventilation
through the building. During the warm and humid
period physiological cooling plays a significant role in
increasing occupant comfort. Studying the impact of
air movement through the CBE Thermal Comfort Tool
resulted in cross ventilation coupled with ceiling fans
to increase air movement up to 1m/s. This helps in
enhancing the effect of physiological cooling and
increases human adaptive comfort range by 2°C [3].
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Figure 5: Temperature and humidity graphs highlighting the
impact of thermal mass

Vol.1| 40

35" PLEA Conference. Planning Post Carbon Cities.
DOI: https://doi.orq/10.17979/spudc.9788497497947



https://doi.org/10.17979/spudc.9788497497947

The impact of thermal mass was observed
through a post occupancy analysis done from 23rd to
24th Jan 2020 (winter day). Data loggers were placed
in the manufacturing hall, entrance lobby, and
outdoor. Data was logged every 15mins over 24
hours. Figure 5 highlights the stable temperature (17-
20°C) and humidity range (55-60%) indoor
irrespective of extreme outdoor fluctuations. Thus,
clearly illustrating the impact of thermal mass. The
maintenance of stable indoor temperatures by about
overnight while the outdoor experiences an extreme
drop of temperature. The heat absorbed during the
day is restored within the building at night, keeping
the indoor temps at about 17-20° C while outdoor
drops to 8-10° C (i.e., building is in airtight mode).
This helps to achieve occupant comfort during the
early winter morning hours. The Manufacturing hall
was observed to be 2° C higher than the Entrance hall
due to the heat gain from the production process
(figure 5).

The strategy of using natural ventilation through
manually operable windows and ceiling fans help
enhance air circulation to regulate the indoor
environment in this area during the warm and humid
period (figure 3).

4.2, Visual Comfort

Another critical aspect of a healthy working
environment for users is visual comfort. The world
health organisation suggests that lack of daylight and
bad indoor air quality causes Sick Building syndrome
[4], reducing attentiveness and energy levels of the
users leading to low productivity. Therefore, the
interior spaces have been designed to optimize
daylight distribution and maintain the air quality of
the space to make the workspace more desirable and
increase productivity.

To maintain uniform and desired daylight levels in
the facility, 25% WWR has been optimally distributed
over all the four fagades, maximized for the north
facade (figure 6). The major work halls have been
aligned along the same. Further, the depth of the

DAYLIGHT ANALYSIS_GROUND FLOOR
SPOT MEASUREMNETS FOR DAYLIGHT RECORDED 23° JAN 2020 AT 1245PM

STAFFENTRY

DAYLIGHT ANALYSIS_FIRST FLOOR
SPOT MEASUREMNETS FOR DATLIGHT RECORDED 238 JAN 2020 AT 12 A4

Figure 6: View of North facade of the facility

floor plate has been punctured with a glass block
skylight allowing diffused light to enter the centre of
the building, helping to maintain required llluminance
levels for all functional areas with internal glass
partitions.

Figure 7, the spot measurements for indoor
illuminance carried out on 23rd Jan 2020 (12.45 pm,
Outdoor illuminance: 45000 lux) analyses the
distribution of natural daylight over the floor plate.
The daylight levels of the packaging hall on the first
floor were observed to be uniform throughout
ranging from 600 lux (near the window) to 275 lux
(towards the corridor), the light levels on the ground
floor's manufacturing hall were observed to range
from 250 lux (near the windows) to 150 lux( towards
the stores). The entrance lobby with a roof spills over
diffused light throughout the facility with levels
ranging from 2500 lux (centre of the lobby) to 500 lux
around the corridors. Desirable light levels as per
prescribed standards [5], are maintained across 80%
of the entire floor plate (especially the working halls)
during the operational hours, thus considerably
reducing the dependence on artificial lighting.
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Figure 7: Spot measurements recorded for daylight levels across the factory
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4.3 The NET “ZERO” Philosophy

The approach of ‘No is More,’ i.e., imagining one
has no resources at one’s disposal, explores the
potential for optimizing resources and targeting the
Net Zero philosophy for energy water and waste.

Introducing renewable sources of energy helps
close the loop by offsetting the facility's energy and
water requirement. The microclimate generated
through passive strategies proved to have an impact,
which is demonstrated by the actual energy bill of
38kWh/m2/year of the facility. The 55kWp Solar
plant, [7] installed on the roof does not only offset
the facility’s own requirement but generates surplus
to supply back to the grid proving it to be “Energy +”.

The carrying capacity calculation of the facility’s
roof suggests a rainwater collection potential
@740cu.m/year. However, due to site constraints,
the rainwater tank has been optimized and planned
to suffice for the two-day requirement of the facility,
i.e., 60cu.m (as/ SVA GRIHA and NBC standards)
[4][5].

Further to implementing the net-zero philosophy
for water and energy, figure 8 highlights the
innovative re-use of construction waste on site: the
wooden and metal rafters were used to make light
fixtures, Reinforcement bars as washbasin pedestal
and a stone chisel as door handles. This enables the
Net Zero philosophy for waste as well.

RE-BAR AS WASH BASIN PEDESTAL

i

RECUAIMED WOODEN RAFTER LIGHT FIXTURE %
Figure 8: Optimisation of construction waste

STONE CHISEL AS DOOR HANDLE

5. CONCLUSION

The paper clearly illustrates the design process for
off-grid architecture in the hills. The integrated design
approach followed for the production unit through
the implementation of passive strategies, and the
study of vernacular helped develop an energy-
efficient, resource optimized design that is unique
and responds to the local context.

The building is symbolic of the fact that local
materials and indigenous techniques used for
centuries can still sustain a system and architecture
that needs to function in this century (figure 9).

LAl Tl

Figre 9: View of the Facility
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ABSTRACT: Post-occupancy evaluation (POE) is a procedure that assesses indoor environmental quality (IEQ), user
satisfaction and building performance in a wide frame. This experimental study aimed to combine adaptive
behaviour parameters with evaluation of lighting, spatial quality, user psychology and productivity. As the research
methodology, the experiments contained between-groups and within-subjects tests. Occupant survey and field
measurements of horizontal and vertical illuminance levels were carried out. As independent variables, different
illuminance levels and correlated colour temperatures (CCTs) and different wall colours were tested in the between-
groups tests. Different field of views were tested In the within-subjects tests,. This research underlined how
noteworthy occupant acceptance and preference were. It would be an asset to integrate adaptive behaviour, which
contained modifications to improve comfort, into POE procedure of visual environment in order to achieve a holistic
assessment. In other words, evaluation of occupant acceptance and preference would be merged with POE

procedure.

KEYWORDS: Post-occupancy evaluation (POE), Visual environment, Adaptive behaviour

1. INTRODUCTION

Investigating parameters related to occupant and
environment can provide valuable information in post-
occupancy evaluation (POE) and indoor environmental
quality (IEQ) studies. Occupant behaviour is affected by
comfort and satisfaction. As a subtitle of occupant
behaviour, adaptive behaviour is based on maintaining
comfort and performing actions accordingly. Adaptive
behaviour has been assessed widely in thermal comfort
studies. Some studies underlined a wide range of
adaptive behaviour measures as affecting visual
comfort as well. This research evaluated adaptive
behaviour parameters in relation to lighting, which
were determined through a literature review. They
were classified as occupant-related parameters and
environment-related parameters. The environment-
related parameters were consisted of interior design-
related parameters and lighting system-related
parameters.

The research methodology is based on an
experimental study in a full-scale test room with an
office function. The experiments were organized as
between-groups and within-subjects tests. The
experiment  investigated how  occupant and
environment affected mood, satisfaction, appearance
and productivity.

This investigation is significant as it proposes to
integrate the assessment of occupant-related and
environment-related parameters into POE procedure
for a holistic evaluation.

2. LITERATURE REVIEW

Illuminance level is one of the quantitative
measures in lighting. Veitch and Newsham underlined
the wide range of levels observed when performing
visual tasks in various researches. The authors indicated
that the adaptation capability provided users to
perform in a good way under changing illuminance
levels [1]. Fotios indicated a decrease in illuminance
levels without having negative impact on spatial
brightness in office spaces [2]. Referencing the research
of Akashi and Boyce in offices [3], Fotios highlighted the
33% decrease in illuminance levels through the
guidance of light sources with higher correlated colour
temperature (CCT) and higher colour rendering index
(CRI). This would provide a decrease in energy
consumption without affecting visual performance and
brightness of visual environment negatively. This is due
to the fact that lighting would appear brighter when
compared to the light sources with lower CCT and lower
CRI [4]. Colour is another parameter that has been
studied in lighting as affecting mood of occupants [5].
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The experimental study of Veitch et al. investigated
the links between user, perception of space, appraisal
of light, task and satisfaction from workplace. In the
study, it was found that lighting appraisal had impact
on room appearance, which affected pleasure. Lighting
appraisal and room appearance had impact on
workplace  satisfaction. = Workplace  satisfaction
influenced environmental satisfaction and self assessed
productivity [6].

Adaptive behaviour of occupants is performed to
maintain personal comfort. The adaptive actions
contain operating artificial lights, window blinds,
thermostats, adjusting clothing level, using fan and
door [7]. In their research Keyvanfar et al. interpreted
pleasure through adaptive behaviour as a parameter
not being included in the sustainable building
assessment tools. The authors indicated the adaptive
behaviour options such as covering the room surfaces
(i.e. use of wallpaper), blind control, task lighting,
changing the desktop or task surface, changing position
or direction of furniture [8]. In the research of O’Brien
and Gunay, interior design was indicated as a
parameter affecting occupant behaviour for enhancing
comfort. Flexibility of occupants related to changing
their position or orientation was underlined for
preventing glare. Besides, monitor orientation and
furniture positioning were mentioned as being related
to discomfort zones [9].

3. EXPERIMENTAL DESIGN

Experiments were conducted in the lighting
laboratory at Istanbul Kiiltir University Atakéy Campus,
Istanbul, Turkey. As the laboratory was located on the
basement floor, there was no window and daylighting
was excluded. There was a virtual window with metal
venetian blind. The artificial lighting system had
recessed TBS 631 luminaires (rectangular array: 9
luminaires x 2 rows, in total 18 luminaires). The
luminaires had TL5 28W tubular fluorescent lamps (2
lamps in each luminaire, R,: 85). They were controlled
with Digital Addressable Lighting Interface (DALI)
dimmable electronic ballasts.

The lighting laboratory contained a full-scale test
office (length: 5.50m, width: 3.50m, height: 2.30m) (Fig.
1). The office had two office desks, two office chairs
and a locker. The colour of the ceiling was white with
the light reflectance of 0.80 and the colour of floor was
grey with the light reflectance of 0.32 [10]. Through the
sliding wall panels, there were two wall colours as blue
and beige. The wall colour as beige (L90 C20 H55) had
the light reflectance of 0.72. The wall colour as blue
(L90 C10 H230) had the light reflectance of 0.74.

The experiments were carried out as between-
groups (BG) and within-subjects (WS) designs as in the

researches of Veitch et al. [6] and Boyce et al. [11]. In
the between-groups tests; different illuminance levels
and CCTs (lighting system-related parameters) and
different  wall colours (interior design-related
parameter) were tested as independent variables. In
the within-subjects tests, different field of views
(occupant-related parameter) were tested. The
dependant variables were furniture position and
orientation, field of view, colour of internal surfaces,
lighting system, lighting appraisal, room appearance,
pleasure, environmental satisfaction and self-assessed
productivity: The variables lighting appraisal, room
appearance, pleasure, environmental satisfaction and
self-assessed productivity were taken from the model
of Veitch et al [6]. The variables furniture position and
orientation, field of view, colour of internal surfaces
and lighting system were added as part of this research.

As the independent variables in the between-groups
test, there were two lighting systems and two wall
colours. The first lighting system Case 1 had the CCT of
3000 K and the illuminance level of 500lux on the
workplane. The second lighting system Case 2 had the
CCT of 6500 K and the illuminance level of 300 lux on
the workplane. As the independent variables in the
within-subjects tests, two occupant positions (Zone 1
and Zone 2) (Fig. 2) and three occupant orientations (0°,
45°and 90°) (Fig. 3) were tested.

Four null hypotheses were tested through analysis
of variance (ANOVA):

= Null hypothesis-1: The evaluations of

dependent variables under the lighting
systems Case 1 (500 lux, 3000 K) and Case 2
(300 lux, 6500 K) do not vary for the beige wall
colour.

= Null hypothesis-2: The dependent variables

under the lighting systems Case 1 (500 lux,
3000 K) and Case 2 (300 lux, 6500 K) do not
differ for the blue wall colour.
= Null hypothesis-3: The means of dependent
variables for the beige and blue wall colours do
not vary under the lighting system Case 1 (500
lux, 3000 K).

=  Null hypothesis-4: The dependent variables for
the beige and blue wall colours do not change
under the lighting system Case 2 (300 lux, 6500
K).

As the research methodology, occupant survey and
field measurement were carried out simultaneously.
The between-groups and within-subjects experiments
were conducted consecutively in the afternoon of the
same day [6] [12]. Boyce et al. demonstrated different
results in comfort and pleasure from morning to
afternoon, in which comfort became worse and
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pleasure decreased [13]. Thus the experiments of this
research were carried out in afternoons.

Figure 1: The full scale test room with office function: The
inner view towards the door with wall colour as blue.

‘occupant positon: zone 1

Figure 2: The occupant position as Zone 1 and Zone 2 shown
on the plan of the test room.

|

occupant orentation: 0° occupant orentation: 45° occupant orentation: 90

section

Figure 3: The occupant orientation as 0°, 45 ° and 90 ° with the
field of views shown on plan and section of the test room.

In the occupant survey, the participants were given
instructions on the between-groups design upon their
arrival. While the experimenter gave the instructions,
the participants walked around room for around one
minute and then sat at the assigned desk for around
four minutes. This approximate five minutes instruction
time was for the participant to adapt to the workspace,
lighting system and spatial conditions as applied by
Saunders [14]. This was followed by the Ishihara colour
blindness test [10] [13]. Later, the demographics survey
was carried out [12] [13]. The participants performed a
paper-based reading task as in the research of Saunders
[14]. The reading text was taken from a coursebook on
lighting [15]. The text was typed with Times New
Roman 11pt (same as the questionnaire) with single
spacing and printed on white matt A4 paper.

In the field measurement, the illuminance
measurements were done horizontally on work plane
as desk height (on desk and across room) and vertically

on the wall surfaces. The illuminance levels of each case
was measured by Konica Minolta CL-200A Chroma
Meter, which can measure both the illuminance level
and CCT. The CCTs of the lighting systems were also
checked by this chroma meter. The field of view was
determined according to horizontal 40° band within a
vertical 90° area in the view direction (Fig. 3) [16]. The
illuminance levels were measured on the pre-
determined grid points according to the EN 12464-1
Standard [17].

Sample was students at Istanbul Kiltlir University
Atakoy Campus where the lighting laboratory was
located. In the between-groups design, there were 36
participants. Each participant was assigned to one
condition that contained the lighting systems Case 1
and Case 2 and the wall colours blue and beige. There
were 13 students who preferred a different occupant
position and/or orientation during the between-groups
design. During the within-subjects design, each of 13
participants participated twice to the same condition as
in the between-groups test with a different occupant
position and/or orientation.

4. RESULTS

The data of the experimental design was analysed
statistically. Descriptive statistics were analysed and
ANOVA tests were carried out. The field measurements
and within-subjects experiments were also analysed.

4.1 Descriptive statistics

IBM SPSS Statistics software was used. The sample
size was 36. The average age of the participants was 21.
53% of the participants was female and 47% was male.
No outliers (standardized scores >3 and <-3) were
detected. Analyses of descriptive statistics included
mean, standard deviation, skewness, kurtosis and
Cronbach's a for the composite scales (Table 1). All
variables were tested for normality with skewness
values between -3 and+3 and kurtosis between -8 and
+8 [18]. They met these criteria. Number of items and
scales were stated for each variable.

Table 1: Descriptive statistics (N=36).

Variable Mean Standard ~ Skewness  Kurtosis Cronbach's  Items Scale
deviation a

Furniture

position and 40139 0.21592 -0.554 0.255 0.789 2 (1)-(6)

orientation

Field of view 4.0556 0.22073 -0.898 0.085 0.793 2 (1)-(6)

Colour of

internal 4.3704 0.16628 -0.418 -0.177 0.705 3 (1)-(6)

surfaces

Lighting system 4.20 0.262 -0.707 -0.367 - 1 (1)-(6)

Lighting 34722 0.16630 -0.387 0.049 0.850 4 (1)5)

appraisal

Room 47.6698  3.95099 0.148 0395 0.913 9 (0)-(100)

appearance

Pleasure 4.2685 0.30249 -0.042 0.304 0.912 6 (0)-(8)

Environmental | 3 1006 015224 0051 0328 0813 4 (0-5)

satisfaction

Self assessed 631 0301 0807 -0.163 - 1 (-4))

productivity
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The bivariate correlations were calculated. It can
be observed that one of the most significant
correlations at the 0.01 level was between furniture
position and orientation and field of view. As the
others, colour of internal surfaces correlated with
pleasure, environmental satisfaction and self-assessed
productivity significantly. The correlation between
lighting system and lighting appraisal, room
appearance, environmental satisfaction and self-
assessed productivity were significant. Correlations
between lighting appraisal and room appearance,
pleasure, environmental satisfaction and self-assessed
productivity were significant. Room appearance
correlated significantly with pleasure, environmental
satisfaction and self-assessed productivity. Pleasure
correlated significantly with environmental satisfaction
and self-assessed productivity. Correlation between
environmental satisfaction and self-assessed
productivity was significant as well.

4.2 ANOVA tests

Analysis of variance (ANOVA) was used to test null
hypotheses through comparing means of dependent
variables. The null hypothesis defines that the
populations that determine the samples would achieve
the same means on the dependent variable [19]. The
ANOVA tests evaluated the differences in the means of
groups of the between-groups study that involved 36
participants.

ANOVA tests were carried out between the
independent groups of the independent variable
lighting systems (Case 1: 500 lux, 3000 K and Case 2:
300 lux, 6500 K) and the independent groups of the
independent variable wall colours (Beige: L90 C20 H55
and Blue: L90 C10 H230) separately:

As the null hypothesis-1; for the beige wall colour
and from Case 1 (500 lux, 3000 K) to Case 2 (300 lux,
6500 K), all Foprained Values were smaller than Feitica Of
4.26 [19] for the degree of freedom associated with
between estimate of variance of 1 and the degree of
freedom associated with within estimate of variance of
24 at the alpha value 0.05. That is why, the null
hypothesis could not be rejected.

As the null hypothesis-2; for the blue wall colour;
the ratings of all dependant variables decreased from
Case 1 (500 lux, 3000 K) to Case 2 (300 lux, 6500 K)
(Table 2). There were statistically significant differences
in between Case 1 and Case 2. Fypiaineq Values of 5.863,
5.878, 5.494, 13.003 and 9.333 for lighting system,
lighting appraisal, room appearance, environmental
satisfaction and self-assessed productivity respectively
were larger than Fiica Of 5.32 [19] for the degree of
freedom associated with between estimate of variance
of 1 and the degree of freedom associated with within

estimate of variance of 8 at the alpha value 0.05. It is
possible to reject null hypothesis for these five
dependent variables and it can be said that the
evaluation of lighting system, lighting appraisal, room
appearance, environmental satisfaction and self-
assessed productivity was different between Case 1 and
Case 2 for the blue wall colour. The significances of
0.046, 0.042, 0.047, 0.007 and 0.018 were smaller than
0.05 (p<0,05), which evidences that differences were
statistically significant. No statistically significant
difference was observed in other dependant variables.

Table 2: The ANOVA test between Case 1 and Case 2 for the
blue wall colour.

Dependant variable The wall colour
Blue
The Mean Standard Fobtained Significance
lighting deviation
system
Furniture position Case 1 4.4167 1.31972 0.503 0.498
and orientation Case 2 3.7500 1.65831
Field of view Case 1 4.2500 1.50831 0.951 0.358
Case 2 3.1250 2.17466
Colour of internal Case 1 4.8333 1.04881 0.138 0.720
surfaces Case 2 4.5833 1.03190
Lighting system Case 1 5.40 0.894 5.863 0.046
Case 2 4.00 0.816
Lighting appraisal Case 1 4.3333 0.66458 5.878 0.042
Case 2 3.2500 0.73598
Room appearance Case 1 72.5926 19.45767 5.494 0.047
Case 2 45,5556 14.85181
Pleasure Case 1 6.2778 1.56584 3.878 0.084
Case 2 4.5000 1.06284
Environmentalsatisf | Case 1 4.3333 0.66458 13.003 0.007
action Case 2 2.5625 0.89849
Self-assessed Case 1 8.00 0.632 9.333 0.018
productivity Case 2 6.67 0.577

As the null hypothesis-3; for Case 1, the means of all
dependant variables increased from beige to blue wall
colour. There were statistically significant differences
between beige and blue wall colours. Fyptained Values of
7.062, 8.027, 13.336 and 6.478 for room appearance,
pleasure, environmental satisfaction and self-assessed
productivity respectively were larger than Fgijca Of 4.32
[19] for the degree of freedom associated with
between estimate of variance of 1 and the degree of
freedom associated with within estimate of variance of
21 at the alpha value 0.05. It is possible to reject null
hypothesis for these four dependent variables and it
can be said that the evaluation of room appearance,
pleasure, environmental satisfaction and self-assessed
productivity was different between beige and blue wall
colours for Case 1. The significances of 0.015, 0.010,
0.001 and 0.019 were smaller than 0.05 (p<0,05), which
shows that the differences were statistically significant.
No statistically significant difference was observed in
other dependant variables.

As the null hypothesis-4; for Case 2 and from beige
to blue wall colour, all Foptaineq Values were smaller than
Feriticat Of 4.84 [19] for the degree of freedom associated
with between estimate of variance of 1 and the degree
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of freedom associated with within estimate of variance
of 11 at the alpha value 0.05. That is why, the null
hypothesis could not be rejected.

4.3 Analyses of the field measurements

The illuminance level measurements were carried out
for two lighting systems (Case 1: 500 lux, 3000 K and
Case 2: 300 lux, 6500 K) and two wall colours (Beige:
L90 C20 H55 and Blue: L90 C10 H230). The horizontal
illuminance levels on the workplane across the room
(defined by the desk height) and the vertical
illuminance levels on the four walls were measured.
The average illuminance levels were calculated
accordingly. The wall with the door was labeled as Wall
1, the left wall was labeled as Wall 2, the wall with the
virtual window was labeled as Wall 3 and the right wall
was labeled as Wall 4.

In the lighting system Case 1 (500 lux, 3000 K) and
beige wall colour; the minimum illuminance level on
the horizontal workplane across the room (E.;,) was
144 lux and the maximum illuminance level (Ena.y) was
581 lux. The average illuminance level on the horizontal
workplane, Wall 1, Wall 2, Wall 3 and Wall 4 were
calculated as 362 lux, 111 lux, 126 lux, 169 lux and 186
lux (Eave) respectively.

In the lighting system Case 2 (300 lux, 6500 K) and
beige wall colour; the minimum illuminance level on
the horizontal workplane across the room (E,) was 79
lux and the maximum illuminance level (E..x) was 366
lux. The average illuminance level on the horizontal
workplane, Wall 1, Wall 2, Wall 3 and Wall 4 were
calculated as 232 lux, 71 lux, 101 lux, 99 lux and 87 lux
(Eave) respectively.

In the lighting system Case 1 (500 lux, 3000 K) and
blue wall colour; the minimum illuminance level on the
horizontal workplane across the room (E,) was 140 lux
and the maximum illuminance level (Enay) Was 662 lux.
The average illuminance level on the horizontal
workplane, Wall 1, Wall 2, Wall 3 and Wall 4 were
calculated as 398 lux, 120 lux, 196 lux, 272 lux and 220
lux (Eave) respectively.

In the lighting system Case 2 (300 lux, 6500 K) and
blue wall colour; the minimum illuminance level on the
horizontal workplane across the room (Emi,) was 67 lux
and the maximum illuminance level (Ena) was 517 lux.
The average illuminance level on the horizontal
workplane, Wall 1, wall 2, Wall 3 and Wall 4 were
calculated as 268 lux, 88 lux, 176 lux, 188 lux and 114
lux (Eave) respectively.

4.4 Analyses of the within-subjects experiments

The within-subjects tests were carried out with 13
participants. Participant numbers were given from 1 to
13 in relation to the within-subjects test. The occupant

positions were Zone 1 or Zone 2 and orientations were
0°, 45° or 90°.

In the occupant questionnaire, the same questions
were asked when the participant worked with the
modified position and orientation. The means of the
same questions during the between-groups test and
the within-subjects tests were evaluated (Table 3).

Table 3: The means of the dependent variables for each
participant that took the within-subjects test.

8 2
] £ ® = -
H £ g £ 8
oenie: | Fs 3§ 0§ & g is 1z
variables Scx g 532 w ® & g £ E I
22¢ 5c £ £ 2 S 3
£E35 2 RS £ £ §g g sz I3
28% & SE Ei E 28 = 58 & &
Mean
Participants of (BG: Between-groups, WS: Within-subjects)
the within-
) @ w « @ @ « w « «
sieetstest | 2 £ 8 ¥ 8 £ 8 £ 8 £ 8 £ 8 £ 8 8 8 %

Participant 1 3.00 4.00 3.00 3.00 4.00 3.67 5.00 4.00 3.50 4.2541.1125.56 2.33 2.33 4.25 3.50 7.00 4.00
Participant 2 4.00 4.00 3.00 4.00 4.33 3.67 2.00 1.00 3.00 2.00 20.0024.44 3.50 3.50 3.00 3.25 7.00 7.00
Participant 3 3.00 3.00 5.00 1.00 2.00 3.00 4.00 4.00 3.75 2.25 58.8954.44 1.67 2.67 3.50 2.75 5.00 5.00
Participant 4 1.50 2.00 4.50 1.00 5.33 6.00 3.00 2.00 3.25 3.25 56.6755.56 5.17 3.17 3.00 2.25 8.00 6.00
Participant 5 3.00 3.50 2.50 3.50 5.33 5.67 5.00 5.00 4.50 4.50 71.1171.11 6.33 7.00 3.50 4.75 7.00 8.00
Participant 6 4.00 6.00 3.50 6.00 4.33 6.00 6.00 5.00 4.75 5.00 78.8996.67 5.83 7.00 3.25 5.00 5.00 9.00
Participant 7 3.00 2.50 4.00 4.00 5.00 5.00 4.00 4.00 3.00 3.00 38.8938.89 3.67 3.67 2.50 2.50 4.00 4.00
Participant 8 6.00 6.00 5.00 6.00 4.33 5.00 6.00 6.00 4.00 4.00 65.5670.00 5.50 6.83 3.25 3.25 8.00 8.00
Participant 9 4.50 2.00 4.00 2.00 4.67 4.67 4.00 5.00 2.50 2.75 38.8955.56 4.00 6.50 2.25 2.25 7.00 8.00
Participant 10 |4.50 5.00 4.00 5.00 4.67 4.67 4.00 4.00 3.50 3.50 42.2246.67 3.67 3.67 3.00 4.00 6.00 5.00
Participant 11 |2.00 2.00 2.00 2.00 3.67 3.67 3.00 3.00 2.25 2.25 14.4414.44 2.33 2.33 2.25 2.25 6.00 6.00
Participant 12 |4.00 4.00 3.50 3.50 4.33 4.33 4.00 4.00 3.25 3.25 64.4464.44 5.50 5.50 4.00 4.00 7.00 7.00
Participant 13 |3.50 3.50 2.00 2.00 4.33 4.33 6.00 6.00 4.25 4.25 58.8958.89 4.33 4.33 4.25 4.25 8.00 8.00

Field of views changed when participants changed
their positions and orientations in the within-subjects
test. In other words; the walls, which the participants
were facing, changed when they changed their
positions and orientations. Thus, the average
illuminance level in the field of view changed (Table 4).

Table 4: The average illuminance levels in the field of view in
the between-groups test and within-subjects test.

Between-groups test Within-subjects test
Participants of the c c " .
within-subjects test, s k] Average s 2 . Average D:fferer\ce n the
L S B illuminance = = illuminance  average illuminance
lighting system and = g = 3 level (. levels
wall colour & 2 level (Exe) & 2 evel (Eave) v
<] <]
Participant 1
P o oo gesi ™ 450 1210 441 ¥
Lie wa+ 2 1
Participant 2 Zone o Zone o
L was ) o 165 lux 1 45 121 lux 44 1ux ¥
Participant 3 Zone o Zone o
e Wa+ 1 0 131 lux 2 0 165 lux 34 lux N
Participant 4 o g gesix ™ 900 137 28l ¥
Lie Wa+ 2 1
Participant 5 Zone o Zone °
Lo wa s ) o 165 lux 1 45 121 lux 44 lux ¥
Participant 6 Zone " Zone o
AV 5 o 165 lux 1 45 121 lux 44 1ux ¥
Participant 7 Zone " Zone o
Lie Was 1 0 131 lux 2 45 147 lux 16 lux AN
Participant 8 Zone o Zone o
Lo was 1 o 131 lux 1 45 121 lux 10 lux W
Participant 9 Zone o Zone o
e Wa+ 1 o 131 lux > 90! 118 lux 13lux ¥
Participant 10 Zone o Zone o
Lie Wa+ 1 0 90 lux 2 45 108 lux 18 lux N
Participant 11 Zone o Zone o
Lie Wa+ 2 0 88 lux 1 45 99 lux 11 lux AN
Participant 12
articipan one oo asgx 2™ 900 235 241ux ¥
Li*e Wax 2 1
Participant 13 e ge gsolx ™ g 2351w 21ux ¥
Li*e Wax 2 1
Lighting system (Li) Wall colour (Wa) Difference
* Case 1: 500 lux, + Beige A Increase
Key 3000 K
+ Case 2: 300 lux, x Blue ¥ Decrease
6500 K
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4.5 Discussion

The ANOVA tests showed that the means of all
dependant variables decreased from Case 1 to Case 2
for blue wall colour. The differences for lighting system,
lighting appraisal, room appearance, environmental
satisfaction and self-assessed productivity were
statistically significant, for which the null hypothesis
was rejected. For Case 1, the means of all dependant
variables increased from beige to blue wall colour. The
differences for room  appearance, pleasure,
environmental satisfaction and self-assessed
productivity were statistically significant, for which the
null hypothesis was rejected.

Considering the high illuminance level of Case 1, the
highest differences were on the workplane, Wall 3 and
Wall 4 for beige and blue walls. As for the vertical
illuminance levels, there were higher illuminance levels
on Wall 2 and Wall 3 for blue wall than beige wall.

In the within-subjects tests, differences between
means of dependent variables evidenced the diversity
in occupant acceptance. While the means of furniture
position and orientation, field of view, room
appearance and pleasure improved most, the means of
lighting system both remained same and decreased
most among the participants. The field of view changed
based on changing the occupant position an
orientation. The illuminance levels in the field of views
either increased or decreased, the majority of which
declined. The participants, who had a lower or higher
average illuminance level in the field of view, evaluated
the dependent variables with higher, same or lower
ratings. The results demonstrated the importance of
occupant acceptance.

5. CONCLUSION

This research worked on a holistic evaluation
through integrating adaptive behaviour parameters into
evaluation of visual environment. It highlighted the
significance of assessing occupant and environment
parameters.
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Occupants' Perception versus Daylighting Simulations':
A field study on lecture halls to correlate the occupant's subjective
responses and climate-based daylight metrics
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ABSTRACT: Natural lighting plays an important role in the design of lecture halls in higher education institutes (HEIs).
Many organizations and green building rating systems started to encourage daylight simulations to support better
design incorporating natural lighting. The shift towards daylight simulations moves occupant perception away from
the daylighting design theory and practice. It is, therefore, a need to correlate the daylight simulation results with the
occupant's subjective responses. This study aims to correlate the occupant's subjective responses (n=207) with annual
and point-in-time climate-based daylight simulations in the lecture halls (n=3) of HEI in India. This study also
documents a novel comparison on correlating the daylight simulations with the subjective responses of architects
(n=95) and non-architects (n=112). The findings reveal that point-in-time simulation results correlate better with the
occupant's subjective responses than annual simulation results. The illumination range of 75-150 lux and 200-500 lux
correlate best with subjective responses of architects for the annual and point-in-time daylight simulations,
respectively. The results also suggest that architects can better predict the daylight simulation results than non-
architects.

KEYWORDS: Subjective responses, daylight simulations, correlation, climate-based daylight metrics, lecture hall

1. INTRODUCTION

The higher education system of India is the largest
in the world in terms of institutions (840 universities)
and second largest in terms of enrolment (34.6 million
students). The current gross enrolment ratio (GER) is
24.5% in the higher education system of India, and the
government has set a target of 30% GER by the end of
2020. By 2030, every fourth graduate across the globe
will be a product of the Indian Universities [1]. These
stats substantiate the requirement of more number of
higher education institutes (HEls) in India. In HEls,
students spend a good amount of time in lecture halls.
The design of lecture halls plays a crucial role in HEls.
There are many design parameters for designing a
lecture hall, but natural lighting is the key to achieve
performance goals. Natural lighting is utmost important
for the students engaged in paper-based reading work.
In windowless lecture halls, the students are less
focused, unsociable and uncoordinated, so it is
necessary to focus on daylighting while designing the
lecture halls to enhance the health, performance and
productivity of the students [2-5].

The occupants are more satisfied with the presence
of natural lighting in indoors [6-7], resulting in, many
green building rating systems and organizations have

started to encourage annual daylight simulation to
support better design [8-10]. To support better design,
the Illumination Engineering Society (IES) adopted
spatial Daylight Autonomy (sDA; the percentage of
analysis area exceeds 300 lux for 50% of analysis
period) and Annual Sunlight Exposure (ASE; the
percentage of analysis points in an analysis area
exceeds 1000 lux of direct sunlight for 250 hours as
calculated from 8 am to 6 pm) as a first human factors
evidence-based annual dynamic daylight metrics in
2012.

The shift towards these dynamic daylighting
simulations moves the occupant's perception away
from the daylighting design theory and practice. It is,
therefore, a need to correlate the daylight simulation
results with the occupant's perception [9]. Previous
studies suggest that the student's subjective responses
correlate better with point-in-time simulation than
annual daylighting simulation results [11-13].

The research on human subjective responses
correlating with annual and point-in-time daylighting
simulations appears to be in the amorphous stages in
HEls of India. The authors, therefore, saw a need to
investigate the relationship between human subjective
responses with daylighting (annual and point-in-time)
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simulations in the HEIs of India. This study further
attempts to answer the question raised by Van Den
Wymelenberg [14]; "Is there an important difference
between visual comfort research results obtained from
naive versus expert participants?"

To the best of the authors' knowledge, this study is
the first attempt in the context of HEls of India to
correlate human subjective responses with daylighting
(annual and point-in-time) simulations. This study also
documents a novel comparison on correlating the
daylighting simulation results with the subjective
responses of architects and non-architects. For this
study, a lecture hall building is selected at the National
Institute  of  Technology  (NIT)  Tiruchirappalli
(10°45'36.6"N and 78°48'37.7"E), India. In total, 207
subjective responses (graduated architect's n=95 and
engineering students n=112) collected from the three
study spaces during five field trips in January and
February. This study shapes upon a sequence of
previous studies [13,15-18] and the methodology is
adopted from the study done by Nezamdoost and Van
Den Wymelenberg [17].

2. METHODOLOGY

2.1 Experiment setup

This study was conducted in a lecture hall building
situated at NIT Tiruchirappalli. In total, 36 lecture halls
are distributed on three floors in this building. The
lecture halls are planned in various orientation with the
window to wall ratio (WWR) of 40 per cent. Three
lecture halls (G8, G10 and G12) (Fig. 1) have been
selected on the ground floor for this study to perform
the annual and point-in-time daylighting simulations.
The study spaces were chosen with diverse orientation
and exterior obstructions.

-p N

Figure 1: Ground Floor Plan - Lecture hall building at NIT
Tiruchirappalli, India

Field trips (Fig. 2) were conducted during regular
class timings between 10 am to 1 pm. In total, 207
responses were collected during five field trips, with an
average of 41 responses per field trip for one study
space. Each respondent was asked to complete a

questionnaire which consists of three sections
concentrating on visual perception, visual comfort,
daylight sufficiency, lighting conditions, brightness and
glare. The questions were asked on a five-point Likert-
scale. Clear instructions were given to the respondents
to evaluate the space without consulting with other
participants. According to the objectives of this study,
the respondents were asked to evaluate the current
(point-in-time) daylighting conditions as well as annual
daylighting conditions based on their intuition. The
authors decided to focus only on ten questions (5
questions per category), and each was assigned a code
for analysis purpose. The questions are as followed:

= A2:|enjoy being in this room. (point-in-time)

= A3: 1 enjoy being in this room. (Annually)

= B2: | can work happily in this room with all

the electric lights turned off. (point-in-time)

= B3: | can work happily in this room with all

the electric lights turned off. (Annually)

= C2: The daylight in this room is sufficient.

(point-in-time)

= (C3: The daylight in this room is always

sufficient. (Annually)

= D2: The daylight in this room is not too

bright. (point-in-time)

= D3: The daylight in this room is never too

bright. (Annually)

= E2: There is no glare from direct sun

penetration. (point-in-time)

= E3: There is low probability of glare from

direct sun penetration. (Annually)

Figure 2: Collecting subjective responses for one of the study
space during a field trip

2.2 Simulations

The three-dimensional model for the lecture hall
building was generated in SketchUp (version 2017) and
exported into Rhinoceros (version 6). To perform the
daylighting simulations, Grasshopper (rhino plugin),
Ladybug and Honeybee (grasshopper plugins) were
used with the RADIANCE daylight simulation engine.
Table 1 shows the RADIANCE simulation parameters
used for this study. An analysis grid of 0.5 x 0.5 meter
was generated at a height of 0.75 meters from the

Vol.1| 50

35" PLEA Conference. Planning Post Carbon Cities.
DOI: https://doi.orq/10.17979/spudc.9788497497947



https://doi.org/10.17979/spudc.9788497497947

finished floor level. The analysis grid was generated
based on the stepped floor profile of the lecture halls.
The surface reflectance values were used, as mentioned
in the simulation protocol LM-83 [10]. The glazing
visual light transmittance (VLT) values were used as per
data provided by the glass manufacturer. The modelling
and simulation protocols were strictly followed, as
mentioned in the simulation protocol LM-83.

Table 1: RADIANCE simulation parameters

-ab -ad -as -aa -ar -dt

6 1000 1024 0.1 128 0

The illuminance values were calculated for the same
date and time of when the participants assessed the
study spaces during field trips. The annual daylighting
simulations were conducted for the period (8 am to 6
pm) mentioned in LM-83. The simulation results were
correlated with the participant's responses by using the
following metrics [17].

Point-in-time:

= The percentage of the floor area, which
meets the various threshold illuminance (50 to
5000 lux at distinct intervals) to examine the
daylight sufficiency or excessiveness [17].
Annual:

= sDA n lux, 50% time: The percentage of the
floor area at various threshold illuminance (50
to 5000 Ilux at distinct intervals) in 50%
occupied hours around the year [17].

3. RESULTS & DISCUSSION

In total, 207 subjective evaluations correlated with
the daylight performance metrics (annual and point-in-
time) extracted from simulations. Pearson correlations
were calculated to find the relationship between the
participant's subjective responses and simulation

100
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60 L) # i -

50 T -|- i
. T

20

Percentage of area

b
-

10 i
B lkoeermresormr————————————— IR

50 75 100 125 150 175 200 250 300 350

results. Probability values (p-value) were calculated to
check the significance of correlation.

The statically significant (p<0.01) correlation
coefficients were marked with a double star (**) (Table
2 and Table 3), and statically insignificant correlation
coefficients were colour coded with green colour
(Table 2 and Table 3).

3.1 Descriptive statistics

Median, max, min and quartiles were plotted (Fig. 3)
from the simulation results for the various illuminance
thresholds (50 to 5000 lux at distinct intervals). The
simulation results showed daylight deficiency in all
three study spaces. The illumination thresholds were
observed far below from the prescribed limit (300 lux;
[19])for lecture halls. The point-in-time simulation
results showed that for all the study spaces, less than
30% of the room area meets the desired illuminance
levels (Fig. 3). The annual simulation results also
confirm the daylight deficiency in all the study spaces
(Fig. 3). The sDA results confirm the lack of daylighting
levels in all three study spaces (Fig. 4). In general, study
spaces fall short of achieving the prescribed
illumination criteria for lecture halls. The authors
decided to focus only on significantly correlated
(p<0.01) illuminance thresholds for further analysis, i.e.
50 to 1000 lux for point-in-time simulations and 50 to
700 lux for annual simulations (Table 2 and Table 3).
Other illumination thresholds were not correlated
significantly with the participant's subjective responses.

Surprisingly, the questionnaire items D2, D3, E2 and
E3 are not found any correlation with any of the
illumination threshold range, so these items are not
included in the further correlation analysis. However, in
the previous study [17], these questionnaire items
correlated significantly with very less correlation
coefficients compare to other questionnaire items (A2,
A3, B2, B3, C2 and C3). These findings show a gap on

@ Percentage area which meets the illuminance threshold (% area > n lux; point-in-time)

Percentage area by illuminance threshold in 50% of occupied hours (sDA n lux, 50 %; Annual)

i llluminance threshold (300 lux) for lecture halls (National Building Code, India)
| et 1

- -+ mim el - - - -

450 500 600 700 800 1000 1500 2000 3000 5000

Illuminance Threshold (lux)

Figure 3: Point-in-time and annual simulation results showing the variability in percentage of area for different illuminance ranges
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the predictive ability of questionnaire items D2, D3, E2
and E3. Future research should address this gap to find
out the best-suited questionnaire items to predict the
relationship between simulation results and subjective
responses.

Daylight Autonomy

100
sDA 300 Ix/50% IBO

=14.26 =5.93 P = =6.11 - 60

sDA 300 Ix/50%

sDA 300 Ix/50%

40

Figure 4: sDA 300 Ix/50% annual simulation results

3.2 Point-in-time correlation results

The correlation results of point-in-time simulation
and subjective responses are presented in Table 2.
Three questionnaire items (A2, B2 and C2) were
correlated with the point-in-time simulation results.
The correlation results were divided into two groups:
Architects (indicated by "AR") and Non-Architects
(indicated by "N-AR").

Looking at the point-in-time correlation results for
architects (AR), the highest correlation coefficient (r)
observed at 800 lux with item B2. Even though the
higher illumination thresholds (>500 lux) were also
correlated significantly with the subjective responses,
still, the authors decided not to include the higher
illumination thresholds for further analysis because the
percentage room area above 500 lux thresholds were
observed very less (Fig. 3) in all the three study spaces.
The items B2 and C2 were found as the most correlated
indicators to predict the illumination threshold range,
and this finding also confirms the previous study [17].
For each questionnaire item, the top 50 per cent
correlation coefficients were represented in bold
figures to find the most promising illumination
threshold. By combining all the three questionnaire
items (A2, B2, and C2), it was found that the
illumination range 200-500 lux correlate best with the
architects' subjective responses. However, the range
observed in the current study was slightly different
from the previous research (150-300 lux) [17].

Looking at the point-in-time correlation results for
non-architects (N-AR), it was found that not even a
single questionnaire item correlated significantly with
any of the illumination thresholds. This finding reveals
the answer to the question raised by Van Den
Wymelenberg [14] that the expert participants
(architects) can better predict the point-in-time
simulation results than the naive participants (non-
architects).

Table 2 Correlations of point-in-time simulation illumination
thresholds with the participant's subjective responses

A2 B2 Cc2
AR | N-AR AR | N-AR AR N-AR
Pearson Correlation (r)
50 lux 0.373™  0.003 0.499" 0.009 0.311" 0.118
75lux 03737  -0.033 0.492"° 0.050 0.325" 0.076
100lux  0.409" -0.038 0.547"° 0.055 0.394°"  0.066
125lux 0405 -0.043 0.530" 0.060 0.377  0.049
150lux  0.386"  -0.040 0.495"  0.057 0.340"  0.058
175lux  0.386"  -0.037 0.499” 0.054 0.334"  0.068

% Area > n
lux

2000lux  0.411 -0.039 0.547" 0.056 0.062
250 lux -0.042 0.568" 0.059 0.4 . 0.051
300 lux -0.041 0.058 | 0.056
350 lux -0.044 0.060 0.046
400 lux -0.049 0. 0.064 0.025
450 lux -0.050 0.065 0.017
500 lux -0.051 0.596 0.065 0 0.010
600lux  0.399" -0.053 0.554°°  0.065 -0.018
700lux  0.409" -0.053 0.565°  0.065 -0.018
800w [OMSENN -0.053 OIGSENN 0.065 -0.008
1000lux  0.406" -0.053 0563  0.065 -0.008

**_ Correlation is significant at the 0.01 level (2-tailed).
Correlation is insignificant.

Bold figures represent top 50% "r-values" for each item

3.3 Annual correlation results

The correlation results of annual simulation and the
subjective responses are presented in Table 3. Looking
at the annual correlation results for architects (AR), the
highest correlation coefficient (r) observed at 700 lux
with questionnaire item C3. Similar to point-in-time
correlation results, the authors decided not to focus on
those illumination thresholds (>=450 lux) which receive
very less values for the percentage room area above
specific thresholds (>=450 lux) (Fig. 3). Similar to the
point-in-time correlation results, the items B3 and C3
were found as the most correlated indicators to predict
the illumination threshold range. By combining all the
three questionnaire items (A3, B3, and C3), it was found
that the illumination range 75-150 lux correlate best
with the architect's subjective responses. The
illumination range observed in the current study does
not match with the illumination range (100-300 lux)
found in the previous study [17]. However, the authors
acknowledge that the findings of the current study
should be tested again in future researches because the
present study did not include a variety of study spaces
and daylighting strategies.

Looking at the annual correlation results for non-
architects (N-AR), similar to the point-in-time
correlation results, it was found that not even a single
questionnaire item correlated significantly with any of
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the illumination thresholds. This finding confirms that
the expert participants (architects) can better predict
both annual and point-in-time simulation results than
the naive (non-architects) participants.

Table 3 Correlations of annual simulation illumination
thresholds with the participant's subjective responses

A3 B3 Cc3
sDA n lux/50% AR N-AR AR N-AR AR N-AR
Pearson Correlation (r)

50 lux -.030  .399” -047 3737 -002
75 lux -.041 -.033 | .402" .004
100 lux -.040 -034  .3997 003
125 lux -.053 -016 - 011
150 lux -.038 -.037  .395" 002
175 lux -.029 3977 -.049 370 -.003
200 lux 363" -.022 383" -057 351" -.006
250l | 3787 -028 395" -050 3677 -003
300 lux 355" -.017 371" -063  .335" 009
350w | 8727 -028 395" -050 368" -003
400 lux 365" -.024 .38 -055  .355" -.005
450 lux -035 | .408" -041  .387" .001
500 lux - -052 (M4SN -017 | 27T o010
600 lux 359"  -.019 376" -.060 341" -.008
700 lux 324" -106 396" .086 - 046

**_ Correlation is significant at the 0.01 level (2-tailed).
Correlation is insignificant.

Bold figures represent top 50% "r-values" for each item

3.4 Point-in-time versus annual correlation results

In general, looking at the correlation results (Table 2
and Table 3), it is observed that point-in-time
correlation results showed a stronger correlation than
the annual simulation results. To check this, the authors
decided to do further analysis using a statistical
approach. By using independent sample t-test, t-score
and p-value were calculated for the correlation
coefficients of annual and point-in-time simulations.
The 51 correlation coefficients for point-in-time
simulation (Mean=0.4624, Standard Deviation=0.0820)
compared to the 45 correlation coefficients in the
annual simulation (Mean=0.3853, Standard
Deviation=0.0269). The results showed a significant
difference in mean correlation values between the
point-in-time and annual simulations (te1.91s=6.340,
p<0.001). The average correlation coefficient for point-
in-time simulations was 0.077 (mean difference) more
than the average correlation coefficient for annual
simulations. This finding confirms the previous research
results [11-13,17] that the point-in-time simulation
results correlated better with participants subjective
responses than the annual simulation results.

4. CONCLUSION

This study was conducted to find out the
relationship between human subjective responses and
daylighting simulations by using recently adopted
climate-based daylight metrics. This study also aimed to
compare the correlation results of daylighting
simulations and participants subjective responses
between architects and non-architects' group.
Therefore, a daylighting simulation study was
conducted, and participants were asked to evaluate
three study spaces in a HEI at Tiruchirappalli, India.

The sDA simulation reveals that all three study
spaces lack daylight. The findings of this study put up a
question on the predictive ability of the questionnaire
items D2, D3, E2 and E3 for the simulation results. This
gap should be addressed in future researches to find
out the best-suited questionnaire items to predict the
relationship between simulation results and subjective
responses. The questionnaire items B3, C3 and B2, C2
were found as the most correlated indicators to predict
the annual and point-in-time daylighting simulations,
respectively. The illumination range of 75-150 lux and
200-500 lux were correlated best with the subjective
responses of architects for the annual and point-in-time
daylighting simulations, respectively. The results of
independent sample t-test revealed that the point-in-
time simulation results correlated more with the
participant's subjective responses than the annual
simulation results. The findings of this study also gave
an initial insight on the prediction ability of simulation
results by architects and non-architects. The results
suggested that the expert participants (architects) can
better predict the daylight simulation results than the
naive participants (non-architects). In other words,
architects were able to evaluate the daylighting
performance of a space more precisely than non-
architects.

However, the authors acknowledge that the results
of this study should be tested again in future
researches. Still, this study provides new findings
regarding the predictive ability of simulation results by
architects and non-architects. It also provides valuable
inputs on the application of recently adopted climate-
based daylight metrics and daylight simulations. This
study was conducted in the context of the HEls of India.
Still, more studies are required to validate the findings
of this study by including various building types,
daylighting strategies across different climates.
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ABSTRACT: In the last decade, residential demand was responsible for 26% of Argentina's total energy
consumption [2]. This research attempts to generate a reflection on the importance of energy efficiency applied
to new social housing in Argentina to face two national problems simultaneously: the housing insufficiency and
the energy deficit. For this purpose, a social housing model was developed for a family of up to four members,
with the aim of being used as a basis for the development of future public housing programs. The starting point
for this proposal is a precise climate analysis, which allowed us to choose the most effective strategies. During
the design process, each strategy was analysed through an energy simulation software which showed the energy
behaviour of the project. In addition, the universal accessibility regulations for public buildings were applied to
the proposal. Finally, a comparison was made with conventional social housing, showing that a significant
reduction in energy consumption can be achieved without increasing the cost of construction.

KEYWORDS: Nearly Zero Energy Building (NZEB), Passive House, Energy Simulation, Social Housing, Inclusive

Design.

1. INTRODUCTION

In Argentina, according to the National Secretariat
of Urban Development and Housing, the residential
deficit is of approximately 3.5 million houses [1]. In
addition, the National Energy Balance of Argentina [2]
has been in deficit since 2011.

The demand for residential energy increased
strongly in the last half century, from 18% to 25%.
Furthermore, between 2005 and 2017, the demand
for residential electricity grew by 86%, double the
growth of the total electricity demand (43%) [3].

To tackle these issues it is necessary to build new
social housing projects but it is of fundamental
importance to reduce its energy demand through
efficient construction.

The objective of this project is to present an
affordable residential typology with low impact in the
site, energy efficient, and inclusive by taking into
account the materials and labour available in the
region.

The climatic zone selected is the Pampas region,
which according to the latest National Population and
Housing Census, accounts for 66.2% of the country's
population [1].

2. CLIMATE ANALYSIS

The starting point of this project is a precise
climate analysis, which is characterized by a clear
differentiation of the four seasons of the vyear.
Summer is known for its hot afternoons (average

309C) and comfortable nights, while in winter,
temperatures are constantly below 20°C, with
average minimum temperatures of 0-52C. The
intermediate seasons have comfortable afternoons
and cold nights. The average daily thermal amplitude
is 129C. The average hourly temperatures through the
year are shown in Graph 1.
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Graph 1: Average hourly temperatures per month
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3. CONVENTIONAL ARCHITECTURE IN THE REGION

The lack of awareness of the population and
professionals of the impact of construction and
energy consumption, in addition to the low prices of
energy resources [6-7], have led architecture to
abandon old traditional construction techniques
which passively protected buildings from exterior
temperatures. Instead, now the buildings have poor
envelopes and solve interior thermal comfort by
installing inefficient active systems.

Nowadays, conventional architecture is
characterized by the absence of thermal insulation in
vertical facades and minimal in roofs. The windows
consist of basic aluminium frames and single 4 mm
glass.

4. DESIGN PROCESS
4.1 Form and Architecture

The project was developed for low density
neighborhoods, in a site with the minimum width
normally allowed: 10 meters.

The intention of this proposal was to find a
compact form that could be built in any site
maintaining each of its facades facing each “pure”
orientation. After analysing several options, the final
form chosen was a cube designed to fit in a 10 m
diameter circle, so that it fits in every site of the
project and could be rotated to maintain the ideal
orientation for each facade (Figure 1).

w
./'
‘/A o
N 0
.\ ,>\ %
N ./A A\ ./
Entrances X 7 53 pe
} North 4'\..’ "\'.’
b south
L S

Figure 1: Site plan of a house showing the location in
different land’s orientations.

The idea of a compact form was to reduce the
exposed surfaces to unwanted exchange of energy
between interior and exterior, while the idea of
maintaining “pure” orientations was to have defined
strategies for each facade that could respond better
to the climate through each day and season of the
year. In Figure 2, it can be observed how the facades
that receive higher radiation during summer, are

precisely the ones that receive less radiation in
winter, and vice versa. This is due to the sun path,
which responds to a geometric logic 100% predictable
during time. The use of this information is essential to
take advantage of the benefits of working with “pure”
orientations.

Summer =]
=5
S —

300 W/m2

10 W‘mZ Scale

Figure 2: Solar radiation received per hour (W/m?2)

As shown in Figure 3, to prioritize the comfort in
the living spaces, these were located to the north
while service spaces were located to south. Also, in
this way plumbing installations were reduced and
more efficiently distributed. The stairs were designed
in one line located in the west facade to optimize
space and protect the living spaces from high solar
radiation in summer.

First floor

Ground floor

- L

Possible Extension
[SSESEETITITITTTTY

Space Type Public Private Service

Figure 3: Location of different space types.

4.2 Passive Strategies

The design methodology used was based in two
principles of NZEB (Nearly Zero Energy Building): First
reduce the demands through passive strategies and
then generate energy through renewable sources to
satisfy the already reduced energy consumption.

Windows’ Orientation
+.Sun Protection

Internal Heat Gains

Compact Design + Solar Gains
+Thermal Insulation____.

-102C -5eC 0°C 52C 10°C 15eC 20°C 25°C 30°C

Graph 2: Psychometric graph with main design strategies
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In order to reduce the energy demand of the
house, a rigorous analysis of the climate allowed us to
choose the most efficient passive strategies (Graph
2):

a) Solar Radiation
Graph 3 shows the amount of radiation that each
facade receives through the year.

500
400
300

200

100

Jan Feb Mar Apr May Jun Jul Aug Sep Oct MNov Dec

Roof Morth South

East eseeess West

Graph 3: Average radiation per hour per facade (W/m2).

During summer, the facades that receive the
highest radiation are west and horizontal (roof), so in
order to protect them from heating which could
increase the demand for cooling, a tensioned
substructure with climbing plant was proposed in the
west facade, and a vented over roof for the
horizontal facade as shown in Figure 4.

Vented
Over Roof

Horizontal Louvers
(North facade)

Figure 4: North, west and horizontal facades

The radiation received in the north facade is
concentrated in winter, precisely when it is necessary
to absorb heat. So, in order to take advantage of solar
radiation for heating spaces, windows were designed
to be mostly in this facade (Figure 4).

The windows have horizontal louvers which were
calculated by analysing the sun path throughout the
year (Graph 4), and defining the design angle that

could allow solar radiation during winter days but
protect from it during summer days. In this case, the
ideal angle to define the horizontal louvers is 65°.

Graph 4: North windows’ Shading overhangs calculation

The south and east facades are the ones that
receive the least radiation throughout the year, even
south facade receives no radiation at all the whole
winter. Therefore, these envelopes are more opaque
and insulated.

b) Daylight

Public and private living spaces have daylight
autonomy during the day almost all year, as shown in
Graph 5.

sufficient M Existent but Insufficient Il Non-existent
Graph 5: Daylight Autonomy (hours per month)

Even though daylight is more concentrated in
living spaces, it can be observed in Figure 5 that it
also reaches the service spaces with values around
300 lux which exceeds argentine standards and
regulations [4].

Figure 5: Distribution of daylight through the house (lux)
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c) Natural Ventilation

As it was shown before in Graph 2 (Page 2),
natural ventilation is possible as a passive cooling
strategy taking advantage of winds and convection
during certain periods of the year. This is possible
when the ambient temperature is around 16-22 °C:
during the summer nights and during the day in
spring and autumn, in general. According to Graph 6,
winds are predominant from the Northeast during
the mentioned seasons [5].

The design allows these winds to pass through the
house when convenient, which in addition to the
thermal mass of the walls and slabs, allows us to
reduce or eliminate the need of cooling during these
times.

Summer

Autumn

Winter

Graph 6: Wind direction per season

When wind speed is not enough for natural
ventilation, an extractor is proposed to mechanically
assist it with low energy consumption, as shown in
Figure 6. It is located at the top of the western wall
(staircase) to take out the hottest air and also, take
advantage of convection.

Figure 6: Natural ventilation and air extractor.

4.3 Water Efficiency

The efficient use of water was also a concern in
this project. One of the proposed strategies to reduce
potable water consumption was to collect rainwater
from the roof into a 1,000 L tank and use it for the
toilets.

In Graph 7 it is shown that the rains are seasonal,
concentrated in spring-summer (120 mm per month)
and almost no rains in winter [5]. This was considered
to calculate the capacity of the rainwater storage
tank.

140
120
100
80
60
40

20

Graph 7: Monthly Rainfall (mm.)

Besides rainwater, it is also proposed to use grey
water among every five to ten houses for irrigation of
green areas and cleaning of pavements. The
necessary treatment to recover this water consists on
regeneration stations of an underground tank with a
bioreactor with membranes. The system works in 4
stages: roughing, biological oxidation, filtration and
accumulation.

It is also important to install efficient sanitary
equipment, for example faucets with aerators which
reduce 50% of the water flow and hence
consumption. Toilets should be double flush to also
allow reduction of water use.

4.4 Community Garden

Thinking that sustainability consists of reducing
the environmental impact of our actions in the
planet, while preserving it for the future generations
and at the same time improve the life quality of
actual society, the proposal includes to generate
community spaces in the project. Each site would
share the courtyard forming a community garden in
the “heart” of each block as shown in Figure 7. This
will have recreational spaces and play yards for kids,
in order to promote the good relationship between
neighbours and productive activities. This space
would also have a cultivating space for the following
benefits:

= Provide organic food for the residents

= Avoid the CO2 footprint of food transportation

= Reuse greywater for irrigation

= Use the organic waste as compost

Figure 7: 1. Community Garden 2. Waste Separation 3. Gray
Water Regeneration 4. Play Yards 5. Multiple Uses Space
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4.5 Inclusive Design

Universal accessibility was resolved in the ground
floor, where there are all the indispensable spaces
easily accessible by wheelchair: handicapped
bathroom, bedroom, kitchen, and dinner-living room.
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Figure 8: Ground floor. Scale 1:100

4.6 Construction System

The construction is simple and combines
traditional techniques with new systems. The walls
are made of bricks produced in the region, whose
thermal inertia stabilizes the interior temperature.
The thermal insulation is made of expanded
polystyrene (20 kg./m3) and is located on the outer
side of the shell. A metallic structure works as a roof
cover, roof of the upper floor terrace, and support for
railings and water tanks at the same time.

The construction of the walls has insulation and
thermal mass by using thick bricks with exterior EWIS
(External Wall Insulation System) system. The
windows have PVC frames with double contact
closing and double glazing.

4.7 Low Environmental Impact

One of the priorities was to maintain a low
environmental impact, so different strategies were
proposed according to the site and the selection of
resources.

The project is developed in two floors, reducing
the building footprint, and generating a larger green
area. In the exterior an average of 6 trees of regional
species per site were proposed.

The materials used for construction would be
sourced regionally to reduce CO2 from
transportation. The wood would be from sustainable
forests that are being constantly regenerated from
the Cordoba mountains, oven dried and with
immersion impregnation treatment. It is
recommended that they have FSC (Forest
Stewardship Council) certification or similar.

5. ENERGY CONSUMPTION
5.1 Comparison with Conventional Architecture

The energy balances in Graph 8 shows, as a
mirror, how the gains and losses of thermal energy
are compensated per month, first in a conventional
social housing and then in the proposal.

Is evident how the decrease of energy losses
(through walls per transmission, as well as night
radiation to the sky) reduces drastically the heating
demands from 5.597 kWh/year to only 1.424
kWh/year (-75%). On the other hand, the
considerable decrease of received solar radiation due
to the orientation of the windows and the protection
by overhangs, added to the use of natural ventilation
for cooling, allows a cooling demand reduction of
80%, from 3.047633 kWh/year to only 633 kWh/year.

As a reference, the standard Passivhaus limits for
cooling and heating demands are 15kwh/m2 per year
each one. In this case study, the heating demand was
reduced from around 89 to 22 kWh/m2 year, and the
cooling demand from around 48 to 10 kWh/m2 year.

Reference Solar Cube
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Graph 8: Energy Balance

The set of strategies applied in this project
decreases the demand for air conditioning and
lighting by 75% compared to traditional social
housing. This reduction directly impacts consumption,
which can be further reduced using efficient
equipment. For this analysis, a traditional social
housing was taken as a reference, and the level of
efficiency of the equipment was not modified to
avoid distorting the comparison (Grahp 9).

6.000 1.200
Conventional
4.000 800 "
Social House
2.000 400 [ |
Proposal
. Solar Cube
0 0
Heating kWh/year Cooling kWh/year
(Gas) (Electricity)

Graph 9: Energy Consumption
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5.1 Renewable Energy (NZEB)

Considering that some states of this region, for
example Cordoba, are moving forward towards
distributed energy generation, which avoids the need
of storing energy, it is proposed to install four
photovoltaic polycrystalline panels of 270 W each
with an inclination angle of 27°, to generate 344 kWh
per year per panel. These are enough to cover the
reduced demands of thermal conditioning, lighting
and other electrical devices (Grahp 10).

For the domestic hot water demand it is proposed
a solar-thermal panel of 2m2 area and a storage tank
of 200 L. The inclination of the panel would be 45° in
order to receive higher solar radiation during winter
months, that is when the hot water demand is higher,
as shown in Graph 10.

Conventional Social House Proposal Solar Cube
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Graph 10: Energy Supply

As a result, using only 4 photovoltaic panels and 1
solar thermal panel, a Net Zero Energy Building is
obtained.

6. HOME AFFORDABILITY

The total cost of this residential module,
calculated in February 2019, is ARS 1,663,507 [8],
equivalent to € 38,067 [9]. Thus, the cost per square
meter is € 539 (ARS 23,650/m2), slightly less than the
cost of standard construction in Cordoba (ARS
24,600/m2 [10]).

Therefore, this project allows a typical family (3 to
4 members) to save approximately 1,000 kWh of
electrical energy and 500 m3 of natural gas per year,
without increasing construction costs.

Thus, the savings are $ 7,425 [6] in electricity and
S 7,331 [7] in gas, making a total of $ 14,756 per year
(equivalent to € 338 [9]). These annual energy
savings represent about 1% of the total cost of
building the home.

These savings do not include the energy
generated by the installation of solar panels. In the
case of installing one solar thermal panel (for DHW)
and four photovoltaic panels, and in this way covering

the total energy consumption, the investment is
amortized with the additional energy savings
generated.

7. CONCLUSION

The low historical cost of energy and the lack of
social awareness have led to the construction of
precarious housing in terms of energy efficiency, so
there is a big margin for improvement. This project
demonstrates that it is possible to slash energy
demands using simple application strategies without
extra costs.

As a result, the Solar Cube makes it possible to
reduce both, the housing and energy deficits, and
shows us that sustainability is not necessarily
complicated or expensive, but quite the opposite.

“Global warming, as well as growing inequality,
are the main challenges that the planet is facing at
the beginning of the 21st century” [11], and this
proposal aims to help solve these two challenges
partially.

There is a lot of work ahead.
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ABSTRACT: Two recently completed high-rise residential developments, located side-by-side in a neighbourhood
in Singapore, are compared in a post-occupancy study. Both have near identical demographics, are exposed to
the same microclimate, and constructed with a similar palette of materials. The primary difference is form. One
has a high degree of porosity with inner voids that act as conduits for natural air flow and offer a sheltered space
for social engagement. The other is more compact, less porous and has social spaces attached to the building’s
exterior. The study included surveys of residents, behavioural observations and environmental measurements.
On three counts — self-reported energy use, thermal comfort and social interaction — the former appears to be
more successful than the latter. Findings suggest that building form affects multiple outcomes at once. A form
strategy that lowers energy use, for instance, can also improve social engagement. The implication of this socio-
environmental approach to form-making is discussed in the context of high-density tropical typologies.
KEYWORDS: Building Form, Energy Use, Social Interaction, Thermal Comfort, Tropical Climate

1. INTRODUCTION

Building form is an important factor that shapes
environmental performance. Form variables such as
geometry, compactness and porosity play a key role
in passive outcomes, such as shade, access to daylight
and natural ventilation [1]. Passive design has long
been a consideration at the drawing board, as this
pertains to indoor comfort and energy demand [2],
and more recently to overheating risk reduction
[3,4,5]. In the tropical context, the emphasis on
passive design and measured performance, as drivers
of form-making, was first advocated by Malaysian
architect, Ken Yeang, who applied it high-rise
buildings in dense urban conditions [6]. His case for
the bioclimatic model — which proposed form-
features such as skyterraces and form-strategies like
placement of service cores to reduce solar gains —
was influential in the 80s and 90s in Southeast Asia,
at a time when energy security was a concern [2].
With the advent of the Green movement in the
2000s, however, the question of performance was
assigned to electro-mechanical solutions such as air
conditioning. At this time, design firms like WOHA
(Singapore) also began experimenting with new form
typologies that could push the limits of passive design
[7]. What is noteworthy about strategies by WOHA is
that they merge the environmental and the social [8].

Gaps in buildings that facilitate airflow, for instance,
are also the spaces for social gatherings.

2. BACKGROUND

In 2008, the Housing & Development Board (HDB)
of Singapore commissioned two high-rise public
housing developments (Figure 1) within the same
neighbourhood. Both buildings, completed in 2015,
have a near identical demographic breakdown, are
exposed to a similar microclimate, and constructed
with a similar palette of materials.

Figure 1: Building A (left) and Building B (right)

The primary difference is their approach to form.
Building A (Figure 2), by architects WOHA
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(Singapore), has a significant degree of porosity —
gaps in the facade that let natural airflow pass
through the towers. There are 12 vertically
distributed skyterraces (four per tower) that, with the
sky roof, act as social spaces. An inner void that runs
vertically through each tower accelerates air flow,
and acts as a semi-outdoor buffer space that
mediates between outdoor conditions and apartment
interiors. Each apartment opens onto this inner void,
with which it interacts socially and environmentally.

Building B (Figure 3), by comparison, is compact
and less porous. It has six skybridges for its residents,
and one skygarden above a multi-storey carpark.
None of these, however, are fully sheltered, nor are
they directly connected to the apartments.

WOHA has stated that the design goals for
Building A are occupant comfort, lower energy
demand and social engagement [8]. The designer of
Building B has spoken of creating a community
building in the Modernist vocabulary [9,10].

Section Block 88 (B88) Skyterraces 36" F Inner void
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Figure 2: Building A showing section, floor plan with
skyterraces and tower axonometric with inner void

i

Figure 3: Building B axonometric showing skyterraces

This study set out to assess performance, as
stipulated by the architects, and to gauge the extent
to which performance can be linked to building form.

3. METHODOLOGY

The survey study began in August 2019 with
residents of each building. Table 1 summarises the
number of survey respondents in relation to the total
number of apartments per building. This was
augmented with behavioural observations,

estimation of building form variables and
environmental measurements.

Table 1: Population and sample size for each building.

Building N2 of apartments N2 of surveys %
Building A 960 49 5.10
Building B 758 46 6.07

3.1 Survey

Surveys were carried out in the common areas of
each building. Surveyees were randomly selected

On energy use, surveyees were asked: ‘what is
your approximate monthly electricity bill?’ (Q1). The
options they were given were based on Singapore
Power National Average Household Consumption for
2019 [11]. Surveyees were also asked ‘do you have
air-conditioning (AC) installed in your home?’ (Q2),
and ‘at what time of the day is it usually turned on?
(Q3)".

On use of social spaces, surveyees were asked ‘do
you visit the skyterraces in your estate?’ (Q4). If they
answered ‘yes’, they were then asked: ‘how often?’
(Q5), ‘how much time do you spend in them?’ (Q6),
and ‘why you visit them?’ (Q7). Additionally, residents
were asked (on a Likert scale) if ‘skyterraces
(including roof) are used by their neighbours’ (Q8).

To gauge social interaction between residents,
surveyees were asked ‘how many neighbours in your
estate are you friends with?’ (Q9). For this question,
the answer options were ‘0-4’, ‘'5-9’, ‘10-14’, '15-19’,
’20-25" and 25-30'".

On the question of comfort, surveyees were asked
‘in terms of thermal comfort, how do you generally
feel in the skyterraces and roof of your estate?’ (Q10).
They could answer from a 5-point thermal comfort
scale, commonly used in comfort studies [12].

Each surveyee was asked his/her age, household
size, floor level where s/he lives and how long s/he
had been living in the development.

3.2 Building Form

The ratio of social space to total built-up area was
calculated. The proportion of social areas in shade vs
without shade was estimated. These calculations
included both skyterraces and roofs above carpark.
Another consideration was the percentage of building
facade exposed to outdoor conditions. In Building A,
the facade facing the inner void was deemed ‘not
exposed’. For Building B, the facade adjacent to
circulation corridors, voids and staircases was
likewise categorised ‘not exposed’.

3.3 Behavioural Observations

Skyterraces in both buildings were visited every
two hours from 14:00 until 18:00 (i.e. a total three
times per afternoon) from August 6 to 9 and again,
between August 12 to 14. During each visit, the
number of visitors was counted. Counting was carried
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out in the afternoons since occupants were observed
to visit skyterraces mostly during the afternoon and
evening, as observed during surveys.

3.4 Measurement of Environmental Conditions

The air temperature (Ta) of skyterraces and
outdoor conditions was measured for 6 days (July 25
— July 30, 2019). Air velocity (Va) was measured on
day 1 and 2 of that same period, but only for Building
A.

Only skyterraces linked to towers of buildings A
and B were selected for temperature measurements
(i.e. excluding social spaces on roofs of carparks).
Three skyterraces on 14%", 25 and 36%™ storeys of
Building A was selected, along with two on the 18t
and 33" storeys of Building B, which were at a similar
height.

Readings were taken at 4pm, when the day was
typically warmest. Reference ‘outdoor’ readings were
taken on the roof of carparks of both buildings; the
sensors here were sheltered from direct sun and
placed less than 50 meters away from nearest
skyterrace.

3.5 Statistical Analysis

Non-parametric statistical tests were carried out
on data from the surveys. For Q1, Q8, Q9 and Q10
Mann-Whitney’s two sample test was performed; for
Q2 and Q3 Fisher’s exact test; for Q4, Q5, Q6 and Q7
Pearson’s Chi-squared test. The analyses were done
with Rstudio software. Rstudio functions chisg.test,
fisher.test, wilcox.test and shapiro.test were used,
respectively.

Mann-Whitney’s two sample test was used to
compare measurements of buildings A and B.

4. RESULTS

Tables 2 and 3 summarise responses to survey
questions. Table 4 summarises building form
variables. Table 5 summarises mean values for each

Table 3: Summary of responses to social questions.

Building A Building B
Q4. Do you visit the skyterraces of your own estate?
Yes (1) 46 (93.9%) 36 (78.3%)
No (0) 3(6.1%) 10 (21.7%)

Q5. How often do you visit the skyterraces?

Every day or many times a week 18 (39.1%)
Once a week 13 (28.3%)
Once or twice a month 15 (32.6%)

5 (13.9%)
12 (33.3%)
19 (52.8%)

Q6. How much time do you spend on them?

< 30 minutes 18 (41.9%)
>= 30 minutes 25 (58.1%)

16 (44.4%)
20 (55.6%)

Q7. Why do you visit the skyterraces and roof?

a. Socialize with neighbours 13 (30.2%)
b. Look at the views 27 (62.8%)
c. To take kids to play 10 (23.3%)
d. To exercise 5(11.6%)

7 (19.4%)
16 (44.4%)
15 (41.7%)
19 (52.8%)

Q8. Are the skyterraces used by your neighbours?

1 Yes, a lot 7 (14.9%)
2 Yes, somewhat 26 (55.3%)
3 Yes, but not so much 12 (25.5%) 20 (43.5%)
4 Not at all 2 (4.3%) 6 (13.0%)

5(10.9%)
15 (32.6%)

Q9. How many neighbours in your estate are you friend with?

0-9 neighbours 16 (35.6%) 16 (44.4%)
10-19 neighbours 8(17.8%) 3(8.3%)
20-29 neighbours 3(6.7%) 1(2.8%)

Q10. In terms of your thermal comfort, how do you generally feel
in the skyterraces of your estate?

8 (16.7%) 3(7.3%)
36 (75.0%) 21 (51.2%)

+2 (very comfortable)
+1 (Comfortable)

0 (Neutral) 4 (8.3%) 13 (31.7%)
-1 (Uncomfortable) 0(0.0%) 4(9.8%)
-2 (Very uncomfortable) 0 (0.0%) 0 (0.0%)

Table 4: Summary of building form variables

Building A Building B
Skyterrace area (social space)
Shaded 13,404 m? (63.2%) 582.6 m? (11.8%)
Unshaded 7,800 m? (36.8%) 4,352.2 m? (88.2%)
Total 21,204 m? (100%)  4,934.8 m? (100%)
Gross floor area [13] 111,106 m? 87,000 m?
Skyterrace as % GFA 19.1% 5.7%
Percentage of fagade directly exposed to outdoor conditions
Directly exposed 43.3% 53.6%

Table 5: Mean responses and statistical significances of the
difference between Building A and Building B.

question and statistical significance (p-value) of the BuildingA  BuildingB  p-value
difference between the two buildings. Energy-related aspects
Average self-reported $107.3 $130.4 0.038
11 H - - *
Table 2: Summary of responses to energy questions. electricity bill (Q1) : (n=31) (n=37) (*)
Building A Building B Average number of dwellings 98.0% 100% 0.477
Q1. What is your approximate monthly electricity bill? with AC (Q2) - (n=49) (n=45)
<$100 (SGD) 2 (6.5%) 1(2.7%) Average number of dwellings 93.5% 97.7% 0.085
$50-$99 (SGD) 13 (41.9%) 11 (29.7%) that turn on AC at night (Q3) (n=46) (n=44) ()
$100-$149 (SGD) 12 (38.7%) 13 (35.1%) foldldllgs P
$150-$199 (SGD) 2 (6.5%) 7 (18.9%) Av.erage number of. 10.2 7.5 0.0710
$200-$249 (SGD) 2 (6.5%) 5 (13.5%) neighbours that residents (n=27) (n=20) ()
Q2. Do you have installed AC in your home? consider as friends (Q9)
Yes 48 (98.0%) 45 (100%) Average percentage of 93.9% 78.3% 0.002
No 1 (2%) 0 (0.0%) residents visiting skyterraces (n=49) (n=46) (**)
Q3. At what time of the day are they usually turned on? (Q4)
Morning 0 (0.0%) 0(0.0%) Average percentage of 39.1% 13.9% 0.000
Afternoon 1 (2'4” 0 (0.0‘7) residents visiting skyterraces (n=46) (n=36) (***)
47 .U% .
Evening 2 (4.8%) 0(0.0%) every day or many times a
Night 43 (93.5%) 43 (97.7%) week (Q5)
Average percentage of 58.1% 55.6% 0.886
residents that spend more (n=43) (n=36)
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than 30 minutes on
skyterraces (Q6)

Average likelihood of 2.19 2.59 0.008
neighbours visiting (n=47) (n=46) (**)

skyterraces, in Likert scale

(@8)

Average thermal comfort in +1.07 +0.53 0.000
skyterraces, in a 5-point (n=48) (n=41) (***)

thermal comfort scale (Q10)

Environmental conditions

AT (Ta outdoor — Ta 1.39eC 0.782C 0.003

skyterrace) (n=6) (n=6) (**)

Air temperature at 29.65°C 29.81°C 0.189

skyterrace (n=6) (n=6)

Air temperature outdoors 31.049C 30.59°C 0.115
(n=6) (n=6)

Air velocity at skyterrace 1.39m/s - -

Significance codes: >0.1 (.) < 0.05 > (*) < 0.01 > (**) < 0.001 > (***)

4.1 Survey

Analysis of data suggests that the two groups,
Building A vs Building B, are not statistically different
for any background variable. Normality is not found in
their answers either.

On energy use, the reported electricity bill of
surveyees in Building A is lower than Building B by
almost $23. Building A has a mean of $107.3; Building
B, $130.4. This finding has statistical significance.
Note: data is filtered to surveyees between 19 and 59
years of age, who are more likely to be aware of the
monthly bills.

On use of AC, even though the two buildings are
not significantly different in ownership of AC,
approximately 93% of those from Building A say they
use AC at night compared with almost 98% in Building
B. This finding is marginally significant. Note: the
analysis is filtered for surveyees who say they use AC
at night since this represents over 90% of responses in
both buildings.

On use of skyterraces, 94% of surveyees from
Building A say they visit skyterraces, which is found to
be significantly higher than 78% of surveyees from
Building B. Additionally, skyterraces in A are visited
more frequently than in B, with approximately 39% of
surveyees in former saying ‘every day or many times
a week’ compared with 14% in the latter. The
perception of neighbours visiting terraces in Building
A tends towards ‘yes, somewhat’; in Building B it is
closer to ‘yes, but not so much’.

On why skyterraces are visited, 30.2% in Building
A say ‘socialise with neighbours’ compared with
19.4% in Building B. The finding is not statistically
significant.

Regarding social interaction, surveyees in Building
A say that they consider, on average, 10.2 neighbours
as friends in comparison to surveyees on Building B
who consider 7.5 neighbours as friends. The
difference is marginally significant. Note: analysis is
limited to those who say ‘yes’ to visiting skyterraces
and say they spend more than 30 minutes per visit, so
as to eliminate those who are just passing through.

On perceived thermal comfort, 91.7% of
surveyees in Building A say they feel ‘very
comfortable’ or ‘comfortable’; in Building B, the
figure is 58.5%. The mean answer on the comfort
scale is +1.07 for Building A (i.e. towards greater
perceived comfort); the mean answer for Building B
respondents is 0.53 (i.e. towards neutrality).

4.2 Building Form

Building A has four times more surface area for
skyterraces than B: 21,204 m? and 4,935 m?
respectively. As a proportion of total built up area,
skyterraces in Building A account for 19.1%; Building
B, 5.7%. In Building A, the surface area of skyterraces
that is shaded is 63.2%; in Building B, 11.8%. The
percentage of facade in A that is exposed to outdoors
is 43%; in B it is 54%

4.3 Behavioural Observations

Skyterraces in Building A account for 257 visitors
during the period of measurement; Building B, 60
(Table 6). Normalised against number of households,
Building A has higher visitorship per household.

Table 6: Counting of people visiting skyterraces per building
during period of observations (6-9, 12-14 August)

Building Number of people Number normalised against
on skyterraces number of households

Building A 257 0.27 per household

Building B 60 0.08 per household

4.4 Environmental factors

The mean Ta of Building A is 0.162C lower than
that in B. This difference is not statistically significant.
Measured outdoor temperatures at both buildings
are not significantly different and are highly
correlated (R = 0.92). However, the mean AT in A is
almost 1.4eC (14™F: 0.992C, 25%F: 1.41°C, 36"F:
1.792C), while in B AT mean is almost 0.82C (19%"F:
0.67°C, 33™F: 0.892C). The difference between the
two is statistically significant. A mean air velocity of
1.85 m/s is measured in Building A (14"F: 2.26 m/s,
25™F: 1.82 m/s, 36™F: 1.48 m/s).

5. DISCUSSION

The architects for Building A, WOHA, have said
they seek, through design, three outcomes: improved
occupant comfort, lower energy use, and greater
social interaction [8,14]. The findings from this study
suggest that Building A does better on all three
counts than Building B. However, in what ways can
the success of Building A be linked, directly or
indirectly, to its built form?

The distinguishing feature of Building A is its inner
core —made up of voids and skyterraces — that acts as
a conduit for natural air-flow and holds spaces for
social interaction. As a result of this core, parts of the
building envelope are inward facing. By contrast,
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Building B is compact, without voids or inner facades.
Its skyterraces are fewer and affixed to its facade, and
therefore more exposed to outdoor conditions.

The first form hypothesis relates to comfort in
skyterraces. The sheltered skyterraces of Building A
should fare better in terms of thermal comfort than
the exposed ones in Building B. The findings from this
study support this. There is a measurable difference
in the mean thermal comfort response of the two
groups: +1.07 for A versus +0.53 for B, i.e. the former
is more comfortable than the latter. This s
corroborated by temperature and air velocity
readings. In Building A, AT between skyterraces and
outdoors is 1.392K, almost twice the AT in Building B.
The mean Va in Building A voids is approximately 1.9
m/s. Lower temperatures and elevated air speeds
should lead to high perceived comfort.

It is likely that comfort is a variable affecting
visitor preferences. In Building A, where comfort
levels are higher, 94% of those surveyed say they visit
skyterraces; in Building B, only 78%. Thirty-nine
percent in Building A also say they visit ‘every day or
many times a week’ compared with 14% in B. These
findings appear to align with observed visitor
numbers: skyterraces in A have 257 visitors versus 60
in B. Normalised against the number of households,
skyterraces in Building A (0.27) appear to be more
popular than in B (0.08), assuming all observed
visitors are residents of the same building. It should
be noted there are other reasons for visitorship. The
survey suggests ‘view’ is a factor. Skyterraces in
Building A are also substantially bigger than the ones
in Building B, with room for more people.

The second form hypothesis relates to social
engagement: residents of Building A, who Vvisit
skyterraces more frequently, ought to know more
neighbours. This is supported by the findings:
surveyees from Building A say they know an average
10.2 neighbours, compared with 7.5 in Building B, i.e.
36% more. The difference is found to be marginally
significant.

The third form hypothesis relates to energy use.
Lower temperatures and higher air flows in the
central void of Building A are likely to affect energy
use. Apartments that open onto this cooler core can
divert air flow through their living spaces, thereby
reducing the need for mechanical cooling. Inner
facades, opening onto a cool void, are likely to
transmit lower solar heat gain into the apartments.

The findings show a difference in energy use. The
monthly energy bill is 17% lower in Building A
($107.3) than in Building B (5130.4), notwithstanding
identical ownership of air conditioners between the
groups. Several variables that might affect energy
consumption can be ruled out. Both buildings have
near identical demographics; they rely on a similar
palette of materials and comply with the same

regulatory limit for Residential Envelope Transfer
Value (RETV) of 25 W/m? [15].

From this study, it is evident that Buildings A and
B are two distinct form typologies. Findings suggest
that form is a likely factor affecting performance in
multiple ways. The significance of these findings
become clearer when they are extrapolated to the
urban scale. Singapore has 1 million HDB flats [16]. If
the entire stock of housing were to perform at the
same level as Building A, i.e. spending 17% less on
energy, the impact at the city scale would be a saving
of 729 GWh/year, based on a total of 4,287 GWh
consumed in 2017 by public households [17,18]. This
is equivalent to a reduction of 0.305 million metric
tons of equivalent CO2 emissions, based on
Singapore’s 2018 Grid Emission Factor of 0.4188 kg
CO2/kWh [17]. If every HDB household were to also
interact with 36% more neighbours, is likely that
social capital of the city would increase. Social capital
is defined as the number of relationships between
people in group that leads trust and cohesion [19].

6. CONCLUSIONS

Thermal comfort, energy use and social
interaction are complex outcomes, affected by many
variables. In this study, building form is found to be a
factor that contributes to each outcome in direct and
indirect ways. In Building A, the presence of sheltered
and comfortable social spaces appears to lower
barriers to neighbourly interactions. The inner void
and skyterraces act as a nexus of social interaction.
The core also affects the energy performance of the
apartments. What is seen in Building A, therefore, can
be described as the integration of social and
environmental objectives through form-based
solutions.

Architects and researchers in the tropical regions
have in the past argued for the importance of form
features and strategies, such as open-to-sky
courtyards and sunshades, however, primarily for
social or place-making purposes [20, 21]. The notion
that a form-based design approach can
simultaneously affect multiple outcomes in high-rise
typologies is rare. Architect Ken Yeang made a case
for this in the 80s and 90s, applying the bioclimatic
model to office buildings in Malaysia which were said
to deliver better energy performance and occupant
comfort. Two noteworthy buildings of that era were
evaluated in a study, with surveys and energy audits,
that revealed them to be unsuccessful in both regards
[2]. This was attributed to an inconsistent application
of bioclimatic principles and to the underestimation
of comfort expectations and preferences.

WOHA’s approach to form, represented by
Building A, differs from these earlier experiments in
two ways. It sees environmental performance and
social engagement as interdependent outcomes. The
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building also creates an onsite microclimate with
sheltered inner voids. These spaces are more
comfortable; they also reduce thermal load and
enhance the potential for cross ventilation. This form
strategy is seen in other WOHA projects like the
School of the Arts and Oasia Hotel Downtown [8,14]
and in some of Yeang’s more recent projects such as
the National Library in Singapore [22].

Cities across the globe struggle to address
environmental goals and social goals, which are
sometimes at odds. Singapore offers lessons on
integration in the high-density tropical context [23].
In this study, Building A demonstrates how this idea
can be advanced further with form-based solutions at
the building scale. Lessons learnt here are particularly
relevant to developing countries where capital
investment and access to technology are limited.

The limits of the current study should be
countered in future research by increasing survey
sample sizes and accessing actual energy bills. It
should consider other factors that influence thermal
comfort such as radiant temperature, relative
humidity, activity level, and clothing. In the Singapore
context, it would be necessary to compare Buildings A
and B, both relatively new, with earlier generations of
public housing typologies, which had different sizes
and arrangements of social space.
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ABSTRACT: Ireland is mandating the unprecedented mass market deployment of low-energy dwellings via the near
Zero Energy Buildings (nZEB) standard, from 1 January 2021 due to the EU wide Energy Performance of Buildings
Directive (EPBD). This is among the first academic papers to provide recorded energy and temperature data for nZEB
compliant dwellings in Ireland. It reports on initial results of the www.nZEB101.ie Post Occupancy Evaluation project,
the objective of which is to uncover key nZEB design and operations lessons, to aid the next iteration of the country’s
building regulations. This paper reports on the analysis of winter temperatures and the energy consumption of 17
nZEB compliant dwellings, each of which have been monitored for at least a 12 month period. While analysis of
further properties is needed to further validate the findings, key findings to date include significantly higher than
expected interior temperatures and energy consumption, and a usage profile which is significantly different from the

assumptions in the DEAP National energy rating software.

1. INTRODUCTION

The near Zero Energy Building Standard (nZEB) is
required for all new dwellings which will be constructed
in the European Union from 2020 [1]. However, with
little track record in Ireland for building such low energy
dwellings, objective information about how these
dwellings will perform is required. This is the first
academic paper to provide recorded energy and
temperature data for nZEB compliant dwellings in
Ireland.

Building on an established Post-Occupancy
Evaluation (POE) monitoring project of low-energy
dwellings which has been running for over three years,
the nZEB101 project [2] is set to uncover the key nZEB
design and operations lessons as the Republic of Ireland
embarks on the construction of 550,000 of these low-
energy buildings by 2040 [3].

Analysis of initial data indicates that

1. Interior temperatures are significantly higher in
nZEB dwellings compared with those recorded
in previous POE publications, e.g. [4].

2. Interior temperatures are higher than the
assumed set temperatures in the national
Building Energy Rating (BER) software during
the winter period [5].

3. The temperature profile has changed with the
living room and Rest of Dwelling (RoD)

temperatures more constant and similar than
dwellings built to previous building regulations.

4. The regulated load energy consumption is

higher than the BER predicted value the
majority of the monitored dwellings — in some
cases significantly so. Interior temperatures in
the monitored nZEB dwellings are also higher
than assumed in the BER software.

These findings are contrary to a recent evaluation of
Irish dwellings which had undergone energy retrofit,
which found that the DEAP software overestimated
both the heating periods and interior temperatures of
the pre-nZEB dwellings [6].

The findings are based on a sample of 1/6 of the
dwellings which are planned to be monitored by the
nZEB101 project.

However, the main finding to date based on the
initial POE data is that the nZEB compliant dwellings
demonstrate a disparity with the assumptions inherent
in the National energy rating software.

2. METHOD

The nZEB101 project is undertaking an extensive
Post Occupancy Analysis (POA) of over 100 dwellings
which comply with the nZEB regulations. In order to
comply with nZEB in Ireland, the buildings need to
demonstrate an Energy Performance Coefficient of 0.3
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and Carbon Performance Coefficient of 0.35, i.e.
reductions of 70% and 65% in energy and carbon
emissions respectively compared to a reference
building built in 1985 [5].

Data is recorded on the overall energy consumption
and the heating energy consumption for all dwellings (1
hour data) for a period of at least one year. In addition,
there is five-minute data on the Indoor Environmental
Quality (IEQ) parameters of air temperature, relative
humidity and carbon dioxide. A subset of the dwellings
(table 1) is considered here for the energy analysis and
comprises.

e new and retrofit
detached, semi-detached and terraced
timber frame and block built and
private and social housing

As can be seen, three of the new properties are of
the same typology and are on the same site (“site 1”),
and four of the renovated properties are also co-
located and of the same typology (site “K”). The
majority of the new properties were constructed to the
Passive House (PH) standard [7], and have Mechanical
Heat Recovery and Ventilation (MVHR) systems for
ventilation and all have triple glazed windows apart
from nZEB6 which has double glazed fenestration.

Table 1: Selection of monitored nZEB101 dwellings

New | |Semi-d, 2 stry Timber Frame MVHR

nZEB2 New J |Det,b I Timber frame 2011 MVHR 0.54
nZEB3 New L |Det, 2 Stry Block 2005 MVHR 1
nZEB4  |New N |Det, 2 Stry Block 2015 MVHR 0.50
nZEB5 New P |Det, 2 Stry Timber Frame 2011 MVHR 0.5
nZEB6  [R O |Det, bungal Block 2016 Nat Vent n/a
nZEB7 New | |Semi-d, 2 storey |Timber Frame 2017 MVHR 0.3
nZEB8 New | |Semi-d, 2 storey |Timber Frame 2017 MVHR 0.3
nZEB23 |Renovate| K |Terraced 1 Storey|Block 2018 DCV 5
nZEB25 |Renovate| K |Semi-d, 1storey [Block 2018 DCV 4.12
nZEB26 |Renovate| K |Semi-d, 1storey [Block 2018 DCV 4.8
nZEB27 |Renovate| K |Terraced 1 Storey|Block 2018 DCV 4.8

The majority of the dwellings which have undergone
a Deep Energy Retrofit (DER) have Demand Controlled
Ventilation (DCV). nZEB6 is a property which was
constructed as a low-energy dwelling, with natural
ventilation, and while it does not meet the current Irish
definition of nZEB, it meets the indicative nZEB
definition of regulated load primary energy
consumption of less than 45 kWh/m?/a, and is included
for comparative reasons [8].

Details of the recorded operational performance of
the A-rated buildings, including indoor temperatures
over the 2019/20 Winter period as defined by Met
Eireann (December, January and February) and
regulated load energy consumption which has been
recorded over a period of at least one year per property
have been provided (Table 2). The regulated load is that

as defined in the Dwelling Energy Assessment
Procedure (DEAP) [5] and includes the energy to service
the building i.e. Domestic Hot Water (DHW), space
heating, fixed lighting and ventilation/pumps.

Given the significantly higher than expected interior
temperatures identified in table 2, further, deeper
analysis of interior temperatures across the
homogeneous sample of nine of the DER properties has
been carried out (Figs 2 and 3) and discussed below.

The DER scheme comprises 12 x 1 bed 30.77 m?
social house dwellings (Fig 1), located in Wexford town,
County Wexford, Ireland, which underwent the DER in
2018. The houses were originally built in the 1970s and
house Wexford County Council local authority tenants,
typically pensioners.

Prior to the upgrade, the dwellings had issues with
inadequate ventilation and thermal bridging resulting in
damp patches and mould on interior surfaces. The
dwellings ranged from the second poorest Building
Energy Rating (BER) rating of F (with a regulated load of
403 kWh/m?/a), to the worst BER (G), with the poorest
performing dwelling consuming a regulated load of
1158 kWh/m?/a — as per the BER certificate.

Following the upgrade, the dwellings all are
designed to operate in the BER category of A, with the
majority having a BER of A2 (25 to 50 kWh/m?/a). The
primary heating system is an electric Heat Pump (HP),
and one of the dwellings (nZEB 27) also uses a Solid
Fuel (SF) open fire with back boiler.

Fig 1 College View, Wexford town, County Wexford, Ireland —
pre Retrofit

3. RESULTS

3.1 Overview

Table 2 gives the specific regulated load energy
consumption, both in terms of the BER band rating and
the specific primary energy consumption in kWh/m?/a.
It also gives the recorded specific primary energy
consumption, and the recorded average dwelling
temperature during the winter (in degrees Celsius).

Table 2: Recorded Energy Consumption Vs Predicted

Vol.1| 68

35" PLEA Conference. Planning Post Carbon Cities.
DOI: https://doi.orq/10.17979/spudc.9788497497947



https://doi.org/10.17979/spudc.9788497497947

nZEB1 [HP AL 102 24.1 406 A2 20.1
nZEB2 [HP A3 182 61.6 52.6] A3 212
nZEB3 [HP A3 378 61.7 516] A3 21.8
nZEB4 [HP AL 285 23.7 263 A2 20.8
nZEBS |Gas A3 271 56.7 728 A3 21.8
nZEB6 |HP A3 170 63.0 475 A2 18.9
nZEB7 |HP AL 102 24.4 52 A3 21.8
nZEBS |HP AL 102 24.4 571 A3 223
nZEB23 HP A2 31 47.4 165 c1 213
nZEB25 HP A2 31 36.9 58] c1 215
nZEB26/HP A2 31 36.2 267] D2 243
NnZEB27HP & SF | A3 31 65.7 181 c2 223

3.2 Energy Consumption

The buildings which exceed the expected energy
consumption BER rating band are highlighted in orange
in Table 2, and those which operated within or below
the expected energy consumption band are highlighted
in green.

For four of the dwellings (nZEB2, nZEB3, nZEB5 and
nZEB6) the predicted regulated load matches or is
below that expected by the Building Energy Rating
software. In the case of nZEB4, while the BER Al band
was below the recorded regulated load energy
consumption band (A2), the predicted regulated load
was very close to the recorded regulated load (23.7
versus 26.3 kWh/m?/a). In the case of nZEBS5, the
recorded gas consumption (which is used for domestic
hot water and space heating in addition to cooking) was
being used to determine the regulated load. The
dwelling  significantly exceeded the expected
consumption, and on further investigation it was found
that a cookery school for children was being run as a
home business, resulting in significantly higher than
expected gas consumption.

The recorded performance does not match the
predicted specific regulated load for the majority of the
dwellings (eight of the 12). For nZEB 1, 7 and 8, the
dwellings are on the same site, and were constructed to
the Passive House (PH) standard with all having
identical construction and heating systems. All three
dwellings exceed the predicted Regulated load by
approximately twice.

Similarly, in the case of the retrofit dwellings nZEB
23, 25, 26 and 27, all exceed the BER expected energy
consumption, typically by a factor in excess of three,
and in one case (nZEB 26) by a factor in excess of 7.
These are the DER houses in Wexford — see Fig 1. The
energy consumption was recorded using clamp on Loop
energy meters, and were verified against data collected
directly from the Daikin HPs.

Recognising that the regulated load (whilst also
comprising fixed lighting and ventilation loads) is
predominantly determined by the DHW and space
heating loads, a focus was put on the interior
temperatures, to determine if the dwelling
temperatures matched the levels expected by the
Dwelling Energy Assessment Procedure (DEAP)

software which is used to determine the BER and are
reported on below.

3.3 Interior Temperatures

The Dwelling Energy Assessment Procedure (DEAP)
software which produces the BER assumes that the
heating system has a set temperature of 21°C in the
living room, and 18°C in all other rooms for two hours
in the morning and six hours in the evening. This
equates to an average temperature of 18.9°C for eight
hours of the day for a typical dwelling, and an
unspecified (but assumed lower) temperature for the
remaining period. Given that the heating is only
expected to be on for one third of the 24 hour period,
the overall average dwelling temperature during the
winter is expected to be below the 18.9°C.

No nZEB dwelling presented in Table 2 records a
temperature below 18.9°C, with nZEB6’s average
temperature at 18.9°, for the 24-hour period, indicating
that the temperature during the 8 hour heating period
would also be in excess of the DEAP assumptions. So,
for all the DER nZEB dwellings analysed, temperatures
are higher than expected.

The interior temperatures were compared with a
sample of dwellings built to the pre-nZEB standard, it
was found that the nZEB temperatures were higher [4].
Of particular note are nZEB 7 and nZEB 8, both of which
exceed the energy consumption indicated by the BER
rating by approximately 100% and which were also
found to have higher than expected living room and
bedroom temperatures [9]. As can be seen from table
2, the 24 hour interior temperatures are significantly
higher than expected by the BER.

This indicates that there may be an element of
“comfort taking”, i.e. the superior thermal performance
of the nZEB dwellings is perhaps being used to increase
thermal comfort rather than reduce energy
consumption.

3.4 Temperature profiles — retrofit dwellings

Given the higher-than-expected overall
temperatures, further investigation has been carried
out across a sample of 9 of the homogeneous DER
monitored dwellings which are located on the same site
in County Wexford. This analysis was carried out to
determine the interior temperatures:

1. For the eight-hour period heating period.

2. Outside of the heating period.

It was found that the temperatures were
significantly different from those expected during the
heating periods, and that the temperatures remained
high outside of the heating period. See Fig 3 and Fig 4.

The red lines between 5 PM and 11 PM and
between 7 AM and 9 AM indicate the expected
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temperatures (i.e. 21°C in the living room, and 18°C in
the bedroom). For the periods 9 AM to 5 PM and 11 PM
to 7 AM, the heating is assumed not to be operational,
with the interior temperatures expected to decline over
those periods.

Box plots are used to represent the distribution of
the dataset. In the box plots, numerical data is divided
into quartiles, and a box is drawn between the first and
third quartiles. The middle line of the box represents
the median or middle value. The median divides the
data set into a bottom half and a top half. The bottom
line of the box represents the median of the bottom
half or 1st quartile. The top line of the box represents
the median of the top half or 3rd quartile. The whiskers
(vertical lines) extend from the ends of the box to the
minimum value and maximum value.

snZEB22 =nZEB23 =nZEB25 =nZEB26 =nZEB27
"nZEB30 "nZEB31 ®=nZEB32 "nZEB33 wAverage

|

7amto9am 9amto5pm Spmto 11l pm 11pmto7am

Fig 2 Winter Living room temperatures

anZEB22 =nZEB23 =nZEB25 =nZEB26 =nZEB27
=nZEB30 ®*nZEB31 =nZEB32 =nZEB33 ®Average

! +. 25 Bla 216
Lkl A

7amto9am
Fig 3 Winter Bedroom temperatures

9amto5pm 5pmto 11 pm 11pmto7am

The box plots give the range of temperatures for
each dwelling for the living room (Fig 2) and bedroom
(Fig 3). Each dwelling is represented by a box plot in a
different colour and the box plots for the average
values for the nine dwellings for each of the four time
periods (two heating periods, and two non-heating
periods) are presented in the red box plots seen on the
right of each of the four time periods. The numbers
above the average box plots give the overall mean

temperatures experienced for each of the four time
periods.

3.5 Living room temperatures

Fig 2 indicates that median living room nZEB interior
temperatures are higher than those expected by the
energy rating software, for all of the properties apart
from nZEB 32, and nZEB 33.

The average temperatures for the nine dwellings
over the period 5 PM to 11 PM, continuously exceed
the set temperature of 21°C and exceeds it for more
than 75% of the time for the period 7 AM to 9 AM. In
some cases the temperatures are significantly higher
than those expected. For example NZEB 26 and nZEB 30
have median temperatures of 25°C with minimum
temperatures in excess of 24°C and 23°C respectively
and maximum temperatures of 26°C and 27°C between
5PMand 11 PM.

Outside of the heating periods, again apart from
nZEB 32 and nZEB 33 (which are seen to have the
lowest temperatures), the majority of the dwellings
continue to exceed 21°C outside of the heating periods.
This is a significant finding and reflects high levels of
occupancy during the day and a desire for continuous
heating, even during the period 11 PM to 7 AM.

The mean temperature ranges between 21.6°C and
22.6°C over the 24 hour period, with relatively stable
temperatures experienced by the majority of the
properties.

3.6 Bedroom Temperatures

One of the most significant findings for the interior
temperatures is that those in the bedrooms are much
higher than assumed (Fig 3). The mean temperatures
are significantly higher than the 18°C expected, ranging
between 21.6°C and 22.3°C, irrespective of the
heating/non-heating period.

While the living room temperature is expected to be
21°C during the heating period, the bedroom
temperature is expected to be only 18°C during the
heating period. Therefore the energy consumption
required to maintain the temperatures circa 4°C higher
than expected (at a median of c. 22°C) is significantly
higher than that expected by the DEAP software.

3.7 Impact of Higher Than Expected Temperatures

The higher-than-expected temperatures will have a
significant impact on the energy consumption for the
buildings.

For example, in the case of nZEB 26, the average
temperature over the winter period is 24.3°C, rather
than the expected 19.14°C during the heating period for
the individual dwelling, a difference of 5.16°C. The
fabric heat loss for the dwelling is calculated at 73 W
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per Kelvin by the DEAP software. Therefore to maintain
the higher temperatures, 73x5.16°C (or 377 W) is
required. Assuming an eight hour heating period (rather
than the 24 hour period over which the average
temperatures actually have been recorded), over 3 kWh
extra energy is required per day, for the 8 hour heating
period. Over the winter period alone, this would
require an additional to 275 kWh of heating, equivalent
to 572 kWh of primary energy (conversion factor 2.08),
for the eight-hour period. The DEAP software assumes
no energy will be expended on heating for the other
two thirds of the day. However, in order to increase the
temperature from 19.14°C to the 24.3°C (rather than
from the lower yet undefined temperatures outside the
heating period, a conservative estimate of 1716 kWh
would be required (i.e. multiplying the 572 kWh by
three) in order to maintain the building at the recorded
temperature for the winter period alone.

Dividing this by the 31 m? shows that a (very
conservatively estimated) extra specific energy
consumption of 55 kWh/m2 is required to maintain the
higher interior temperatures, for the three months of
the winter. In order to heat the building for the year an
estimate in excess of 100 kWh/m?/a would not seem
unreasonable.

Table 2 shows that 245 kWh/m2/a was consumed
compared with an expected 36.2 kWh/m2/a. The
calculations above show the considerable impact that
the higher-than-expected interior temperatures had
during the analysed winter period alone (c. 50% of the
extra primary energy demand).

4. DISCUSSION

This paper has provided initial insights based on the
recorded energy consumption of near Zero Energy
Building (nZEB) dwellings, in advance of the standard
being required for all buildings in the Republic of
Ireland from January 2021. The analysis will be
augmented as data from more dwellings become
available via the nZEB101 project.

The main findings from the analysis:

1. The majority (75%) of the buildings are
consuming more energy than predicted by the
DEAP software.

2. For the A rated DER dwellings, the energy
consumption ranged between 3 and 7 times
higher than expected (158 — 267 kWh/m?/a).

3. Recorded interior temperatures are
considerably higher than the 18.9°C (for an
eight-hour periods) expected by the DEAP
software, with 24 hr average temperatures
ranging from 18.9°C to 24.3°C over the winter
period (Table 2).

4. Analysis of nine dwellings which underwent a
deep energy retrofit indicate that the higher
interior temperatures are maintained
throughout the 24-hour period

5. The bedroom temperatures were on average
between 3.7°C and 4.3°C in excess of the 18°C
assumed by DEAP.

6. The DEAP - assumed two-hour heating period in
the morning and six heating period in the
evening were not typical for the buildings
monitored.

When the winter interior temperatures of nZEB
compliant Passive Houses were compared with a
sample of dwellings built to the pre-nZEB standard, it
was found that the nZEB temperatures were higher
than the dwellings constructed to the previous
standards, and also higher than expected by the energy
rating software [4], [9]. This indicated that there may be
an element of “comfort taking”, i.e. the superior
thermal performance of the dwellings is perhaps being
used to increase thermal comfort rather than reduce
energy consumption. It should also be remembered
that a number of the nZEB dwellings monitored as part
of the nZEB101 project were built to the Passive House
standard, and this may also influence the interior
temperatures, as the PH set temperature is assumed to
be 20°C for 24 hours a day, which is nearer to the
average temperatures measured. Also, higher-than-
expected energy consumption and temperatures have
been reported in the literature, especially in regard to
the rebound effect associated with retrofit dwellings
e.g. [10], [11].

On the other hand, the Hunter et al. study [6] of BER
C & B Irish retrofit dwellings was conducted on data
gathered over the 2011/12 and 2012/13 heating
seasons found that DEAP over-estimated heating
schedules and room temperatures by up to 37% and
1°C respectively. This is contrary to what was found for
the new build and DER Wexford properties would be
expected under the rebound effect. It may be explained
by the fact that the earlier monitoring coincided with
an economic recession during which oil prices were
high potentially affecting homeowners’ heating
practices. A recent paper [12] by Dennehy et al. found
that the economic recession was principally responsible
for the sharp fall in residential space-heating energy
demand in Ireland between 2007 and 2012, rather than
the energy retrofit measures.

Given that economic buoyancy was being
experienced in Ireland over the 2019/2020 winter
period, this may be a contributing factor to the higher
than expected interior temperatures and energy
consumption.
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Equally, the reason for the higher than expected
energy consumption and temperatures may be as a
result of occupants reduced concern with heating costs
given that they are significantly lower than normal in
the PH & nZEB dwellings or for technical reasons e.g. if
the Co-Efficient of Performance of the HP did not match
that expected. Band C & B dwellings are harder to heat
compared to band A, so underheating would be more
prevalent for such dwellings as band A are easier to
keep warm.

5. CONCLUSION

The potential reasons for the higher than expected
energy consumption and temperatures presented is
beyond the scope of this paper.

Further monitoring results are required to draw
definitive conclusions e.g. with respect to the actual Vs
assumed interior temperatures for the DEAP defined
heating and non-heating periods, and the actual energy
consumption versus predicted.

The contribution of the paper is to present the data
on the initial sample of the dwellings complying with
the Irish nZEB standard.

While the initial indications are that the heating
periods and interior temperatures which were assumed
35 years ago based on the dwellings of the day may
need to be revised, it is noted that the sample size of
the dwellings is small, and that a significantly greater
sample size will be reported on as part of the ongoing
nZEB101 project.

6. ACKNOWLEDGEMENTS

This project is supported by the Sustainable Energy
Authority of Ireland wunder Grant Agreement
18/RDD/358.

7. REFERENCES

[1] Anon. Nearly zero-energy buildings. Energy -
European Commission 2014.
https://ec.europa.eu/energy/en/topics/energy-
efficiency/energy-performance-of-
buildings/nearly-zero-energy-buildings (accessed
September 30, 2019).

[2] nZEB101 n.d. http://www.nzeb101.ie/ (accessed
September 26, 2019).

[3] Anon. National Development Plan 2018 - 2027
2018.

[4] COLCLOUGH S, GRIFFITHS P, HEWITT NJ. Winter
performance of certified passive houses In a
Temperate Maritime Climate — nZEB Compliant?,
Jul 31 to Aug 3 2017a.

[5] Anon. DEAP 4.2.0 Software. Sustainable Energy
Authority Of Ireland n.d.

https://www.seai.ie/home-energy/building-
energy-rating-ber/support-for-ber-
assessors/domestic-ber-resources/deap4-
software/ (accessed May 12, 2020).

[6] Hunter G, Hoyne S, Noonan L. Evaluation of the
Space Heating Calculations within the Irish
Dwelling Energy Assessment Procedure Using
Sensor Measurements from Residential Homes.
Energy Procedia 2017;111:181-94.
https://doi.org/10.1016/j.egypro.2017.03.020.

[71 Anon. What is a Passive House? [ ] n.d.
https://passipedia.org/basics/what_is_a_passive_h
ouse (accessed March 11, 2019).

[8] Anon. Department of Environment C and LG.
Towards Nearly Zero Energy Buildings in Ireland,
Planning for 2020 and Beyond. Dublin: Department
of Environment, Community and Local
Government; 2012.

[9] Colclough S, Kinnane O, Hewitt N, Griffiths P.
Investigation of nZEB social housing built to the
Passive House standard. Energy and Buildings
2018;179:344-59.
https://doi.org/10.1016/j.enbuild.2018.06.069.

[10] Gillingham K, Rapson D, Wagner G. The Rebound
Effect and Energy Efficiency Policy. Rev Environ
Econ Policy 2016;10:68—-88.
https://doi.org/10.1093/reep/rev017.

[11] Galvin R. Making the ‘rebound effect’ more useful
for performance evaluation of thermal retrofits of
existing homes: Defining the ‘energy savings
deficit’ and the ‘energy performance gap.” Energy
and Buildings 2014;69:515-24.
https://doi.org/10.1016/j.enbuild.2013.11.004.

[12] Dennehy ER, Dineen D, Rogan F, O Gallachéir BP.
Recession or retrofit: An ex-post evaluation of Irish
residential space heating trends. Energy and
Buildings 2019;205:109474.
https://doi.org/10.1016/j.enbuild.2019.109474.

Vol.1| 72

35" PLEA Conference. Planning Post Carbon Cities.
DOI: https://doi.orq/10.17979/spudc.9788497497947



https://doi.org/10.17979/spudc.9788497497947

PLEA 2020 A CORUNA

Planning Post Carbon Cities

Characterization of library lighting design:
A study of dynamic and static space

EDUARDO ESPINOZA CATERIANO-* HELENA COCH ROURA'! ISABEL CRESPO CABILLO'?

! Architecture, Energy & Environment. School of Architecture of Barcelona. UPC., Barcelona, Spain.

ABSTRACT: The use of space is a fundamental variable in the creative process, so it is included in the lighting design.
This paper presents a key to characterize the lighting space, to be used in the initial stages of architectural design. It
aims to highlight the role of quantitative and qualitative lighting values of space. To carry on this study, two very
different libraries have been analysed in Barcelona. The first case study corresponds to a university library whose
function is reading and mainly individual study. The second case study, the community library, has a more
participatory character with society, i.e. it includes reading spaces, meeting spaces, learning spaces for children and a
conference hall. This research compares two library lighting design in terms of spatial configuration. Analysing false
colour images reveals that there are different lighting intentions. The first case study shows that the difference
between the luminance of the work area and the general environment is ten times greater. The second case study
shows that the luminance in the work area is ten times less than the background. Therefore, it is suggested that the
lighting design of those two libraries corresponds to the static and dynamic use of space.

KEYWORDS: Lighting design, library lighting, luminance value, false-colour image.

1. INTRODUCTION

Today, libraries have transformed the use of
studying space [1,2,3,4,5]. In the past, the architectural
typology was configured to keep the knowledge
acquired by civilizations. Subsequently, the function of
the library included elite education, among which were
religious groups. Monasteries, in particular, were
characterized by introspection and self-learning.
Throughout history, studies have been developed to
analyse the impact of lighting in reading activities.
Among them, the research of Arnau, Mufioz, and
Gibson stand out due to the depth of their conclusions
and the relevance to the subject of this study.

According to Arnau [6], colour and light play a
primary role in the creation of space for worship. The
binomial, subject-object, sustains its relationship in the
inhabited space. Muiioz [7] shares Arnau’s point of
view, the sacredness of religious spaces is associated
with libraries through light and silence. The user of
libraries has multiple lighting needs. Lighting to focus
on the main activity and environmental lighting to
visualize the space limits [8]. Directional lighting tends
to exclude distractions from reading. Meanwhile,
diffuse lighting leans towards including another type of
activities such as spatial orientation, social interaction
and more. Artificial directional lighting enables
concentration in user activity so long as there is light
directed to work plane and there is less light reflected

in other surfaces. Natural diffuse lighting allows
different activities at the same time in the libraries.
Thus, the primary activity in the old libraries was
concentrated solely on reading; while, at present, the
flexibility in the use of this type of space allows greater
participation of society with culture. Finally, regarding
visual perception, Gibson [9] clarifies the difference
between the visual field (static use of space) and the
visual world (dynamic use of space). Despite the
differences in approach, the authors reach similar
conclusions regarding the undeniable role of lighting in
the construction of spaces dedicated to learning
activities. Libraries spaces are therefore fundamentally
concerned with the creation of an environment
between the subject, the activity, and the light.

2. METHODOLOGY

The libraries chosen are typologically different, both
stand out for their light qualities in terms of visual
comfort [10]. It seeks to examine the relationship
between the activities of the subject and the type of
lighting of the objects. For this study, it has been
chosen to analyse the libraries with digital pictures in
High Dynamic Range (HDR). Each image corresponds to
different scenes subjected to software that reveals
luminance (L) value. To generate HDR images and false
colour images, the website https://www.jaloxa.eu has
been used in 2015, which is currently not in service. The
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quantitative information of the scenes allows us to
evaluate the luminance contrast in the visual field [11].

3. CASE STUDIES

The first case, owned by the Pompeu Fabra
University since 1992, is the Diposit d'Aiglies library. It
is located opposite the Ciutadella park, in the Sant
Marti district of Barcelona. Constructed in 1874 by
Josep Fontseré as a water tank to feed the waterfall
fountain inside the park, the old water tank was later
refurbished as a library by Lluis Clotet and Ignacio
Paricio [12]. The library is formed by eleven parallel
arches of 14 meters high, which intersect by another
eleven arches rows and extend along 65 meters. This
generates that inside we find passages modified by a
forest of high red brick columns on a grey carpeted
floor, natural wood furniture and white metal
luminaires.

Naturally lit from an overhead opening in the centre
of the building and vertical windows in the perimeter.
All photographs were taken on the same day, on June
16th, but at different hours. Three pictures were
selected, as mentioned before, because is relevant to
focus on reading activity and search book activity. At
14:00h the sky was partially clear. The library was
illuminated by diffuse natural light through windows.
Due to the distance of high-level windows from work
plane, the artificial light plays a central role in the
scenes studied. The lamp model used was fluorescents
Philips Master TL5 HE 21W/830 SLV/40 on the
furniture.

Because users are related to university studies, the
lighting intention focuses on the reading activity. The
floor plan (Fig. 1) shows three analysis scenes: collective
reading, individual reading and corridors (Fig. 2-3-4).

WENT  GENr SN aENT  aNs

Figure 1: First floor plan Pompeu Fabra Library. Figure 4: Third HDR photo of corridors facing window.
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The second case is the Agusti Centelles library,
which opened in 2010. It is located in the Eixample
district of Barcelona. The architects Rahola and Vidal
had to group different uses and users in one building: a
civic centre, an auditorium, a nursery school and a
library [13].

The library starts from the third floor and occupies 4
levels, the double heights allow good views to the
outside and diffuse light into the interiors (Fig. 5-6). The
vertical surfaces are mostly white and are made up of
the columns, the perimeter walls, the metal profiles
that support the glazed facade and the shelves that
delimit the reading areas of the circulation area. The
horizontal surfaces are basically white for the ceiling of
acoustic tiles and gray for the floor. As for the tables
they are white except those of black color that are in
front of the north-east glazed fagade.

The interiors are illuminated by natural light
through the north-east and south-west facing facade.
These photographs were completed at 11:00h, on June
22nd, when the sky was partially clear. The artificial
light comes from fluorescents Philips Master TL-D
58W/840 on the ceiling and Philips Tornado T2 8W WW
E14 220-240V 1PF/6 on the table lamp.

The lighting design seeks to place the major
activities next to the facades to allow the greatest entry
of light from the outside. The choice of each HDR photo
follows the same criteria as before: a place of shared
reading, individual reading, and corridors (Fig. 7-8-9).
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Figure 6: Sixth floor plan Agusti Centelles Library.

5 mt.

Figure 7: First HDR photo of group reading place.

Figure 8: Second HDR photo of individual reading place.

Figure 9: Third HDR photo of individual reading place.
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4. RESULTS

The results in the university library (Figure 10-11),
show that the luminance levels at the work plane are
greater than the luminance levels in the environment.
Also, in Figure 12, the Iluminance level on the
bookshelves is higher than luminance level in other
surfaces. The luminance values on the desk of group
and individual reading place are between 10 cd/m? to
317 cd/m?, but primarily near 100 cd/m?, while the
luminance values in the surrounding surfaces are
mainly 10 cd/m?.  The luminance ratio of the
environment and the work plane in this university
library is near 1:10.

Figure 12: False colour photo of corridors facing window.

Figure 15: False colour photo of corridors facing window.

The false-colour photos in the community library
(Figure 13-14), reveal that the luminance levels in the
work plane of reading zone are lower than the
luminance levels that surroundings. Figure 15 shows
that luminance level in the interior is lower than the
exterior, except from the artificial light source. The
luminance values on the work plane are between 10
cd/m? and 317 cd/m?, but mostly 100 cd/m?. The
luminance levels of surfaces from the exterior is
between 317 cd/m? and 1000 cd/m?, but primarily 1000
cd/m? when is facing window. The luminance ratio of
the environment and the work plane in this community
library is near 10:1.
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5. DISCUSSION

The analysis of false colour images mainly reveals
that current library lighting regulations focus on the
level of illumination on the work plane [14-15-16]. In
both libraries, it was found that the work plane is
sufficiently illuminated to carry out the reading activity,
according to the UNE-EN 12464-1 standard [17]. The
luminance value on the work plane is approximately
100 cd/m?, which corresponds to an illuminance of
approximately 500 lux depending on the reflection
coefficient of the materials. Although it was not found a
recommendation of specific luminance ratio for
libraries, this work has adopted the proposed by the
IRAM- AADL STANDARD J-20-06 [18], applicable to work
areas or visual task, which are summarized in table 1.

Table 1: Maximum ratio between the Background Luminance
(BL) and the Visual task (Vt).

Visual Field Ratio BL:Vt
Central vision (30° cone opening) 3:1
Peripheral vision (90°cone opening) 10:1
Maximum L point of the visual field 40:1

It should be noted that all cases studied are under
the ranges proposed in the table above. Considering
any point of the work plane (100 cd/m?) and the
maximum luminance point of the visual field, both
cases studies are under the ratio of 40:1. In the first
case, the university library, the maximum luminance
point is 1285 cd/m?, so the ratio is 13:1. In the second
case, the community library, the maximum luminance
point is 3123 cd/m?, so the ratio is 31:1. The results
obtained in this analysis show that these values are
taken into account so as not to exceed the
recommendations in the regulations.

However, we observed a great difference in the
luminance contrast between the environment that
surrounds the user of both libraries and the work plane.
In the first case study, the ratio is shown to be 1:10,
where the average luminance of the space limits is 10
cd/m2 and the luminance on the reading activity is 100
cd/m2. In the second case study, the ratio of the
luminance contrast is reversed, with the ratio of 10:1,
where the average luminance of the surfaces outside
the building is 1000 cd/m2 and the luminance of the
work plane remains as 100 cd/m2. The inversely
proportional change between both libraries is the most
noticeable light factor that the user experiences
through the two buildings. The change of ratio
corresponds to the change of the use of the space in
each library. The first one is exclusively to reading
activity while the second one has spaces for another
activities besides reading books, such as children’s area

to play and learn, meeting spaces to read newspapers,
living rooms to play music with earphones and a
conference hall. The Iuminance contrast in the
university library is strongly ruled by the use of artificial
source light, while the influence of natural light through
windows in the community library is undeniable.
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Figure 16: Luminance distribution of group reading
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Figure 17: Luminance distribution of individual reading
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Figure18: Luminance distribution of corridors and bookshelves

We can see (Fig 16-17-18) that the light distribution
is more uniform in the community library than the
university library. Also, the graphics show the
percentage of light distribution is higher in the group
reading place than the individual reading place. The
luminance predominant in group reading place in the
university library has 57% of luminance between 10
cd/m? and 32 cd/m?, while the luminance predominant
in individual reading place in the community library has
50% of luminance between 32 cd/m? and 100 cd/m?.
The comparison of each scene study between both
libraries serves to conclude that the light distribution
tends to be more uniform in a group reading place than
an individual reading place.
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6. CONCLUSION

The evaluation of the lighting design of these two
libraries allows us to quantify the luminance in spaces
with different lighting intentions. Group and individual
reading spaces have been examined, as well as
corridors with bookshelves. Due to the differences in
the average illuminance in each library, an analysis of
the luminance contrast between the work plane and
the background has been carried out [19]. Both case
studies present the same luminance in the task level,
but the luminance of the surrounding surfaces is
completely different. Current normative likely specify to
lighting designer the illuminance in the work plane,
however, the regulations are more flexible on how to
illuminate other surfaces [20]. The chance is left to the
lighting designer to choose how to light the rest of the
surfaces taking into account the user's activities [21].

In the university library, the ratio between the
luminance of the background and the work plane is
1:10, while in the community library the ratio is 10: 1.
This inversely proportional change is perhaps due to the
change in space usage of both libraries. In the first case
study, it was found that all the spaces are conditioned
solely for the study of university students. The
university library, has directional lighting which helps to
focus on reading activity, so it has mainly a static use of
space. In the second case study, it was observed that
there are a wide variety of activities in addition to
reading, such as learning for children, meeting people
for reading newspapers, searching for videos and
music, among others. The community library, has
diffuse lighting connecting the interior with the exterior
visually, so it has mainly a dynamic use of space.

According to the results obtained, it seems that for
spaces intended solely for reading, it is preferred to
focus the highest luminosity on the work plane. In
spaces that require multiple activities, there is a
preference for putting more light intensity on the
surfaces that define the space. Although it is evident
that each activity requires a different lighting design,
the present work reveals that the uniform light
distribution allows the development of a greater
number of activities simultaneously. The opportunity to
carry out evaluations of different lighting environments
could improve the specificity of the current regulation.
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ABSTRACT: Proponents of Passivhaus and nZEB often emphasise a ‘fabric first approach’ to ensure optimum
envelope design, and by extension highest building energy performance. The energy performance of two similar
walls, of two separate nZEB-compliant dwellings, are assessed in this paper. The walls have similar construction
details, consisting of a layer of 200 mm of mineral wool on the exterior side and a block construction on the
interior. The walls are investigated by comparing theoretical and in-situ conductance values while also
estimating the embodied energy of both walls. The study found that, although the walls were of similar design
and the test was conducted using the same methodology (in accordance with ISO 9869-1), that there was a
significant different between the in-situ performance of both walls. One wall performed only slightly worse than
the design value while the other performed more than two times worse. This research extrapolates on the
findings by comparing theoretical heat loss scenarios with both wall types and calculates A) the potential
building energy performance for both walls and B) the carbon and energy payback for the insulation used to
achieve such high performance. The results demonstrate the importance of good practice in construction of the
building envelopes and in the manufacturing, robustness and quality control of the various building components.

KEYWORDS: U-value, in-situ measurement, embodied energy, nZEB, Walls

1. INTRODUCTION

The U-value and its reciprocal, the R-value, are
used globally to quantify the heat loss through the
fabric of buildings. They measure the heat
transmittance (U-value), or heat resistance (R-value)
of a building component; accounting for both the
conductive and convective resistances. In near Zero
Energy Buildings (nZEB), built to passive house
specifications, when calculating the U-value of a
component the conductive resistance accounts for
more than 97% of the total thermal resistance — this
is attributed to the thick insulation layers.

Building regulators are consistently specifying
reduced U-values for building components in an
effort to reduce the energy consumption of buildings
[1]. This consequently means more insulation. But are
these regulations sufficient — or indeed are they
actually too stringent? And how accurately do these
theoretical values describe the in-situ behaviour of
building components?

This paper aims to try and address these
questions by measuring the heat flow through the
walls of two buildings built to nZEB specifications in
Ireland and compare these with the theoretical U-
values. The operational energy required to heat one
of the homes for the design and measured U-values is
estimated and compared. Further, the embodied
energy required to achieve these low theoretical U-
values is examined.

The construction details of the two walls
compared in this study are from two completely
separate buildings in two separate locations. The

construction details are very similar. This work forms
part of a larger research project that focuses on the
in-use energy monitoring of nZEBs in Ireland
(nZEB101 - funded by the SEAI [2]).

2. LITERATURE REVIEW

Two review papers on the topic of in-situ U-value
measurements have recently been published.
Bienvenido-Huertas et al. [3] conducted a
comprehensive literature review of the various
methods used to determine building U-values. The
authors categorise these into the 5 most common
methods — one theoretical method (ISO 6946) and
four experimental methods (including The Heat Flow
Meter (HFM) method of ISO 9869-1). They outline the
benefits and shortcomings of the different methods
and conclude that the decision of which method to
use is typically determined by the materials and
equipment available. Teni et al. [4] also present a
comprehensive review of the methods used — they
categorise non-destructive in-situ measurements into
two groups: those that use a HFM and those that
don’t. They include the same methods as Bienvenido-
Huertas et al. [3] in their study but also include the
Natural convection and radiation method (NCaR)
method, a method proposed by Jankovic et al [5]
which requires inside and outside surface and
ambient temperatures as well as the emissivity of the
inner surface.

Gaspar et al. [6] identified the temperature
difference, the test duration and the equipment
accuracy as three critical parameters influencing the
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accuracy of the in-situ U-value measurement. In their
study of a test hut, which was specifically built for
purpose, it was found that the average temperature
difference between inside and outside has a major
role in dictating the required test duration.
Throughout the literature, the deviation (AU)
between theoretical (Us) and experimental (Uex) U-
values is documented and is defined by Equation 1.

AU (%) = ((Uexp_ Uth)/Uth) x 100 (1)

A deviation greater than zero indicates a building
performing worse than what was calculated
theoretically. Nardi et al. [7] found that the in-situ U-
value could deviate from -6% to 83%. They showed an
example historic building (U = 1.17 W/mZK) as
performing slightly better than what was estimated
theoretically and a heavily insulated wall of a private
house performing 83% worse than the design U-
value. A study conducted in Dublin (Ireland) found
that the deviation in wall U-value ranged from 4% to
61% in a study of 6 walls, noting that all performed
worse than designed [8]. Albatici et al. [9] also found
that in none of the 5 walls they investigated did the
experimentally measured U-value outperform the
design, with deviations ranging from 0 to 43%.

The purpose of insulation is to reduce heat loss
and thereby reduce the energy consumption (and
associated carbon emissions) required to achieve and
maintain a particular temperature for a desired
thermal comfort setting. If, as outlined in the
literature, some walls are not providing the amount
of heat resistance as per design calculations, the
question of the insulation’s effectiveness is then
raised. Can we justify the amount of energy that has
been consumed in producing the thick insulation
layers which remains embodied in the buildings
fabric?

Whether the discrepancies between the real and
design U-value are due either to
misleading/inaccurate manufacturer specified values
or due to poor installation during construction and
the consequential effects (e.g. thermal looping [10]),
the insulation itself remains the same. If the purpose
of insulation is to save on energy and carbon then the
energy and carbon that has gone into producing that
insulation must also be considered.

An introduction to the embodied energy of
insulation materials and their associated performance
can be found on the GreenSpec® website [11] while
individual Life Cycle Analysis (LCA) of specific
products can be obtained on publicly available
Environmental Product Declaration (EPD) databases —
such as that of the Institut Bauen und Umwelt e.V.
[12]. In a review and comparative study of insulation
materials for the building sector, Schiavoni et al. [13]
compared the embodied carbon and energy of

different insulation materials. They used a functional
unit (f.u. = the amount of insulation required to
achieve a thermal resistance of 1 m?K/W for a 1m?
area) to compare the different materials. As an
example, they observed that that the embodied
energy of a selection of stone wool based insulation
products ranged from 5 to 18 kWh/f.u. while the
embodied energy of expanded polystyrene base
insulation products ranged from 32 to 36 kWh/f.u.; in
terms of carbon these values were 1.45 to 3.62
KgCO2eq /f.u. and 5.05 to 8.25 KgCO2eq /f.u
respectively — these values are dependent on the fuel
mix in the location where the materials were
processed. The insulation material used in the
buildings assessed in this paper is a commercially
available stone wool.

3. METHODOLOGY

Prior to the embodied energy/carbon analysis, the
thermal and operational performance of two walls of
similar construction are investigated. First the
theoretical U-values are calculated, and the heat loss
is estimated over a one-year period. These results are
compared with experimental results from in-situ
monitoring of two nZEB dwelling walls in Dublin
(Ireland) of typical construction. Finally, the
embodied energy of the wall is calculated and
compared with the operational energy savings/losses.

3.1 Theoretical values

The theoretical (or design) thermal conductance
values, Ucon (W/mZK), are calculated using resistance
networks as per ISO 6946 [14] for the two nZEB walls.
The convective surface resistances add an additional
and complex (if estimated accurately) variable to the
problem which accounts for a small percentage of the
thermal resistance of heavily insulated walls and so
are omitted from this study. The thermal
conductance is therefore calculated according to
Equation 2.

Ucan= 1/(t1/k1 + tZ/kZ + .. tn/kn) (2)

Where t, and k, are the thicknesses and
conductivities of the n' layers in a multi-layer wall
build-up.

3.2 Whole building energy modelling

For contextual relevance, the annual heat
requirements (kWh) are estimated for a hypothetical
nZEB with different wall U-values. The hypothetical
case study building considered for this part of the
analysis is a detached two storey dwelling with a floor
area of 113 m? (average dwelling size in Ireland in
2016 [15]) and constructed to nZEB standards (U-
values for the walls, windows and roof are built to
passive house specifications) with a glazing to opaque
surface ratio of 20%. Real weather data from the year
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2012 for Dublin, Ireland, is taken from the Met
Eireann database and used for the analysis.

A number of assumptions and simplifications are
made to obtain the building’s heat demand. It is
assumed that the only source of heat loss is through
the fabric of the building and thermal bridging is
neglected. A very simple heating schedule is also
assumed whereby the daily heating schedule is from
06:00 to 09:00 and 18:00 to 23:00 and where the
seasonal heating period starts on the 4" of October
and ends on the 30™ of April. The heating system
considered is a 91% efficient gas boiler. The heat
requirement, Q (Wh), is estimated at hourly average
intervals which is calculated using Equation 3. The
heat requirement is accumulated over a year for
values within the assumed heating period and
season.

Q = ZUXAX (Tb - To) (3)

Uc (W/m2K) and Ac (m2?) are the thermal
transmittances and areas of the different
components of the building and T, is the assumed
base temperature of 16°C. T, is the outdoor averaged
ambient temperature.

The primary energy and carbon emission factors
are taken from the Sustainable Energy Authority of
Ireland (SEAI) [17], which are 1.1 (Primary Energy
Factor) and 204.7 gCO2/kWh (Emissions factor) for
natural gas.

3.3 In-situ thermal monitoring

In-situ conductance values, Ueon [W/ m3K] are
used as inputs to the model. These are obtained using
quasi-steady thermal analysis of the building’s
envelope as per ISO 9869-1 [16]. To obtain these in-
situ values heat flux and temperature sensors are
installed on interior and exterior surfaces of the
building’s fabric. A schematic of the test set-up is
presented in Figure 1. It also outlines the
conductance calculation where HF is the heat flow
density (W/m?2), Tsi (°C) is the internal surface
temperature and Tse (°C) is the external surface
temperature. The test is conducted at two locations
so as to get two sets of results for each test site. The
equipment therefore contains four surface
temperature sensors (x 0.2 K) and two heat flux
sensors (x 3 %). Before every test is initiated a
thermal image is taken to identify a suitable test
location free from thermal bridging. An image of an
example test setup is presented in Figure 2.

Wall section
Inside HF Qutside
Heat flux (W/m?)
Tsi Tse

Inside surface External surface

temperature (K) temperature (K)

Ucon = HFI(Tsi-Tse) Heat flow
(Wim’K) through wall

Figure 1. In-situ U-value measurement schematic.

Outdoor test setup

Indoor test Setup

Figure 2. In-situ U-value measurement set-up for example
wall.

3.4 Embodied energy & carbon analysis

The embodied energy and carbon of the
insulation in the walls is quantified by simply cradle-
to-gate boundary conditions. The data used to assess
this is taken from the manufacturer’s Environmental
Product Declaration (EPD) for the high density stone
wool; the results of which are presented in Table 1.

Table 1: Summary of environmental indicators for a
commercially available stone wool

Parameter value
Embodied carbon [kgCO2eq/m3] 197
Embodied primary energy [kWh/m3] 589
Conductivity [W/mK] 0.032-0.05
Density [kg/m3] 155

This data will be used to first compare the
effectiveness of the insulation, by comparing the
theoretical performance with the real in-situ
performance. Secondly, the balance between the
operational energy and embodied energy of the
insulation will be compared. The carbon and energy
payback as a result of the operational energy savings
associated with incremental increases in the
insulation thickness will be quantified assuming
simple payback method as per Equation (4).

Payback = Embodied carbon and energy of the
additional insulation / savings in operational energy
by adding the extra insulation (4)

4. RESULTS AND DISCUSSION

4.1 Theoretical results
The theoretical thermal conductance values for
the two nZEB walls presented in Figure 3 are 0.145
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and 0.165 W/m?K for nZEB A and B respectively;
calculated using Equation 2.

3 <
a

4 | 215 200 a6 | | 215 200

. -le - -l le -l -
Plaster Autoclave Mineral Plaster Hollow Mineral
board on aerated wool board on blocks wool
scratchcoat concrete scratchcoat

blocks

Figure 3. Wall sections for the two nZEB walls

The heat requirements for the theoretical case
study described in Section 3.2. with these calculated
U-values are presented in Table 2, along with the
associated primary energy consumption and carbon
emissions. The primary energy consumption
associated to the heating per year per m? would be
12 kWh/m?/a for nZEB A and 13 kWh/m?/a for nZEB
B.

Table 2: Summary of a case study nZEB performance with
the theoretical wall conductance values of nZEB A and B. —
based on the 113m2 dwelling described in Section 3.2.

nZEBA nZEBB

Theoretical Ugon [W/m2K] 0.145 0.165
Heat requirement [kWh/a] 1145 1188
Primary Energy requirement [kWh/a] 1384 1436
Carbon emission [kgCO2eq/al 158 267

4.2 In-situ monitoring results

The actual thermal conductance of the two walls
of nZEB A and B are measured following the
procedure of ISO 9869-1, as outlined in Section 3.3.
The tests were conducted at two different sites at
different times of the year but with the same
equipment and methodology. The results of both sets
of sensors at both locations are presented in Figure 4.
As the test for nZEB A was conducted in summer, the
indoor temperature was boosted to 30 °C in order to
obtain a sufficient temperature difference greater
than 10 °C as per recommendations of Gaspar et al.
[6] (Table 3).

It is evident that the two sets of monitoring
sensors (HF, Tse and T7si) follow the same
temperature and heat flux profiles for both tests,
verifying the validity of the precise test locations at
the two test sites.

w
n

nZEB A

w
o

— (=] [¥]
w o wn

Temperature (°C); Heat Flux (W/m?K)
S

WL RO PP

0 1 1 1 1 )
01/08/2019 02/08/2019 03/08/2019 04/08/2019 05/08/2019 06/08/2019

w

——HF1 Tsil Tsel ——HF2 Tsi2 Tse2

35

nZEB B

Temperature (°C); Heat Flux (W/m2K)
= = B > 1

wn

0
07/03/2020 08/03/2020 09/03/2020 10/03/2020 11/03/2020 12/03/2020

—HF1 Tsil Tsel ——HF2 Tsi2z ——Tse2

Figure 4. In-situ monitoring results for the two case study
buildings - nZEB A (Top) and B (Bottom)

The thermal conductance, U, (W/m?K), at a
given time is calculated for both case study walls
using results from the average of the sensor pairs.
The actual thermal conductance of the walls is then
calculated by cumulating these values over time as
shown by the equation in Figure 5. The result is only
valid once the three check criteria, outlined in Figure
5, are met. It is immediately evident from Figure 5
that the value of nZEB A is significantly greater than
that of nZEB B as well as its theoretically calculated
design value. A summary of these findings is
presented in Table 3.

FHF /' Check 1. Test period > 3 days

Uon= v~ v
con E(Tﬂ' - T.ve) Check 2. AU <5% between 5 and 3 days

/' Check 3. AU <5% between 5 and 4 days
06

- N\/\/\/W\
04 ——nZEB A

- 03
02 /\/\/_—’\—-
0.1

o

0 1 2 3 4 5

Cumulative thermal conductance, Uy,
(W/m?.K)

Number of days after start of test
Figure 5. The cumulative thermal conductance over a 5 days
test period for both wall tests.
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Table 3: Summary of results from the two case study walls

nZEB A nZEB B
Average (Tsi - Tse) [°C] 11.3 11.6
Theoretical Ugon [W/m2K] 0.145 0.165
In-situ Ucon [W/m2K] 0.482 0.187
Deviation (Equation 1) [%] 232% 13%

Considering the similarity of the two walls the
difference in performance is stark. Possible
explanations for the significant difference in the
performance of the two walls could be due to any or
a combination of wet/damaged insulation or
inadequate/discontinuous wall construction.

Considering the first theory, that the insulation is
either wet or damaged, it should be remembered
that the high thermal resistance of most insulation
materials is due to the small pockets of stagnant air
within the material. Unlike most foam based
insulation materials, stone wool is an open structure
and so is susceptible to moisture ingress. If this
moisture replaces the air, the insulation’s
performance can be significantly reduced [18].

The other potential cause for such a reduction in
the thermal performance of the wall is a
discontinuous layer of insulation. Such discontinuities
formed from e.g. cyclic shrinkage and expansion or
poor initial placement (not staggering the insulation
layers or leaving gaps around the edges) could result
in air gaps between the layers of insulation layer and
the adjacent block layer which could result in thermal
looping, which can significantly compromise the
performance of the wall [10].

The precise reason for the variation in in-situ
thermal conductance is subject to continued
investigation in the nZEB101 project. But whether the
higher-than-expected values arise from poor
construction or inadequate insulation materials, the
knock-on effect on the building energy performance
is considerable. Table 4 presents a copy of Table 2 but
with the experimentally measured values used to
model the building in place of the theoretical ones —
these results represent a 63% increase in the primary
heat requirement for nZEB A and a 4% increase for
nZEB B.

Table 4: Summary of a case study nZEB performance with
the experimental wall conductance values of nZEB A and B.

nZEBA  nZEBB

Experimental Ucon [W/m2K] 0.482 0.187
Primary Energy requirement [kWh/a] 2263 1494
Carbon emission [kgCO2eq/a] 421 278

4.3 Embodied Energy and Carbon

The differences in U-values as a result of
potentially poor construction, improper preparation
of insulation materials on site and/or inadequate
insulation has a significant and negative impact on

the operational performance. But unfortunately the
material used to obtain the design criteria, remains
embodied in the building. This results in insulation
material that effectively has a reduced functionality —
the same amount of insulation no longer provides the
same level of thermal resistance. A comparison of the
amount of energy used to produce the different
amount of insulation for a given functionality is
presented in Figure 6. It is evident from the
logarithmic-scaled figure that the functionality of
insulation has reduced substantially. Similar
comparisons could be drawn for the embodied
carbon where a different multiplier is used.

1000

100

insualtion

10

Primary energy required to
achieve a thermal resistane of
1 m2K/W for 1m?2 of wall

Thoeretical nZEB A nZEB B

Figure 6. Comparing the effectiveness of the different case
scenarios.

Based on the observed results it would be safe to
assume that the theoretical case would likely provide
the optimum results in most scenarios. And that,
although it is likely the performance will be worse in
reality (as shown by the results in this study and
throughout the literature cited in this paper), it would
be interesting to investigate the balance between
operational energy and embodied energy for this best
case scenario. To do this, the hypothetical case study
described in Section 3.2 is used again and the
theoretical wall build-up of nZEB A is assumed.

The amount of time, in years, required to pay
back the primary energy and carbon associated with
different incremental increases in insulation is
presented in Figure 7. It is evident that there are
diminishing returns as the thickness of the insulation
is increased. This is because the heat loss is inversely
proportional to the thickness of the insulation. This is
a simple analysis and, as our grid electricity becomes
greener, the carbon payback periods will increase;
likely stretching beyond the life of the building. With
other foam insulations which embody more energy
and carbon per functional unit the payback periods
would be longer.
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Figure 7. The number of years it would take to pay back
incremental increases in thickness of the mineral wool
insulation layer in terms of carbon and primary energy.

CONCLUSIONS

There exists a clear and unnerving discrepancy
between the design and actual thermal performance
of walls. The cause of which is subject to continued
research, but the effect of which is significant.

In addition to potential concerns outside the
scope of this paper (such as the consequential under-
sizing of mechanical system within a building) the
deviations mean that the functionality of insulation
material is significantly reduced. Not only does this
add an unnecessary extra cost to the building, which
in countries with housing shortages (such as Ireland)
can lead to less homes being built for a given pot of
money, it also means there is unnecessary extra
energy and carbon embodied in the building. Even
when the theoretical performances are met, the
carbon and energy payback periods for heavily
insulated walls are not particularly desirable in some
cases e.g. the Irish case study building in this paper.

It is further interesting to remember that as our
electricity becomes less carbon intensive — which
European legislation is enforcing — the amount of
carbon embodied in the walls will remain and the
payback period on carbon will increase. We need to
stand back from the “target” of low u-values, outlined
in standards, and instead focus on the target of lower
carbon. Implementation of such a broad target is of
course challenging and more detailed targets are
needed; but pushing the boundaries without
addressing the current discrepancies between design
and actual is not conducive to a low-carbon built
environment. Our efforts might currently be better
focused on building strategy rather than insulation
quantity.
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townhouse in Margate: the five-year living lab
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ABSTRACT: This paper focuses on the analysis of a longitudinal five-year study following the retrofitting and post-
occupancy evaluation of a heritage townhouse designed for multi-generation living in Margate. The three-
generation family of five adults and one child are renting the council-owned 420m’. The POE confirmed 100%
satisfaction and thermal comfort during both winter and summer. The results from the extensive monitoring
confirmed the acceptable thermal environment during the free-running mode in the summer, when for a
significant amount of time parts of the property were below the Cat Il category. The thermal environment in winter
was very stable varying from 19.9°C in the basement, to 23.2°C in the third floor living room, while in the non-
refurbished property across the square, which was used for comparison, mean temperature was 15°C. The average
5K temperature difference between the two properties highlight the success of the refurbishment, which was
sympathetic to the original character of the house, respecting the heritage features.

KEYWORDS: Refurbishment, Climate Change, Thermal Comfort, Energy, Heritage, Multi-generation living

1. INTRODUCTION

Margate, in Kent (51.39°N, 1.39°E) has a rich
heritage with houses surviving in the Cliftonville area
from the period 1850-1914, as well as conservation
areas and numerous listed buildings. Margate’s
heritage has recently acted as a catalyst for
regeneration, with major public sector investments.
However, Thanet has the weakest economy of the
Kent districts with Margate Central and Cliftonville
West Wards having the highest levels of deprivation
and unemployment, and life expectancy of men being
18 years below that of the healthiest wards in Kent.

The physical environment has exacerbated the
above conditions, with poorly converted building
stock, large provision of houses of multiple occupancy
and overcrowding. However, the large size of such
properties (many of them at around 400m’ each),
which are very energy intensive, and coupled with the
socio-economic problems of the local population
highlight an urgent need for a range of refurbishment
strategies addressing energy, environmental and
social concerns.

Margate has a warm and temperate climate, with
a Cfb Koppen-Geiger classification (Table 1)

Table 1. Margate monthly air temperatures

Tair
(°Q)
Avg 4 41 6 83 115146168 17 15 116 7.4 5.2
Min 1.5 16 28 5 7.8 10.8 13 13.111.3 85 4.7 2.7
Max 6.5 6.7 9.3 11.6 15.3 18.5 20.7 20.9 18.7 14.8 10.2 7.7

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

2. REFURBISHMENT

To address the above challenges Thanet District
Council and Kent County Council through the ‘Thanet
Heritage Initiative’ have been working with external
partners on the refurbishment strategies of an
‘Exemplar Climate Change Project in Cliftonville’ [1],
while testing the concept of multi-generation living.
The 420m’ five-storey, mid-terrace, Victorian house in
Dalby square was built in 1870. It was fully restored
with low carbon measures for climate change.

The house was thermally upgraded (Fig. 1) using;
external insulation in the 330 mm rear wall (120mm of
Pavatex Diffutherm finished with a lime render),
internal insulation on the front wall to maintain the
heritage facade (40mm of Pavatex Pavadentro), loft
insulation (400mm Rockwall mineral fibre quilt), and
woodfibre insulation treatment within the floor zones.
The UPVC windows to the front fagade were replaced
with purpose made 1870 design British Columbian
pine sliding double glazed sash windows, accurate
replicas of the original windows in design, are krypton
filled and double glazing with krypton filled coating.
The chimneys to the rooms were repurposed to
provide natural ventilation with heat recovery (Fig. 2).

With increased evidence that overheating in the
domestic sectoris a real concern in the UK, particularly
for new dwellings with increased insulation and
airtightness [2], a key objective was to prevent
overheating in the summer. For that, a key strategy
was to maintain the central core of the stairs open to
enhance stack effect ventilation for cooling with a
rooflight at the head of the staircase to open
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automatically in hot weather to increase airflow.
Additional cooling strategies included openings for
cross-ventilation, the repurposed chimneys to the
rooms, exposed thermal mass where possible, i.e. the
rear wall and the boundary walls, while the windows
on the front fagcade have a high performance solar
control clear outer pane and a float glass inner pane
(laminated) with a slight grey tint and a g-value of 0.27.

The key innovation, however, has been the
refurbishment of the property for multi-generation
living, providing three living rooms (basement, ground
and first floor), three kitchens (basement, ground and
first floor), four/six bedrooms, and four bathrooms.
The extensive three-generation family of five adults
and one child, who were selected to live in the
property (Fig. 3), include the upper generation, which
consists of the Matriarch and Patriarch, as well as the
Matriarch’s brother, the mid-generation consisting of
the Son and Daughter, while the lower generation
consists of the daughter’s young child.

S N Y A

i L
Figure 1: The front and rear of the five-store refurbished
property in Dalby square, Margate (UK).
= I |

—— 5
Figure 2: Chimneys to all the rooms repurposed to provide
natural ventilation with heat recovery.

3. MONITORING

The house underwent extensive environmental
monitoring to evaluate the thermal performance of
the house supplemented by post-occupancy
evaluation during the different seasons.

The monitoring included; pre-refurbishment, post-
refurbishment without occupants and continuing with
the residents, living in the property. Air temperature,
surface temperature and relative humidity were
measured in different rooms at different floors using
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either HOBO loggers or Tinytag loggers, recording data
every 15 minutes. They were positioned at 1.5m above
Figure 3: Three-generation living and space allocation with
logger positions (source: Lee Evans Partnership LLP)

the floor level, at all five storeys of the house, in
different rooms to account for orientation (Table 2).
CO, was measured using Tinytag loggers (0-2000ppm).
Gas use was recorded using a Tinytag pulse counting
logger attached to the existing gas meter, while gas
and electricity meter readings were taken when
visiting the house to collect data.

Table 2. Test House — Logger positions

Code Parameter Location

T/RH Basement, front room (Living room)
T/RH  Ground floor (Hall, entrance)

T/RH  Ground floor, front room (Living room)
T/RH  First floor, front room (Family living room)
T/RH  First floor (Family kitchen)

T/RH  Second Floor, back room (dressing room)
T/RH Third floor, back bedroom

T/RH  Third Floor, (top landing)

T/RH  Third Floor, front room (Living room)
Tsurface Basement, front room (Living room)
Tsurface Ground floor (Hall, entrance)

TATMOIOOS>m
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M Tsurface Second floor, back room (dressing room)
Text. External Temp. (back patio) in radiation shield
AA CO, First Floor, front room (Family living room)
BB CO, Second Floor, front room (Master bedroom)
GR Gas Pulse Count data Basement

The data gathered was to be compared with
additional data from periodic monitoring of an
identical house across the square, which has not
undergone any refurbishment, to evaluate the effect
of the refurbishment. The monitoring in the Control
House included three loggers, two T,/RH in the
basement front room (Living room) and the second on
the first floor, front room (Family living room), while a
CO, logger was placed in the first-floor room (Family
living room). It is worth highlighting that the control
house was also used as a multi-generation living, with
an extended family living there for many years.

4. RESULTS
4.1 Post-occupancy evaluation

The occupants reported 100% satisfaction with the
controls of the house, through operation of windows
and doors for enhancing natural ventilation as well as
blinds for shading. They also reported 100%
satisfaction with the thermal environment. The
comfort survey demonstrated that the house is
perceived predominantly as warm in both winter and
summer (Fig. 4a), and all found it comfortable/very
comfortable (Fig. 4b) in both seasons.

Number of people
w
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Figure 4: (a) Thermal Conditions (top); (b) Thermal Comfort
(bottom) in the house in the Summer and Winter.

4.2 Thermal environment
Examining the conditions in the different rooms,
the mean air temperature during the heating season

remains fairly stable for the different spaces (Fig. 5),
the biggest difference found between spaces. The
back bedroom on the third floor (pink line) is not used
frequently which is reflected in the lower values, as
also discussed below.

In January (the coolest month), the mean
temperatures in the front four rooms is very similar,
between 19.9°Cand 20.3°C (Table 3). The temperature
difference between maximum and minimum
temperature was lowest in the basement, 2.4K, and
highest in the ground floor living room, 9.4K, which is
next to the entrance hall.

Mean Temperature, 2018-2019
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—a—Ground floor, (Hall, entrance)

—s—First floor, front room (Family living room)
or, back bedroom
wor, (top landing)
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—e—Basement, front room (Living room)

—e—Ground floor, front room (Living room)
First floor, (Family kitchen)

—e—Second floor, back room (dressing room)

—2—Third floor, front room (Living room)

Figure 5: Monthly mean internal and external air
temperature (°C)

In the summer, the house operates in a free-
running mode without artificial cooling. In June, the
mean temperatures in the front four rooms varied
from 20.5°C in the basement, being the coolest space,
to 23.2°C in the third floor living room. The maximum
temperature was also found in the third floor living
room, 27°C, 3K warmer than in the basement. The
minima in June were closer, between 19.1°C in the
basement and 20.2°C in the third floor living room.

Table 3. Internal temperatures (°C) in the front rooms

Basement, GF, 1?2:3;”’ 3rd floor,
Living room Living room L v Living room
living room
Jan. June | Jan. | June | Jan. | June | Jan. June
Mean | 199 205 | 19.7 213 | 203 219 | 202 232
Min. 190 19.1 | 147 19.0 | 179 194 | 17.0 20.2
Max. | 214 238 | 242 246 | 228 250 | 226 27.0

The rear third floor bedroom is used as a guest
room and remains mostly unoccupied. This is why it
experiences both high and low temperatures; a
minimum of 10.5°C in January and maximum of 30.5°C
in June (Table 4). The dressing room, on the same
floor, does not experience these extremes, with the
maximum temperature being 25.3°C in June and the
minimum 17.2°C. The difference in temperatures
between these two rooms is to be expected. The rear
third floor bedroom projects from the main building
and is therefore more exposed to the sun, while at the
same time shades the dressing room. In addition, the
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door of the dressing room is left open to the stairwell
whilst the rear bedroom's door is kept closed.

Table 4. Internal temperatures (°C) in the rear rooms

3rd floor, back 2nd floor, back room
bedroom dressing room
Jan. June Jan. I June
Mean | 180 23.8 20.2 21.2
Min 10.5 20.1 17.2 17.2
Max- | 947 30.5 25.0 25.3

Circulation spaces do not experience wide
fluctuations (Table 5). The mean temperature in the
entrance hall on the ground floor and on the third-
floor landing are very similar to those in occupied
spaces. As would be expected the third-floor top
landing is warmer than the ground floor, on average
by 2.5K at the different months.

Table 5. Internal temperatures (°C) in circulation spaces

GF hallway 3rd floor, top landing
Jan. June Jan. | June
Mean 19.8 21.5 21.5 22.8
Min. 18.1 18.9 18.9 20.1
Max. 22.4 23.7 24.9 26.2

4.2.1 Thermal environment in the Control House

Mean Temperature, 2018-2019 31 Dalby Square

Monthly Control House
220

200
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—o—Basement, living room =l First floor, Family living room == External Temperature

Figure 6: Monthly mean internal and external air
temperature in the Control House.

When looking at the conditions from the six-
months monitoring period in the control house across
the square, which hasn’t been refurbished, in
wintertime, it is surprising how low the temperatures
are. The mean monthly temperature on the first floor
varies from a high of 16.8°C to 14.8°C, while in the
basement the highest mean monthly average is 15.6°C
in November and drops to 13.2°C in February (Fig. 6).
Combined with fuel poverty and scarce operation of
the heating system, it is clear that the resulting
conditions are very low, with the minimum
temperature reaching 10°C in the basement in
January, well below the CIBSE recommendations for
thermal comfort in dwellings [3]. Considering that
these are the living conditions for an elderly family
member, who cannot go up the stairs, the detrimental

effect on their health from the very low temperature
and resulting damp conditions can be easily
appreciated.

When the internal conditions are compared with
those of the refurbished property, the average
temperature differences are striking (Table 6), varying
from 4.4K for the basement to reaching 5.5K for the
first floor living room. The differences in the minimum
temperature reached are even higher, with 5.8K in the
first floor and 9K temperature difference in the
basement, which highlights the higher fluctuations of
the uninsulated property.

Table 6. Comparison of internal temperatures (°C) in the
Control and the Refurbished House in January

Basement, living 1st floor, front,
room family living room

Control I Refurbished | Control I Refurbished
Mean | .. 19.9 14.8 20.3
Min- 1 100 19.0 12.1 17.9
Max. 18.6 21.4 173 228

Another interesting point arises from comparing
the mean temperatures in the two houses, and the
different stages of the refurbishment of the main
property. The data for pre-refurbishment (2015),
when the house was monitored for a short period of
time and post-refurbishment but pre-occupancy
(2017), both periods representing free-running
conditions without heating, are compared with the
occupied conditions in the two houses in 2018. The
data for the month of December is examined in the
different years (Table 7).

Table 7. Comparison of internal temperatures (°C) in the
Control and the Refurbished House in December

Test House Control House
2015 2017 2018
Pre- Post- Post- 2018
refurbish | refurbish | Occupancy
Mean | 43¢ 18.1 204 15.4
Min. 12.4 16.0 17.8 125
Max 15.2 18.9 23.0 18.0

The mean and minimum temperature in the
control house in December 2018 is remarkably similar
to the pre-refurbish test house in December 2015
which was unoccupied and unheated. The similarity
reflects the lack of insulation and low levels of heating
in the control house.

4.3 Thermal comfort and overheating

A key factor in the refurbishment was to ensure it
preparedness for climate change. To address such
concerns analysis of thermal comfort in the summer
was conducted, to identify whether overheating was
prevalent. For the thermal comfort analysis, the CIBSE
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recommendations are used, examining both the static
and dynamic criteria [4].

The residents moved into the refurbished property
in July 2018, hence the results are presented for the
first summer of operation, the period August to
October 2018.

The indoor temperatures for the different floors
during the cooling period are presented in Figure 7.
The thresholds for the static CIBSE criteria of 25°C and
28°C are also plotted. For the living areas, to avoid
overheating the operative temperature should not
exceed 28°C for more than 1% of the occupied hours.
In fact, most of the temperatures are within the
comfort range. In fact, only the third floor experiences
overheating with 3.49% of the hours above the 28°C.
This is within the first week of August, where outdoor
temperature was very high, exceeding 28°C in various
instances, with a maximum of 33.9°C recorded.

August-October 2018

Indoor air temperature, °C
a
8

B/1/2018  8/14/2018 &27/018  9/9/2018 9NYWI8  10/5/2018 10/18/2018 10/31/2018

Figure 7: Indoor air temperature in relation to the outdoor
temperature for the period 1/8/2018-31/10/2018 shown
against the CIBSE static comfort criteria.

Comparing with the adaptive thermal comfort
standards BSEN15251, for Category I, new buildings
(Fig. 8) highlights that overheating does not appear to
be an issue. The analysis of occupied hours within
category Il highlights that the only rooms with a small
risk of overheating are the GF living room (1.32%
above Cat. Il) and the bedroom on the top floor at the
rear of the property with a western orientation (0.14%
above Cat. ll). It should be noted that the analysis has
been conducted with air rather than operative
temperature, based on the assumption that the two
values are similar under the monitored conditions.

August-October 2018
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Figure 8: Indoor air temperature against the running mean
temperature for the period 1/8/2018-31/10/2018, against
the BSEN15251 adaptive comfort criteria

Focusing on August (Fig. 9), which was the hottest
month, potential overheating is only observed on the

top floor at the rear bedroom, with the conditions
exceeding Category Il for 0.4% of the 745 hours
monitored, is less than 3 hours for the whole month.

What is noticeable is the number of hours which
could be classified as cold discomfort. Although the
majority of the time spaces are within the required
category Il for comfort, large percentages depending
ontheroom, from 23% for the top floor landing to 44%
for the top floor rear bedroom, are below Category Il,
for comfort.

3rd Top landing | EEGIIIGGEIGZEINN 43% 34% 0%
3rd Back bedroom 25% 30% [
1st Living room ZEIINNEEEEN 35% 36% 0%
GF Entrance hall RS 36% 2%  o%
Entire dweling [ IRIIEENZEEIE 35% 30% ok

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

mBelow Cat lll mCat Il - Cat |l mCat Il - Cat| mCat | -Cat| mCat | -Catll m Cat Il - Cat Il mAbove Cat Il

Figure 9: Distribution of percentage hours within the
different categories of the BSEN15251 adaptive model, for
August 2018.

Monitoring of the property continued until June
2019, so it was possible to analyse the following
summer, specifically May and June 2019, for thermal
comfort and potential overheating (Figs. 10-11).

May-June 2019
-3

——Neutral
——Uppercatlil
——Upper Cat i

Upper Cat|

Lower Gat |
——Lower Catli
——Lover cat il

Basement Living room

GF Entrance hall

GF (Lving room)

11 Living room

1st Kitchen
©  2nd Dressingroom

3rdBack bedroom
15 ©  3rdToplanding

10 12 18 20 © 3rdlivingroom

Indoor air temp. °C
™
]

Ouldulér running mealnstemp. =
Figure 10: Indoor air temperature against the running mean
temperature for May-June 2019, against the BSEN15251
adaptive comfort criteria

With the house running in free-running mode in
May and June, the different spaces are within the
comfort category for the majority of the time
(Category Il). Looking at the results in tabular form
(Table 8), each floor behaves differently. Overheating
is experienced for 4% of the time, on the top floor, the
rear bedroom, which appears to be the main space
with such risk. This is attributed to the fact that, as
mentioned in Section 4.2, the rear third floor bedroom
is therefore more exposed to the sun. while it shades
the dressing room, which is reflected in the comfort
hours between these two spaces.

Overall, cold discomfort is more noticeable, with
the conditions at the basement being below Category
Il for 86% of the time. This percentage decreases
moving up through the different floors, with
stratification leading to cold discomfort being less
noticeable. In fact, the landing at top of the stairs is
100% within the Category Il range.
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Table 8: Distribution of hours that different rooms are below,
within, and above Category Il, BSEN15251, May-June 2019.

Hrs Hrs Hrs % hrs % hrs % hrs
below within  above below withi above
Catll Cat Il Catll Catll n Cat Catll
I}
Entire 2904 8282 56 26% 74% 0.5%
dwelling
Base- 1129 191 0 86% 15% 0
ment
GF 286 1034 0 22% 78% 0
entrance
GF L.R 654 666 0 50% 50% 0
1st floor 196 1124 0 15% 85% 0
L.R
1st floor 98 1222 0 7% 93% 0
kitchen
2nd floor 427 893 0 32% 68% 0
dressing-
room
3 floor 36 1228 56 3% 93% 4%
bedroom
3rd floor 0 682 0 0 100% 0
landing
3rd floor 78 1242 0 6% 94% 0
Liv.r.
3rd Living room (38 7% 66% 1
3rd Toplanding 0% 100% 0%
3rd Back bedroom 038é 17% 70% 6% 3yam
2nd Dressing room  EySeGu—— O — 28% 40% %
1st Kitchen Oysmagm 39% 54% 0%
1st Living room 1 pgemmiasgmm 38% 47% 0%
GF Living room 3% 18% 0%
GF Entrance Hall 19¢mmpsm— 63% 15% 0%
Basement Living room 14% 0%
Entire dwelling  mei¢e—pOfjmm— 30% 42% k3
0% 10% 20% 30% 40% 50% 80% 70% 80% 90% 100%
W Below Cat Ill mCatlll-Catll Catll-Catl Catl-Cat! mCat|-Catll mCatll-Catlll mAboveCatlll

Figure 11: Distribution of percentage hours within the
different categories of the BSEN15251 adaptive model, for
May-June 2019.

4.4 Energy consumption

To determine the annual energy consumption
(Table 9) the measured data were combined with
estimated gas and electricity use. Measured gas data
were available from 20 October 2018 to 28 June 2019,
i.e. for 70% of the year. For the summer, consumption
of gas was assumed to be for hot water and cooking
only. Meter readings of electricity use taken on regular
visits were used to estimate the annual use by
extrapolating using the mean consumption.

Table 9: Annual Energy Use

Fuel kWh/year kWh/mz.year
Gas 41,014 97.7
Electricity 5,883 14
Total 46,897 111.7

Although the overall energy consumption for gas in
the domestic sector appears high, taking into account
the large size of the property, the annual use weighted
for floor area is lower than the average profile for new
domestic buildings [5].

4. CONCLUSION

This paper focused on the analysis from a
longitudinal five-year study of the retrofitting and
post-occupancy evaluation of a heritage townhouse
designed for multi-generation living in Margate. The
three-generation family of five adults and one child,
lived in the 420m’ house for a year while the house
was being monitored. The POE confirmed 100%
satisfaction and thermal comfort during both winter
and summer. The results from the monitoring
confirmed the acceptable thermal environment
during the free-running period in the summer, when
for a significant amount of time parts of the property
were below the Cat Il category. The thermal
environment in winter was very stable in the occupied
rooms varying from 19.9°C in the basement, to 23.2°C
in the third floor living room, while in the non-
refurbished property across the square, mean
temperature was 15°C. The average 5K temperature
difference between the two properties highlight the
success of the refurbishment, which was sympathetic
to the original character of the house, respecting the
heritage features.

The work supported the development of a
Sustainable Heritage Toolkit for coastal towns [6] and
guidelines for multi-generation living as a viable
alternative to address social challenges in the era of
climate change. In summary, the project, which the
Academy of Urbanism highlighted as ‘ground-
breaking’, provides a prototype for how to adapt
historic buildings to accommodate projected changes
in society and climate.
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Structural System Based on Robot Assisted Carpentry for
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ABSTRACT: This study addressed the issue of the reduced application of wood as a predominant structural
material in medium-rise buildings in Chile, which for a wood producer nation seems like a contradiction. Besides,
being Chile a highly seismic country, timber high-rise construction appears as not a viable solution, mainly due to
the little knowledge of engineering wood and its technical potentials, besides, regulations in timber building
construction are precarious. Thus, this applies research proposed to advance in this aspect through the
development of posts and beams structural system for medium-rise building, based on engineering wood
manufactured with robotic processes, which we have denominated Robot Assisted Carpentry (RAC corresponds
to CAR, ‘Carpinteria de Armar Robotizada’, in Spanish), is the process in itself the innovation. The final objective
is to build, analyze and test a prototype of a fully equipped housing unit being developed by Team Chile of the
Universidad Técnica Federico Santa Maria (UTFSM) to compete at Solar Decathlon U.S. 2020 Competition, to be
held in Washington D.C. With the correct execution of this project, it is expected not only to demonstrate an
innovative, efficient and sustainable way to conceived a structural system; but also to promote and disseminate
in Chile, the use of timber as construction and structural building material robot-assisted and industrialized with

innovative technologies.

KEYWORDS: Medium-rise timber building, Wood Engineering, Robot Assisted Carpentry

1. INTRODUCTION

Despite, the great tradition of wood structures in
houses in Chile, inherited and brought by European
immigrants that came at the end of 19th century and
the beginning of 20th centuries, British, Germans and
Croatians, timber is not culturally appreciated in Chile
as a building material, it is normally associated to
poverty and  “non-solid” or  “not-resistant”
construction. However, wood as a construction
material possesses distinctive features, it is
considered a durable, ecological and sustainable
material. Its structural composition of cellulose fibers,
lignin, and hemicellulose adds firmness and flexibility,
extreme forces resistance and non-permanent
deformations.

The timber industry of the world has largely
developed with much diversity of products for the
building construction sector. Currently, in countries of
wood tradition such as Canada or Switzerland, the
development of engineering wood and the growing
awareness of the use of sustainable materials in
urban constructions, has promoted a new
architecture currently focused on wood as a
predominant material in tall building systems, relying
on computational parametric design, structural
analysis, and developments in advanced
manufacturing and robotics. All the above has come
together in a reinvention of wood as a construction
material, and forced the re-design of assemblage,
joinery and structural models based on current and

innovative technologies; where our architecture
department at UTFSM has not been absent.

Therefore, Team Chile from UTFSM applied for
the Solar Decathlon U.S. 2020[1] being selected to
compete with Casa FENIX 2.0 prototype built in wood
as its main construction material. For which, the most
important requirements within our architectural
concept was that the wooden structural system had
to allow modifications in its spatial configuration, in
order to ensure architectural flexibility and the
possibility of transformation over time, which is
normally demanded by occupants of multifamily
housing complexes as family life develops [2]. The
carpentry of robotic assembly, apart from providing
modularity and assembly characteristics in the
construction process, is the articulator between the
structure and the architectural design supporting a
transformable system of customized joints that allow
spatial modifications within the building. The demand
of precision design, analysis and manufacture of
joints lead us to the use of robotics or numerical
control tools. Therefore, the correct transmission of
loads is achieved through a larger contact for the
joints robot-machined by the Robot Assisted
Carpentry (CAR) [3], providing an excellent thermal
and structural performance, compared to steel or
reinforced concrete structures.

2. AWOOD PRODUCER COUNTRY
Chile has a consolidated timber industry that last
year exported USS$ 6,836 millions comprised of 16,3
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million tons of wood products [4]. Therefore, timber
as a construction material has an enormous potential
for wood based buildings in our country. In addition,
the Chilean Ministry of Housing (MINVU) has recently
committed to double by year 2025, the use of wood
as the based construction material for social housing
[5]. And, currently, the Ministry of Housing and
Planning (MINVU) is promoting the first social
housing low-rise building of 6-story height to be built
in Rancagua city [6].

2.1 Sustainability of wood construction

There is a lot of evidence of market potential to
promote wood as a building construction material; it
is well recognized and demonstrated as the most
sustainable material within the building construction
industry, especially in developed countries. Despite of
this and despite Chile is a timber producer country,
the housing industry has been and it is based in
reinforced concrete as the main structural building
material, being characterized as a time consuming
industry, high-energy consumption, high in CO,
emissions, water dependent and high in costs,
although, it is also a proven technology in terms of
earthquakes resilience, completely comparable to the
timber construction.

Taken into consideration the above described
aspects, in order to avoid the negative features of
concrete based structure, for the design of timber
structural system to be prefabricated and modular,
reducing the carbon footprint in the use of
machinery, less pollution when prefabricating and
less on-site  contamination  when building
(assembling). If we add to this structural system, the
use of robotic assembly carpentry for the joints, the
CO, emissions decrease even more, since the
manufacture of the steel parts produces more
pollution than the design of the joints. On the other
hand, the total cost of the structure increases to 40%
of the final value when including metal joints.

In addition to sustainability and building life cycle,
the use of nationally manufactured glued laminated
wood and considering it comes from a sustainable
forest management, these provide the project with
low CO2 emission values.

2.2 Innovating with wood construction

The low and medium rise wood base building is
new in Chile, and we have the opportunity to prove
that there is a market for them based in the fast
construction, industrialized production, cost effective
and sustainability commitment; besides adding
opportunities to innovate on the Chilean housing
industry sector. Chile has an almost lost tradition of
wood structures and construction that were built in
places around the world (South) and mine (North and
South) industries in Chile, inherited and brought by
European immigrants that came at the end of the 19"
century and the beginning of the 20th, examples of
wood residential buildings are the balloon frame and

derived typologies brought by British and Americans
to Valparaiso and Iquique and the Nordic tradition
brought to the Southern cities of Chile (Lake District,
Chiloe Island and the Magellan Region).
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Figure 1: Valparaiso’s typical housing of platform frame
structure. Valparaiso. [7]

By analyzing this type of timber structures, it can
be inferred that mainly the sections of their studs and
the structural use for which they are designed divide
the types of wooden frames. That is why, for this
research, only the heavy frames or large studs will be
considered as the primary structure, and light frames
such as the platform frame as the design basis for the
new structural system.

Besides the analysis made to these existing
derivations from balloon frame timber structures
brought from abroad and adopted by locals in
different places in Chile, the review of two particular
precedents of and old and new mass timber
construction systems enlighten this study to define
the proposal of the Metamorphosis Building. On one
side, the study of the Portland Observatory built in
1807 on Munjoy Hill, Maine, U.S. designed by a ship
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captain for a lighthouse. The design therefore follows
the logic of naval design for a medium-height building
of 26 meter high, fully built in timber frame
assembled by old technics of timber joints (Fig. 2 left),
made of old growth wood post and beams system
radially structured and anchored with 122 ton of
granite blocks piled up on top of the lower crossbars
and beams (Fig. 2 right).

Figure 2: Timber joint and plan view of the Portland
Observatory (1807) Munjoy Hill, U.S. [8]

On the other side, the analysis of the construction
system of the mass timber and concrete tall building
Mjgstarnet, built in Mjgsa Lake in Norway, finished in
2019, designed by Arthur Burchardt was revealing
from the sustainability and mixed-use aspects. The
building has an area of 11,300 sqm distributed within
18-story with 81 m height. Floor two to floor eleven
are timber built with Trd8 Molven system, while from
floor twelve up is built on concrete and GluLam
beans, as shown in figure 3.

¢
{

£
?

Figure 3: Mass timber and concrete structure of the
Mijgstarnet building, Mjgsa Lake, Norway (2017-19). [9]

2.3 Structural system definition

The main characteristics to be used for the
definition of the construction system to be developed
are defined in relation to the revised precedents,
both globally and nationally. These characteristics

meet the condition of responding to wooden
buildings that are between 3 to 5-story height [10].

It can be determined that for a heavy framework
system of post and beam construction type, large
studs are required when it comes to medium-height
buildings, and even more so when it comes to timber
joinery or timber joints. This is due to the fact that
when manufacturing a wood joint, a section of the
wooden element is cut, so when using large stud it
does not lose its structural capacity. In addition, it is
established that the junction of the post and beam
construction system is usually elastic structures in
order to resist damage caused by earthquakes.

Secondly, it is established, mostly according to the
precedents in Valparaiso, that the wooden
framework systems, thanks to the flexibility of design,
allow mainly orthogonal buildings to be adapted to
any location. The flexibility of design is also
established in the flexibility of internal diaphragm
variations, determining for most cases of study that
the trusses are the responsible for managing global
forces (horizontal and vertical), in such a way to
provide the necessary rigidity only with the primary
structure. On the other hand, it is determined that
the most efficient way to build the secondary
structure is independent from the primary one, since,
by supporting the secondary structure on the primary
one, it produces an effect of diminishing the global
structure capacity, adding extra weight and
subsequently producing failures [10].

Then, the construction system is defined by
establishing a mixed structural system. The
Metamorphosis  building is defined with an
orthogonal structural system with a first level of
reinforced concrete for greater moisture isolation
from the wooden structure. The two systems are
connected though seismic isolators that separate the
movements of both structural systems, maintaining
the common load transmissions lines. The post and
beam construction system is robot-machined with
timber joinery fixed with steel pins, modular every
two stories and assembled by a platform system
between the 3™ and 4™ level. Finally, the primary
structure is completed with CLT slabs, precast and
dimensioned in medium sections for horizontal
closing of the laminated timber framework.

3. ROBOT ASSISTED CARPENTRY (CAR), THE
ARCHITECTURAL CONCEPT AND SD2020 TEAM-CHILE
PROPOSAL

The proposal addresses innovation associated
through flexibility and adaptability of its spaces
proposing innovations on architectural solutions in
social housing based on the lifecycle of families and
their homes. Is the technical applications of the
Robot Assisted Carpentry that made this proposal
possible, ensuring the use of materials with low
carbon emissions and overall, innovative for the
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Chilean reality. However, it is important to mention
that the robotic technology is still quite expensive in
Chile, making this process not yet competitive.

3.1 Flexibility to adapt to changes in lifestyles

As part of the flexibility, it is proposes a main
timber structural system composed by post and beam
framing that allows for continual metamorphosis of
domestic spaces through the occurrences and
changes of a family. The design contemplates a new
system of interior walls that can move and set
according to the needs of each family and beyond
that in the lifetime of the house. These walls will be
able to incorporate system of electrical installations
depending on the case, taking the adaptability of the
house to its maximum level.

Figure 4: Proposal for medium-rise housing building of
Team Chile on reinforced concrete and seismic isolators for
SD 2020 competition. [10]

The wooden structure is projected by means of a
system of glued laminated post and beams that
constitute a reticule, inscribed within a mesh to
modulate the operations of spatial variations. This
15x28 m wooden frame will be industrially
manufactured through CAR a robotic parametric
design composed of linear component of laminated
wood assembled with the CAR process. The floors,
supported by the structure described above, are built
with 3-layer CLT panels (10 cm thick), on top of which
a layer of mortar slab will be placed. For this, a lower
reinforced concrete grid of 24 posts with a circular
base of 50 cm in diameter and beams of 30x30 cm.
For the laminated wood structure, an upper grid of 36
posts transversally crossed in relation to the general
rectangle. This is done, to provide greater structural
ordering and modular proportions for the housing
units in both directions. The wooden framework
configuration allows 6 rigid axes (grid), which balance
the reticule and define the fixed non-transformable
areas (gray color) or their limits (see Figure 5).

Household spaces are distributed according to
operations with the greatest possible flexibility,

excluding humid zones, facilities and general
circulation, which are kept fixed on the vertical
volumetric bands. These 3D vertical components
determine and limit the number of variations for the
metamorphosis of the space; they are prefabricated
on woodshop site and transported to the
construction site. [10]
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Figure 5: Proposal for transformation of houses. Team Chile
for SD 2020 US competition. [10]

3.2 Chile Prototype — SD 2020

The built prototype to exhibit at SD 2020 U.S. is a
chosen housing unit of the Metamorphosis building
comprising of a 2-storey height and located at the
edge of the building (see Fig. 6).

[ i i _y
Figure 6: Rendered section Chile Prototype — Team Chile SD
2020. [10]

This prototype, Casa FENIX 2.0, will be monitored
and the proposed structural system signed by a
licensed structural engineer and the building permit
has been approved for construction. It will house a
family of Valparaiso, whom lost their home in the last
fire of December 2019, it is being built with MINVU
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reconstruction subsidy. This 2-story house has 78 m?’
and the structure was adjusted and redesigned to
avoid oversizing the laminated wood elements and a
better use of the interior spaces of the house. It is in
this way that not only the structural design is
adapted, but also new technical solutions for the
development of joints and manufacturing details of
the CAR system were established, testing the
flexibility of the proposal and maintaining the
sustainability principle Team Chile established.

The structure corresponds to laminated certified
Oregon pine wood, provided by a local sawmill, from
the Southern part of Chile. The post and beam
structure new dimensions were 185x185 mm for the
shorter beams and 185x360 mm for the longer posts
and beams. The total amount of laminated wood
used was 11.85 m’. The redesign of the wooden
elements produced new technical details and
structural calculations that modify the load lines and
changed the directionality of the posts and beams
inverting the load lines of the original reticle.

The development of the Chile prototype
encompasses not only the structural design, but also
validated the design of the CAR for the construction
system, performing the robot-machined of the
wooden elements. Fulfilling the objectives and
requirements established for the structure of the
Metamorphosis Building.

3.3 Robot Assisted Carpentry (CAR)

The CAR offers a proposition of value based on the
prefabrication of timber frames assembly using
complex geometry timber joints. This way, the
industrialized production of wooden houses with
timber joints made by robots, will allow us to take
advantage of the Chilean timber industry, lower costs
in metal joints and take advantage of development by
reducing construction times in the future. In Chile
there are currently approximately 500 industrial
robots installed, which serve different areas of the
industry, without considering a significant usage in
the building construction sector, and only one in the
laminated wood industry [8]. For this reason, it is
intended to shorten this technological gap, by
disseminating the CAR process through the
demonstration home Casa FENIX 2.0.

Considering the above, the joinery design of CAR
is proposed as a technical solution to the proposed
double modular structural system with joint
connection of the posts and beams platform, in which
three critical design aspects are considered; 6.30 m
long longitudinal posts and beams connection, 2.40
and 3 m long traversal posts and beams connection
and the connection of both posts and beams
modules.

In order to define the final design for assembly,
the structural engineer was consulted prior to the
robot-machined process, to corroborate the most

efficient design of the structural framework (2 posts
and 3 beams 6.30 m long). The final design
corresponds to a rectangular mortise and tenon joint
with steel pins, as shown in figure 8.
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Figure 7: CAR’s mortise and tenon joint for Casa FENIX 2.0
prototype — Team Chile SD 2020.

For the robot-machined process, a prefabrication
of 24 tenon in 12 beams of 185x360 mm section and
6300 mm long were made. And 24 mortise in 8 pillars
of 185x360 mm section and 6,600 mm long. These
junctions build up four primary structure transversal
frames made of Douglas Fir (Oregon pine) laminated
wood.

Figure 8: CAR’s Mortise and Tenon joint for Casa FENIX
2.0 prototype frame — Team Chile SD 2020, Villarrica. [10]

After the robot-machined process was done, a
comparison analysis of the prefabrication and
materials of the structure of casa FENIX 2.0 prototype
with other construction materials was carrying out.
Relevant aspects were established to compare and
evaluate the life cycle and span of the prototype.

Table 1: Evaluation of Prefabrication. Comparison of 3
Types of Beams [8]

ASPECT LAMINATED STEEL REINFORCED
WOOD CONCRETE
Costs (CLP) $8.982.500 $9.145.698 $7.521.132
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Fabrication 20 days 60 days
time (days)
CO, [Kg] 233,88 418,22 2025,7
Emissions
Labor 3 6 10
(# person)
Structure 5600 4825 40514,4
Weight [Kg]
Ductility (V4 v Higher Seismic
Risk
Pre- (V4 v Lower Design
fabrication Complexity
Home (V4 v Higher
Extension Complexity
Reutilization (V4 (V4 NO

4. CONCLUSION

Based on this work it was possible to determine
that the most favorable construction typology for the
space transformation is the post and beam
construction system. When considering symmetrical
and orthogonal proportions the system does not
require greater reinforcement of diagonals, leaving
only the enveloped/partition diaphragms as
secondary structure. On the other hand, as it is a
structured system designed to be prefabricated and
modular, production costs and construction times
decreases in theory and provided the industry is
technically and machinery prepared for it.

The Robot Assisted Carpentry (CAR) has several
advantages, among them three can be technically
defined: The first corresponds to the specific joint for
used in the proposed construction system, which by
being elastic or not completely rigid, contribute to
the global structure of the building, providing greater
resistance to damage caused by earthquakes. The
second, proposing an orthogonal structural system
allows greater flexibility to the design diaphragms,
allowing a faster and more efficient development in
terms of modular height increase and as elements for
CAR’s joints. The last, when using exclusively CAR’s
joints, it was found in the literature that it provides
the proposed structure type with greater resistance
to fire, increasing its collapse time, carbonizing the
wooden elements before reaching the core for the
subsequent collapse. This is a very important factor
for families that had lost homes in an urban fire,
which will be the case for the family that Casa FENIX
2.0 prototype is for.

It is important to take into consideration for
timber joints design where they are going to be and
the number of them in one spot, since more than one
joint can cause some problems; depending on the
section used, it is necessary to define which are the
minimum requirements for the joint to be correctly

functional, in relation to the lengths of the mortise or
the minimum dimensions of support or shoulder. In
the case of the robot-machined of Casa FENIX 2.0
prototype, it was determined that it was not possible
to have a timber joint in the extreme of the building,
three beams on the same post, not only due to the
dimensions of the elements and tenon, but also due
to difficulties for the assembly process.

Wood structural systems by themselves are
largely sustainable, since they absorb CO, throughout
their life cycle. In addition, if we consider that it is a
system designed to be prefabricated and modular,
the decrease in the carbon footprint will be even
greater through the buildings life cycle, reducing
emissions with less use of machinery, less pollution
when prefabricating and less pollution during
construction. Wood emits 10.9% of the total CO,
emissions of steel and 17.8% of the total CO,
emissions of a concrete throughout its life cycle,
considering the emission of the structure from its
extraction to its construction.

Finally, in addition to everything previously
described, the use of sustainable and nationally
manufactured wood, with a good forest management
from the beginning, besides from contributing to the
benefits of CO, emissions from its raw material,
enhance the sustainability of the project even more
by extending longer its life cycle.
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ABSTRACT: User behaviour regarding opening and closing windows is one of the factors that most impact the
performance of houses. In addition, the variability of user behaviour is a factor that often leads to inconsistencies
between reality and computer simulation, but this is not usually taken into account. For this reason, this study aimed
to obtain different user profiles regarding openings operation based on actual data and analyse their influence on the
energy performance of buildings. The method applied in this research consists of three steps: data collection, finding
patterns of opening operation through cluster analysis and computer simulation for thermal performance analysis.
Cluster analysis resulted in four distinct groups. For each group, one reference model was obtained, corresponding to
those objects closest to the centroid, and described by a distinct hourly schedule, representing the time of the day
doors and windows remained open. The thermal performance analysis has shown that different profiles may have a
huge impact on the performance of houses due to heat losses and gains and air change rate through doors and
windows. It was possible to conclude that the use of reference models based on actual data may lead to more
reliable performance indicators.

KEYWORDS: User profile, Reference model, Opening pattern, Thermal performance of buildings, Low-income housing

1. INTRODUCTION

Users strongly influence the thermal performance of
houses by the way they operate them. User behaviour
regarding opening and closing windows is one of the
factors that most impact the performance of houses [1-
3]. In Brazil, which is a country with abundant winds,
the operation of doors and windows can deeply
contribute with energy efficiency in buildings, as this
helps to provide thermally comfortable rooms naturally
[4].

Several studies have applied computer simulations
to infer about the effectiveness of energy efficiency
measures, which allows to assess the impact of those
measures before they are implemented. However, it is
important to use reliable input data to avoid
inconsistent results [5, 6]. Thus, by using real data in
simulations one can achieve better and more coherent
results, as the studies developed by Andersen et al. [7]
and Haldi and Robinson [8] have shown.

In addition, another important factor is the
variability of user behaviour. This is a factor that often
leads to inconsistencies between reality and computer
simulation, and this is not usually taken into account.
Some studies [3, 7, 9], though, have proved the
importance of applying more than one user profile in
simulation to obtain more reliable results.

One way to find patterns in data is the use of some
data mining technique, such as cluster analysis. Cluster
analysis is an exploratory unsupervised method that
aims to divide a sample into groups or clusters of
similar individuals. Clusters must have high internal
homogeneity and high heterogeneity between them
[10, 11]. Cluster analyses have already been applied in
other studies that aim to determine user behaviour
patterns [6, 9, 12].

Regarding this context, this study aimed to obtain
different user profiles regarding openings operation
based on actual data and analyse their influence on the
thermal performance of buildings.

2. METHOD

The method applied in this research consists of
three steps: data collection, finding patterns of opening
operation through cluster analysis and computer
simulation for thermal performance analysis.

First, data regarding openings schedule were
collected in single-family low-income housing, in
southern Brazil. Data were collected for living-room and
bedrooms (long-stay rooms only) of each house, and
organized in binary hourly basis, resulting in 24
intervals. For each hour, it was recorded if windows and
doors remained open or closed, adopting “0” (zero)
when closed and “1” (one) when open. Data were
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organized in a spreadsheet in order to obtain easy
access to the information.

Then, data collected were organized and submitted
to cluster analysis, which combined hierarchical and
non-hierarchical  procedures. Squared Euclidean
distance and Ward algorithm were applied for the
hierarchical procedure, while k-means algorithm was
used for the non-hierarchical procedure. The
hierarchical procedure was performed in order to
determine the ideal number of clusters to be formed,
according to the similarity level found for each step of
cluster analysis. The number of clusters was
determined according to the stop rule, which
represents the moment when a joint between two
clusters produces an increase of the similarity level
relatively higher than the former step. The ideal
number of clusters corresponded to those formed at
the time the stop rule was applied. The non-hierarchical
procedure was performed in order to define the final
formation of clusters, taking into account the number
of clusters determined with the hierarchical
procedures.

Reference models of each group obtained from
cluster analysis were used to represent different
profiles in computer simulations. Each reference model
was defined as the closest object to the centroid
(multivariate mean) of its group and was described by
an hourly schedule, representing the time of the day
doors and windows remained open. The cluster analysis
was based on the method proposed by Schaefer and
Ghisi [13].

Finally, computer simulations were performed using
the software EnergyPlus (version 8.9). Natural
ventilation availability was configured according to each
reference  model’s windows and doors operation
schedule, since pre-established comfort conditions
were considered [14]. All other parameters were kept
constant. Floriandpolis climatic reference year file was
used to represent the weather conditions in
simulations. Fig. 1 shows predominant wind speeds for
each direction and season of year. The geometry and
construction systems of the envelope were configured
as the reference building found by Schaefer and Ghisi
[13]. The building consists of a 36.00m? single-family
low-income house, composed of a combined living-
room and kitchen and two bedrooms. The construction
system was composed of ceramic brick and mortar
walls (U = 2.39 W/m?K, C = 152.00 kJ/m?K, a = 0.5),
roof composed of ceramic tile, concrete slab and
wooden lining (U = 2.05 W/m?2.K, C = 238.00 kJ/m?.K, a
= 0.6) and a concrete slab covered with ceramic tile
floor (U = 3.40 W/m?2.K, C = 293.80 kJ/m?.K). Internal
gains were configured as suggested by CB3E [15]. Table
1 show the details of each opening.

speed by B

direction

[ISPRING EEISUMMER [EIFALL EEWINTER

Figure 1: Predominant wind speeds for each direction and
season of year in Floriandpolis (m/s).

Table 1: Doors and windows description

Name Tvoe Room Dimension Solar
yp (m) Orientation
D1 Exterior  Living- 0.80x2.10 East
door room
D2 Interior Main 0.80x2.,10 )
door bedroom
D3 Interior  Secondary 0.80x2.10 )
door bedroom
w1 Window Living- 1.20x1.00 East
room
W2 Window Kitchen 130.00x0.60 South
w3 Window Main 1.20x1.00 North
bedroom
w4 Window Secondary 1.20x1.00 West
bedroom

Two indicators, i.e. air change rate and sensible heat
gains and losses, were obtained from the computer
simulations. These indicators were used to verify the
impact that different user profiles have on the building
performance.

2. RESULTS AND DISCUSSION

3.1 Profiles obtained

Cluster analysis resulted in four distinct groups. For
each group, one reference model was obtained. Each
reference model represents the opening schedule of
doors and windows of all houses from its cluster.

Fig. 2 shows the hourly opening schedule for all
reference models. These schedules can be applied in
computer simulations in order to provide more reliable
results, since they represent the variability that can be
found in field. Horizontal axis shows the 24 hours of a
day. Vertical axis shows the openings, one of each
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represented by a colour. The circles filled with colours
represent the hour of the day in which each opening
remained open (e.g., if the circle is coloured at 9:00, it
means that the opening remained open from 9:00 until
10:00).

Reference model 1 has all windows and doors open
from 10:00 to 18:00. Windows from Reference model 2
remain open from 9:00 to 20:00 while the doors remain
closed part of the day (except for Main Bedroom, which
remains open all day long). Windows of Reference
model 3 remain open from 9:00 to 17:00, and so does

- D1 00000000
[+
5 D2
2 00000000
=
= D3
£
o
g.Wl 00000000
1]
= w2
[+
E
= W3 00000000
w4
Q0000000000000 0000000000
289095565658 900665685565888888055
O NN OO AN ONROANAO A Nm
el A A A A A Al N NN
Time of the day

(a) Reference model 1

D1 00000000
=
“g’. DI 900000000000000000000000
@
z D3
8p
£
< w1 00000000
o
(=]
o w2
=
3]
E w3 00000000
=
w4
[on Jon i on T e o B o i o e Jof o e e il o il o I o Y v o o i o e R e o e )
000000200 Q00000399990999¢9
OO0 AN MTN OO —ANM
AT A A A A A NN
Time of the day

(c) Reference model 3
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the external door. Internal doors remain open all day.
Finally, Reference model 4 has shown the most
irregular schedule. Living room windows remain open
from 7:00 to 18:00. Windows of Main Bedroom and
Secondary Bedroom remain open from 7:00 to 21:00
and from 12:00 to 18:00, respectively. Doors remain
open part of the day, except for Secondary Bedroom,
which remains closed all day long.
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Figure 2: Windows and doors opening schedule of each reference model.

3.2 Thermal performance

Figs. 3 and 4 present the thermal performance
indicators obtained through computer simulation for
each of the reference models: the air change rate (ach)
and sensible heat gains and losses (W), respectively.

The air change rate measures the amount (volume)
of air that have been added to or removed from the
room in relation to the volume of the room. It
represents the air renewal of that room.

The air change rate was obtained for each reference
model and it is shown in Fig. 3. In order to summarise,
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only results obtained for the living room are shown.
Data are presented in hourly basis for two typical
weekdays, one in the hot season (February 21th) and
the other in the cold season (July 19th), represented by
ared line and blue line, respectively.

It is possible to observe that the air change rate
differs for each reference model and occurs accordingly
to their opening schedule. For all reference models, air
change rates occur more often from 10 ach to 20 ach.
The most expressive air changes were observed in the
cold season for Reference models 1 and 3 (almost 40
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ach) and in the hot season for Reference model
(almost 60 ach). Although Reference model 1 and
Reference model 3 have similar schedules, a slight
difference can be observed on the air change pattern of
these two models. This indicates that even small
differences in their schedule can influence the
performance of a building, which highlights the need to
consider user variability in thermal and energy
simulations (i.e., to adopt more than one user
reference model to represent user opening operation
profile).
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Figure 3: Air changes per hour due to different operation of doors and windows in the living room, in the hot (21/02) and cold (19/07)

season.

The sensible heat gains and losses (W) obtained
through the computer simulation represent the amount
of energy that would be required to maintain the
temperatures in each room within a predetermined
limit range.

Fig. 4 shows a summary of monthly sensible heat
gains and losses throughout the year, for all reference
models. Horizontal axis displays all months of a year.
Vertical axis shows the sensible heat gains (positive
values) and sensible heat losses (negative values).
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In general, sensible heat losses were greater than
sensible heat gains for all models. Reference model 4
showed greater sensitivity to the effects of air
infiltration, as it had the highest gains in the hot season
and high losses in the cold season. This is also the
reference model in which openings remain open for the
longest period of time (from early in the morning until
night). Reference model 2 was the one which suffered
the greatest heat loss in both winter and summer.
Although this reference model external openings
remain open for a shorter period of time than
Reference model 4, its internal doors remain open for a
longer period. This influences the performance of
models by allowing cross ventilation. Due to different
pressure coefficients, internal air exchanges are
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intensified, which impacts the thermal performance of
rooms. Reference models 1 and 3 had similar results for
both sensible heat gains and losses, but losses were
slightly higher for Reference model 3. These two
models had a similar operation of doors and windows,
but internal doors from Reference model 3 remain
open for the whole period. The opening schedules of
internal doors are usually not taken into account in
most studies, being configured as closed for the whole
period. In this study, however, a difference related to
the opening of the internal doors in the performance of
the buildings was observed, from which the importance
of taking them into account in computer simulations is
verified.
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Figure 4: Sensible heat losses and gains due to air infiltration in the living room throughout the year for each reference model.
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4. CONCLUSION

This research aimed to obtain reference models
regarding the opening of doors and windows in single-
family low-income houses in Floriandpolis, Brazil, for
use in studies of thermal and energy performance. Four
different reference models were found through the
application of cluster analysis on an actual database.
Each reference model represents a distinct doors and
windows operation schedule. The schedules obtained
can be applied in other thermal performance studies
focused on single-family low-income housing in
subtropical  climate  regions. From  computer
simulations, it was possible to verify the influence that
different schedules have on the thermal performance
of the house due to heat losses and gains and air
change rate through doors and windows. The air
change rates have shown that indoor air flows occur
accordingly to the openings schedules. Additionally,
sensible heat losses have found to be greater than
sensible heat gains for all reference models. The study
also highlighted the importance to determine operating
schedules for internal doors, which is usually neglected
in thermal performance studies. It was possible to
conclude, at last, that the use of more than one
reference model, obtained based on actual data, may
lead to more reliable performance indicators.
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ABSTRACT: Vernacular solar screens are popular design inspirations for contemporary facades which can be
either static (i.e., fixed) or dynamic (i.e., operable). This study presents a comparative assessment of the impacts
of static and dynamic screen prototypes on the indoor thermal conditions in an experimental, single occupancy
office set-up, in ASHRAE Climate Zone 4C. Results demonstrate that static screen led to uniform indoor
conditions within thermal neutrality limit established by ASHRAE-55 (2017). In comparison to the static screen
protoype, the dynamic screen led to indoor environmental transience between thermal comfort and thermal
neutrality zones. This non-uniformity in the indoor environment produced by the dynamic screen encourages
exploration of their design potential in eliciting thermal pleasure and a state of alliesthesia for occupants. This
work proposes an approach to design building envelopes with dynamic shading opportunities for occupant’s

comfort and pleasure.

KEYWORDS: Dynamic screens, thermal comfort, thermal pleasure, alliesthesia

1. EXTERNAL DYNAMIC SOLAR SCREENS: RESEARCH
GAPS AND OPPORTUNITIES

Vernacular solar screens applied to exterior
surfaces of building facades have aesthetic,
environmental, and cultural significance. Due to these
aspects, they are popular as design inspirations for
contemporary fagade design, both in their static or
dynamic state. Static screens are non-movable/non-
operable “bris de soliel” with optimized designs to
respond to extreme solar conditions. On the contrary,
dynamic screens are movable/operable that are
typically designed to change their geometric
parameters to respond to outdoor-indoor climatic
conditions and/or occupants’ needs.

The complex designs of dynamic screens have led
to substantial research dealing with their movement
and control technologies [1]. Few investigations on
dynamic screens conducted using computational
simulations have proven their high building energy
efficiency and provision of occupant’s visual comfort
performance [2, 3, 4]. In addition, dynamic screens
were able to reduce cooling loads on mechanical
systems and provided thermal regulations to
perimeter spaces within 15’ (6 meters) of the building
envelope, resulting in 12%-33% energy savings
[2].Despite  promising  results on building
performance, their impact on thermal comfort
remains unknown [5,6]. Quantifying their impacts on
occupant’s comfort is important to inform logical
building envelope designs and their market
adaptability.

1.1 Existing research on static solar screens:
parameters investigated and findings

Unlike their dynamic counterparts, static screens
have been extensively investigated for their building
energy and occupant comfort performance [8, 9,10].
More than twenty-five studies have researched static
screens in recent years. Most of them carried out
optimization of screen geometric parameters such as
perforation ratio (PR = % of open) and depth ratio (DR
= perforation depth/perforation width) to determine
the most suitable static design for building energy
efficiency and occupant’s comfort during a worst case
climatic condition (i.e., extreme summers).

Static screens with 30 to 50% PR and 1:1 DR are
recommended for maximum building cooling energy
savings in hot climates [9]. For composite climates
that have characteristics of hot-dry, warm-humid,
and cold conditions, static screen designs optimized
for hot-dry summers lead to over-shading and
thermal discomfort during moderate winters [11]. As
opposed to the optimized static screens, dynamic
screens are climate responsive. Thus, if designed
appropriately, dynamic screens have the potential to
outperform the static types [12].

1.2 Occupant’s thermal comfort in buildings

Building envelopes and mechanical systems are
designed to maintain thermally uniform indoor
conditions as required by the thermal comfort
standards [13-15]. These standards prescribe narrow
limits of thermal conditions as ‘comfortable’.
Predicted mean vote (PMV) is a widely used metric
for thermal comfort assessment [13]. PMV values are
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computed using a steady state mathematical model,
which comprises of dry bulb temperature (DBT),
relative humidity (RH), mean radiant temperature
(MRT), air speed (m/s), occupant metabolic rate
(met), and clothing insulation (clo), as its independent
variables. PMV values in the range of (-0.5) to (+0.5)
determines the thermal comfort zone. It is predicted
that this limitation keeps a minimum of 80% of
occupants satisfied [13,14].

1.3 Advances in thermal comfort research and
opportunities for contribution

Over the past twenty years, there has been a
paradigm shift in the conception of provision for
thermal comfort [16]. The notion of a uniform
thermal environment continues to be challenged.
Investigations of different types of thermally non-
uniform indoor conditions involving parameters such
as air movement and body localized heating/cooling
on occupant thermal perception and satisfaction is
one of the currently sought out directions in thermal
comfort studies [17-21].

Recent studies suggest that thermally non-
uniform environments within a broader comfort
range of +1 to -1 PMV can lead to occupant’s well-
being [17,22,23]. They can evoke perception of
thermal pleasure among occupants [20]. Occurrence
of thermal pleasure is explained by changes in
physiological state of occupants within the
boundaries of thermal comfort range, termed as
alliesthesia. In addition to their potential to evoke
thermal pleasure, the thermally non-uniform
environments are also considered to be energizing for
the occupants [17]. These environments can
potentially affect occupants’” resilience and
adaptability to their surroundings, thereby positively
influencing long-term well-being [22,23]. These
studies provide a motivation for deeper
investigations to uncover occupant’s thermal
perception and satisfaction in a wide variety of non-
uniform environments.

Although there can be multiple techniques to
create thermally non-uniform indoor environment,
the operability of dynamic screens provides a unique
opportunity to design them for creating non-uniform
thermal environments within the broader comfort
range that can potentially induce thermal pleasure
among occupants. The present study aims to explore
this opportunity.

2. CURRENT WORK, SOLAR SCREEN PROTOTYPES,
AND STUDY DESIGN

This study attempts to address the following
question: how can dynamic screens be designed to
create thermally non-uniform indoors for occupant’s
thermal comfort and thermal pleasure within an
accepted yet broader comfort range? It also provides

a comparative assessment of the impacts of dynamic
and static screens on predicted thermal comfort and
indoor thermal environment. Full-scale prototypes of
static and dynamic screens were developed and
installed on east facing, single-occupancy office set-
up in the moderate climate of Eugene, Oregon
(ASHRAE, Climate Zone 4C). The impact of five
different conditions including non-screened, static,
and dynamic screens (with three different movement
frequencies) on the indoor thermal environment was
recorded for sunny-sky, hot days during typical
summer months in July and August.

2.1 Static and dynamic screen prototypes

The static screen prototype was intended to
create a uniform thermal environment within the
ASHRAE-55 comfort range, whereas the dynamic
screen prototype was intended to create non-uniform
indoor thermal conditions within the expanded
boundaries of the ASHRAE-55 comfort range. To
inform design of the prototypes, a sensitivity analysis
delineating effects of screen geometric parameters
such as PR and DR on predicted indoor thermal
comfort was simulated in computational environment
for summer months (June-September) for ASHRAE
Climate Zone 4C using computational modelling and
simulations in the IESVE software [24]. The results
were used to decide the geometric parameters for
static and dynamic prototypes. Details on the
sensitivity investigation have been reported in a
previous study [24].

I RO EOROK

A

c-d

Figure 1: (a) non-screened window, (b) window with static
screens having (PR, DR) = (50, 0.1), (c-d) dynamic screened
window with overlapping panels having (PR, DR) = (90, 0.1)
and (PR, DR) = (10, 0.1).

The screen prototypes were designed to be two-
dimensional, thick planar surfaces, which were non-
movable/fixed and moveable/operable in static and
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dynamic conditions respectively (Fig. 1). Based on
results of the simulations [24], the optimized static
screen prototype was designed to have (PR, DR) =
(50%, 0.1) (Fig. 1b) which were predicted to produce
uniform thermal condition close to the neutral line
(PMV = 0) within the thermal comfort zone [13]. The
results of simulations also suggested that a dynamic
screen with the geometric parameters altering
between (PR, DR) = (10%, 0.1) and (PR, DR) = (90%,
0.1) can produce desired nonuniform thermal
conditions that transition between the upper and the
lower limits (-0.5 < PMV < +0.5) of the thermal
comfort zone. Hence, a dynamic screen prototype
was built comprising of two sliding panels (one with
(PR, DR) = (10%, 0.1) and the other with (PR, DR) =
(90%, 0.1) which could overlap sequentially (Fig. 1, c-
d).

2.2 Experimental set-up

The current study was carried out in a 10’ x 10’ (3
x 3 m) experimental, single occupancy office set-up
arranged in the perimeter space of an open-plan,
east-facing studio in an educational building. The set-
up was physically isolated by 7’ high partitions and
had a single-glazed 5’ (wide) x 8’ (high) fixed window
(Tvis = 0.80, SHGC= 0.80) on its east facing wall. The
dynamic and static screen prototypes shaded the
outer surface of the window. Inside the set-up the
work-desk arrangement faced south. Equipment
required to measure thermal and visual environment
was placed inside the set-up in the occupant’s seating
position plane. Figure 2 shows the details of the set-

up.

Figure 2: (a) non-screened condition, (b) static screened
condition, (c-d) dynamic screened condition with screen in
open position ‘O’ in (c) and closed position ‘C” in (d).

Pre-programmed data-loggers (Onset HOBO U-12,
accuracy: +0.35°C (+0.63°F)) were placed at three
locations horizontally and at three stratified levels
vertically at 0.1 m (3.93”), 0.6 m (23.6"), and 1.1 m
(43.3”) to measure dry-bulb temperatures, relative
humidity and globe temperatures. Globe temperature
sensors fabricated and used for the study [25] were

connected to HOBO-U-12’s extra-channel. Hot wire-
anemometer (Testo 405i, accuracy: = (0.1 m/s + 5 %
of mv), measurement range: 0 to 2 m/s) was
mounted at a seated-human’s head-height on a
tripod placed in the center of the set-up. The pre-
programmed data logging unit to measure solar
radiation (W/m?) consisted of a calibrated
pyranometer sensor (LI-COR LI-200R) connected to a
calibrated transconductance amplifier (UTA for L-
COR™sensors) and a data logger (Onset-HOBO U-12).
Of the two solar radiation logging units, one was
placed on the window surface behind the screen and
the other in the outdoor environment.

2.3 Study Design

The non-screened, static, and dynamic screened
conditions were tested during morning hours (8:30
AM - Noon) for the east-facing set-up. The dynamic
condition transitioned between open ‘O’ position
(screen panel with (PR, DR) = (90%, 0.1)) and closed
‘C’ positions (when screen panel with (PR, DR) = (10%,
0.1) overlaps the ‘O’ position). With the dynamic
condition, it was intended to create variable thermal
environment that could transition between the upper
and lower fringes of the ASHARE-55 thermal comfort
zone. Beginning with ‘O’ at 8:45 AM the position was
changed to ‘C’ after 30 thirty minutes continuing the
cycle until 12:15 PM. This movement, however, did
not produce the desired indoor thermal variability.
Hence, it was decided to test the dynamic condition
with increased movement frequencies. As shown in
Fig. 3, the following three dynamic movement
frequencies were tested during a typical morning
hour, beginning from 8:45 AM: (i) every 15 min (O-C-
0-C), (ii) every 20 min (0O-C-0O), and (iii) every
alternate 10 min (O) and 20 min (C) (O-C-O-C).

50 Of 100 30{ 400 60
o C @ - C

9 15 300 45 60 O 200 40
) 0

C o} C o C
D1 D2 D3

Figure 3: D1, D2, D3 are three different movement
frequencies of dynamic screened condition tested during a
typical morning hour. ‘O’ and ‘C’ denote open and closed
positions of the dynamic condition.

3. DATA COLLECTION AND ANALYSIS

Outdoor and indoor environmental data
consisting of solar radiation (W/m?2), dry-bulb
temperature (°F), globe temperatures (°F), relative
humidity (%), and airspeed (m/s) were recorded
every minute during the study runs. The metabolic
rate (met = 1.2) and clothing insulation (clo = 0.5)
were kept constant during the experiment. The globe
temperatures were used to calculate the mean
radiant temperatures using Equation (2). Infrared
images (IR) were captured at regular intervals using IR
portable camera attachment to a mobile phone (FLIR
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One Pro LT iOS camera, accuracy: +5%, resolution:
0.1°C/0.1° F).

The measured indoor environmental thermal data
comprising of DBT, RH, MRT, and airspeed was used
to predict occupant thermal comfort by computing
PMV values [13]. Occupant metabolic rate and
clothing value were assumed as 1.2 met and 0.5 ‘clo’
for PMV calculation. Metabolic rate of 1.2 was
assumed for an occupant in the one-person office
where he/she could be involved in light office work.
Occupant clothing value of 0.5 ‘clo’ was used for a
person occupying the set-up during moderate
summers in ASHRAE Climate Zone, 4C. The R package,
“comf” with in-built functions for thermal comfort
indices was used to compute the PMV values [27].
The computed PMV values were used to predict
indoor thermal conditions inside the screened set-
ups. PMV values between (i) (+ 0.5) and (-0.5)
indicate the thermal comfort zone, (ii) (+1) and (-1)
indicate the thermal neutrality limit, and (iii) (+1) and
(+2) indicate a slightly warm thermal environment
which could produce slight discomfort and heat
stress.

Difference between outdoor and behind-the-
shade solar radiation data was used to determine the
reduction in solar radiation due to static and dynamic
screen shading. The infrared images were analyzed in
FLIR’s computer-based program ‘ResearchlR’ to
understand distribution of surface temperatures in
the screened conditions.

4. FINDINGS

As hypothesized the reduction in solar gain due to
the static screen panel with (PR, DR) = (50, 0.1) was
45-70%. In comparison, the dynamic screen in
positions ‘O’ (i.e., (PR, DR) = (90, 0.1)) and ‘C’ (i.e.,
(PR, DR) = (10, 0.1)) reduced 80-90% of the solar gain.
This suggests that dynamic screen with carefully
designed movement frequency can achieve higher
reduction in solar gain compared to the static screen.
It is evident that the static and dynamic screens can
effectively reduce surface temperatures compared to
non-screened conditions (Fig. 4). In the case of
dynamic screened condition, transition from ‘O’ to ‘C’
reduces indoor surface temperature further by an
additional 6° F (Fig. 4 c-d).

Both static and dynamic screened conditions
created an indoor environment consisting of
patterned solar patches (Fig. 4) with higher surface
temperatures on the floor and work plane. Moreover,
they also created conditions wherein the radiant
temperatures varied between the two boundaries of
the space left and right to the occupant; a condition
termed as ‘radiant temperature asymmetry’. The
surface temperatures in the static and dynamic set-
ups remained within the range of 75° F - 80° F.
However, the solar patches had temperatures

between 85° F and 90° F, which could potentially be
the sources of local thermal discomfort. Difference
between mean radiant temperatures (i.e., AMRT) at
two points in the set-up showed that the
approximate radiant asymmetry between the warm-
window and the cool wall was less than 15° C (Fig. 5).
This suggested that radiant asymmetry in the set-up
did not exceed the limits of predicted local thermal
comfort (i.e., predicted dissatisfaction, PD < 10) which
requires AMRT < 30° C [13].

Figure 4: Infrared images of (a) Non-screened condition, (b)
Static screened condition, (c-d) Dynamic screened condition
with screen in open position ‘O’ in (c) and closed position ‘C’
in (d) at 9:30 AM.
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Figure 5: Difference in Mean Radiant Temperature (MRT)
between warm and cool wall inside non-screened (NS),
static screened (S) and dynamic screened conditions with
movement frequencies (D1, D2, D3).

Analysis of the distribution of PMV values of the
set-up under different conditions suggest that the
non-screened condition was slightly warm as
indicated by PMV values within 1.0 to 1.5. Results
plotted in Fig. 6 indicate that the static screen and
dynamic screens with movement type D3 were
effective in keeping the indoor conditions within
thermal neutrality limit (PMV < 1). The quartile range
of PMV values in the set-ups with static screen and
dynamic screens indicated that the later caused
higher variability in the indoor thermal environment
by creating transitions between ‘neutral’ and ‘slightly
warm’ conditions. Dynamic screens with movement
type D3 kept the indoor environment ‘neutral’ for
most of the time besides creating instances of slightly
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warm/ discomforting conditions when PMV values
exceeded one (i.e. PMV=1).

b
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13}
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Predicted Mean Vote (PMV)

0.7 |
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mNS ®S ©D1 %zD2 =D3
_______ Thermal Neutrality Limit

Figure 6: Distribution of Predicted Thermal Comfort inside
non-screened (NS), static screened (S) and dynamic
screened conditions with movement frequencies (D1, D2,
D3).

As depicted in Fig. 7, a further analysis of indoor
thermal environment for the dynamic screen set-up
with movement type D3 revealed that the transition
from ‘O’ to ‘C’ position and vice-versa decreases or
increases the indoor air-temperature by 4-6° F. This
can be attributed to the control of solar radiation
with the screen’s movement. The drop or rise in the
temperature occurred during the early morning
hours, with-in five minutes after the screen’s position
change.
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Figure 7: Air Temperature trend inside the set-up shaded by
dynamic screens with movement type D3. 4-6° F drop/rise is
observed after change in the screen position from ‘O’ to ‘C’
or vice-versa during early morning hours.

5. CONCLUSION

A comparative evaluation of effects of external
static and dynamic screens on the indoor thermal
conditions for a single occupancy office set-up in the
moderate climate of Eugene, Oregon (USA) (ASHRAE,
Climate Zone 4C) has been presented. As
hypothesized, the static screen produces more
comfortable indoor conditions with PMV < 1 as
compared to the non-shaded set-up. The dynamic
screened condition with an appropriate movement

design, introduce thermal variability in the indoor
conditions that can potentially create instances of
slight discomfort and comfort when the screen is, in
the open ‘O’ (high PR) position and slides to closed ‘C’
(low PR) position, respectively.

These findings indicate the potential of dynamic
screens to evoke sensation of ‘temporal’ and/or
‘spatial alliesthesia’” in  occupants. ‘Temporal
alliesthesia’ is the feeling of pleasure perceived
because of a thermal stimulus, which brings human
body from a slightly less comfortable state towards
comfort. ‘Spatial alliesthesia’ is the perception of
pleasure felt when there are differences in local skin
temperatures across a person’s body [17]. It should
be noted that this study is specific to ASHRAE Climate
Zone 4C and east facing single occupancy office
settings. Future studies should investigate the
applicability of these findings to different climate
zones, orientations, and space types. The study
suggests an approach to design and employ dynamic
solar screens for occupant’s thermal pleasure in work
environments. This provides a novel perspective,
which can be followed by architects and facade
designers. This work proposes and emphasizes that
designs for external dynamic fagade shading systems
need to be occupant centric and should expand our
thermal comfort provisions to include thermal
pleasure and alliesthesia.

6. EQUATIONS
The globe temperature, GT, is computed using Eq.

(1) [26]:
B 1.8

A+A; +A,
Where
A=1.12886430756012 x 10_3,
A; =B xLN(10000(2.5/V -1)),
A, =C[LN(20000(2.5/V-1)) T,
B=2.34149078860173 x 10*,
C= 8.77065543744161 x 10_8, and
V = voltage equivalent to the resistance measured

through US sensor 10,000 Q curve “J” thermistor. The
symbol ‘X’ in the equation denotes the multiplication.

GT —459.67 (°C) (1)

The mean radiant temperature, MRT, is computed
using Eq. (2) [30]:

1/4
1.1x 10% v0°©

MRT =| (GT+273)* + ——2(GT-T,)| -2713 (@
eD™

Where

MRT is the mean radiant temperature (°C), GT the
globe temperature (°C) computed using Eq. (1), v,
the air velocity at the level of the globe (m/s), € =
0.95 is the emissivity of the globe, D = 0.15 is the

diameter of the globe, and T, is the air Temperature
(°C).
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ABSTRACT: Living roofs are surfaces that are substantially covered with vegetation. Among other things they
reduce the energy requirements for cooling, the heat island effect in cities, and storm water runoff, while
sequestering CO, from the atmosphere. This paper discusses the cooling potential of two types of living roofs: one
of them insulated as typical living roofs and the second one with a radiant-evaporative cooling system. Both of
these are compared to a control cell built with a regular insulated roof. Both living roofs were developed by the
authors from previous prototypes and tested between July and August of 2018. Results indicate that the living roof
with radiant evaporative always performs better than the other cells. With the full amount of thermal mass the
living roof with the radiant- evaporative cooling system performs better than the cell with the insulated living roof
and the control cell. And when all the thermal mass is removed from the floor of the cells, the radiant evaporative
cooling system still performs better than the other living roof and the control cell.

KEYWORDS: Living roofs, cooling, night ventilation, thermal mass.

1. INTRODUCTION

Living roofs are substantially covered with
vegetation. Among other things they reduce the
energy requirements for cooling, the heat island effect
in cities, and storm water runoff, while sequestering
CO, from the atmosphere. [1]

In a typical non- vegetated roof with some thermal
mass, accumulated daytime heat continues its transfer
to the interior during the night, while on living roofs,
vegetation reduces the solar gains so that less heat
enters to the interior, reducing cooling loads and
improving comfort. [2]

This paper discusses the cooling potential of two
types of living roofs: one of them insulated as are
typical living roofs and the second one with a radiant-
evaporative cooling system designed by La Roche &
Yeom [3]. Both are compared to a control cell built
with an insulated non green roof. These living roofs
were tested between July and August of 2018.

2. METHODOLOGY
2.1. Experimental set up

The test modules are located at the Lyle Center for
Regenerative Studies at Cal Poly Pomona University,
30 km east of Los Angeles, in California. The climate is
hot and dry with an average high temperature of
31.5°C in August and an average low of 5.3 'C in
January.

All modules are 1.35 m. x 1.35 m. x 1.35 m. with
south facing windows and similar characteristics in the
walls, windows and floor. The only differences are in
the roofs. These are compared and tested in several
series with varying amounts of thermal mass. Each cell
has cement bricks placed on the floor; weighting 2.5 kg
each. A total of 16 bricks, or 40 kg was used in the first
series with the full mass, equivalent to 28 Kg/m2 of the
thermal mass on the floor. In the second series, eight
bricks were removed (20kg) or half of the thermal
mass, equivalent to 14Kg/m2. In the third series, the
rest of the thermal mass is removed from the floor of
the tested cells. All series still have thermal mass in the

gypsum board in the walls. Night ventilation is
provided with a fan and all the cells are equipped with
a timer, set in these series from 9pm to 6am.

Figure 1: View of the all Test Cells with Shade

Vol.1 | 109

35" PLEA Conference. Planning Post Carbon Cities.
DOI: https://doi.orq/10.17979/spudc.9788497497947



https://doi.org/10.17979/spudc.9788497497947

2.2 Monitoring System and Schedule

Data loggers by Onset computer were used for
data collection (Models: U12-012, UX 120-006 M,
TMC6-HD). These sensors were installed in different
locations in the test cells to monitor dry bulb
temperature and relative humidity and compare with
exterior values also collected on site.

3. LIVING ROOF SYSTEMS
3.1. Radiant-Evaporative cooled living roof

The radiant-evaporative cooled living roof
consisted of a radiant water pipe, water pump, and
sprinkler (mist type) on the green roof. The water flow
in the pipe and the sprinklers can operate on different
schedules, based on their different functions. The
sprinkler was typically scheduled to operate during the
daytime and reduced the soil temperature with the
evaporatively cooled water.

+>21C 12pm-3pm

Figure 4: Radiant- Evaporative Living Roof

Night Ventilation

—a

# Material mm  W/mK (L;/\;:l;::)
"1 soil 130 0610 '
2 Gravel 20 2.000

3 Water Proofing Liner 1 0.210

4 Metal Pan 2 44.000

5 0SB 11 0.130 0282

6 Glass Wool 21 0.044

7 XPS 127 0.043

8 Dry Wall 11 0.180

Figure 5: Radiant- Evaporative Living Roof U-Value

The radiant system consists of a closed-loop pipe
with a total length of 33 m. embedded in the soil of the
green roof and which continued inside the test cell. A
pump circulates the water inside the pipe and was
operated by a digital timer, which turned on or off
according to different schedules. The pipes are
separated from the space by a plenum and an
insulated ceiling (Fig 4), also with a sensor operated fan
that provides cool air when needed below. The
radiator absorbs heat from the interior of the cells
which is dissipated through the green roof and the
evaporation. The U value of the radiant- evaporative
living roof was 0.282 W/m’ K. (See Fig: 5). The

activation temperature of the fan is set at 21 'C,
transferring air from the plenum, cooled by the radiant
system, to the interior of the space, thus cooling it.

3.2. Insulated living roof

This living roof had insulation underneath the
planting material (Fig. 2). The U value of the insulated
green roof including the wood structure was also 0.282
W/m’K (See Fig: 3). The conditions inside the insulated
green roof are affected by the thermal mass inside the
space, the ventilation rates, and the amount of shade

in the window.

# Material mm W/mK (l\JA_I\//;IE;)
1 Soil 130 0.610

2 Gravel 20 2.000

3 Water Proofing Liner 1 0.210

4 Metal Pan 2 44.000

5 0SB 11 0.130 0282
6 Glass Wool 21 0.044

7 XPS 127 0.043

8 Dry Wall 11 0.180

Figure 3: Insulated Living Roof U- Value

4. RESULTS AND DISCUSSION

Results indicate that the living roof with a radiant
evaporative cooling system always performs better
than the insulated living roof and the control roof.

The comfort zone used for this analysis is
generated by combining the winter and summer zones
proposed by ASHRAE Standard 55, between 20°C and
27 °C DBT, Absolute Humidity below 12 g / Kg and a
Relative Humidity above 10%. Also, an extended
comfort zone was proposed, extending high values
from 27°C to 31°C Dry Bulb Temperature [4]. This
extended comfort zone accounts for an increased
tolerance to higher temperatures with some air
movement and reduced CLO levels.

For this analysis, the maximum and minimum
temperatures outside were plotted on a chart to show
the behavior of the temperature inside the cells during
the months where the series were collected. The black
vertical lines represent the maximum and minimum
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temperature outside. The light green area represents
the comfort zone and a dark green area represents the
extended comfort zone. The outdoor average
temperature is represented with a red dotted line and
the thermal amplitude with a yellow dotted line. The
vertical black line represents the outside temperature
variation in a day and the color lines perpendicular to
it, represents the maximum average temperature
reached by each of the living roof tested and the
control roof. Below, Fig. 6 and Fig. 8 show a
comparison between the performance of the radiant
evaporative living roof and the control roof, with the
maximum and minimum exterior temperatures and
the daily exterior swing and Fig. 7 and Fig. 9 a show a
comparison between the performance of the insulated
living roof and the control roof, with the maximum and
minimum exterior temperatures and the daily exterior
swing.

Fig. 6 indicates that the maximum temperature
inside the living roof with radiant- evaporative cooling
system is lower than the control roof, with an average
for the entire full mass series of 3°C DBT lower during
the period, and almost always inside the extended
comfort temperature zone.

RADIANT- EVAPORATIVE LIVING ROOF AND CONTROL ROOF
IMUM, MINIMUM OUTDO OR TEMPERATURE: SWING- WITHFULL MASS

Figure 6: Radiant- Evaporative living roof and Control roof
with full mass.

COMFORT ZONE

Figure 7: Insulated living roof and Control roof with full
mass.

Fig. 7 indicates that the maximum temperature
inside the insulated living roof is lower than the control
roof, with an average difference for the entire full
mass series of 0.7°C DBT.

Fig.8 indicates that the maximum temperature
inside the living roof with radiant- evaporative cooling
system is lower than the control roof, with an average
difference for the entire without mass series of 1°C
DBT below in most of the days of the entire series, and
always inside or above the extended comfort
temperature zone.

RADIANT- EVAPORATIVE LIVING ROOF AND CONTROL ROOF
MAXIMUM, MINIMUM OUTDOOR TEMPERATURE: SWING- WITHOUTMA!

NE

Figure 8: Radiant- Evaporative living roof and Control roof
without mass.

Fig. 9 indicates that the maximum temperature
inside the insulated living roof is lower than the control
roof in almost every day of the series, with an average
difference for the entire series without mass of 1°C
DBT, and always inside or above the extended comfort
temperature zone.

Figure 9: Insulated living roof and Control roof without
mass.

Results indicate that with the full amount of
thermal mass the test cell with the radiant-
evaporative cooling system performs better than the
cell with the insulated living roof and the control cell,
with a difference with the control roof that varies from
2°C to 3.9°C, and with the insulated living roof from
1.7°Cto 2.8°C.

With medium thermal mass in the floor, the indoor
temperatures between the radiant evaporative living
roof and the insulated living roof are almost the same
and between the control roof, the radiant evaporative
living roof performs better with a deference between
0.3°Cand 0.9°C.
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And when all the thermal mass is removed from
the floor of the cells, the radiant evaporative cooling
system performs better than the other living roof and
the control cell, with a difference with the insulated
living roof from 0.4°C to 0.7°C, and with the control
roof from 1°C to 1.2°C.

5. APPLICABILITY OF LIVING ROOF SYSTEMS WITH
DIFFERENT AMOUNTS OF THERMAL MASS

To understand the performance of the system,
daily recorded indoor and outdoor maximum
temperature and minimum relative humidity were
plotted on the Building Bioclimatic Chart
superimposed on the psychrometric diagram. Best
performing series will have more values inside the
comfort zone.

A lower indoor maximum temperature indicates a
better cooling performance. The limits of outdoor
optimum performance for each system are
determined by the relationship between the indoor
temperature and the comfort zone for a given exterior
maximum temperature. If the indoor conditions are
inside the comfort zone, the strategy is assumed as
effective for those conditions of exterior temperature
and relative humidity. [4]

Data for the maximum temperature and minimum
relative humidity outside and compare with the inside
data, then were plotted on the psychometric chart. A
total of 33 usable data points was plotted for 33
selected days tested under different conditions with
full, medium and no thermal mass.

The goal of this analysis was to determine the
applicability of the different living roof strategies
under varying amount of thermal mass. Colors were
used to represent each option (different shades of
blue for the radiant- evaporative living roof and
different shades of green for insulated living roof), if
the indoor temperature was inside the comfort zone
(up to 27 °C) when the outdoor temperature was
above the comfort zone, the strategy was assumed to
be effective to achieve thermal comfort. If the
maximum temperature inside the cell was between
27°C and 31 °C this indicated that the strategy was
somewhat effective to achieve thermal comfort. As
you can see in the Fig. 6-7-8-9, all the maximum
temperature data inside the cells was greater than
27°C, that is all the data and strategies are handled
when the system is somewhat effective to achieve
thermal comfort, for that reason the analysis was done
only with the extended comfort zone.

5.1 Radiant- Evaporative Living roof
Fig. 10 shows the Building Bioclimatic Chart with
the data for the cell with the radiant- evaporative

cooling living roof and full thermal mass. The deep
blue dotted lines define the period during which this
design strategy is somewhat effective, up to 44°C Dry
Bulb Temperature; to 32 °C wet bulb temperature; and
below the 60% Relative Humidity curved line.

Relative Humidity (%)
100 % 80 70 60 4

Dry Bulb Temperature °C

Figure 10: Psychrometric Chart for radiant- Evaporative
living roof with full thermal mass

Fig. 11 shows the Building Bioclimatic Chart with
the data for the cell with the radiant- evaporative
cooling living roof and medium thermal mass. The blue
dotted lines define the period during which this design
strategy is most effective, up to 40°C Dry Bulb
Temperature; to 29 °C wet bulb temperature; and
below the 60% Relative Humidity curved line.

Relative Humidity (%)
10 % 8 70 6 50 w0

Absolute Humidity (g/Kg)

10 15 20 s 30 3 0 4

Dry Bulb Temperature °C

Figure 11: Psychrometric Chart for evaporative —radiant
cooling green roof with medium thermal mass

Fig. 12 shows the Building Bioclimatic Chart with
the data for the cell with the radiant- evaporative
cooling living roof and no thermal mass. The light blue
dotted lines define the period during which this design
strategy is somewhat effective, up to 38°C dry bulb
temperature; to 29°C wet bulb temperature; and
below the 60% Relative Humidity curved line.
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Relative Humidity (%)
100 9 80 70 50 40

Absolute Humidity (g/Kg)

Dry Bulb Temperature °C

Figure 12: Psychrometric Chart for evaporative —radiant
cooling green roof with no thermal mass

5.2 Insulated Living roof

Fig. 13 shows the Building Bioclimatic Chart with
the data for the cell with the insulated living roof and
full thermal mass. The deep green dotted lines define
the period during which this design strategy is
somewhat effective, from 32°C to 41°C Dry Bulb
Temperature; to 30 °C Wet Bulb Temperature; and
below the 60% Relative Humidity curved line.

Relative Humidity (%)
10 % 8 7 6 0

%
Absolute Humidity (g/Kg)

10 15 2 2 032 3 w08 45

Dry Bulb Temperature °C

Figure 13: Psychrometric Chart for insulated green roof with
full thermal mass

Fig. 14 shows the Building Bioclimatic Chart with
the data for the cell with the insulated living roof and
medium thermal mass. The green dotted lines define
the period during which this design strategy is
somewhat effective, from 32°C to 39°C Dry Bulb
Temperature; to 29°C Wet Bulb Temperature; and
below the 60% Relative Humidity curved line.

Fig. 15 shows the Building Bioclimatic Chart with
the data for the cell with the insulated living roof and
no thermal mass. The light green dotted lines define
the period during which this design strategy is
somewhat effective, from 32°C to 38°C Dry Bulb

Temperature; to 28°C Wet Bulb Temperature; and
below the 60% Relative Humidity curved line.

Relative Humidity (%)
100 % 80 70 60 50 w0

%,
Absolute Humidity (g/Kg)

Dry Bulb Temperature °C

Figure 14: Psychrometric Chart for insulated green roof with
medium thermal mass

Relative Humidity (%)
100 90 80 70 @ 0 4

Dry Bulb Temperature °C

Figure 15: Psychrometric Chart for insulated living roof with
no thermal mass

6. CONCLUSION

On hotter days, when the dry bulb temperature
reaches 44 °C and the wet bulb temperature reaches
32 °C, the radiant- evaporative living roof with full
thermal mass works better than the insulated living
roof with full mass, with a difference between of 3°C
dry bulb temperature and 2°C wet bulb temperature.

When the living roofs has medium thermal mass
and when the dry bulb temperature reaches 40°C, the
radiant- evaporative living roof works better than the
insulated living roof, with a difference of 1°C dry bulb
temperature between them.

With no thermal mass and when the dry bulb
temperature reaches 38°C, both the radiant-
evaporative living roof and the insulated living roof,
perform similarly, with a difference between them of
1°Cin wet bulb temperature.
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There is not much difference in Dry Bulb
Temperature with medium or less thermal mass is
used. The full amount of thermal mass used for the
study is 40Kg or more will perform better.

To understand the performance of the system
developed in each living roof, the data collected was
plotted and compared on the Building Bioclimatic
Chart. The results of this analysis are shown in Fig. 17
and Fig 18, in which the psychrometric Chart shows the
outdoor conditions under which each specific strategy
will help achieve comfort.

The strategy “radiant- evaporative cooling with full
thermal mass” is indicated with a deep blue dotted line
from 20°C and 44°C Dry Bulb Temperature; 10 °C and
29 °C Wet Bulb Temperature; and below the 60%
Relative Humidity curved line.

Relative Humidity (%)
100 9 80 70 60 0 P

Absolute Humidity (g/Kg)

CTTTERT T TTTEN S

Dry Bulb Temperature °C

Figure 15: Psychrometric Chart for radiant- evaporative
living roof

The strategy “radiant-evaporative cooling with
medium thermal mass” is indicated with a dotted blue
line from 30°C to 40°C Dry Bulb Temperature, to 23
g/Kg of absolute humidity and up to 60% relative
humidity.

The strategy “radiant- evaporative cooling with no
thermal mass” is indicated with a dotted light blue line
from 30°C to 38°C Dry Bulb Temperature, to 29 °C wet
bulb temperature up to 60% relative humidity.

The strategy “insulated living roof with full thermal
mass” is indicated with a dotted deep green line from
32°C and 41°C Dry Bulb Temperature; to 30 °C Wet
Bulb Temperature; and below the 60% Relative
Humidity curved line.

Relative Humidity (%)
10 % 80 0 6 0 4

%,
X
Absolute Humidity (g/Kg)

............

Dry Bulb Temperature C

Figure 16: Psychrometric Chart for insulated living roof

The strategy “insulated living roof with medium
thermal mass” is indicated with a dotted green line
from 32°C to 39°C Dry Bulb Temperature, to 29 °C Wet
Bulb Temperature; and up to 60% relative humidity.

The strategy “insulated living roof with no thermal
mass” is indicated with a dotted light green line from
32°C to 38°C Dry Bulb Temperature, to 28 °C Wet Bulb
Temperature and up to 52% relative humidity.
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ABSTRACT: This paper shows performance evaluations of the solutions and design strategies used in the period
after Brazilian Bioclimatic Modernism that continues its environmental design legacy in the architecture of Marcos
Acayaba. This research investigates the performance and quality of such buildings, never quantitatively evaluated
before. For this purpose, three houses in Sdo Paulo were selected as case studies for fieldwork: Marlene Milan
House (1972), Hélio Olga House (1987), and Vila Butantd Residential Complex (1998). Whilst the research project
involved thermal, daylight, and acoustic conditions, the work presented here focus on the results from fieldwork
of thermal variables. Besides the data collected, interviews were done with the architect and with residents to
complete the studies. The results were compared and confronted with performance criteria established by ASHRAE
55. The thermal quality of the case-studies in the warmer period is favourable to comfort, given the efficacy of the
design strategies, including shading, thermal mass and controlled ventilation. However, the winter performance
proved to be problematic, with temperatures below the comfort zone during day and night, but with room for
improvement still within the realm of passive strategies.

KEYWORDS: Marcos Acayaba, Thermal response, Measurements, Design strategies

1. INTRODUCTION

The Brazilian Modernist Architecture developed
between 1930 and 1964 had special focus on
questions related to comfort and environmental
performance [1]. In this scenario, building design
aimed to respond to local microclimatic conditions, as
well as to the cultural habits, following bioclimatic
precepts. As reported by Marta Romero [2],
Bioclimatism takes into account the environmental
aspects of building’s local context, aiming to achieve
passive natural environmental conditions through an
integrated approach of thermal attributes, daylight,
sound, and colour. Hence, the application of these
principles must inevitably reflect in appropriated
design to the place and to the local materials,
demonstrating historical, cultural, environmental, and
technological mastery.

The distinguishable and creative manner by which
principles of environmental design were introduced in
Brazilian Modernism made architecture from that
period known as Brazilian Bioclimatic Modernism [1].
The performance of buildings from this time has been
evaluated by a few researchers [1, 3]. In this context,
this paper shows the results from the performance
assessment of three case-studies designed based on
the legacy of Brazilian Bioclimatic Modernism,
continuing with the key strategies from the local
environmental architecture. The value given by the
architect Marcos Acayaba to design solutions related

to the comfort of occupants and quality of space
(commonly reported in testimonials and interviews)
makes him a key figure of his generation. Having said
that, this research aims to investigate the
environmental performance and quality in single
family homes designed by him and never
guantitatively evaluated before.

Acayaba was graduated in 1969 from Faculty of
Architecture and Urbanism of the University of Sado
Paulo (FAUUSP). Acayaba’s architectural education
was influenced by the need to contribute to
technological development, coupled with the idea of
integration between building, site and climate,
learning from creative lessons from Brazilian
Modernist Architecture.

When it comes to his buildings, the architect
himself states that the concern with construction,
production processes and maintenance is decisive to
the definition of the architectural key design features,
along with the specific geography of the building site
[4]. Thus, free from any style type, the building form in
Acayaba’s architecture, almost always new, results
from rigorous analysis of specific local conditions,
looking for the highest efficiency of the building
techniques, environmental comfort, quality of space,
and, as a consequence, architectural beauty, where, in
the words of the architect, “nothing is left and nothing
is missing” [4].
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Three houses in the city of Sdo Paulo were selected
as case studies. The reason for this specific selection
can be explained by the different materials and
construction techniques applied in their architectural
design, showing an evolution in striving for an own
design process. In addition, this also denotes a vast
technological and constructive knowledge of the
architect, which works the plasticity expression of his
buildings based on the constructive techniques that
best suit site demands, reinforcing the role of
bioclimatic principles.

This study is part of a wider research project
started in 2014, aiming to evaluate the environmental
performance of iconic architecture in the city of Sdo
Paulo, birthplace of the Escola Paulista (Sdo Paulo
School) of Modern Architecture in Brazil. In respect to
this research in particular, the overall scope includes
the assessment of thermal, daylighting and acoustic
conditions, counting on measurements in situ
completed by analytical work. For the sake of this
paper, the focus is on the thermal performance taken
in measurements.

2. RESEARCH METHODS

The method is experimental inductive, with
fieldwork regarding the measurement of thermal
variables. Besides the in situ collected data, the
architect and the residents were interviewed in order
to complement the studies.

The measurements recorded values of dry bulb air
temperature, globe temperature, air movement, and
relative humidity, taken every 15 minutes with data
loggers HOBO Onset (U12-013), installed in the living-
room and in a bedroom of the three case studies,
simultaneously, in summer and winter periods of
2019. For the warmer period, 15 days between March
and April were selected, followed by 15 days in
September to capture a cooler period. Measurements
of external temperatures, humidity levels, and global
radiation were registered at an open space on site, by
means of a Campbell weather station.

For the purpose of this analysis, only the living-
room data is presented, for a period of seven
consecutive days, encompassing week and weekend,
of stable conditions, close to the typical days of each
period. The results from the three case-studies were
analysed in a comparative way and confronted with
the comfort zone of 80% acceptability range for
occupant-controlled naturally conditioned spaces
established by ASHRAE 55 [5].

3. SAO PAULO CLIMATIC CONTEXT

With regards to the climate, the city of Sdo Paulo
(Latitude 23.85° S; Longitude 46.64° W; Altitude 792
meters above sea level) is located in a subtropical
region, characterized by warm-humid summer days
with predominantly partially cloudy sky, cool and drier

winter days with predominantly sunny sky, with
prevailing wind directions being South, South-
Southeast and Southeast during the vyear. Air
temperatures are moderate for most of the year with
an annual average temperature of 19.3°C, according to
data from the climatological bank of the National
Institute of Meteorology [6]. In typical warm days with
clear sky, temperatures can reach figures above 30 °C
in the beginning of the afternoon. On the other hand,
under a cloudy sky, air temperatures in a warm day
stay around 20°C. In typical cooler days air
temperatures can go as high as 24 °C, due to the solar
radiation impact, whereas in a cooler cloudy day, air
temperatures struggle to get above 15 °C[7].

4. CASE STUDIES: DESCRIPTIONOF ARCHITECTURAL
AND ENVIRONMENTAL ASPECTS
4.1 Marlene Milan House (1972)
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Figure 1: Marlene Milan House, 1972. Photo: Jomar Braganga.

Figure 1 illustrates the first design project by
Acayaba, still as a young architect. According to
Pedreira [8], the architect made a synthesis of Oscar
Niemeyer and Artigas influences. The design
strategies, the aesthetics and the space layout are
directly related to the modernist legacy. In Marlene
Milan House, Acayaba proposed a cast-in-place
concrete arch, under which the uses are allocated and
organized on three semi-levels, a common solution to
Sdo Paulo’s architecture at that time and appropriate
to the specific site conditions.

The social areas were coupled with dining-room at
the lower floor, whilst also being physically and
visually integrated with the upper level where the
bedrooms are located, increasing space volume. This
spatial integration, associated with the variable
heights of the multiple areas, creates one single
volume that facilitates convective air movements, as
well as cross ventilation. The fluidity between internal
and external areas is guaranteed by the high glazed
panels, shadowed by the over-arching concrete roof.
Internally, separation between rooms consists of large
movable wooden panels (Figs. 2 and 3).

Perforated concrete blocks with single glass
coverage were also used in some external walls at
lower levels, in order to maximize daylight and natural
ventilation. Furthermore, these elements commonly
named in Brazil as cobogds were characterized by
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perforations to allow daylight and maintain internal
natural ventilation (Fig. 4). In order to enhance
ventilation, adjustable lower openings in the glass
panels were introduced (Fig. 5), favouring the stack
effect through higher openings placed near the
concrete surface, positioned above the hydraulic
columns in the social area.

Under the originally uninsulated concrete roof
structure (A= 1.75 W/m°C), the internal space is
enclosed with operable single glass panels
(0.8 W/m°C). Internal surfaces and partitions were
made in Cedro wood (A= 0.12 W/m°C). After residents
reported high internal temperatures during the first
occupied summer, a layer of thermal insulation made
of polyurethane (A= 0.03 W/m°C) was added to the
external surface of the roof. In addition to that, the
external surface was painted in white to increase
reflectivity of global radiation (Fig. 6). Another strategy
that helped to lower temperatures was the high
vegetation density of the landscape design, providing
shading to the glass panels and to the roof.

It is necessary to emphasize once again the
architect concern to technical and constructive issues
to establish design strategies. The construction
technique and the aspirations for the form did not
allow the installation of brises on the external face of
the glass panels. Thus, the solution found was to
extend the concrete roof in a way that it created a
transition space between exterior and social area,
resulting in a horizontal shading device, as illustrated
in Figure 2. Regarding the design strategies for the cold
period, the most notable one is the provision of a
fireplace, in a prominent spot in the living-room, as
shown in Figure 7.

All the rooms in the residence can be coupled with
the outside, in thermal, daylight and visual terms.
During the course of the day, it is possible to notice
differences in the internal environment due to
changes in the aspects of daylight and solar access.

Although measurements of acoustic conditions
were not brought to this discussion, it is also worth
mentioning that the residence has the lowest sound
insulation performance of the three case-studies due
to a high degree of sound leakage from the exterior in
association with a large amount of reflexive surfaces
(concrete, glass and ceramic tiles), that can cause high
rates of room reverberation.

Figure 2
with high room’s height.

Figure 3 (in the middle): Movable wooden panels.
Figure 4 (right side): Perforated elements wall.

Figure 5 (left side): Natural ventilation devices.
Figure 6 (in the middle): Vegetation that provides shading
and roof painted white with a thermal insulation layer.
Figure 7 (right side): Fireplace in a prominent spot.

Photos: Jomar Braganga (Fig. 2 and Fig. 5); Nelson Kon (Fig.
4 and Fig. 6); and Richard Powers (Fig. 3 and Fig. 7).

4.2 Hélio Olga House (1987)

Figure 8: Hélio Olga House, 1987. Photo: Nelson Kon.

The concept of Hélio Olga House (Fig. 8) is the
result of the structural concept defined to solve the
challenging steep geographic site (100% of slope).
Inspired by proportions, simplicity of form, lightness,
transparency, and spatial continuity of Japanese
Architecture [9], Acayaba sought solutions in the
modular and standardized wooden structures,
specialty of the engineer and owner of the residence.
The Smith House (1955) and Weekend House (1964),
both by the Miesian architect Craig Ellwood, were
taken as reference to this design project.

An independent wooden structure was envisioned,
supported by only six points, preserving the site
natural geographic characteristics. A 3.30 meter
modular cubic system was adopted, creating a
residence of four floors. The living-room and
bedrooms, facing Northeast, benefit from the best
orientation in this climate, in terms of capturing solar
gains during the winter period. The main facade is
Northeast, receiving direct sunlight between 5 a.m.
and 12 a.m. in the summer, and from 7:45 a.m. to
4 p.m. in the winter. For the subtropical climate of Sdo
Paulo, this is one of the best orientations for a long
permanence place, maximizing solar access during
winter and minimizing in the summer months.

Light-weight building components were specified
for external and internal walls, as well as the roof, in
Angelim wood (A= 0.23 W/m°C), in order to minimize
the total structure weight, resulting in a light thermal
mass building, highly coupled with outdoor
temperature fluctuations. In this design, maximum
ventilation is the main strategy to control the rise of
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internal temperatures. To assist in the comfort
conditions, internal translucent blinds were added by
the occupants to block solar radiation through the
windows in summer. As a matter of fact, ventilation
plays a central role in the thermal performance of this
residence. As mentioned, the wooden structure is
exposed on all sides, including the floor area, where
adjustable trickle vents were inserted as part of the
inlets to increment air flows, as shown in Figure 9.
Besides, the uninsulated slabs of all floors are exposed
to outside (Figs. 10 and 11).

The extended roof works as a shading device for
the access floor (Fig. 12). On the other hand, the trees’
canopies have the same effect on the lowest floors
(bedrooms), as Figure 13 illustrates. In the lower
floors, where the bedrooms are located, internal
movable shutters provide adjustable shading. The light
colour of the external opaque white panels reflects a
great deal of the impinging solar radiation on all
orientations, given to the very low absorption
coefficient (between 0.2 and 0.3).

As seen in Marlene Milan House, the fireplace in
Hélio Olga House also occupies a central area in the
social floor (Fig. 14). In the winter, the great number of
exposed surfaces may increase the indoor air
temperature during sunny periods with clear sky.
However, despite the provision of the fireplace in the
living room, the level of exposure to the exterior
environment due to the uninsulated envelope raises
concerns about the night-time performance during the
winter months.

-5 a

Figure 9 (left side): House detached from the ground.
Figure 10 (in the middle): Fins underneath bookshelves.
Figure 11 (right side): Vertical circulation and slabs with
openings for ventilation.

YR - ¢

S e 2 4
Figure 12 (left side): Roof used as shading device and large
openings with internal shading devices.

Figure 13 (in the middle): Vegetation shading lower floors.
Figure 14 (right side): Fireplace in the social floor.

Photos: Marcos Acayaba’s personal collection (Fig. 9 and Fig.
11); Sebastian Crespo (Fig. 12 and Fig. 13); Cristiano Mascaro
(Fig. 14); and authors (Fig. 10 and detail in Fig. 11).

The way daylight reaches the interior spaces can
change the occupants’ space perceptions, in the same
way as in Marlene Milan House, animated by a

dynamic change of internal colours throughout the
day, as a function of the changing aspect of daylight.
Acoustically, the residence takes advantage of its calm
and isolated location, where eventual urban noise
from a nearby busy road in rush hours is a rare
problem to the overall comfort of occupants.

4.3 Vila Butanta Residential Complex (1998)

A% o R 4 —_—
Figure 15: Vila Butantd Complex, 1998. Photo: Gal Oppido.

Vila Butantd Complex (Fig. 15) consists of a set of
sixteen semi-detached single-family units. The houses
were designed in order to favor the communal leisure
and adapt to the terrain slope. In a semi-detached
formation, two rows of houses were created following
the boundaries of the site: one near street level, with
four houses, and the other lower, with twelve houses
(Fig. 16). Key local factors that drove the design project
were topography (average slope of 45%), landscape
and views. In addition, floor plans rationalization and
building construction systems were a major drive to
reduce building costs to design a flexible middle-class
market-type housing typology.

The construction system is a structural masonry
with pigmented concrete blocks (A= 0.91 W/m°C),
reinforced concrete slabs and wooden beams. This
residential complex was designed with a considerable
amount of opaque and heavy mass building
components, guaranteeing considerable thermal
inertia to its interior.

Aside from the brise-soleils designed to block the
solar radiation (Fig. 17), in this specific case, the site
planning arrangement of misaligned semi-detached
residences facing East and West, resulted in shading
benefits during the summer period (Figs. 17 and 18).

Following the same strategy as the other cases, the
shading is associated with ventilation to achieve
comfortable temperatures in the warm period. The air
flow not only can enter by generous window openings
that are not common in S3o Paulo real estate market
(Figs. 19 and 20), but also can cross all the space when
doors are maintained open. It is interesting to note
that these openings have an adjustable panel to block
sunlight into the bedrooms, shown in Figure 19.

One more time, a fireplace for the social floor as a
strategy for the cooler periods of the year was
provided (Fig. 21). On the other hand, daylight inside
the residence does not have the same sensorial
proposal as the other two cases. However, the
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aesthetic created by the arrangement of the houses,
their materials and their self-shadowing effect is
something to be noticed. With regards to the acoustic
performance, the calm vicinity and the predominant
residential use of the area, provides good acoustic
conditions in terms of external sound sources.

Figure 16 (left side): Misaligned esidences.
Figure 17 (in the middle): Use of horizontal brise-soleils.
Figure 18 (right side): Volume shadows and shading devices.

Sl |
Figure 19 (left side): Windows with adjustable protection.
Figure 20 (in the middle): Large openings for ventilation.
Figure 21 (right side): Fireplace in a prominent spot.
Photos: Gal Oppido (Fig. 16, Fig. 18 until Fig. 21); and Nelson
Kon (Fig. 17).

5. FIELDWORK: RESULTS AND DISCUSSION

Looking first at the measurements carried out
during the warm period, as it can be seen in Figure 22,
when external temperatures do not get above 30 °C,
indoor air temperatures figure around 26 °C in Marlene
Milan House and in Olga House, and 24 °C in Vila
Butantd Complex. When the outdoor values are higher
than 30 °C, the indoor air temperature can reach 28 °C
in Marlene Milan House; between 30 °C and 32 °C in
Olga House; and 26 °Cin Vila Butantda Complex.

In the three cases, globe temperature is constantly
below the air temperature, which is positive for
thermal comfort of the occupants, during warm days.
However, this difference decreases as the constructive
materials are lighter and the solar radiation is
available.

Overall, the three case-studies have a good
response for warm periods. Almost all of the indoor air
temperatures have complied with ASHRAE 55 comfort
zone, with exception of a few hours in Hélio Olga
House, when outdoor temperatures reached over
30 °C. It may be explained by the house low thermal
mass, which also reflects on higher thermal amplitude,
showing a similar pattern of temperature oscillation to
the exterior one. Nevertheless, as internal conditions
are quite coupled with the external ones (whilst
shading is provided), internal temperatures are
comfortable during mild periods.

Furthermore, looking at the measurements in
Hélio Olga House, it is noticeable the effect of

ventilation rates to control internal temperatures. In
this respect, on April 4", when external temperatures
exceed 30 °C, the reduced ventilation rates in the
living-room maintained indoor temperatures below
the external ones by keeping all windows minimally
opened, despite the light-weight building fabric. In the
next day, when ventilation was increased, a sensible
increase of internal temperatures was observed.

Different from that, a considerable effect of
thermal inertia can be seen in the measurements
collected in Vila Butantd Complex with a significant
thermal delay (3 to 4 hours), accompanied by the
reduction of peak temperatures. The difference
between peak internal temperatures comparing the
two extreme cases, being Hélio Olga the light-weight
house and Vila Butantd the one with more thermal
inertia, was of approximately 5 °C on a summer day.

In this context, the Marlene Milan House is in the
middle of the others, also in the middle of the comfort
zone, with constant temperatures. Such a thermal
response can be explained by the shading strategy
together with the external insulation and reflectivity of
the concrete roof. It is worth mentioning that the
overwhelming shading strategy creates shaded outdoor
spaces that characterize the microclimatic conditions in
the immediate surroundings of the house.
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Figure 22: Measurements of dry bulb air temperature, globe
temperature and wind speed during warm period
(March/April 2019) in the living-rooms of the three case-
studies with external air temperature and solar radiation.

For the cold period, Marlene Milan House had the
best response of the three. As expected, Hélio Olga
House has the closest thermal conditions to the
exterior, having issues to comply with the thermal
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comfort zone limits. As seen in Figure 23, in the coldest
day with external temperatures around 14 °C during the
day, indoor air temperatures figured around 19 °C in
Marlene Milan House; 15.5 °C in Hélio Olga House and
17.5°C in Vila Butanta Complex. The higher internal
temperatures in the Milan House than in the Butanta
Complex during the winter (despite the higher thermal
inertia of the second) can be explained by the higher
solar access in the first case due to the orientation and
bigger glass panels. None of them reaches the 80%
acceptability (with the windows closed).

Itisimportant to highlight that these measurements
were taken in places where temperatures could be
increased by using the fireplaces provided in the design
stage, although they were not used. One way of
improving temperatures in cold days would be
decreasing infiltration by increasing the windows
airtightness. However, due to the Sdo Paulo climate
(subtropical) and the consequent predominance of
warm periods, traditionally buildings have not been
designed and built for airtightness, undermining the
thermal performance in the colder periods.
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Figure 23: Measurements of dry bulb air temperature, globe
temperature and wind speed during cold period (September
2019) in the living-rooms of the three case-studies with
external air temperature and solar radiation.

6. FINAL CONSIDERATIONS

After analysing the three residences, itis clear that,
in the Marlene Milan House, the strategies applied
were related to the roof, including shading, as the
concrete structure was made into a big and wide solar
“umbrella”, reflectivity provided by the white external
surface and thermal insulation. In addition, the

physical and environmental integration of the internal
spaces facilitate air-flow. In Hélio Olga House, the
strategies were mainly related to natural ventilation
and light-weight components, as well as solar access
and solar protection by dealing with orientation and
large openings. In Vila Butantad Residential Complex,
the main design drive was the adequacy of the semi-
detached houses to the local topography, whilst for
the building components, the material choice
favoured thermal inertia, coupled with large openings
to controlled ventilation and solar access, with
movable external shading.

Despite the differences in the overall thermal
response between the three case-studies, the thermal
quality in all of them is unquestionable in the summer,
with a few moments when the internal temperature
reaches or exceeds the external one. On the other
hand, whilst focus was put in dealing with the summer
conditions, the winter performance was left with room
for improvement. The adequate response to the
summer conditions (predominant over the year) is
directly related to the appropriate combination of
multiple design strategies and, therefore, to the design
synthesis, bringing together building techniques, site
conditions and environmental strategies, on a case by
case basis, moving away from the idea of the optimum
or pre-determined solutions for the adequate
environmental performance.
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ABSTRACT: Sea Ranch, California is the place where the coastal resort is designed by architects, landscape
architects, and many kinds of researchers aiming for environmental and sustainable design since 1960’s. It is
important to reassess the Sea Ranch Architecture in the respect of environmental design as a significant practice
of architecture responding to the environment. Thereby the goal of this research is to illustrate the
characteristics of the relationship between the spatial design and the environmental situation calculated by
simulation tool. Since wind, sunshine and view are important factors especially in coastal villas, these
environmental factors are investigated regarding the spatial composition in the outdoor living spaces. Finally,
various systems responding to the environment were found out in Sea Ranch Architecture.

KEYWORDS: Sea Ranch Architecture, Outdoor space, Passive design, Responsive design, Spatial composition

1. INTRODUCTION

A group of buildings at Sea Ranch, California, is
known as villas that have been developed in harmony
with the natural environment. The initial idea for the
symbiosis of architecture and nature can be seen
from the drawings of Lawrence Halprin, who
designed the master landscape plan of Sea Ranch[1].
More than a half century has passed, this built
environment can be regarded as an important
masterpiece of architecture responsive to the
environment in addition to the presence of a living
heritage as modern architecture. Especially, it is
assumed that various characteristics on design of
outdoor spaces could be found as combinations of
building’s form and environmental phenomena, such
as natural air flow, light and view to the surrounding,
and they could be related to a passive design on the
climatic and locational uniqueness in California. For
instance, the sunny entrance terrace enclosed with
walls has the modest wind or the poolside
surrounded with a mound has the ocean view.
However there is no research on these Sea Ranch
Architecture using simulation yet. Thereby the
purpose of this study is to illustrate the
characteristics of the outdoor space design of Sea
Ranch Architecture as seen from the spatial
composition and the environment. This research is
based on Climate data from the California Climate
Data Archive offered by the Institution of
Oceanography[2].

Outdoor space No. 1-3 [Condominium One]
Morning Evening

pPuIm '¢

Analysis area Analysis area
CFD Analysis section
Ave. wind speed ‘ 0.41m/s ‘Comfortahle Ave. wind speed | 1.17m/s ‘Comfortable

S\Q d E Sunsrﬁ\%area S\G)]

Sun shadow diagram Sun shadow diagram
Sunlight area ratio[75% | Much sunlight _|sunlight area ratio|75% | Much sunlight

: View area bk ¢ —

+—Floor of outdoor space

CFD Analysis section

W3 uns 'y

{— Sunshine area
a1

ETNES
-

Panoramic view ‘ View ratio ‘ 29.0% ‘ Wide view

Figure 1: Analysis example

2. Spatial composition of outdoor space

2-1. Location and landscape

The spatial form of the outdoor space is analysed in
this chapter. Firstly, it investigates the geographical
characteristics of all 17 buildings in Sea Ranch. Mainly
the location of buildings are on the coast or in forest.
And more cases are located on the coast where wind
blows stronger than in forest(13/17) [Table 1].

Table 1: Building location
Site Forest Coast
Cases 4/17 13/17
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As suggested by Lawrence Harplin, landscapes such as
the trees and mounds are distributed around the
buildings as an enclosure. While many trees are
enclosing around the building, a mound can be found
in a few cases [Table 2,3].

Table 2: Trees distribution

Orientation| East West | South | North
Number 11 9 12 11

Table 3: Mound distribution
Orientation| East | West | South | North
Number 3 1 2 2

2-2. The number of Outdoor space

47 outdoor living spaces were found within 17
buildings[Table 4]. Most of the buildings have
multiple outdoor spaces(13/17). However there are
only 4 outdoor spaces which have eaves over.

Table 4: Number of Outdoor space

The number of Outdoor|Single Multiple
space per building 112131356l 7]s
Cases 4 |54 2]1]0]0711
Total nember of Outdoor space 47
Thenember of Outdoor space with roof 4

In addition, regarding the use, most of Outdoor
spaces are common use such as Living room terrace
or Dining terrace(36/47) [Table 5].

Private (4) |Lt- Loft terrace (2), Bd- Bedroom terrace (2)
Common | En- Entrance terrace (8), Lv- Living terrace (9),
(within a dwelling) | Jc- Jacuzzi terrace(5),PI- Play room terrace (1), Dn- Dining terrace (6),
(36) Kt- Kitchen terrace (3), Ln- Laundry terrace (2), St- Studo terrace (2)

(het?m%gsrdr\]rglinngs) Co- Common terrace (1), Po- Pool side (2),
(7) Tn-Tennis court (3), Ba- Basketball court (1)

Table 5: Use of Outdoor space

2-3. Enclosure pattern of Outdoor space
Enclosure patterns are investigated by looking at the
patterns of boundary types as listed in [Fig. 2].

Open (108)

Closed (80)

Permanently open (103) Door (5)

w

3

Z
=

Building (64) IShort wall(38) Fence(17)

Figure 2: Boundary types

All cases are classified into three enclosure patterns;
OPEN has open boundaries more than three, EVEN
has two open boundaries, and CLOSED has an open
boundary or less [Table 6]. OPEN is the majority
among the cases(22/47) next majority is EVEN
(16/47). CLOSED are only 9 cases. Consequently, the
majority of wall patterns showed a tendency to open
the space towards the southwest where the seaside is
facing.

Table 6: Enclosure pattern of Outdoor space
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3. Wind environment of outdoor space

3-1.0utline of simulation

In this chapter the wind behaviour of the 47 outdoor
spaces is analysed by the thermal fluid simulation
based on the prominent natural wind condition of
Sea Ranch[2][Figure 3]. The wind environment of
each outdoor space is calculated under the setting of
a constant prevailing wind condition from April to
October[Figure 3]. Average wind speed 3.6m/s in
morning and 3.2m/s in evening are set as Inflow wind
speed in the simulation. Both of them are faster than
2.3m/s [4]. That is to say this area has Strong wind
both in the morning and evening on average.
Comfortable wind is defined as the wind speed
slower than 1.5m/s[4].

Analysis areal Climate data: (California Climate Data Archive)
Station: Sonoma, California (Oak Ridge)
(38.73°N, 123.30°W, Height: 6m)
Time:2017/4/1~2017/10/31

Analysis area

Power law infow boundary:
§ ] Ground surface roughness |
: ; Power-law index a=0.1
£ ‘ : Evening

loor
Analysis area is defined 1~2m
above the floor.
Software: S Wind rose| wind
STREAM V13 Ave. wind speed: 3.6m/s | Ave. wind speed: 3.1m/s

Turbulence model: Model area covers 100m to each orientation
Standard k-eModel from Center point of building

Boundary conditions:
All surface is smooth

Tree model is made with reference to the
Tree Canopy model of reference 3.

Figure 3: Outline of wind simulation

3-2.Average wind speed of Outdoor space
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In order to analyse how much the wind is reduced in
all cases, categorising the wind speed into three
groups as below; Comfortable wind(1.5m/s) Middle
wind(2.3m/s) and Strong wind[Figure 4]. Although
the inflow wind is strong, most cases are mildened to
comfortable wind in both morning and evening
(morning:34/47) (evening:37/47) [Figure 4]. Also
there are only a few cases has Strong wind
(morning:2/47) (evening:3/47).

Comfort (34) Strong (2) Comfort (37) Strong (3)

(s/w) paads puim adesany

Morning Evening

Figure 4: Average wind speed

In addition to this, most cases has always comfortable
wind through a day(29/47)[Table 7]. This result shows
how successful outdoor design can milden the wind.

Table 7: Transition of wind comfortability

Always comfort | Morning comfort | Evening comfort Non confort

29/47 5/47 8/47 5/47

4. Sunshine environment in outdoor living space
4-1. Outline of simulation

No matter how mild the wind, sunshine is also
important and needs to be taken into Outdoor space.
Therefore in this chapter the sunshine environment
for these outdoor spaces are analysed by simulating.
The simulating day is elected from July when the
average amount of solar radiation is the highest in
the year. The sunshine area for each hour is
examined by the use of shadow maps exported from
3D modeling software. Then, the sunshine area ratio
is investigated as a characteristic of the sunshine
environment in each shadow map. It is the ratio of
the sunshine area per the whole area of outdoor
space [Fig. 5].

Analysis area} Geolocation setting:

Analysis area Locationi: Sonoma,California
27 (38.68°N ,123.43°W)
7 1 Day: 2017/7/15

E[ W Sunrise time: 5:01  Sunset time: 19:37
F

lGor Shadow map is made according to hourly

Analysis area is defined as shadow movement of each Morning
the surface 1m above the (6:00~12:00) Evening (12:00~18:00)

floor. Model area covers 1km from Center point of
Software: Sketch up building including geographical feature

Figure 5: Outline of sunshine simulation

4-2. Sunshine area ratio of Outdoor space

In the case of morning hours, the patterns of the
sunshine area ratio showed a consistent tendency
among three groups , which are Much(16/47),
Middle(15/47), and Little(16/47). In contrast, in the
evening sunshine tends to be Middle or Much. That is
to say sunshine area tends to become more over a
wide range in evening.

"g” Little (16) Much (16) Little (8) Much (17)
2100 Middle 100 Middle

3 (15) (22)

o

o 50 50

153

P

=3

S

?S Morning Evening

Figure 6: Sunshine area ratio

Besides, these outdoor living spaces get more
sunshine at sunset time rather than sunrise [Table9,
10]. This result is related to the tendency of the
outdoor space to open towards the sea.

Table 8:Transition of Sunshine area ratio

Always much sunlight|Morning much sunlight|Evening much sunlight|Always less sunlight|

8/47 8/47 9/47 22/47

Table 9,10:Sun rise/Sun set visibility

| Sun rising visible | Sun set visible

[ 4/47 | ] 21/47

5. View of outdoor space

5-1. Outline of simulation

As in the sunshine environment, the view is also an
important environmental factor in Sea Ranch. The
view from each outdoor living space is analysed in
this chapter, such as the sky and the sea by the use of
panoramic view images exported from 3D modeling
software. Each viewpoint is set at the centre of each
outdoor space. Then, the view rate which is the ratio
of the view to the outside per the whole area is
investigated as a characteristic of visual environment
in each panoramic view [Fig. 7].

Analysis areal Viewpoint of View point:

panoramic view |1.5m straight above Centre point of
Outdoor space

Vertical field of view: upper limit is 60
degree above, lower limit is 70 drgree
below

360° )

1.5m

Model area covers 1km from Center
point of building including
geographical feature

Centre point

Fl - =
oor Tree model is made according to

Software: Sketch Up, SU Podium v2.5]| Satellite photo produced by Google.

Figure 7: Outline of view simulation

5-2. View ratio of Outdoor space and view to the sea
Each view ratio is classified into three groups; Wide
(29/47), Middle (12/47), and Narrow (6/47). As a
result, more than half cases obtain Wide view [Fig. 8].
Maximum value of the view ratio is 50%. In addition,
more than a half of these outdoor spaces has the
view of the sea.

Narrow view(6) Wide view(29)

Middle

(um
g ® HIH m”“m”” 30/47

View to the sea
No. of outdoor living space

9%)S9181 MIIA

Figure 8: View analysis example
Table 10:Number of view to the sea
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6. Environmental type and enclosure pattern =
6-1. Environmental type Og”;fg’e‘” Wi e SaRSHNe. | e 55 E_; Envoironmental
This chapter investigates the relationship among No. . ratio | 818 |2
. . Morning Evening Morning Evening 1
above three environmental factors and the spatial 4] 0O O0l0 00000
composition for 47 outdoor living spaces. Initially 133|000 [Q 0O [-0]|0
investigating the relationship between three 152 0[O [O O[O [-]0[0|® W Folind
. ) 31 | OO |O O] O [-]0]-
environmental types, 6 types of unique BT o Ol o000 - o-
environmental patterns were found out through the -6 | OO O] AT O]-1-]10
combination of the three environment aspects[Table 1;"‘5‘ 8 8 8 | 2 | 8 =t 8
12]. @ All-round ty.pe (.5 cases) has Much sunshir.we 91 (OO0 A0 [--]- @ windview
and Comfortable wind in both morning and evening. 153 O O x| O] O -]0lO 8)
This pattern also has Wide view. That is to say this 7100 1a]O]0O |-1-10
pattern takes all three environmental factors 15;2 8 8 i 2 ﬁ 8 —— 8
thoroughly in outdoor space. Open composition is 123 OO A 1TO] A 1-]0]0
more common than other patterns. More than half of 1 OO x| A A -0]O
the cases have a sunset view (3cases). @ Wind,View Tf; 8 8 . ﬁ i i O 8
type (8 cases) also has comfortable wind in both 17 | O | O /5 Al A [-[-]0
morning and evening. And it has Wide view. More N1 ool Aala] A f-]-10
than half of the cases have Much sunlight in either 2:12 8 8 - é - Z , ﬁ - O - @ Wind
morning(4 cases) or evening (2 cases). @ Wind type 14 |0 | O a A x |- , (18)
(16 cases) also has comfortable wind in both morning 151 Ol O | x| x| X |[-]-]-
and evening. This pattern is most common among all ;:g 8 8 | >>Z : i .
6 patterns. @ Sun, View type (4 cases) has Much a1 | OO x| x| & [-/-1-
sunshine and Wide view. ®) View type (12 cases) has 41 O O a | o al-1-]-
only Wide view. Most of the cases have views of the 15722 8 8 i i é A E
sea. That is to say this pattern is specialized in view of 02 2l OoTo ol o o0l
the sea. ® Moderate type (2 cases) does not have 103| A 1 OO O O |-10O|0O @ sunView
comfortable wind through a day, Much sunshine or 13(')21 i 8 8 8 8 - 8 - @
Wide view. The result that there are only 2 cases of 5T T O T > ElNSEs mrelle)
® Moderate out of 47 cases, means that most of the 23 | A | O | x| Ol O-]0|O
outdoor spaces have environmental characteristics 212 i 8 =] Z | 8 - 8 8
. ~ - 1 x 1! | -
such a.s envnronment.al type D~®. Although there 134 2 | x [ x| O O-l0lO
are Wind type and View type, no Sun type is found 142| A | A | A[TO] O [-]0|0] ®view
among 47 cases. All Sun factors exist with the other (1321 O | A | O | A O |-]-10 (12)
environmental factors such as (D All-round type or @ 17511 i — 2 g 8 . 8
Sun, View type. Therefore it can be said that the 161 & | A | A | & O -1-]0
Sunshine is the more additional factor than the other -2 | Ol o | o101 0O [-]0]-
two factors. Ll oh 160 VL] AL D) L e
12:; 8 2 : 5 Z f —t— 8 &)Moderate (2)
6-2. Combination of Environmental pattern and Legend: Average wind speed Sunshine area ratio  View ratio
O Comfortable O Much sunlight (O Wide view
en.closure pa.ttern . . . {A Middle {L\ Middle ? {A Middle
This chapter investigates the relationships between X Strong X Little sunlight > Narrow view

enclosure types and environmental types acquired in

Table 12: Environmental types

Always comfortable wind

the previous chapter. Three types which include Wide 3 Wind (16) )
view has tendency of OPEN enclosure patterns such I I

[ 3 [ 5 [ 8 |
as @ All-round type @ Wind-View type @ Sun-View —
type ® View type. Especially @ Sun-View type has -
only OPEN enclosure patterns. Therefore Openness is ©) | opg) /TII—ErV::nFi ((:f:ied |, ?mryvinf;:{]'e“”cfild |
key to obtain view and sunlight in Outdoor space. On L4 [ 1 [ o ||IlL7 "5 T 0|
the other hand, @ Wind type has most of CLOSED . -
enclosure type (8 cases)and at same time it also has @ Sun,View (4) ® view (12)
OPEN type (3 cases). @ Wind type is the only type (0) } Oen I P ‘[ Coxed “ ‘l o % == l‘ osed |
which has Open and Closed type in the same \_ Wide view
environmental type. Always much sun @Moderate ()

‘ Open } Even ‘ Closed ‘

0 2 0

Figure 9: Venn diagram of Environmental types
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7. Responsive design in the outdoor space of the Sea
Ranch Architecture

7-1. Relationship between Space composition and
Environment

This chapter analyses the relationships between
spatial composition and environment in outdoor
living spaces for each 17 buildings in the Sea Ranch.

Finally, 6 systems of environment-responsive spatial
compositions are delivered as group of outdoor
spaces (fig.6). Each system is characterized by the
intensities of spatial enclosure and the environmental
factors.

Main enclosure of Open-View system is Open. Main
environmental type is View type. All buildings have at
least one outdoor space with view to the sea. Thus
this system is specialized in view especially to the sea.

Main enclosure of Even-View system is Even. Main
environmental type is View type.

Main enclosure of Close-Wind system is Close. Main
environmental type is Wind type. This is the only
system which has Close type Outdoor space.
Although Close type is not major type amongst
enclosure type, Close-Wind system is most common
amongst other systems.

On the other hand the main enclosure of Open-Wind
system is Open. Main environmental type is View
type. At same time all cases in this system allocate
Wind,View type to at least one outdoor space with
view to the sea.

Main enclosure of Even-Wind,View system is Even.
Main environmental type is Wind,View type.

Main enclosure of Open-Sun,View system is Open.
Main environmental type is Sun,View type. All cases
in this system are surrounded by mounds in at least 3
directions. Use of outdoor space is sports ground
such as poolside or tennis court. Although each
outdoor space has open spatial composition, these
sports grounds have much sunlight ,wide view and
even comfortable wind in evening with utilizing
landscape. Looking at the difference in the enclosed
type of each system, Open-dominated buildings are
more than half (8/17). And Open-dominated styles
are diverse in environmental factors such as
Open-View system, Open-Wind system and
Open-Sun,View system. On the other hand
Close-dominated system is only Close-Wind system.
Looking at All-round types in each system, they are
always common use outdoor spaces. It is applied to a
common external living space. This means that the
environmentally rich space is used for the common
space.

Moreover Close outdoor space and Open outdoor
space does not exist in the same building except for
No.1 Condominium One. From the above result, it can
be said that most of building in Sea Ranch have clear
characteristics of space composition in outdoor
space.
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Figure 10: 6 systems of responsive outdoor space
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7-2. Case study

As explained at the previous chapter, it is obvious
that there are mainly two major groups of systems.
First one is Close-dominated systems which have the
outdoor spaces enclosed with walls and they milden
the wind to a comfortable level. Second one is
Open-dominated systems which have the outdoor
spaces open to outside and have diverse
environmental factors. This chapter focuses on the
case studies of All-round type outdoor space
belonging to each open-dominated system and
Close-dominated system.

First case study is Outdoor space No.1-3 in
Condominium one designed by MLTW and also
Lawrence Harplin. Although this building belongs to
Close-Wind system, No.1-3 is Open All-round type
and used as common area for the entire building.

N N N -7
N ey,

v o : - p.

®\\ R, Pl N IR Sor

nium One (1965)

1 Condomi

Figure 11: Case study 1 Condominium One

By assigning roles to the outdoor spaces, selective
environment and spatial composition can be obtained
into the life at this building. Also paying attention to
the location of No.1-3 outdoor space the space itself
is open but it is surrounded by the Volume of each
dwelling unit. This makes it possible to obtain the
comfortable wind and open space at same time. Thus
It can be said that a courtyard is effectively utilized to
milden the strong wind from a completely different
direction in the morning and evening. And this is also
what was proposed by Lawrence Harplin.

-.— . . . . . . . . . . . - W W W W %

~-— . .- .- - . - - - —— .- - .- W e T v e

~—— . N I N

— Building Building
| Volume Volume
(m/s) 1-3

Figure 12: Case study 1 Wind direction map

Next, looking at Case No.3, this building is Open
pattern and Sun-view type. Also most of the wind is
mildened except for only the evening wind at

Outdoor space 3-2. Thus it can be said that this
building succeeded in mildening the wind. Especially
in No. 3-1 the wind is mildened to a comfortable wind
speed both in the morning and afternoon. It can be
seen that the mound is effectively utilized as a
windbreak. On the other hand, No. 3-2, which is also
surrounded by mounds, has an area larger than No.
3-1. So the wind cannot be weakened, and the
average wind speed is Middle in the evening.
Therefore the landscape is incorporated as an
element for operating the environment in this case
study.

3 Moonraker Athletic Center (1965)
Figure 13: Case study 2 Moonraker Athletic Center

8.Conclusion

Although it is ideal that these three factors are
obtained in each space, it is not easy as it is shown
that the All-round type can be found in only 5 cases
out of 47 cases. This is partly because wind type tends
to be closed space composition meanwhile view type
and sunshine type tends to be open in terms of wall
composition. This is why case study shows that the
idea of landscaping such as a mound or building
position is an important factor of obtaining the three
environmental factors at same time especially where
the space is open. Therefore it can be said that the
responsive design method of Sea Ranch Architecture
is to make the outdoor space open and enclose it
with a mound or locate it within the courtyard. This is
exactly what Lawrence Heparin meant in his master
plan guideline with his sketch. From the results
mentioned above, various systems responding to the
environment and the design method of outdoor
space in Sea Ranch Architecture were found out.
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ABSTRACT: A study of indoor thermal environment in office buildings is significant to satisfy people living in,
especially in the tropics where temperature and humidity are high throughout the year. This study aims to clarify
the actual thermal environment in office spaces in Southeast Asia countries; Indonesia, Singapore, and Thailand.
The field measurement was in 2017-2019 by collecting thermal variables and a questionnaire survey. The results
show that most of thermal variables were in the 1.0 clo zone due to the overcooled condition. The thermal
sensation votes and the predicted mean votes (PMV) showed a similar trend as a negative scale which refers to
the cold sensation. Based on Griffith’s method, the average comfort temperatures are 26.8 °C (Indonesia), 24.8
°C (Singapore), and 24.0 °C (Thailand), respectively, lower than the actual operative temperatures. To reduce
discomfort, the indoor temperature could be increased to be higher than the current actual values about 1-2 °C.
KEYWORDS: Thermal environment, Thermal comfort, Air-conditioned office, Tropics

1. INTRODUCTION

In a tropical region, office buildings consume high
energy to provide a cool indoor environment for
human comfort [1]. An air-conditioning system of the
office in the operation and maintenance stage uses
over half of the electricity distribution (56%) [2]
reaching the highest demand compared with the use
of other building types in the commercial sector [3].
Both international and local guidelines for indoor
environments have been adopted in air-conditioned
offices. However, climates and social context in this
region are specific in many factors, such as long-term
thermal experience, human behavior, human
preference, etc. [4]. It is important to survey the
thermal performance of the office in the after-built
stage and compare it with both the design criteria
and human comfort. Due to the limited number of
air-conditioned cases in a tropical region [5], This
study aims to give more details about thermal
comfort based on the large number of on-site cases
by clarifying thermal performance and determining
the comfort temperature from data of thermal
variables and human factors. It would be beneficial to
compare the values among three Southeast Asia
countries; Indonesia, Singapore, and Thailand to
calibrate a suitable indoor environment to be
implemented in the future.

2. METHODOLOGIES
The field surveys of an indoor thermal
environment were conducted between 2017 and

2019 in one office in Indonesia (Jakarta), four offices
in Singapore, and eight offices in Thailand (Bangkok
and Nonthaburi), which were 13 cases in total. All
offices are air-conditioned open-plan offices
equipped with a cooling air-conditioning system. The
offices belong to either private companies or
government sectors. Table 1 describes the details of
each office building.

Table 1: Information on surveyed offices

Case D/M/Y FL/AI-FL  Area  AC N
Indonesia
-1 28-29/9/17 17/21 1207 C 74
Singapore
S-1 31-1/10-11/18 4/9 550 | 104
S-2 2-3/11/18 31/42 879 C 387
S-3 13-14/3/18 3,5/5 360 | 158
S-4 30-31/5/18 5/17 1761 C 465
Thailand
T-1 24,27/4/18 4/7 862 | 97
T-2 2-3/5/18 14/40 437 C 151
T-3 12-15/6/18 14/19 737 | 315
T-4 19-22/6/18 7/20 372 C 470
T-5 24-26/9/18 11/25 674 C 492
T-6 4-6/3/19 17/29 290 C 305
T-7 12-13/3/19 32/43 492 C 142
T-8 9,12/9/19 7/20 576 C 225

Note: D/M/Y: Date/Month/Year of survey; Period: FL/AIl-FL:
surveyed floor/total floor; Areas: Investigated area; AC: Air
conditioning type; C: Central unit; I: Individual unit; N:
Number of occupants.
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Table 2 describes the automatic measuring
devices used in this study. An anemometer was
installed on a tripod that measured air velocity every
10 min per position. The air temperature and relative
humidity were measured by the device named TR-—
74Uvi that recorded automatically in 1-min intervals.
We used the RTR-52A 7” Globe attached to a
partition nearby occupants’ working desk at 1.1 m
high from the floor. All devices were installed at every
orientation in the office.

Table 2: Measuring devices and methods.

IEQ Measuring Record Number of
parameters devices interval measuring
points
Air
temperature TR-74Uvi 10 min 4-13
and humidity
Mean radiant RTR-52A 7 10 min 4-13
temperature Globe
CO; TR-76Ui 10 min 2-13
Air velocity Anemometer 60 sec 5-6

The questionnaire sheet was given to occupants
in the office to evaluate subjective perception
towards thermal environments which was derived
from the ASHRAE 55 [6] and the ISO 9920 [7]
described in Table 3. There were three main
questions, including a seven-point scale of thermal
sensation vote (TSV), a five-point scale of thermal
comfort vote (TCV), and a five-point scale of
preference (TPV). We asked occupants twice a day at
11:00 and 15:00, together with collecting the thermal
variables. We could collect data from 802 persons.
We had 134 votes from Indonesia, 1,253 votes from
Singapore, and 2,197 votes from Thailand.

Table 3: Questionnaire information.

Scale Sensation Comfort Preference
(TSV) (TCV) (TPV)

-3 Cold - -
-2 Abitcold Uncomfortable Colder
-1 Cool A bit uncomfortable A bit colder
0 Neutral Neutral No change
1 Warm A bit comfortable A bit warmer
2 Abithot Comfortable Warmer
3 Hot - -

3. RESULTS AND DISCUSSION
3.1 Thermal environments

The results are arranged by following a name of
countries; Indonesia, Singapore, Thailand,
respectively. As the results, Figure 1 shows that the
median of room temperature was 24.4 °C, 23.3—24.0
°C, and 22.2-23.6 °C respectively. The lowest value
was in Thailand (Office TH-3), while the highest value
was in Indonesia (Office 1-1). The smallest
temperature gap was in Singapore (Office S-2)
reading as 22.7-24.0 °C (AT = 1.3 k) but the largest

one was in Thailand (Office T-3) reading as 20.3-24.7
°C (AT = 4.4 k). Two cases exhibited the median values
ranging from 24 °C (Office I-1 and Office S-4).
Especially in  Thailand, the median room
temperatures in five offices were lower than the
recommendation from the ASHRAE standard (23.2
°C).
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Figure 1: Distribution of air temperature.

The results of relative humidity (RH) were plotted
in Figure 2. The median was 48% (Indonesia), 45-66%
(Singapore), and 47-63% (Thailand). In Indonesia,
Office I-1 performed the well-controlled rate being
within 40-60%, whereas there were some cases in
Singapore and Thailand exhibiting the relative
humidity higher than 60%.
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Figure 2: Distribution of relative humidity.

We compared the results of outdoor
temperature derived from the online database [8-10].
The gap between outdoor and indoor conditions was
severe in the offices that were overcooled inside but
the outdoor temperature was excessively high. The
average outdoor temperature was 26.7-31.7 1 °C
with 64-85% (Indonesia), 28.3-31.1 °C with 64-84%
(Singapore), and 31.1-35.6 °C with 33-67%
(Thailand). Thai cases were expected to be most
critical when temperature gaps between two sides
were higher than Indonesian and Singaporean cases
mainly because of low indoor temperatures.

The average air velocity was quite stable at 0.10—
0.20 m/s which was normal in air-conditioned
buildings. The operation of a fresh air ventilation
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system in most cases was quite normal due to the
control of CO; levels. The values of 12 cases were
below 1000 ppm which fitted to the indoor
environment [11]. There was only Office T-1 being
slightly higher than the mentioned value at 1,050
ppm. It can be implied that the mechanical
ventilation system of most case studies was in a
normal situation providing sufficient fresh air volume.

We calculated the operative temperature and
absolute humidity from the values from measuring
devices to plot a psychometric chart based on the
ASHRAE standard [6]. The recommendation zone for
people wearing loose clothes is the 0.5 clo comfort
zone which fits weather conditions in the tropics. In
Figure 3, it is noticeable that thermal environments in
Indonesia were different from those in Singapore and
Thailand. Most thermal points in Indonesia were in
the 0.5 clo zone (95%), while those in Singapore and
Thailand belonged to the 1.0 clo zone (72% and 85%).
There are some values in Office S-2, S-4, T-1, T-2,
and T-7 shifting out of the comfort zone due to the
absolute humidity that was higher than 0.012 g/g.
Based on a psychometric chart, thermal
environments were not appropriated to people in the
tropics.
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Figure 3: A psychometric chart.

3.2 Clothing Insulation

Figure 4 presents the trend of clothing insulation
based on the calculation from ISO 9920 [7]. The
percentage of clothing insulation rate of occupants in
all countries was the highest at 0.5 clo (33-37%),
which fitted to the comfort zone for people in the
tropics. The average clothing rates were 0.59 clo
(Indonesia), 0.61 clo (Singapore), and 0.61 clo
(Thailand), respectively. Even if the thermal
environment in each country were different, the
clothing rate was likely to be similar to each other.
High outdoor temperature and relative humidity are
the main factors for a clothing wearing decision.
However, there were about 31-44% of occupants
wearing clothing higher than 0.5 clo and more than

50 % of them reported that they felt slightly cold or
cold during the day. However, people in this group
voted comfortable due to clothing adaptation. They
wore additional clothes, such as sweaters, cardigans,
and scarves, etc., to make themselves warm. It could
be implied that in open plan offices, people adapt
themselves to the overcooled environment to be
become comfortable by adjusting their own garments
without personal control of indoor environment.
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Figure 4: Clothing insulation rate.

3.3 The predicted mean votes

The predicted mean votes (PMV) is a well-known
benchmark to evaluate thermal comfort in the office
building. We use this model to estimate how much
thermal environments and people’s uncomfortable
rates in this study could be fitted into that the
tropical climate zone. It uses the data referring to 1)
thermal variables that were measured during working
hours; temperature, relative humidity, and wind
velocity, 2) occupant’s information; metabolic rate,
and clothing insulation from the questionnaire. The
value of metabolic rate was 1.1 met according to a
typical rate for occupants’ activities in the office
written in ASHRAE 55 [6]. In Figure 5, the results are
categorized into 3 groups; PMV<-0.5, -0.5<PMV 2> 0.5
(a recommended zone), and PMV <0.5. The results
show that the recommended values belonged to
Indonesia (80%), Singapore (62%), and Thailand
(38%), respectively. Due to warm temperature and
optimum relative humidity, the suitable PMV was the
highest in the Indonesian case two times higher than
Thai cases. When most values were lower than -0.5,
the suggested values in both countries could not
reach over 80%.
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Figure 5: PMV estimation.

3.4 Subjective votes

Considering the thermal sensation votes (TSV) in
Figure 6, the average was -0.9 (Indonesia), -0.8
(Singapore), and -0.6 (Thailand). Samples in all
countries voted for the colder-than-neutral votes
(TSV =-1, -2, and -3 or TSV-) rather than the warmer-
than-neutral votes (TSV =1, 2, and 3 or TSV. The
voting ratio between two sides was 62:16, 48:11, and
41:8, respectively. The percentage of TSV between
Singapore and Thailand was a similar trend when
TSV- was generally higher than the TSV+ which was
counted as about 4 times higher in Singapore and 5
times higher in Thailand (48:11 and 41:8,
respectively) and votes declared the highest values
were feeling neutral (TSV = 0). The thermal
acceptable range (TSV = -1 to +1) [6] was counted as
54%, 70%, and 76%, respectively. TSV was
contradicted to a psychometric chart when the
offices with cooler temperatures had higher
acceptable TSV votes. The votes from Indonesia were
the highest in feeling cold even indoor temperature
was the warmest. The cold sensitivity and thermal
neutrality of each country would be different and
correlated to the comfort temperature that was
discussed in Part 3.6.
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Figure 6: Distribution of thermal sensation votes.

Thermal comfort votes (TCV) are presented in
Figure 7. The average was 0.5 (Indonesia), 0.4
(Singapore), and 0.4 (Thailand). The rate of all
countries was the highest in a neutral scale (TCV = 0).
The rate of uncomfortable votes (TCV = -1 to -2 or

TCV-) was 13%, 17%, and 20%, respectively. The total
rate of each country was lower than 20% discomfort,
however, the rate of uncomfortable votes reached
over 20% in many cases; one office in Singapore (S-3)
and five offices in Thailand (T-1, T-2, T-3, T-5, and T-
7). Two highest uncomfortable rates were in Office S—
2 (29%) and Office T-3 (28%) which the average room
temperature was quite low and TSV was high on the
cold side.
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Figure 7: Distribution of thermal comfort votes.

To emphasize discomfort, the relation between
TSV and TCV is plotted in Figure 8. The votes are
categorized by the scale of TSV- and TSV+ without
TSVO. The results show that TSV- of Indonesia was
higher in TCV+ (84%), while TSV- of Singapore and
Thailand was higher in TCV- (76% and 74%). In
contrast, TSV+ of all countries became the highest
rate in TCV- (Indonesia = 53%, Singapore = 21%, and
Thailand = 17%). Even though most people voted
more comfortable when they felt cold rather than
hot, the number of uncomfortable votes remained
higher in TSV- rather than TSV+. Especially in
Singapore and Thailand, the percentage of TSV- in
discomfort was 55% and 57% higher than that of
TSV+ in discomfort. It could be implied that cold
sensation may cause discomfort and people have to
tolerate overcooling environments [12]. To decline
discomfort, the indoor temperature should be slightly
warmer so that people will satisfy more with the
overall thermal environment.
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Figure 8: TSV and TCV.

Thermal preference votes (TPV) are shown in
Figure 9. The average was -0.2 (Indonesia), 0.1
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(Singapore), and 0.2 (Thailand). Considering the
highest rate, samples voted “no change” as 69%,
65%, and 63%, respectively. In Indonesia, the
percentage of “prefer a warmer temperature” (TPV+)
was lower than that of “prefer a colder temperature”,
while the other two countries gave the different
results. The percentage of TPV- in Indonesia was 17—
18% higher than that of Singapore and Thailand,
respectively. On the other hand, the percentage of
TPV+ in Indonesia was 16-17% lower than that of
Singapore and Thailand, respectively. TPV is
corresponding to TSV when 87% of people in
Singapore and 83% of those in Thailand who
answered TSV- would like to change into warmer
temperature, whereas 64% of those in Singapore and
47% of those in Thailand voting TSV+ would like to
change into a colder temperature (correlation
coefficient =-0.8 and -0.7). People may normally feel
neutral (TSV = 0) towards thermal environments,
however, there is a possibility to adjust a slightly
warmer temperature to a better rate of TPV with
higher “no change” preference.
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Figure 9: Thermal preference votes.
3.5 Comparison between PMV and TSV

Figure 10. Illustrates the mean PMV and the
mean TSV plotted against the operative temperature
of each 0.5 °C ranging from 21.5 °C to 26.5 °C. Most
values fell in the negative zone lower than a 0 point
scale. The trendline of the Indonesian case was a bit
different from that of Singaporean and Thai cases by
the small ranges of operative temperature that fitted
to a O scale at a higher degree Celsius. By the PMV, an
Indonesian case is obtained the highest rate mainly
due to indoor warmer temperatures. The PMV
prediction becomes 0 when the operative
temperature is 25.5 °C, 24.6 °C (Singapore), 24.8 °C
(Thailand), respectively. By the TSV, the average
when lower becomes 0 when the operative
temperature is 26.3 °C, 25.3 °C, and 24.9 °C,
respectively. The values from the actual votes were
higher than the PMV estimation.
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Figure 10: PMV and TSV against operative
temperature.

3.6 Comfort temperature

To estimate the comfort temperature, we
use an equation based on Griffiths' method which is
suggested to apply to air-conditioned building types
and climate zones including a hot-humid climate zone
[13]. The equation is T = T, (0 - C)/a, where T. means
the comfort temperature (°C), based on T, which is
temperature (°C); C is the thermal sensation vote on
the scale, where 0 defines as a neutral condition; and
a defines the constant rate of thermal sensation
change with the room temperature which is 0.5, as
had been used with a seven-point thermal sensation
scale by the study of Humphreys [14] By this method,
the average of comfort temperatures are found to be
26.8 (Indonesia), 24.8 °C (Singapore), and 24.0 °C
(Thailand). The average comfort operative
temperatures are different from the actual
measurement about +2.4 °C (Indonesia), +0.8-1.5°C
(Singapore), and +0.4—+1.8 °C (Thailand). Comparing
with the previous research of Damiati et al. [4] in
South East Asian countries: Malaysia, Indonesia, and
Singapore, it was found that the mean comfort
temperatures of this study are lower than the actual
mean temperatures. The main reason for a low
comfort temperature in Thai offices was the low
actual temperature with the high number of neutral
votes and no change preference votes. The
comparison between this study and the mentioned
study is listed in Table 4.

Table 4. Comparison of the comfort temperature.

Country N Teom S.D. Source
(9

Malaysia 1114 25.6 2.2

Indonesia 90 26.3 2.3 [4]

Singapore 14 26.4 2.1

Indonesia 134 26.8 2.9

Singapore 1685 24.8 2.7 This study

Thailand 2197 24.0 2.3

Teom: Comfort operative temperature, S.D.: Standard
deviation.
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4. CONCLUSION
This field study surveyed the thermal environment

education level. Solar Energy, 2005. 78(4): p. 504-
517.

of air-conditioned offices in a tropical region, which 4. Damiati, S.A., et al, Field study on adaptive
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To compare thermal variables and to estimate the Lnur:?dess':;ss(;:gaBpLﬁlr;’nananéaziciroirgsmOzglns
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which was quite low in the offices in Singapore and frontier. Urban Climate, 2019. 29: p. 100488.
Thailand. The median relative humidity was 40-66%, 6. ASHRAE, Standard 55: Thermal environmental
which some cases reached higher than the conditions for human occupancy. 2017: Ashrae
recommendation. Considering a psychometric chart Atlanta. _
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ABSTRACT: With rapid development, commercial and economic activities increase to accommodate a large
number of office spaces and buildings in Dhaka. Deep plans are a common practice in middle and high-rise office
building designs and large open plans are preferred office layout by modern businesses due to the flexibility of
the space and economic benefits. Daylight produces positive effects, both physiological and psychological. The
deep core areas of office buildings are often difficult to be naturally illuminated by side windows, and depend
entirely on electricity for illumination. Lightpipes are innovative devices able to transport and distribute daylight
in dark rooms. To explore the possibilities of installing lightpipes, experimental scale models and parametric
computer simulation analysis by ‘EnergyPlus™’ with Openstudio plugin is used in this research to study different
design parameters, e.g. length and width, number and position of lightpipes for effective use of daylighting.
Results indicate combination of artificial light and lightpipe can ensure standard illumination at deep spaces of
offices. It is expected that the design strategies and recommendations from this research will improve the
luminous environment of deep plan office buildings in Dhaka.

KEYWORDS: Lightpipe, Daylighting, EnergyPlus™, Scale Model, Office Building.

1. INTRODUCTION

Many of the existing high rise office buildings in
Dhaka are constructed too closely that the gap
between two buildings is not enough to allow
daylight from side windows, even though the building
codes and setback rules set by the city authority
(RAJUK) is  followed. Contextual physical,
environmental and socio-cultural effects on the
overall condition of the city has been neglected [1, 2]
in these cases. The buildings which are designed and
constructed in such a way where little daylight may
enter at the peripheral portion of the buildings;
middle portion of the floor areas often deprived of
daylighting. Skylight is only applicable to top floors,
but not at the intermediate levels. The intermediate
floor areas that are deprived of daylight, driving the
occupants to rely on artificial lighting that increases
energy consumption. From the year 2005 to 2011,
electricity consumption of Dhaka city has been
doubled [3]. Effective office space design is a
challenging issue in case of building design to ensure
effective inclusion of daylight as it embraces varieties
of activities and users with different age groups.

Innovative daylighting strategies seek to break the
conventional strategies barriers and ‘guide’ daylight
beyond their limits to the remote zones and
windowless spaces, whether in new or existing
buildings [4]. Tubular daylight guidance systems
(DGS) are linear structures that channel daylight
utilizing optical interactions into the core of a
building, with minimal impacts on the building design
[4-6]. The installation of tubular lightpipe system

could be a brilliant solution that may ensure the
quality working environment, energy saving,
reduction of costs and effective space management
[7]. The objective of the research is to evaluate the
potentiality of lightpipe to initiate standard
illumination levels in the deep office spaces in the
context of Dhaka.

2. METHODOLOGY

Possibilities of installing lightpipe are explored,
first by observing the daylight inclusion pattern of
different lightpipes with experimental scale models.
Then parametric computer simulation studies are
conducted for a space (18m x12m) by EnergyPlus™
with  Openstudio plugin. Several parametric
simulations are done by changing different
parameters such as length and width. Number and
position of lightpipes on the same space to achieve
effective use of daylighting.

The case office space is selected by a field survey.
A total number of ten offices were surveyed from
different locations of Dhaka [8]. The survey covered a
broad area through a questionnaire about the
physical characteristics of the offices of Dhaka such as
area lighted with daylight and lighted with artificial
light, heights of openings and types, and health
symptoms of the employee of the offices. The case
office building should represent the trend of typical
office design in Dhaka and internal layout of the case
office space should be such that, there should be
provision for daylight inclusion near openings along
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with deep areas where direct sunlight cannot reach
by side openings.

According to the above criteria the nine storied
Opsonin Building (Corporate office of Opsonin
Chemical Industries Ltd, Dhaka) is selected for
detailed examination and simulation study [8]. The
5th floor of the building is chosen as the case space
for a detailed experiment (Figure 1). This floor is one
of the typical levels, the plan of which is repeated on
other floors. The building has a 7m wide road on the
west, some single-storied semi-pucca establishments
on the east, another nine-storied building 2.5 m from
the northern edge and 2.5 m from the south is a
three-storied building. There is a four-storied building
and some greenery just opposite the road in front of
the office building (Figure 2).
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Figure 2: Location Map (With Site and Surroundings)

Figure 3: Interior view of the case space

Tubular daylighting devices (TDDs), also known as
tubular skylights or lightpipes, are used to bring

daylight into the hard-to-reach, interior spaces of the
case space. TDDs consists of three components: a
dome, a pipe and a diffuser (Figure 4).

In EnergyPlus™ each of these components
corresponds to an object in input file. The dome and
diffuser are defined in the same way as windows
using the fenestration surface detailed object. The
surface type field specified as tubular daylight dome
or tubular daylight diffuser accordingly.

Exterior Roof

Transition Zone

Diffuser,
Daylit Zone m

Figure 4: Tubular daylighting device diagram

The location and orientation of the dome surface
affect the total amount of daylight collected. The
base surface of the diffuser object determines to
which zone the daylighting is delivered. The location
and orientation of the diffuser surface affect the
amount of daylight received at the daylighting:
controls reference points.

Although the object definition is the same as for a
window, there are several restrictions on tubular
daylight dome and tubular daylight diffuser objects in
EnergyPlus™ that is followed in this research as
following [9].

e No outside face environment, objects, shading
control devices, frames and dividers are installed.

e  Multipliers are 1.0.

e Dome, diffuser, and pipe areas (as given by
diameter) are approximately equal.

e Dome and diffuser constructions are in one layer

e The actual TDD projects some height above the
roof surface is located to the tubular daylight
dome coordinates.

3. EXPERIMENTAL STUDY

The experimental study is conducted in two
phases. In the first phase a single-story building
model in 1:60 scale is made with thick white paper.
The model (2mx1m) height is 1m (Figure 5). The
model is placed outdoor where the sunlight comes
uniformly. Observation is done by modifying the
model wall and roof. Daylight illumination is
measured by a lux meter (Dr.meter-LX1330B).

Figure 5. Model for experiment 01
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In the second phase, a multi-storeyed model in
1:100 scale is made with thick white paper to observe
daylight inclusion pattern by lightpipe. The model is
built with half of the previously selected open office
area (18m x 12m) whose length is 9m and width is
6m. Each floor height of the model is 3.6m and the
total height is 10.8m. The model is built considering
the surveyed floor and it is a part of the real space,
maintaining the scale of the model as comparable to
the real scaled floors. A reflective paper is used as the
inner side material of the lightpipes and the cross-
sectional area of the tube is 6.25 cm? (2.5cm x
2.5cm). Observation is done by modifying the length
and direction of lightpipes.

3.1 Inclusion of daylight by straight lightpipe

Firstly two lightpipes are built with paper whose
inner side is with the reflected surface. The length of
the pipes is different to observe different situations.
One pipe connects the roof to the ground floor and
other connects the roof to the 1st floor. This
experiment is done in an indoor environment by
artificial light. When artificial light is on, a significant
amount of light travelled through the lightpipes and it
reached to respective floors by both tubes (Figure 6).

Figure 6. Model for experiment 02(Straight Pipe)

Light Source

oo

IR

[ 7]

v

3.2 Inclusion of daylight by bending lightpipe

At this stage, one lightpipe is started at the roof,
bend 90 degrees at the 1st floor level and bend 90
degrees again before entering at ground floor (Figure
7).

Light Source

I

Figure 7. Model for experiment 02(Bent Pipe)

This experiment is done in indoor environment by
artificial light. When artificial light is on, light travelled
through the lightpipe and it reached the ground floor
by bending lightpipe.

3.3 Observation from the experiments

The target of the experimental setup as well as
the scaled model study is to observe the daylight
inclusion pattern in different spaces of the office by
side openings and by lightpipes where daylight
cannot reach by windows and roof. The findings of
the experimental set are summarized as following.

e Light comes through the peripheral sides of
office by side windows (if there are no
obstructions) on any floor. If the window height
is “h”, direct daylight reach at the distance of
“2h”.

e The centre of office at intermediate floor can be
illuminated by installing lightpipes, where there
is no provision of entering daylight from side
windows or roof.

e  Straight lightpipe should be used where there is
no obstruction on the upper floor of the target
space.

e Light can be penetrated by bending of lightpipe
where there are some obstructions at the upper
floors of the target space.

4. SIMULATION STUDY

Simulation model is created only with the open
office area of case office where direct sunlight cannot
be entered and with vacant interior space without
any partitions or furniture, to avoid the effects of
such surfaces, which both block and reflect daylight
(Figure 8).

| 28.65m

7
’
= /
3 /////////////////////////%
d o B 9T ©
7 480m S Open Office Area
N .
e i A (No Daylight)
5 5
| Illuminated Area
with Daylight
3 >> 18.00m

Figure 8: Model plan generation from selected office area

The other parameters of the model of case space are
as following.
Selected Office Floor
5th floor dimensions
Total floor area
Open office area
Clear height of space

:25m X 28.65m

1692 sqm

:216 sgm (12m X 18m)
:3m (without false ceiling)

: 2.4m (with false metal
ceiling)

:0.75 m above floor level

: Thickness: 10mm.
Conductivity: 0.9 W/m-K.
Visible Transmittance: 0.55.
Solar Transmittance: 0.775.
Density: 160 Ib/ft3

Work plane height:
Glass specification
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Simulation Model
Simulation area

1216 sqgm (12m X 18m)
[Open office area]
Simulation model height :3.5m

Transition floor height :3.5m

Work plane height :0.75 m above floor level
EnergyPlus™ Parameters

Version : 8

Location : Dhaka(time zone +6)
Month 16 [June]

Day type : Summer design day

Simulation time : 12 Hours(6 am to 6 pm)
Max. dry bulb temp. :36°C
Sky model : Clear sky

Figure 9: View of models used for the simulation.

In the simulation model there is an illuminance
plane with 100 illuminance point to measure daylight
at the work plane height (Figure 9). Commonly it is
found that maximum light entered in the middle of
the day-that is at 12.00 pm. For this reason, the
illuminance analysis of every case was considered at
12.00pm. There is also two daylight reference points
named “Daylighting Reference Point 1”7 and
“Daylighting Reference Point 2” (Figure 10 and 11).
Daylight is measured at both the points.

Dome

— Transition Space
| Lightpipe

35m

— Roof/Ceiling
{— Diffuser

Daylight reference point 01
— Work Plane

35m

el

Figure 10: Typical section of one straight lightpipe

— Daylight reference point 02

35m

- — Lightpipes
- - — -Transition Space

t - - —Roof/Ceiling

35m

- - - -Daylight reference points

g
|
=

RS

Figure 11: Typical section of one bending lightpipe

- - - -Work Plane

Simulation is done for both straight and bending
lightpipes. Results for straight lightpipes are
presented in three segments by changing three
variables: lightpipe diameter, lightpipe length and
lightpipe number.

Simulation results of the bending lightpipes are
presented in two segments by changing two
variables: lightpipe length and lightpipe number. The
diameters of lightpipes start from 0.25m and end
with 0.5m. The lengths of the lightpipes are varied
according to floor heights such as one-floor height
(3.5m), two-floor height (7.0m), three-floor height
(10.5m) and four-floor height (14.0m). Variation of
diameter and length are determined from the
varieties of lightpipes available in market and used by
previous researchers [10].

Lightpipe of 0.5m diameter is found with the
highest illuminance and kept fixed during other
parametric simulations of lightpipes at bending
position (Figure 11). Bending angle is fixed at 90° for
all cases.

Figure 12 shows the light levels at the 100 points
of the illuminance plane of the simulation model at
12.00pm for the lightpipe of 0.25m diameter and
shows that daylight can only illuminate at the center
of space and constantly decreases at the periphery
areas. The brightest level of light (165 lux) is found at
the center of the space and the light located at the
periphery area is lower (less than 50 lux). The average
light is only 20 lux and the standard deviation is 31
lux. The median is 7 lux. The uniformity ratio below
the light at work plane is 0.4. A total of 24 nos of the
simulations are done with varying different
perimeters following same methods [8].
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Figure 12: Daylighting distribution for 0.25m diameter

4.1 Simulation analysis: diameter (straight lightpipe)

Figure 13 shows the daylight levels at the central
part of the illuminance plane for different diameters
of lightpipes with the simulation model (deep part of
the office floor). From these data, it is observed that
penetration of light increases with the increasing
diameters of lightpipes; however, the amount of
increase is little. The maximum lilluminance found
with the lightpipe of 0.50m diameter and minimum
illuminance found with the lightpipe of 0.25m
diameter.

Light {Lux)

Diameter

lluminance Point

W Dia:0.25 ®Dia:0.30 Dia:0.35 Dia:0.40 WDia:0.45 W Dia:0.50

Figure 13: Daylight variation of different lightpipe diameters
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The uniformity ratio below the lightpipes at work
plane varied from 0.36 to 0.37. Daylight entered into
the office space at the same ratio by the time (hour)
and reached the maximum level at 12.00 pm. After
01.00 pm, it starts to decrease and arrive at the
minimum level at the end of the office time (06.00

pm).

4.2 Simulation analysis: length (straight lightpipe)

Figure 14 shows the daylight levels at the central
part of the illuminance plane for various lengths of
light pipes with simulation model. From these data, it
is observed that the difference in amount of daylight
entered by lightpipe of different length is little.
Maximum daylight entered by the lightpipe of 3.65m
length; and minimum daylight found by the lightpipe
of 14.60 m length. The uniformity ratio below the
lightpipe at work plane was found 0.36. Daylight
entered into the office space at the same proportion
by the time (hour) and reached the maximum level at
noon (12.00 PM). After 01.00 PM, it starts to
decrease and reached the minimum level at 06.00 PM
(end of the office time).

Light (lux)
2

Len:10.95m

Pipe Diameter

Len:3.65m

ILLUMINANCE POINT

®len:3.65m ®mLlen:7.30m Len:10.95m Len:14.60m

Figure 14: Daylight variation for different lightpipe lengths.

4.3 Simulation analysis: lightpipe numbers (straight
lightpipe)

Daylight levels at simulation model at the central
part of the illuminance plane shows that increasing
number of lightpipes results increase in illumination
(Figure 15).
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Figure 15: Daylighting distribution of straight lightpipes

Maximum daylight is found with nine lightpipes in
the maximum illumination points of the illuminance
plane. The standard light level (>300 lux) is found in
two locations under the lightpipe and the average
daylight level is 225 lux (below standard level). It can
be stated that nine lightpipes are not enough to
ensure standard luminous environment. It can be
achieved by installing more lightpipes or adding
artificial lights.

4.4 Uniformity ratio (straight lightpipe)

The uniformity ratios found for different numbers
of lightpipes are shown in Table 1. The ratios increase
with the increased numbers of lightpipes. The
uniformity ratio of three pipes and six pipes have met
the standards of the ratio most accurately which is
>0.60%.

Table 1: Uniformity ratio for Straight lightpipe

Pipe No. 1 2 3 6 9
Pipe Pipes | Pipes | Pipes | Pipes

Uniformity Ratio | 0.36 0.48 0.65 0.68 0.91

4.5 Simulation Analysis: Length (Bending Lightpipe)

Daylighting levels at the central part of the
illuminance plane for different lengths of bending
light pipes with simulation model shows that the
highest illumination found under the diffuser and
decreases with the distance from diffuser (Figure 16).
Maximum daylight entered by lightpipe of 3.5m
length and minimum light found by the lightpipe of
14.0 m length; however, the difference of the amount
of daylight entered by lightpipe of different lengths
are little. Daylight entered into the office space at the
same ratio by the time (hour).

The uniformity ratio below the lightpipe at work
plane found 0.37 for all cases.
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Figure 16: Daylight variation for different lightpipe lengths

4.6 Simulation analysis: lightpipe numbers (bending
lightpipe)

Daylight levels at the central part of the
illuminance plane for different light pipe numbers
with simulation model shows that amount of daylight
increases significantly with the increasing number of
light pipes (Figure 17).
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Figure 17: Daylighting distribution for bent lightpipes
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Maximum daylight is found with nine bending
lightpipes in maximum illumination points of the
illuminance plane. As in maximum points’
illumination are higher than 300 lux (standard light
level) and the highest daylight level found is 708 lux,
which may create over lighting and glare. The average
light level is 344 lux. Simulation with six bending
lightpipes are given more preferred daylight
according to the illumination requirement with, few
over illuminated points. Average daylight level with
one pipe to three pipes do not meet the standard
daylight levels.

4.7 Uniformity ratio (bending lightpipe)

The uniformity ratios found for different numbers
of lightpipes are shown in Table 2. The ratios
increased with the increasing numbers of lightpipes.
The uniformity ratio of six pipes and nine pipes meet
the standards of the ratio most accurately which is
>0.60%.

Table 2: Uniformity ratio for bending lightpipe

Pipe No. 1 2 3 6 9
Pipe Pipes | Pipes | Pipes | Pipes

Uniformity Ratio | 0.37 0.45 0.58 0.65 0.77

4.8 Observation from the simulation models

The following observations are made after
performance analysis of the experimental parametric
simulation study.

e The illuminance is higher under the lightpipes and
daylight decreases at the edge of the space.

The maximum daylight enters at 12.00 pm (2015
lux) to 01.00 pm (1228 lux) through a single
straight lightpipe.

e The penetrated daylight increases with the

increasing diameters of lightpipes, maximum

light found with the lightpipe of 0.50m diameter.

As the penetrated daylight decreases with the
expanding length of lightpipes, maximum light
found with the minimum length of lightpipe
which is found 3.5m.

Uniformity ratio met the standard for simulation
with three lightpipes for selected area.

5. CONCLUSION

Due to the limitation of energy resources, ever-
increasing energy prices and global warming, the
necessity to reduce the energy consumption in the
buildings is an essential issue in developing countries
such as Bangladesh. In such a context, it is needed to
develop the use of daylight in deep spaces of office
buildings and the efficient design of lightpipes can
address these issue significantly. The amount of
daylight increases considerably with the increased
number of lightpipes. The combination of artificial
lights and lightpipes can ensure a standard lighting
environment at the deep spaces of office buildings. It
is expected that the design strategies and
recommendations from this research will improve the

luminous environment of deep areas of office
buildings in Dhaka.

The present research work focuses mainly on the
performance of lightpipe to improve the daylighting
condition of the office building in the context of
Dhaka.

In the tropics, with the daylight unwanted heat
may enter and too much daylight may cause glare.
This study concentrates on strategies for daylight
inclusion into the office’s task spaces. Besides
improving the Iluminous environment, daylight
inclusion is also associated to aesthetics, energy
consumption (electric lighting, mechanical heating
and cooling), heat loss and gain, sound transmission,
economics, glare control, ventilation, safety, security
and subjective concerns of privacy and view.
Considering time and resource constraints for the
research, the consequence of daylight inclusion on
the previously mentioned concerns is however,
beyond the scope of this paper.
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ABSTRACT: In order to achieve net zero carbon by 2050, significant reductions must be achieved in embodied
energy and carbon emissions from construction materials as well as operational energy demand in buildings. In
this research, a unique timber Brettstapel Passivhaus case study demonstrates the effectiveness of glueless
timber to improve building performance. The mixed methods used included a home tour, photo survey,
interviews and Revit plug-in H\B:ERT for the calculations. Carbon intensities are taken from ICE V3.0 materials
database and EPD reports. The results show that Brettstapel is an effective construction technique to help lower
the embodied carbon in buildings, and the overall energy demand in the operational phase is lower than the

Passivhaus standard.
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1. INTRODUCTION

The Climate emergency is a global challenge just
now and for future generations. According to the
IPCC, a temperature rise of +1.5 degree is likely,
making the environment difficult to live in [1]. To
avoid this, UK Greenhouse Gas (GHG) emissions are
legislated to decrease by 50% by 2030 and to net zero by
2050 from a 1990 baseline. The building industry uses
45% of global energy production, producing a third
of its carbon emissions [2] suggesting that a
significant decrease in the embodied material energy
and carbon emissions is required.

The latest RIBA policy is for new buildings to be
net zero carbon and with a very low energy demand
[3]. Standards are helpful to meet the above targets.
The Passivhaus standard, increasingly used in the UK,
has proven improved performance compared to
other approaches [4].

Despite these efforts to mitigate climate change,
there is little account taken of the impact
of  construction materials and their embodied
carbon emissions, especially in Passivhaus projects
where associated recurring embodied energy can be
up to half of the life cycle energy of a building, and
is vital to reduce in the sector [5].

In this research, a case study was used to
evaluate, a unique timber Brettstapel Passivhaus in
terms of using timber to improve
building performance and decrease  the
embodied carbon. This case study was the subject of
a previous POE study [6] which this paper builds on.
Mixed methods are wused in this paper to
demonstrate a concrete understanding of findings
based on real life applications.

2. LITERATURE REVIEW
2.1 Embodied Energy and Carbon

Embodied energy and carbon assessments
define the material life cycle boundary as either:
cradle to gate (material extraction from source
to factory gate); cradle to site, (additionally
including transportation to the construction site);
cradle to grave, (additionally including in-use,
maintenance and demolition); and lastly cradle to
cradle (including reuse, recovery and recycling).
Embodied carbon calculations are here based on
the Cradle to Gate system boundary, which has
the greatest data on intensities availability and
because cradle to grave and cradle to cradle have
many assumptions which affect reliability [7].

Defining the boundary for embodied energy
varies considerably in literature. Dixit et al. [8]
considers the demolition and waste disposal
processes energy while Chau, Leung and Ng [9] just
consider extraction, production, transportation
to the site and constructional energy as
initial energy. Another concern for embodied
energy is that the energy sources wused in
material production often do not include
renewable energy and it is not clear whether higher
or lower heating figures are applied for the
energy values [10].

Carbon emissions can be significantly decreased
through  the appropriate  material  choices
[11]. Careful material selection during the design
process is thus vital. Low impact materials like
timber or highly recyclable materials like reclaimed
brick significantly decrease the carbon emissions [12].

Due to limited data availability for embodied
energy calculations, and the importance of climate
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change mitigation, the focus here is on embodied
carbon emissions.

2.2 Embodied Carbon Calculation Methods

There are three different assessment methods
widely used in literature: Process, Input-Output and
Hybrid Analysis.

Process analysis defines the specific
carbon/energy of materials during the production
stages but excluded steps (e.g. manufacturing
machinery) might affect the data reliability [13].
Input-output analysis uses national cost data for
products and their energy/carbon intensity. Its
limitation is the variation in transactions and age of
the data. Hybrid analysis is the combination of input-
output and process analysis, which helps to overcome
the limitations of the previous methods and provides
more reliable data. However, subjectivity and time
constraints can still be a limitation for this method.

Although the hybrid analysis method is superior to
other methods, due to data availability, the process
analysis method was used in this study.

2.3 Passivhaus and Principles

Rigorous standards can decrease energy demand
in-use improving the energy performance of the
buildings. Passivhaus requires a maximum of 15
kWh/m?/pa for heating and cooling and 120
kWh/m?/pa for the primary energy consumption. It is
based on building fabric efficiency and exceptional air
tightness.

The Passivhaus standard is proven to significantly
reduce operational energy demand [14]. However, it
does not usually include the embodied energy. This
means a Passivhaus building can still have high overall
energy consumption due to the material choices
which can account for 20-50% of the total lifecycle
energy of the building [5]. This is a weakness in the
current standard, which this study addresses.

2.4 Timber Material and Brettstapel

Timber is widely used in building construction. It is
easy to source as a low carbon highly recyclable and
reusable, low impact material. It also has a relatively
low thermal conductivity compared to other
structural materials. Despite the upwards trend for
use of the home-grown timber, 80% of UK timber
supplies still come from other countries [15]. There
are also concerns about deforestation and the
flammability of timber. However, forest management
strategies such as FSC certification and legislation for
fire protection, such as Eurocodes, address these
issues.

The Brettstapel technique uses timber as a
combined structural and insulation element without
any glue or adhesives. The design principle is based
on the moisture content of the different structural

elements; posts have 15% and dowels have 8% [16].
The exchange in moisture levels cause expansion in
the dowels to snugly fit into the panel holes. The
benefits of this system are; (1) low grade home grown
timber can be used; (2) more carbon is sequestrated
than for an average timber frame structure; (3) it
provides high levels of air tightness with extra layer of
moisture resistant sheathing boards, low level of
thermal conductivity and good level of air quality; (4)
it decreases the Ilabour needed during the
construction process.

The first Brettstapel Passivhaus home in the UK is
investigated here as an ‘exemplar’ case study to
address the research gap in relation to the embodied
carbon emissions in timber Passivhaus homes.

2.5 Databases

Various embodied carbon and energy databases
are available. WRAP’s UK database includes only
building level carbon data rather than individual
material carbon information. The Athena Lifecycle
Inventory is based on ISO standard procedures but
focuses on North American carbon data, and is not
relevant for the UK context. The ICE database V3.0,
EU Environmental Product Declarations (EPD) and UK
conversation factors from DEFRA databases were
used to establish the materials’ energy intensities in
this study. ICE is based on process lifecycle
assessment and cradle to gate (A1-A3) boundary
conditions. Unfortunately, the embodied energy data
for the materials are no longer available and some
materials are missing in the latest version. EU EPD
reports were thus used to compensate for this.

EPD is an eco-labelling system which is based on
Product Category Rules and ISO 14025 standard. It
provides life cycle impact data directly from the
manufacturer. The reports for up to five years
providing relatively current data for the calculations.

UK Government Conversation Factors for
converting cumulative operational energy data to
carbon are chosen here, rather than UK Standard
Assessment Procedure (SAP) figures, since they are
updated every year according to changes in fuel
mixes.

2.6 Embodied Carbon Software

In this study a novel Revit software plug-in
H\B:ERT was used to assess materials’ carbon
intensities. The advantages of this plug-in are that it
provides material carbon emissions individually, and
also shows the total emissions during the design
modelling process.

3. METHODS

A case study method examines real-life situations
and is a useful for understanding new phenomena in
more detail [17].
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A mixed method approach collected data as
follows; a home tour by the researcher to identify any
contradictions or changes between the construction
and technical drawings, interviews with both
occupants and the architect to understand their
experiences of using the materials in the construction
process and as lived with. Further documentary
analysis and photo survey methods revealed how the
building is constructed in reality. Lastly, embodied
energy and carbon calculations were combined with
energy in use calculations to show the overall house
performance.

The superstructure of the house was modelled
with H\B:ERT and the material specifications such as
densities, volumes and weights extracted from the
programme. To avoid the risk of double accounting,
the materials were defined individually according to
their functions. As the plug-in is based on the ICE V2.0
database, more updated and reliable data, material
information was also taken from the new ICE V3.0
database. Additionally, Environmental Product
Declaration (EPD) reports provided material data
missing in the latest database. For the substructure, a
bill of quantities provided from the architect was
used with calculations combining ICE V3.0 and EPD
for the embodied carbon emissions on an Excel
spreadsheet.

Energy meter readings (electricity), amount of
wood used (wood stove) for one year and solar
thermal (hot water) energy generation data were
collected from occupants for the energy in use
calculations, and converted to carbon emissions. The
Passivhaus standard was converted to carbon to
compare and contrast the overall in use and
embodied carbon data.

4. CASE STUDY: PLUMMERSWOOD

Plummerswood is a three bedroom detached
Brettstapel house, located in the Scottish Borders.
The house was designed by Gaia Architects and
completed in 2011 (Figure 1 and 2). With no
Brettstapel factory in the UK, these elements had to
be transported from Austria.

Figure 1: Plummerswood House (Exterior), Scottish Borders
(Dilek Arslan, 2019).

The house uses mechanical ventilation with heat
recovery (MVHR- with post-heater) with no space
heating other than a wood stove in the living room.
There is a 5.6 m? solar thermal panel system to
provide hot water for the 300 m? house. All other
energy needed for the house relies on electricity.

Figure 2: Plummerswood House Ground Floor Plan (a) and

Brettstapel exterior wall construction detail (b) (not to
scale) (Gaia Architects, 2011).

(a)

(b)

80mm Brettstapel- Diagonal Diibelholz
19mm Sheating Board

—— 340mm Woodfibre Insulation
16mm External Sheating Board

Heartwood of Larch Battens

Homegrown Heartwood of Larch Cladding

5. RESULTS AND DISCUSSION
5.1 Embodied Carbon from Materials

The total emission of the case study house is
452.47 kgCOze/m?2  The embodied carbon from the
superstructure (Brettstapel) materials, modelled with
H\B:ERT is 273.8 kgCO,./m?2. Due to the uncertainty of
the end of life usage, such as landfill, reuse or recycle,
the carbon sequestration capacity of the timber
materials is ignored here.
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Table 1: Embodied Carbon Emissions (kgCOz) of the
Superstructure Materials.

1008 ‘
0% | ;
20% { !
@ DD Softwood Solid Timber
70%
® Sheating Boards (MDF)

= Woodfibre Insulation

= Stone

8 Steel Beamand Columns
Plaster Boards

e uGravel

B Window Glass

® Fibre Cement Panels

20% Ceramic

® Coimmat

10% m Bitumen

8 3
® ®
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As can be seen from the Table 1, the impact of the
aluminium was almost same as the total for steel and
stone, although the quantity was much less. Also,
glass and solid timber are similar percentage because
glass is a very high intensity while the volume was
forty times lower than solid timber material.

Table 2: Embodied Carbon Emissions (kgCO.) of the
Substructure Materials.

100%
90%
80%
70% W Brick
m Sanitary
60% & Bitumen
50% W Biodisk
m Polyethelyne
40% miron
@ Stone
30%
m Piping
20% Epoxy
@ Timber
10%
m Steel
0% ® Concrete

The substructure embodied carbon emission was
178.67 kgC0O,e/m?, which is considerably lower than
the superstructure. While steel and concrete
materials were the main contributors, concrete
materials formed 52% of the total carbon emissions,
which is the highest percentage among the
substructure materials (Table 2). However, although
the resin anchors have the highest carbon intensity
(4.06 kgCO,¢/kg) their total carbon emission was low
(13.74 kgCO3¢) as the quantity was relatively small.

The generic embodied carbon emission figures for the
fixing elements such as bolts, steel plates or
adhesives are noticeably higher in the ICE database,
also.

Careful material replacement can significantly
reduce the embodied carbon emissions from the
substructure. Substituting 70% blast furnace slag for
virgin concrete decreases the total carbon emission
of substructure materials by 22%.

5.2 Energy In-Use

The primary energy consumption, including the
energy transmission losses, from the electricity was
31.72 kWh/m?/pa for cooking and lighting,
equipment, fans and pumps, hot water which is
noticeably low compared to Passivhaus standard
maximum of 50 kWh/m?/pa for these particular
sections [18]. The renewable energy contribution for
domestic hot water was 7.03 kWh/m?/pa, also (Table
3). However, this value was taken from the annual
energy simulation of T*SOL Pro 4.5 tool which gives
an estimated figure to be careful.

Annual usage of the wood stove (10 kg per day x
175 days, pa) equates to 25.36 kWh/m?/pa. This is
higher than the Passivhaus requirements for the
space heating. There is, however, an important
misunderstanding concerning this figure. The
Passivhaus standard considers either heat load (10
W/m?2) or heat demand (15 kWh/m?/pa) for the space
heating, which is commonly highlighted in the
definition of the standard. This energy threshold can
vary depending on the fuel and country context and
have higher or lower values for the same heating load
(10 W/m?). Therefore, the heating load from the
wood stove is actually 2.9 W/m2. Adding 6.6 W/m?
from the post-heater and heat batteries on the MVHR,
then total will be 9.5 W/m? meaning that
Plummerswood meets the Passivhaus standard [19].

Table 3: Energy in Use Comparison between the Case Study
House and Passivhaus Standard.

Building Energy Usage from Operational Energy Demand
Unregulated Energy | Total Energy
Case Regulated Energy kWh/m? per year
. Y, Ry kWh/m? per year Demand
2
Space HotWatsr Lighting, Eiliiansg Cooking, kWh/m? per
Passivhaus Standard | Heating fans, pumps Hup! catering yaar
15 55, 10 25 15 120
Total Energy
E6idi 6 Demand
uipmen
Space | Hot Water- Lighting, (q : ) Cooking, | kWh/m? per
actual) -
Heating |Solar Contrib. |fans, pumps| . o catering year-
Plummerswood 3 including 2 "
(actual) | (estimated) (actual) (actual) including
hot water "
estimated
solar
25.36 7.03 31.72 64.11

The total primary in-use energy of the house at
64.11 kWh/m?/pa is almost twice lower than the
Passivhaus standard (120 kWh/m?/pa). This equates
to 9.14 kgCOze/m?/pa (Table 4) and demonstrates
that the cumulative carbon emissions for the house is
almost equates its 50 years and half of its 100 years
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operational carbon emissions (Table 5) which differs
from other studies, in terms of embodied and
operational carbon ratio [20]. This is because
Plummerswood has remarkably good performance in
operation. In the standard scenario which is 35-45
kgCOz/m? [18] for in-use emissions, the embodied
carbon emissions for the house would be one fifth of
its 50 years operational emissions which is relatively
low compared to current studies.

Table 4: Energy in Use Carbon Emission Comparison
between the Case Study House and Passivhaus Standard.

Building Carbon Footprint from O | Energy Demand
. Unregulated Carbon
& Regulated carbon Emissions o KgCOye/m? Total
ase missions m ch
KgCO0,./m? per year e Emissions
per year KgCO/m?
Space Lightin; Cooking,
¥ P . Hot Water ighting, Equipment I_ € per year
Passivhaus Standard | Heating fans, pumps catering
3-8 11 5 18 3-8 35-45
Eaui 2 Total
< e uipmen . S
Space | Hot Water- Lighting, T Cooking, | Emissions
F 3 (actual) - 2 5
Heating |Solar Contrib. |fans, pumps| . b catering | KgCO2e/m:
Plummerswood 2 including
(actual) | (estimated) (actual) (actual) per year-
hot water
actual
0.40 0 8.74 9.14

Table 5: Comparison of embodied carbon emission (kgCO3.)
of the materials and carbon in-use.
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5.3 Carbon Challenges and Construction

Despite the Brettstapel building elements being
imported, they still have a lower impact on the
environment in terms of carbon emissions compared
to other structural materials and provide fast
construction, with less labour and no glue nor nailing
for the joints. Significantly, the use of Brettstapel in
this case study helped to lower the in-use energy to
75% less than the Passivhaus maximum. Given that
the UK aims to decrease its carbon footprint to zero,
choosing this system can help significantly to achieve
this goal. It can be seen that, the building figures are
little less than the RIBA 2025 target even though it
was constructed over 10 years ago (Table 6).

Woodfibre has one of the lowest carbon
emissions factor among all the construction materials
in the case study. It has a good level of insulation.
Insulation thickness is usually between 250-400 mm
for the Passivhaus buildings to provide stable indoor

environment at 21°C. The wood fibre insulation
thickness is 340 mm in the case study and achieves
significantly lower energy in use figures than the
standard requires. The findings from this study show
that the more timber that can be used in Passivhaus
building construction, the lower the embodied
carbon emissions are likely to be.

Table 6: Comparison Embodied Energy (kWh/m?%*/pa) and
Embodied Carbon (kgCO/m?) of Plummerswood House
and RIBA Sustainable Outcomes targets compared to
current performance targets.

r ' 300
2030 g, |
35
v 8 N | as0
29 2025 :
| D B 70
c ©
© -
28
a £ 2020 : il 600
o
38 - s
&3
e !
146
| 452,47
Plummerswood - . &
64,11
0 200 400 600 800 1000 1200

2 Embodied Carbon(kgC0O2e/m?) H Operational Energy(kWh/m?/pa)
5.4 Limitations

The H\B:ERT plug-in had clear limitations during
the modelling process. The materials are too
generically defined in terms of density, embodied
carbon. Missing materials need to be assigned by
user from other sources which is time consuming.
Worryingly, there are no defined products for the
plumbing, sanitation, electricity services or other
complex elements like bio disk units or boilers, which
have to be estimated. The plug-in also needs to be
updated as it uses the old version of the ICE database
making it less reliable.

Another challenge during the research process
was finding a reliable carbon database to calculate
carbon footprint of the materials. ICE V3.0 is open
source, but has less material profiles compared with
ICE V2.0. The EPD reports were useful to compensate
this, however it was difficult to find exactly the same
product. Similar products can vary from company to
company as they use different material and energy
sources and transportation. Finding the EPD reports
for some fixing elements proved challenging as there
were no available data for them. Therefore, only the
major materials were used for the embodied carbon
calculations to generate approximate figures in this
case. Further studies are needed to break down these
individual elements and calculate them [21].

6. CONCLUSION
6.1 Summary

This paper shows that timber construction is
highly effective for lowering overall carbon emissions.
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In the case study, a half of the total carbon emissions
of the house over a 100 year period comes from
construction phase. If the house is demolished after
only 50 years, this figure doubles. Using low impact
materials is therefore essential for Passivhaus
buildings in the UK, in order to achieve overall 2050
carbon targets. Using solid timber structure as
insulation further decreases energy consumption,
such that in use carbon emission of this house is
remarkably lower than the Passivhaus standard.

6.2 Recommendations

More resilient data are needed for every single
construction material. EPD reports are needed for
every product in the sector as they provide more
robust data, including both embodied energy and
embodied carbon emissions of the product. There is
also an urgent need for more reliable and broader
databases for carbon calculations. Brettstapel should
be manufactured locally using local timber where
possible. Material substitution for concrete and steel
substructure elements is urgently required. Further
research is needed on optimal insulation thicknesses
for Brettstapel elements, showing how these affect
airtightness and thermal conductivity. Finally, the
Passivhaus standard should include embodied energy
and carbon emissions in its requirements, given the
impact of these factors on overall energy
consumption and carbon emissions.
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ABSTRACT: Energy consumption has increased during the last decade, which contributes to high level of carbon
dioxide emissions leading to climate change .The building sector has a significant role in this as their share of
energy consumption is remarkably high ,they are responsible for 33% of global energy. Therefore, strategies for
improving buildings’ energy performance become an urging demand for a sustainable future. The number of
existing buildings compared to new buildings is very high. Moreover, their rate of replacement is very low.
Therefore, retrofitting of existing buildings is crucial to reduce their high level of energy consumption.

This paper focuses on retrofitting of higher educational buildings’ envelopes as they have unique patterns of use
according to building activities, times of use and the number of users. The paper proposes energy-efficient
retrofit strategies for higher educational buildings in Mediterranean climate in Egyptian cities to improve its
energy performance and indoor comfort. The Department of Architectural Engineering building located at the
AAST is selected as case study. Building envelope retrofit strategies were investigated and simulated to calculate
energy savings achieved. Results show that the retrofit strategies applied have potential energy consumption
reduction of 46.7% compared to the base case.

KEYWORDS: Building envelope retrofit, Energy-efficient retrofit strategies, Energy performance, Indoor thermal

comfort, Higher educational buildings.

1. INTRODUCTION

Global climate change has been a rising issue in
the last decade. Human activities have led to an
alarming level of Greenhouse gases emissions (GHG)
and consequently global warming. Specifically, in
Egypt GHG emissions grew 133% from 1990-2012 [1].
Most of these emissions come from the combustion
of fossil fuels to provide electrical energy in buildings
for cooling, lighting, appliances and electrical
equipment. Moreover, the International Energy
Agency's (IEA) data show that Egypt's total primary
energy supply more than doubled from 1990-2012.
Egypt's dependence on fossil fuels is expected to
continue increasing with the current social and
economic development.

Energy consumption in Egyptian public buildings
including administrative, commercial, educational
and health buildings is (9%) of the total energy
consumption in the building sector[2].Enhancing
energy performance in higher educational buildings
will have a significant impact on the reduction of
electrical energy consumption, resource efficiency,
and the nation’s energy footprint [2].

Moreover, according to the International Energy
Agency (IEA) which defines energy efficiency as a
method of managing and restraining the growth in
energy consumption published a report by IEA'S EBCP

stating that educational buildings consume high
energy and therefore their retrofit is a necessity [3].
Since, the number of existing buildings is much than
the number of new ones. Also, the majority of energy
used is by existing buildings and the rate of
replacement of an existing building by a new one is
very low around (1-3%) vyearly [3].Therefore,
sustainable retrofitting of existing buildings is crucial
to reduce energy consumption. Retrofit refers to any
update in existing buildings that can be made either
to repair any shortages in the building performance
or to comply with new standards [4].Energy-efficient
retrofits would refer to improvements done to a
building with the purpose of reducing its energy
consumption and improving its energy performance
[4].

Therefore, energy—efficient retrofits for existing
buildings are a necessity. Accordingly, this paper will
focus on the energy-efficient retrofitting of higher
educational building’s envelopes in Mediterranean
climate in Egyptian cities as educational buildings are
building types that consumes energy due to its
building's activities, time of use, pattern of occupancy
number of students and academic staff throughout
the year. In most of the retrofit projects, there is a
lack of application of energy-efficient retrofit
strategies due to the lack of knowledge about the
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quantity of investment required and the efficiency of
the potential energy savings that could be achieved
through energy-efficient retrofits.

Governments around the world have taken strong
measures towards the energy-efficient retrofits of
existing educational buildings in terms of improving
their energy performance and improving the internal
comfort conditions to improve thermal conditions
and air quality inside educational spaces resulting in
the improvement of educational activities [5].The
ODYSSEE database provides a comprehensive
monitoring of energy efficiency trends in all sectors
and priority areas to address EU policies [6].For
example in Greece, the energy consumption of
educational buildings represent a significant amount
of the country's total energy consumption
consequently ,the country is looking for alternatives
to reduce energy consumption in educational
buildings as an important approach for
sustainability[6].Unfortunately, this is not the case
yet in Egypt and in the Egyptian universities.

Retrofitting in Egypt, especially for energy saving
and energy efficiency, is a new concept which started
to gain momentum in mid-2014 as a result of the
electrical power shortage in the summer and
frequent power cuts due to load sharing. The
retrofitting actions taken at the time focused mainly
on changing inefficient bulbs with CFLs or LEDs, and
in some government buildings, photovoltaic (PV)
arrays were installed to generate electrical energy
during working hours. In general, this is not a holistic
approach. Therefore, Egypt is in need of an approach
or guide to be issued for retrofitting its higher
educational buildings.

In educational buildings, students spend long
hours in lecture halls and classrooms, labs and
libraries.  The relationship  between indoor
environmental conditions and student performance is
well established [7]. Improving energy performance
in educational buildings will have a significant impact
on reducing electrical energy use and enhance
resource efficiency and, above all, the nation’s
footprint.

The study presented here is intended to assess
existing educational buildings to understand its
energy performance with the intent of saving energy
and transforming it to energy efficient using energy-
efficient retrofitting strategies to address Egypt’s
energy challenges.

2. OBJECTIVES

The objective of this study is to investigate
experimentally energy-efficient retrofit strategies for
higher educational buildings envelopes to improve
the indoor thermal comfort and reducing thermal
energy demand during summertime through
application of energy-efficient retrofit strategies. First

the study aims to present the potential energy
savings in the existing building compared to the case
after applying energy-efficient retrofit strategies
using simulation tools.

Second, the case study is presented as an example
to promote and provide guidelines for energy-
efficient retrofit of higher educational buildings in
Alexandria and other Mediterranean cities in Egypt.
The proposed work is suitable for a considerable
number of higher educational buildings in a view of
global approach to the issues of retrofitting the
existing educational building stock in Egypt which
were built during the same time at 1990s and have
the same building characteristics. Moreover, these
concluded energy-efficient retrofit strategies can be
set as a legislative measure for achieving energy-
efficient educational spaces as it is essential to set
energy-efficient and code enforced retrofit measures
to be implemented on the national levels in Egypt.

3. METHODOLOGY

The study adopts an inductive methodology as it
starts with defining the problem and presenting
relevant practices about retrofitting of educational
buildings globally. The study proceeds with an
analytical part through analysis of three higher
educational buildings in Mediterranean climate that
have undergone through building envelope retrofit
strategies in order to conclude the most commonly
used energy-efficient retrofit strategies in the
analysed examples that could be applied in the case
study. As the study proceeds into the application part
the multiplicity of challenges unfolds. Specific
parameters and factors are cross-examined and
checked to reveal a definite course of action and
possible required interventions of energy-efficient
retrofit strategies.

The paper consists of two parts; the first part
presents a theoretical discourse that reviews
retrofitting existing building envelopes with a special
focus on approaches found in different
Mediterranean cities designated to address energy
efficiency and achieving thermal comfort in higher
educational buildings. The second part is an
experimental study applied locally on the Department
of Architectural Engineering building located at the
Arab Academy for Science, Technology and Maritime,
Abu Qir, Alexandria Campus.

The experimental study aims to show the
potential energy savings in the existing campus
building compared to the case after applying energy-
efficient retrofit strategies in order to test the
theoretical views on pragmatic level to help in better
addressing the general research problem in a local
climatic context with its precise conditions and
particular circumstances and this suggest adequate
energy-efficient retrofit strategies to be applied on
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buildings built in 1990s with same building
characteristics in Mediterranean cities in Egypt.

4. LITERTURE REVIEW ABOUT EDUCATIONAL
BUILDING ENVELOPES RETROFIT STARTEGIES

The literature review is divided into two parts; the
first part shows different studies and researches done
by previous researchers on the building envelope
energy-efficient retrofit strategies for educational
buildings, while the second part will explain special
aspects concerning retrofitting educational buildings
and the comfort requirements required for
educational buildings.

4.1 Previous Research work on Retrofitting
Educational buildings in Mediterranean Cities

As overheating is becoming a key problem in
building design, the present study aims to investigate
how educational buildings will perform in view of
rising temperatures in the future and examine the
implications on both energy performance and
occupant's health and performance.

A study made by Ardente et al. indicated that the
most significant benefits of energy consumption
assessment were the improvement of envelope
thermal insulations, lighting and glazing [8].Further
studies targeted the retrofitting of educational
buildings in specific as in the study made by Basarir et
al. on energy efficient retrofit methods at the building
envelopes of the school buildings in Turkey. It was
found that if retrofit is applied, annual fuel cost
would be reduced approximately one-third of the
current situation of the building [9]. In Tripoli,
Lebanon, the energy performance of the Faculty of
Architecture Engineering is studied for zero energy
university buildings. Osama et al. found that
retrofitting strategies in the envelope could reduce
energy up to 28%[10].In another study made by
Aboulnaga et al on sustainability of higher
educational buildings in Egypt, it was found that with
some retrofitting in glazing, insulation and green roof
could reduce 15% electrical energy consumption from
the baseline energy use [11].

Through all the previous research work done on
energy-efficient retrofitting strategies, it may be
concluded that there are most common retrofit
strategies that were previously used which are
applying thermal insulation layer, low emissivity
coated window glazing and green roof applications.

However, little has been done in the context of
higher educational buildings, where the typological
features and use patterns are different. Thus, this
paper will highlight the need to act on that particular
typology, which merits an individual analysis and
tailored approach.

4.2 Special Aspects of Retrofitting Higher
Educational buildings

Good indoor comfort and air quality are essential

for appropriate educational development considering

the long hours that students spend in buildings of this
type. Moreover, the achievement of adequate
comfort levels is essential in order to reduce energy
consumption. A study conducted at the Polytechnic
University of Timisoara (Rumania), revealed that the
classroom temperature affects the ability of students
to grasp instruction [12]. Furthermore, a favourable
learning environment correlates significantly to
student involvement, teacher support, and classroom
order and organization [13].

Educational buildings have many special aspects
which should be considered in retrofitting plans. First,
educational buildings have different age, size, and
volume and can contain various space types with
different optimum temperatures and activities. This
diversity of floor use creates both challenges and
opportunities for implementing energy-efficient
retrofitting projects of varying size and scope.
Second, the variety of different materials used in the
educational building.

To conclude, existing educational buildings are
not similar to newly built ones, as they already have
geographical constrains as their selected site and
orientation as well as the technical, economic, social,
environmental and architectural history which gives a
unique framework for the retrofitting application.

4.3 Comfort Requirements in Educational buildings

Studies have indicated a correlation between the
way educational buildings are designed or retrofitted
and their student's performance [14].In fact, the
educational process is strongly influenced by thermal,
visual and acoustical comfort of the building which
will discussed below. Accordingly the indoor comfort
of the educational buildings is a significant point to
consider during energy-efficient retrofit strategies
application.

First, thermal comfort is an important variable in
the performance of the occupant's as teachers and
students. Hot, stuffy rooms-and cold, draughty ones-
reduce attention spans and limit productivity. In
addition of wasting energy that a