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Abstract

From 1971 to 2004, the UK population increased B26to 59.8 million

while the number of homes increased by 30% to MilRon. Despite this

growth, the industry is still accused of deliverilmpmes that are overly
expensive, environmentally unsustainable and agficin number. The wish
of the Government is that by 2016 the number ofuahmew additions in
England will have increased by a third to 200,0@fhugh there is little
planned to assess how they meet the changingylées¢eds of consumers.

The Commission for Architecture and the Built Eowment (CABE) has
proposed that post-occupancy evaluation (POE) dhbal regarded as the
preferred means of assessment; though a standardaap has yet to be
developed for housing. Parallel to this, consum@neys, including those
carried out in this thesis, consistently report #22 or more of buyers would
pay more for an energy efficient home, which isegaily regarded as one of
the most important characteristics of a good homewever, the vast majority
of existing homeowners are unable or unwilling &y gor the modifications
that their homes require. In this thesis the cotioe is made that POE is also
the most appropriate tool to investigate whetherghpposed broader benefits
of sustainability, such as improved comfort, liféstand energy security, can
be evidenced in a quantifiable way so that theyiccbe promoted to motivate
homeowners to collectively improve the performaatthe sector.

The efficiency of space use is emerging as an agpsastainability of special
importance, and the density of new developmentseased from 25 to 40
homes per hectare in the years 1997 to 2004. Ulneirtation of this thesis is
therefore a substantial experiment undertaken forrm interior layout
designers, whereby the daily movements of a houdedfod were remotely
tracked using a radio frequency identification (BFsystem. This application
of RFID for space use POE was a novel one, andidtee was collected in a
more discreet and objective way than is possibieguthe preferred sociology
techniques of interviews or ethnography. Althowgime technical concerns
developed during the experiment, an estimated 9% e desired data was
accurately collected. The demonstrated conclusias that recognisable
patterns within the tracking data are insightfull aan assist house designers
to arrange spaces more effectively. Also thatkirar systems could affect
building energy efficiency directly if comfort h&ag, cooling and lighting are
targeted to only those areas that are known to dmeipped by a building
management system. These conclusions were themeéa@ upon by a survey
that demonstrated how a portfolio of household bieheis could be beneficial
as a tool for designing efficient and sustainabterior spaces in the future.
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1 Introduction

The UK Government has announced that it expectsitingber of new homes
constructed each year in England to increase bghtga third by 2016. This
is to meet the requirement in certain areas foordéble housing, since
demand has pushed prices beyond what can be affdrgléhe key workers
that the economy depends upan. [ The Government has also pledged to
reduce our society’s annual carbon dioxide fC€missions by 15-25 million
tonnes of carbon (MtC) by 2020. They recognisé tha energy used in the
construction, demolition and most significantly thgeration of our homes is
responsible for 30% of the UK’s total energy demand 40 MtC each year
[2]. It is therefore proposed that a quarter of plexiged reduction will come

through improvements in energy efficiency of theiging stock .

Many construction methods and technologies exist ttan substantially
reduce the energy demand of a building and impitsveustainability, though
their uptake in the standard build has been tow $t0 many commentators.
Two of the most significant barriers are the préngi perception that the
more-sustainable approach is as yet unproven amtesa@xtra commercial
risk, and secondly that homebuyers are not pregaredver the premium that
may at present be required to build to improveddaads. The view expressed

by James Wilson, Development Director of David WiidHomes Ltd. is that,

“Currently market forces dictate that no one dey&o can go it alone and
incorporate widespread sustainable solutions, ast@mers are not willing to

pay the extra for them.” (June 2003]



More research has been called for into how homekuyerceive the various
aspects of sustainability, how following the susaility agenda can improve
the quality of homes delivered to the marketplawe faow the increased build-
cost can be absorbed within the industly [The research described in this
thesis investigates these points from a variegppiroaches, though the overall
objective is to present an argument for the uptdkBost-occupancy evaluation
(POE) in the housing industry. This emerging tégh@ could be used to
show how the need for new homes can be met in suetay that will
encourage sustainability improvements across thelenvstock, while also
focussing the attention of designers on achievicgupant satisfaction, as new

home designs are developed in response to the icigaingustry pressures.

Chapter 2 presents in some detail why housinggarded as the source of a
guarter of the UK’s carbon savings proposed for(202The construction
methods and technologies that have already beeelap®d are reviewed,
along with the steps being taken to promote thdamability agenda of

improving energy efficiency and social inclusiortivim the economic market.

Chapter 3 demonstrates the benefit of gatheringiaps directly from the
home buying public, and those already living in esustainable homes in
particular. Although the survey reported on is knimascale, it indicates how

this form of research can be conducted, as welhe$imitations.

This review of surveys leads onto a discussion han gotential benefits of
using the practice of post-occupancy evaluation HP@ithin the housing

sector. POE has already been used within the coomhsector to show that



buildings that are energy efficient and easy to aganare also very often the
most comfortable and satisfactory to work éhdnd it is argued in Chapter 4
that a similar parallel is likely between sustaitighband occupant satisfaction
in housing. POE could be used to address theaHatnot enough is known of
how constructed homes perform compared to theiigdess’ intentions,
whether they meet their buyers’ subjective expemtat and how their

achievements are affected by improvements in swbdity.

One particular aspect of POE is investigated inend®tail in Chapter 5, since
space use is becoming of ever greater concernitdebsi as they are under
pressure to develop sites to increasing densitid®e historical legacy of the
domestic form is reviewed, along with the approacHeveloped by social

science to study how space is made use of.

This review culminates in Chapter 6 by presentimg work of the computer
sciences on researching building space use, anghaiticular the tracking
technologies developed for the purpose of contexra computing. The
connection is made between the abilities of thesghrtologies and the

requirements of the POE approach to collect redialnld quantifiable data.

The literature review ends and Chapter 7 introdubesexperimental study
that was undertaken to investigate how a ‘homéheffuture’ built by one of

the UK'’s largest builders performed on several etspef sustainability.

Chapter 8 discusses the study results that redateetenergy use of the home;
in particular the thermal heating demand, riskuwhmertime overheating due

to solar gains, and the electrical energy demarnteokitchen and utility room
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appliances. Although the limited time and resosigeevented the application
of a complete POE method, this was an ideal oppitytuo assess several

prediction tools that may in future become a pa# standard approach.

Chapter 9 then reviews the detailed study of hasvgbace within a dwelling
was used by its occupants, to evaluate the effigias the floor layout and
space allocation. This was an innovative applcatf a tracking technology
that was stretched to its capability limits by ttwatext in which it was being
used for the first time. Its effectiveness wasantheless proven as a means of
gathering the information required to enhance tloeentraditional methods of

space use research and enable comparable POEgBrditre generated.

This is advanced in Chapter 10 by a demonstratiomow a post-occupancy
study on a small set of subjects can be fed inteeans of understanding the
behaviours of the mainstream house buying pubkcsurvey is developed
using the findings of the POE, to improve on ittevance and ability to

provide more generalised theories on how househigt svithin their homes.

This thesis not only argues for the uptake of POthivthe domestic sector,
but also demonstrates how certain aspects mayde& aising computational
modelling packages and occupant tracking technesogiThe connection is
repeatedly made between the requirement to use sytttin new homes more
effectively to improve their sustainability. In ditlon, the potential of
comparing the findings of POE is stressed, as wmsild enable more-
sustainable homes to be marketed using the impremtsmin occupant

satisfaction that they may also bring.



2  Sustainability of the Built Environment
In 2004, the UK’s Sustainable Buildings Task Gr¢8BTG) stated that,

“The way we use natural resources for buildings #r&llevels of pollutants
emitted in the process of buildings, and in the afskbuildings once occupied,
are unsustainable. The construction industry nausbrace more sustainable

forms of building. [7]

In defining sustainability, the 1987 Brundtland Guission said,

“Sustainability is a development that satisfiesrtbeds of the present without

jeopardizing the ability of future generations #disfy their own needs.[s]

In practice, sustainable development demands a momge to ensure that the
resource intensive economic activities that provide with today’s food,
shelter, manufactured goods and services can li@muaed indefinitely into the
future, providing the ‘triple bottom line’ of wondde economic growth,

environmental protection and social well being.

In the sector of the built environment, the objexf sustainable development
is to inspire construction companies to developneues that allow the trend
for rising living standards to become compatibléhwthe necessity to reduce
our greenhouse gas (GHG) emissions to limit theachpf climate change on
the planet's ecosystems. Climate change has beeosignificant issue for

our society. The scientific consensus is that icemable changes are at
present occurring in the composition of our plametfmosphere more rapidly

than in our history. Temperatures, sea levels tardprevalence of extreme



climatic phenomenon are all rising. While in soemuntries the political
leaders remain divided on the extent to which mater@ollution of the latter
half of the 26 century has influenced the observed climate chamge in the
UK the Government has little doubt. Prime Ministe@my Blair has warned
that within a decade extreme climatic events wadmddthe cause of $150
billion of destruction each yeas][ The Government sees the reduction of the
GHG emissions by all nations as a matter of urgahaye are to stabilize

climatic change and the devastation it could bring.

Of the most common anthropologic GHG, carbon diexXidQ) does not have
the worst climate change potential. Methane hagirfB&s the relative heat
trapping effect of CgQ nitrous oxide (MO) has 200 times, and CFC-12 has
10,000 times. When the actual concentrations Wease are taken into
consideration however, it is estimated that eneetpted CQ contributes up to
78% of our impactip], so must be the focus of our attention. Addiiby

actions that reduce G@missions will usually bring reductions in othefG.

The UK’s Royal Commission on Environmental PollatiRCEP) estimated
that a 60% reduction in worldwide G@missions is required by 2050 to
prevent catastrophic climate changg,[which was accepted as a target in the
Government’s 2003 Energy White Papdr [ An intermediate reduction target

was set of 15-25 million tonnes of carbon (MtC)2820.

The RCEP had also stated that there had essertiedly no improvement in
the energy efficiency of the UK’s building stock tine previous decade. In

2000, the energy used to heat, light and servicdhomes was responsible for



almost 30% of the UK’s energy use and 40 Mtf], [approximately double the
2020 reduction target set by the RCEP and Goverhm&he significance of
the building designer's role in our efforts to aohe the required CO

reductions has therefore become very clear.

The investigation of the present status of sustdénaonstruction is central to
this chapter, which highlights the balance beingickt between the three
strands of sustainability. Although there haverbemny reports, reviews and
statements made about the importance of improviegiridustry’s long-term
sustainability, it is debateable how effectivelyivate UK construction
companies have responded to the challenge of leairag the influence of
environmental performance against the short-ternanitial realities and
societal demands of the economy within which th@grate. The review
presented here considers first the demands beawgglon the industry from
each corner, followed by an introduction to justngoof the fundamental and
more-sustainable construction methods that coulddesl, and the developed
means of appraising improvement. In addition te #nvironmental and
energy consumption of construction, the economid swocietal barriers that

must be overcome are also considered where apatepri



2.1 The environmental impacts of construction

To enable closer examination of the current situmtit is useful to define
environmental impacts related to construction iarfareas of consumption:
energy, materials & waste, water and land. Thesdhe same key issues that

the SBTG was set up to promote improvement within.

2.1.1 Energy Use

Buildings are major consumers of energy and theeefioajor contributors to
atmospheric pollution and climate change. The ariiy fossil fuel based
energy that provides heat, light and power in auldings accounts for nearly
half of the nation’s total energy consumption aod d similar proportion of
our CQ emissions, with domestic buildings accounting &most 30% and
non-domestic for 20%a1§]. Energy efficiency is expected to provide more
than half the required savings to meet the Goventisistated target of a 20%

reduction of CQ@emissions on 1990 levels by 2010.

Final energy consumption, 1980 to 2005

0 T T T T T T T T T T T T T T T T T T T T T T T T 1

1980 1985 1990 1995 2000 2005

m—— Cormastic Services | m—TranS0OM Industry

Millions of tonnes of oil equivalent

Figure 1: UK rate of energy consumption by final sers, by sector {4]
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Within the average home, the energy used can bkebradown into four
distinct categoriesif]. Space heating is the largest, requiring 62%hef
primary energy demand. Water heating follows &28en the electricity for
lighting and appliances at 13%. Cooking makeshgpfinal 3% of domestic
demand. These very pertinent figures often getlovked in discussions on
domestic energy use, which typically focus on tleetecity for lighting and
appliances even though space and water heatiragaoeintable for 85% of the
total. These figures vary depending on the agesaedof house of course, and
the resulting carbon emissions depend stronglyherfuel used, but it is only
in a minority of modern homes that the space hgatemand has been

reduced by a significant degree.

Energy efficiency is undoubtedly poor throughoutstof UK housing. 65%
of our dwelling stock was built before the introtion of Building Regulations
in 1965 fi3] and were built to very different standards fravday. While these
dwellings will typically be robust structurally anbuilt with low-impact
materials, they are often difficult to adequatedyahand expensive to renovate
to modern standards. Compounding their poor pexdoce is the near
negligible rate at which they are being replacéd.present there are around
25 million dwellings in the UK, with about 200,0@%re being built each year
but only 20,000 being demolisheds]. This demolition rate of less than a
tenth of one percent of the stock means it willbeny decades before the
improved performance of new homes has a noticeetbéet on the overall
performance. The challenge of upgrading the eneffigiency of the existing
stock is perhaps the greatest obstacle to achiedngustainable built

environment, and is addressed indirectly by thekviothis thesis.

9



A further distinction should be made between adig’s use of energy during
its operational phase and the energy that was eedbad its construction,
through the sourcing and processing of materiads)sportation, installation
and mechanical labour. There is not agreement @n kignificant the
embodied energy is compared to the lifecycle tsiake this depends much on
where the boundaries of the calculation are set,ebtimates vary between

10% [17] and 50% {s].

2.1.2 Building Materials and Construction Waste

Construction materials account for over half ofralv materials used in the
UK, the equivalent of 7 tons per person each ymqiahd most are made from
non-renewable resources. The quarrying of 250+80lon tons of material

each year for aggregate, cement and bricks impsigasicant damage at a

local level and embodies much of the energy redumebuild each new home.

Construction and Demolition (C&D) waste accounts #56-40% of the
nation’s total waste generation, amounting to 7@anitons per year. This is
about four times the rate of household waste praglucwhich is usually the
focus of so much more attention. A ‘hierarchicalpproach to waste
management was developed by the DETR based omtr@®mental benefits
of the various options: minimisation; reuse; reoyyl downcycling;
incineration (heat recovery); landfill (methane aeery) o]. Unfortunately
there are often obstacles that prevent the reusecgcling of materials: their
availability; quality assurance; practical and pesgme constraints; and the

prevailing culture that ‘new’ is always ‘best’.
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2.1.3 Water Use

Water treatment is an energy intensive processonigt10% of the water we
use is consumed for drinking or cooking. Reducivejer use would help
conserve the groundwater reserves, reduce thet tioreers caused by over-
abstraction, decrease the energy demand for pugifgnhd transporting water,
and improve the effectiveness of sewage treatm&water conservation and
supply metering would be the cheapest options famdhng the growing

nationwide consumption of drinkable water.

2.1.4 Land Use

The UK Government wishes to accelerate the progrhoonstruction of new
homes to meet the excessive demand that at prisspréventing many first
time buyers or other economically restricted grofipsn entering the market.
Each additional home built will increase the presson the land and
infrastructure resources of the country howeved, #uye trend will be for new
homes to consume more land per person if the aatiele in supply continues
to be greater than the growth in the population.relsponse the Government
have targeted that 60% of housing development wdwd2008 be on
previously developed land, to restrict the demisew greenbelt areas, but it
has also been recognized that compromise must ured fbere between the
objective of environmental protection for sustaifigband the societal and

economic realities, as will next be discussed.
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2.2 Socially responsive design

The UK’s housing stock is often depicted as beigrally inefficient, badly
maintained and unprepared for a time when envirantaherises will be even
more acute. Most of all however it is deficientiember, which has led to the

excessive demand that the industry is strugglingeet.

The Office for National Statistics has reportedt ttie population of the UK
grew by 7% in the period of 1971 to 2005; howewerjing this same period,
the number of households increased by 30% becausereduction in the
average household size from 2.9 to 24.[ There has been a shift away from
the conventional two parents with children housdholwards an increasing
number of single parents with children, adult cespWithout children and
single people both young and old who want indepeh@&scommodation.
These demographic shifts are not expected to fatidlong as the additional
homes are made available; however in 2001 the indashieved the lowest
number of new-home completions for 50 years. &poase the Government is
overseeing a resurgence to accelerate the prograswohome construction so
that 50,000 more than the present 150,000 netiadslitwill be built in

England each year by 2018].

It is essential to respond to the excessive deni@eduse house prices have
risen in many areas like the South East beyond waiatbe afforded by first
time buyers and key workers such as teachers aisésf]. For this reason, a
common stipulation for new developments is thakdain percentage of the

homes should be affordable to these vital groupstfordable housing’ is
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defined by each local authority within its own cextt and in line with the
guidelines in National Policy PPG23], although a typical definition could be
of ‘low-cost or subsidised housing that is madeilalée to those who are
identified as not being able to afford a purchasehe open market of the
locality’. The target percentage of affordable lesnin each development can

be set within the council’s Local Plan and usuedliyges from 20-50%.

The need for more affordable homes to buy or renalso driven by the
estimated 2 million households who still live in aths termed ’fuel poverty’
[24]. This is a vicious cycle of deprivation, wherepgople on low incomes
tend to live in inefficient, difficult-to-heat horsgso those who can least afford
to pay their bills actually pay the most relative the size of the home to
achieve a comfortable temperature. Fuel povefigially exists if more than
10% of a household’s disposable income is sperteating. The problem is
intensified by the elderly age of most of the bimitdstock and so providing

more affordable, energy-efficient homes is one wiaguring this social ill.

Of course despite the social benefits, each newehtirat is built will add
increasing strain to the land and infrastructusmueces of the country, which
is already causing concern in particular regionsnagked for expansion. To
restrain the advancement onto greenfield land,Gbgernment targeted that
60% of housing development in England would be mvipusly developed
land by 2008. By 2004 the nationwide average &guad already climbed to
70% ps] so there is now much interest to see if this Heglel of regeneration

can be maintained across all UK regions.
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The combination of these three factors (demographenges, the need for
affordable housing and the limitation of ‘greendietxpansion) has resulted in
increasing pressure on planners to develop sitgeetter densities and to take
maximum advantage of each square hectare madealaeailwhile still
retaining the overall value of the site. In linghwPPG 3 recommendations,
the average density of new developments has rieem 25 homes per hectare
in 1997 to 40 per hectare in 2004][ though it has been suggested by others
that densities of 80 per hectare are necessaryigget the infrastructural
provision of shops, schools and public transpaat #re necessary to facilitate
community growth and cohesioms]. One means of achieving these higher
densities has been by building smaller homes fallemhouseholds. One or
two bedroom dwellings had by 1991 become 51% ofUKeés annual build
[25] and, despite being built on smaller plots of laamtl having a reduced
usable internal floor area, their reduced occupdedyto a rise in the average

living area available to each person, from 38mi1991 to 44rhin 2001 p7].

Market forces have made it more profitable howewesell larger suburban
properties with additional space both indoors amtdaors. By 2002 the
percentage of smaller properties had fallen bacl85% of the build total,
while the fall at the larger end of the market e thumber of 3 bedroom
homes built from 1971 to 2002 almost precisely imascthe rise in the number
of 4 or more bedroom homes]. While there may be a real marketplace need
for an extra child’'s bedroom or an alternative fimt room, it is also
suspected that a house with a greater number dfesnh@drooms will bring
more profit than one with fewer but larger rooms].[ Speculative private

developers currently build 85% of all new homes uatly and they must

14



respond to the market to remain economically coiipetand ultimately
sustainable as a business, at the expense of ¢te seeds and environmental

protection of the nation.

This presents the compromise that is currently bemade between the three
branches of sustainability in new housing. Changesur society and
population are resulting in almost 10 new homesidéiuilt for each that is
demolished and while much of the demand could kisfiea by high density
urban flats that would still provide an increasethe average usable interior
space per occupant, consumer preferences areingvéine market towards
larger suburban homes that encroach further oendpelt land, although built

at higher densities than before.

Whichever end of the market is looked at therefoeay homes are being built
to contain smaller spaces than in previous decawegjng it increasingly
important that the overall floor area that theyteamis allocated effectively.
The number of daily activities our homes will hawecater for is expected to
increase in future with home-working and telecagedming more frequent,
which brings greater significance to the efficiemdyspace subdivision. Land
and space consumption is just one of the four aspet environmental
sustainability considered by the SBTG of course, tithers being energy,
materials and water. More energy efficient homasehin particular been
called for as one of the most practicable meansmpiroving the sector’s
sustainability, especially as there are many deaitgrations that can be made
that have very little effect on the constructiorstc@erhaps none more so than

passive solar design.
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2.3 Sustainable methods of construction

In the light of government commitments to reduce, @dissions, abolish fuel
poverty and improve the efficiency of the constiactindustry, it is clear that
a ‘Business as Usual’ scenario is no longer arooptit is not a question of if,
but of when and how the techniques for more-suatdénconstruction will be
applied in mainstream practice. The primary gdany sustainable design is
to provide healthy and comfortable interior spadesstructures that are both
energy and resource efficient in the long-term.piactice, decisions have to
be made early on that influence the constructiorthote materials used,

durability, recyclability and the lifecycle energge of the whole project.

2.3.1 Thermal mass and insulation

The first choice to be made is between a heavywaghghtweight building.

A heavyweight building will tend to be of monolithconstruction with fully

loadbearing walls that cannot be moved or piercéthont supporting the
structure above. The structure provides thermadsmaound insulation and
impact resistance. Lightweight buildings use anigamade from timber, steel
or concrete posts and beams to provide all thessacg structural support.
The infill walls are non-loadbearing, can incorgerahigher levels of

insulation, and offer a greater degree of flexiyiln spatial arrangement.

The walls of heavyweight buildings are made usiegse¢ materials of high
thermal mass, such as mass concrete, bricks oe.stbightweight building

wall materials are of low thermal mass and tendb& plant-based or
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renewable, e.g. timber or straw. The advantagasofg high thermal mass
materials is they will absorb excess heat (fronarsor incidental gains) and
release it when the surrounding temperature dropkis stabilises internal
temperatures and can reduce the winter heatingamener cooling demands.
A heavyweight building will however heat up and kdown over a longer

period (‘slow response’) than a lightweight builglifiquick response’).
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Figure 2: Temperatures on a hot day in buildings bhigh and low thermal mass $9]

Super-insulation

Materials of poor thermal conductivity (insulatoes used to reduce the heat
lost through the building’s external envelope dmeirtinstallation is the single
most important measure that can be taken to retthecannual C@emissions.
Most energy saving is achieved in the first 100nfhmsulation, then half as
much with the next 100mm etc. Super-insulatiorgeserally 300-450mm,
depending on the insulation material. The besenws are light and fluffy,
as entrapped air is an extremely good insulatane®able materials such as
cork and sheep’s wool or recycled materials suchceltilose fibre are
preferable for sustainable purposes as they haydow embodied energy.
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2.3.2 Passive solar design (PSD)

The solar energy falling on the earth in just om@rhis equal to mankind’'s
annual demand for fossil fuels. By harnessinga proportion of solar energy
we can make a huge difference to our impact onreaawable resources.
PSD uses the fabric of the building to admit amatestsolar heat, using the
building itself as a solar collector, which is knowas a ‘Direct Gain’ system.
Given a good, holistic, energy efficient designas@nergy can make a 10%

contribution to the space heating demand at natiaddi cost $o].

Orientation

In the northern hemisphere, the majority of glazstpuld be orientated to
within 30° of south, with a preference to southtéasnaximise early morning
heat gain and minimise afternoon overheating. iG¢pto the north should be
minimal. Main living and dining spaces should bedted on the warmer,

southern side of the home, with bathrooms, utdiaed bedrooms to the north.

Glazing

As the windows will be an area of relative heas)dbeir performance requires
particular attention and investment in a passivarsdesign. The ability of

glass to admit solar radiation from the outsidelavtiapping long-wave (heat)
radiation inside is what makes solar heating péessibA minimum standard

should be double glazed units with a low-E (low ssiity) coating, and an

inert gas in the cavity, which gives a U-value 08-2 W/nfK; roughly

equivalent to ordinary triple glazing.
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Building form

Minimising the ‘surface area : volume’ ratio willinimise the building’s heat
loss, which in practice means building a cube. E\mv, to maximise the areas
receiving direct solar radiation it is better tovba long shallow plan, like the

houses at the Hockerton Housing Project that aseGmn deep4].

Daylighting

Artificial lighting is responsible for 10% of domésenergy use, but this can
be reduced by good daylighting design. Thoughtfpllaced windows will
offer pleasing views as well as admitting daylight well daylit rooms have a
‘feel good’ factor and lift the spirits of the oqEants, compared with dark or
artificially lit rooms. Care should be taken howewuo avoid ‘glare’ or
excessive contrast caused by a single, overly brigit source. Roof
windows concentrate the daylight more than vertigaldows and large spaces

should have windows on more than one side to ingtbe light distribution.

Shading

In winter, the south fagade of a building will reeenearly three times more
solar radiation than the other sides; while in senmnsouth facing windows
will admit a third less radiation than east and wk€ing glass. This is
because the low position of the sun in winter ai@eeper penetration into the
building, whereas the midday sun is virtually owsati in mid-summer.
Shading devices such as roof overhangs, reflettivels, louvres or shutters
can be used to further screen out summer sun veldfeitting winter sun,

should the rooms be at risk of overheating durigdummer.
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2.3.3 Ventilation and air-tightness

Air leakage is not the same thing as ventilatidime former is uncontrollable,
inefficient and can reduce the effectiveness of itteulation by up to two
thirds [31]; the latter should be well controlled, operatdeetively with
minimal energy input, and improve indoor air qualit Air leakage, or
infiltration’, is caused by pressure differencedvieen inside and outside air

and has a number of typical entry points, as shovifigure 3.

)
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Causes of pressure differences. Paths of baast resistance.

Figure 3: Causes and paths of passive air leakaf®]

Adequate ventilation must still be provided to artight building. Trickle
vents in window frames can provide background Vatn. Humid areas can
be vented at source, using ‘passive stack’ vertrabr mechanically driven
fans. In airtight houses, mechanical ventilatiathviheat recovery (MVHR)
systems can provide a high standard of draughtdoeefort, and in very low-
energy houses they can in fact serve as the maimgesystem. In an MVHR
system, the outgoing air is used to preheat thenimeg fresh air that is ducted

to living areas, which can recover up to 70-80%hefoutgoing heat.
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2.3.4 Efficient heating system and controls

The form of heating system is integral to the bodts energy performance
and can impact upon the choice of structure, naseand internal finishes. If
a traditional heating system is to be included,demsing boilers linked to a
hot water storage tank currently perform best vagasonal efficiencies of
approximately 85%. Combination boilers that previteat only on demand
and do not incur storage losses can still be |éssemt overall because the
water in the system is heated from cold every timbe ‘cleanest’ of the fossil
fuels should be specified. This is mains naturas$, gwhich at present is

fortunately also the cheapest.

The heating system should be controlled with thealve of delivering only
as much heat as is required for a particular pattdr use. Timers and
programmers tell the boiler when to switch on/aftlare available with 7-day
memories. Optimisers can be fitted that take iatwount the outdoor
temperature and the heat-up time for the buildmghat unoccupied buildings
are not heated unnecessarily. The use of indiVidbermostatic radiator
valves (TRVs) and whole room thermostats can s&% bf energy use
compared to manual controlg].[ For further refinement a house can be

‘zoned’ for different heating regimes dependingloa pattern of use.

For distributing the heat into the house, ‘undenflbeating’ is inherently the
most efficient because it runs at lower temperaturéAlternatively, steel

radiators should be sized according to room ateaate and heating demand.
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2.3.5 Renewable Energy Technology

Planning authorities across the UK are following tlead of the London
Mayor's Energy Strategy to make it a common requéet for major

developments to source at least 10% of its eneegds from renewable
energy technology. The introduction of this targeds followed by the

publication of a Renewables Toolkit document tlaatwell as discussing the
passive measures covered previously in this thestyises on which
technologies would be most suitable to use in thmEm environment along
with the costs and benefits that could be expectetihe technologies

considered most suitable for domestic use are:

Solar water heating (SWH)

Once the space heating demand has been reduceaditonaum, domestic hot
water represents the largest energy savings pessilthe average home. A
4t solar thermal system will typically produce 50-7Q8 the hot water

demand in an average house, via panels mountedoutla facing roof3s].

Solar electricity

Photovoltaic (PV) panels generate electricity diyeérom sunlight through
arrays of semi-conductor cells. The main barmeusing this technology at
the moment is cost, at approximately £6,000 fork® lpeak output, roof-
mounted system 3g]; however it is anticipated that costs will fallitiv

increasing levels of subsidy and economies of scale
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Wind

Wind power has traditionally been seen as lessiegipé to individual
buildings as it works more efficiently at a muchgler scale of installation.
The claim is made that a 600W model could providiicgent electricity to
cover the annual domestic demand; however thesggrsficant concern that
the turbulent and unreliable wind conditions arowntdan buildings would

drastically reduce the average wind speed andnerdificiency $s].

Biomass

Biomass stoves and boilers can be used in indiVidommes to provide carbon
neutral heating by burning locally produced woodpcbr pellets. The

estimated £2,000 cost for a domestic biomass baiterthe ongoing costs of
delivered fuel make economic savings unlikely, pilns occupant has to be

willing and able to manage their fuel supply and disposal.

Ground Source Heat Pump

The stable temperature of the ground at approxisnat®C makes it a reliable
sink for free heating in the winter and coolingthe summer. Water (or
another fluid or air) is pumped through pipes endeedin the ground to
absorb heat in the winter, which is then upgraded beat pump to a suitable
temperature for domestic heating. Although 3 uoitenergy can be expected
for every 1 supplied to the pump, the £gavings relative to a typical natural
gas boiler can be reduced by the carbon intensithe electricity used, and

the expensive of drilling boreholes for the pipars be prohibitive.
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2.4 Housing assessment techniques

In order to turn the theory of sustainable constoncinto mainstream standard
practice, more specific and rigorous criteria @guired before ‘environmental
impact’ can have a chance of outweighing other rdgteng factors at the
design stage. As well as providing tools to bussnend industry to assess the
costs and benefits of each product, trustworthjcatdrs are required that will
inform the public in an easy to understand way hiogy can use their power
as consumers to play a part in creating a sust@netonomy. Various
indicators for housing have existed for some yadeady but have had limited
impact for a number of reasons; however, this dsmdcthe Building
Regulations is being strengthened and home enextiyygs could become a

key driver for energy efficiency in both new-buédd the existing stock.

2.4.1 European Performance of Buildings Directive (EPBD)

EU Directive 2002/91/EC became European law onJatiuary 2003 and the
UK Government had three years from that point tlément it. The
Directive’s objective was to promote improvememtshie energy performance

of residential, commercial and public sector buidg, through:

» A common framework for calculating a building’s egye performance.

» Setting minimum energy performance standards fone buildings and
renovated buildings with a total surface area G@0m2.

» Energy performance certificates that should be npadbdicly available.

* Regular inspection and assessment of boilers armbaditioning systems.
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2.4.2 The Building Regulations, Part L

Part L of the UK Building Regulations is devotedte ‘Conservation of Fuel
and Powet, and the latest edition took effect from April@®in order to bring
the Regulations into line with the requirementshaf EPBD. Part L has been
split into four categories: L1A — New dwellings; B1- Existing dwellings;
L2A — New buildings other than dwellings; and L2HEExisting buildings other
than dwellings. Another fundamental differencettie 2006 edition is that
each building is now to be assessed on its carbues@®n intensity, with a
pass only being provided if the result is foundb® a certain percentage

(typically 20%) less than that of a similar builgibuilt to the 2001 Part L.

2.4.3 The Standard Assessment Procedure

The Standard Assessment Procedure (SAP) is theosgprprocedure for
calculating if a home’s carbon intensity meets ribguirement of Part L3§].

It is a basic, non-geographically specific ratihgttin the latest 2005 version
considers electrical lighting as well as the spaod water heating, using
assumed average factors for construction detaiBhglter and solar strength.
While a new house can at present be expected ¢t /&3 the average for the

England’s existing stock is 46 and it has been gt

“A 5 point rise in this would achieve our g@argets for the foreseeable

future” [37]

Part L of the Building Regulations has requireccei2001 that the SAP score

be displayed in all properties being sold. Thiswaaised as being the first
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time that providing such information to the consurhad been made a legal
requirement of the seller. However, an extensighkl fsurvey in 2002 found
that there was very poor compliance with this dadiign and that the public

were still being ill informed on energy efficienfsg].

Distribution of the English Housing Stock
across the 2005 SAP Ratings
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Figure 4. Distribution of the UK’s housing stock a the 2005 SAP Scalesf]

The Reduced Data SAP (RDSAP) has been developethke assessments
possible on existing homes, where much data wéVvitably be missing or
unobtainable when undertaking an energy survely [For new homes, SAP
2005 was brought up to date with some of the neemergy saving
technologies, as well as becoming more detailedaandrate. It has also been
decided that the rating should use a colour-cod&sl gcale format, similar to
that used for white good appliances, so that ieikexs greater attention from
the public when it is used in the proposed Homermftion Pack (HIP) that

will meet the EPBD’s certification objective for ines.
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Home Information pack

As of June 2007, a compulsory part of the homangglprocess will be the
creation of a Home Information Pack (HIP) that wiliclude an Energy
Performance Certificate (EPC) and a voluntary Ho@endition Report
(HCR). The mandatory EPC will enable compliancgéhwihe certification
requirement of the EPBD, which is envisaged toudelthe new colour-coded
SAP rating, CQ@ emissions, expected annual running costs andithenfost
cost-effective improvements for that dwelling][ A significant benefit from
the packs could be a much raised awareness oh#rgyeperformance of the
properties on the market and the emergence of mipne for those with a
verified environmental benefit. Unfortunately hoxee it is not clear at
present if energy efficiency really can become féedintiating factor in the
mass housing market, which is something the Govemrhopes to tackle

using a voluntary code that was based on the Eca&d@theme.

2.4.4 EcoHomes

EcoHomes is the Building Research Establishme®RBE) environmental
assessment method for dwellings at the design ,stegjeh awards a number
of EcoPoints in each of seven categories depermiingow it is predicted to
perform p2]. Each category score is weighted to give thellilvgean overall
grading of Pass, Good, Very Good or Excellent. 3énen categories that the
dwelling is assessed under are: energy; transpohution; materials; water
consumption; ecology and land use; and health aitdb&ing. Benchmarked
figures are used where appropriate and the SAPsésl within the energy

category to calculate the home’s £€nissions.
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Various estimates have been made on the cost tevackeach of the four
grading standards available. These have been susethalsewheres] [43],

however a typical value for achieving ‘Very Goodutd be as low as £1,500 -
£2,000 or 1-3% of the build cost. WWF-UK has adjulkat this could be
reduced further still, to the point where it becem@mmparable to or even
cheaper than building to the 2001 Building Regolai by offsetting the
additional construction cost by ‘planning gain’, iatn allows developers to
increase a development’s size in exchange for mge&tmvironmental targets

[44], and by placing a small premium onto the pricéhef homes.

2.4.5 The Code for Sustainable Homes

In relation to sustainable construction in genefa, SBTG recommended the
development of a unified national code for sustalmatandards for buildings,
which it labelled the Code for Sustainable Build{@SB). In their response,
the Government are launching a Code for Sustaindblaes (CSH) that will
be broad-based, in a similar fashion to the BRBEHeenes scheme, in terms of
its sustainability reference and will consider mials and products based on
their entire life cycle environmental impacts. TB8H is to be a voluntary
rating scheme that goes further than the Buildingguations and the
Government hopes it will become influential in fvate housing sector by
creating a price premium for more-sustainable hoimessponse to consumer
demand. There has been little indication howevenaw the public will be
made aware of the scheme to ensure it becomes miggrated into the

private house building sector than has EcoHomes.
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2.5 Chapter conclusions

The objective of this introductory chapter was ®sctibe the difficulty of
establishing better sustainability standards in thé€ housing sector when
faced with the demands of the house buying pubiit the reality of market
conditions. It is recognised that the energy usgdhe built environment is
significant and presents one of the cheapest asidstaources of greenhouse
gas reduction. In fact the Government’s most reEmergy Review appears to
firmly emphasise the urgent need to implement thst energy efficiency
improvements, with the expectation that the buiitisonment will deliver half
of the UK'’s targeted 15-25 MtC savings by 2026].[ The challenge is to
transform an industry that is already having diffig meeting the excessive
demand for the finished product, that suffers frarohronic skills and labour
shortage due to a lack of trainings] and that operates primarily through
private enterprises that consider the financial tca$ sustainability

improvements to be greater than the benefits.

It was argued in this chapter that the technicahmseof achieving the target
reductions have already been developed, and tiaboéd can rely largely on
passive improvements to the space and water hesgigrements of each
home that would be maintenance free in operatidowever, since the benefit
of each eco-renovation in the existing stock wdddess significant and more
expensive to achieve than the advancement of ndd-lithe focus moves
away from the 25 million homes that are alreadyupgad in the UK and onto
the estimated 200,000 that are to be built eachfpedghe next ten. One of the

means of encouraging homeowners to make improvesmémt energy
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efficiency to the existing stock is to demonstrétte benefits in improved
comfort and lower running costs that can be aclieémenew-build homes by
relatively simple technologies that will continuefall in cost as their market

develops first in new-build.

Methods of building more-sustainable homes are garaand relatively cheap
already when integrated into the design from thet,shs shown by research on
the EcoHomes scheme that goes as far as suggéstirsglditional build cost
can be recouped through the planning process ngassmall premium on the
house. However the buying public first need tontede more aware of the
benefits of sustainability in housing, so that tlvey take action through their
choice of purchases. The SAP and EcoHomes scheeresintended to help
shape the demands of private homebuyers but unfately failed to gain
market penetration, though it is hoped that an athgeous differentiation
may still be created for more-sustainable buildgrghe inclusion of energy
certificates within the Home Information Pack ainé tintroduction of the

voluntary Code for Sustainable Homes.

It is becoming clear that there could be longemténancial benefits to those
businesses who take changes onboard at this ¢agg,ghough it is yet to be
assessed which elements of sustainability woulthbst readily welcomed by
the public and which would most strengthen thedauis brand reputation and
bring the most assured financial rewards. It &aclhat the additional build-
cost can be matched in the owner’s fuel and maamtes bill savings over not
very many years of occupancy; however, buildersranteconfident that this

attracts the premium that it deserves. The wiéerehts of living on a more-
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sustainable development should also be promotedeftre, such as an
increased sense of community, improved accessc@ Bmenities, reduced
dependence on the car and enhanced health anteirl. At present though,
there is still a lack of exemplar projects acrdss ¢ountry that could reduce
the perceived risks to developers of taking on #pproach and an almost
complete absence of reporting to the public of bemefits felt by the

occupants of the few pioneering schemes that @éadyr exist.

It has been said that there is insufficient eviéeoicpublic willingness to pay a
premium for the various improvements that couldith@uded in a more-
sustainable house. The next chapter will discissatork of others to address
this situation through homebuyer surveys, including that was carried out as
part of this thesis using a select sample of oacigpaf homes that have
already been judged as being more-sustainable. ekavit is also reviewed
why this survey like most others has many limitasioon what can be
concluded from the collected data, which is whyeawmeans of assessing the

performance of new homes and occupant satisfaticequired.

The approach of post-occupancy evaluation is iniced in Chapter 4, as the
emerging technique for assessing the performanbeilafings, the satisfaction
of their users and their relative sustainabilijirst however it is important to
understand what can be learned from applying thditional approach of

household surveys.
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3  Opinions of Households on Sustainability

A typical claim that represents one of the printhmariers to more-sustainable
housing is that mainstream buyers are not concdipezhergy efficiency so it
does not make business sense to build to a bédtedtagd than the competition
and be required to charge a price premium. Thdiaddl build-cost must be

recouped if the economic case for improved sudbdihais to be competitive.

Some have suggested that a scheme’s environmeatintials could lead to
faster or more generous progression through thenplg process, which has
economic rewards for the developet [47]. The economics will remain
uncertain however until the planning guidance &ified. In the meantime it
is argued that consumers would cover the premiunthéf financial and

environmental benefits of the home were marketepraiately to them,

although many believe this is not possible as Isigler not consider the on-
going, uncertain costs of fuelling a home when mglka purchase. An initial
step in strengthening the business case for sasiity is therefore to assess
the willingness of the market to cover the buildtcpremium, so they might

benefit from the full range of benefits that a meustainable home brings.

This chapter reviews the research previously phétison this issue, which
leads onto a survey that was conducted as patiifthesis to advance the
knowledge on the motivations and experiences ofadiqular group who
undoubtedly have much insight to offer proponerftsustainability - those

who are already living in a more-sustainable home.
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3.1 Previous surveys

The Halifax Building Society has regularly condutteousehold surveys. In
1998 it reported energy-efficiency to be the topsmn why buyers bought a
new rather than second-hand hom®.[ Then in 2000, the third most common
motivation for making home improvements was to ‘G=l Fuel Bills’, only

behind to ‘Add Value to the Home’ and ‘Improve Stard of Living’ [49].

Also in 2000, a Gallup survey reported that 70%aisumers would pay more
for an energy efficient homesd). Consumers also wanted energy ratings to
become standard for homes, which was of coursgakiernment’s intention

when the display of a home’s SAP rating was maadeptdsory in 2001.

More recently, a British Gas survey produced a régof £3,200 as the
additional amount homebuyers would pay for an gnefficient home §1].
This figure was £900 more than they were prepaceghay for a modern
bathroom or landscaped garden and £1,200 moreth®aihighest estimated
premium for building to the EcoHomes ‘Very Goodastiard $], which is a

very positive indication of what could be achiewednmercially.

A study conducted by Mulholland Research & Conagl{s2] on behalf of the
Commission for Architecture and the Built Envirormth¢CABE), WWF-UK
and HBOS (the bank formed from the merger of théf&laand the Bank of
Scotland) consisted of an online survey of 912ndieg home buyers who
were questioned on their attitude towards desigmeis, aspirations in terms of
quality and their decision making processes. Thedings that relate directly
to the research in this thesis were:
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» By averaging the rankings given to 8 particularlgiea of a good home,
having ‘Spacious rooms’ was concluded to be thetrimportant factor.
‘Good natural light’ was the second most import@md ‘Energy efficient /

low running costs’ was equal third, tied with ‘Gosolund proofing'.

» Energy efficiency was rated as very important b%7@f those aged 45 or
more and 68% of those in less well to do sociatlgsawhich are of course
the groups most likely to suffer from fuel poverdyd could therefore

benefit from the financial savings that energyaadincy brings.

» The provision of an EcoHomes assessment ratingn@n home would be

welcomed similarly across all groups and by 87%lbfhose surveyed.

* Rankings were also given to 8 sustainability fesgumwith the order of
importance found to be: energy efficiency; lowenmring costs; health and
well-being; water efficiency; renewable energy; iemmwvmentally friendly

materials; ecologically friendly construction; amdense of community.

*  When asked if they would be prepared to pay a highee for an energy
efficient home, 84% said yes, with the average arhbeing 2% extra. A
percentage figure is more appropriate than an ates@iure, since it takes

into account the varied income and market pricgeanf those surveyed.

Despite these strong feelings towards energy effey in the initial research,
the focus in the final report moved to housing demament planning, design
policy and architectural detadd]. The issue of energy sustainability was only
indirectly mentioned in the desire for improved dow design for more
daylight in interior spaces. This is considered#oa missed opportunity for

CABE to disseminate their important findings on tharket place’s desire for
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sustainability to the design professionals who & reports, and also to the

wider public since the earlier study had receivede press attention4].

The most recently reported survey has illustrateal ¢onsistency of public
opinion on the issue. The Energy Saving Trust (E8ports that 70% is still
the proportion who would pay more for an energyceffit home, but now it is
claimed that almost half would pay an extra £5-00,Bs]. The rise in the
claimed premium may be evidence of a broader utatesg of the hardship

homeowners will face in future, as fuel prices awn to move upwards.

The figures for this up-front aspect of the businease therefore appear to be
reliable and encouraging. Buyers overwhelmingly #zat they want more
energy efficient homes and most are prepared teagagmium that is greater

even than the additional build-cost of meetinglibst EcoHomes standard.

The business case should not be argued only omonp-€osts however, but
also that on an on-going basis these homes areedafed in a way that
creates an advantageous distinction between timel lofa'sustainable housing’
and the typical new-build development. To achiths, evidence is required
from the occupants of more-sustainable homes @fpgneciated improvement
in their satisfaction and well-being that makesghstainability premium seem
‘value for money’. If this appreciation exists arsdactively reported to the
market, it might provide catalyst to consumer-lgghiovements in mainstream

house builds.

An opportunity arose in 2004 to collect evidencehis effect, by conducting a

postal survey of the residents of a variety of @usible homes in the East
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Midlands region. The East Midlands has been reisedrby others as a prime
location for trialling such research, as it is gioa that features a varied range
of more-sustainable dwellings as part of private hmusing association

developments, individual home-owners and demonmsiratprojects of

sustainable energy technologiep[Ee] [57].

Since this was a targeted survey for a specificgrof people, a reasonably
direct line of questioning was deemed possiblewds$ expected that most of
those who would respond would already have knovdeafghe issues at hand,
either as a prerequisite of their decision to mmte or indeed build one of
these more-sustainable homes, or consequentlywioip the receipt of
information from the developer of the benefits thiagir home could bring
them. It was hoped to gain insight into the mdtors behind their decision to
live in a more-sustainable home, what they savhasaspirational features for
any home, and how the homes and the technologieg tbatured had
performed during the time they had lived there.wiweer, before the findings
are reported on, it is important to understand lingtations of such a

surveying methodology and the context in whichrésults should be read.
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3.2 Discussion of the survey methodology

Although the collective findings from homebuyer sys suggest a

willingness to pay for energy efficiency improverntgrthe classic response is
that the reported good intentions and belief ingbmewhat abstract notion of
being eco-friendly rarely gets translated into@ttbeing taken when the time
comes to make the financial purchase for real. r@lage many reasons why

this may well be the case, some of which are n@eudised.

It is commonly appreciated that the wording andusege of each question
and the overall impression that a survey givehéoreéspondent can lead to an
over-exaggeration of positive or negative respoitsas when aggregated do
not truly reflect the whole of public opinion. Fexample, if a survey were to
begin with emotional questions on the effects obgl warming then it would
not be surprising to discover a fairly polarisedwion a following question
regarding the construction of a nearby wind fariirhe context in which the
guestion was answered had been primed by thoseptbetded it. For this
reason, the best indications of concern for therenment perhaps come from
surveys where the public are asked what they tthisknost important aspects
of house design are without any prompts beforel@mnthe research agenda.
A series of focus groups conducted in this unpreasphanner were reported
on recently with the disappointing result that gyeefficiency was not
mentioned oncesg]. What may be revealing however is that whileyo2b%
of the group claimed they would be prepared to paya for an energy
efficient home when asked directly, 64% said tHatyt expected energy

efficiency to come as standard.
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The implication that the public expects not to haveaake action to promote
energy efficiency themselves, that it should commestndard, corresponds
well with the growing disparity between the puldichwareness of global
warming (as measured by the level of media repgpriinreceives) and the
relative concern the environment receives whenedragainst the likes of the
NHS and defences§]. Figure 5 has been presented previously to show
the environment remains a low issue on the puldienda, even though the
press coverage it receives has increased sharpty.speculate on what is
shown by this graph, perhaps it is the case thatptiblic has been told so
repeatedly of the nature and scale of the diffiealahead with little follow-on
advice related to what they could do about it, thaye come to assume either
that there is nothing that can be done or thas ithe sole responsibility of

governments and big business to do all that isiredu

% respondents # articles in UK press
(Key issue) (per quarter)
Press cuttinqs\
100 UnEIl"IDlDVI‘IlEIIt - . 3!000
a0 Eﬂuuﬂﬂﬂlfﬂﬂﬂiuuﬂﬂﬂl
80 Defence/ 2,500
Foreign Affairs
70 2,000
60
50 1,500
40
30 1,000
NHS
20 500
10 i
0 0

T T T T T T T T T T
1984 1986 1988 1990 1992 1994 199 1998 2000 2002 2004

Seurce: Factiva, UK press mentions including glebal warming, climate change, graenhouse affact or greenhouse gas, MORI
Base: c. approx 2,000 British adults

Figure 5: Charting the public’s response to enviramental press coverage
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The media is often accused of being overly powerfudbility to manipulate
public opinion, which is used by many climate chesgeptics to ignore the
reported urgency for greater environmental prodectilt is said that an on-the-
spot survey can often provide better indicationvbft was on television or in
the newspapers in the most recent days than whaagidpulation truly believe
in. An example given by CABE is that ‘security ag crime’ emerged as the
most important factor for housing design in a 2@@#® whereas a previous
survey of 11 factors had positioned ‘safety’ halwdown the list $3].
Although this first highlights concern on compariegults from questions that
use statements of just a few words to embody samestabstract concepts, for
‘safety’ could mean any of a large number of thjngsnay also indicate that
the attention of the public was on different eveaaitthe time 4 years apart that
the surveys took place. It is often voiced thaige have become more fearful
of crime because it is more frequently reporte@nethough the same does not

appear to be true for environmental protection.

It has also been suggested that although a wikisgrno be more eco-friendly
is often rated highly in surveys this is because rdspondent is giving what
they believe to be the morally correct response,itwactual fact, when the
time comes to hand over their money, eco-friendbralls much further down
the list of priorities. This phenomenon has bemed the ‘value-action gap’
and a large body of previous work has been devatéid[s]. The suggestion

may in this case be unfair to the consumer howeudousing is a market

skewed towards the builders at present, where éheadd in many regions far
outstrips supply. This means consumers are nareaif the true range of

choices that they would like, and so the emphasigas away from what they
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would like to buy ideally and onto what they hawechoose from in reality,
within the general location and price range thaliap to them. Interestingly,
this scenario has been suggested by others asnargrcause for the steady

rise in popularity of self-build housing in thiswrdry [4].

There are of course some examples where develdmare built more-
sustainable homes and have managed to sell theem af a premium. In
certain locations developers have come up withtisols that are very different
to the norm across a whole range of issues, sditagirepresent a sustainable
lifestyle that includes reduced energy consumpti&xamples of this are The
Hockerton Housing Projects§] and BedZED in Suttonef], though it is
subsequently impossible to identify the influencé increased energy
efficiency on each buyer's and tenant’s decisionlite there, since these
outstanding schemes offer a whole package of ik improvements.
Gusto Construction’s developmentse2[] and The Green Building in
Manchesterdzs] are two examples where energy efficiency couldléscribed
as the prime factor that differentiates them howege would make more

suitable case studies to take this issue further.

Returning to the survey at hand, it needs to beédar mind that the method
used to gather opinions often introduces an uniitteal selection process on
the kind of person who will respond and the resperthat they give. The
location, timing and technique used for the acaalof surveying can bias a
sample and prevent a true representation of thy gtapulation. For instance,
questioning randomly selected people in a busy aatytre on their shopping

habits could be expected to gather a contrastingfsgata than if the same set
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of questions were asked to people in their homiése survey population will

differ markedly as the latter approach will includigta from more people who
do not enjoy or perhaps are unable to shop in the centre. Similarly

differences may exist between the geographicabregof the population that
prevent responses gathered from one particularlsamgion to be reported as
representative of the population as a whole, uritesan first be proven that
location is an unrelated factor to the issues urstiedy. Where the act of
responding is voluntary, a polarising effect israadiuced to the opinions
gathered, as it will generally be the people wheehstrong opinions at either

end of the scale who will inconvenience themseteagspond.

When all of the various issues over sampling repridgion were taken into
consideration, it seemed that the best means bégay data from sustainable
home occupants at present was to canvas as mgmssaible within the East
Midlands region, since their population is still @imin number and the
distinguishing factors that could be used to idgrdin appropriate sample are
as yet unknown. The survey that was posted owrigsal research for this
thesis was sent only to those homes that have réghtin a number of
substantial reports on sustainability, with no imees provided for them to
respond other than kindness. There is therefoo®rsiderable amount of
research still required to be undertaken in thesaas this is a very challenging
objective, though the indicative results from thidtpsurvey undertaken are

now presented.

41



3.3 Indications from sustainable home survey

The survey was posted to the residents of 19 hgudavelopments that had
featured previously as sustainable home case studdrethe East Midlands
region of the UK 4] [64]. These represented a full mixture of speculative
housing developments of all sizes, housing assoniatevelopments and a
number of homes that had been built or renovatedhBividuals or groups
specifically for sustainability purposes. In total4 questionnaires were sent
out in January 2005, along with a letter explainingy they were being
contacted and a prepaid return envelope. No ineetd reply was included
other than our gratitude and 65 responses werévegtgiving a return rate of
30%. Appendix A includes the questionnaire, dst#lile origin of the 65

respondents and tabulates the answers for eactiaques

There had been no attempt to take account of tfeimig characteristics of the
population of sustainable home occupants beforestineey was distributed.
Indeed even the very definition of ‘sustainable kBohmad not been defined any
more rigorously than the inclusion of each casedystn various other reports.
As such, it could not be predicted what the disiugccharacteristics of any
subset within the respondents would be. Howevee, tesponses were
received from two groups of reasonably comparatzle: 87 Tenants and 28
Owners. A preliminary investigation was made imeether these two groups
displayed general differences in opinion, sincertheme ownership status
may be used as a proxy for their financial sittaamd commitment that they
have made to their home, which are likely to besiadUfactors in a household’s

decision to spend money to improve the building'stainability.
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The low response rate of just 30% from a sampleeadple who already
occupy more-sustainable homes suggests that tlos goplication of the
postal survey methodology suffered from the shoniog that those who
responded were already more concerned by the suivatter, i.e. energy
efficiency. This also appears to be the case whspecting the origin of
responses, as the highest response rates cametffos® who were owner
occupiers and had therefore already paid a premrive in their more-
sustainable home. It is only because 3.7 timesi@sy surveys were posted
out to housing association (HA) residents as wengrivate home owners that

the 65 responses were more evenly divided betweetwo groups.

The lowest response rates came from HA tenants, @7%hom responded
that they were not aware of the energy efficientytheir home when they
moved in. Over a third of those who were awarg¢edtaghat this was not an
influential factor for them. Some commented thiagyt had much more
pressing needs than cheaper bills at the timecoinparison, all of the owner
respondents were aware and the majority were ‘waugh’ influenced to buy
or build their home by its energy efficiency betefi It was also found that
home owners planned to live in their homes for madeditional years than
tenants, though only by approximately four yearsranon average. This
nevertheless indicates that tenants would not hewestrong a financial
commitment to their homes and the speculative aggamthat ‘tenants’ and
‘home owners’ will differ in their opinions on sastability may be an

appropriate subdivision to investigate further.
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What makes a good home?

Q7: How important is it for a good home to haveteatthe following

qualities?
Extremely Not at all

Large, spacious rooms 4 3 2 1
Comfortable indoor environment 4 3 2 1
Modern entertainment facilities 4 3 2 1
Good level of natural light 4 3 2 1
Security from intruders 4 3 2 1
Attractive appearance from outside 4 3 2 1
Low gas and electricity bills 4 3 2 1
Peace and quiet from outside 4 3 2 1
Modern kitchen and bathroom 4 3 2 1
Parking space for a second car 4 3 2 1

The respondents scored these ten features byngrathere they fell on the
scale of 4 to 1. This enabled average scores anking positions to be
calculated for each feature. The list was adafpted a similar question asked
in the research of Mulhollandsd, so a comparison of the results could
illustrate how typical the aspirations of peoplesatly living in these more-

sustainable homes are. The top 4 features were:

Comfortable indoor environment
Low gas and electricity bills

Security from intruders

P 0N PRE

Good level of natural light

This is broadly in agreement with Mulholland, whsacareported that energy
efficiency and natural light rank most highly. f@fences between the tenants

and owners are of note. These HA tenants placadiseas their top concern
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whereas owners instead put more importance on ¢pasan parking for two.
Some suggestions made for other qualities thatddoave been included in the
selection list were: a garden with privacy; frigndheighbourhood; low

maintenance; and ease of access and suitabilithéoelderly.

Energy efficiency features

Q9: How important do you feel it is for a home #ov/h the following
features?

Extremely Not at all

Well insulated walls and roof 4 3
Well insulated windows 4 3
Efficient water heating 4 3
Modern heating controls 4 3
Low energy lights & appliances 4 3
Water saving appliances 4 3
Its own electricity generation 4 3

N o NN
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When asked to then rank a list of energy efficiefeatures, water and space
heating improvements were top, with electrical ioy@ments next. This may
indicate an appreciation of where the energy used home goes since the
majority is indeed spent on water and space heafigtinctly separate in last
place was having ‘its own electricity generatioiifustrating the disparity
between the media exposure given to the likes afttquoltaic panels and
micro wind turbines and the accurate belief of ¢hesspondents that basic

improvements to the walls, roof and windows areewemwarding.
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Provision of energy efficiency information

Q10: If you were looking to move into a new homewhmuch information

would you prefer to be given concerning its engrggformance?

] 1 would prefer to be advised IN DETAIL on its eggr
performance

1 1 would prefer to be advised BRIEFLY on its energy
performance

[J 1 would NOT BE INTERESTED in knowing its energy
performance

Four out of five of the respondents would prefebéotold in detail about the
energy efficiency of their next property, with alsa@ll others preferring to be
told in brief. This ratio does not differ remarkalirom that found in the
housing market in general by Mulhollangs]] which weakens the argument
made by many builders that they cannot market hdoretheir sustainability

since mainstream buyers are not as interesteceatetioted niche.

Living with energy efficiency technology

Q11: Have you found the energy efficient featuregooir home to be

disruptive to your life at home?

[ Yes, very much so [ Yes, a fair bit

[ Yes, a little bit [ No, not at all

The majority of both tenants and owners found itatcall disruptive living in

their more-sustainable home; however, a third eplorsome disruption.
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Unreliability of complex technological equipment svdhe most frequent
complaint, with the consensus being that passiveterys were more
satisfactory and smarter investments to make. nO#etraditional back-up
system had to be provided for times when the rebhiwalternative failed,
which seriously hampers the economic case for usiagechnology. Another
concern was that the residents often still had deaiwhere their energy
spending was going and what contribution the soalality systems in place
were making. Performance feedback, when proviggaogriately, can be a
very strong motivator for further improvements andeed it is hoped that the

next generation of ‘smart’ electricity meters catiifthis purpose 4s].

Environmental Purchasing

Q14: Would you be prepared to spend money on & mtequipment that
would save you money on your household fuel kélig] at the same
time help the environment?

Ovyes [ONo

If you answered “No” to this question you may stip next two.

Q15: What would be the maximum number of yearsybatwould be
happy to wait for the money you save on your fuks b equal the
price you paid for the equipment?

[ 5years [110vyears [115years [1 20 + years

Q16: Would the fact that you are helping the envinent make you less
concerned about how fast you recover the costeoétjuipment?
[ Yes, very much so [ Yes, a fair bit
[ Yes, a little bit ] No, not at all

The final part of the survey attempted to revedirthattitudes to spending

money on energy efficiency equipment as an investrieat would save them
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money in the long-term. 90% responded that theuldvepend money on
energy efficiency equipment, which is perhaps nwpssing seeing as many

already had by moving into their current home.

The payback period was then assessed, as it srtiest economic measure
of an investment's value. Although the paybackiqakeris a crude

measurement that takes no account of risk or #hee i the ongoing financial

savings once payback has been achieved, it is @pbthat could be worded
in everyday language so that the meaning couldaséyegrasped. Tenants
required their investment to pay back sooner thamdowners and there are
probably many reasons for this. For instance,rtb&pected shorter term
living status means they may not still be thereetap the financial benefit once
the payback period has been reached. This woaldl te a more short-term

frame of mind when it came to making investmenthsas this.

Although 57% of the owner respondents expect te iivtheir home for over

20 more years; only 11% would wait this long fog #quipment to payback.

In the final question, the issue of payback wasmaunded by asking to what
degree a care for the environment would make teporedent less concerned
about the payback period. The home owners werestly most concerned,
since none of them replied ‘Not at all’, unlike 2G%the tenants. There was
an overall positive response to this issue, witlty d6 of the 65 respondents
(25%) replying that they would not be less concérri®y helping the

environment; however, perhaps this finding is toexpected to a morally

loaded question such as this.
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3.4 Chapter conclusions

This chapter set out to demonstrate the applicaifam appropriate means of
countering one of the most often stated objectibmsaccelerating the
progression of the house building industry towasisstainability. The
experience at present of most builders is that esog improved
environmental standards adds a premium to the 4oo#t, which must be
recouped if they are to be economically competitiféney therefore believe it
would be commercially unsound to distance themsefk@n the mainstream
by building more-sustainable homes, since an irgsafft number of

consumers are willing to pay a premium for this.

This chapter first reviewed a range of publishex/eys that go some way to
discredit this argument; however, to convince theélders, the reported
enthusiasm needs to develop into consumer actibichwn the current market
is nearly impossible to discern since the demandhdnising is so high and the
supply of more-sustainable homes is so low. Hrigued that evidence of a
discernible on-going appreciation of living in tkesomes and the financial
and lifestyle improvements that they provide mustrdéyported on more often,
to raise awareness of the ‘sustainable home’ beartti reassure prospective
buyers that they can represent better value for eyoand possibly an
improved lifestyle. This would in turn hopefullgdd to mounting pressure on
the builders to improve the range of choice in terket, which is required
before the premium that buyers are willing to payd more-sustainable home

can be fairly assessed.
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A survey carried out to demonstrate what could é&searched by a more
rigorous study into this aspect of sustainable fomas also reported on.
Although the sample population was restricted tpasticular geographical
region and the response rate was varied acrossisshéhe initial indications
give further support to the case for more-sustaenabusing. The benefit of
obtaining feedback from users of new technology demmonstrated through
the survey, as an information source for desigmdrs wish to improve the

guality of their products and their customer satiibn.

Surveys and resident focus group interviews ardeqaiten organised by
housing developers who wish to keep their custorneppy, so that they will
spread the good word; however, these are usualiadje and informal affairs
that focus on individual problems of snagging arte slevelopment. If
occupant feedback is to be used to strengthendbke for more-sustainable
homes then the industry requires a standard médtirothis, so the collected
data can be compared across schemes and the eariefity single factor can

be separated out from the full package that mostaswable homes can offer.

In the next chapter a concept will be discussetidbald establish a consistent
method of collecting feedback for achieving thisnmai Post-occupancy
evaluation (POE) is emerging within the commerdattor as a means of
comparing the effectiveness of the methods andomgs of each new
development or use of technology; although it is tgetake off within the

housing sector. It will be argued however that PGdtld also provide

considerable catalyst to the housing sector, byirehanformation on the best

practices as a means of accelerating improvemerits sustainability.
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4  Housing Improvement through Feedback

It is clear that the construction industry is reqdi to undergo a major
transformation if it is to play its part in shapiogr sustainable future, which is
often described as the biggest challenge it hasfeeed. It is also apparent
from the scope of the Egan Repost][that its ability to face up to this
challenge will be seriously confounded by the pgaality control of finished
product that is the current standard within theusid/. Among other things,
Egan called for the creation of a quality drivererda that should be guided
by performance measurement and targets for contsiiroprovement. Part L
of the Building Regulations exists as the legalgma@nded set of minimum
performance targets for heating and power use mitié home; however, even
though it is only comparable in thermal efficienty what was built in
Scandinavia before WW24], an estimated one third of new housing does not
achieve what is required in Part &7]. Praiseworthy eco-schemes and case
studies with super-insulation and exceptionally Ewinfiltration do of course
exist in the UK, but they will remain as token, demstration gestures until

quality control is dramatically improved across iha@ustry as a whole.

The more progressive manufacturing industries laeepted for many years
that feedback from users on the performance ofitiighed product should be
seen as a key part of their quality control reginffethe most is to be made of
the existing knowledge base, in order to improve tiext version of the
product, then it must first be discovered whichnedats of the design were
successful and which were not once it entered theketplace. Otherwise,

there is a risk of the next upgrade being oneriyalaices the good aspects and
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maintains the bad; not because the designers amenpetent, but because
different criteria can be used by designers toipteéde product’s performance
than are used by customers. Designers will ofpemd a long time solving the
wrong problems very effectively, leaving untouclibd problems that matter
to the user, which will clearly have a significattect on their brand loyalty.

This scenario is especially true of the electroracsautomotive industries
where product renewal can be frequent, but it $® afue of the construction
industry, even though the period between ‘upgragesbnsiderably longer. A
negative response can also often be delayed wieeacthal users of buildings
are not the same group who paid the constructiampamy to build it;

however, strong alliances do exist between cliant contractors that can be
damaged. So it is in the interest of all partiedigten to what the users of
buildings have to say and use this to continuouslgrove the product; to

remain competitive and to better control the quadind direction that the

product development takes.

The act of gathering user opinion in order to ammbusly improve our
buildings has been established within the constmdndustry for over forty
years and Stage M in the Royal Institute of Brithsichitects (RIBA) Plan of
Work for Design Team Operation (1963) is named dbeek’. Currently
however, this stage is omitted from the StandardnFof Agreement that
architectural services are normally procured underaning that it rarely gets
completed. Nevertheless it has developed in cdraeg reach and presently

goes by the name of ‘post-occupancy evaluationPQE’.
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According to Leamarsg], POE aims to assess a project from two fundarhenta
points of view: How is this building working?and “Is this what was
intended?. The attributes of design that are evaluatededdpmlmost entirely

of course on the desires of the funding party,iairedgenerally the same group
who decide the boundaries of the time period umdatuation. A POE can
focus either on the design & construction stage erly occupancy period, or
both. There are a number of qualities of a bugdimat a POE can assess and

the importance attached to each is often contexmidgent.

» Space — the physical capacity and how it fulfils tisers’ demands.

» Operations — the usability, manageability and fidity of the building.

* Environment — indoor conditions (thermal, lightietg) and their impacts.
» Users — opinions of the occupants, usually gathbyeguestionnaire.

* Image - both the building’s styling and the signayeroute finding.

» Cost — ‘perceived value for money’ is often the in@mone priority.

Full POE studies have traditionally focussed on @mcial sector buildings,
since this portion of the industry is more compegitand revolves upon
quantifiable achievements such as efficiency anodystivity. The same
approaches can be adapted for residential studiiis, the opinion of the
occupiers taking a central role. The measuremeptoupant satisfaction is
more complex however than it sounds, although theeates of POE claim

this is where will come the majority of improvemeiitat it can bring.
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4.1 The benefits of building occupant satisfaction

The ultimate beneficiaries from a POE study shalidays be the building
occupants, with any negative feedback that theyritorte being acted upon
where possible to improve the conditions for thend duture occupants.
Stating it like this will rarely provide sufficienteason for a commercial
organisation to take on the cost of undertakinguayshowever, and so it is
important to appreciate the full range of bendfiteach of the various patrties,
especially as the funding could come from any ehth BRE have produced a
concise table of costs and benefits to aid dessgterobtain the necessary
funding for POE §9]. The costs are broken down in a way that sunsearihe
procedure for a study as: questionnaire designdistdbution; data analysis;

feedback reporting; and remedial action. The hentil into four categories:

1. Improved staff satisfaction and well-being, leadiograised productivity

and reduced absenteeism, churn (staff turnoverjraimdng overheads.

2. Improving the effectiveness of the facilities — Iding services, space

allocation and obtaining early warnings of potdhtiaerious problems.
3. Reduced energy & maintenance costs through impregedce operation.

4. EcoPoints that are awarded for measuring staféfsation and acting on

the information gathered under BREEAM for offices] [

For advocates of POE in commercial buildings Wital not to underestimate
the potential increase in staff productivity thanccome through comfort
improvements. A range of studies using varioushoatlogies has shown

productivity gains of 20-25% following improvemeritsthe work place, such
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as better use of daylight and lighting design][[72]. There is some

uncertainty over certain aspects of the data, siscthe measurable definition
of productivity and the means of separating théuérice of environmental

factors from all others; however, this uncertaicay easily be countered by an
appreciation of the magnitude of the potential gaiompared to the costs of
owning and operating a typical building. This leen reported on by others
[73] and summarised by CABE for running an office 2&r years as: 6.5% on
construction cost; 8.5% on furnishing, maintainargl operating; and 85% on

worker salaries. Or in ratio terms:

Construction : Building running : Business running 1:1.5:15 1]

Alternatively, according to another reputable seurs 1: 5 :200 74

Whichever set of ratios is correct, the figuregsitate the greater significance
of the indirect benefits of productivity increasasnpared to the conventional
means of justifying M&E equipment upgrades by thewre direct benefits,
such as a reduction in energy use or improvednstyli Case studies from
around the world have reported how payback periwdse in this way been
slashed from years to months on upgrades that sereduled originally to
improve energy efficiency and reduce maintenanakrapair costs7g]. So
here lies the message for the energy consciougraesi By focusing not only
on the relatively minor energy and fuel savings &lsb on the considerable
productivity gains that could come about, the besencase for sustainable

energy technology in commercial properties can tveca win-win situation.

POE studies at present tend only to be done byeksecompanies on the best
buildings, which forms a virtuous chain that assisthers to obtain the
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resources required to conduct and publish studigheir own. In this way,
POE has become a rich source of factual evidenasddo convince investors

that environmentally beneficial strategies arealyeproven and reliable.

Returning to the housing market, it is possibledlate the first three of the
four benefit categories to a similar benefit that application of POE would

bring to a housing development. Unfortunately Exn#3 are not yet available
in the EcoHomes scheme for consulting the occupant®ther homes;

however, the financial and environmental aspectspate usage and building
services provision have traditionally been siguaifit for housing just as for
commercial property, and a home’s on-going energl/raaintenance costs are

becoming increasingly significant at present, asulised in Chapter 2.

Where the difference lies is that while the besedit occupant satisfaction in
commercial buildings can be measured tangibly ims$eof the staff costs and
productivity, no such measurement exists for thsfsation of a home owner.
People use their homes for a multitude of variompgpses and each of us has
our own unique opinion on what an aspirational hdme No over-riding
function exists for modern homes to which a figardgarget could be assigned
and so developers instead target their housingdhyda socio-demographic
groups, usually without a good understanding of hbe lifestyles of the

occupants should influence the design in question.
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4.2 Existing POE techniques

The number of methods developed over the 40 ybatsPlOE has existed has
grown to such magnitude that it is itself one & teasons that POE has not
become mainstream. Over 150 possible methods Hmeen reported
previously 5] and, for this reason, one of the primary objexgiwf a recent
program that researched the UK construction inglissfperceptions on POE
was to greatly streamline the methods into a recenued ‘Portfolio of
Feedback Technigues’e]. The aim for this Portfolio is to make it muctora
clear which method should be used by those intedest conducting a POE,
depending on what stage of the construction protesswish to study. The
Usable Buildings Trust website presently hosts Bwtfolio [77], which
contains just 10 techniques, grouped into 5 stajespplication and the 5
methodological categories of: Audits; Discussio@siestionnaires; Packages;

and Process Changes.

Certain aspects of the Portfolio stand out clearfhe first is the importance
placed on discussions and surveys as the mosttieffemeans of gaining
information. Apart from the CIBSE TM22 Energy Assment and Reporting
Method (EARM), which is the only entry in the Audiategory and is also
incorporated into two of the other nine techniquks,focus is very heavily on
what can be learnt descriptively both pre- and-podtd on the expectations
and opinions of the occupants and those others meslved in the process.
A second aspect that stands out is the completenabsof a technique for
households, as all in the Portfolio are targetedffites, schools, retail and

other commercial properties. Personal communioatigth Building Use

57



Studies (developers of the BUS Occupant Surveysasl in Probe series of
POE studies) has revealed that several attempts been made before on
developing a standard POE questionnaire for housitignone have yet grown
beyond the boundaries of the company that desighed Currently the

Construction Industry Council (CIC) is developinghausing version of its

Design Quality Indicator (DQI) questionnairg][that features in the Portfolio,
which is a very positive observation since the la€la standard method has

impeded the practice of surveying households, iogpCABE to remark,

“The fact that there is very little post-occupanogsearch conducted by

anyone in this sector is a problem that we musaddiress.” [79]

The prime reasons for the lack of a standard PQfoaph for housing have
been suggested as commercial confidentiality, échitesources and a ‘not
invented here’ mindset, meaning that techniquesal@et picked up by other
companies who instead develop their own.  Adddlly, since housing does
not have an over-riding purpose, the surveys atendfilored to a specific

development and research agenda, with limited egptin for the housing

industry as a whole. Sustainability has in thet feeen described one such
agenda, a lifestyle choice that is out of sync whih many personal aspirations
for modern housing that must be seen as being ustaigable, such as
parking for a third car or a heated swimming pddlany recent surveys of the
homebuyer market as a whole have told a differ¢émty showever, with a

predominantly positive attitude towards sustaingbdoming through clear.
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4.3 Overcoming the barriers to conducting a POE

The barriers to integrating POE into the constarcirocess are complex and
varied and, as one commentator has remarked, lesdted in a situation
where POE hasmiany advocates but few practitionefss]. The barriers fall
under the headings of corporate uncertainties hadlifficulties of preparing,
completing and reporting a study. A significargt lwith the means of
overcoming each has been compiled elsewhesg dnd so only the main

barriers are now reviewed.

Corporate uncertainties

* POE is perceived to be of low value, especiallysbgne clients who see it
as an exercise for the construction industry teesds own problems. This
makes it very difficult to obtain the required rasmes when the pressure is

normally to work at reducing financial budgets @odts.

» It is also often seen as a risky exercise thatcctedd to reduced property
values, higher Professional Indemnity (Pl) insueainc even litigation if

faults are exposed and blame is subsequently placed

Process difficulties

» Clients may have difficulty defining what they wdrgfore a project starts,

making it difficult for the practitioner to know \alh data to collect.

» Many POEs presently undertaken are single-buildingsingle-project
studies and so are often assessed using bespdieigiees with little

thought for how the method and results could bdieghin future.
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» ldentifying causes and effects in a building’s ipito help or hinder the

activities that take place inside of it is an extedy complex challenge.

Post-study complications

* The report is required to be of more than limitexhdfit to everybody,
whilst maintaining a balanced view that meets thgeetations of each of

the multi-disciplinary parties involved.

» If recommendations are to follow a POE study, itssially necessary to
benchmark the building against others in its paldicclass. This calls for

some database handling, which is often underesuiretd under-funded.

Solutions

The solution to most of these barriers is to mamntommunication and
transparency at all stages of the POE processst Should be developed by
holding regular open discussion forums with alltiesr, to first of all introduce
the concept of POE, formulate the brief, scope laamthmarking requirement
of the present study and possibly to draw up ‘Ndtfagreements’ to clarify
what falls outside the contractual obligations.tHis way, the involvement of
all parties should be more positive and helpfubtighout, and the finished
report should be one that is both fairer to all aoditive on the benefits that
the study has brought. This will make it more likehat the report gets
published, and it is through increased publicatibthe success stories of POE

methods that awareness of their existence and ibendf improve.
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4.4 Chapter conclusions

The housing stock of the UK was depicted in Chagtexrs being deficient,
unsustainable and lacking in its ability to supgift century style living. The
accelerated program of house building that is eaiyreunderway is to tackle
the often proclaimed shortage, but little is beflume to assess if best use is
being made of the limited land resource that weehanif what is being built is
of sufficient standard to meet the difficulties tthhe changing climate will
bring. This chapter has argued that housing shéalldw the lead of the
commercial sector’s adoption of post-occupancywatsdn (POE) and develop
a common technique for assessing a dwelling’s padace in terms of its

energy and land consumption and its ability tosfatihe occupants’ needs.

The value of the land footprint that a dwelling bgilt on may not be as
important to the homeowner as the features thahthee contains, but it is
extremely significant to the developers who areuneqgl to build at a higher

density and do not wish to lose overall market @aln the development site.

Occupant satisfaction should be seen as a criboainess function of a
commercial building’s performance, which must belenstood by any energy
conscious manager who wishes to apply POE withenadbmmercial sector.
The over-whelming magnitude of workers’ salarietatree to the overall

operating costs of a business means that evereithtbrmal, ventilation or
lighting improvements made following a POE studgute only in a small

percentage rise in worker productivity, the implema¢ion of the study can

still become undeniably advantageous.
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Unfortunately house builders do not gain such amealiate financial benefit
from assessing dwelling occupant satisfaction. &l@mwv, since POE has
shown that energy efficient commercial buildings also very often the most
comfortable and satisfactory to work #j,[it is reasonable to hypothesise that
the same will be true for homes; that more-suskdéndwellings are also more
pleasurable to live in. Anecdotal evidence suggdbis to be the case,
although no conclusive studies of the possibleetation have been reported
because of a lack of comparable data. While cidies of sustainable home
case studies have been assembled by othigrsHe methods used have not yet
been developed into a standardised POE procedlirmugh attempts are
being made7g]. A standardised procedure is required so thit dallected on
the full range of mainstream and more-sustainaldmds by independent
assessors could enable comparisons on their achéis and occupant

satisfaction.

As was also argued throughout Chapter 3, evidehe@m @nhanced on-going
occupant satisfaction could be used to assure ectisp buyers that they will
be happier and economically better off in a morga&nable home. This may
ultimately lead to market differentiation for theiilder and add a premium
onto the market price of the more-sustainable horied they build,

contributing towards the additional build-cost béthome. Promotion of the
findings from housing POE surveys may well createmarket differentiation

that is required to enable the mainstream to buibde-sustainable homes.
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5 Space Use Efficiency

Previous chapters have argued for the developnfenstandard and objective
means of gathering data on the performance of ms&inable homes, so that
they can be promoted in the marketplace as offelegefits that warrant a
price premium. As was discussed in Section 22 |ahd devoted to housing
is becoming a significant issue, as the numberooskholds continues to rise
beyond the growth of the population. Smaller homesbeing built and to a
higher density, to reduce the need for expansiao greenbelt land and to
develop communities that can support the localisesvaround them. The
definition of a more-sustainable home should treeeinclude the efficiency

with which the space it contains and the footpoirtand it is built on is used.

Space usage is already one of the most frequesdjyessted aspects of post-
occupancy evaluation (POE) in the commercial sedcttrere the efficiency

with which a business makes use of the buildingpdrates from is of tangible
financial value. These buildings are often rerttgdhe square metre, which
creates a financial focus that encourages theitfacitanager to assess the
allocation of floor space very carefully, howevie tmethods used for these
assessments can often be inaccurate and labonsivge In this chapter a new
technique is proposed that links the present wath the fields of computer

science and architectural design. The discussitbrexplain how these areas
of research overlap and can complement each atheany ways, through the
application of an occupant tracking system. Fingtugh it is important to

appreciate why domestic floor space is allocateitiiagoday.
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5.1 Internal space division

The architect’'s conception of the activities thatl wvake place within each
room has always been fundamental to the overafth flor housing, as this
implies what size each room needs to be and wheskould be positioned
relative to the others. It is the space subdivisamd layout created by the
architect that provides the canvas onto which prosype buyers try to imagine
superimposing their own lifestyles; picturing whetleey will place the
functional, symbolic and sentimental objects thah 2 house into a home].
This is a complex task for the architects, illustdaby the fact that there are
100 separately identifiable activity categories diaily time consumption that
could be taken into consideratioss][ It is also one that has deep roots in the
historical structure of the whole of society, reflag why in modern housing
the layouts will differ from those of the past, hsusing responds to the

changes in culture and society happening all arasnd

First it is necessary to stress the well documendtdographic changes that
are taking place within UK homes and creating aal&ann excess of the level
of new housing provision. The rate of annual hobs#éding is to rise by
approximately a third by 2016 due primarily to tieeluction in the number of
occupants within each household, which has broaghenlargement in the
usable living area available to each occuparjf placing ever greater pressure
on the land resource that we have available as @ewh The Ecological
Footprint (EF) is a measure of the area of landleddo provide all necessary
food, materials and energy for a society and toidball of its waste. The EF

of the UK is already more than 3 times the landdhat it occupiessf] and
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each new house built to the current regulationadsite increases this level of
mismatch. For the purpose of damage limitatiors therefore important that
full use is made of the footprint area of each m@me built. The traditions
and historical legacy of house design that have ttedheir current forms

explain why this may not be the case at present.

5.1.1 Historical development of floor plan arrangements

The arrangement of space within the home has mudwo with the historical
shaping of our society and the way our culture fioms. The most significant
aspects of these transformations are now discusseuking on the evolution
of the two most regarded living spaces in contermgohouse design — the
kitchen and living room - and the more topicalidistion being made in recent
times between the segregation of distinct rooms thedflexibility of open-

plan design for living spaces.

The segregation of domestic living spaces begalig" with the separation
of cooking and washing from eating and living or thround floor, with
bedrooms on the floor above. The next marked ahaodhis came with the
industrial revolution at the turn of C20as those who made up the new social
class moved outwards from the inner cities to thbugban environment,
placing a geographical divide between the workpkae their more exclusive
homes. The architecture of these large middlesdtelsmes came to emulate
that of semi-public medieval halls, with the spaoside coming to be
organised and named according to their locatioa,ams&l social status, such as

“front/back, clean/dirty, day/night, public/privateacred/profant[ s4].
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Territorial divisions were made firstly according the social status of family
members and household staff and then for the péationeeds of family
members, which included providing rooms for theylad entertain in while
the man was out at work. The creation of the fgarour as the household’s
primary room of social status has been the focunwth previous discussion
[85]. Objects of significance were displayed here @ndgas where non-kin
guests were entertained, although it was alsodéast lused room. Under the
modern criteria of efficiency that domestic arctitee may be judged by, this

makes the historical parlour a very ineffective akepace for a family home.

After the Great War, much attention was placedngygovernment on bringing
working class homes up to a standard befittingrtatton’s war heroes. The
Tudor Walters Committee of 1918 recommended 3 stahtiouse plans that
provided increased space and airiness, a minimumbats of rooms and the
location of living rooms that maximised the amouwft natural light. In

suburbia meanwhile, due to the reduced availabditdomestic staff in the
growing economy, the housewife was required to taeReduties such as
cooking, cleaning and washing. Thus the well laudl- modern day kitchen

developed out of the scullery and came to be asfo€thousehold activity.

The post-WW?2 years brought rapid advancement indigtandards, thanks in
particular to electrical appliances such as waskniraghines and televisions
that respectively provided and filled leisure timtchome with the family. The
front parlour had until now been regarded as a ramiy for status use;
however with its evolution into the ‘living roomdue to the new technology

located within it, it quickly became a new centfatiention for family life.

66



Shortly after this in 1961 the concept of the ‘adafe house’ was introduced
by the Parker Morris Report, which recommendedstmial housing the use of
larger open-plan rooms, to enable the use of alirpl floor space at all times.
The implication was that by removing the sub-dingliwalls between the
traditionally defined rooms, new larger spaces woboé created whose use
could be defined through the everyday activitied tictually took place within
them, whatever the occupants deemed most suitakiiés was a contentious
issue for some, who regarded the open-plan natfirenadern domestic
architecture as requiring management rather thasoasething that could be
exploited. In fact the current trend for new-buildusing is to build in the
divisions, although a common suggestion on manghefhome-improvement
television shows now shown is to create more spack light by knocking
these same divisions down. As such, the trendrisvapen-plan spaces has
been in a period of fluctuation for some time, @erinal walls are invariably

built up or knocked down according to the curremhers’ taste and needs.

The spaces created by the divisions within a hadlelearly not be regarded
with equal significance by each occupant, nor Wikir relative importance
remain the same as the occupants go through gemedathanges or the house
passes to another family entirely. The researcbtloérs $s] has identified
that there are at least four distinct consumer ggdier housing, who attach
different significance to factors such as pricecalon, neighbourhood,
property type, room layouts and the provision ofdgas. The value they
place on each factor was found to be primarily Bag®on the needs associated
to their lifecycle stage. This therefore highlighe unfeasibility of designing

a ‘one size fits all' solution to family housingathwill meet the changing
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requirements placed on it over time. It suggdsds offering a greater range in
room layout and specification is instead requiredbetter meet consumer
demand. The feedback obtained has shown homeowoer® like overly

prescriptive house plans, full of pre-defined sgateat they are forced to
pigeon-hole their individual behaviours into. DOpw®rs continue to include
multiple space divisions in new build homes thatlddbe avoided however,
and make various assumptions on how important spabe will be. This is
due to the unfortunate fact that the marketplagesya higher profit margin to
a house with a greater number of small, infleximems than to one with
fewer rooms but larger and more adaptable spaté#dess the UK market
were to follow the example of the Continent and tNgkmerica by marketing
speculative homes primarily by their floor areadheatthan number of rooms, it

will be difficult to move the marketplace economicdavour of open-plan.

With this historical legacy in mind, house design@ow look to the new
requirement of improved efficiency and concludet tepace divisions will
inevitably be made differently from in the pastChange occurs slowly in
house design however, as developers are naturakyaverse when their
products are expected to have a 60+ year life @pesent the most expensive
purchase for many people in their lifetimes. A¢ game time many builders
would like to be more progressive, to change thagenof modern housing of
box rooms with windows. It is therefore approgidhat they consider the
work of others such as technologists and socidiegis the means to study the

activities that take place within domestic spaces.
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5.2 Space use assessment

The efficiency with which physical space is usedaigrequently requested
measurement in POE. A literature review condutieABE found that the
efficiency with which office space was utilised wtag second most extensive
POE topic f1]. Of course, space in commercial properties offtes a tangible
financial value attached to it in the form of rdrtasts that are marketed by the
square metre. Increased productivity through im@douse of the available
floor area can reimburse for the cost of conducting study. This direct
financial connection does not exist for housingyweweer if sustainable homes
are to be marketed using POE findings, it is imguirtto understand which
spaces are most important in a house, what talke® plithin them and how

these can vary according to the context of the paots and time.

The concept of ‘regionalisation’ describes how tiamel space becomes zoned
in routine social activitiessg] and analyses into this regionalisation have made

use of different frameworks to identify the actie# themselves{]:

Spatial

Zones of space used for various activities. Foangde, ‘Command &
Control’, ‘Hangout’, ‘Private’, ‘Social’ and ‘Work’[sg]. These zones may

map neatly onto a floor plan of the house or théyhtoverlap across rooms.

Temporal

The subdivision of time for domestic activitiesshheen studied, with the

finding that it consists of small blocks that aomstrained by external factors.
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Goal-orientated

Certain activities will span several spatial zoaesl blocks of time, but they

are tied by a common goal; for example, arrangipgray.

Communicative

Communication as an activity has been singly idiedtias important when

looking at how occupants use space within the home.

Architects also have attempted to develop framewdhat can be used to
assess what activities take place in certain spaocdswhat similarities in
design make some spaces successful and others Rethaps the most
successful of these is the Design Pattern Langualgieh attempts to present
“the interaction of the space and the events, ilear@and unambiguous way

in order to encourage technical design creativiwards ‘toncrete user
situation$ [89]. The Design Pattern Language has been usedue suulti-

disciplinary problems in a variety of fields, and particular benefits have
been noted by others designing the future homer@mvient because of the

importance of patterns and routines in structudamestic life §o].

5.2.1 The importance of domestic routine

The significance of the accomplishment of actigitvethin the home is a topic
that has long attracted the attention of many rebeas from multi-

disciplinary fields. The gender divisions on thempletion of household
labour have featured in feminist literature for mamears. Technologists and

economists are presently very keen to learn morth@means by which new
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items of information communicative technology (ICaje taken up in the
domestic environment. Meanwhile sociologists hanagle much of the break-
up of the ‘nuclear family’ and the effects this binave on relationships in
and outside the home. The common thread is theriapce of daily routines
to maintain the smooth operation of domestic aii¢isj and the significance of

what can be learnt through their study and how tayevolve over time.

Also known as ‘norms’, routines have been descriémethe vell-established,
unwritten rules guiding someone’s behaviowi], or more succinctly, the
glue of everyday lifegf92]. They play a central and dependable role in keep
order and stability and for completing the oftennahiane concerns of domestic
life. Although they are often complex taskprdduced through the practised
exercise of complex skill§ 93], routines are continually completed without
need for explanation or someone else’s attentibereby making them
‘unremarkable’. Routines can also become bounddations due to a reliance
on the technology found there, though most roubiekaviours are distributed
throughout the home in a way that varies betwearsdiaolds in either subtle

or sometimes obvious ways].

This focus of social scientists and technologistdh® structure and locations
of domestic routine has given rise to quite a nunatbéechniques for studying
the behaviour of building occupantss][ [96] [97]. Space use has also been
assessed by POE practitioners using one or mateesé techniques, with the
objective of collecting comparable data often beisignificant in their

selection.
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5.3 Assessment methodologies

The most effortless techniques for the researateehands-off approaches that
are self-completed by the occupants. Interviewsgctobservation and in-situ
participation are more complicated, time-consumamgl costly, but usually

also much more revealing.

Recall surveys

Asking the occupants to fill out surveys post-atfican seem like a quick and
easy method of gathering the data required; howévanould be expected that
the data collected will be inaccurate. The relipbidepends first on the
preparation of a survey method that will not introd bias to the responses,
second on the participants’ ability to effectivalgmmunicate their opinions
through the survey medium and ultimately on thetiggants being able to
fully and accurately recall the scenario and cantexder question when they
were most likely not aware of its significancefs time. It is also argued that
the attempt of many surveyors to convert qualiagvents into quantitative
values that can then be aggregated and analysgdvhsle cannot provide an
account of group behaviour, since the act of ansgequestions is very
different to the events being surveyed and theeaggions lose the rich detall

of individual responses in favour of averages amagbnties p4] [92].

Time diaries

As a response to gaps in the participants’ memorgvents post-activity, it
may be preferable to ask them to complete diariesn@re regular time
intervals throughout the period of study. The idsrcould be recorded on
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paper, Dictaphone, camcorder or even PDA. It mspténg to state that this
method is more accurate since it will usually gateea larger quantity of data;
however, it can also result in emphasis being place an individual
participant’s perception of events when they mayiroerrect. Time diaries
are also more disruptive for the occupants, who rieaget or forgo their

entries if it becomes laborious or tedious.

Interviews

Interviewing the occupants individually or in focggups can often be very
effective when handled by a competent researcheraan probe deeper into
interesting answers without introducing bias to guestions. In this way, a
standard interview format can be adapted to beti@t the particular

circumstances and to gain more relevant detaiimil& to recall surveys, the
limitation of interviews is that the data qualitemends ultimately on the
interviewees being able to remember the sequenesesfts accurately and to

articulate their impressions effectively.

Direct observation

Real-time observation by a researcher can overcooh of the problem of
partial or selective recall by the participantswieer, the researcher may
themselves interpret the behaviour incorrectly, aose of their own
assumptions or subconsciously imposed agenda. réRegoof the activity
using photographic or video technology can allomdber corroboration of the
analysis by other researchers or even the panttspaDirect observation is

much more costly and time consuming than other austh especially if
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recording devices are used for later review andyaisa Plus, it may be
expected that the behaviour of subjects in the aflynprivate setting of their
home will be influenced by the presence of obsenarcameras, although

some researchers think neg][

Ethnography

This form of direct observation deserves to be meet in its own right as
one of the oldest methods of social research taatdome to prominence as
one of the most reported on for studying the natbedaviour of people in
social situations. Ethnographyséeeks to present a portrait of life as seen and
understood by those who live and work within thendim concerned[99]. In
order to do this, the researcher will immerse hargblf in the social situation,
becoming directly involved to observe the situatimth in-situ and in-vivo.
They report objectively on the events afterwardsoviging qualitative
descriptions that are rich in detail angridr to the point at which they are
subjected to reconceptualisation in terms of thstylated requirements of one
or more of sociology’s theoretical and methodolagjiconstruction’ [ 100].
Ethnography does not allow generalisable theorieshypotheses formed
elsewhere to be used, as they can cloud what,atgsed, should remain as
purely empirical findings in new domains of studi. disadvantage to this is
that ethnographic studies do not often provide emsgwers to designers,
especially since the extensive yet highly sped#tails provided through one
study can differ markedly from those reported irotaer. This has led to
criticism of direct observation studies that arerbwrich in descriptive detail,

since design decisions often cannot be made basedhat they report;
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however, they have shown that the flexibility reqdi to suit the spatial
variation between different households’ routineoustt be added to the

specification for any domestic technologies devetbp

Mapping

During the course of a POE exercise conducted jrardathe technique of
mapping the activities, timing, movements and comigation events onto a
copy of the building floor plan proved to be verffeetive at gathering
extensive data on office space usg][ This exercise was an enhancement of
the ethnographic approach, as it relied on antin-gsbserver recording the
details whilst following employees around their k&paces but it presented
the findings in a more objective way that couldoalee more instructive to

designers wishing to improve the allocation of @éfspace.

The consequence of the unremarkable nature ofneuatctivities should be a
concern towards any study that makes use of recalleys, time diaries or
interviews alone to gather detail on domestic behavthat is habitually
undertaken without any thought given to its sigifice. An element of direct
observation should be included sincasérs doing routines is different from
users describing routingg92]. At the same time however, becoming an
active observer in the home is much more challengian in other social
situations, such as the workplace or public spa®#,goes far beyond what is
customarily deemed appropriate in the proverbiaglEhman’s castle. The
forced social situation of a domestic ethnographgnovement mapping could

therefore be expected to alter the very behavionder studyio2].
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5.4 Chapter conclusions

The internal floor plans of dwellings have been toarally reshaped as
architects responded to changes in our societydhase them to reconsider
what activities will take place within each spaa® ehow this implies the
location of one with regards to another. This geddevolution has led to the
rise in prominence of certain rooms such as theemwday kitchen and living
room, and the conflict between design theories sashopen-plan versus
segregation. Architects are now under further qures to design for more
efficient use of internal space, to take full ademe of the limited land
resource that is available for each new home. s reason POE
practitioners have turned to the methodologies ahektic sociologists and
technologists for a suitable means to study thewiehr of building occupants

and to assess how their designs enhance or dinon@pant satisfaction.

While a range of such methodologies are practisadh is lacking in some
important aspect. They may rely on the occupastibjective and often
inaccurate recall of unremarkable routine eventsiuly disturb the occupant
by interfering at inopportune moments, or alter tre¥y behaviour under
scrutiny simply through their presence. POE ptiacters have adapted these
techniques further to overcome some of their litrotes; however not to the
satisfaction of those wishing to conduct reseanctiné domestic environment.
Computer scientists have now become attractecetéigld of research, and the
advances they have made in developing specialisedoss to track the

movements of people inside buildings is of parcuklevance.
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6 Occupant Location Tracking

The technology to track people inside buildings waseloped in the field of
computer sciences so that occupants could takentaya of ‘context-aware
computing’ systems. ‘Context-awareness’ develofredh the idea that a
computer that used sensors to become more awatg sirroundings would
be able to automatically adjust whatever it costral better suit the context.
Additionally, the trends of increasing power, protion and miniaturisation of
electronics enable designers to foresee the day wheironments could be
populated with context-aware computers that no éorrgquired a dedicated
human-computer interface. Instead, their serweasld be provided direct to
the user as they move freely in the environmehtwals realised that to do so
effectively, a context-aware computer would requlre same unremarkable
characteristic as the human routines it was supgerand an awareness of the
location of the people within the environment. Sision was given the name

ubiquitous computing (UbiComp) and is the focusnainy researchers.

It became apparent during this project that theesaansors that UbiComp
designers were working with could be used to colte&ta on the use of the
space within a home to be established for a pastymancy evaluation (POE).
A remote tracking system could provide the queedifdata that most other
methods of space usage assessment lacked, witemg Hisruptive to the

occupants’ behaviour or routines under study. Tdnis of POE study would

provide a more reliable basis from which to asdess the space was being

used and whether it could be allocated more effelsti
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6.1 Personnel locating sensors

UbiComp will make use of a multitude of various sers to gather enough
data to infer the activities taking place withireithenvironment. Sensors for
location, orientation, light, sound, temperatun@sgure and electrical state are
all commonly used. For the space usage study sisclin this thesis however
it is only the locating and tracking of occupartattare of interest, which rely
on the sensor subset that was least developed thkedbiComp application
was established. Now that a range of sensorsaitable, researchers focus on
improving capabilities such as their accuracy nesmh and coverage range,
their miniaturisation so they can be embedded thyrecto the environmental
fabric, and reducing their power consumption anst.c&ensors for discerning
the location of people can be classified at théhésty level as being either

‘tagged’ or ‘untagged’1o3].

Tagged sensors deduce the location of a person itslessly locating an
electronic tag that they are required to keep witbm at all times. The
electronic nature of the tag makes its identifmataccurate and reliable, as
well as providing a communication interface betwdba person and the
tracking system. These systems use a network & tations distributed
through the environment, although the exact purpsize and distribution of

the base stations vary between each technology.

Untagged sensors locate the people themselvesr rtithe any object they
carry. This form of tracking is clearly less digtive and potentially more

accurate than using tagged sensors since it igliffmult to imagine how an
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occupant could forget or forgo to keep their tagtbem at all times. At
present however it takes a lot of computer proogspower and expensive
sensors to make an untagged tracking system and pleeformance at

identifying individuals is still not as good.

Further classification within each group is possilrelating to how the raw
data is measured. The distinction now describdikisreen three methods of

data interpretation: proximity, triangulation/ttgsation and scene analysis.

* Proximity sensors locate a person to being withaoae when they move
into the sensor’s known range of view. The logatiesolution can only be

improved by using more sensors with smaller zoeswerage.

» Triangulation and trilateration use the readingsrfrat least three sensors
that can detect the person in order to calculatgigpgnomics a much more

accurate location.

» Scene analysis sensors follow temporal changd®inantage point view

of the environment, to infer the movement of olgegithin the view.

Many forms of locating sensor have been develom#dguvarious detection
and communication technologies. Those that aret suitable for tracking
individuals are now described, with the particutenefits or disadvantages
highlighted. Several are not yet available commadlyc so a full cost to

performance comparison cannot be provided.
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6.1.1 Tagged sensors

Infrared tags

Two commercial systems, the Active Badge and Pdrclise networked base
station readers that detect infrared (IR) signatg sut by a tag that is carried
by the person being tracked. While Active Badgespaincipally for location
purposes fo4], the ParcTab was designed to have mobile comgutin
capabilities for offices such as temperature agttiing control fos]. The
‘Locust Swarm’ system differs in that the tags eamthe IR detectors and the
transmitters are the stationary base stationsdretivironment. This secures
the privacy of the tag location to the user sirfee tag does not transmit this
data itself fos]. The IR technology used by these three solutisrtheap and
the walls of each room constrain the signal, whiem improve inference
reliability. The proximity range can be as high3@smetres although detection

may be affected by direct natural daylight andfszent lightingio7].

Radio Frequency Identification (RFID)

RFID tags come in two forms, ‘active’ or ‘passiveiith the defining
characteristic being that active tags use an oabpawer source to transmit a
signal to silent readers, whereas passive tagsirida power to respond from
a signal transmitted by the readers. The transonisgavelengths can be from
roughly 130 kHz (low-frequency) to 928 MHz (ultraigh frequency)
depending on the application and licensing lawghef country. Although
passive tags are expected to become commonplacenstruction sitesi1fs]

and are extremely cheap at under $0.10 in bulky #ve not suitable for
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tracking people in a home since their read rangeeasured in inches because
of their power limitation. However, active systegen have read ranges as
high as 1000 metresop] and are the preferable solution on cost consiubera
as well. Providing full coverage in a typical heusill require many more
readers than tags, and although active tags are expensive, the readers are
less expensive than for passive systems. Comnherdi@e tag systems are
already available for building access and vehickeking fi10] [111] and the
size of battery-powered RFID tags is favourableesithey are available in
forms similar to a security card or wristwatch.dificulty with using RFID is
that the signal is not constrained by physicalibesrsuch as walls and floors,
so careful configuration of the reader network ézessary to avoid ‘bleed-
through’ between zones. Triangulation is possibde achieve location
accuracies of 2-3 metres§] but this requires a denser network of readers and
costs excessively more than operating on proximitly. In addition, the RF
signal strength can vary due to the environmergatitions and human body

interference, making the performance inconsistetitrees.

Ultrasonic

Ultrasonic signals operate at a much lower frequehan RFID, which has
both benefits and disadvantages when used for imglacking. The 20 kHz
signals do not suffer from interference from neanbstallic bodies, however
they do require near line-of-sight between the tagl receiver. Two
technologies have been reported on extensivelg A& T Bats and the MIT
Cricket. Both operate using a matrix of base @tatiocated at ceiling height.

The Bat base stations detect an ultrasonic signattedl by the battery-
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powered Bat and triangulation of the three earlreseived signals reliably
gives the location to as fine as 3cm in three dsiers [12]. Crickets achieve
a similarly impressive accuracy but the ceiling mtea grid consists of
beacons rather than receivers, which provides gyiwantrol to the user but
places greater computational power demands onatlee that must carry out
their own triangulationiz]. The large network of stationary base stations
used by both systems would have a high visual itngaere mounting above
a suspended ceiling is not possible. Additionafigither system is available

commercially for easy deployment with user-friendipnt-end software.

6.1.2 Untagged sensors

People counters

Inexpensive people counters are commercially avigilthat count the number
of times an infrared or radio beam shone acrossoandy is broken by people
walking through {14] [115]. The counters cannot identify the person who
passes through, but instead provide the one-wayway or aggregate total.
Accuracy of the count relies on people walking Eniijje and not swinging

their arms or carrying other objects that wouldalirthe beam more than once.

Pressure pads

The ‘Smart Floor’ uses a matrix of load cells undenetal plate as a pressure
sensitive floor tile that can identify the persoalking over them reportedly
with 90% accuracy based on their unique footstepepa[ii6]. Structural

alterations are required to fit the floor platestiy which would be required at
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the junctures between every zone of interest, ngakiins a poor choice for

temporary installations in a complex building.

Optical systems

Systems that attempt to identify the people inraage have attracted much
attention for research in multiple applicationsyhags the most topical of
which is video biometrics for use at security chmmkts. In a house, cameras
could be mounted in vantage points to record dgtivhen motion is detected
within their field of view, such as above doorwdys7]. This is called an
‘outside-in videometric schemeidg] and requires sufficient cameras to cover
every area of interest, which could be expensiveaimomplex building.
Automatic identification between people is at preésereliable, which implies
the footage must be watched through manually, whgha very time-

consuming procedure that still may not guarantee tentification Bo].

An alternative is to mount the camera on the pesuhuse a set of targets at
known positions to calculate the person’s locatiesing an ‘inside-out
videometric scheme’1f3]. Some mobile robots make use of this technique b
it is unrealistic to think an active person coul@imain the camera in the
required vantage position. In addition, these inmst require substantial
processing power and have great difficulty with ptem scenes and variable
lighting. To perform a manual review of the redogdwould take even longer

with this technique, because of the real-time rdiogrthat would be required.
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Ad hoc UbiComp network

A number of research groups are developing mineatiags that can be
distributed in the environment as a cluster netwbet communicates within
itself to calculate their relative positions as & transferring any other data
collected. MOTES118], Smart-Its f19], SpotON f[i20] and MITes f21] are all
examples. These tiny tags provide the basic mgldilocks of a ubiquitous
network that could make use of various sensors dthey data such as
temperature, noise or light levels, to enable ateodraware system to infer
scenarios and activities. They can be used to ihi location of people by
following the various interactions that they havéhwthe environment and
could be trained to identify individuals througteithroutines ¢s]. Although
ad hoc tags may offer a low-cost approach to looasensing that is easily
scalable to include many objects or people, theydl still at the research

stage and require intimate technical knowledgdeir toperation to deploy.

It is clear that a combination of sensors will bguired to bring the visions of
UbiComp to fruition. Researchers continue to depethe capabilities and
implications of each using sensor technology andyrare being developed
with the domestic environment specifically in mindSeveral groups have
taken this approach to the level of building tragkilaboratories or even

‘Smart Homes’ as showcases and research centeesuntan living.
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6.2 The ‘Smart Home’ vision

The objective of providing a dwelling with contexivareness has been
developed into the marketable product of a ‘Smani’. This is a residence
that makes use of an embedded network of sensags, and readers that

communicate wirelessly and,

“anticipates and responds to the needs of the oetspavorking to promote
their comfort, convenience, security and entert@nimn through the
management of technology within the home and cdiomscto the world

beyond:. [87]

Improvement of the domestic environment’s sustdlitalimay therefore also
be possible in a Smart Home. Much has already be#ten on the futuristic
appliances that a smart home could brirg][[123], which is understandable
given the revolutionary nature of the concept. esalvsuccessful applications
have already been developed however, based onrechsefathe activities of
the present and the market truism that productst fasus on the real
problems that people face today. These broadlyinfid two categories:

automation and informationai2j].

Automation

The automation of particular appliances in the haraa bring benefits in
terms of comfort, convenience, security and entariant. For many people
these may be of minor significance; however, theelitss of automated

lighting, cooker safety, window opening, door laakiand even medication
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provision can bring noticeable improvements to femse of security and
independence felt by the disabled or elderly, amuhch improve their

enjoyment of life {25] [126] [127].

Automation also makes occupancy linked controlssides for heating,

cooling, air-conditioning and lighting systems. eEgy savings and hence
sustainability improvements can be achieved byetarg the provision of

these services only to the spaces that are occupiggstems have been
successfully implemented in hotels, where therefisn a large number of
bedrooms with intermittent occupancy and spaceirigaiccounts for up to
50% of the total delivered energyz¢]. Research is ongoing for providing
solutions in offices also; for automatic environmeontrol in infrequently

used conference rooms, or window blinds and vdittilastrategies that
respond dynamically to internal and external cood#. The economics

appear impressive when these systems are impledinle[105].

Informational

The functionality of the home can be greatly enleanloy further linking it to
the outside environment, to bring in additionalomfation and services to
improve the smooth operations of daily life. Thenbfits will again be simply
convenience and entertainment for some, howevemtbeision of remote
healthcare monitoring and assistance for those wubii from home are two
informational solutions that could have profoungauts on the requirements

for the domestic environment2p] [129].
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6.3 Occupant tracking case studies

Smart Home projects that track occupants to advémeeision of a context-
aware environment are a rich source of informat@rthose who may use the

same sensors for alternative ends, such as dd¢atomh for space use POE.

Georgia Aware Home

RFID tags have been applied to commonly mislaicctsjin the house. The
‘Smart Floor’ was invented here. They are deveigpvideo recognition

interfaces for local digital control using a molikemera on a pendangg].

MIT House_n

MITes and a multitude of other sensors and interi#evices are being used to
assess human behaviour in the home and how cormspager assist and

motivate the occupants to maintain a healthy fegn31].

Duke Smart House

This yet to be built smart house will use activellRRo locate the 10
occupants to a room-sized granularity, althougtspecific indication is given

as to what the data will used for except for a fidssntercom systenmug2].

The Adaptive Home, Colorado

This house uses a neural network program to lderstatistical regularities in
domestic activity and context. This improves ikslity to infer the activity
underway and predict what will be wanted next. $teted aim is to make the

dwelling more comfortable whilst conserving enefgys]. Non-identifying
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motion detectors are used, with internal and ezlelight and temperature

readings, sound levels, and the open/closed statlsors and windows.

Gloucester Smart House

This is a collaborative project to design a housat tgives people with
dementia greater independence. Technologies iacaudRF ‘Locator’ for
misplaced items and an infrared motion sensor ¢ings verbal messages

when it is inferred that the person is about toaearout of the housed4].

Orange-at-Home

Orange sponsored a project where 3 families liveduip to 2 weeks in a
functioning smart house for ethnomethodologicaleagsh on domestic
technology. The researchers used motion activeieb recording, in-situ

‘shadowing’ and interviews before and after eachilfigs stay [35].

Much good research has come out of each of thesestadies on the abilities
of each sensor technology. Two points made regdladge the importance of
not developing technological curiosities just bessauhey're possible, as
solutions should be designed for real problems peaple are having, and to
take due regard of the concerns that some havetigtismart Home concept
of being tracked in their own house. To addregsh bbthese, the importance
is stressed of taking an holistic approach to deimessearch and of using
these new tools to discover more about the behes/iolipeople in buildings

before attempting to support them. The common eorscof being tracked are

looked at now, along with how they can be addressed
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6.4 Tracking concerns

In Edwards and Grinter’s influential papesd] they listed seven points for the
UbiComp designer to keep in mind when designing aggtem. These
represent many of the worries held by potentiakrsusexd how the designer
should consider them to formulate the solutionsheyTlincorporate fears of
complexity, unreliability, unpredictability, lack f oadministration, future
expense due to incompatibility and ultimately digron to the users’ everyday
lives. Designers rightly argue that most of theseries are manageable using
industry standards and considerate design, jush amy other field where
control is entrusted to technology. However, sdamelamental issues remain
that deserve a more detailed discussion as theld d®uthe issues that shape

the future direction and market potential for Snréwtnes and UbiComp.

A commonly repeated fear is that by allowing arcetmic system to track
your movements, you are potentially generating dasa other parties could
use for unsolicited purposes. Taking advantagéhefbenefits of location-
aware computing unfortunately must entail some tfsgrivacy, but the risk
can be minimised by collecting as little data asessary for the purpose and
by protecting the database from outside enquiner. [ Tags that triangulate
their location themselves are more secure, sutheasocust Swarm and MIT
Cricket (see Section 6.1), however they suffer bysjral size and computing
power. The use of a tagged system retains movagyithan an untagged one,
since the user can simply not carry the tag wherbmefits are not required.
A new threat may arise in the future if tags becamteroperable across

enterprises, since this would involve some shaifigdata, but database
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security is hardly a new concern for the computéerees {38]. The loss of
privacy must also be seen as context specific,rasking a patient with
dementia could lead to them having increased fr@sdand independence.
Similarly, the ability to obtain cash instantly mgiATM machines, commute
safely under the watchful gaze of CCTV cameras, amdcommunicate
anywhere using mobile telephones and are considengebvide expansions of
freedom, even though the user is providing the phommpanies and banks
with data that could be used to track them dowrataumber of metres.
Businesses that exploit precisely this potentiaehalso been successfubd]
because the benefit/cost ratio falls very stroriythe side of the benefits for
the users, which is how location-aware computingtmalso be promoted to

alleviate the needless fears held by many.

The UbiComp concept also makes some afraid thae tivdl come a point
when we will lose control over the technology thet take for granted in our
society. UbiComp designers already accept howdaamo matter how many
sensors and algorithms they include, they may néwidy understand the
context in which decisions are being made and sosyistems should not be
over-automatedifo]. The benefits have been noted of developingséesy to
explicitly provide advice at appropriate momentshomw the user could change
their behaviour for the better, rather than to take decisions away by
implicitly making inferences that could be inacderar disruptive {41]. In
this way, user control would be fully retained, evéthe implementation is

automated for convenience. In the words of tre fo use the UbiComp term,
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“Whereas the intimate computer does your biddimg, tibiquitous computer

leaves you feeling as though you did it yourse[i42]

In terms of the practicality of introducing locatiaware technology into
people’s homes, what is not so evident in manyhefapplications suggested
to date is the need to design solutions that fivith the historical legacy of
our domestic environment, instead of designing frorgear-zero mentality.
The ability to retro-fit solutions to the home shibbe a requirement for the
designers to meet for two reasons. First becaweseew-build marketplace is
so small in comparison to the existing housinglstand second because one
of the applications that could represent the fieshs into commercial success
is the provision of telecare in the home for thaedly or disabled, who are two

of the least likely social groups to be buying newtd homes.

Finally, domestic routines have been describedstable and compellirigand
“the glue of everyday lifeyet previous studies have reported that thenmois
normal week and that routines vary between hougehohange over time and
can be altered quite dramatically by new technol¢gys]. Following
UbiComp’s implementation, there could bgotial consequences that cannot
be predicted from studieé$136], so some solutions could be destined to fail
even if their design followed many years of ethiapipic study. These serve
as a warning to the rapid market introduction dfusons that do exist but
where the use of current technologies does notigeeahe answer. Hence the

importance of prototypes and pilot studies to tedbgical design.
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6.5 Chapter conclusions

In this chapter the commonly requested aspect sf-pecupancy evaluation
(POE) studies of assessing how effectively the espaithin a building is
utilised has been linked to another research fiblt could impact on the
domestic environment’s sustainability - locationaa® computing systems that
form a subset of Ubiquitous Computing. UbiCompvites the commercial
application that may make personnel tracking sensommonplace within
buildings. In doing so, they would enable the extiibn en-mass of the data
required to make detailed assessment on the eeess of various internal
floor plans, which would be a marked improvementrfrthe current situation

of unfulfilling consumer surveys and demanding,-offeethnographic studies.

UbiComp could also provide more direct sustaingbitienefits through the
automation of heating, lighting and ventilationttibauld be tailored precisely
to the routines of home life acted out everydayh®gyoccupants. The financial
savings of such a system may potentially be sigguifi and represent just one
of many solutions under development where trackawnologies bring real
benefits and convenience to the user. Researstillisinderway on the best
means of implementing these solutions; howevergtigeno disagreement that
for some user groups the need for assistance wittine life is very real and
that the number of disabled or elderly people méggihome assistance will
only increase in years to come. Telecare for thesaes could provide the
first avenue to market for UbiComp, to establisk technologies and gain

further experience before launching products ofeveoconvenient nature.
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The technology being developed for personnel tragktomes under the
categories of tagged and untagged. While untagystems are potentially
more user-friendly, they are at present excessiealyensive, unreliable or
unable to identify one person from another. Taggedems require the user to
carry a tag artefact with them wherever they gao,diuhe two methods this is
by far the further developed, more dependable andntercially competitive.

The relative benefits of infrared, radio frequerand ultrasonic sensors have

been reviewed, along with case study exampleseif itmplementation.

This chapter also included a discussion on the rtapoe for designers to be
aware of and address face-on the concerns oftehdfelut location tracking
and context-aware computing. The technology brimgshew threats to the
issues of human-computer control or digital seguwaind the relatively minor
loss of privacy is something that will be overlodkié the benefits are made

clear enough, just as they have been for mobile@hand ATM cards.

This chapter also concludes the literature revidwthe thesis. A full
background discussion has been provided on whyeasing significance is
being placed on space use efficiency in housing,ittportance of using a
standard and comparable technique such as POHI¢otcihe data required,
and how personnel tracking technologies from tleédfof UbiComp can be
used to gather accurate data on where people $peindime within buildings.
The next chapter introduces a project where thdigaipns of this review
were put into practice in a real situation, by aectthg a unique space usage

study on a real family using a tracking system rew-build home.
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7  The Experimental Application

David Wilson Homes Ltd (DWH) is one of the ten mpsblific speculative
house builders in the UK. In 2005 they coordinaadexercise in one of their

properties that was given the name ‘Project:LIF&] éhat focused on:

* How some progressive house design concepts woulkl iw@ractice.
* How the space within modern-day homes is used byyeay families.

* How designers might meet future regulations onggnand sustainability.

The project grew out of a DWH advisory committeeetireg in 2003 where it

was recognised that more needed to be learnt &beuthe changing lifestyles
of the families buying and living in DWH homes cduffect the success of
their marketed designs. DWH had no in-house utaledsng of post-

occupancy investigation, so they required a rebepactner to conduct these
aspects of the project. The School of the BuilviEtmment was selected on
the strength of our established research progrardspeevious collaboration

with DWH, most notably with the Millennium Eco-Haif44].

The Project:LIFE experimental study enabled a @fpfamily’s behaviour to

be evaluated in a real domestic environment, tesashow their lifestyle was
catered to by the house design and how it coularipeoved to enhance their
living experience. It was in effect to be a postupancy evaluation (POE) of

a concept design that focused on the allocati@pate within the house.
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7.1 The house and the family

The 5-bedroom home was designed as a testing grimuntew concepts in

layout, materials and equipment from suppliersis b 4-storey structure with
approximately 340ffloor area that incorporates a top floor builitihe roof

space and an inverted dormer balcony. A largereatedecking area with a
hot tub is featured on the first floor directly aleahe ground floor kitchen that
is directly above a sunken basement with a floeaasf approximately one
third of the ground floor. As shown in Figure Retstaircase between all

floors is located in the middle of the floor plaentral to all living spaces.

Terrace

Balcomy
1 Swes { |- | I

Family/Dining

Lounge

' | Mobile I
hanging

Laundry

Landing

1 Hal
Option room

Kitchen

Basement Ground floor

Figure 6: Schematic of the basement and ground fbos
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Bedroom 2
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Figure 7: Schematic of the first and second floorfl45]
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Figure 8: The vernacularly styled front and heaviy glazed rear elevations
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The split level floor design is created by the smlbasement that is made
from pre-cast concrete slabs that rise part wayelibe ground floor level,
lifting the kitchen above the rest of the groundofl and facilitating an
unusually high ceiling in the neighbouring loundduch of the ground floor is

open-plan and the whole house was designed to eppaeious and well lit.

The home’s orientation is in line with the neightinog houses on the
brownfield site’s layout, which take advantagelaf butstanding Peak District
hillside view offered by the location. As a resulie home’s heavily glazed
rear elevation, which is 69% glazed in area andrjparates 63% of the total

glazed area, looks 30° NW.

The house is built using traditional stone and blo@asonry that is consistent
with the vernacular architecture. Aircrete blockkorated A in the BRE
Green Guide 6], improves the wall thermal efficiency. The walbof and
floor U-values meet those suggested in the 2006oadof the UK Building
Regulations Part L1A for new homes{]. Pilkington low-e double-glazing

with an ActivT™ self-cleaning outer-pane is useceesgively on the house.

Within the design’s development, many sustainabtdnologies came under
consideration for inclusion: superinsulation, m€HP units, ground source
heat pumps, combined solar ventilation and wateatihg systems, solar
thermal ridge tiles, whole house mechanical heaivery ventilation, sunpipes
and rainwater collection. Budget and market-lecigsiens meant however that

most of these did not make it into the construtieagse.
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The more energy efficient measures included irfitied design were:

» Insulation U-values better than Part L of the 280ilding Regulations.
* Underfloor heating and a SEDBUK A-rated condensiater.

» External air source heat pump to feed into underfleeating system.

» Daylight enhancement in living spaces using langsms of self-cleaning,

low-e double-glazing.1ps]

» Heat-exchanging ventilation units in the kitched aipstairs bathrooms.

Table 1: Details of the home’s external envelope

U-Value
Element Construction detail
(W/m?K)
100mm Forticrete stone, Kingspan TW50,
walls 50mm air gap, 150mm Aircrete blockwork 030
Roof 180mm Kingspan TP10 to horizontal roofspace 150.
Floor 75mm sand/cement screed on 75mm polystyrene .30 0
Windows Pilkington K Glass™ with ActivT™ coating 0.7

DWH began a national media campaign in June 20@dahe right family to

thoroughly test-drive the house. Over 70 famifpplied from across the UK
and following a short-listing procedure a serieshome visits were made to
the remaining families. This vetting process wasea towards finding a

family that met a number of requirements:

* Could articulate well their opinions on house desigith the same being

true for any children that they had.
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* Fellinto a consumer group who could realisticéihg in such a house.
* Were open to the idea of having their lifestyleked into by researchers.

* Would not be taking an alternative agenda to thimnal media coverage.

The selected family came from an existing DWH depeient and were
visited and interviewed in their home before theyved into the study house.
This was to ascertain how the family’s daily roesnand interactions had
already been shaped by the design of their exidtioige. The ability to
compare the family’'s behaviour in both houses whitrest as it would
clarify whether a home’s design shapes family ¢ifevhether a family makes

their individual lifestyles fit as best they camanvhatever home they live in.

The Parnell family was selected, consisting of atheg father and two

daughters aged 13 and 16 years old. They woukl ilivthe house for 6
months (June — December 2005), during which timey tivere specifically

asked to live as normally as they could. The 6 tim¢ime span would allow
the family to truly settle into the property andsess how they felt about its
various design novelties over a range of seasodscanditions. They were
made fully aware of the POE aspect of the project were very willing to

assist wherever possible. Even so, the data tiollewas required to be non-
disruptive and discreet, allowing them to move arbthe house as naturally
as any other, yet still accurate and detailed eimdogenable a quantitative
assessment on the way floor area had been allotetweeen the different

spaces in the design.
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7.2 Energy POE equipment & commissioning

The research undertaken as part of this unique $alidnto three categories:

1. Energy focused assessments on the home’s form.
2. Electrical energy usage of common household apg@isin

3. Space use evaluation of the home’s internal layout.

7.2.1 Energy focused assessments on the home’s form

The considerations and criteria for a building’sciab and economic

sustainability are broad, complex to measure ancchange considerably over
the lifespan of the home. However, in terms ofiemmental sustainability

and in particular a building’s in-use energy demarte long-term

consequences of some fundamental choices madesadyyin the project can
be assessed objectively. There will still be s@asumptions involved even
for the most astute of environmentally aware desiginas advances in
technology and changes in the local climate wikvitably impact on the

relative merits of the chosen design; however ttogs not question the
fundamental and long-lasting influence of decisionade on the home’s
orientation, construction materials or facade desigs well as influencing the
up-front capital and on-going running costs of ti@me’s mechanical and
electrical plant, these decisions can often be usespeed the approval of a
design through the Building Regulations. In fatte incoming European
Performance of Buildings Directive is to make thse wf techniques to predict

energy usage mandatory for most buildings (seeé@e2t4).
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Just a few of the available means were used inpidnis of the study to assess
three of the most important aspects of a highlgegishome’s on-going energy
demand: the space heating requirement, risk of smmme overheating and

its daylight performance. It is important thatesssnents like this are carried
out early in the design process, as fairly fundamiealterations that can be
crucial to the home’s on-going energy performaneelsest made when they
will have little financial consequence on the oVWlemoject. These three

assessments were made first from a predictive \oewefore the house had
been constructed. Their accuracy was then evawalterever possible, using
measured data of environmental conditions withim tlome, enabling a POE

specific to each of the aforementioned aspect®ofé design.

Environmental monitoring

The project was originally scheduled to be cargatdover March - September
2005 and since this did not cover the heating sed@swould have been a
fruitless exercise to attempt an assessment dfiiderfloor heating system or
the contributions made by the heat-exchanging ladiatn units. Nevertheless,
this was a significant opportunity to study theeeff of design on a dwelling’'s
energy use and it was still beneficial to monitbe tinternal temperature
distribution throughout the house. By linking tit@ta to the external weather
conditions and the home’s glazing design, it wapeldothat a cost effective
assessment could be made on two common means di€tprg the effect of

solar gains and the risk of summertime overheating.
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Due to unforeseen delays to the build, in particidacause of the harsh
weather at the exposed site, the study actuallk tolace from June to
December. This became apparent when it was teottatlter the research
program to include a means of assessing the hesygtgm. Construction was
almost complete and the specified monitoring systemere in the

commissioning process. The internal temperaturexe wnonitored using 10
thermistor-based sensors and the external conditod seven of the potential
‘wet’ areas inside the home were monitored usinglmoed temperature and
humidity sensors. The measurement of relative hityn{RH) was to assess
the effectiveness of the air ventilation units aimtaining a healthy internal
environment. The sensors were distributed througtite house on all floors

to give a complete and continuous profile of therinal environment.
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Figure 9: Locations of the temperature and humidiy sensors
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All of the sensors made use of monolithic integtatecuits with capacitance
measurement of humidity and PT100 thermistors foeasarement of
temperature. They operated on a 24V DC input $ignd provided their
output as a 0-10V signal that required conversita the appropriate reading
range. Each was individually connected to a se®€r through 3 USB

LabJack data takersp], which are also illustrated below.

80

A
A 4

80

Figure 10: Top-left: Temperature only sensor.

Top-right: Combined temperature & humidity sensor. Below: LabJack data-taker
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Before they were installed in the house, all 17sses were tested under
controlled conditions in an environmental chamberconfirm there was a
linear relationship between the ambient temperatmd humidity and the
output signal. This was confirmed, but each sehsarits own pair of linear
equation constants and the length of the signdecahs also found to have an
effect on the calibration equation because ofatgstance. Within the house,
the cabling required to connect each sensor upeacsérver PC in the study
room was as long as 30 metres, so the calibratostants were recalculated

once the sensors had been brought online.

This calibration exercise was undertaken by plgttilne output voltage
recorded on the server PC by the DAQFactory soéan] against the actual
internal temperatures and humidity measured usihgralheld environmental
meter like that shown in Figure 11. By completihis exercise during the
winter and springtime house build, while the heataystem was turned off
and turned on, it was possible to consider a anige of ambient temperature
and humidity conditions to find the appropriateeln equation constants.
Despite the repetition within this calibration esiee there could still have
been up to 2.8°C or 7% RH error in each measureageatresult mainly of the
possible inaccuracy of the handheld meter, as showWiable 2. An example
of the calibration graphs and equations producec&eh sensor is shown in

Figure 12.
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Figure 11: Image of a Peak Tech 5035 Environmentélieter

Table 2: Environmental sensor details{51] [152]

Sensor Type Model Range Accuracy
Temperature TPBS -10 to +70 °C +0.2°Cat70
Temperature Oto50°C +0.2°C
-~ TPRVHT
& humidity 0 to 100 % RH +2%
External -20 to +50 °C +0.2°C
temperature TPVOHT 0 o
& humidity 0 to 100 % RH +2 %
Handheld -20 to +700°C +3%+2°C
environmental Peak Tech 5035 251095 % +5%
meter 20 to 20,000 Lux +5%
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Sunken Bathroom Temperature Sensor

30 -
y = 4.914x + 1.2983

25 -
20 -
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10 -

Ambient temperature (°C)

Output voltage (V)

Sunken Bathroom Humidity Sensor
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80 - y =9.7241x + 1.2473
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Ambient relative humidity (%)
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Figure 12: Calibration of the Sunken Bathroom’s enironmental sensor

7.2.2 Electrical appliances energy use

Whichever months the project took place over, iulddave been feasible and
beneficial to conduct an electrical appliance epenge assessment. The

purpose of this aspect of the study was to invastigvhich kitchen and
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laundry room appliances required the most eletgriand how that correlates
with the incentives of the EcoHomes scheme to pleownore energy-efficient
models to new-home buyers. This is also consideydae an aspect of how
modern lifestyles affect our use of energy to whibk mass audience can
relate easily. The intention was to capture infation on which appliances
should be upgraded or even forgone in order to malke homes more

sustainable.

The options available for monitoring electrical usee a whole house
continuous monitoring kit connected to a serverr®@ing dedicated software
[153], individual AC current transducer (CT) clamps neated to a data
logger, or individual socket meters such as avhlftom CREATE f54] and
Brennenstuhl 1s5]. Budget and time considerations led to the ahat the
simplest and most economical of these proposadsniktering of a selection of

electrical appliances using individual socket mgtehown in Figure 13.

The meters were fitted to all the appliances inkitehen and laundry room,
the air purifiers located in the entrance hallwayd aop landing, and the
monitoring equipment installed to collect the triagkand environmental data
for this thesis. In addition, a single phase métes] was fitted to the

induction hob that had the capability of drawingtag/kW of power, which is

well beyond the maximum 3kW rating of the socketer®eand so required an
alternative solution. The only electrical heatimghin the house was for the
external hot tub, which was not metered since faisfrom being a standard

feature in a new-build house.
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Figure 13: The socket meters and single phase metesed for the research

7.3 Occupant tracking system selection

With the fairly open brief given by DWH on investiing how the occupant
family made use of the space within the house, mbau of solutions with
varying budgets and capabilities were proposedeyTiepresented the full
range of solutions discussed in previous chapisit those not proposed
having been disregarded because of their costamaitability commercially,

the alterations they would require to the homelsritaor visual appearance,
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the disruption they may have caused to domeste dif their excessive

demands on researchers’ time. Those proposed were:

Tabulated time keeping forms that the family wonldrk each time they
moved from room-to-room. The cost of this solutould have been
negligible; however, it would have been prone tgngicant error and
unreliability as it relies completely on the famslyaccurate recall and

compliance with a fairly intrusive process in thadily routine.

Infra-red beam counters that keep count of the b people who pass
by them could have been positioned across eachwdgor The cost of
parts required for a complete system was estimattei?,800. These too
would have been prone to error as they as theyomigovhen two people
pass side by side or when a person breaks the bsam than once by
swinging their arms. In addition, they do not itisnthe person who

walks into the room, which was a layer of detavidiared for this study.

A wireless tracking system based on active Rademirency Identification
(RFID) technology that would record the family’s wements as they
moved between proximity readers built into the ialmf the house. The
system parts required were estimated at £10,000R&D was initially
rejected because it was unfamiliar technology tied never been used
before in a domestic environment and because gidbsible angle that the
media might have taken on its similarity with tharfew tagging of
probationary prisoners, though the technology ffeint and the tags are

smaller and much less remarkable.

110



» A video based recognition system that would re¢bedpassage of people
through each doorway. For 16 doorways this systemld have cost over
£6,000. Aside from the obvious invasion of privabat CCTV cameras
would represent, meaning that the family may natehaehaved normally
when in the house, this solution has practicalidiffies that include the
lengthy analysis of real-time video footage reqiiit@ manually timestamp

and identify the person who passes underneathatnera.

With full consideration given to each solution itasvagreed that although
RFID tracking had never been used before in thdirmeth environment of a
dwelling and was the most expensive option, it @&® the only means that
held the potential for collecting the required dataonspicuously and with

suitable resolution and reliability to make a dethenough assessment.

The tracking system selected was an active RFIDsigmgem operating at
434Mhz VHF from Wavetrend Technologies Ltds4] The family were

required to wear an L-TG1200 wristband tag thaatoast its unique ID at 0.4
second intervals. These were detected by a netefdtkR X201 readers fixed
about the home within the stud partition walls aeding voids. The readers
were daisy-chained using CAT-5 cabling, fed byrayle power supply source
and operated on a proximity basis. This meant déisaa tag moved into the
proximity range of a reader positioned strategycédir the room, the reader
would detect the unique ID of the tag and in tupdate the tag’s location with

the dedicated SmartTag software that continuowslyon a server PCL5].
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Figure 14: An L-RX201 reader and an L-TG1200 wrisband tag
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Figure 15: Screenshot of the SmartTag locating swfare

As well as being the first time the equipment hagrbused in a house, the
Wavetrend system had never before been used tectadlhta for the specific
purpose of space use POE. Its usual function wagsassively observe for

specific events that could trigger an alarm anignore all other data recorded,
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meaning that the SmartTag software provided limitedttionality in terms of

POE analysis. The analysis was therefore carriednamually during and after
the tracking periods using a standard spreadslasdtage. If the family had
been tracked for their whole 6 month stay in theseo the amount of data
collected could not realistically have been analyséthout first developing

dedicated software for this task. So to make tldEE Rnanageable, whilst
ensuring it was still representative of their stdng family were tracked for a
total of 6 weeks: 2 weeks just after they had mowed the house, 2 weeks

halfway through the project and 2 weeks just befoecend of their stay.

The end of each of these tracking periods alsoigeovthe ideal opportunity
to enter the house and conduct a de-briefing irerwith the family. In this

way, qualitative data was gathered on the expegi@ifdiving in the house to
substantiate the quantitative data collected usegtracking system. It was
not known beforehand if the tracking would corradieror refute the family’s
beliefs on how they spent their time, but the systeould collect the data far
more accurately than they could have possibly kedalfter the events and it
would do so in a very discreet fashion, which were two most important
criteria for the system. The wristband tags wagletland comfortable to wear
and the network of readers and antennae was hidbm the fabric of the

building. This arrangement allowed the occupamtsehave normally through
the day, without drawing their attention to thedsttiaking place around them

in the house.
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7.4 Occupant tracking system commissioning

The locations of the 23 RFID readers both in andida the house are shown
in Figure 16. They are labelled according to whethe reader was hidden in
the stud partition walls (W), in the ceiling voi@)( or under the floor decking

(F). Many of them also had antennae fitted tordlteir proximity range.
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Figure 16: Locations of the 23 RFID readers

Before the system would be able to determine tkation of each tag, each
reader’s proximity zone had to be refined so thavould detect a tag as it
passed into the space the reader related to andltse’ the tag when it was
taken back out of the space. This is possibleusscthe strength of the signal
received from a tag weakens as its distance franré¢hder increases, so by

setting a minimum limit to the signal strength thatuld be interpreted as a tag
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being within a particular space, the SmartTag saféwwould be able to
identify which tags were inside and outside eadcsp Refining the system
settings in this way was a two person process. |8\dne person wore a tag
and repeatedly moved between the different roomghefhouse, the other
calibrated each reader’s signal strength limit ba server PC. The two
workers remained in constant communication usintkierdalkies. Although

it is estimated that a domestic proximity-basedesyslike this could in future
be calibrated in one to two working days, for thigerimental application it

took over one week for a variety of reasons thahgaoduced learning.

This was the first time that a proximity-based REf&tem had been installed
to continuously collect accurate and quantifialdéadn how the spaces within
a house were used by the occupants. Though theechsystem had been
installed previously in offices, factories and wareses, considerable
difficulties were encountered during the commissigrnprocess in the house.
The suppliers concluded that this setup had stetthe system’s capability to
its limit and that some finer details of operatiofiluenced the procedure in
ways that had not been encountered before. Sortteesé were particular to

the system in place, so are now discussed.

1. The decision to hide the readers within the bugdiabric had the knock-
on effect of complicating the commissioning proaeduTracking systems
using the same components have been set up maay liefore in offices,
factories and warehouses, where the space betweasn reader is far
greater and the importance of refining the bound&mach zone is far less.

In the domestic environment, precision in boundae§initions is highly
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significant since each zone is so closely relaealltothers. The majority
of spaces of interest directly join onto anothethaut a dividing corridor
and most also had a neighbour directly above, belowoth above and
below. The potential for ‘bleed-through’ was tHere greatly increased,
which is where a tag’s signal is detected by aee#ht is not assigned to
the space the tag is actually in, resulting inlseféocation identification on
the server PC. The capacity to refine the proyimainges was weakened
however by the inaccessible nature of most reatihetshad been sealed
within the stud partition walls of the house, whiolade the commissioning

procedure more cumbersome and lengthy.

. The 23 readers were connected in daisy chain fasisidhe same COM
channel of the server PC that interrogated eacHerea sequence to
enquire which tags could be identified within itoximity range. Since
the timing of these interrogations would not matoh timing of each tag’'s
broadcast, each reader contained sufficient menwistore the last five
broadcasts it had received. These five memorg sietre reported back to
the server PC in the order of oldest first and qust slot per interrogation.
The upshot of this sequential procedure was thilay of up to 2 seconds
could be created between a tag entering a spacéhartdacking software
reporting its presence, even though the relevaaerewould have detected
the tag with the first signal broadcast within rangVithin this two second
delay, the wearer could have walked from the dogmight to the middle
of a room and the initial ignorance of this opergtprocess resulted in
much time being wasted trying to refine the poihttaly detection to an

impossible degree. The delay in detection canaeatdmsidered influential
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however to the results contained within Chapten®,not only would a
delay on entering a space often be matched byay del leaving, but the
editing of the raw data into a format where it cbbe analysed effectively
illustrated the insignificance of any occasionaezond error when spaces

were being occupied for many minutes or hourstahe.

. The orientation of the tag and where it was worritenbody was found to
have a significant effect on how strongly the eaditsignal was detected,
due to the position of the tag antennae withinpllastic wristband housing.
This had not previously been of concern to the bergpas the tags had
been developed to maintain a quarantine proceduee Hospital between
wards that were far apart, so fine-control ovenaigtrength had not been
important. The RFID system had never before besad un a situation

where the reader sensitivities were as crucialilfilling its purpose. Plus,

this signal variation was initially obscured by ther interference caused
by the human body and nearby metallic objects, wiiguld render a tag
undetectable under certain circumstances, thougl ior duration as the

tag would be redetected once the wearer moved .again

It is thought that the ambient environmental candi in terms of both
temperature and humidity had an influence on thength of signal
received by each reader. Varying conditions weaspscted of altering the
performance of the system so that the complex agidyhrefined boundary
limits could alter day-to-day, particularly in rosmvhere humidity could

accumulate, such as the bathrooms.

. The conclusion from the previous two points is thaproximity-based

system may not be the most appropriate in the dicnesvironment where
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there can be many regions of interest in closetimedo each other in all
three dimensions, which makes the potential fonaidleed-through and
erroneous tag detection significant. Triangulata@inmultiple signals is

recognized as being more accurate, with a muchdwegr resolution and
the near elimination of bleed-through mistakes astter of course. Over
the course of this research a product that opemates triangulation-basis
using an ultra-wide bandwidth has in fact been ¢hed in the tracking
industry. Ubisense claims the ability to locatgstédo 10cm using just four
readers per room, or to 30cm using just one refdmi, although at

present the UWB frequency is available for researaiposes only.

In addition to these technical complications, thetmf the RFID system also
presents a significant barrier to its future depiewt. The full cost was
£12,150, with £6,150 accountable to the componemd £5,990 to the

installation labour. The SmartTag software adtigther £1,000.

However, despite their quite considerable cost, dbeision was made to
conceal the majority of the readers and antennag asthis experiment within
the fabric of the house, which effectively turnéem into disposable items
since the labour and materials cost of their reslievas greater than their
value. It is recommended that in future the congmi® are installed in
accessible locations in a retrievable manner, hsib the eye if necessary.
This would aid and shorten the commissioning pracednd strengthen the
financial case for conducting space POE using atupacking systems, as
the components could be reused across studiesviogethe benchmarking

data that provides the full benefit of POE.
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7.5 Chapter conclusions

In summary, the POE undertaken for this reseaitinte 3 categories:

Energy assessment of the home’s constructed form:

» Computer modelling of the home’s winter heating dachand assessment

using the Government approved method.

» Prediction and continuous monitoring of the riskogérheating from solar

gains during the summer months.

» Computer modelling and actual measurement of tiykgitd levels.

Metering of the electrical resource usage:

» Energy metering of a range of kitchen and laundonr appliances.

Monitoring of the household’s use of space:

» First time application of an RFID tracking systemnstudy the movements
of a family for three 2-week periods during theiménth stay: shortly after

they move in, halfway through and just before lagvi

» Qualitative interviews with the household at the e each tracking phase

on their experiences of living in the house.

This was the first time that data had been coltectging an RFID system on
the continual use of space within a dwelling. FBhedy was an experimental

application of the technology in an environmentt thtaetched its capabilities
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to its limits because of the confined and compleargetry of the spaces that it
was required to report on. Many lessons were tefurnng the commissioning
process on the complications of using a proximagdd system in such a
confined environment and the system supplier hasesupgraded the system
specification and installation procedure as a direansequence of the

experiences that were reported on in Section 7.4.

The proximity-based RFID system was neverthelesssidered to perform
adequately once commissioned and it was statedowitfidence that the POE
study would focus the attention of DWH designerstlo@ rooms that were
most used and the features that would add mosevaluthe home. The data
would of course also highlight the rooms used #aest, which could inform an
evaluation of their importance in homes where sgacaore limited. A paper
that presents an overview of the study and the lasimoms reached is in the

process of review for publishingsp].

Each aspect of the research very clearly contrsbuiewvards a better
understanding of how a house performed in actuabiypared to how it was
expected to perform pre-construction, which is fimedamental essence of a
post-occupancy evaluation (POE). The limited tspen of the study
unfortunately negated the feasibility of a full P@&ergy survey using CIBSE
TM22 as mentioned in Section 4.2, though the palgicelements tackled are

done so in a more rigorous fashion, as seen inglechapter.
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8 Energy Focused Assessments of the House

This chapter describes the research undertakenroa sf the available means
of predicting three aspects of the on-going enéegyand of this highly glazed
home: space heating requirement, risk of overhgatinthe summertime and
daylighting performance. The predictive methodsdulor this study were the
building services computer package HEVACOMP (v18)e government
approved Standard Assessment Procedure (SAP) apntedEc(v5.2b), a
complete building analysis computer package. Tsess their validity, the
predictions made are compared against each otdeagainst data measured in
the constructed house wherever that was possibich of the three aspects
assessed are often included in post-occupancy ai@iu(POE) of buildings,
when assessing their energy use, comfort and tgkknlg conditions. It is
significant that the prediction methods can now vmidated, as the
opportunity to perform this analysis is not normadlailable to the building

designer, despite the increasing importance bdaged on their findings.

This chapter concludes with the results of a megeexercise carried out on
the electrical appliances found in the kitchen &ndhdry room of the house,
which are compared against the implied importanttat the EcoHomes
scheme places on different appliances. This eseraptured information on
one of the aspects of how modern lifestyles afteat use of energy that the
mass audience can relate to most easily, to iltestvhich appliances we
should upgrade or could perhaps forgo in ordemjorove the sustainability of

our homes.
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8.1 Space heating demand

8.1.1 Steady-state heat loss

The first step was to calculate the heat loss tfitahe home’s building fabric
during a winter’s day, which is often used to estienthe capacity of heating
system required. It is important to use an appatgly sized heating system
that does not fall short of the peak demand placed during the coldest time
of year, yet does not stray far from its most @éfit conditions during periods
of partial load. The efficiency improves towardsag output, so one that can

output not much more than the peak demand shoulspbeified, bearing in

mind domestic hot water requirements as well asespaating.

The building service engineering software packag®ACOMP was used for
this calculation. The building was zoned into #eles areas of equal
conditions and the internal temperatures and naitfttiration rates shown in

Table 3 were taken directly from CIBSE Guidelinesdwellings [61].

* In the model, the exposed roof areas took accduieo40° pitch angle.

* Due to the semi-underground nature of the basemiet, external
temperature for the submerged walls was set ascéimstant ground

temperature of 11°C.

Table 3: Temperature and air infiltration values for HEVACOMP model

Outside Kitchen Living Bedrooms | Bathrooms Communal
spaces areas
-1°C 18°C 22 °C 18 °C 26 °C 20°C
60 L/s 0.5 ac/h 0.5 ac/h 15 L/s 1.5 ac/h
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* The steady-state heat loss for a -1 °C day wasle#ddl as 12.3 kW.
» 54% is accountable to air infiltration and not tingb the building fabric.

» The glazing was the largest source of fabric hess,lat 23% of the total.

Wallz 14%

Roof 11%

[filtration 4%

Glazing 23%

Figure 17: Breakdown of space heat loss from theome

Air infiltration has become more significant to temergy performance of
modern homes as the fabric heat loss has steadligyn fwith improvements to
the Building Regulations. The steady-state resautt also be used to evaluate
the annual heating demand and its sensitivity te thvalue of each

construction element, which could lead onto a e@stergy saving assessment.

8.1.2 Annual demand and relative sensitivities

The steady-state heat loss was entered into theAdEDMP Energy program

to predict the annual heating demand for the hoifee program settings were
for a dwelling of medium thermal weight that is tooously heated 7 days a
week, 16 hours a day. The domestic hot water remq&nt and the internal

heat gains should also be included to provide aensomplete perspective on
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the energy use and potential savings. However, AEOMP has limited
functionality to compute these for a domestic dibm so they were not
considered at this stage. By analysing the seitgiof the annual demand to
alterations that could be made to the construalements, it was also possible
to discover which held the most scope for reduc¢he heating requirement.
The elements looked at were the external wallswindow glazing and the air
infiltration rate, which are responsible for 90% tbie combined heat loss.
Each element was varied between other realisticegaland Appendix B

contains the full table of results and design vsll®wever, to summarise:

Overall annual demand

The 12.3 kW winter steady-state heat loss is expett lead to an annual
demand of 27.3 MWh, equating to 79.0 kWh pérahfloor. Although there
is no agreed typical figure for the UK, 50.0 kWh p& has been suggested by
others for a mid-terrace that meets the 2000 BugldRegulationsip2], which
the experimental house fails to meet as it is aded house with large areas
of glazing. The space heating component of thésfgalled home’s annual bill

was predicted as £530, with ge@missions of 5,177kg.

Infiltration rate

As air infiltration is responsible for 54% of thieome’s predicted heat loss,
building a more air-tight house would seem to haitbst scope for
improvement. Improved air-tightness increases teed for controlled
ventilation however, as discussed in Section 2\8t8¢ch could be mechanical

with heat recovery (MVHR). Although an approprlgtelesigned system
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should bring overall energy savings back to theewNVHR introduces new
build costs and requires electrical energy to dperdt was therefore more
viable to investigate the effect of increases mirltration from the already

good practice figure of 0.5 air changes per hoah)a If a well-sealed design
became an averagely-sealed construction, 0.5 wariktided to the infiltration
rate, resulting in about 23% additional heating uremment. A leaky

construction with 1.0 additional ach could resuita 46% increase, which

translates annually into £250 extra on the bill 21870kg additional C©

Window glazing

63% of all the home’s glazing is on the rear elevatwhich is 69% glazed in
vertical area. The glazing results in dispropowitely more heat loss because
it has a higher U-value than the walls. The uskwte coated glazing with a
U-value of 1.7 W/rfK rather than standard double-glazing of 3.0 rwill
result in an 18.5% reduction in the annual heateguirement, reducing the
annual fuel bill by almost £100 and its carbon emiss by almost a ton. The
use of argon filled, low-e coated double-glazingld® W/nfK would have

resulted in a further reduction of 5.7%, givinguattier £30 saving each year.

External walls

Building to a wall U-value of 0.30 W/K rather than the 0.35 WA asked
for in the 2001 Building Regulations resulted isdenoticeable energy savings
of 2.3%. Achieving the Best Practice value of OVEBn°K would have led to

a further 2.3% reduction, saving £12 and 116 kg&anually.
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8.1.3 Points of discussion on space heating results

At the level of thermal efficiency that the presBuilding Regulations require
it appears more important to ‘build tight and viaté right’, as goes the well-
known motto within the low-energy building industrshan to upgrade the
fabric elements any further. It is therefore digant that the BRE found
approximately a third of new homes failing to meée air-tightness
requirement of the Regulations7] and compliance testing on this is to

become commonplace under the latest Part L1A fordsofi47].

1. The embodied energy of insulation may also questiwnadvantage of
small improvements to fabric U-values that do resuit in large energy
and cost savings elsewhere. For example, by dogieghe PassivHaus
wall standard of 0.15 W/fK, combined with exceptional air-tightness and
MVHR ventilation, there is a vastly reduced requmient for the expensive
central heating system, which makes achieving taadsrd much more

economically competitivei§3].

2. The additional daylight that larger glazed areawide can offset the need
for artificial electric lighting and in this way ¥a energy. Good natural
daylight also brings improved well-being and is sistently found to be

one of the most important considerations for horgelsi(see Section 3.1).

3. Extending this form of analysis could assist in iamestigation of the
means of overcoming the price premium barrier toessustainable homes
by evaluating the additional build-cost of the imyEments against the
predicted energy savings to the occupants and rémipm that could be

added to the purchase price as a result.
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8.2 The effect of solar gains on space heating demand

HEVACOMP (v19) is a useful tool to quickly asse$® tsteady-state and
annual heating demand early in the design protessever, to factor in solar
gains requires data on the local solar strengthtlaadbility to link the home’s

orientation and glazing distribution to the pattthad sun.

A primary objective of this analysis was to presem data in a way that the
benefits of passive solar heating became more arteto builders. The
Standard Assessment Procedure (SAP) is the Govetismenandatory
assessment tool, as discussed in Section 2.4,a&ed aiccount of the home’s
orientation, glazing distribution and the strength solar gains from each
orientation. A way of encouraging development lagathat takes advantage
of passive solar heating is therefore to calculagepotential improvement in
the SAP rating. The experimental house was rateghch orientation using
the 2005 SAP worksheet, which also takes accoueleatricity for artificial
lighting also and how it can be offset by more big436]. Table 4 contains
the primary results for three representative oatoins for the heavily glazed
rear facade: North, Actual and South. The acttahtation of the home’s rear

is 330° but SAP only considers each 45°, so theeidagiven for 315°.

Solar insolation is a combination of an orientatiodependent diffuse
component and an orientation specific direct conemdn During the winter
months in the northern hemisphere, solar gains tlt@morth are diffuse only.
Calculating the SAP using the northern flux forailentations therefore gives

an estimate for diffuse only light, enabling a fatisessment of direct gains.
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Table 4: Representative SAP 2005 Ratings

Orientation of the glazed rear elevation
North, Actual, South, Diffuse
0° 330° 180° only

Solar gains, W 1370 1458 2150 1015
Space heating, kWh/year 267938 26400 23438 285861
Total annual fuel bill, £ 797 790 735 830
SAP Rating 75 75 77 73
Annual kg CO, 8,047 7,961 7,308 8,437

Considering only diffuse gains, SAP predicts a 88,%Wh annual space
heating requirement. In the actual orientatioredisolar gains reduce this by
8% to 26,400 kWh; however, an 18% reduction to 28 MWh was predicted
for a south-facing orientation. The benefits a$ txtra annual reduction are a
£55 (7%) saving in the fuel bill, an additional 25 points and a 653kg (8%)
reduction in this gas-fuelled home’s €@missions. The fuel bill predicted by
SAP was £790, which includes £94 for hot water,1£4d lighting, £12 for
pumping and £34 for standing charges on top off##9 estimate for space
heating. These figures for space heating demaddcast closely agree with
those found previously using HEVACOMP of 27,250 kWwhd £530 (see
Appendix B), even though HEVACOMP made no consitlenaor solar gains

or gave a detailed breakdown for internal gainscaosds.

8.2.1 A computational approach to predicting solar gains

Computational analysis packages have been develbpédffer various sets
of tools to the building designer. These typicatiglude 3-Dimensional CAD
modelling, thermal analysis, HVAC design, solar dthg and radiation
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calculations and the prediction of natural andiari light levels. By sharing
data and resources between the applications, @aggskages can offer a
relatively quick and simple means for producing aded and holistic
assessments that can have influence at the eailgndstage. A tool included
in the Ecotect (v5.2b) package predicts the soladiation that will fall on the
external surface of a building for any hour, daynwnth of the yearif4].
This can be calculated for a range of locationsgusl database of weather
files, containing hourly climate data on the ambidrermal, solar and wind
conditions. One of the weather files is for Shadéfj England - the city that the

experimental house was built nearby.

Figure 18, Figure 19 and Figure 20 illustrate thdiBensional model that was
created of the house, which includes detail onstiieounding buildings and

landscape to improve the calculation accuracy asuhlisation of results.

Figure 18: Perspective view of the site, front diouse and the annual sun path
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Figure 19: Closer view of the vernacularly styledront elevation

Figure 20: The heavily glazed rear facade (trees iforeground removed)

By summing the annual total predicted by Ecotectefach area of glass, the
optimum orientation was found to be when the rdevation is facing south-
east, with the left-right axis of the house folloggiNE-SW. Figure 21 shows
that the glazed areas are predicted to receiveD&B8h (18%) more annual

solar insolation in this orientation than in théuat orientation of 300°.
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Annual Insolation Received on Each Elevation
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Figure 21: Total annual solar insolation for eaclorientation of the home

Ecotect can report the diffuse and direct solarmaments separately on a daily
basis and Figure 22 shows the direct insolatioeived by the whole house
during a representative October - May heating sea3dis season was chosen
as it marks the start and end of the period when dkierage monthly

temperature falls below 15.5°C, which has been esstgg as the temperature

at which the contribution of internal gains is giéint to heat a homeds].

Direct insolation received from October to May

B Dec
O Nov
O Oct
B May
O Apr
O Mar
B Feb
O Jan

Cumulative Direct Insolation, kwWh

0 45 90 135 180 225 270 315 360

Rear elevation orientation

Figure 22: Cumulative direct insolation over an asumed heating season
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Figure 22 illustrates more effectively the relativenefit of a south to south-
east orientation. The optimum orientation of 135E) was predicted to
receive an additional 2,827 kWh of direct solarolaton during October -

May to that received in the actual orientation.

The purpose of this exercise was to calculate daétianal solar insolation that
a house orientated for passive solar gains wowlelive on its glazed elements,
which could be fed into a further calculation or ttontribution this could
make to the home’s annual heating demand. To figpags the validity of
progressing in that manner, the predicted solaiati®n was compared to the

previous SAP results, to test for agreement betwleeiwo techniques.

8.2.2 Comparison between SAP and Ecotect

The Ecotect model predicted the dwelling’s glazingreceive an additional
2,827 kWh of solar insolation over an October - Mepating season in a SE
orientation. Previously, the SAP had suggeste@822kWh reduction in the
annual space heating demand could be achievedsbytaern orientation that

in the calculation received an extra 692 W of intaeous solar gains.

At first it appears that there is close agreemettvben the additional solar
insolation predicted by Ecotect to fall on the wing and the SAP calculation
for the reduction in the heating demand. The digancy is just 4% of the
SAP value; however, a realistic transmittance factd.7 should be applied to
the solar insolation as the glass provides an ottsbn to its passage. This

reduces the Ecotect prediction to 1,979 kWh, wlscB3% less than the SAP
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result. From the information available it is natspible to conclude why such
a large discrepancy exists between the two resutisever, two initial points

of discussion are worth considering.

Whereas the SAP uses the same set of solar flwesalherever the house is
built in the UK and whatever the local climate ciioths, Ecotect takes the
insolation values from a weather data file that bastinuous data for every
day in the locality. It is unknown how accuratéys data reflects a typical
year for the locality, though its use is conveniastit enables a cumulative
summation of the insolation strength as the suh pagle changes throughout
each day. Further analysis of the data found that direct component
comprises between 26-53% (depending on the orienjabf the total gains
calculated by the SAP, whereas it comprises jus23 of the total insolation
predicted by Ecotect. Figure 23 shows how thecticemponents vary with

orientation for each methodology.

Ecotect Direct Insolation and SAP Direct Gain,
normalised to 315° result
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\ —a— Ecotect, Oct-May

1.5 /. \\ —=— SAP, Direct Gains
104+

Normalised ratio

0.5

0.0

0 45 90 135 180 225 270 315 360
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Figure 23: Direct components in each orientation ormalised to 315°
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The results in Figure 23, normalised to that of°3%how that Ecotect predicts
a 210% peak increase in direct insolation at 148St,ewhereas the SAP
predicts a 157% peak increase in direct gains @umeasouth facing orientation.
So, although the Ecotect data set leads to a dimat component that is less
significant to the overall gains, the variationdimect gains is relatively greater

and more orientation dependent using the Ecoteats#d than in the SAP.

The Ecotect figure was a summation of the montldiarsinsolation from
October through to May as an assumed heating seaboa SAP worksheet
uses average solar flux values for each of ther8ima and inter-cardinal
orientations given for an unknown heating seasogtle A second possible
error source is that the two heating seasons drthesame period. Yearlong,
Ecotect predicts a SE orientated house will recaiveadditional 4,650 kWh
solar insolation, or 3,255 kWh when the 0.7 trattamnce value is factored in.
Ecotect does predict it possible therefore to kecéhe insolation required to
match the SAP calculation by using a longer sedban October - May.
Alternatively, it may be that the SAP solar fluXwes and hence the calculated
contribution are too high because they were averdgen a heating season
longer than it should be. Lengthening the hease@gson would increase the
average flux value since the solar strength woeldgteatest at the start and

end of the period. A combination of the two iscofirse also possible.

Unfortunately a POE analysis against the actualitpademand was not
possible due to the time and resource constraihtthe project. It was
however possible to investigate the risk of the @oaverheating in the

summertime, which is an aspect that the SAP canlasused to predict.
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8.3 Summertime thermal analysis

Both the SAP and Ecotect package were used tosaisesisk of the home
overheating in the summertime. These predictiomewthen compared against

the actual air temperatures monitored continuoumstiife home.

8.3.1 SAP

Appendix P of the 2005 SAP worksheet is to be usquredict the likelihood
of a dwelling having problems from overheating doiesolar gainsigs]. The
prediction uses a second set of solar flux valoegssess the home’s average
internal temperature during the hottest summer diaythe UK. Using this
procedure it was predicted that the risk of ovetihgain this low to medium
weight, multi-storey home depends on one aspeauaiticular: the effective air

change rate achieved by opening the windows.

Figure 24 shows the temperature predicted in thmeeh@ssuming it is in the
Midlands region of the country, but built in alli@ntations. The background
fill depicts the four bands of overheating risk. heT overheating risk is
‘Medium’ or ‘High’ (threshold temperatures of 22%Dd 23.5°C respectively)
only when the effective air change rate is beloacB. It can also be seen that
the orientation of the house adds a maximum ofCLt&P the summertime
internal temperature at low ventilation rates, whis the same effect as had

the house been built in the warmer South of Engtamithames valley.
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Variation of the Summertime Threshold Temperature
Predicted when the house is in the Midlands Region
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Figure 24: Threshold temperatures in Midlands regon

Maintaining a ventilation rate of 2 ach is cleaglypected to be the key factor
in keeping such a heavily glazed home cool in tlmmeertime. This means
that the occupants should be able to open the wisgmst 50mm, according
to Table P1 in the 2005 SAP. This should not fficdit in the safe, quiet and
pollution-free environment in which this home isilhubut it may provide

issue if the design was transferred to an inngrdgtvelopment.

8.3.2 Ecotect (v5.2b)

By looking at the monthly totals for the largest@of glazing of the house, the
lounge patio doors, it is seen that although a iyt orientation would
receive the most insolation, much of the additias@hes during the summer,
when the heating system would be turned off ansl likely that the windows
would be open to ventilate the house. Figure 2vstthe monthly figures for
four orientations for the doors: due north (0°jttlof the maximum annual

insolation (135°), due south (180°) and the actu@ntation (300°). In the
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actual orientation, it is seen that the additios@hr gains are predicted to be
small, even in the peak months. If the house heehlbuilt with a more
southerly orientation, the model predicted a peadntinly additional solar

insolation of 250 kWh in May, or 45% of the total.

Solar Insolation on the Lounge Patio Doors
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Figure 25: Monthly insolation totals on the loungepatio doors

This extra insolation may introduce a requiremeniiging shading techniques
such as overhangs or brise soleil to prevent sutimeoverheating. These
add to the build-cost of the house, would needetpdrticularly wide to shade
a significant proportion of the large windows amdjuire a means of being
unfurled when the sun is strong and stored awaynwhet required.

Alternatively, the occupants may have felt the néednstall an electrical

energy intensive air-conditioning system for suntime cooling, especially in

the years to come as climate change increasesithartime temperatures of
the UK. It is therefore possible that the actuaémtation of this house is
sensible, since the rear elevation is 69% glazedtlagre is no means to cool

the home other than opening windows and doors.
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8.3.3 Temperature Monitoring

A network of temperature and relative humidity (RE@nsors had been

installed as described in Section 7.2.1, to inges# two aspects in particular:

1. Whether a correlation existed between the glazedsaof each room and

the average temperatures recorded in them durenguimmer.

2. Whether the SAP prediction could be corroboratedt tthe risk of

overheating was ‘not significant’ so long as thes®mwas well ventilated.

External summertime conditions

In addition to the calibration described in Sectibg.1, the temperature and
RH readings of the external sensor were assessgdsaghose of the Norton
Lees weather station in the south of Sheffield fity]. Figure 27 illustrates
that the temperatures measured during the summethsief June, July and
August typically differed to the weather statiobis 2°C, although by as much
as 5°C. The experiment house was built at an exploation at altitude on
the edge of the Peak District, which would accodmt some of the
discrepancy. Figure 28 shows that there is eves densistency between the
two sets of RH data, and includes the moment onuaugéd when the
external RH sensor ceased to function. The exsmgdiscrepancy in RH
measurements suggests that the handheld meteravaanicularly accurate,
as this was the source of the calibration consttrds were applied to the
continuously recorded voltage signal to provide rkeding. The external RH
sensor was calibrated over 4 readings, as showfigare 26, and the

manufacturer’s claimed accuracy is £5% (Table 3action 7.2.1). However,
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it appears in Figure 28 that the sensor reading @ached 80% when it rained
and the nearby station recorded 100% RH. In fazt20% difference appears
throughout, suggesting that the handheld meterinedjuecalibration, though

there was insufficient time to carry this out aegeat all of the measurements.

External RH Sensor

80
70
60 y = 10.411x - 25.454
50 -
40 -
30
20
10 -

RH Reading on Meter (%)

Signal Volatge (V)

Figure 26: Calibration chart for the external RH sensor

Relative humidity in individual rooms

CIBSE Guide A recommends that the RH should be taizied at 40-70% for

general comfort conditionsidi]. The average RH each month for all
monitored spaces within the experimental house heaseen 37-60%, except
for the shared and top bathrooms during an occakmwmter morning and

evening when the RH fell below 25% while the ro@mperatures approached
30°C and it was 0°C or less outside. Howevet, i correct that the handheld
meter was providing readings that were 20% too kben these conditions are

also within the CIBSE guidelines.
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Air Temperatures Recorded Outside the House and by the Nearby Weather Station during June
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Figure 27: External air temperatures during the sutmmer months
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Relative Humidity Recorded Outside the House and by the Nearby

Weather Station during June
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Figure 28: Graphs of external summertime relativehumidity
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Summertime temperatures in individual rooms

Appendix C contains the analysed and tabulated ftata that collected

continuously from June 8th to December 31st. & feaind that:

» The average monthly temperatures recorded day eyind im all areas of

the house were comfortably warm, ranging from 2&.726.1 °C.

» The Standard Deviation and skewness shows thatugjthtemperatures in
most rooms were maintained at a relatively steathperature above 20°C,
they were not of normal distribution, so upper dmder quartile figures

were calculated for a confidence range.

» The upper quartile values show that bedrooms 1 e worst affected
by overheating, each being in the upper 20 degtes a quarter of the

summer months and on occasion above 30°C whiléedeuisas 15°C.

* The highest temperature recorded was in bedroont 39&°C. High
temperatures were recorded here regularly at 748pdune and July. The
CAD model showed that the low-lying sun may haverbshining directly

on the sensor on the back wall. A 32°C maximuhkédy more realistic.

» Table 5 summarises the range of seasonal avenatgrgieratures for each
type of room in the house and compares them to dperational
temperatures in CIBSE Guide A. In a well-insulatednvection heated
building, the air and operational temperaturescéosely related; however,
in a building with a lot of glass, the solar gaiaed higher surface
temperature of the glass during sunny periods easec discomfort during
the day, though its enhanced heat loss and coottace temperature can
also aid sleeping at night. Bedroom 3 may corrateothis as it was the

142



most comfortable bedroom at night during the watnpesiods, cooling

close to 25°C while others remained near or ab69%€.3

Table 5: Comparing the guideline and recorded seagsal temperatures (°C)

Kitchen Living Bedrooms | Bathrooms Communal
spaces areas

Guideline | 5 53 23-25 23-25 23-25 21-25
summer
Actual 26 23-24 24-27 24-25 22-25
summer
Guideline | 47 19 22-23 17-19 20-22 19-24
winter *
Actual 19 22-24 19-24 23-29 19-22
winter

* Guidelines are for the operative temperature r@otcthe air temperature.

* During the summer, the bedroom average temperateses above CIBSE
guidelines, but only by 1°C in Bedroom 1 and 2°Ba&droom 2, which
was unoccupied at the time. Through the wintetingaeason, Bedrooms
3 and 4 averaged 4 to 5°C warmer than the CIBS&etjnes fs1] and the
shared and top floor bathrooms were 6 to 7°C warméhe top floor
bathroom was not actually in frequent use durires¢hmonths, but for the

shared bathroom this must have been the userg€rpeeftemperature.

* The ratio of the area of glazing for each roomtgovolume was calculated
and related to the average summertime temperagogeded. Appendix C
also contains this data and Figure 29 shows thatay be possible to
suggest a maximum glazing/volume ratio to avoidesgtze summertime

temperatures, as the linear trend line crosses &68Gatio of 0.15 th
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Relationship between the glazing in each room
and the average summertime air temperatures
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Figure 29: Comparing the glazing ratio and summelitne air temperatures

8.3.4 Points of discussion on summertime thermal analysis

1.

It is not possible to comment on the terminologpseEn in the SAP rating
that the risk of this home overheating is ‘not gigant’; however, it is of

concern that the bedrooms had the highest sumneetémperatures when
bedrooms are usually considered to be maintainececaral or lower

temperature than the rest of the house. Bedroamag2not in use at this
time, so was likely not adequately ventilated omsth days. However
Bedroom 1 was used by the parents throughout timengw and must have
been uncomfortable, especially at night. The pareevealed that they
were not happy with the security arrangement ofitepthe French doors
open for ventilation and DWH subsequently fitteddiidnal swing

windows for this purpose, which did improve the ditions in the room.
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2. The plotted graph of the glazing area / volumeawftheroom has indicated
that it may be possible to recommend a maximumgdesalue for this
ratio in order to avoid excessive summertime teloees in the room. A
value of 0.15 it appears to maintain the average room air tempesatu
below 25°C for this set of collected data; howettes, only two rooms that
exceeded this value on average were Bedrooms P déimat are suspected
to have been poorly ventilated. In addition, Bedno3, the room with the
second highest glazing/volume ratio, had an averagenmertime
temperature of 24°C and in fact benefited fromatger area of glazing by

cooling more than other rooms during the night.

3. The implication of this is that it is not possibie provide a straight-
forward conclusion on this aspect of design. Alihio additional glazing
will lead to an increase in the heat loss and gnasg of the home during
the winter, it may be that this can be compenstiedhy improvement to
the comfort conditions during summer nights. THieats of climate
change within the lifetime of this house are expddb noticeably increase
the summertime temperatures in the UK, which cdaddexpected to lead
to rising use of air-conditioning to maintain comfoonditions {eg]. This
will require significant electrical energy use, wainiwith our present energy

supply mix creates three times more s@r kW than gas does for heating.

4. To progress further with this analysis, the redeasould have to take
account both of the mean radiant temperature tosuomeathe operating
temperature and the ongoing ventilation rate toesssthe comfort
conditions in each room, rather than considerirlg tive air temperature as

was done in this research.
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Air Temperatures Recorded Outside the House and in the Parent

s' Bedroom (1) during June
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Figure 30: Air temperatures recorded in Bedrooms 12 & 3 during June

146




Air Temperatures Recorded Outside the House and in the Parent s' Bedroom (1) during July

" 40
5 30 }
2 1
= N A
= WW ~ Recorded Inside Bedroom 1
g — Recorded Outside the House
) 10 1
2
I e S A o e A A e S L S S

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 01

The date in July
Air Temperatures Recorded Outside the House and in Lucy's Bedroom (2) during July

[%]
@
3
g 5 - Recorded Inside Bedroom 2
g< — Recorded Outside the House
ki
I e L S e A R e e L e e L

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 01

The date in July
Air Temperatures Recorded Outside the House and in the Hazel's Bedroom (3) during July

(%]
Q
3
g 5 - Recorded Inside Bedroom 3
g — Recorded Outside the House
ki
I e e I e T A e e T e T e e L

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 01

The date in July

Figure 31: Air temperatures recorded in Bedrooms 12 & 3 during July
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Air Temperatures Recorded Outside the House and in the Parent s' Bedroom (1) during August
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Figure 32: Air temperatures recorded in Bedrooms 12 & 3 during August
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8.4 Daylight levels inside the home

The enhanced diffusion of natural daylight withinbailding can lead to
improvements in occupant satisfaction and enerfigieicy. A good level of
natural light is repeatedly cited as one of the tnsosight after features in a
home (see Section 3.1) and it is often said togbhealth and well-being
benefits as well as improving the aesthetic views][ Enhanced daylight can
also reduce the need for electrically powered ieif lighting and the

absorption of solar thermal gains can reduce theade for fossil fuel heating.

To assist designers, target daylight levels to eachiare set by DETR Best
Practice Guidelinesifo] and two measurements for receiving EcoPoint tsedi
are given in Section Hea 1 of the EcoHomes asseddn¢ These are the
‘View of Sky’, which requires 80% of the floor are&select rooms to be able
to see the sky on a 0.85m working plane, and theylibht Factor'. The
daylight factor (DF) quantifies how naturally liaeh room will appear on an
overcast day. It represents the level of natugéat ithat will enter the room as
a percentage of the diffuse sunlight that is abgldor at least 85% of the time
between 9am to 5pm over the entire year. The sissag is made for diffuse,
overcast conditions, as the contribution from disemlight is unreliable in the
UK'’s climate. Calculating the DF early in the dgsiprocess can be used to
guide changes to the size and positioning of thedewvs in each room, in
order to improve the lifelong lighting conditions the home when there will
be minimal design cost implications. Three différmethods for assessing the

DF were selected for comparison in this study.

149



1.

(1)

D

DF

Aw

A formula promoted by the Building Research Estitient (BRE) that
has been used for over twenty years to providevanage value for each

room to which it is applied.

Computer simulation of the natural light receive@eery point within a 3-

Dimensional model.

Calculation of the percentage using simultaneousisorements of the

external and internal light levels in the real fing on an overcast day.

The BRE daylight factor formula

_TA,6M
- )

: Average daylight factor for the room.
: Glazing transmittance value, which isetalas 0.6 for the low-e coated,
double glazed units used in the experimental home.
: Window area, not including the frame and sadhat typically take up
20% of the wall void area.
: The angle subtended by the sky. Thikésangle above horizontal that
you need to look at before seeing the sky fromatimelow.
: A maintenance factor that represents thdaw cleanliness. This was
taken as 1 since the house has self-cleaning wisdow
: The total area of interior surfaces (wafloor and ceiling).
: Area weighted average reflectance ofriotesurfaces, which depends

on their colour but a typical value of 0.6 was maoeended 164].
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(2) Computer modelling using Ecotect (v5.2b)

The Ecotect package can rapidly calculate the DEvaty point on a nodal
grid within the 3-Dimensional model, using the sfilix method developed by
the BRE. Calculating the DF for each point on &l dras the considerable
benefit of providing an insightful graphic of howet daylight intensity will

vary within each space, rather than providing aerage value only. This can
very effectively highlight whether the windows shibwe repositioned to
prevent issues of excessive contrast or localiseohgness. The distribution
can also be helpful to assess the risk of solarheating and whether daytime

luminaries may be required.

The Ecotect model was the same one as shown ime~if2i The nodal grid
spacing was set at 500mm on the horizontal planégy21 nodes from the
front to rear and 23 nodes from the left to right.vertical spacing of 775mm
gave 12 nodes from the z-axis basement floor torgetfloor roof - three nodal
layers per floor. Figure 33 and Figure 34 demanstrvery clearly the
graphical benefit of Ecotect. Both plan sectiorpidt the DF on the 0.85m
working plane of the ground floor. The kitchendilas above this working
plane height so the DF in the kitchen is not showhe coloured linear scale
represents 0-5% DF: 0-1% as blue, 1-2% as purpBb62as red, 3-4% as
orange and above 4% as yellow. Figure 33 showDtheredicted at each
node in the house as it has been built. Figurdldstrates the fall in natural
light expected if three beneficial features are oeed: a side window in the
lounge (bottom-middle); the glass floor above thérance hallway (middle-

right); and the glazing in the side entrance dodghé boot room (top-right).
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Figure 33: Predicted DF across the ground floor ofhe house as built

Figure 34: Predicted DF when the described alter&ns were made

152



(3) POE measurements taken in the house

The same environmental meter shown on page 10@sekto conduct a POE
of the DF predictions. This was made by turninfy af artificial lighting,
removing any obstructions by the windows, openimg blinds and curtains
fully, crouching down low at each nodal positiontiwihe lux meter held
steady and horizontal at a working plane heightO&5m, as per CIBSE
guidelines {72], and only taking the reading on the digital uaitce it had
settled. This exercise required a day that hatifaranly overcast CIE sky and
7™ March 2006 was just such a day. Figure 35 shdwes external lux
measurements that were taken frequently over tbese®f the test to enable a
more accurate DF to be calculated later. It isigbat a linear interpolation
between each of the measurement points providegably accurate value of
external lux. The only measurement that did ndibfo the trend was that
taken at 13:27, although this introduces only amitamhal +0.2% DF
uncertainty to the results for Bedroom 1, Bedroonarl the First Floor

Landing, which were assessed between the measureatelB8:16 and 13:27.

External lux measurements over the day
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Figure 35: External lux measurements taken duringhe daylight POE
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A large number of internal lux measurements wekerain a grid fashion
within each room, as shown Appendix D, which enabled the actual DF to be

calculated at each point and compared to the otle¢hodologies.

8.4.1 Comparison of results

Appendix E contains the results obtained using eddhe three methods and
the statistical comparisons between each set aftsesFigure 36 depicts the

findings ordered in the progressively increasinlgiedound by method (3).

» The BRE formula cannot be applied to the open-pkliway and stairwell
spaces that are on split levels and have openhrgsigh to other spaces

where there are windows providing additional light.

 The Ecotect modelling results are listed in threamiats. (2a) is the
average of every grid node value that lies withie toom. (2b) is the
average of a reduced set of values that correspmiige positions where
the measurements were taken for method (3). &¢he value that the

majority of the working plane in each room exceeds.

» For (2b), the node locations calculated for by Ecbtlid not always match
up with the locations where readings were takenthgonearest Ecotect
values were linearly interpolated to find a morgrapriate set of values

before the average was calculated.

» The DF obtained by method (3) is assumed to bentbst accurate as it is
the only one that used lux values measured intyealiHowever all

methods are subject to methodical errors thatismeisised later.
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Figure 36: Comparison of the Daylight Factor resubk
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8.4.2 Points of discussion on daylight factor results

There is a significant disparity within the setsre$ults for most rooms and it
is difficult to identify a trend in Figure 36 on Wwothey compared; however,

some points of note are apparent from the anatgsitained in Appendix E.

The average DF found using the BRE formula (1) thyagrees with
those found using methods (2a) and (2b); howeware ragrees with what

was measured in the house (3).

* Reducing the number of Ecotect nodal points (2k)lte in an average

difference of only 0.4% DF to that calculated floe full nodal set (2a).

« The DF falls away quickly from a high value by tiéndows, which
augments the average DF results (2a) and (2b)sbabt considered by

taking the majority DF on the working plane (2c).

* The remarkably high DF readings taken in Bedrooma8e it the only
actual DF (3) that is higher than those predictédis is the only room that
has a skylight as well as vertical windows, whidleates a very high
concentration of sunlight in the glazed corner.e T was measured as
33% in this corner and the lux level did not drgpsaon as was predicted

when the meter was moved further into the room.

These points indicate that the following conclusiacen be made on the

accuracy of the Daylight Factor prediction tools.

1. The value that Ecotect predicted for most of eambnr to have (2c)

provided the best indication of the actual avef2gevalue (3).
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2. Almost all of measured values are not as high asettpredicted, though
occupant feedback was very positive. The actualage DF for almost all
rooms was over 2%, as required in the DETR BesttieeGuidelines and
meeting the ‘Daylight Factor’ and ‘View of Sky’ regements of the BRE
EcoHomes (2005) assessment. It is concluded tiveréhat the house

design performed well in terms of daylighting.

3. There appears to be insufficient accuracy in tleeligstion methods to base
detailed design decisions on the results that ¢ivas. This requires further
consideration before concluding whether it was secaf measurement
error or if something more fundamental is wronghwitie prediction tools.
As the focus of this thesis is not on solar desigdaylight achievement, it

is sufficient only to discuss some of the moreliikeources of error.

4. A previously published paper had discussed theigestiresults in further
detail and progressed towards making design coiocisibased on these
[173]; however, the actual DF measurements had not tadem at the time

that this paper was published.

8.4.3 Methodological concerns

It is beyond the scope of this research to invatighe theoretical or empirical
basis on which the three methods were developedtedd, some the main
shortcomings of predicting the DF before a dwellings been built and

measuring it post-occupancy will be briefly dises
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(1) The BRE daylight factor formula

The formula required most values within it to béireated or taken from

standard or manufacturer's datasheets, as theg cmtlbe measured until

the house had been built. The more significatbhese were:

a.

The reflectance is to the squared power in the @itemmaking
relative error in R the most significant to the Bfor. However a
value of 0.6 was used for all surfaces in each rowrich is
inaccurate as each was decorated in differenti@sisnd tones. The
need to assume a typical value cannot be avoidebeadécor of a
room is often one of the final decisions made amd also be
changed easily by the occupants once they move in.

Although 0, the angle subtended by the sky, was estimated fhe
3-dimensional CAD model that included surroundingdings, it did
not take account of window overhangs or shelveshatrthe skyline
was uneven since the outside obstructions varieeight.

The reduced percentage of window opening that wasably able to
admit light was taken account of by introducing.& Brame Factor,
as in the SAP; however, the blinds, curtains anddewv sashes

varied throughout the house so this value shousldl lahve varied.

The formula is unable to take account of open-plaorways or translucent

doors that allow daylight to be shared betweenhimgring spaces, such

as between the hallway, option room, lounge anthkit in this house.

Nor can it take account of non-rectangular roonat titreate an internal

obstruction that make some areas darker than tm’'soaverage.
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(2) Computer modelling using Ecotect (v5.2b)

Although a different value was used for the reflece of the wall, floor
and ceiling surface materials in the 3-D modelythere still estimated

and set to be the same in rooms that had diffel@cdr in reality.

The model has no detail on overhangs or shelvamdrthe windows that

can prevent daylight from entering or reflect ieder into a room.

Perhaps most significantly, it was apparent when ‘tloid’ element or
internal windows were used in the model that Iseali areas of a much
higher DF than plausible were predicted, like tleenents themselves were
creating light. This could only have been the ltesuerror in v5.2b of the
Ecotect software package. In the previously coeghaesults, this was
accounted for by creating holes in the internalsvahd floors where voids
or glass would otherwise have been. Ecotect wers tiassted by modelling
the external wall windows as holes also, with d@egioutcome. The DF
by the ‘window’ increased, as expected since therao longer any
obstruction; however, moving into the room, it waso predicted to fall
more rapidly, giving a lower average DF and a mieever majority value
for the room. Figure 37 shows the result for thenge with double glazed
window elements. The DF is 25% by the windows @edmajority of the
room is over 2.5%. In Figure 38 though, by repigcihe windows with
holes, the highest DF had risen to 34% but the ntgjoalue fell to just
1%, hence the large area of blue. There is a agiction in these results
since, when there is a hole in the wall, the DRigher by the wall and

should also be higher throughout the whole roomjrsiead it is lower.
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Figure 37: DF in the lounge with low-e, double glzed windows in place

Figure 38: DF in the lounge with holes instead ofindows
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This contradiction was seen in the results fooalhe rooms. In Figure 39 it
is shown that the maximum predicted DF was grefmtiemost rooms when
they had holes instead of windows on the exterralsw Figure 40 shows
however that the average value was lower for thelehwith holes, by as
much as 1.8% DF. The reduced averages are thit oéshe DF falling to a
lower value within each room, as previously demi@tstl, which is intuitively

incorrect and causes concern on the modelling acywf Ecotect v5.2b.
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(3) POE measurements taken in the house

 Manufacturer’'s data for the handheld lux meterestdhat it is accurate to
+5%. Since DF is the internal lux divided by théegnal lux, the error of

each individual and average DF attributable tontieger is +10%.

* The readings were taken at approximate grid pestiwithin each room,
so they may not provide a true area-weighted aeesigce the high lux

values near the windows may be over or under repted.

» By linearly interpolating between the outside meaments, the time gap
between taking them and the inside readings shootdbe significant
except that, in the interest of using time resduitte the external readings
were taken outside in the street between the handethe neighbouring

row rather than in a completely isolated locatisrstictly required.

» The intention of measuring the lux levels on anroast day is to enable a
consideration of diffuse daylight only, under a @i\eercast sky. Daylight
is rarely completely orientation independent howeag the clouds do not
fully disperse the light, so it will be stronger time direct line of the sun.
The effect of this is that the external lux measwests taken throughout
the day will have an unknown direct daylight cdmition as well as
diffuse. Likewise, some measurements taken ingidehouse will have
been enhanced by direct sunlight, but in some romme than in others,
as it would depend on the orientation of the winsd@md where in the sky
the sun was positioned at the time of measurem&he overall effect of
this and assessing the ideal conditions to obtatfistic DF readings is an

active field of research that lies beyond the saugais thesis.
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8.4.4 Feedback of daylight factor results on the house d&gn

DETR guidelines state that a DF above 5% could teadsues of overheating
from solar gainsio]. In the measured DF study, Bedroom 3 had a medsu
DF of 7.6% while all other spaces were less than@B6 It would seem

possible and sensible to reduce the glazing in @edr3 without losing its

daylit appearance. It is suggested that the dkiypgrtion of the glazed corner
be removed from the design, though no attempt denta model the outcome
of this suggestion since the techniques were fadanough the POE study to

generally be in poor agreement.

It was previously suggested however that there fmaya benefit to the
additional glazing in Bedroom 3 if it avoids thetdte summertime use of
domestic air-conditioning systems for night-timenliog. This bedroom very
effectively demonstrates the importance of takimg heolistic approach to
assessing building design, as the consequencebeanadits of each decision

will often have knock-on effects on other aspeétsustainability.

Returning to the measurement of the DF, despite nia@y hours spent
modelling the properties of each room and analyiiegdata, methodological
errors were still evident with some apparently wndable. It is concluded
that the tested prediction methods are not acceraegh to warrant their use
for making detailed design decisions, though iflso recognised that they
nevertheless serve the purpose of focussing thgrags’ attention on daylight
encouragement. The research and testing progrequéred to take this issue

further is unfortunately beyond the scope of thests.
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8.5 Electrical appliance energy usage

A further aspect of energy use that was studiedthaa®lectrical usage of the
appliances in the kitchen and laundry room. Theggeliances are the most
commonly provided in new build homes and 2 crediits available within the
EcoHomes assessment if they are provided at acpkatiEco-label standard.
Fridges and freezers should be of ‘A’ rating orhg for one credit. The
second credit is provided if the washing machind dishwasher are of ‘A’
rating and the tumble dryer is of ‘C’ or higher.héT EcoHomes scheme was

described in more detail in Section 2.4.

The benefits of a study on the electricity consuampbf domestic appliances

when used in the context of a real family home ldedtyle were:

1. To corroborate the implication of the EcoHomes sss®ent that equal

credit should be rewarded for the two categorigsmgiabove.

2. To suggest any further categories that should besidered significant

enough to be rewarded with further credits.

8.5.1 Points of discussion on appliance monitoring

As all of the kitchen appliances were built inte torktop furnishings of each
room, the socket meters shown previously in Fidiénad to be fitted on the
date that the appliances were delivered to the en@0g/04/05) and as such
would not actually have been on zero readings wheriamily moved into the

home (04/06/05). Each was used in a differentiémskuring this 2 month
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period, with some being switched off, some rema@ron stand-by and some
being used intermittently. There is no way of aately estimating each
reading for the date that the family moved in andtlsis lengthened time
period should be kept in mind when comparing trsulte that are listed in

Appendix F.

It is most appropriate to place energy limits dddes, freezers, dishwashers
and tumble dryers as these are the most energgsiage appliances in the
home. The divide created by EcoHomes between wte dategories of
appliance also seems appropriate. One EcoPointviave been awarded for
the fridges and freezers that used approximately KWh/month between
them. A second EcoPoint would have been awardethéowashing machine,

dishwasher and tumble dryer that used a combin&dk\h/month.

At an electricity price of 8 pence/kWh, the two ES&r purifiers used £6.75
of electricity per month between them. This figsteuld be higher as they
were not operating as much during the start as ilatine study period because
the family were not aware of the most advisable teayse them. Their cost
to benefit ratio will be dependent on each houshatircumstances, as this
would be a small price to pay for some people ier dlleviation of asthmatic

or allergy symptoms that it is claimed the purdiean bring.

The RFID network and central PC that was requioegtimain turned on for 24
hours a day used a combined £6.20 of electricityoath. This figure should
be factored into any future assessment of the greang cost implications of

including an occupant tracking system like thigiatSmart Home.
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8.6 Chapter conclusions

The energy demand of the experimental house wasidemed on a number of
fronts in this chapter to provide an assessmenthefdesign and a post-
occupancy evaluation of the prediction tools. Tite aspects considered were
the annual thermal heating demand, the contributien solar energy could
make towards this, the risk of the house overhgatinthe summertime, the
daylight levels achieved inside each room and lbetréical energy used by the

main kitchen and laundry room appliances.

The thermal heating demand was assessed usingitdang services software
package HEVACOMP v19. This predicted a peak denwdri®.3 kW and an
annual requirement of 27.3 MWh, equivalent to £330natural gas. An
analysis of the three main variables found aniglttconstruction to be the
most important, followed by improvements to thezgig and then to the
walls. The analysis could be expanded in futuradsess the sustainability
benefit and economic viability of making such imgpgments, bearing in mind
their embodied energy consequence and the discohatgeen the additional

cost to the builders and the fuel savings rewatddetde occupants.

The 2005 SAP and the Ecotect (v5.2b) package wsee to factor in the
influence of construction orientation and solamngai The annual space heating
demand and cost predicted using the SAP were secgreement with those
mentioned of HEVACOMP. It was also found that theme’s SAP rating
could have been 2 points greater had it been atieshtso the rear elevation

that incorporates 63% of the total glazed areadidbe south, reducing the
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annual fuel bill by £61 (7.7%) and G@missions by 752kg. In comparison
Ecotect found the optimum orientation to be whea tear elevation faced
south-east (135°), when the glazed areas receigd@ &Wh (18%) more

annual solar insolation, or 2,827 kWh over an OeteliMay heating season.

It was discovered that the SAP and Ecotect packi#ffgr in the importance
they place on the contribution of direct sunligalative to diffuse gains and
how dependent it is on the home’s orientation. Tpassibilities were
suggested on why the SAP flux values and Ecotesblation data gave
different conclusions; however, the comparison cate taken further until it

is known from where the design values used by eathod originate.

Building a highly glazed house in a southerly oi@ion may bring a new
requirement to block the summertime direct solaingausing shading
techniques such as overhangs or brise soleil. rfdtevely, HVAC technology
could handle the cooling load, but this will havgn#icant capital and fuel
costs of its own. Appendix P from the 2005 SAP wasd to show that the
risk of this naturally ventilated home overheatstgpuld be ‘Slight’ or ‘Not
Significant’ so long as the windows could be opetegrovide an air change
rate of at least 2 ach. The importance of veimitatvas confirmed by the
occupants who requested more openable windows toestedled as they were
in discomfort during summer nights in particulamterestingly, the highly
glazed Bedroom 3 cooled the most during summertsigthich may indicate
an ability of glass to aid summertime comfort iromgs that are unoccupied
during the day and are desired to cool down duthmgy night. Although

additional glass would result in extra heat lossmduthe heating season, it
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might also negate the use of domestic air-condi®rsystems if climate

change raises ambient temperatures and night-tisgerdfort as expected.

The fourth aspect assessed was the diffuse daybkgets in the home that
were expected to be enhanced by the large ardazhg in the design. It was
predicted and then measured that the home excdeBd®k Good Practice
Guidelines and BRE EcoHomes (2005) requirementisoadh the predictions
did not match the POE measurements sufficientlyately to encourage their
use to make detailed design decisions. Furtheareb is necessary before it
could be estimated to what extent this is a fafilthe prediction methods
rather than a case of POE measurement error, glthauseemingly obvious

concern already exists on the daylight modellirg td Ecotect (v5.2b).

Finally in this chapter, an electrical energy studgs undertaken on the main
kitchen and laundry room appliances. A breakdoWwthe estimated energy
use and monthly cost of each was given and it vimermed that it is most
appropriate to place energy rating demands ondsgddreezers, dishwasher,
and the tumble dryer as these were the most emaayysive appliances, which
is inline with the division within the EcoHomes sche of the two EcoPoints

available for providing white goods with energyi@#ncy ratings.

It is hoped that this chapter has also demonsttaidmportance of taking an
holistic approach to assessing a building’s enélgyand, as decisions made
in order to satisfy individual requirements willteri affect its performance at
another time of day or season over the expectedpén of the building.
Demonstrating this was a secondary objective o thésis however, and the

next chapter returns to the primary concern ofdi@estic space use POE.
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9  Monitoring the Household’s Use of Space

David Wilson Homes (DWH) wished to discover how faenily who were
test running the Project:LIFE experiment house tbliming with the more
unusual design aspects of the floor layout. Asl wsel asking them direct
questions about their thoughts on the design otespand rooms, it was
requested that quantitative data be collected @enthey spent their time in the
house. In other words, DWH wanted a post-occupawejyuation (POE) to be
carried out on the allocation of space within thmme. It was argued in
Chapter 4 that POE should become commonplace whibimsing, which
would lead to more effective home design with inveeb quality control,
cross-industry sharing of best-practice methodsduhis innovative time and
the promotion of more-sustainable homes if theyfawmd truly to be more
satisfying to live in and valued economically. Aften requested aspect of
POE is the efficiency of space allocation, as eaduare meter of a
commercial property has a real financial valuechita to it. For a dwelling,
the value of the land it is built on may not beraportant to the homeowner as
the features the house contains, but it is sigmifi¢co the developers who are
required to build homes at a higher density andatovish to lose any overall

market value across the development site.

This chapter analyses the data collected by thie faglquency identification
(RFID) network described in Section 7.3 in term$ioWv the spaces created by

the floor plan design were used by the occupantSisiexperimental house.
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9.1 Categorization of collected data

The family wore the RFID tags for three periodsteb weeks that were
spaced evenly through their 6 month stay. For@heeeks (42 days, 1008
hours) of study, just 6% of the data has had ttelreed ‘unknown’, either due
to a tag accidentally not being worn, or systertufai 94% of the requested
data was therefore collected in this unique appticaof RFID technology,
which is considered a success. Appendix G incladsample of the collected
raw data and explains the editing and analysisqoiae it was put through.
An estimated 150,000 lines in total of raw data tm@he manually reviewed,
edited to approximately a fifth in size and conedrinto a form that could be
analysed and compared using a standard spreadsheeatge. This process
had to be undertaken manually as intelligent softweas not yet been made
available for this purpose. There was insufficiemte to undertake this as it
would constitute a major piece of work in its ovught. As an overall average,

it took two days to analyse each 24 hours of ct#kcata.

Although the data was collected on an individuabmo basis, when
summarising the findings it makes sense for itdadported in terms of zones

that are defined as groups of rooms that rougldyesthe same activity.

Outside: Anywhere outside and beyond the RFIDesystange.
Four bedrooms: Master (B1), Ensuite (B2), Glazegl)(Balcony (B4)
Four bathrooms: Sunken, Shared, Top floor, Hot tub

Four living spaces:  Lounge, Den, Decking by kitch®ption Room
Open-plan kitchen:  Kitchen, Dining table area
Four utility rooms:  Laundry, Wine cellar, Boot Rop8tudy (B5)

Circulation areas: Stairs, Landings, Entrancéntasi
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By averaging the data collected over the six weiekgs found that the family
spent 28% of their combined time outdoors, 43%na of the four bedrooms,
3% in a bathroom, 14% in a living space, 10% indgpen-plan kitchen, 1% in

a utility room and 1% in a circulation area.

The Average 24 Hours

O Outside

m Any bedroom

O Any bathroom

@ Any living space

O Kitchen living room
m Utility areas

m Circulation areas

Figure 42: Breakdown of all the data collected ovethe 6 weeks

Subdivision of Data

The patterns in time spent in particular space€weaturally expected to vary
over the course of each day. To confirm this,dhgs were split into 4 time
bands that represent the natural rhythm that ekiste daily routines of the

typical household, the Parnell family included.

1) 6am to 9am (breakfast) 2) 9am to 3pm (lunch)

3) 3pm to 8pm (dinner) 4) 8pm to 1am (supper)
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The average time spent by the whole family in eaghe during each time
band is shown in the charts that follow. Sincehedmart is distinctly different,

it is clear that the pattern of room usage varresily according to the time of

day, as of course was expected.

Everyone - All 6 Wks - 06:00-09:00

O Outside

® Any bedroom

O Any bathroom

@ Any living space
O Open Plan kitchen
| Utility areas

m Circulation areas

Everyone - All 6 Wks - 09:00-15:00

O Outside

B Any bedroom

O Any bathroom

@ Any living space
O Open Plan kitchen
m Utility areas

m| Circulation areas

Everyone - All 6 Wks - 15:00-20:00

O Outside

m Any bedroom

0O Any bathroom

@ Any living space
0O Open Plan kitchen
m Utility areas

m Circulation areas

Everyone - All 6 Wks - 20:00-01:00

O Outside

m Any bedroom

0O Any bathroom

@ Any living space

0O Open Plan kitchen
| Utility areas
m Circulation areas

Figure 43: The division of each time band betweesach zone

The proportions also vary with the type of day getonsidered. Although a
division between weekdays and weekends would seertwaal choice, for
this study the division created was between thes delyen they had to go to
work (or school for the daughters) and those wihey did not. ‘Work days’
versus ‘Rest days’ is a more appropriate compassuce the 3 phases did not

involve the same activities.
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During Phase 1 everyone went to work or school ylnewised at home).
During Phase 2 everyone was at home on holidaghéowhole 14 days.

Phase 3 was a mixture of one week at home and eak at work or school.

Everyone - Work days - All day Everyone - Rest days - All day
O Outside O Outside
m Any bedroom m Any bedroom
0O Any bathroom 0O Any bathroom
@ Any living space @ Any living space
0O Open Plan kitchen 0O Open Plan kitchen
| Utility areas | Utility areas
m Circulation areas m Circulation areas

Figure 44: The average time spent in each zone omork’ and ‘rest’ days

Of course the proportions also vary between thévitdal family members

and so the data had to be considered from threpeetives:

1. Which individual itis (Sue, Nick, Lucy, Hazel, tire whole family)
2. What type of day it is (work days, rest days,ha& whole six weeks)

3. What time of day itis (6-9am, 9am-3pm, 3-8pm, 8pam, or 24 hours)

Appendix H contains the data that resulted from extensivdyaisaof the
collected data. It would require a substantial hemof charts to fully
illustrate all of the information in these table&n in-depth analysis report was
produced for DWH just three weeks after the finage of tracking had been
completed {74], though only the most notable findings for part&r rooms

and zones are discussed in this thesis.
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9.2 Where the family spent their time

9.2.1 Bedrooms

There were four bedrooms for the family to choasent The master bedroom
with access to both main bathrooms (B1), the ficgir bedroom with en-suite
shower room (B2), the top floor bedroom with ayujlazed corner (B3) and
the top floor bedroom with a Juliet balcony (B4)able 6 shows how much of

the 24 hour day each of the family spent on averagach bedroom.

Table 6: Average hours spent by the family in eachedroom

Work days Rest days
Bl B2 B3 B4 Bl B2 B3 B4
Sue 8.4 0 0 0 9.8 0 0 1
Nick 7.9 0 0 0 8.4 0 0 0
Lucy 0 3.6 0.2 7.0 0.2 9.8 0.2 2.4
Hazel 0 0 10.1 0 0.5 0.5 11.3 0.2

The daughters spent roughly two hours more eaclk wlay and almost 3
hours more each rest day in their bedrooms thapdhents did in theirs. Lucy
swapped from B4 to B2 part way through Phase 2aaking, which explains
why her results appear spread between the twos fMiant that she began to
use the en-suite in B2 as her bathroom and the tipent there is

indistinguishable from the time spent in the bedi®pace itself.

Most of the time in a bedroom they would have basleep, so it is useful to
look at how these rooms were occupied through #ye drhis is depicted by
Figure 45 and the difference between work days rastldays is very clear.
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Bedrooms were occupied longer in the mornings asd In the evenings on
rest days and this was true for each of the famMyso, the bedrooms were

used during the day by the daughters but not thenpa

Number of the Family in any of the Bedrooms
during each Time Band on a Work Day
100
90
©
S 8o
Ko}
(] 70
£ O Nobody
; 60 B 1 Person
:-C_._ 50 O 2 People
g 40 0O 3 People
g 30 A W 4 People
c
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& 2 L
0l |
06:00 - 09:00 09:00 - 15:00 15:00 - 20:00 20:00 - 01:00
Number of the Family in any of the Bedrooms
during each Time Band on a Rest Day
100
90 -
©
S 80
o}
(] 70 A
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° 60 1 —‘ ® 1 Person
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g 40 - 0O 3 People
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Figure 45: Bedroom occupancy on work and rest days
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9.2.2 Bathrooms

The comparison of interest with regards to the foatms was to see how the
family selected between the sunken bathroom that evdy accessible from
the master bedroom and the shared bathroom thaaecessible through two

doors; from either the master bedroom or the fiostr landing.

Average Time Spent by Everyone in the Sunken Bathro  om

50

40

307 B Work days

O Rest days

20 ~

10

Average number of minutes

Sue Nick Lucy Hazel

Average Time Spent by Everyone in the Shared Bathro om

50

40

0 | |mwork days

O Rest days

20 —

. ] -
S | 8

Sue Nick Lucy Hazel

Average number of minutes

Figure 46: Time spent by each person in the sunke$a shared bathrooms
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As had been expected at the start of the projestias Sue who used the
sunken bathroom the most. She did not show a stemsipattern in her use of
this bathroom, using it at all times of day whee sfas in the house, although

generally more in the evenings than the afternoons.

Contrary to what had been predicted at the stathefproject, it was Hazel
who used the shared bathroom the most, even thsiigthad to walk down
three half flights of stairs to reach it from hexdboom. She used it fairly
regularly throughout the day and evening although an increasing trend as

it got later in the day.

Nick showed a fairly distinct pattern in how he dighe two bathrooms. On
the days that he had to go to work, he primarilgduthe sunken bathroom in
the morning and again, but for a shorter time,h@a éarly evening when he
returned home. On rest days however, althougin asieg in the mornings he
still used the sunken bathroom more than the shiafittoom, he was more

likely to use the shared bathroom in the afternaeh evening.

Lucy was the only member of the family to regularge the top bathroom and
this ceased to be the case when she moved to Bl its own en-suite.
During the tagged spell that she was staying in 8% was using the top
bathroom at all times of the day, but especiallthimlate mornings of the days
that she did not have to go to school. This batmrsubsequently became the

bathroom for any guests who stayed in B4.
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9.2.3 Living Spaces

The family spent a considerable amount of time ratwhave been called the
living spaces (lounge, den, decking at kitchen llewel option room). Of the

six weeks of collected data, 14% of it was recorigieahe of these four spaces.

Lounge

Minutes that the Lounge was Occupied for by a
Certain Number of People on the Average Work Day

90
80
70
60
50 A
40
30
20 I
10

| | | 1

06:00-09:00 09:00-15:00 15:00-20:00 20:00-01:00

| 1 person
O 2 people
0O 3 or 4 people

Number of minutes

Minutes that the Lounge was Occupied for by a
Certain Number of People on the Average Rest Day

90
80
70 4
60 +
50
40
30 1
20 1

10
07 |_| T 1

06:00-09:00 09:00-15:00 15:00-20:00 20:00-01:00

| 1 person
0O 2 people
O 3 or 4 people

Number of minutes

Figure 47: Average occupancy of the lounge on eaglork and rest day

179



There was at least one person in the lounge for @®%e study period, or
25% if you consider only the hours when someoneh& house would

normally be awake (6.30am to 00:30am).

Figure 47 shows that the lounge was used mainlyinolvidual family

members during the daytime. 60% of the time thatais occupied, it was by
only one person, although it became a collectiv@igred room in the late
evening; especially on rest days when 3 or 4 peogeld be in the room

together for half an hour on average each evening.

Den

The den was more consistently used in terms ofethgth of time the family
spent in it. It was occupied for roughly 20-30%tloé day, apart from in the

early mornings and during working days.

The den was a much more solitarily used room tharidunge and it was very
unusual for more than 1 person to be in the roomhatsame time. Further
investigation found that it was only being usedutagdy by two members of
the family. For Hazel the den had become a reaitarnative during the day
and evenings to the lounge, which she did not ikeethe rest of the family.

For Nick the den was a place to unwind alone indke evening on workdays.
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Minutes that the Den was Occupied for by a
Certain Number of People on the Average Work Day

90
80
70
60
50
40
30
20
10
0 . -

06:00-09:00 09:00-15:00 15:00-20:00 20:00-01:00

W 1 person
0O 2 people
0O 3 or 4 people

Number of minutes

Minutes that the Den was Occupied for by a
Certain Number of People on the Average Rest Day
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Figure 48: Average occupancy of the den during ehovork and rest day

Option room

Only Lucy made use of the option room to any exwunting the six study
weeks. She used it quite considerably on work daysg Phase 1 and this
was because she used the room to revise for heE&CSubsequent to this

phase, the family failed to find a use for the room
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9.2.4 Kitchen & Dining table area

Although the kitchen and dining table area wereegiby two separate RFID
readers, it became clear during commissioningttiere would be uncertainty
when analysing the data as to which of the twosaged@ag was actually in.
Within the L-shaped, open-plan space there wasrea \&@here the proximity
zones of the two readers would overlap and anatbeered by neither. An
unknown degree of error was therefore introduce@rwhnalysing the raw
data, as one area had to be selected over the wfthem it was actually
unknown which the person was in. To overcome ¢hnisr, the kitchen and

dining table area are now combined into a singlee'®plan kitchen'.

Average number of minutes spent in the Open-Plan Ki  tchen
by a Family Member during each Time Band ofthe Da vy

80 1
70 |
60 —

50 - B Work days
40 - O Rest days

30

|- = JI

06:00-09:00 09:00-15:00 15:00-20:00 20:00-01:00

Average number of minutes

Figure 49: Average time spent in the open-plan kithen

This pattern of use is formed as would be expeatednd meal times. The
majority was in the early evening (dinner time)t biso significantly in the
late morning on rest days (late breakfast or lurextdl briefly in the early

morning on work days (breakfast) and in the latenawgs (supper).
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Minutes that the Open-Plan Kitchen was occupied for by
a certain Number of People on the Average Work Day
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Minutes that the Open-Plan Kitchen was occupied for by
a certain Number of People on the Average Rest Day
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Figure 50: Occupancy of the open-plan kitchen onaeh work and rest day

Figure 50 shows that the open plan kitchen wasénmain an individually
used space. The family had staggered morning stggdwhich meant they
didn't use the space collectively in the morning¥hey gathered here at
lunchtime and in the early evening however, moentm any other room of
the house. This study has therefore reinforceccémmonly held belief that
the kitchen, especially when open-plan, has bedbmdiub of social activity

and communication in the contemporary family hoagh

183



9.2.5 Util

ity Rooms

Laundry room

30

Average Time Spent by Everyone in the Laundry

25

20

15

B Work days

O Rest days

10

Average number of minutes

—

1 Nl EEEaeN

Sue Nick

Lucy Hazel

Sue was in the laundry room for an average of alr@bsninutes per day on

Figure 51: Everyone's use of the laundry room

the days that she did not have to go to work.

Other utility rooms

Sue, Nick & Lucy made use of the boot room during study but Hazel did

not. This is partly down to the allocation of hed®ys, as Hazel had a key for

the Kitchen side door but not for the Boot Roomrdoo

Hazel made almost exclusive use of the Study. Wais before they took the

wireless laptop computer out of the room, from whpoint the only reason the

family went into the Study was to collect print-sut
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9.3 Presentation of space use data

The pie charts and bar charts used in the prevgagion to depict the
spreadsheet analysis of the collected data haugeshthe family’s behaviour
to be compared on the basis of what kind of daygtiiand of time during the
day and which family member was to be consider&tie four chosen time
bands represent the natural subdivisions of dailyity within the typical
household, structured around the daily cycle oingisin the morning and
taking breakfast, being away from the house at veor&chool, returning home
and preparing for the evening meal and finally liseftin to relax before
bedtime. By grouping the data into these four Bamdfective comparisons
have been made on the general trends that lierwitté household’s use of
space; however, this means of presentation candetuately convey the
ability of an occupant tracking system to illustr&iow the house is being used
in real-time nor of how tracking systems could bged for the future
applications mentioned in Section 6.2. The catoutaof average room
occupancies at a particular time of day acrossthdy weeks cannot convey
this information as, although domestic behaviourmade up of routine
activities about the home, these routines do noesearily take place at the
same time each day. Calculating the average oocypaf each space has the

effect of reporting all spaces as being partiatlgupied all of the time.

An alternative approach was trialled that couldused to investigate for the
presence of routine movements. Figure 52 continBames of an animation
created to convey the changing use of space witl@rhouse, according to the

passage of time over a day when the family didgaoto work or school. For

185



this animation the occupancy data has been avemggdevery 15 minutes of

what was assessed to be a typical rest day. Hsiesament was made by

choosing the day that had the most similar dailgupancy time of each

individual room to the average for all 27 rest deythe study.

The animation of the typical rest day shows thieWwaihg typical behaviour for

this family: (time in brackets if a particular in@ illustrates the point)

There was a staggered start to the morning asarents came down from

their bedroom about one hour before their daughtfrg:45)

Both of the bathrooms accessible from the mastdraoen were used in

the morning and evening.
The top floor balcony was used to relax in priva¢y1:45)

The den was used repeatedly for short spells timutgthe day and in the

evening it became an alternative to watching tslewiin the lounge.

The open-plan kitchen, dining area and lounge wee&l more consistently

throughout the day than the den.

The decking outside the kitchen was used as am&xte to the open-plan

dining area. (11:45 and 16:30)
The house was usually vacant for a period of tiaehalay. (14:00)

The den, lounge and bathrooms were the typicalespée relax in the

evenings. (20:00)

The father often went to bed later than the resh@household. (23:15)
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Figure 52: Animation frames - 09:45, 11:45, 14:004,6:30, 20:00 & 23:15
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Although the animation depicts the occupancy ofirs@loser to real-time, the
overall efficiency with which the space is usedois more interest when
conducting a space allocation POE. In terms obdwasé, this efficiency could
be defined between the floor area of a room andirine that it is occupied for,
irrelevant of the number of people. This quarsifighich spaces are most
significant to the household routines and therefoost deserving of attention
from designers to ensure they serve their functieels Appendix | describes
in detail how it was calculated and Figure 53 tllates that the design mainly

performed well since the larger spaces were aksonibst occupied.

Relating the floor area of each room to
the average time it was occupied for each day
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Figure 53: Comparison of each room'’s floor area ath average occupancy

At first it appears that Lucy’s bedrooms (B2 & Bdde too small and the
parents’ (B1) is too large; however, two factorsenaot been considered. B2
had an en-suite bathroom attached and the timelilat spent there was
indistinguishable from the time that she spenth@ bedroom itself, so they
had to remain combined in Figure 53. Also, B1sediby two people rather
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than one and so would naturally be expected toagonmhore space. Some
other rooms do appear though to be excessivelg laigtive to the time spent
in them: the laundry, boot room, study, hot tubkileg and wine cellar. It
may be possible to combine their functions intarealter footprint; however

some further points must be considered:

* Many rooms performed functions even when unoccypied example,

food and drink storage in the wine cellar and waglin the laundry.

» Additional space may be required depending on tinetion that is being
served; for example, while computer monitors aret héewed at close

range, televisions require there to be distancedet screen and viewer.

» The time spent in a space may be determined ptynhay the activity
undertaken there and this may change considerablyfoture years due to
technological development. For example, microwsatonvenience
meals can shorten the time spent in the kitcherbaoadband internet may
increase the time spent in the study, though alegseinternet connection

can remove the tie to a specific location altogethe

The basic assumption that the rooms occupied thgekt should also be the
largest implies that the value of each unit of tispent in the house is equal,
though the points above show that this clearlyisso. The occupancy time is
just one dimension of a room’s importance and iy wéten a reflection of the
activity undertaken there rather than the finaneale attributed to it by the
household and designers. If space allocation PO#® be quantified using
time, the need therefore remains to question thesdtwold on the qualitative

importance of each space and how the time spenswagsctively perceived.
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9.4 Qualitative interviews

It cannot be explained why the family spent thiiret as they did by looking
only at the quantitative data. This was the firsie that an occupant tracking
system has been used to carry out a POE on donsgstee use; however it
was still necessary to use the more traditionahrtepies of qualitative
research to substantiate the quantitative findin@aiestionnaires, interviews
and focus groups have for many years been useathemsubjective feedback
from households, and the family was interviewed fiimes during this study.
First in their own house before the experimentaldeohad been constructed,
to gather background information on the homes th&y lived in previously
and how they felt their current home met their meadd expectations. Then
each of the tracking phases was concluded witmtemview, to discuss how
they felt they had spent their time in the home wa@t design features had
been influential. Each interview was led by Dr &anfFitchett, Reader of
Consumption and Marketing at Leicester Universityho conducted and
recorded the interviews in the robust nature ofad@riences. Extracts from
the interviews were included in the report handed¥H [174] and in their
own published document4s], and a joint paper shall be published on this

aspect of the project in the near futurss].

In the main, the information gathered from the nvieavs agreed with what
was recorded by the RFID system. The family wexe/\appreciative of the
additional space and natural light that the houswiged, commenting that

this was what most visitors pick out first on emtgrthe hall.
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“When you walk in... you look up and there’s thatamge of sort of light and

space. It's a big wow.”

They found that the additional space had a dowrtsidehowever, as this led

to the family very often doing their own thingstiveir own separate spaces.

“We kind of lose people here... | don't really litteat aspect of living here very
much. That's not something we used to get in ttiehouse, so there’s that
side of it, but then again on the other hand weetomes got on top of each

other in the old house.”

Although the family appreciated that they no lonlgad to compete for spaces
in the house, which made life more relaxing, theynid to begin with that it

was affecting their social behaviour as a familit and in fact the parents felt
the need on occasion to search for their daugtserthat they could spend
more time together as a family. This follows whats seen in the RFID data
in that Hazel often used the den as an alternatiihe lounge when others
were there and Lucy spent more time in her bedrooming the day than

everyone else. It cannot be confirmed if theiradvébur changed after moving

into the concept house, as no data was collectdwinold home.

A further general point on the space layout wagatéd at the split-level
design of each floor. While this was describedaagastic for people from
teenage to middle age, the difficulties that hawngmany steps brings to the
very young or elderly visitors was picked up onaas issue due to their
reduced mobility and concern for safety. This és@iraised again in Section

9.5, where a possible solution is suggested.
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The main points that the family raised about eamnr are now presented,

starting from the basement level.

* The den was a very popular room although not ugeevieryone equally.
They liked the fact it was a multi-functional ‘epeahole’, describing the
times they spent there dsery much ‘go away, | want to be left to do this
on my own’.” The tracking data corroborated that the den wsdlitarily
used space. The den had also found use as a bedhaing the study,

when a guest could not sleep in the study becausgugppment noise.

* The laundry was also a well received room, with lénendry chute and
extra space to sort the clean clothes both beipgeated. The lack of
entertainment facility in the room was noted howewehich made the

chore of ironing even less pleasurable than it eddxb.

» The open-plan kitchen and dining area became the béactivity during
parties as well as daily life, with the lounge stimes not being used.

More space was requested for the kitchen, for &iothge and preparation.

» The family repeatedly mentioned the décor as baingain reason why
they were not using the lounge as much as in fhrewvious home. They
would have changed much of the lighting and wadladations, including
the flat-screen television. They did not find tle®m to be cosy and the

suggestion was made that this could have beenodie thigh ceiling.

» The split-level, rear patio decking areas were sssftil spaces to eat, relax

or entertain guests when the weather was suitable.

» The family were never inclined to use the optioomoas a dining room,
even though this was how it had been dressed bef@g moved in.
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Instead the suggestion was repeatedly made thabuld have been a
better use of space had this room been kitted ®@ proper study, since

the upstairs study was rejected for various reasons

The study/bedroom 5 was considered a failure becaisthe noise
generated by the centralised entertainment equiparehthe server PC for
research that were housed in cupboards in this rodwditionally, the
room was reported to have an isolated feeling.toRather than seeking
seclusion in a study, this family prefer to remelimse to the living areas so

that they can remain aware of other householdiactg they work.

What was said during the interviews about the dsihe four bathrooms
agreed with what had been found from the RFID datéck commented
that he used the shared rather than sunken bathrotthma mornings if Sue
was still in bed so as not to wake her up, whitlrsitates the benefit of

having the flexibility of two luxury bathrooms.

The family commented that all of the bedrooms weverheating in the
summer months. This applies in particular to thaster bedroom (B1)
since the only possible ventilation was to leaverofhe French doors and
also the glazed bedroom (B3) because there is sb glass and only one
of the windows could be opened. These commentareehthe findings of

Section 8.3 on thermal overheating.
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9.5 Review of the house design

The purpose of the qualitative interviews was toraworate the POE data
collected by the tracking system and explain wheygpaces had been used as
they were. The tracking data could indicate wtiphces had been the more or
less successful, which could in future be fed ipl@nning the interviews so
they were more focused and less time consuminggtery the tracking data
could not be used to judge how the design couldnpeoved, as this depends
on knowing what purpose and value the househol@ gaweach space. By

considering both sets of data, the following revimwld be made.

Successful spaces

The U-shaped open-plan living space created bylahg, high-ceilinged
lounge that went up the half flight of stairs itbe dining area and kitchen was
a great success. It was recorded that this wasewthe family spent most of
their time, collectively making use of this combipa of spaces and
remaining within earshot of each other even thatngly were not in the same
strictly defined room. DWH interpreted this dwing together but apart”
[145] and the multi-functionality that it implies is erof the hallmarks of open-

plan design.

The provision of the basement den was found tohkeideal complement to
the open-plan ground floor when someone wanteétreat to a more private
space to relax alone. The additional sound insulabf this pre-fabricated

concrete space was also well appreciated in theshatnings.
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The bedroom and bathroom configuration worked veeglthis family and they
have shown that the best approach may be to praptens and flexibility.
While the parents appreciated and made use of llogce of two luxury
bathrooms accessible from their bedroom, the dawghshowed that
individual priorities can count for everything. Atst Lucy was staying in
bedroom 4 and had claimed the top bathroom forelferhough she later
moved to bedroom 2 for the added convenience o$itialer en-suite shower
room it contained. Hazel meanwhile continued ttkvdmwn three half flights
of stairs to access the shared bathroom, even hhthe more convenient
option of using the top bathroom had become auaila®o convenience was
more important than luxury for Lucy, but luxury carbefore convenience for
Hazel. Designers cannot of course predict howethadividual behaviours
will play out and so they should instead includsxitility in the bedroom and

bathroom hierarchal design if possible.

Unsuccessful spaces

The study was one of the least used rooms of theegt house even though
the family had made good use of the study in tbleirhome. The interviews
revealed that the activities that took place inirtipeevious study were now
being carried out in places where they were mojeyable, such as in the
dining seating area. This was possible thanksh® wireless computer
network and the additional space that was availabkis house. Also, the
family were not happy with the noise and uncomtagaconditions in the

study caused by the large quantity of electronigiggent required for the

central entertainment system and the server PC ther tracking and
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environmental monitoring systems. These conditiafs® resulted in this
room failing in its second role, as a guest bedrommen a household guest

decided to sleep in the den rather than in thisoo

Suggestions for improvement

There was no special requirement for the centri@reninment equipment to be
located in the study and the server PC would nohatly be present either. If
the equipment were moved elsewhere this room coeldkitted out as a
permanent bedroom, adding value to the home. Hee of this bedroom
would be expected to make use of the shared bathjest across the hallway.
Although the wireless broadband provided freedommfia desktop computer,
the family still requested a dedicated space fad\stprinting and other office
furniture. The ground floor ‘option room’ was sested as the ideal location
for this study, as this family’s preference wasb® able to work while still
feeling connected to the activities of the resth@ household. Plus the den

was available for the times when seclusion wasiredu

The top floor bedroom featuring a rooftop balcongswacated by Lucy
halfway through the study, at which point the sdelli balcony started to be
used by other members of the family. If this bednowere to be turned into
an alternative function room with a sofa bed foareple, then the house could

be marketed as five bedrooms with a communal reeatufing a balcony.

The father appreciated the boot room as a plaadistard his wet or dirty
outdoor clothes; however, the suggestion was mhde tiad there been a

shower cubicle nearby, he would not have had t& wplthe carpeted stairs in
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a wet and dirty condition to one of the main batinns. A possible solution to

this would have been to swap the boot room withld@dry room below and

fit a shower cubicle under the stairs to replace line cellar that could be

integrated into the new ground floor laundry room.

The new boot room would have an entrance that Weseicto the garden
that both parents liked to tender. Previouslyatoid walking dirt through
either the den or lounge, they often used the &itatoor as the convenient

access from the garden, although this was not tet hygienic behaviour.

This lower boot room would still be used by the $whold when they
arrive wet or dirty from their outdoor activitiesid there should be more
than sufficient space for indoor bicycle storag€éhe cellar space could
contain a shower cubicle for when someone wisheudah before entering
the main living space of the house and the existimgpile hanging’ space

should be maintained to store clean clothes fasdluecasions.

The shower room could incorporate with ease a W@himse using the den
and the boot room will still have plenty of spaaw the kitchenette
equipment it already contains. In this way, thek&m basement could
become a self-contained bed-sit should there bmewhen someone who

has difficulties with stairs is living in the house

A ground floor laundry room that would be used iwegular but quite
lengthy spells would benefit from natural lightyiaw outside the front of
the house and the ability to listen to the distiglousound system whilst
doing the chores without disturbing any occupantshe den. Cleaned

laundry would not have to be carried up the exighf of stairs. If privacy
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is required, net curtains or opaque glass coulmh&talled and the position

of the garage could also prevent prying eyes fraokihg in.

Terrace

Family/Dining

Lounge
Landing
] | :
Hall
Study / |
Option room e ( ity

T

Figure 54: Adapted floor plans for the basement ash ground floor

Ground floor
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Figure 55: Adapted floor plans for the first and £cond floors
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9.6 Smart Home Application

One of the often stated applications for occupeantking systems is that a
building management system (BMS) could respond wmyecaly to the
movement of occupants and the general patternsagkesusage in the building.
This principle has been the focus of a number séaech groups elsewhere, as
discussed in Section 6.2. This thesis can cori&ibo that body of work by
approaching an assessment on the potential fornaignzoned control of the
heating system, whereby if a defined zone is naisiem then it does not need to
be heated to full comfort conditions, saving botlergy and money. Before a
full assessment on this type of system would beiptes a number of factors

would need to be taken into consideration, inclgdin

1. The setback conditions to be used once each zauarngs unoccupied.

2. The acceptable time period for which each zonedcaateptably be below

normal comfort conditions, should it unexpectedigdme occupied.

3. The response time of the heating system to heazohne up from the

setback condition to the required comfort condition
4. The expected times of occupancy of each zone thmitghe day.

5. The zoning regime that most favours energy efficyesnd life cycle cost.

On first consideration, it is suggested that thébaek temperature and
acceptable time of sub-comfort conditions shoulduber definable, so that
some default values can be changed depending oacthepants’ needs and

preferences. The heating response time and zeagime depend largely on

200



the specific context and installation, and as siicis, not possible to provide
clear answers to these points at this stage imetbearch. The collected data
can be used however to investigate the fourth poie expected times of
occupancy of each zone throughout the day. Thectieg is to illustrate if it
would indeed be feasible to have a heating setbacHition for certain rooms

because they are regularly unoccupied for signifispells of time.

If space heating was instantaneous then the sysbeid always be turned off
when no-one was present, but this can not be soeas will always be a lag
between the heating being turned on and the corméorditions being reached.
The faster the system’s response time, the moe diftcould be turned off to
save energy and money. The response time woulendepn the method of
heat distribution, the volume and shape of the esanl the materials present

within the space, all of which are context specific

The 6 weeks of collected data were re-examinedHi@e arbitrary response
times - 15 minutes, 30 minutes and 60 minutes -asdries of graphs show
dynamically how long on average each room was dedufor during the

response period that followed. The data was spbtwork and rest days since
it is assumed that the system would be intelligenbugh to distinguish
between them. Rather than including all of thedpoed graphs, they are

selected in order to illustrate some initial poiotsliscussion that follow.
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Figure 56: The occupancy of the shared bathroom ev the 6 study weeks

Figure 56, which depicts the shared bathroom oaguypanakes two points:

* The time that activities take place at is moreifiexon rest days and so the

bathroom’s occupancy appears to be more continuous.

» If the heating system response time is longer etlage fewer opportunities
to set back the environmental conditions. Thiseisn as the gaps between

each spike are shorter and in some cases disdiopelae 60 minute traces.
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Expected occupancy of B1 on work days
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Figure 57: The occupancy on rest days of the mastéB1) and balcony (B4) bedrooms

The vertical scales in Figure 57 differ becauseyLmmoved out of the balcony
bedroom during the second phase; however, it ilitess clearly that different
people will make use of what is essentially the samom in ways that are
closely aligned to their activities, gender and-ifycle stage. These conditions
cannot be predicted by house builders or heatistery installers, which is

why full adaptability is essential if this type ®fstem is to be used.
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Floor-by-floor on work days, 15 minutes response
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Figure 58: When each floor of the house was in use

Figure 58 depicts the occupancy on a floor-by-flbasis and the top graph
illustrates very well why it would be necessaryptovide responsive controls
or a manual override. During the first phase, Lstayed at home to revise for
her GCSEs and so the ground floor in particulamshsteady use during work
days. The rest of the family started these momwigh their normal work

schedule and so the system might have expectegameeto be leaving the
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house, enabling it to operate at setback conditidrige system would have to
respond appropriately to Lucy disrupting the pattevhich could be as simple

as a default setting that provided full comfort dibions.

Individual room heating zones would provide the trfosquent opportunities
to set back the system and hence achieve the uessdvings; however, the
additional cost of system complexity might make thro zoning regime
preferable. Figure 58 shows that the ground fisoconsistently used much
more than the other floors, which would suggest tha heating could be
focused here. All the traces have a significantiioer of spikes though,
illustrating that the other floors were also usedsiderably but not for as long
or as regularly day-to-day. On this evidence gsloot seem appropriate to
zone the system for this house on a floor-by-flbasis if comfort conditions

are to be maintained using setback conditions.

Averaged data discounts the irregular occasionswinge is spent in a room.
A setback system that was controlled purely by ayes would lead to a room
always being cool if the occupants went into ifjfrently but irregularly day-

to-day. This is unavoidable if the setback strateytaken, but perhaps it
could be effectively controlled if the system taadcount of weighting factors
on the importance of comfort conditions being maimtd and the probability
of occupancy, which could be determined over atiainbbservational period

when full comfort conditions would be maintainedf heating systems like this
were installed in enough households, the data meddor space use POE to
improve the allocation of domestic space could bkected as a secondary

concern to direct economic savings to the household
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9.7 Chapter Conclusions

This experimental project proved it feasible to aseRFID tracking system to
monitor the time spent by a household in each regiodomestic space. It
was shown that such assessments can add valuespace use POE by
corroborating and bringing a new level of detaidaaccuracy to the more

traditional approach of interviewing the householdather qualitative data.

Interviewing or surveying households suffers as @EPdata collection
technique from ultimately relying on the recall thle participants on their
behaviour. Factors such as their liking of theotiés a space, the activity that
takes place there and the level of interaction witfier household members
can all affect the subjective perception of thevflaf time in a space, although
as a topic this is beyond the boundaries of thesgme research. The
supposition though is that interviewees can sometinmwittingly give false
information because they have perceived eventstditberent to how they
actually were. This is assuming that they do ot faovide details, which can
be difficult when conducting group interviews astggallar members can come
to control the conversation and provide their scibje version of events
without others having the chance to voice theirdigl Individual interviews
are of course possible, but they are also more &nk resource demanding

and may ultimately lead to very little new infornast

The use of a tracking system was shown in thistelap provide information
in a far greater level of detail than could evewéhdeen recalled by any

individual member of the family. Although the conssioning of the system
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raised some technical issues that may have affébeedrue accuracy of the
information generated, the signal bleed-through detkction time lag were
managed through developing an understanding o$yseem performance and
manual review of the data. The data itself wasdbje, accurately time-
stamped, gave equal weight to the behaviour ofoall household members
and is quantifiable in a way that enables compassm the use of each space

within the home to form part of a greater POE data

The data was analysed and presented in a numloi#fferent styles. A room-
by-room assessment was made in Section 9.2 thapgdoeach individual’'s
behaviour according to the type of day and peribdiay being considered.
This presentation method effectively conveys theegal behaviour of each
household member and how each room was used oeecdhbrse of the
average day. Since no two days were the same leowerhaps the computer
animation represented in Figure 52 of Section @& bonveys the constantly
changing use of domestic space over a typical allypugh the assessment of
a typical day itself is uncertain as external iaflues are constantly changing
the routines that make up the days. A third apgroaas then taken to
investigate whether the largest spaces in the house also the most
significant to family life, measured by the timer fahich each space was
occupied for over the average day. The assumphiahthe significance of
each space is related only to its occupancy iglgléacorrect however when
the multitude of functions that a room may serverewhen unoccupied is
taken into consideration. Each approach takerrdeemt the data has its own
limitations therefore and this could be an impartaarea for further

development if housing design is to be influencediace use POE.
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It is clear that data collected on occupant movemshould not be analysed in
isolation, for the patterns and regularities do agplain why one space is
valued above another or even if those most occugmiedilso the most valued.
The need remained therefore for the subjectiveiopiof the household to be
collected as well, which were reviewed in Sectiod &nd completed the

picture of how the family behaved within the home.

The benefit of gathering both sets of data was thereloped in Section 9.5
through suggestions that were made on how the hdes&gn could be
improved for the lifestyle of this particular famil The suggestions work
within the existing fabric structure of the houselare considered to make a
more marketable product overall through increasirignumber of bedrooms,
making more efficient use of space by bringing ‘t@ion room’ to life as a
study, assisting in domestic chores by moving sluadiry room and food store
to a more convenient location on the ground flawdt &nally through making
it adaptable should mobility impairment become &ure issue within the
household by making a self-contained accommodaiassible in the sunken

basement.

In conclusion, both sets of data, quantitative gnodlitative, were discussed
fully at the end of the study with DWH designerdjieh has had influence

already. In the words of DWH development diredames Wilson,

“These learnings are already forming the basis fi@sign change in our

homes and directing new areas of design withirptioeluct range.” [145]
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10 Expanding on the POE Research

The data collected and reported on in the two presschapters have provided
David Wilson Homes (DWH) with detailed informatioon how the
experimental house was used that has already béaaritial in their designs
for future homes and that was unmatched in termstsofaccuracy and
resolution to any previous research found in ttegdiure. The combination of
quantitative data collected by RFID tracking andilgative data from the
traditional approach of face-to-face interviews pasvided a more complete
picture than achieved before of where a real famsjpgnt their time in a

modern home and how that time was valued.

A valid criticism that remains on the researchhattthe experiment, in the
nature of all pilot studies, was of an individualbgp of subjects whose
behaviour may or may not have been representafiibeopopulation as a
whole. Conclusions reached on the behaviour offaéingly within this one

house can not be extrapolated to the housing maskatwhole.

To address this issue, the ideal scenario wouldobearry out a tracking
research program of a large sample of familiesiwitheir homes to provide
some statistical benchmarks for comparison. Thewees that such research
would require are substantial however and far bdywhat were available for
this project. It may be that this scenario cowdalop unassisted through the
gradual uptake of Smart Home technology, wherelgydata is collected to
enable the benefits of the applications describe8dction 6.2, but this is not

expected to occur in the near future. At this poirtime therefore, despite the
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limitations discussed in Section 3.2, a text basadey still presents one of
the most effective means of gathering a large samptlata on the subjective
opinions of the wider population. The survey answean be represented in a

quantifiable way that enables benchmarks and trembe distinguished.

In addition, as was also argued in Chapter 3, tlseaegreat need to gather the
honest opinions of households on the sustainalgeoaph being advocated in
this thesis. Section 3.3 reported on an investigajuestionnaire developed
using a sample populated by occupants of moreisastia homes. While this
postal survey was straight-forward to completeydis targeted at a specific
group who may not have been representative of edupants of more-
sustainable homes but were assumed to be knowleldgeé the issues at
hand, so sustainability and energy efficiency wagpproached directly by the
guestions. To fully appreciate the responses vedeto that survey, the
opinions of mainstream households is also requttediscover if there are any
exceptional differences in the motivations or eigraes of those who have

already chose to live in a more-sustainable home.

This chapter addresses these shortfalls in datirdiydemonstrating that an
individual POE study can have influence on houseggarch beyond its own
group of subjects. Secondly, it shows a way thatdpinions of mainstream
households can be gathered and compared to thepausu of more-

sustainable homes, to illustrate if there is aatisable difference. This is one
of the key requirements before the market diffeadioin of more-sustainable

homes could occur due to the positive living exgreees that they may bring.
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10.1 Development of the online survey

It is clear that not enough is known in generalulwhat use people make of
the spaces within their homes to enable the firgliofyan individual POE
study to be compared against the behaviours ohaliseholds. A prime
objective of this survey was therefore to demonsteameans to assess where

some basic activities take place within the honfeéeegeneral population.

Additionally, it was to demonstrate the sort of @amsons that could lead to a
better understanding of the differences betweemstr@am households and
those who already occupy a more-sustainable hogestainability as a topic

was not to be approached directly however becafigbeoinfluence that a

direct line of questioning on environmentalism dave on the respondents
(see Section 3.2). So more general questions ugs@ on good and bad house
design, with the intention that if sustainabiligsiues were important to the

respondent then they would be raised unprompted.

The survey reported on in Section 3.3 was condulsyethail and targeted at
the residents of East Midlands homes that had pusly been identified as
sustainability case studies. The postal approaebled this select population
to be targeted, though it was labour intensivergpare the 214 surveys sent
out and to input the 65 responses into a datab@s®e a key requirement for
the second survey was to gather a much larger mespsample, from a
population that could be expected to be even legkusiastic to respond
voluntarily, a randomised postal survey was deemagpropriate given the

time and resources available. Instead the opptytwas taken to launch an
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online survey immediately after the publicationtbé study findings and a
media event held by DWH that received good coveragéhe local and
national pressife]. It was expected that this event would providieae! of
exposure that could not realistically have beeremtise achieved and so to
enable a rapid and appropriate response, this wuas conducted from a
webpage linked to the Project:LIFE website that wesmoted by the press

coverage, DWH and using the University’s email sgst

The decision to conduct the survey in this manneamhthat no controls were
put into place by the sampling procedure to ensurtest if the respondents
were representative of each social, demographiayandraphical group of the
mainstream house buying population. This surveg hestead gathered
responses only from those people with access 0 arfél internet connection
who had heard about the project and felt motivateolugh to respond. There
may be instances where the same person has respmade than once or even

where the respondent is already living in a morasnable home.

The almost complete lack of sampling criteria meiamsust be stressed that
the information contained in this chapter is naénted to reflect the opinions
of all UK house buyers. The survey would havedabnducted in a far more
robust fashion in the nature of the social sciettie#ere any general beliefs of
households could be identified. Nevertheless,indeations it has made are
that it may indeed be possible to learn some les$ongeneral and more-

sustainable house design through mass market survey
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10.2 Findings from the online survey

614 responses were received in total and Appendixidws the questionnaire
and the responses obtained for each question. rd@3ponses were heavily
inclined towards the younger age groups, with 46%e 18-34 age range and
34% in the 35-49 age range. Although these twogrgaps only represent
roughly 22% each of the UK population [21], theyspectively constitute

approximately 67% and 25% of first-time buyers’]. The average age of a
first-time buyer has risen in recent years to #8][and though they account
for only 30% of new mortgage loansr{] they are the target market for the

smaller and affordable homes that will most berfeditn efficient use of space.

The mix of homes that the respondents live in caegpaeasonably to the
national averages provided in the English Home @mmdSurvey f6]. Their
homes fell into every band used in the online suifee construction year that
were based on the work of otherg9], though it is suggested that these should
match the five bands used in nationwide data ioréufs] that are broader,
more evenly spread and would validate the sampleesentation. Only 8% of
the responses received reported not knowing theohgfeeir home. Most of
the respondents had lived in their homes for leas 6 years and there was an

average of 3.0 people per house, greater tharetienal average of 2.41).

These findings are likely a reflection on the sasriplas towards the younger
age groups, possibly at University, for whom largeouse shares in
temporarily leased accommodation are popular. rEusurveys should aim

though to be proportionally representative of aliie buyer groups.

213



What makes a good home?

6) Based on the experience of living in your home, ple  ase rank the following
six aspects of house design in the order of importa nce that you place on
them.

1 (least important to you) to 6 ( most important to you)

You should use each value only once.

Comfortable indoor environment
Good level of natural light

Large rooms and suitable layout
Well equipped kitchen / bathroom

Lower than average fuel bills

O o O 0o ©
O o O 0o O
O o O 0o O
O o O 0o O

O
O
O
O
O
O

O o O 0o ©O

Good sized garden / outdoor space

In the same fashion as in Section 3.3, comparidothe overall order of
characteristics could be used to indicate how gmrations of occupants of
more-sustainable homes differ from the mainstreaower gas and electricity
bills, which is a defining characteristic of impex\ sustainability, ranked the
second highest position previously whereas it chftiein this second survey.
This might indicate a correlation between livingamnmore-sustainable home
and an awareness of the strong connection betwagroemental protection
and what is spent on gas and electricity; howether ability to use ‘low fuel

bills’ as a proxy for ‘environmental protection’q@res careful consideration.

The options presented can be refined through iterad improve the value of
using this format of question by substituting ie tmost commonly suggested
alternatives. There was a wide variety of suggastin this second survey,

most common being: location & views; adequate paykirovision; sufficient
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storage; and privacy (noise and visual). Intemgbti these are all issues

explored in a recent CABE report].

When describing what was lacking in their curreotnle the answers were
varied though energy efficiency, eco-friendlinessd amprovements they
would make to the room arrangements all featurekh@vledging the need
for progress in the areas that the work in thisitheas aimed towards. The
statistical significance of this is non-assessdhteugh since the responses

were not from a random sample of all households.

Where do various activities take place within the bme?

8) What activities do you do regularly in the following rooms in your house?
You should tick as many activities that apply for e ach room.

You should tick "Do not have" only if your house do es not have that type of
room.

Work Eat Relax Socialise Alone Don othave

Bedroom O O
Living Room (@) O
2" Living Room 0 0
Kitchen O O
Kitchen-dining area (@) (6]
O O
O O

@] @] @] @]
¢} o O @]
e} e} ¢} @)
O O @] ]
@] @] @] @]
Separate dining area (0] (0] (0] O
O O O @)

Study

Although the feedback from the POE study was urgatented in its detail,
DWH designers did not know how representative thleaiour of this family

was of homebuyers in general. An objective of thisvey was therefore to
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demonstrate how basic information could be gatherelow homes are used,

to make some more general conclusions apparerftextiee house design.

Only 57 of the 614 respondents (9.3%) had all efghggested rooms in their
home. This means most may have been using aHassideal room for an
activity because their home did not contain thefgueble space; however,
these compromises will become even more commowom@mes are built smaller
to achieve the focus on increasing density. Aredije of this question was
therefore to illustrate which combination of limdtspaces could be the most

successful, highlighted through their multi-funacigdity.

It is inaccurate to compare where activities takee in two homes without
first considering their differences in terms of agg@e and the combination of
rooms they have. For instance, within this retdcsample, a"2living room,

kitchen-dining area, separate dining room and stwdye all progressively

more common in the larger styles of homes, aspgcted in Figure 59.

How common is each room in each type of house?

100 -
90 1
80 1 O Bedroom
% 70 B Living
8 60 - 0 2nd living
c
o 50 A O Kitchen
3]
s 40 W Kitchen dining area
o 30 @ Separate dining room
20 1 B Study
10 ~
0 4

Flat (110) Terrace Bungalow Semi-det Detached
(118) (24) (159) (201)

Figure 59: Rooms in each house type (number of ngsnses in brackets)
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The indications that came through from those teaponded to the survey are

discussed now on a room-by-room basis.

Bedrooms

As well as being the most common place to relakeoalone, 20% claimed to
regularly use their bedrooms for work, althougls traried considerably across
the respondent age groups - from 64% of those agddr 18, to 6% of those
aged 35-49. The differences in room use by eaelgeaup can be depicted as
in Figure 60. It was also found that the averageskhold size where work
took place in the bedroom was 3.7, which is 0.7ertban the average of all
responding homes. A possible explanation for #mgation across this sample

is the bias towards younger house sharers thatlisagssed earlier.

What use the bedroom has for each age group

100
S 90
S
> 80 -
o 70 1 —e— Working
o .
S 60 —=— Eating
5 50 - Relax
o 404 Socialise
E 30 1 —— To be alone
S 20
S 10- —
o 0 T - e &

Under 18 18- 34 35-49 50-64 65 orover
(11) (276) (212) (102) (11)

Figure 60: How the bedroom use varied with resporeht age
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Living room

The living room was by far regarded as the mostabbe room by all age
groups and the top place to relax along with thaérdo@m. It was also common

for the respondents to take meals in the livingm@nd to work there too.

What use the living room has for each age group

100
S 90
o
o 80 N
g 704 —e— Working
g 60 - —=— Eating
:c_,_ 50 4 Relax
o 40 Socialise
[e)) i
S 30 —x— To be alone
S 20
% 10
D— O T T T T ~ 1

Under 18 18-34 35-49 50-64 65 orover
(11) (276) (212) (102) 11

Figure 61: How the living room use varied with repondent age

2nd living room

If the respondent’s house had ' Bving room, it tended to be regarded as a
less social and relaxing space than the main livoogn and was used more for
working and to be alone. This is precisely howlthsement den was used by

the family who stayed in the experimental house.

A purpose for this question was to show how treomisid be identified and
developed into instructive conclusions for designeho at present have to
imagine the functions that a room will be expediederve in relation to the

other spaces in the house. For instance, by cangpéine responses from
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those living in a home with a"2living room to those without, it was found
that this room above all others alleviated the neredesire to work and eat in

either the main living room or the separate dinimgm, as reported in Table 7.

Table 7: The effect of providing a second livingaom (in percentages)

Main living room Separate dining room
Work Eat Work Eat
If thcciey (_jon’t have 40 53 70 9%
a 2" living room
If they have a 29 47 35 85
2™ living room

A more robust implementation of this form of questcould therefore be used
to develop a statistically significant profile dietuses that each room is put to
in relation to the number of occupants and whidireotooms are available in
the house, which would be very useful to desigraard architects in their

design conceptualisation process.

The kitchen, kitchen- dining area and separate ding room

The decision to provide a separate dining roono anake the kitchen larger to
include space for the household to dine in is ohat treceives much
consideration already from designers. DWH toologtion of providing both
in the experimental house, specifically to see Whisund favour with the
occupant family, and found that they always dinegether in the open-plan
kitchen-dining area and rejected the alternatiyaiom room’ that had been

laid out as a dining room when they moved in. Tés the decision of just
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one family however, which is why it would now bdemeant to conduct a

representative survey of the whole housing markehts issue.

As an indication of what might be found, of the p@sdents to the online
survey who had just one of these two dining spattesse were both very
commonly used for dining - by 92 and 96%. It w®dound that when their
home had either of these two rooms that the livowm(s) was used much less

to work and to eat in and the kitchen became a mac&ble space.

If the home had both a dining area and a sepaiategdroom, they were
reported as equally sociable spaces but the dismiag was used to eat in by
91%; 10% more than for the separate dining roorar this indicative set of
responses therefore, a separate dining room iggimadly less effective use of
space for dining than having a dining area witta kitchen; however, it is
still a much appreciated room that was the mostreonty used space to work

in when a house did not have a study.

Study

In the 59% of respondent homes that had a studya# practically always

used for working purposes (96%), which clearly aadés the failure of the

‘Study/Bedroom 5’ in the concept house to fulfik iintended purpose.

Something that is not known however is how manthefrespondents’ studies
were rooms originally intended for this purposeif dhey were spaces that had
been adapted by the occupants themselves. Fanagstthe family in the

experimental house would have converted the grdimod ‘option room’ into

a study had they been living in there permanent@ne of the benefits they
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stated for this arrangement was that they couldamenm touch with what was

going on around them in the house while they dairtivork.

Studies were reported through the online survelyetovery unsociable rooms
however and the most common place to go to be aéftee the bedroom. It
may be the case that the family’s desires for dystiffer from the desires of
the market as a whole; however, this cannot berately assessed until a
more robust sample is taken of the population theludes a question on

whether their studies are in spaces originallyridél for this purpose.

Concerns for older age

9) Based on the experience of living in your home, ple  ase rank the follo wing
six aspects of house design in the order you think they will be of concern to
you as you get older.

1 (least important to you) to 6 (  most important to you)

You should use each value only once.

1 2 3 4 5 6
Lack of space for a growing family O o o O o o
Feeling safe from crime (0] (0] (0] (@) (0] (@)
Rising cost of heating bills (0] (0] (0] (0] (0] (@)
Mobility about the house (eg stairs) O 0] 0] O O O
Difficulty in using home appliances O O O O O O
Lack of support in the community (@) O O O (@) O

This question was to demonstrate how a survey nspder which additional
benefits of more-sustainable housing should be esipbd in future to
improve the marketing to different age groups. ¥é&omes are unable to

cater to the changing needs of their aging occgpdatcing them to make
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considerable alterations to the house or indeaddwee. Figure 62 illustrates
that while a strong concern within the younger ggrips of this response set
was with regards to a lack of space in the housahility about the home
became more significant for the more elderly group$e rising cost of fuel
was of more concern to the older respondents, wikioli relevance since they

are also the most likely to suffer from fuel poyeidee Section 2.2).

What respondents think their
concerns will be as they get older

© 4, - —e— Under 18
Y n T

o — —=—18-34

> o

o 31 — 35-49

gL

Q 50 - 64

o 2

wn —x— 65 or over

0 T T
Lack of Feeling Rising cost  Mobility Difficulty Lack of
space safe from of bills about the with community
crime house  appliances  support

Figure 62: The respondents’ concerns for older age

Energy Efficiency

10) Imagine that you have just spent a considerable amo  unt of money on a
piece of equipment that will save you money on your fuel bills and reduce
your impact on the environment. How many years woul d you be happy to
wait until the total money you save equalled the pr  ice you initially paid for
the equipment?

O Less than five O 5-9 years O 10-19 years 020 +years

11) Would the fact that you are helping the environment make you less
concerned about how fast you recover the initial co st of the equipment?

O Yes very much O A fair bit O Alittle bit ON onotatall
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These were identical questions to those used ipadiséal survey to gauge the
acceptable payback period for energy efficiencydpots. Comparing the
opinions from occupants of more-sustainable homeistiae wider population
is important since they represent two differentstoner groups and stages in
the success of sustainability products in the niplaee. Many of those who
have already purchased a more-sustainable homeseayirthe early adopters
and enthusiasts who can bring the invaluable fiimsincial returns to investors;
however, it is uptake by the mass-market that @salthass production
techniques to be used that can markedly reduceémifacture and retail cost

and help make economical sense of energy efficipnagucts.

Figure 63 shows that while the clear majority (758f6}he tenant respondents
of more-sustainable homes expected the equipmdmave a payback of less
than 5 years, only 38% of the online responderitstie same way and just
27% of the owner respondents of more-sustainableeso The median

response to the online survey was in the 5-10 lyaad.

Acceptable payback period for energy efficiency equ ipment

100 +
90 -
80 +
70 +
60 -
50 -
40 ~
30 +
20 +
10 +

0 \ \ \ \ \ \
0 5 10 15 20 25 30

—e— Sustainable tenants
—s— Sustainable owners
Online public

Cumulative percentage (%)

Number of years

Figure 63: Comparison of payback period from difféent survey groups
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Figure 64 depicts the answer to the final questi@at regarded the degree to
which a care for the environment would make thgpoadent less concerned
about the payback period. Although the indicai®ihat the majority of all
the groups would be fairly motivated or more, théuence of the ‘value-
action gap’ discussed in Section 3.2 would havédoconsidered if a more

robust survey was conducted in future.

Influence of the environment on the payback period

S
(%]
]
2
g 30 @ Sustainable tenants
n .
o 25 ———— | @ Sustainable owners
8 20 — | O Online public
g 15
$ 10 :‘—’:
o
[} 5
o

0 T 1

Alot A fair bit A little Not at all

Figure 64: Influence of the environment on the payack period

Additionally, purchasing energy efficiency good$,which more-sustainable
homes are an example, can involve more considesati@an financial gain and
environmental protection. It would be beneficia¢refore if future research
were to look further into the process that those ahready live in a more-

sustainable home went through in making that decisi
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10.3 Chapter conclusions

The objectives of the online survey were twofold @iemonstrative in nature
since the methodology chosen to gather responggseatethe use of robust
sampling criteria to ensure proper representatias wade of the housing
market as a whole. Therefore, no conclusions entypical behaviour or

comparisons between households could be drawnthignpiece of work.

The first objective was to demonstrate how infoipratould be collected that
would assist designers through POE benchmarkivgheire in the home some
fundamental activities took place. This was mebulgh a question that asked
where five activities (working, eating, relaxingpcglising, being alone)
regularly took place within seven spaces of the é&ngbedroom, living room,
2" living room, kitchen, kitchen-dining area, separaining room, study).
Although all of these spaces were present in theHDMncept house, this was
the case in less than 10% of the respondents’ hameshis was also factored
into the data analysis. The analysis demonstiaiegotential of how a future
survey could be used to develop a portfolio comagirthe statistical regularity
with which each domestic space was required to ®&eh specified use, with
regards to the assortment of rooms in the houserendumber and ages of the
occupants. A benchmarked portfolio of this natumeild assist architects and
house designers when they are conceptualising vtheresgular activities of
domestic life will take place, which is particulartrucial when they are
limited for space within the dwelling and would dilcertain spaces to meet
common multi-functional requirements. Of partigulgterest appears to be the

play-off between the kitchen, kitchen-dining areal aseparate dining room
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since although these rooms are often some of tsietéi be discarded from the
specification, they were also the most multi-fuoctl rooms reported by the

online respondents.

The second objective was to show how the aspiratam house design and
attitudes towards energy efficiency of those wheoeady live in more-

sustainable homes could be compared to those ofistneam households.
This was first tackled by asking the respondentsaiok and discuss six
important features for an aspirational home, onevioich was intended as a
proxy for energy efficiency without introducing aoral bias to the question,
which as discussed in Section 3.2 can be influenia surveys on

sustainability. It was later assessed however ttatfeature selected as the

proxy was not sufficiently equivalent to enablesthubstitution to be made.

The final questions in the survey though turnee@datly to energy efficiency

and a means of assessing and depicting the preyailtitudes towards this
critical feature of more-sustainable homes wasstithted through the use of
the economic payback period. It was indicated #iitough there may be
distinguishable groups who are prepared to waigdorthan others to recoup
the initial investment in energy efficiency equipmhethere may not be as
much variation between them in the concern thepnejor the environment.

The suggestion being that it is willingness origbifo act on their concerns
that may ultimately distinguishes the groups, teroeme the ‘value-action
gap’, although more first should be discovered drawother motivators had

effect on those who already occupy more-sustairaiees.
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11 Conclusions and Further Work

The structure of this thesis was to begin with aceptual and literature
discussion and then follow with a review of an ekpental application, with
the overall purpose of demonstrating the potemtialsing occupant tracking
systems to improve on the post-occupancy evaluatidromes. The primary

objectives of the research were:

1. To explain the significance of making more effidiemse of the land
footprint and internal space within each new homegrder to achieve a

more-sustainable and satisfactory built environment

2. To clarify the need for a standard approach to egatg post-occupancy
domestic feedback that involves the allocation pce within modern

housing design.

3. To present the novel work carried out in an expental house that
highlighted the ability of applying a proximity-bed RFID system to

improve upon the existing techniques of space ssessment.

4. To demonstrate how the findings from such a unigyperiment could

influence housing design and future research withénbuilt environment.

This chapter will discuss the findings of the temn each of these points, with
an additional focus on reviewing the importancetaKing a more holistic
approach when considering sustainability, the pearémce of the RFID

tracking system and suggestions for how this reseawuld be taken further.
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11.1 Achievement of the primary objectives

The significance of efficient space use

The pressure on speculative developers to build hemes to increasing

density was mentioned repeatedly in this thesishe TGovernment has
stipulated targets for a one third increase inrthmber of homes to be built
annually and for 60% of them to be built on landtthas been developed on
previously. They have also empowered local coartoilrequire a percentage
of homes within each new development to be ‘affbkefa with 25-50% being

typical. The purpose of these targets is to baahe need for the housing
industry to expand, to meet the demand for moredsoand to regain control
in regions where prices have risen beyond whateaafforded by certain key
worker groups, against the desire to protect amitdédd land resource from

suburban sprawl. This balancing of social, ecoraanmid environmental goals
is a clear demonstration of the principles of dnstale development being put
into practice, and has resulted in a focus on #mesitly of new developments

that increased from 25 homes per hectare in 1940 fwer hectare in 2004.

The need for a new analysis technique

As densities and the need for affordability havereased, developers have to
either build smaller homes or incorporate more reonto the same building
footprint. However, the spaces within these hoaresnot expected to cater to
any fewer activities than in the past, so the allion of space and multi-
functionality of each room is becoming increasingtyportant. This has

brought architects and designers to acknowledge almost complete lack of
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information on how the spaces they create are aafiyntused, and the
implication this has on how they may be improve@here is therefore a
requirement for a means of collecting performanat&dn a consistent and
comparable manner across the full range of desighigh in the commercial
sector is being fulfilled by post-occupancy evalai{POE). It was argued in

this thesis that POE be developed within the hausettor as well.

POE is recommended as the framework for asseshadédnefits of more-
sustainable homes, including the efficiency withickhthe land resource is
made use of. However, it has yet to be developteda standard technique for
dwellings and, in terms of space use analysis, laeked a method that
improves on subjective occupant surveys and inediservation exercises that
are likely to affect domestic behaviour. With thimsmind, an experimental
application was described in this thesis wherettervery first time, a radio-
frequency identification (RFID) occupant trackingseem was installed within

a dwelling to investigate its effectiveness for docting a space usage POE.

Findings of the space use study

The decision to use an RFID personnel trackingesystor this experiment
came after first assessing the alternative meastudiing occupant behaviour
in buildings from the fields of social and compusaiences. These were
rejected however as they were unable to identiéyabcupants individually or
would be disruptive to the domestic life that whe subject of investigation.
In contrast, the proximity-based RFID tracking systdiscreetly recorded the
movements of each household member in far greateil dnd accuracy than

could ever have been recalled by the individu&lésrselves.
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The experiment was not completed without difficultfhe finer technicalities
of the system that were learned of one at a tilmmglits commissioning were
found to affect the performance in several unexgeatays. As a direct
consequence, the manufacturers have made changes itestallation process

to improve system reliability and shorten the cossiuning procedure.

The conclusion is that although a proximity-baséOREystem can be used to
collect data for this purpose, there are at presewmeral aspects of system
performance that will hinder its uptake in dwellimgsearch and design.
Further research is required on the extent of igrarference and locating
error caused by the environmental context in whitehtags are to be detected,
such as temperature, humidity, nearby metallic abjand the human body
itself. Controlled laboratory testing is requiredinvestigate this further and
likewise for triangulation-based systems as theag be more appropriate for

use in dwellings, where the potential for signdééal-through’ is high.

The data was analysed and presented in a numbédiffefent ways that
investigated what could be learned first from thkierage day, the typical day
and finally from an attempt to evaluate the effemtiess of allocation of space
throughout the home. Each approach was foundve hiaitations however,
and it is clear that data collected on occupanten®nts cannot be analysed in
isolation, for patterns in the data do not explaimy one space was valued
above another or even if those most occupied wisrethe most valued. The

need remains therefore to collect the subjectiveiops of the household.

230



Potential influence in the built environment

The benefit of gathering both sets of data was ldpeel by suggesting
improvements that could be made to the room arraegé to better suit this
particular family’s lifestyle, which although helpffor the designers also
illustrates the main limitation to the study. hetnature of all domestic POE
research, especially where a novel technology isgbpiloted, there are no
existing datasets to compare the findings againgthile over time this

situation may change, for now it illustrates thepartance of maintaining a

holistic approach to sustainability and POE indbenestic environment.

11.2 Maintaining a holistic approach

The research in this thesis also had some secoralgegctives that could
illustrate other important barriers to be overcamémprove the sustainability

of our built environment.

Willingness of homebuyers to pay a premium for saistability

Although it is argued by others that it may not essarily be the case, it is
generally considered that building to a more snatsle standard than is at
present required in the Building Regulations adgsesmium to the build-cost
of the home. Several pieces of research have ndeted this premium in

relation to achieving the different standards a& thcoHomes scheme, with
others discussing how it can be offset by savingderthrough planning gains,

a speedier passage through inspection and perasigs ales. Doubt remains

231



over the figures however, so the focus remains fen willingness of the

consumer to cover the premium by paying more uptffor the home.

The publicly reported surveys that have approacthisdsubject were reviewed
in Chapter 3, along with a demonstration of hows thiethodology could
gather the information that might provide catalysfurther improvements to
mainstream housing. The occupants of existing rsostainable homes
represent a rich source of comparable informationhow they perform in
practice and if they could be marketed on theilitgliio improve the standard

of living as well as on energy efficiency and eomimental protection.

Assessment of some energy use prediction techniques

The intention in Chapter 8 was to advance on theM@dge of some of the
simulation tools that claim to be able to predicé tenergy use or other
sustainability aspect of a particular building fornrbue to the timetable of
research in the experimental house it was regigtiaipossible to assess those
tools used most frequently to predict the spaceveaigr heating demand of
the home. Additionally, a full assessment on thersertime environmental
comfort conditions could not be completed due tack of data, although the
recorded patterns in excessive air temperaturesalicbborate the feedback
received from the occupants. It was also posdiblassess the two chosen
means to predict daylighting performance. The kion reached was one of
concern over the stress often placed on simulagsualts, as those evaluated
appear to not yet be accurate enough to encounageuse for detailed design

considerations. A more controlled repetition ofsthesearch would likely
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obtain more conclusive data, but this would be gdiryond the scope of this
thesis as the evaluation of simulation techniquas & secondary objective of

the research.

Comparison of a POE study against the mainstream nhat

It is still unknown how influential the lifestylef the household will be to the
findings of each POE study. This is avoided wittiie commercial sector as
guantifiable measurements for business succes$ ascabsenteeism and
productivity, can be compared across studies; thodgtinguishing the

influence of building design on these factors i atdebated subject. The
housing sector lacks a singular objective howeagiif is more concerned with
the complex and subjective idea of occupant satisfa Satisfaction has
much to do with how the lifestyle of the househsldts the design of the
house and their lifecycle stage at the time of @s®went, which is a stumbling
block for any domestic POE method that cannot diyatitese aspects as well

as the house design.

An attempt was made in Chapter 10 to progress snirtplication using a
POE survey question that could provide architecith \& new tool for the
design conceptualisation process. A survey coealdded to gather a portfolio
of household behaviours that would provide an ustdeding of where
activities usually take place within each stylehofne and of which spaces are
most multi-functional and satisfactory to the ocangs. For instance, in an
housing development that is expected to be atmatti young families, would

it be more appropriate to include a space for dinim the kitchen, a small
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study for the parents and expect the children tahgar homework in their
bedrooms, or would it be better to integrate thehan-dining space and study
into a larger ‘option room’ that will be used ondgcasionally as an dining
room, as the family normally eat in the living ropamd so can still be used as
the parents’ study and also by the children at voonke time? The suggested
portfolio would answer this with statistical valoa how well each alternative
would cater to the activities that are most impatrt@r the demographic and

social group being targeted.

This thesis has successfully demonstrated theréfove the quantitative data
collected on a small group of subjects could bateel to the behaviour of the
mainstream in a more resource-effective manner tepeating the tracking
study across the full range of homes on the maakeiresent, although the
means of collecting both sets of required dathrgiéd much improvement. It
is also suggested that future developments in itigctechnology may bring
further capabilities that will accelerate its implentation, such as accurate,
untagged tracking and activity inference using drhac network of wireless

sensors, as has also been discussed in a receBEQilblication {8o].

11.3 Suggestions for further work

Development of the domestic POE method

More could be learned in this project through pureualitative interviews

with the occupant family than by asking them torgifg their responses, since
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there is no publicly available data to comparertresponses against. None of
the available POE questionnaires have been dewtldpe the domestic
context. This means that while the household weers investigated the
important questions of why one space was usedafeped over another, they
did not provide data that could be related to fitstudies in different
households. Nor did they overcome the inaccuradyoduced through
erroneous recall and responses biased towardsdhadiual who provides the
answer. However, this is where the strength laypénquantitative RFID study
that gathered time-stamped data that was directiyparable and gave equal
weight to each individual's behaviour. This epitees the opportunity
available for occupant tracking systems to becomeatamdard tool for
undertaking space use POE in all buildings, ndthosnes, though the systems
are not yet sophisticated enough to be used imtisal for the purpose of
domestic POE, as they cannot assess the activitgrway or the degree of
occupant satisfaction. There therefore still remaa requirement for the
development of a domestic POE questionnaire, dierie, comparable and

most likely text-based, which is a significant uridking.

Before a POE questionnaire could be applied acnwssistream and more-
sustainable homes, an assessment must be madeadrsavhpling criteria is
appropriate to accurately reflect the full rangesotial, demographic and
geographical groups who live in each form of housg If these criteria are
not determined beforehand, then it is unlikely tint established benchmarks
will be scientifically robust, which could negatket benefits of POE and

actually lead the housing industry in the wrongediion.
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System performance testing

As discussed in Section 7.4, there were a numbareass where the tracking
system’s performance was unsatisfactory if the nitb@ is to use the
technology as a standard tool for space use rdse&ome of these should be
assessed in controlled laboratory settings beforeagking on a repetition of
this kind of experimental application, as they vbuhdoubtedly reoccur in a
similar context and leave the same suspicions tweraccuracy of collected

data. Three aspects of system performance aresigggin particular:

» The effect of varying ambient temperature and hitsnicbnditions on the
signal strength and detection range of the L-RX284dders should be

investigated within a controlled environmental clem

* Repositioning or extending the antenna within thiestvand tag’s housing
may improve performance by reducing the interfeeeaffect caused by

the different locations and orientations that tigstcan be worn in.

* An alternative solution to both of these points rbayto locate each tag by
triangulation of signals received by three or moeaders rather than
through the proximity to just one. Triangulatianthought to bring great
advancement on locating resolution, with the cléiom Ubisense being
that they can detect their personnel tags to 1@cBdimensions using just
four readers per roomugg]. This is using a different signal frequency
(UWB) and additional readers, so the system cost Ibegome even more
significant. A performance to cost analysis ofethrsystem setups is
therefore recommended: proximity-based RFID, trndatpn-based RFID,

and triangulation-based UWB.
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In addition to these performance tests, some dedicaoftware should be
developed to assess the stream of data as itasdest, to effectively produce a
real-time POE on how the spaces are being usee vat quantity of junk
data generated in this experimental application diasarded through many
hours of manual inspection of the raw data (seeeAdix G); however, this
would not be commercially satisfactory and is angriconcern for the future
implementation of the technology for POE. The molallenging aspect
envisaged is the appraisal of what data is accuaatiewhat is erroneous. It
may be that the issue of bleed-through junk daiab&iresolved in the process
of investigating signal triangulation; however,nibt, the analytical software
will require algorithms that provide it with sometelligence to decide which
signals are accurate and which are not. When spaeedivided by physical
barriers such as solid walls, then the softwarerarice is straightforward;
however, when the spaces are linked by doorways iheecomes a more

complex and maybe irresolvable task.

Alongside the automation of data analysis, it iggasted that an improved
method of presentation is required to convey theeessfulness of the space
design, bearing in mind that the house can be dgéetently one day to the
next. Chapter 5 included a discussion on how mestiform a significant
function in domestic life; however, previous stuedibat were descriptive in
the nature of ethnography paid little regard tottireng of the movements that
lay behind the routines. It was realised in Cha@tthat averaging the 42 days
of data collected by this unique experiment hadatiiect of making all rooms
appear to be partially occupied all of the timed ahe other extreme of

selecting a single typical day to depict as an ation was itself a complex
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task since each day’'s behaviour could be affected multitude of external
influences, from the weather to the arrival of gsesThere is therefore a need
to develop a further means of presenting the datsoth designers and social
scientists, to illustrate the routine nature ofdaburs within the home without
losing sight of the fact that they do not nece§saccur at the same time each

day. The work of others may provide inspirationtfus developmeni§].

Finally, it would be advantageous to investigatethier the application
proposed in Section 9.6 of controlling a buildingisating and ventilation
systems using the patterns established over tinfeeimccupants’ movements.
While this thesis was focused on a domestic studly adicated that the
opportunities for introducing set-back conditiome &w, it seems reasonable
to speculate that this control would be more réaligractically and
economically in a commercial setting, not leastaose the building occupants
may already be required to carry a tag artefadihem for security purposes.
The POE space use analysis could in this way becanspin-off of an
economically beneficial introduction of an integ@t building energy
management, communications and security systemwbatd provide real
benefits to the building occupants at just a sncalt to their privacy of

movement in the workplace.
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Appendices

Appendix A.  Survey of sustainable homes

The Cover Letter

Dear householder,

Please help us to improve our understanding of pegple’s views on energy efficiency affect
their choice of home by answering this short survétyshould only take about 15 minutes of
your time, and your answers will be kept in confice.

You have been chosen as a recipient of this quesice because the house that you occupy is
one of the best examples of energy efficient coesion in the East Midlands.

This research is being conducted by the Institéiteustainable Energy Technology, School of
the Built Environment, University of Nottingham.h& data collected will be used as part of a
Doctorate thesis, and every completed questionrtaie is returned will be invaluable to
making this an effective study that can be usddftwm the house building industry.

Each of the questions should be answered by either:
Marking a box with a tick: eg M
Circling a number on a scale from 4 to 1: 4 3 2 @1

Writing a few words on a line:

Please use the enclosed pre-paid envelope to ngdurrcompleted questionnaire.

Many thanks,

Richard Holland

(PhD Research Student)
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The Survey

In this first section, we wish to obtain some basidetails about you and

your home.

Name:

Sex: O Male O Female

Age: O Under 18 [ 18-34 O 35-49 [050-65 O Over 65
Address:

You are the: [ Tenant

QL:

Q2:

Q3:

Q4:

Q5:

Q6:

O Home owner
[0 House designer / builder as well as an occupant

[0 Other (please specify)

What type of property do you live in?

O Flat O Terrace O Detached, Semi-detached or Bungalow

How many bedrooms does your home have?

O1 Oz O3 O4 5 or more

How many people in each of the following ageugs live in your home on a regular

basis?

Under 18 18-34 35-49 50-65 Over 65

Were you aware of the energy efficient featafegpour home when you moved in?

O Yes O No

If so, would you say that they influenced your déi to move in?

O Yes, very much so [ Yes, a fairbit [ Yes, a little bit [ No, not at all

How many years have you lived in your hom® fo

Oo-5 06-10 0O11-15 016-20 021+

How many more years do you expect to livgaar home for?

Oo-5 06-10 0O11-15 016-20 021+
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In this section, we want to hear your opinion of wht makes a good home.

Q7: How important is it for a good home to haveheafthe following qualities?

Extremely Not at all
Large, spacious rooms 4 3 2 1
Comfortable indoor environment 4 3 2 1
Modern entertainment facilities 4 3 2 1
Good level of natural light 4 3 2 1
Security from intruders 4 3 2 1
Attractive appearance from outside 4 3 2 1
Low gas and electricity bills 4 3 2 1
Peace and quiet from outside 4 3 2 1
Modern kitchen and bathroom 4 3 2 1
Parking space for a second car 4 3 2 1

Q8: Are there any other general qualities that goosider to be particularly important?

Q9: How important do you feel it is for a home tova the following features?
Extremely Not at all

Well insulated walls and roof 4
Well insulated windows 4

Efficient water heating 4

Modern heating controls 4
Low energy lights & appliances 4
Water saving appliances 4
Its own electricity generation 4

W ww W W
N oo N RN
e S

Q10: If you were looking to move into a new homewhmuch information would you prefer

to be given concerning the building’'s energy periance?

O 1'would prefer to be advised IN DETAIL on the lling’'s energy performance
O 1'would prefer to be advised BRIEFLY on the binlgls energy performance

O I'would NOT BE INTERESTED in knowing the builditsgenergy performance
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In this section, we would like to find out how livhg in an energy efficient
home has affected your attitude towards renewablenergy technology.

Please use the space provided overleaf if you widkddo expand on any of your answers.

Q11:

Ql2:

Q13:

Q14

Q15:

Q16:

Have you found the energy efficient featuregaur home to be disruptive to your life

at home?

O Yes, very much so [ Yes, a fair bit [ Yes, a little bit [ No, not at all

Has your interest in renewable energy inciebas®e you moved into your home?

O Yes, very much so 0O Yes, afairbit O Yes, a little bit O No, not at all

Whenever you make an expensive purchase, mpertant would you say each of the

following issues are in influencing your choice?

Extremely Not at all
Price 4 3 2 1
Reputation of the brand / model 4 3 2 1
Effect on the environment 4 3 2 1
Opinions of friends and family 4 3 2

Would you be prepared to spend money on @& péequipment that would save you

money on your household fuel bills, and at the sime help the environment?

O Yes O No

If you answered “No” to this question you may skip next two.

What would be the maximum number of years ybatwould be happy to wait for the

money you save on your fuel bills to equal the gsiou paid for the equipment?

O 5 years [ 10 years O 15 years O 20 + years

Would the fact that you are helping the envinent make you less concerned about

how fast you recover the cost of the equipment?

O Yes, very much so [ Yes, a fair bit [ Yes, a little bit [ No, not at all
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And finally...

We would like you to tell us ofny concerns or praise you have on any renewable gnerg
equipment you use, or indeed about any other agpeetergy efficiency in the home. We are
especially interested if you chose to install acpief equipment yourself, and whether it has

performed up to your expectations.

Please don't forget to mention the kind of systesarycomments refer to, for example ‘solar
thermal panel’, ‘heat recovery ventilation’, or ‘e fuelled boiler’.

As an existing occupant of an energy efficient hoyeir opinions are invaluable to the
industry. The companies who design and specifyggnefficient products are keen to hear
how they could improve customer satisfaction, which lead to increased environmental

protection as well as promoting the image of rengeanergy.

That completes this short survey. Thank you omyzerafor your time.

Please return your completed questionnaire in ticéosed pre-paid envelope.
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The Responses

Project Name, Location

Posted out

Returned

Autonomous House, Southwell
Beaconsfield Street, Nottingham
Concept Cottages, Donnington
Corncroft, Green Lane, Clifton
DWH Millennium EcoHouse
Environ EcoHouse, Leicester
Fosse Estate, Newark

Garendon Road, Loughborough
Gusto Construction, Various

Hall Park Close, Littleover, Derby
Hollies Barn, Eakring

Hockerton Housing Project

Mike Teague’'s Home

Murray Frankland’s Home
Nottingham EcoHouse

Plane Tree Court, Nottingham
Sinfin & Mapperley Energy Projects
Underhill Houses, Derby

West Beacon Energy Farm
Unknown addresses

[N [ N
NpCPrvpaerPPrToOoN e O pe

Totals

214

65

The respondent demographics breakdown as follows:

Male Female Male & Female
25 36 4
Under 18 18- 34 35-49 50 - 65 Over 65
0 2 26 18 15
Tenant Owner Builder & Owner
37 21 7

The group of ‘Builder and Owner’ includes those wihmeave carried out or
commissioned refurbishment work to an existing prop Combining them

with the small group of ‘Owner’ gives the two greupf comparable size.
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The responses to each question asked are now tiedhul&Vhere figures are

shown in brackets, these are the value as a pagewmf the total number of

respondents in the category, disregarding any ichweailblank responses.

Q1: Property Type:

Flat

Terraced

Semi or det

ached

9

4

52

Q2: How many bedrooms were in each respondentisepty?

One Two Three Four Five
Flat 3 - 6 - -
Terraced - - 2 2 -
Semi or detached 1 27 4 15 5
Q3: How many occupants are there on average in lesoi?
Under 18 18- 34 35-49 50 -65 Over 65
0.57 0.28 0.59 0.38 0.35

Q4: Were they aware of the energy efficiency fesdurefore moving in?

All Responses Tenants only Owners only
Yes 55 (85) 27 (73) 28 (100)
No 10 (15) 10 (27) 0(0)
If they were aware, did this influence their demisto move in?
All Responses Tenants only Owners only
Yes, very much so 25 (45) 6 (22) 19 (68)
Yes, a fair bit 11 (20) 8 (30) 3(11)
Yes, a little bit 7(13) 3(11) 4 (14)
No, not at all 12 (22) 10 (37) 2(7)
Q5: Number of years that they have lived there:
0-5 6-10 11-15 16 - 20 21 +
59 4 0 0 2
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Q6: Number of years more that they think they Wik in their home:

(Some of the more elderly tenants wrote beside #reswer As long as I'm

alive for’. These have been included in the 21+ categooygh in future a

separate response option should be provided.)

All Respondents Tenants only Owners only,
0-5 15 (23) 11 (30) 4 (14)
6-10 6 (9) 5 (14) 1(4)
11-15 7 (11) 2 (5) 5 (18)
16 - 20 3(5) 1(3) 2(7)
21 + 31 (48) 15 (41) 16 (57)
D/K 3(5) 3(8) 0 (0)

Q7: How important is it for a good home to have thllowing qualities?

The table below contains the average values wheh easwer option is

attributed a value from 1 to 4. The figure in Ikets is the rank order placing

of that quality within the group.

All Tenants Owners
Responses only only

Large, spacious rooms 3.2(7) 3.1(7 3.3 (7]
Comfortable indoor environment 3.7 3.7 (4) @as
Modern entertainment facilities 25(9 2.6 (9 o1e)
Good level of natural light 3.7 (4) 3703 3.6)=2
Security from intruders 3.7(3) 3.8(1) 3.5(4)
Attractive appearance from outside 29 (8 29(8) 2.9(8)
Low gas and electricity bills 3.7(2 3.7(2) 38
Peace and quiet from outside 3.5 (=5) 3.6 (9 )4 (
Modern kitchen and bathroom 3.5(=5 3.5(6 3x (5
Parking space for a second car 2.5 (10) 2210 9.
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Q9: Importance of energy efficiency features hoane

Average values in table below with rank order pigdn brackets.

All Tenants Owners
Responses only only

Well insulated walls and roof 3.8 (=2) 3.9 (=2 82)
Well insulated windows 3.8 (=2) 3.9(=2) 3.8 (=2
Efficient water heating 3.9() 3.9 (1) 3.9(1)
Modern heating controls 3.6 (6) 3.6 (6) 3.6 (6
Low energy lights & appliances 3.7(5 3.7 (=4 ®y
Water saving features 3.74) 3.7 (=4 3.7(¢4
Its own electricity generation 2.7 (7) 2.8 (7) 1741

Q10: How much information would they prefer todieen about their home?

All Responses Tenants only Owners only
In detall 51 (78) 28 (76) 23 (82)
Briefly 12 (18) 7 (19) 5 (18)
Not interested 1(2) 1(3) 0(0)
Blank 1(2) 1(3) 0 (0)

Q11: Have the energy efficiency features beenugtsre to their daily life?

All Responses Tenants only Owners only
Yes, very much so 0 (0) 0 (0) 0 (0)
Yes, a fair bit 5(8) 4(11) 1(4)
Yes, a little bit 15 (23) 9 (24) 6 (21)
No, not at all 43 (66) 22 (59) 21 (75)
Blank 2(3) 2 (5) 0 (0)

Q12: Interest in renewable energy grown?
All Responses Tenants only Owners only

Yes, very much so 9 (14) 3 (8) 6 (21)
Yes, a fair bit 25 (38) 13 (35) 12 (43)
Yes, a little bit 12 (18) 8 (22) 4 (14)
No, not at all 17 (26) 11 (30) 6 (21)
Blank 2(3) 2 (5) 0(0)
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Q14: Would they be prepared to spend money on gregfigiency kit?

All Responses Tenants only Owners only
Yes 58 (89) 31(84) 27 (96)
No 5(8) 4 (11) 1(4)
Blank 2(3) 2 (5) 0 (0)

Q15: If they answered yes to Q14, what is the et payback period?

Up to... All Responses Tenants only Owners only
5 years 31 (53) 24 (77) 7 (26)

10 years 16 (28) 4 (13) 12 (44)

15 years 6 (10) 2 (6) 4 (15)

20 or more years 4 (7) 1(3) 3 (11)
Blank 1(2) 0 (0) 1(4)

Q16: Do they consider helping the environmentdde@ bonus?

All Responses Tenants only Owners only
Yes, very much so 11 (19) 6 (19) 5(19)
Yes, a fair bit 23 (40) 11 (35) 12 (44)
Yes, a little bit 16 (28) 6 (19) 10 (37)
No, not at all 8 (14) 8 (26) 0 (0)
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Appendix B.

Annual heating demand sensitivities

V\?arlilﬁglse Slfle;‘aq[yljtszte Annual Energy Usage Annual gas bill CO, emissions
W/m?K, ach/hr w GJ kWh KWh/m 2 £ +- kg +/-
Actual Case 12,275 98.1 27,250 79.0 530 - 5177 -
Infiltration = 0.5 15,153 121 33,611 97.4 654 + 124 6386 + 1209
Infiltration = 1 17,890 143 39,722 115 772 + 252 7547 + 2370
Windows = 3.0 14,548 116.3 32,306 93.6 628 + 98 6138 + 961
Windows = 1.3 11,576 92.5 25,684 74.5 500 -30 4882 - 296
Walls = 0.35 12,555 100.3 27,861 80.8 542 +12 5294 + 116
Walls = 0.25 11,995 95.9 26,639 77.2 518 -12 5061 -116
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Design characteristics used in the HEVACOMP model

» Design temperatures: 20°C inside, -1°C outsi®€; seasonal average

» Set temperature rise from internal gains: 6°C

» Degree days for Sheffield: 2300 161]

« Floor area of house: 340°m

* Condensing gas boiler efficiency: 90 %

» Price of gas: 1.75 pence per kilowatt hour

* CO, emissions of gas: 0.19 kg e@er kilowatt hour 181]
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Appendix C.

Environmental conditions recorded in the house

- : Summer | Summer Summer

Sensor Location % Zvn;(r):ég i\gg‘rr:eé X\\: gfre [S)tea:/?:;‘é?] Skewness| Lower Upper Maximum

olume g g Quartile | Quartile | (month recorded)
External 13.8 18.4 6.5 45 2.1 14 20 31.5 (June)
Den 0.09 229 23.3 22.6 1.9 0.9 21 23 37.2 (June)
Laundry 0.03 22.3 22.6 21.8 1.1 1.0 21 22 31.7 (July)
Entrance Hall 21.7 22.1 211 13 1.0 20 22 33.2 (July)
Lounge 0.15 231 234 22.3 1.9 -0.4 21 22 30.0 (July)
Dining Area 0.10 23.7 23.6 23.7 1.4 0.2 22 23 30.3 (July)
Kitchen 23.8 26.1 18.9 3.9 -0.5 24 26 31.2 (June)
First Landing 22.8 23.1 225 1.6 0.4 21 23 29.1 (July)
Study 0.07 24.8 24.7 24.8 1.6 0.2 22 25 30.3 (July)
Shared Bathroom 0.06 26.0 25.0 28.2 2.9 0.0 22 26 33.1 (June)
Sunken Bathroom 0.15 245 25.1 23.4 1.7 -0.2 23 25 30.3 (June)
Bedroom 1 0.16 23.8 26.3 18.8 4.2 -0.4 24 27 33.0 (June)
Bedroom 2 0.20 249 27.1 20.2 3.8 -0.5 25 27 33.7 (June)
Top Landing 24.4 27.3 18.9 4.3 -0.6 25 27 29.3 (June)
Top Bathroom 0.05 26.1 24.2 29.5 4.2 0.8 22 24 36.8 (Dec)
Bedroom 3 0.17 235 23.9 23.1 2.1 0.9 21 24 39.6 (June)
Bedroom 4 0.14 24.6 25.0 23.6 2.4 -0.4 23 25 33.1 (July)

272




Notes to accompany the table of the environmentaloaditions

recorded in the house

* ‘Glazing / Volume’ gives a measure of how much glasea there is in
each room relative to its size. No values arergiee the ground floor and

landings as this cannot take account of their ggan-nature.

* The ‘7 month Average’ is the average temperatusx dune to December.
The ‘Summer Average’ is the average over June, audiyAugust.

The ‘Winter Average’ is the average over Novembrat Becember.

» ‘Standard Deviation’ is the measure of how the datapread about the
average. It can be used to calculate confidentervis when the

distribution is ‘normal’.

» ‘Skewness’ is a measure of how ‘normal’ the dastritiution is. If the
skew is close to zero, the Standard Deviation caruged to predict the

temperature limits that contain 66%, 95% or 99%hefrecordings.

* Lower Quartile is the value that 25% of all theued was less than.

* Upper Quatrtile is the value that 25% of all theuesl was greater than.
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Appendix D.  Daylight Factor Recording

The number in brackets beside each room labekisitimber of measurements

taken within the room. All of the windows are medkup in yellow.

Basement Level

Den (15)

Ground Floor Level
Kitchen / dining area (24)

Lounge

(20)

Option Boot
room (9) room (12)

Entrance hallway (16)
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First Floor Level

Bedroom 1 (20)

Bedroom 2
(12)

Study
(10)

Shared bathroom (7)  First floor landing (15)

Top Floor Level

Bed 3
(16)

Top floor
landing
(10)
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Recorded Daylight Factors

Room

Time

External Lux,

Interpolated

Node Number

Lux_measured

DF_reality

Lux_e Lux, Lux_ e’

10:55 11600

Option 11:03 12982 1,2,3 45, 300, 460 0.3,2.3,35
11:04 13155 4,5,6 54, 90, 115 0.4,0.7,0.9
11:05 13327 7,8,9 44,54, 68 0.3,0.4,05
11:06 13500
11:11 14300

Lounge 11:12 14583 1,2,3,4 117, 105, 103, 90 0.8,@7,0.6
11:13 14867 56,7,8 110, 140, 135, 112 0.7,09 0.8
11:14 15150 9,10, 11, 12 200, 220, 240, 160 1nx,1.6,1.1
11:15 15433 13, 14, 15, 16 340, 460, 300, 200 2@,1.9,1.3
11:16 15717 17,18, 19, 20 800, 1500, 1350, 1300 1, %5, 8.6, 8.3
11:17 16000

Entrance | 11:19 16457 1,2,3 5, 80, 150 0.3,0.5,0.9
11:20 16686 4,5,6 53, 140, 135 0.3,0.8,0.8
11:21 16914 7,8,9, 10 42,130, 110, 18 0.2,@8,0.1
11:22 17143 11,12, 13,14 35, 40, 50, 40 0.2,@3 0.2
11:23 17371 15, 16 40, 15 0.2,0.1
11:24 17600
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External Lux,

Interpolated

Room Time , Node Number Lux_measured DF _reality
Lux_e Lux, Lux_e

11:24 17600

Boot 11:29 18100 1,2,3 1200, 1400, 1100 6.6,7.7,6.1

Room 11:30 18200 4,5,6 450, 700, 450 25,38,25
11:31 18300 7,8,9,10 150, 215, 270, 1000 038,15,5.5
11:32 18400 11,12 125, 125 0.7,0.7
11:33 18500
11:54 20000

Kitchen 11:56 19886 1,2,3,45 230, 250, 1140, 980, 300 1.2,13,57,49,15

/ Diner 11:57 19829 6,7,8,9 10 250, 310, 370, 330, 320 1.3,16,19,1.7,16
11:58 19771 11,12, 13, 14, 15 190, 250, 260, 280, 1.0,1.3,13,14,18
11:59 19714 16, 17, 18, 19, 20 190, 250, 300, 120, 1.0,1.3,15,0.6,0.8
12:00 19657 21,22,23, 24 500, 100, 130, 350 ®%,0.7,1.8
12:01 19600

Den 12:12 19129 1,2,3,4,5 28, 50, 205, 200, 50 ,@3,1.1,1.0,0.3
12:13 19086 6,7,8,9, 10 35, 70, 160, 133, 65 2,®@4,0.8,0.7,0.3
12:14 19043 11,12, 13, 14, 15 44,90, 100, 90, 50 0.2,0.5,0.5,0.5,0.3
12:15 19000

277




External Lux,

Interpolated

Room Time ) Node Number Lux_measured DF _reality
Lux_e Lux, Lux_e
12:52 16700
Bed 3 12:53 16642 1,2,3,4 5500, 2200, 615, 380 R@, 3.7, 2.3
12:54 16583 56,7,8 3600, 2000, 730, 460 aAr7, 4.4, 2.8
12:55 16525 9,10, 11, 12 1000, 900, 600, 450 $41.,3.6, 2.7
12:56 16467 13, 14, 15, 16 460, 480, 430, 400 2%B,2.6,2.4
Top 12:57 16408 1,2,3,4 880, 1080, 920, 660 561,%6, 4.0
Landing 12:58 16350 56,7 370, 800, 670 23,49,41
12:59 16292 8,9,10 400, 175, 260 25,11,16
Bed 4 13:00 16233 1,2,3,4 120, 900, 760, 130 0.7,/ 0.8
13:01 16175 56,7,8 190, 400, 400, 190 1.2,251.2
13:02 16117 9,10, 11, 12 170, 210, 200, 150 13,1.2,09
13:04 16000
13:16 14200
Bed 2 13:17 14436 1,2,3,4,5,6 1270, 430, 120, 80, 270 8.8,3.0,0.8,0.6,3.9,1.9
13:18 14673 7,8,9,10,11, 12 120, 60, 147, 18865 0.8,04,1.0,0.9,05,04
First 13:19 14909 1,2,3,45 250, 620, 550, 450, 300 1.7,42,3.7,3.0,2.0
Landing 13:20 15145 6,7,8,9,10 170, 250, 460, 810, 710 1.1,1.7,3.0,53,4.7
13:21 15382 11, 12, 13, 14,15 460, 180, 110830, 3.0,1.2,0.7,0.5,0.6




Room

Time

External Lux,

Interpolated

Node Number

Lux_measured

DF _reality

Lux_e Lux, Lux_e’
Bed 1 13:22 15618 1,2,3,4 1400, 1400, 1400, 1300 9®,9.0, 8.3
13:23 15855 5,6,7,8 510, 530, 500, 700 32,3844
13:24 16091 9,10, 11,12 220, 250, 250, 200 ne,1.6,1.2
13:25 16327 13, 14, 15, 16 110, 130, 120, 110 08g;,0.7, 0.7
13:26 16564 17, 18, 19, 20 100, 85, 80, 90 0%,®5, 0.5
13:27 16800
15:25 5100
Study 15:26 4940 1,2,3,4,5 30, 31, 15, 20, 70 06,@3,04,1.4
15:27 4780 6,7,8,9,10 65, 23, 200, 220, 26 , A5 4.2, 46,05
Shared 15:28 4620 1,2,3,4 310, 150, 100, 50 6.7,32,1.1
Bath 15:29 4460 5,6,7 15,8,7 0.3,0.2,0.2
15:30 4300
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Appendix E.  Comparing the three Daylight Factor measurements

(1) (2a) (2b) (2¢) (3)

Room BRE formula | Average of every Average of Majority for From lux levels
Ecotect grid point | matching nodes the room measured in house

Entrance Hallway 1.7 1.8 1.2 0.4
Den 1.2 0.8 0.8 0.6 0.5
Option Room 2.1 2.2 2.3 1.8 1.0
Study 15 2.3 24 15 15
Kitchen / Diner 2.6 3.9 3.6 3.0 1.7
Bedroom 2 35 4.2 3.6 2.8 1.9
Shared Bathroom 1.9 2.3 2.5 0.8 2.0
Bedroom 4 2.6 2.8 2.0 1.8 2.0
First floor Landing 5.7 6.5 4.0 2.4
Lounge 4.6 5.0 4.4 2.5 2.6
Bedroom 1 4.9 5.4 5.0 35 3.0
Boot Room 2.3 3.0 31 2.0 3.3
Top floor Landing 6.2 5.8 4.0 3.8
Bedroom 3 4.9 6.3 7.4 3.0 7.6
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Statistical analysis between the five sets of Daght Factor results. (See previous table for meaning of 1, 2a, 2b, 2c®

Room Absolute Variations Ratios
1-2a 1-2b 1-3 2a—2b 2c -1 1:2a 1:2b :31 2a:2b 2c:3

Entrance hallway 0.5 11 1.3 3.6
Den 0.4 0.5 0.8 0.0 0.0 1.5 1.6 0.6 1.1 1.0
Option room 0.6 0.5 1.7 0.1 0.1 1.3 1.2 2.7 1.0 1.1
Study 0.3 0.4 0.6 0.1 0.1 0.9 0.8 14 1.0 1.0
Kitchen / Diner 0.4 0.1 1.9 0.3 0.5 0.9 1.0 2.1 1.1 1.3
Bedroom 2 0.3 0.9 2.6 0.6 0.3 1.1 1.2 2.3 1.2 1.1
Shared bathroom 0.5 0.5 0.0 0.0 0.5 0.8 0.8 1.0 1.0 0.8
Bedroom 4 0.2 0.9 1.0 0.8 0.2 1.1 15 15 14 0.9
First floor landing 0.2 1.6 1.0 1.7
Lounge 0.5 11 2.9 0.6 0.2 1.1 1.3 2.1 11 0.9
Bedroom 1 0.5 0.9 2.9 0.4 0.0 1.1 1.2 2.0 1.1 1.0
Boot room 0.1 0.0 0.2 0.1 1.3 1.0 1.0 0.9 1.0 0.6
Top floor landing 1.0 0.2 0.8 1.1
Bedroom 3 0.1 0.9 1.2 1.1 4.6 1.0 0.9 0.8 0.9 0.4
Average 0.4 0.6 14 0.4 0.8 1.1 11 1.8 1.0 1.2
Standard Deviation 0.2 0.4 1.0 0.4 1.2 0.2 0.3 0.7 0.1 0.8
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Appendix F.  Electrical Appliance Metering

* Since the appliances were used in a variety of mader the 2 months
between when they were fitted and when the fanilyupied the house, it

had to be assumed that each appliance was opévatédnonths in total.

» The cost of electricity was taken as 8 pence gewktt hour

Appliance Total kWh £ / month
Iron 9.73 0.11
Iron Man 48.64 0.56
Toaster 53.48 0.61
Kettle 75.12 0.86
Induction Hob 108.78 1.24
Washing Machine 217.15 2.48
Kitchen Fridge 224.32 2.56
Fridge in Wine Cellar 250.33 2.86
Oven/Microwave 281.06 3.21
Air cleaner in hall 286.03 3.27
Air cleaner at top 303.38 3.47
Dishwasher 307.56 351
Chiller in Wine Cellar 314.53 3.59
Kitchen Freezer 502.39 5.74
Tumble Dryer 533.28 6.09
RFID Power 150.50 1.72
RFID 24hr PC 392.97 4.49
Food Storage 752.7 8.6
Cooking + Dishes 826.1 9.4
Clothes Cleaning 810.8 9.3
Air Purifying 589.4 6.7
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Appendix G.  Conversion of the RFID data

The displaying of this sample of RFID data is tdigate the extent of manual
analysis that had to be carried out just to distlaedexcessive ‘junk data’ that

was collected due to the problems encounteredsigtial ‘bleed through’.

Two hours worth of data collected from a singleitagontained the 53 lines of
the ‘Raw data’table below, which was edited down to 15 linesnébrmation
in the ‘Edited data’table that then follows. This manual, line-byeliaditing

process had to be carried out for an estimated©B0dines of data in total.

Raw Data

activity log_datetime

activity details

11/06/2005 09:29:16.5
11/06/2005 09:29:16.5
11/06/2005 09:45:51.686
11/06/2005 09:45:51.686
11/06/2005 09:45:53.126
11/06/2005 09:45:53.126
11/06/2005 09:46:16.5
11/06/2005 09:46:16.5
11/06/2005 09:50:46.563
11/06/2005 09:50:46.563
11/06/2005 09:51:13.686
11/06/2005 09:51:13.686
11/06/2005 09:52:28.186
11/06/2005 09:52:28.186
11/06/2005 09:53:01.25
11/06/2005 09:53:01.25
11/06/2005 09:53:24.563
11/06/2005 09:53:24.563
11/06/2005 09:53:55.063
11/06/2005 09:54:09.626
11/06/2005 09:54:49.313
11/06/2005 09:54:49.313
11/06/2005 09:55:07.376
11/06/2005 09:55:07.376
11/06/2005 09:55:12.563
11/06/2005 09:55:12.563
11/06/2005 09:55:18.466

Sue Entered the "Sunken" zone
Sue Left the "Bedroom 1" zone
Sue Entered the "Bedroomoiie
Sue Left the "Sunken" zone
Sue Entered the "Sunkemé zo
Sue Left the "Bedroom Hezo
Sue Entered the "Bedroonoféz
Sue Left the "Sunken" zone
Sue Entered the "Sunkemé zo
Sue Left the "Bedroom Iezo
Sue Entered the "Bedroomoté
Sue Left the "Sunken" zone
Sue Entered the "Landingéez
Sue Left the "Bedroom Hezo
Sue Entered the "Dining'ezon
Sue Left the "Landing" zone
Sue Entered the "Kitchemez
Sue Left the "Dining" zone

Sue Left the "Kitchen" zone
Sue Entered the "Kitchemez
Sue Entered the "Diningiezo
Sue Left the "Kitchen" zone
Sue Entered the "Kitchemez
Sue Left the "Dining" zone

Sue Entered the "Diningiezo
Sue Left the "Kitchen" zone
Sue Entered the "Sittingddpzone
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11/06/2005 09:55:18.466
11/06/2005 09:55:23.656
11/06/2005 09:55:23.656
11/06/2005 09:55:56.876
11/06/2005 09:55:56.876
11/06/2005 09:56:24.563
11/06/2005 09:56:24.563
11/06/2005 09:56:26.5
11/06/2005 09:56:26.5
11/06/2005 09:56:26.813
11/06/2005 09:56:26.813
11/06/2005 09:56:28.75
11/06/2005 09:56:28.75
11/06/2005 09:56:39.906

Sue Left the "Dining" zone
Sue Entered the "Hallwaylez
Sue Left the "Sitting Optinone
Sue Entered the "Diningiezo
Sue Left the "Hallway" zone
Sue Entered the "Landiogtz
Sue Left the "Dining" zone
Sue Entered the "Top landiogie
Sue Left the "Landing" zone
Sue Entered the "Landiogtz
Sue Left the "Top landingrie
Sue Entered the "Top lafidinge
Sue Left the "Landing" zone
Sue Entered the "Bedrooaodé

Edited Data

activity log_datetime

activity details

11/06/2005 09:29:16.5

11/06/2005 09:51:13.686
11/06/2005 09:52:28.186
11/06/2005 09:53:01.25
11/06/2005 09:53:24.563
11/06/2005 09:55:12.563
11/06/2005 09:55:18.466
11/06/2005 09:55:23.656
11/06/2005 09:55:56.876
11/06/2005 09:56:24.563
11/06/2005 09:56:26.5
11/06/2005 09:56:39.906

Sue Entered the "Sunken" zone

Sue Entered the "Bedroorzoté
Sue Entered the "Landiogtz
Sue Entered the "Dining'ezon
Sue Entered the "Kitchemiez
Sue Entered the "Diningiezo
Sue Entered the "Sittingddpzone
Sue Entered the "Hallwaylez
Sue Entered the "Diningiezo
Sue Entered the "Landingéez
Sue Entered the "Top landnogie
Sue Entered the "Bedroomodé

The next step in the analysis procedure was toardmach of these 15 lines of
information into a form that would enable statigticomparison using the MS
Excel spreadsheet package. This was achievedsigpnasy the tag to a single
room for each 30 seconds of each day. Tunverted Data’table below

shows how this was achieved for the same periodreavin the previous two
tables, except while the previous tables had coethdata only for Sue’s tag,

this one shows the comparable information for alirf members of the
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household. Each letter or term used in the tedypeesents a different room in
the house; so for instance, SUNK = the sunken tihrbom, K = kitchen,

ST = on a communal areas such as the stairs.

Converted Data

Time Sue Nick Lucy Hazel
9:29:00 SUNK SHARED B4 B3
9:29:30 SUNK SHARED B4 B3
9:30:00 SUNK SHARED ST B3
9:30:30 SUNK SHARED D B3
9:31:00 SUNK SHARED K B3
9:31:30 SUNK SHARED K B3
9:32:00 SUNK SHARED K B3
9:32:30 SUNK SHARED K B3
9:33:00 SUNK SHARED K B3
9:33:30 SUNK SHARED K B3
9:34:00 SUNK SHARED K B3
9:34:30 SUNK SHARED K B3
9:35:00 SUNK SHARED K B3
9:35:30 SUNK SHARED K B3
9:36:00 SUNK SHARED K B3
9:36:30 SUNK SHARED K B3
9:37:00 SUNK SHARED K B3
9:37:30 SUNK SHARED K B3
9:38:00 SUNK SHARED K B3
9:38:30 B1 SHARED K B3
9:39:00 B1 SHARED K B3
9:39:30 B1 SHARED K B3
9:40:00 B1 SHARED K B3
9:40:30 B1 SHARED K B3
9:41:00 B1 SHARED K B3
9:41:30 B1 SHARED K B3
9:42:00 ST SHARED K B3
9:42:30 K SHARED K B3
9:43:00 K SHARED K B3
9:43:30 K SHARED K B3
9:44:00 K SHARED K B3
9:44:30 K SHARED K B3
9:45:00 D SHARED K B3
9:45:30 D SHARED K B3
9:46:00 K SHARED K B3
9:46:30 K SHARED K B3
9:47:00 K B1 K B3
9:47:30 K B1 K B3
9:48:00 K B1 K B3
9:48:30 D B1 K B3
9:49:00 D B1 K B3
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9:49:30 D Bl K B3
9:50:00 D Bl D B3
9:50:30 D Bl D B3
9:51:00 D SUNK D B3
9:51:30 D SUNK D B3
9:52:00 D SUNK D B3
9:52:30 D Bl D B3
9:53:00 D Bl D B3
9:53:30 D Bl D B3
9:54:00 D Bl D B3
9:54:30 D Bl D B3
9:55:00 K Bl D B3
9:55:30 D Bl D B3
9:56:00 D Bl D B3
9:56:30 D Bl D B3
9:57:00 K Bl D B3
9:57:30 K Bl D B3
9:58:00 H Bl ST B3
9:58:30 H Bl B4 B3
9:59:00 D Bl B4 B3
9:59:30 D ST B4 B3

On average, it took a full day of editing to cortve4 hours worth of raw day
from the household into the format of the tablevaih@bove, which is now in a
format that could be analysed in a meaningfuljstteal manner. MS Excel
was used to sum the time each household membet speach room over
four periods of each day, which could then be frthnalysed by making
comparisons across periods of the day, type ofashayhousehold member, as

discussed and represented in Chapter 9.

The signal bleed-through was much more severe hlanbeen expected and
the provided software lacked the analysis toolsiired to conduct the POE
study since it had not been designed for this mepdf tracking systems are
to be used to conduct space usage POE in futueelottation accuracy and
consistency must be improved and dedicated softalawald be developed for

the analysis process.
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Appendix H.

Complete set of averaged data for the Whole Family

Summarised RFID Data

Average for Work Days

Average for Rest Days

06:00 — 09:00| 09:00 —15:00  15:00 — 20:00  20:001:00 06:00 —09:00| 09:00 —15:00  15:00 —20:J0  20:001:00

Outside 28 89 43 11 5 35 41 20
Bedrooms 53 2 6 46 91 25 9 31
Bathrooms 7 1 4 4 0 5 3 4
Living 2 6 22 32 1 14 19 34
gi‘t’fr?;'a” 7 2 20 5 2 16 24 8
Utility 1 0 2 1 0 2 2 1
Circulation 1 0 2 1 0 2 3 1
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Complete set of averaged data for Sue

Average for Work Days

Average for Rest Days

06:00 — 09:00| 09:00 —15:00  15:00 — 20:00  20:001:0D 06:00 —09:00| 09:00 —15:00  15:00 —20:00  20:001:00

Outside 45 100 37 20 4 38 35 26
Bedrooms 40 0 3 41 94 13 6 32
Bathrooms 6 0 7 6 1 6 4 6
Living 0 0 15 26 0 9 12 26
Si?fr?éslan 7 0 31 5 1 26 35 8
Utility 0 0 2 1 0 5 4 1
Circulation 2 0 4 1 0 3 3 1
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Complete set of averaged data for Nick

Average for Work Days

Average for Rest Days

06:00 — 09:00| 09:00 —15:00  15:00 — 20:00  20:001:0D 06:00 —09:00| 09:00 —15:00  15:00 —20:00  20:001:00
Outside 18 95 76 10 8 41 44 25
Bedrooms 53 1 2 22 82 6 2 16
Bathrooms 7 0 3 2 0 6 3 4
Living 3 2 5 57 2 20 19 43
Siﬁ’fr:‘ésla” 11 2 12 8 7 20 26 9
Utility 5 0 1 1 0 3 2 1
Circulation 2 0 1 1 1 4 3 1
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Complete set of averaged data for Lucy

Average for Work Days

Average for Rest Days

06:00 — 09:00| 09:00 —15:00  15:00 — 20:00  20:001:0D 06:00 —09:00| 09:00 —15:00  15:00 —20:00  20:001:00

Outside 16 63 22 7 4 26 36 14
Bedrooms 62 6 15 60 93 40 19 37
Bathrooms 9 2 2 4 0 5 3 1
Living 4 20 38 25 1 13 18 39
Si?fr?éslan 7 7 21 2 1 13 20 8
Utility 0 1 1 0 0 1 2 1
Circulation 1 1 2 1 0 2 3 1

290




Complete set of averaged data for Hazel

Average for Work Days

Average for Rest Days

06:00 — 09:00| 09:00 —15:00  15:00 — 20:00  20:001:0D 06:00 —09:00| 09:00 —15:00  15:00 —20:00  20:001:00

Outside 33 100 37 5 4 34 47 16
Bedrooms 59 0 6 61 96 40 7 40
Bathrooms 6 0 4 5 0 4 3 4
Living 0 0 31 20 0 13 27 30
Siﬁ’fr:‘ésla” 2 0 18 6 0 7 14 7
Utility 0 0 2 2 0 0 1 3
Circulation 1 0 2 1 0 2 2 1
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Appendix I. Efficiency of floor space use

“erage secuied] Fioorvea | e
Den 166 24.1 6.9
Laundry 10 13.6 0.8
Wine Cellar 3 5.4 0.5
Boot room 22 9.3 2.4
Option room 87 13.5 6.5
Lounge 269 34.2 7.9
Open plan kitchen 271 17.7 0.3
Study / B5 7 17.6 21.7
(PBalr)ents’ bedroom 121 25 2 79
Shared bathroom 37 9.2 4.0
Sunken bathroom 72 9.7 7.5
Hot Tub Decking 5 17.7 0.3
I(_L;»J;/XS bedroom 163 18.8 8.7
Hazel's bedroom (B3) 131 20 6.5
Top bathroom 32 7 4.6

 The occupancy time is the average time per day thatroom had

somebody in it, whether that was one person doal of the family.

* 7 hours has been deducted from the occupancy tiaresach bedroom

since the family are assumed to be asleep fop#ried of time.

* Lucy’s bedroom was a combination of bedroom 4 amah@ the figures in

the table reflect this also, being the sum of tand averaged floor area.
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AppendixJ.  Onlinesurvey
This survey was linked to from the Project: LIFE webpage and gathered 614

responses as is discussed in Chapter 9.

Project: Life Questionnaire

1) How Old Are You?

e

18 Under 2 155, DL 3549 L s06s £ 65 or over
2) What type of home do you live in?

C Flat C Terrace > Bungalow > Detached > Semi Detached
3) What year was your house built in?

Cre L ® ® ®

1900 1900-29 1930-49 1950-65 1966-76

e e

1977- B2 e 1996- C .
81 1982-90 1991-95 2006 Don't Know

4) For how many years have you lived in your home?
i e More

r
Less [3
than 1 1-5 6-10 than 10

5) How Many people live in your home?

In Total:
Under 18:
Over 65:
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6) Based on the experience of living in your home, ple  ase rank the following
six aspects of house design in the order of importa nce that you place on

them.

1 (least important to you) to 6 (  most important to you)

You should use each value only once.

=
N
w
i
ol
(e}

Comfortable indoor environment CE E B B B E
Good level of natural light C C E E B
Large rooms and suitable layout C O e B & .
Well equipped kitchen / bathroom C E B C E &
Lower than average fuel bills E C E E E
Good sizedgarden/outdoorspace [ [ [ E E £

Are there any other design aspects of your home tha  t are especially
important to you?

K

| i

250 .
characters available

7) What do you think are the most important design asp ects lacking from

your home?

[~
| i

250 .
characters available
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8) What activities do you do regularly in the following rooms in your house?
You should tick as many activities that apply for e ach room.

You should tick "Do not have" only if your house do es not have that type of
room.

Work Eat Relax Socialise 10P€ ~ Donot

alone have
Bedroom |— r - - - -
Living room r r - -
2nd Living room r r r r - -
Kitchen ,— r - - - -
Kitchen dining area B r r - - -
Separate dining area B |— r r - -
Study r - - - - -

9) Based on the experience of living in your home, ple  ase rank the following
six aspects of house design in the order you think they will be of concern to
you as you get older.

1 (least important to you) to 6 (  most important to you)

You should use each value only once.

[N
N
w
IS
ol
o

Lack of space for a growing family
Feeling safe from crime

Rising cost of heating bills

Mobility about the house (e.g. stairs)

Difficulty in using home appliances

onononnan
OonOononnan
OonOononnan
onononnan
OonOononnan
onononnan

Lack of support in the community
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10) Imagine that you have just spent a considerable amo  unt of money on a
piece of equipment that will save you money on your fuel bills and reduce
your impact on the environment. How many years woul d you be happy to
wait until the total money you save equalled the pr  ice you initially paid for
the equipment?

L Less C 5-9 C 10-19 e

than 5 years years 20 or more

11) Would the fact that you are helping the environment make you less
concerned about how fast you recover the initial co st of the equipment?

e Yes very e Yes a e Yes a i

much so fair bit little bit No not at all

Thank You

That completes our survey.
Thank you once again for your time.

Now click 'Submit' to send it to us
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The Responses

In each of the tables that follow, percentage figuare given in parenthesis.

What age is the respondent?

Under 18 18-34 35-49 50 - 65 Over 65
12 (2) 289 (46) 218 (34) 103 (16) 11 (2)
What kind of house does the respondent live in?
Flat Terrace Bungalow Semi Detache
Sample 115 (18) 119 (19) 24 (4) 211 (33) 164 (2
Nationally (18) (26) - (32) (23)
What is the age of their house?
D/K Pre | 1900-| 1930-| 1950-| 1966- | 1977-| 1982-| 1991-| 1996-
1900 | 1929 | 1949 | 1965 | 1976 | 1981 | 1990 | 1995 | 2006
50 (8)| 75 76 66 73 68 |36(6)| 40 (6)| 27 (4) 122
(12) | (12) (10) (12) (11) (29)
How many years have they lived in this home?
Lessthan 1 1-5 6-10 Over 10
109 (17) 242 (38) 103 (16) 176 (28)

How many people are living in this house? (avefagees given)

In total

Under 18

Over 65

3.1

0.7

0.1
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Q6: How important do they think it is for a goodnhe to have the following

qualities?

Average Rank
Comfortable indoor environment 4.7 1
Good level of natural light 4.3 3
Large rooms and suitable layout 4.5
Well equipped kitchen and bathroom 4.0
Low gas and electricity bills 3.4 5
Good sized outdoor space 3.3 6

Q8: What activities take place in each room?

Do Not Of those homes that have the room

Have | work Eat Relax | Social| Alone
Bedroom 0 20 9 91 8 63
Living room 1 36 62 89 91 20
2nd living room 72 42 31 66 65 26
Kitchen 4 34 69 22 53 8
Kitchen-dining 48 34 96 37 67 8
Separate dining 48 44 92 25 65 11
Study 41 96 8 38 4 53

Q9: What do they think will be their concerns lasyt get older?

Average Rank
Lack of space for a growing family 3.4 4
Feeling safe from crime 4.2 1=
Rising cost of heating bills 4.2 1=
Mobility about the house (e.g. stairs) 3.7 3
Difficulty in using home appliances 3.0
Lack of support in the community 3.1
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Q10: What would be the acceptable payback pewodhem if they were to

spend money on a piece of energy efficiency equipthe

Average Rank
Lessthan 5 246 (39) 2
5-9 304 (49) 1
10-19 59 (9)
More than 20 17 (3) 4

Q11: Do they consider helping the environmentdbe¢ca bonus that makes it

less important to reach the payback period?

Average Rank
Yes, very much so 121 (19) 3
Yes, a fair bit 226 (36)
Yes, a little bit 211 (34) 2
No not at all 69 (11)
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