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Abstract

This paper presents the energy and water useafidl $iouses certified to the Code for Sustainéldmes Level 5
in Gainsborough, UK. The houses were monitored 8weears, from July 2012 to September 2014. Adthuses
have the same construction and energy efficienayatheristics, the study offered a unique oppotyuni
investigate the effects of occupant behaviour endtlellings performance. Electricity, gas and wate
consumptions were measured through data loggingreatelr readings. Surveys and interviews were ottedu
throughout to gain insights into tenants understandnd interactions with low energy features itfhomes.
Significant differences were observed in the amafi®nergy and water used. The annual space beatin
consumptions differentiated by a factor of 2.2 gguare metre of floor area. Hot water heatingateta varied by
a factor of 3.5 per square metre of floor areayo2.b per person per year. Mains water consumpti@nied by a

factor of 2.2 litres per person per day in 2013.
Introduction

There is a growing concern about the contributibtihe building industry to environmental impactslatimate
warming. In Europe and the USA, energy consumpidouildings accounts for 20-40% of total energg {1].
Buildings are a significant contributor to greenb@gas emissions, with space heating alone respersr over
half of all UK dwellings end use emissions [2]. 2007, the UK government put in place a Nationarigy
Efficiency Action Plan (NEEAP) to reduce emissidirsn the UK housing stock by 31% based on 1990Iclve

2020. More recently, the government’s Climate @gaAct [3]. sets a legally binding target to redgoeenhouse
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gas emissions from buildings by at least 80% orDl6%els by 2050. In 2008, the residential seatmounted for

27% of the total CO2 emissions in the UK [4].

The potential of the residential sector to redu@ €missions has been identified in numerous stuatidssources
[5-10]. Buildings are currently rated for energyfpemance potential of the fabric and servicesesigh and on
completion. Thereafter they can be rated by comsparnf actual annual fuel consumption [11]. TEhare
standards that address environmental performantteafesign and build; for example Passivhaus, Gmde
Sustainable Homes, BREEAM, amongst others. Thesadd standards have created lively debates n the
practicality which has resulted in a raised awassnethin the building industry about the actioequired to

tackle climate change [12].

In order to reduce the whole life impact of builgsn Life Cycle Assessments (LCA) should be caroietto
identify collective distribution of different impte As shown in, Figure 1, adopted and modifredf[12].
Performance Assessment Methods (PAM) should be aisth@ design stage (PMc) to predict and redueeggn
demands of buildings, to minimize operational intpg®c). Post Occupancy Evaluations (POE) shastul lze

carried out when the building is completed to mea#s actual performance.
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Figure 1: Whole Life Carbon Emissions of Buildirgi®owing the roles of PAM and POE
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There is extensive evidence [13-17] to suggestithédings do not usually meet the energy efficietargets set at
the design stage. In other words, there is a Badioce Gap between POE results and PAM as depictéadure

1.

Performance Assessment Methods (PAM) utilizing jotézh modeling tools may be used to predict therk
performance of buildings when built. Currently rensus assessment tools exist ranging from adveashgsaimic
computer simulation programs, capable of represgmibmplex interactions in buildings, to more sitfigdl and
stationary calculation methods and tools. Whileatygic programs require extensive and detailed viajugt data,
simplified tools may be used with less data andtbemith limited scopes and capabilities. J. HersahR.
Lamberts [18] provide a general view of the backgiband current state of building performance sitioth

programs.

Williamson [17] suggests that more stringent buidpiegulations and higher energy efficiency statislaio make
buildings more energy efficient, might result irec\optimistic predictions, creating a wider gapwesn the
expected designed targets and the actual consdranttoccupied building. Others [19,20] argue thete are
also performance gaps between other performandeabods, such as comfort and indoor air qualityyeen

design predictions and what is actually achievellitdings when occupied.

In the UK, the Standard Assessment Procedure (B8P )was first published by DOE (now the Departmeint
Energy and Climate Change, DECC) and BRE in 1@28rently SAP is used as proof of compliance witint P
L1A of the Building Regulations [22] in the UK, &valuate the consumption of fuel and power to ddites the
performance of dwellings. It is also used in agenf UK governmental measures and policies reqiitie
calculation of the energy performance of dwellisgsh as the Code for Sustainable Homes (CSH), VFaomt,
the Carbon Calculator, Stamp Duty Exemption foraZ€arbon Homes, Green Deal, Renewable Heat Ineentiv

(RHI), and Energy Performance Certificates (EPC).

SAP is a simplified version of BREDEM, Building Resch Establishment Domestic Energy Mode [23] and i
based on energy balance, taking into account arahfactors that affect the energy performancevedllings.
These include: building materials used, thermallatson, air leakage characteristics, heating syséiciency,
solar gains through openings, type of fuel usedrgnconsumption by lighting, pumps and fans, adtageenergy
produced by microgeneration technologies. SAP doesowever include a range of other factors sich
electricity demands of electric appliances whichtdbute to the so called unregulated energy copsioms of
homes. These omissions are in line with the P&tilding Regulations, requiring an estimation fé energy that

will be consumed in the building for space heatoapling, water heating, and lighting, as well asrgy required
3
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to power their controls. Inherent in simplified ttn@ds, SAP also uses standard patterns as patssimgbuts. For
example it assumes standard occupancy and spatieghgaiterns representative of national normse iain

purpose of SAP may therefore be viewed as a nadfiatiag system to give a standardised measure Whioh the
energy performance of dwellings can be compareahsigaach other in a meaningful and systematic w&ych an

approach may however lead to rather imprecise appations of real consumptions for individual honfi24].

In light of wide spread gaps between predictedaidal performances, the construction industryrasdarch
community are increasingly realising the benefftBost Occupancy Evaluation (POE) in narrowingghp
between design intents and actual performanceitsf. LBOE can be effectively used to improve thelgHife
performance of buildings and reduce their carborssions. As schematically depicted in Figure 1ER@n be
used to feed-forward information to the Design 8té@Mc), to improve the design as well as the ptedi of its
performance through the enhancement of Performassessment Methods (PAM). It can also be used to
feedback information and data to users and faciitynagers, to better understand and work with tiildibg and

its component, which in turn should reduce openatidmpact (Rc) and enhance user comfort and aatish.
Aims and objectives

The aim and scope of this paper is to investigageattual performance of 4 recently built dwellidigsigned to
Code for Sustainable Home (CSH) Level 5, throughrenmental monitoring with a view to identifying
influencing factors which might affect the performa of houses. Although comparisons have been betdeen
actual and predicted performance, the intensioigo solely demonstrate the accuracy of SAP, vhas been
used for the purposes of Building Regulation coamde and design stage CSH assessments to pregligyen
consumption, but how energy demands in 4 housdistbihe same specifications may be varied dugctupancy

behaviour.
Research Methodology

The research uses a mixed approach using bothigizetand qualitative analyses and investigatidiee former
required quantitative measurements and forensgsiiyation using environmental monitoring and dasdits
testing, while the latter employed a range of seéeahnical methods using structured interviewsyeys, walk
through and questionnaires. Performance evaluapgnoaches, combining quantitative and qualitatebniques

in POE have received considerable attention inntepears [25-27].
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Longitudinal approaches covering various seasows haen recommended for POE in order to achieveimgfal
and detailed analysis [28]. The results repontetthis paper span over two years, started in Jddy2nd

completed in September 2014, analysing the perfocmaf the houses through different seasons.
Quantitative Measurements: Environmental Monitoring

The monitoring systems were installed in June 2012 monitoring systems use a Wi5 data hub GPR&8ess
data logging installed in House 3 to process daliaated from all four houses. All data was calketat 5 minutes
intervals. All the instrumentation provided andtalled for monitoring purposes complied with teguirements
contained in CE298 ‘Monitoring energy and carborfggenance in new homes’ [29]. An on-site weathatisn

measured external air temperature and relativeditymiThe data collected in each house includes;
Room air temperature and relative humidity in thembedroom and living room.

Concentrations of Cgn the living room

Air temperature and relative humidity at supply axtract positions of MVHR

Electricity generated by PV

Utilities metering for electricity (kWh), gas @nand mains water (tn

Building performance tests, including air permeghiinfra-red thermography, and in-situ U-valueaserements
were conducted to analyse the performance of thdibg fabric. Continuous review of the monitoriequipment

and systems were conducted to ensure their perfmentairough commissioning checks.
Qualitative Measurement: Occupant Surveys, Engageand Feedback

Occupant surveys were carried out throughout thE P€¥iod to establish those aspects of tenanestiife and
profile affecting environmental performance of tHedmes, and to gain insights into the ways thégract with

their homes including the energy efficiency measaned renewable technologies installed.

Among the techniques employed were; 1) Longhuru@r®cheme Review process using their New Resident
Questionnaire and associated interviews to estataizants’ satisfaction with the energy efficielaspects of their
homes and 2) Building Use Studies (BUS) evaluatioreasuring users’ satisfaction and comfort. BUS w

developed as part of the Probe Process [30,31].
Pilot Study

This pilot study, focuses on the performance of fmcial housing designed to Code 5 of Sustaindblaes [32]

built in the town of Gainsborough, UK. Gainsborbytatitude: 53.4 N, Longitude: 0.77 W) is a sntailvn with a
5
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population of about 20, 000 located in the Linchlrs County, in the East Midlands Region of the WKs
situated 135 miles north of London and 55 milestwéthe North Sea. As a generalisation, Lincoirest eastern

location provides for a relatively drier, warmedaunnier climate with a mean annual temperatuebofit 10 °C.

Code Level 5 requires a 100% reduction in emissiam regulated energy under the Standard Assetsmen
Procedure (SAP) of the Building Regulations inahgcheating, domestic hot water, lighting, and &leal used
for pumps and mechanical ventilation. Emissiossited from unregulated energy consumptions, ppliances,

are not included in the procedure for compliance.

Monitoring of the dwellings that took place oveiwtyears, was funded through two grants receiveu fromovate
UK, formerly known as Technology Strategy Boardjemthe Building Performance Evaluation Programifiee
first monitoring project was for a 6 month duratistarted in July 2012 and completed in Novembé&220
focusing on construction and initial energy perfante of the dwellings. The second monitoring ptoyeas for a
2 year duration, started in October 2012 and comglz September 2014. The second project cordimigh
detailed monitoring of energy performance, togethigén analysing users’ interactions and satisfactigth their
new homes. Although data has been collected Singe2012, the paper concentrates on the resulésnaal from
October 2012 to August 2014. This is to elimiriatgal problems with the installation and monitagiequipment
setup which affected the accuracy and consistehthyealata collected. There have been two chaobeEnancy

in two housing units during the monitoring period.

Construction work started in August 2011 and comaplén July 2012. L&H Homes, part of Longhurst Gpoare
the Registered Social Landlord. The monitoringhefse houses has been jointly conducted by Uniyeskit

Lincoln and Longhurst Group.

The mix of the 4 new dwellings, hereby referredschouses 1, 2, 3 and 4, includes 2 and 3 bedroaseh
generally 2 storeys in height and rising to 3 atribrthern end providing a mix of type and sizegble for small
to larger families. In line with Government guidarand the Code for Sustainable Homes a home affiaee is

provided to all four new properties.

The houses use pre-fabricated Structural InsuRgeetls (SIP). The SIP superstructure took 3 weekemplete
as the panels were manufactured off site to reduaste, noise and dust pollution to nearby residebtsing the
construction phase there was a clear focus on isgueavironmentally friendly products and minimigicarbon
footprint. Nearly 90% of plant, subcontractors amaterials were sourced within 30 miles of the itducing

transport miles and carbon emissions while stirmgahe local economy. In line with the Code fausginable
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Homes guidelines, all timber has been sourced uhaégfSC/PEFC sustainability of timber scheme ahigjla

percentage of none timber materials have beenaddrom companies who hold ISO 14001 certificafi@3].

Figure 2 shows floor plans for the four new housEstal internal gross floor areas are; 67.2412.54m, 65.72mM

and 101.5rhfor houses 1, 2, 3 and 4 respectively. Figurad®Fgure 4 show images of the completed project.

I
i Wl
— 0

Ground Floor First Floor Second Floor

Figure 2: Floor plans for the four new houses

Figure 3: South Elevation Figure 4: East Elevatio

Monitoring Results

The environmental and energy strategy for the fw houses is based on creating a highly insulatéding
fabric with close attention paid to reducing thep@rmeability. The following sections discuss tesults of the

research carried out.
In-situ U-Value measurements

The U-values of external walls to determine thedulation performance were measured by placing HR@sors

[34] on the north facing wall of House 4 using tAgerage method” detailed in 1ISO 9869:1994, Thermal
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insulation — Building elements — In-situ measurenwénthermal resistance and thermal transmittaB&¢ [ For

calculation purposes, internal air temperaturegwecorded within the dwelling adjacent to the senand

outside air temperature adjacent to the correspgndall space. Measurements were recorded oweo aveek

period in February 2013 whilst the property wasupéed and heated. The data taken as the U-Valhe iaverage

of values taken during the last seven days of nmeasent, with the first seven days data excludealltav for

stabilisation of the instrumentation. The valueameed is a U-Value of 0.12 WiKa The in-situ U-Value is an

improvement on the target U-Value for the extemall as reported in Table 1.

Table 1 shows the design U-values for differentding elements as predicted by SAP calculationgdas

construction specifications.

Table 1: Specification of the main constructiomedats

Target U-Value

Elements Summary Specific characteristics
(W/m?K)
Ground Proprietary suspended concrete beam and
0.12
Floor block with 20mm of insulation
External 142mm Structural Insulated Panels (SIPs)
0.14
walls finished in Brick or render clad.
Party walls | Open panel timber frame
Single ply roofing membrane fixed to 142mm
Roof Structural Insulated Panels (SIPs) and 50mjr0.12
rigid insulation.
Munster EcoClad timber board effect with
Door 1.20*
triple glazed side screen
Windows Munster EcoClad triple glazed windows. 5t.1

* U-Values suggested by the manufacturer

Air Tests
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The dwellings have a design air permeability oD&é’hr.m2. Pre-handover air test was carried gut b
Lincolnshire Air Testing in May 2012 according tetprocedures laid down by “The British InstitufeNon-
Destructive Testing” (BINDT) using an air depressation technique (ATTMA TS1) [36] incorporatingetivhole
building envelope at an imposed pressure of 50Ré0 further air leakage tests were carried out dfte handover
of the dwellings. These were carried out by BSRté[37] in July 2012 and August 2014 using an air
depressurisation and pressurisation technique (AATI81). Air was supplied to the dwellings at aiggr of

flow rates to create a pressure differential betwtee internal and external envelope. Figure 5vshbe
equipment used during the air tests. Table 2 shibavsesults of air leakage tests at pre-handdegespost-

handover and post-occupancy.

Table 2: Air Tests results from May 2012, July 2@h2 August 2014

Post-handover Test - Post-occupancy Test -

House
Pre-handover Test - 08.05.2012 | 20.07.2012 14.08.2014
DP | 2.97| Average DP| 2.34 Average DR 3.6BAverage

H1 2.97 2.12 3.65
P |- (mé/hr.m2) P | 1.9 | (m¥hr.m?) P | 3.67| (M¥hr.m?)
DP | 2.99| Average DP| 3.43 Average DR 4.8 Average

H2 2.99 351 5.09
P - (m3/hr.m2) P 3.59 (m3/hr.m2) P 5.38 (m3/hr.m2)
DP | 2.96| Average DP| 3.31 Average DR  4.51 Average

H3 2.96 3.46 472
P - (m3/hr.m2) P 3.61 (m3/hr.m2) P 4.92 (m3/hr.m2)
DP | 2.92| Average DP| 2.37 Average DR 3.3| Average

H4 2.92 2.45 3.38
P |- (mé/hr.m2) P | 2.53| (mM¥hr.m?) P | 3.46| (M3hr.m?)

DP = Depressurisation, P = Pressurisation

The results of the pre-handover test carried oiday 2012 are better than the target design lif&m3/hr.m2 and
well below the maximum allowable level of 10.00 In¥h2 at 50 Pa. as required under the Building Retigins

Approved Document L1A 2010.

Comparing the results of the pre-handover anditbiedost-handover tests, i.e. the tests carri¢dnoMay and
July 2012, one can see that Houses 1 and 4 haduaead air leakage rates in the second test wialé¢nds for
Houses 2 and 3 are the other way round. The i@m&in results might also be partly due to the faat the pre-

handover test was carried out by a different oggtion.
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Figure 5: Equipment used during the Air tests

In the first post-handover test, the average aikdge rates for Houses 1 and 4 are below the deaiga of
3ms/hr.m2, while the rates for Houses 2 and 3 ektlee design value. Comparing the results in Taptme can
see that all 4 houses have poorer air leakage afite¥?2 years. The main reasons for the incremigist be due to
a range of influencing factors such as occupafffstes on the building fabric, possible building vements,
inaccuracy in the tests carried out and/or a coatluin of all the factors. There is an expectecegartrend in
results that dwellings show higher air leakagesrateder pressurisation conditions. The only exoaptere is

House 1, which has a lower rate under pressurisatithe first post-handover test carried out ity 2012.
Thermographic Survey

The thermographic survey was conducted in accordaith the simplified testing requirements of BS EN
13187:1998 Thermal performance of buildings — Qatilie detection of thermal irregularities in biilg

envelopes — Infrared method (ISO 6781:1983 modifiad].

A selection of thermograms is shown in Figure 6 Bigdire 7. The thermographic survey was undertakeimg
early morning in February 2013. The weather ohdlag could be described as a still cold overcastavday
with no sunshine, rain or falling snow. The extéaiatemperature during the thermographic survag vecorded
as 0.8C. Internal air temperatures recorded a$®if House 1 (not occupied in February) , £8.;h House 2,

20.5C in House 3 and 21°G in House 4.

The results of the thermographic survey indicast the buildings are adequately insulated, withdglesel of air
tightness. However, a number of the images shamegmossible effects due to thermal bridging. Thimost
noticeable on the rendered sections of walling betwSIPs at floor junction. There is also a co@stincrease in
surface temperature at the ground floor and extevathjunction. In addition some weaknesses weeatified at

the openings.

10
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Figure 6: Thermal image of House 4 (courtesy of B§R

Figure 7: Thermal image of House 1 (courtesy of B§R

Internal and external environmental conditions

Figure 8 shows the monthly average external tenipemand the Mean Internal Temperatures (MIThéliving
rooms of different houses predicted by SAP togethttr corresponding values measured during the toong
programme. There were changes of tenancy in Hbukging January and February 2013 and in Hous&igl
December 2013, January and February 2014 duringhwthe houses were partially empty and not heated a

result, hence drops in measured internal air teatpess.

Standard Assessment Procedure (SAP) utilises stdindd regional climatic data adopted by the UKegament
as part of the national methodology for demonstgatiompliance with building regulations and foryading
energy ratings for dwellings. As seen in Figur@&rnal air temperatures predicted by SAP arsecto each
other in different houses without sharps peaksland. This is due to the fact that the calculatiogthod uses
more normalised patterns, such as occupancy psittdime external air temperature used in SAP @ si®other
compared with measured temperatures. The mea®xtednal air measures are in line with the Britiéét office
records suggesting the winter of 2012/1013 wasthaest in 40 years due to a very cold Februadpal while

winter 2013/14 was milder than the previous yet.[3

11
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Figure 8: Predicted and measured internal and radtégmperatures for Oct 2012 to Aug 2014

Gas Consumption

Each house was fitted with a gas meter measurmfug used in cubic metre. Gas consumptions medsa ni
have been converted to kWh using an average Galwdfue of 40MJ/My a Correction factor of 1.02264 and a

kWh conversion factor of 3.6 (kWh =*rm 40 x 1.02264/3.6) [40].

Space heating and hot water heating is providea Bgtterton Promax combination boiler, with a mantifrer’'s
quoted efficiency of 91%. Sub meters have not hesedl to differentiate between the energy useddace
heating and hot water heating separately. Thehtrital gas consumptions reported in Table 3laecfore the
combined space heating and hot water heating cqsttams.  The space heating is controlled by two éjavell

room thermostats, in the hall and master bedroom.

To overcome issues associated with tenancy chaegeking for Houses 1 and 3 being vacant for stme, the
following extrapolations have been made in ordeartove at annual consumptions in order to comglaee

performance of the houses against each other, lhasweith data reported in the literature.
For House 1, gas consumption in January and Febai@&014 have been used instead,

For House 3, gas consumptions of December 201Bd&s used instead,

12
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Gas consumptions of the three replacement monéimeiédy and February 2014, and December 2012) heare b
adjusted using the ratio of external air tempegmaftom the replacement months against the origmaith

temperatures.

Table 3: Predicted and Measured Annual Gas Consomiot 2013 (kWh)

SAP Actual
Increase
Space Hot
Space Hot Total Total Actual/
House Heating Water | Total Total
Heating Water per nf per SAP
per nf per nf
%
H1 1863.4 27.7 22436 | 334 4107.0 | 61.1 5306.4 | 78.9 29%
H2 2377.8 32.8 23125 | 31.9 4690.3 | 64.7 9044.9 | 124.7 93%
H3 1997.0 30.4 2214.1 | 33.7 42111 | 64.1 4894.0 | 745 16%
H4 2931.1 28.8 2562.0 | 25.2 5493.1 | 54.1 67079 | 66.1 22%

Annual predicted and measured gas consumptiorsptare and hot water heating for the year 2013renwrsin
Table 3. For the SAP calculations, the standadditienatic data for the region as part of the naianethodology
for demonstrating compliance with building reguwdas has been used. The actual measured climaioddhe
site however may be different with the correspogdiata in SAP climate file as shown for exampl€igure 8 for
external air temperatures over the monitoring keritis together with inherent limitations and thse of standard
occupancy patterns in SAP which might not closefyresent the real conditions in the 4 houses mmaitmay
results in imprecise approximations of actual comstions and hence contributing to the differencetsvben

predicted and actual consumptions as seen in Bable

The annual gas consumption per square metre afdl@aa predicted by SAP does not vary significabdfween
houses due to similar assumptions used in the gitedimodel for occupant influences in the caldalat
programme. The actual operational energy of bngisimay however vary considerably by influencirgydes
such as building use patterns and occupants balrav@imilar cases have been reported in the titezandicating
that actual consumptions of similar buildings cobkdvaried due to different occupancy patternsfamuly

typologies [41-47].

13
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Hot water and space heating consumption were ntaraa separately in the four houses monitored atéempt
has therefore been made to distinguish betweetwtheources of consumptions. Actual hot waterihgdor

2013 has been estimated based on the followingrgsns;

Gas consumption from June to September (4 montivg)glwhich SAP calculations indicate no spaceihgas

required has been used as gas used for hot wattndneuring this period.

For the remaining eight months of the year, aatuahthly hot water heating demands have been estimeing
the average daily gas consumption over the sumraedune to September multiplied by the numbetays in
each month. The figures were then adjusted byati@ of SAP average daily hot water heating ofrtianth over

the average SAP daily gas consumption over the surtortake into account the effect of weather.

For House 1, as the gas consumption in June agpdvéué excessively high with no apparent reasan, th

consumptions in June and July 2014 have been used.

Actual hot water heating for Houses 1,2,3 and Agitie above procedure is estimated to be of tthersrof
1952kWh, 7317kWh, 3393kWh and 3086kWh respectivélgese represent 37%, 81%, 69% and 46% of thk tota
gas used in the houses respectively. Annual SABiged hot water demands for different househ@dge from
2214.1kWh to 2562.0kWh for 2013, differentiatingayjactor of 1.2. The differentiating factor foethactual

annual (2013) hot water heating using the abovequtare is of the order of 3.7. The actual estichate water
heating demands range from 29.03kWhimn100.87kWh/rhdifferentiating by a factor of 3.5. The numbefs o
occupants living in the houses are two in HousadLthree in the other three houses each. Hot Wwatg#ing usage
per person in 2013 is therefore of the order okR/[, 6.7kWh, 3.1kWh and 2.8kWh in Houses 1, 2, @ 4n

respectively differentiating by a factor of 2.5.

Gill et al. [44] report that domestic hot water wbuary by a factor of 7.1 between similar housdbolRidley et
al. [39] have shown that domestic hot water dentandd be responsible for a considerable portiotheftotal gas
consumption. They have reported that, in the twedslV Social Houses monitored with actual perforreanc
meeting Code for Sustainable Homes Level 5 andllewhere hot water and space heating consumpiiens
metered separately, the hot water demand in the Gdwuse constituted for 37% of the total gas wmpsion,

while in house meeting Code Level 4 the respe@areentage was 23% [39].

Figure 9 shows a reasonably good correlation betwaetual estimated hot water heating and the anaiumater

used from the mains in different houses in Gainsbghh. As water needed for outdoor watering anshfhig

14
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toilets is mostly provided by harvested rain watere therefore may assume that fresh water is ynagdd for hot

water consumption.

8000 + T 300
s ~ E
- <> + 250
6000 +

+ 200

4000 -+ ‘ + 150
. 100
2000 + ‘

+ 50

House 1 House 2 House 3 House 4
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Figure 9: Correlation between total hot water hepéind mains water consumption in 2013

Actual space heating demands of the four dwelllryge been estimated by deducting the hot water iésna
arrived at from the total measured gas consumptsmneported in Table 3. Annual space heatingirements of
Houses 1, 2,3 and 4 are estimated to be of theod&354.4kWh, 1727.9kWh, 1501kWh and 3621.9k¥W#lfie
year of 2013. Space heating requirements per equetre of floor area are 49.98kWH/#3.88kWh/m,
22.88kWh/mi and 35.78kWh/fhfor houses 1, 2, 3 and 4 respectively. While sgaating demands of Houses 1
and 4 exceed the SAP predictions, the actual ettrgpace heating demands of Houses 2 and 3 allerstian

those predicted by SAP.

In order to reduce space heating to a level focltow to zero carbon technologies can efficiebiyused to
achieve zero carbon operation, Zero Carbon Hub (ZTiggests that the maximum space heating energgrue
should be 39kWh/ftyear for apartments and mid terrace houses, akiVir’/year for end of terrace, semi-
detached and detached houses [48]. House 1, aof émdlace house, exceeds the ZCH target of the
46kWh/nflyear while House 4, the other end of terrace heasisfies the ZCH target. Houses 2 and 3, both mi

terrace houses satisfy ZCH target of 39kWhtyear.

Figure 10 depicts the total monthly predicted am@sured gas consumptions. Discrepancies in gasiicquions
observed among the four dwellings are; the actaslapnsumption in House 2 is consistently highughout the

course of the year, the actual gas consumptioroimskl 1 over the summer, is exceptionally high artaah
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consumption in House 4 is high at the beginninthefyear but starts following the trends in otheudes from

May onwards.
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Figure 10: SAP predicted and Measured Annual Gass@uaption for 2013

The differences between total actual and SAP prediigas consumptions are therefore deemed to b diee
main influencing factors; firstly, the hot watemaend is higher than the assumptions made in SARanes
considerably in different houses. Secondly, thea®@xternal air temperatures in February and Mar013 are
noticeably lower than those used in SAP weatherafl shown in Figure 8 contributing to higher spseating
demands. Thirdly, the differences between theragians made in SAP regarding occupancy patterdgtan
actual patterns which are more varied among thdiénoccupying the dwellings. Similar results aeported in
the literature. For example; in a study by Gueraati et al. [49] the results confirm that occupetmracteristics
and behaviour significantly affect energy use. iy, Emery and Kippenhan [50] in a monitoringpfect of four
houses in Seattle Washington, USA over a peridtbofears found that the occupants displayed seagmifi
differences in operating the houses and thus tiakeaergy consumption, but generally simulatiqgmoie the
behaviour of the occupants in estimating the endeggands. Among the main findings of the study tha
differentiated the different tenants was their\Wwater usage. Guerra-Santin and Tweed [51] throlugin literature
review also conclude that standard occupancy patiesed in predicting energy demands of buildirsgshe very
different to actual occupancy patterns resultingdifferences between actual and predicted enerdgnmeance. In

the monitoring project carried out by Gill et @2] on the low energy housing estate in the UKatieal
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maximum and minimum annual heating demand for theuses they monitored (space heating and hot water

ranged from 46.0kWh/fito 144.9kWh/rfi.
Electricity Generation and Consumptions

Each house was fitted with a metre measuring theuatrof electrical energy drawn from the nationad gnd the
amount of PV generated on site in kilowatt hoUuEectricity generated on site is supplied by a tital of 80 of
Hengji PV-Tech Mono-crystalline Photovoltaic Pan@¥) with a Fronius 1G300 inverter and mains eieity. A
3kW Peek PV system has been installed at Houseantia 3.5kW peek PV system at House 4. During the
monitoring period, it was found that the mains &leity metres in Houses 1 and 4 were incorrecatlyording the
amount of electricity exported to the grid from % and not consumed within the property. The estions

were swapped and the meters began to incrememrtotiyrin April 2013.

Figure 11 shows the monthly electricity generatedhe PV panels and amount imported from the natigrid.
Sub meters were not installed to distinguish betwtbe portion of electricity generated by the PVigla used
directly on site and the amount exported to theénat grid. Due to the issues with the mains ngetilgere is
missing data in Figure 11 for Houses 1 and 4 asliricity exported to the grid was recorded aatlimported

from the grid.
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Figure 11: Actual Electricity generated and impdrem the grid from Oct 2012 to Aug 2014
17

Page 17 of 33



Annual predicted and actual electricity generatiad consumptions for 2013 are shown in Table 4.oviescome
issues associated with main electricity metersondés 1, 3 and 4, the following extrapolations Hzeen made in

calculating annual total energy taken from the;grid
For Houses 1 and 4, electricity consumption in dayyu~ebruary and March of 2014 have been useeadst
For House 3, electricity consumptions of Decemifdr?have been used instead.

SAP predicts regulated demands such as electuiség for mechanical ventilation, central heatinmpuboiler
flue fan and electricity used for lighting as showrTable 4. It does not however include unregdat
consumptions used by devises and equipment sutidgss, freezers, Televisions, computers, kettés,
Electricity consumption from household electricapbances whose number has increased in recers igear
responsible for a considerable portion of the telattricity consumption. A report by Internal Egye Agency
(IEA) [53] suggests residential appliances makeagntontribution to the recent growth in totalidestial
electricity use accounting for 30% of electricigngrated in OECD countries and predicted furthewtr in
appliance energy use in years to come. The refgwtsuggests that appliances left in standby modstituted for

10.1% of residential electricity consumption inQ&CD countries in 2005.

In energy efficient houses regulated electricitgszomption is minimized through energy efficiencyaseres such
as low energy lighting. In a survey carried outdngo et al. [54], they found that lighting madejust 3.8% of
the total electrical demand. In the two Welsh 8bdiouses, the total lighting demand was 5.5% ad@3n
House 1 and 2 respectively [39]. Therefore it lbarassumed that unregulated demands will consttlaeger

percentage of the total electricity consumption.

Ridley et al. [39] report that unregulated elaxityiin the two Welsh Social Houses they monitoaedounts for
67% and 60% of the total loads. Sharp and Mor§ahhave concluded that unregulated demand in the 4
Passivhaus dwellings they monitored over a 2-yeanitoring programme in Scotland is responsible4i®87% to

82.11% of the total electricity used in differeoiises.

Table 4: Predicted and Measured Annual ElectriGiéneration and Consumption in 2013 (kwWh)
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SAP Actual
Central Total Total
Boiler Total PV Total PV
House¢ [ MVHR | heating Lighting | from MVHR | from
flue fan generated generated
Pump grid grid
H1 2145 | 130 45 300 689.5 -2575.2 921 29959 | -2819.9
H2 231.36 | 130 45 335.95 | 74231 | -2575.2 1431 | 27085 | -2782.5
H3 209.61 | 130 45 307.67 | 692.28 | -2575.2 733.1 | 2234.8 | -2860.6
H4 315.09 | 130 45 416.79 | 906.88 | -3004.40 50.4 4478 -3012

Apart from MVHR units whose electricity consumptiomave been measured separately, no other subsmeter
installed in the houses in Gainsborough to disistybetween different demands. The measured ddtabile 4 is
therefore the sum of regulated and unregulateduropsons. Unlike SAP predictions from which théato
electricity demands may be obtained by adding bsslate values used from the grid and PV generaitiéggnot
possible to determine the actual electricity corfgiimns of the houses as only parts of the elettrggnerated has

been used directly on site.

As seen in Table 4, there are large differencélsédnrmeasured electricity consumptions of MVHR umitdifferent
houses and that the recorded consumptions diffesiderably from predicted consumptions. The negtisn

explains possible parameters affecting the results.
MVHR Performance

Ventilation in all four houses is provided by Vektia whole-house Mechanical Ventilation and Heat®ery
(MVHR) unit ‘Lo-Carbon ASTRA'. Each house was éitt with a metre measuring the MVHR consumption in
kilowatt hours. As seen in Figure 12 there areawidriations in the monthly recorded electricitpsomed by
MVHR units in different houses. In Houses 1 anthé,units were found operating at different posisi for all or
for part of the time. Through discussions withaets, it was understood that tenants were contgptlie operation

of MVHR units manually.
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Figure 12: Actual MVHR Electricity Consumption (kWiom October 2012 - August 2014

The operational status of the unit at House 3 duttie monitoring period is not fully understood azdly data
collected indicated that the unit was not operasingll. However, when the unit was inspectedeahrbary 2013 it
was found that the unit was operating but it waslegged via the monitoring system due to an unkméault. To
overcome the problem, the sensor in House 3 wdaasgh. In addition, the system appeared to bestliaff
during the night by the tenant; the tenant claitinsl was down to noise. In February 2014, befbeertew tenants
moved in, the MVHR unit in House 3 was set to thedliam position and the cupboard locked by the Haysi
Association. This intervention resulted in an irge in the monthly electrical consumption of thi. uAlthough
the increase could partly be due to the fact tiatMVHR was running continuously compared to openabnly
during the day, as influenced by the previous tertha reason for large monthly consumptions aspased with
other houses has not been established. It is tamoo note that tenants in House 3 may not hatieed the rise
in energy consumption from the MVHR units due tergly supplied by the PV panels towards the MVHR
demand. Similar occupant behaviour, in relationgerating MVHR units is reported in the literatuf@ark and
Kim [47] in a field study using a large sample otopants in apartments with mechanical ventilatiamd that

households use mechanical ventilation in diffevesiys due to different perceptions and beliefs.

Although in principle, MVHR could be consideredaasenergy efficient solution [56], the monitorirgsults from
the Cross Street properties in Gainsborough highligncerns about the MVHR systems, that occupant
misunderstandings of how to operate the contratsd#olly undermine the energy performance of MVHR u
[57]. Similar conclusions have been made by Gu8ematin and Tweed [51] who suggest that with the
incorporation of new technologies, occupants acedavith complex systems that are difficult to gter which

can lead to an increase on energy use and reductaverall satisfaction. Stevenson and Rijal [B&Ye also
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expressed that resident perception, understandihgnéeraction with features in low energy homes &a
significant effect on energy use. This has alssnbrecognised in the 2007 Report by the World BassrCouncil
for Sustainable Development that stated the behawboccupants can have as much impact on energy

consumption as the efficiency of equipment [10].

Differences in MVHR units’ performances have alse observed in their supply and extract temperatand
relative humidity within the systems installed ta four properties in Gainsborough during the wimodmitoring
period. The difference between the average eXtanthsupply temperatures, i.e. before and afeehtat
exchanger, shows approximately a 7.6°C to 12.43€. gan average difference of 10°C has been reabede
House 2, the only property where the MVHR systerrated as intended and is an indication of good
performance. Data for the other three propersidsss reliable due to the occupancy behaviourgesiuhical
difficulties experienced during the monitoring peti A minimum of 2.9°C was recorded during the sw@nand a

maximum of 19.2°C recorded in winter.

Operational carbon dioxide emission

Table 5 shows breakdown of G@missions associated with energy generations amslumptions reported in
Table 4. The same conversion factors have beahtasmnvert SAP perditions and actual consumptibine
factors are; 0.2 for gas, 0.52 for electricity digibby the grid and 0.53 for electricity generabgdPV panels to

convert kwWh into CQ@

The differences between predictions and measureévare mainly due to the following reasons. AP ®nly
includes regulated electricity consumption whiléuatelectricity consumptions are due to both ratpd and
unregulated demands. 2) In SAP, electricity garery PVs is taken to be directly used on sitethé measured
data, this is not the case as parts of the el@gtgenerated by PVs are exported to the grid.s Toies not however
affect the carbon accounting as the savings aceleé¢d based on the amount of energy produceddiega of

how it is used.

Table 5: Breakdown of annual in use energy andcéssa CQ emissions

SAP Actual
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PV CO, PV CO;

House | Gas Electricity CO,/m? | Gas Electricity CO,/m?
generation | Total generation | Total

H1 8214 358.5 -1364.9 -185 -2.75 1061.3 | 1557.9 -1494.6 1124.6 | 16.7

H2 938.1 386 -1364.9 -40.8 -0.56 1809 1408.4 -1474.7 17427 | 24

H3 842.2 360 -1364.9 -162.7 -25 978.8 1162.1 -1516.1 624.8 9.5

H4 1098.6 | 471.6 -1592.3 -22.1 -0.2 1341.6 | 2328.6 -1596.4 2073.8 | 20.4

The actual annual emissions including all regulated unregulated loads per square metre of flaea eange from
9.5 to 20.4kgC@m? per annum for the four houses in Gainsboroughe Sigma House, a pair of semi-detached
prototype house designed to Code for Sustainabieddd_evel 5 [59] has a predicted annual€Rissions of
14kgCQ/m?lyear calculated by SAP. The House has a repantssured carbon emission rate of
36kgCQ/m?lyear [60]. The actual monitored results in thgn® House should however be treated with caution

due to the monitoring issues observed during theitmong period [58].

A review of cases reported in the literature re@édhat for example; the actual annual,@@issions for the two
Welsh Houses are reported to be 9.4kg@®for House 1 meeting Code Level 5 and 24kg@®for House 2
meeting Code Level 4 [39] The predicted annuaj €Qissions for the Camden House in London certifietthe
Passive House standard is 11.3kg@®® excluding appliances and 23.6kg® overall [61]. The total measured
emissions in the Camden house were 20.5kgi€@er annum. Removing appliance socket loads, #meden
house emitted 14.5kgG@n? per annum [61]. In a monitoring project carried by Gill et al. on the low energy
housing state in the UK [44], the total measuredimum and minimum carbon emission rates for the fouses

they measured ranged from 15.3kgfit¥/year to 38.4kgC@m?/year.
Water consumption

All four new houses in Gainsborough have each loesigned with a large capacity rainwater harvegting that
collects water to be re-used by the householdilisautainwater for outdoor watering and flushingets. Sub
meters have not been used to measure the utiisatibarvested rain water in individual houses.fHaguse has a
small garden only with no outdoor tap, thereforrehis no evidence to suggest that water has ksszhta wash

cars or water the garden.
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In 2013 an estimated 64rof rainwater was harvested taken from the Metd@ftiata for annual rainfall in 2013
for Waddington, 20miles from Gainsborough [62]. eTéffective total roof rain-water collection arealR4 m
using a roof collection efficiency of 75% for thigghed roof over House 4 [52]. Assuming 100% siition of
harvested rainwater and a filter efficiency of 98], the harvested rainwater is offsetting appnwately

14litre/person/day for the tenants living on the $11 occupants).

Water saving measures have been installed thaidedlow restrictors in pipes and low flow rateletg. Table 6
shows the annual mains water consumption in 2dkBovercome issues with change of tenancy, tenaoicks

and water leaks, the following extrapolations hbgen made;
For House 1, water consumption in January and Bepaf 2014 have been used instead,

For House 3, water consumptions of November aneiber 2012 has been used instead,

Table 6: Measured Mains Water Consumption and geenae per person per day in 2013

Total per | Total per | Person pe
Total use
YGUGE m’ person day
(m°)
(m?) (m?) (litres)
H1l 91.0 14 45,5 124.7
H2 247.2 34 824 225.8
H3 144.6 2.2 48.2 132.1
H4 110.5 11 36.8 100.8

Main water consumptions in different houses arevshio Table 6. The water consumption in House thés
highest in 2013 totalling an annual use of 247 @presenting an annual consumption of 3.4er square metre
of floor area or 82.8frper person per year or 225.8 litres/person/dayus 4, the largest house, has the least
consumption in terms of total per square metetomfrfarea and total annual consumption per per3dre largest
variation between House 2 and House 4 having manxiesrd minimum total water consumption per squareeme

of floor area per year is of a factor of 3.1. lergariations have been reported in other studi@s.example in a

23

Page 23 of 33



study of 25 low energy houses on a site in the iias found that the water consumption had thgelstrversions

by a factor of 7.1 [52].
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Figure 13: Actual Water Consumption{nduring October 2012 — August 2014

Average monthly mains water consumptions per pefrgon October 2012 to August 2014 are shown in F&dLB.
Only House 1 in March and House 4 in May and Autpasie consumptions below 80litres/person/day, a
mandatory water consumption limit to satisfy CodeSustainable Homes Level 5. Total average copsamper
person per day as shown in Table 6 exceeds themaaxiimit of 80 litres in all houses even withowansidering
the contribution made by rainwater harvesting. &keessive water use in House 3 in November (Fij8)avas
due to a faulty valve in the downstairs toilet @lilog the water to overflow continuously. Compavégth national
trends, only House 2 uses more water than the Wage consumption of 148litres/person/day [52]e ®ther
three houses use less than the average natiormlroption. During interviews with the residentsyés found

that the high water consumption in House 2 wastduesidents’ lifestyle.
Discussion and conclusions

The main aim of research carried out was to ingattithe performance of energy efficient new hotnesigh a
pilot study consisting of 4 recently built dwellsygesigned to Code 5 of Sustainable Homes buiftarCity of
Gainsborough in the UK in 2012. Quantitative measwents using a mixed method approach involving data

logging, surveys and interviews was carried our @%emonths.
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The longitudinal approach adopted spanning from 2012 to September 2014 made it possible to ieatstthe
performance of the dwellings through different seas It also made it possible to selectively exitaie some data
to arrive at annual consumptions where there wéssing and/or inaccurate monitoring data due toeissuch as

voids in tenancy, issues with monitoring equiprreamd controls.

As the houses have the same construction and eaffigjgncy characteristics, the study made it filego
investigate the effects of occupant behaviour #rdtyle on the performance of the dwellings. Tamifies
displayed significant differences in operating th@mes affecting the energy and water consumptidine annual
space heating requirements in 2013 ranged fronBRV&/nT to 49.98kWh/rfy differentiating by a factor of 2.2.
The trends in hot water heating demands showed waoiations ranging from 29.03kWh#rto 100.87kWh/rh
differentiating by a factor of 3.5. Hot water hiegtdemand varied by a factor of 2.5 based on aopsons per
person per year in 2013. Variations in hot wateting demands amongst houses correlated withehedrin

main cold water consumptions.

The total actual gas consumptions (space heatirghat water heating) per square metre of flooa ax2013 are
higher than those predicted by SAP by 29%, 93%, &686622% for houses 1 to 4 respectively. Althoungh t
higher gas consumptions as compared with preditioay be partly due to the colder winter in 2018a@spared
with the SAP weather file, the fact which is of manterest is the variations between the actual tas
consumptions among houses varying by a factor.8f Tlaking into account that all houses have theesa
construction and energy efficiency measures thatsesonfirm how much users can influence the energ

consumption of their homes.

Findings of the research may be classified into ¢ategories relating to the LCA model depictediguFe 1.

These are;

Energy predictions using Performance Assessmerttddst and SAP within the context of this research
Post Occupancy Evaluation

Energy predictions using Performance Assessmentddst- SAP

In order to reduce carbon emissions of homes arad naional targets, it is crucial to identify thest possible
design solutions and techniques at early stagesifd to achieve low to zero carbon homes. IiJieStandard
Assessment Procedure (SAP) is used as parts afiBgiRegulations as the national method for compkaand
the assessment of a building’s energy use and eamissions. SAP is not mainly considered as a fiiogl¢ool

to accurately predict the performance of dwellidge to its inherent limitations and its use of d&md occupancy

25

Page 25 of 33



patterns and weather data. It is mainly used asimgrmethod to compare the performance of dwedlinigh a
view to ensure them meeting the minimum acceptefbpaance set by Building Regulations. To this,ahdan
be argued that it is a useful national method éolucing the environmental impact of the housingosexs a whole

in the UK.

This paper demonstrated the effect of parametéestafy the actual energy performance of 4 housepposed to
their performance predictions at the design stabe.research findings highlighted the influencéfefstyle and
occupants’ behaviors on total energy and waterwapsions in homes. Using standard patterns reptiegethe
national norms might lead to considerable diffeesnand gaps between assumed and actual consumptions

especially if a small sample of dwellings are cdasid.

Like any performance assessment method and tod®,sb&uld be continuously reviewed in order to imprits
capabilities and accuracy. The feed-forward linggested between POE and PAM as shown in Figusdll he a

useful approach to feed the findings of POE resntts PAM including SAP to narrow the performan@g
Post Occupancy Evaluation -POE

Post Occupancy Evaluation (POE) of buildings presithvaluable insights into the environmental panfnce
and user’s behaviour which can be used for two parposes. Firstly, the information obtained carubed for
fine tuning the building’s operation resulting inezgy savings and enhanced user comfort and virjibe
Secondly, it can be used as a learning loop to-feredard lessons learnt to better inform the desigrking

process at the design stage.

Post Occupancy Evaluation of buildings does notéhartake place widely in the UK. If the UK is ggito meet
its carbon reduction targets, it is crucial for PtoEake place in the mass market in order tostedilly reduce the
performance gap which is widely experienced betwisessign and build. To achieve this, the buildingduistry
should foster a transparent and open culture ®attual performance of buildings to be sharedsscitoe
industry. There is also a need for investment&bRo create more robust, innovative and cost ¢iffecstrategies

and techniques for POE.

Among the main lessons learnt from the POE of thevdllings in Gainsborough was that users’ intéosast with
their homes and their life styles were among therd@ning factors influencing the energy and water
consumptions of their homes. This suggests tlrisfshould be shifted towards adopting a sociorieah
approach to the procurement of sustainable lowggrtauildings as compared with too much reliance on

technology alone.
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