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Abstract

The emer gi ng -rtert eonfedxsi tsftoirn gd ebeupi 1 @dq h @ s muwolma tOd r o p
strategi es -efnerr grye aruli y aaahagwsi e(vn ZhEgBateunt d h maerdk s
the Energy Performance of Buildings Directi:
retrofott@ainngexplici t( bhoitghly emeerdfgocnosnafeosrdtilteat e s
devel opfimendbust and gdiewe rbsea uunseendg o ¢ hle@ eesar b ¥
pl anning i n Trheet rcoofnstt rpurcotjieocnt sssect or | acks th
foagarly -chekisgomhatl doe aeseteriadae bui.l ding
Ther ecfoorrsei,dt @aeiedg p oreaxdiest i ng buil dings to nZE
devel opi mmpa kd enagi ssiugprg @it tr diif p ¢ sSeperdepsheap Pl t bat i or
of combi nedt €d hnirqgeasadsgtr c(lainid) assessment met h
simulation, and (iv) optimiséui ofdiialigdtdyad gi es
Shasluppordteci-eaeloinng retrofitting e&netgwng abdi
comfholreg abuThledvienrgssk ear ch metcthho gg@r@d ¢ dhi nary sc
st yidnycl udi ng | i tsetraak eulr cel cdfeerV il anwad aynsdi ys-sa uddeyt, a i |

buil ding simul ati onr etnrdo foiptt i am aslayts iosn & md sdcele

The scdpwayyg desi gnedatpe @ s 4 hiviotudgyrbat uew and
practi ceursyaiywog k sshmdocused imversy egwei ingnce,
knowl edge,,aeaenxeeoctideattii oobthussttarkye h ol ddrfddeanr esul t s
t hic®ps ng nsftowdwgevde mak hodol ogyi f otrh irssAytehheesmlast i ¢
fisltdwdays c o modap @tr ¢-detl rl oyf i t tbeudi | @onuinviget risdidgbys n g

| rel ahlhe di fferent buiclsdifrog parefrgrymamae croemnf o
the ebustdngg and their opti mi.gFaitritchhrer mpper, t
indoor envir olhBnstsad s ssgmsanltd a ryr i e d oultaswedi ng
procedures andhpdeaetai ted aehengywawdits and o
of thermal, visual and acoustic comfort, tog
for occupant satisfaction. This formed the b
negr k-emeor gy performance with dempgrndi egrtd Qs aad

retrofit measur es.



Tharftihemresti gati on i nvodwheod et heli dgvelnep gegnts
model s us4ishgddythad h o sk ta galatmigloi br ati on met hod
devel oped hteo scianuilbartaitgea ntembiger i t 8imng¢g GA) . The
combined a rigorous wuncertainty atnhddoygsiis of
met hod. The model was walhibBbgdtead darefve @ éomanee r

dat arsem st hset ufdiyelmleet i ng the acceptance criter

Furthermore, the i mpact of sever al arpdoosptos ed
were weval uatleidbruastiendg mohdeed b p etchtri ooteg ho prhu Intiis at
(Pareto front-sptrobi expbbuti deepackages. The
were primary energy consumption (PEC), disco
of lietsesy¢LE€C). An additional danalhysihs pofovl
added benefits that were also t-a&emnofiint os elol
packages. To validate the efteptianmae bsftsatgeefd
approaches were examihmieagvifroptdadnet rnZEBspbrfo

The overahk!| wdlek fwirtemt retrofit appntowoehes f
mai n resear chsme ptolval od -en@ iy $f itodp radtoonre st i ¢ r et r of i
the eneagiEQcpstspechjiecti vMuldpti mi sati on et
cal i br aatniaolyfsda mao s t opti mal s eMauktionogn e ed @ 0o f t h e
packadgesed bDedsebpemntgisveosf. tFhiinsdiresear eh may
domestiretdeép@ndgroheict)dsot adkeashgold adeanpaptrioca c h  a n ¢
procéeéessashi evpyo¥ZEBe evidebhcef-tbmbstmrepbuil d
can signiftiecamnely eaedu gyt irdeomgstdhnpdt @€ gimocus of r
i ndusit mygr advBQogg ewihter ener gy ienfffarcm etntce/ , | daali )
into setting up the nZEB bfeonrcnhamadrelad iftvayr t dixei
pri mary cas eons tduodnye Isdiaitlcadbuansges n i nrge ttrhoef .idte eipmp a ¢
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Chapter 1. Introduction

1.1 Chapawver vi ew

Ovelre tl ast decades, the European Union (EU)
buil di ngt csteaclh ®@ar ¢émwmwer gy ldaan siunmprtoidounced a numt
effemcy regul atory mechani sms for bamtilrs msew
included the European Directive 2002/91/ EC o
[ 2the EPBD recast ([D3amectihvee EZ@TITQ/N3EFEC) i enc
[ 4] These ditedtmpvessi agmthe energy efficien
promoting efficient renovatboesumBogl dengsr ar
accounting fohentatraly 40680 gy cons wmmt senoand
in théTBRUs, for the EU to achieve theg] ambiti
ener gy efcfairchioenntbulioowdi ng stock is required.
given taeermerleomgati on st-2@t g eganessu)rfep ot heeu iglodai
achieviengrbgpwbuil dings amngd steacaklbohyT Re® S5Baien

purpose of improving the energy efficiency ¢
environment al benef i tesnnc yMorsetg uolfa tti hoensse heanveer gby
buil dings. Howevgearsntmere hasebeep70bnn i ncr

making existing buildings healthieelrl bfeBontg pr
witheh®ewgy consumpti on. There is a rising deé

EU foeftestive retrofsiotltuitngpntsechnol ogi es and

This research addresses thmakinder!|l gindectipal
achievingenengyybuaiekroings (nZEBs) with a foc
The current retrofit indusksyi hhedrmhat eEdU s uwsp
standardi sed met hodsgiamnd aapp rtoocacclhse st, 0 tmake o
ener gy s aovpitnignsa, |l ictoystand paybp®8k Despithe taer o
the EU codestugthas been developing over the
of existing bujl@]hgsurndcdergsutiatned Itohwve exi st i ng
industry in Ireland and deliver focused resu
The scopimensauds both a |itenghgeemebbBviaaew
pesented IChapgewmB| Zrienspectivel y. This resear
process of azcehrioe va magr gnye apdryf o-smadge of hrmmmu gehx
uni ver sity bpat trieathrl oyfhiatid iewdees riehasanrmee nieank esn o v

t wo year period and extessiVvesbdil ding energ



Chapter 1. Introduction

This chaptbhe paekgnoend that forms ctume emot i
legi sl ation and practice i ni sEUW roeist®hn ibréen st phei cst

chaptoems on outdndiinmgsitdglet 4 riemtde EUememkze gy
St at eFsuetnuerregy cons uanpel pomrs e at gadtt eads hBeys toipne a n

Commi sfsaront he energy eA &ptteencygfofi balolffdnegsg
di fferewmt heectdrasn buil dings (e. gand rtamsipor
compari son .A sbralesfo rgeivieenwe o §y pefpir esesinaaywy i s
with the s& apiodss owi tnhZEnB t he EU outlining the
states. Finally,andescciesrtairdairecsfarnatinmedwaimoke t hi ¢

1.2 Energy consumption by sector 1in

An overview of the finaltenergn tbeslkEmdptisoro
section to estimate the i mpact achieved thro
and 2014, t hres ummtail @@ nefo gl cioes witnessed a
by 11% with a 1[. 13194 Trhetre2 6&dlsucadlddays e 1 n fina
consumption-28crcossitabher Ebuted to buildings,
overall reduction timnfiacmalosenalddy secnoump 1

energy consumption for each sector FKFingEmue ope

1.1 I't is estimated that the major ddret rtiwlout i
sectors namely I ndustry and Householl®s 6By de
[ 1.1]

Building energy consumpagroiacnudlidtiud eed, tart ii aln [ roan
t heaj oafi toyver al | e nienr gEyU c(gshdgel mp i o o UWme mbfe r
stateanspottheatilamr giest ;exerpy cGemmameg: Swede
Bel gi CmeRepubkere whe si nad WsotnriynantaedeHgiygaomn:
Lat vi a,whEesrteo ntihae r e®indaemieisalt hgé.@nloet energy
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Figure 1.1 Final energy consumption pattern by sector in-E015[12]

The | argest decrease in final energy consump
(19 %) . Ot ihes wioumtsi gmief IHuaamgtargdedrld8a&g e WwWer t L
(17 %), Il reland (15%) -adAdl2UKhél8%®rcrdasengn 2|
consumption in Ilrelrecd ard uUK ioda (iaved 49y \shaalr
for Greece, Spain, Hungary, Portugal and Ita
act i[vii2zt)El ectricity consumptitbe haus ODebbd s ¢

which is due to the balance between the 1inci
use of energy efficientllappliances and techn
Focusing teheonpetrhsep ebcutiilvdi ng sector, within ¢tt
of the final energy consumption and [c®lntri b

2013 calcul ated enerrmgegsiudent inkilegri@uuet lydadpaigcat o ot

counsukiélstad vy, Mal t ayerisdad ohawe aeaderSgy use ir
kWhfanompared tdfaB41 k&hamd dod 2% @2 skyeF dErU
resi dent jcaou rbsunié Bdsilnggisum, Estonia, Romania anoc¢
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Figure 1.2 Calculated energy use intensity (kWH/for EU building stock2013[13]

EU28 countries are requigryedf rtoon e ftfsi cpgremdd cyt
consumption under the Ené¢dyylrhieé¢ sEiEaDb leinslye i ¢ €
measures so thate eaarh &dh ineewmeh ea tsaraget of 20
efficiency by 2020. However, data from 2017
have established their rogwen snattoi orneaal c he ntehrigsy ge
of theser t E&g entesmbier sfFagd3kedsedgiorenpriinmary

consumpti on.

As can DbFel gaugéem ix@®Inke countries such as Denma
l rel and, Croatiiag, L$SItdhhwamiia, HEsattoun a, Luxembo
bel ow téarey remengny consumption targets defi ne
submitted their NEEAPs (National Energy Effi
targets ¢éoer gy i smmadyfi nal energy consumpti on,

targets that iphtdbPfkate sl ow progress
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Figure 1.3 2017 Member states' progresswards indicative national energy efficiency targets for
2020[14]

Moreover, the main findings offl&ahorw ptohratt beyn et
consumption had gr aad Ra2l0l7Zy4 bdtetcir rearseeas ebde tiwre e2 0
due to cold winterplB@mnidt |lwaver f dwred tphratcesh
cosnumption increased by 1.5% compared to 201

Energy consumption has increased further fro

To f ur tardei, gdidsepows t hat the tot al sum of the
EU member states for their primary energy co
target for thetBWn(ic.oamp alete.dOe or.cadARL 8 %W, t he t &
the final energy consumption (FEC) for all n
falls slightly short of the 20% target for t
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Figure 1.4 EU energy efficiency targets for 20p(5]

The findings of the report highlighted that
to reach the EU target for final energy cons

targets i no 2Wilg’ghdreadnoegr ttpilbiy in their prog

13 EU policies on energy efficienc

I n the | ast decade,encepruttaiinn ppollaiccd lelsy dtaweeglg |
efficiency targets. There are three key dir

policies for enerfgg.7¢fficiency of buildings

a) Energy use Einemrigyi IPeéirfigs mance (28018BUBLAdEDY
( EPHD®)]

b) Effi ci ent :RBmser goyf EfnfeirofiyeOnlc2y/ 207 /{BEA)t i (VERE D)

c) Expl oi tatibolne oefnerrgnrewee wabree&nergy Sour
(2009/28/MB88)] (RES)

The main | egislative instruments of the EU a
that are responsi bhe koergheefmpcoermgnofi bl
established binding measureefsf itcoi ehneclyp [t&a) greeta c
and with tulpedarteecem 2016, the nhndw]Tlhe gePBDSsha
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resulted in mepgyveméenti ehcy of buil dings i

through national policies and regulations.

The European Parli am@ili8 wevihsead sttheedieRED vies
renovation of exXxisting bui lndsi,ngasndwi g thr emmogrteh €
energy perf or mance of new buil dings by ma
communication technot¢ogyesermd C[TH]r lepbedtecd At
must incergbrateivbBiin their national | aws b
of achi evifrergtcoet nZEB for exissiagebuebding
preparteerinomgnovation stratedomeastfior Hpoitlhd idrog
renovation and staged deep renovation are hi
Passporttesr n{ lroenngov at-2 @@ ny g@pmap o1 5t he main ai
EPBD is the decarbonisationaodl| eadruipat hngt &tic

zeemi ssion bu2.0]di ng stock

A number of measures have also been adopted
through dif2adhehtudsagtors
an annual nmae d waontslaolmensie mbgyy 1. 5 %
accelerating the repeorvafeadm) bli agsldehat 8
occupied by the <centr alcognopvaerrendnetnd sa od u rn
across al btob& buoitdenEUI®B2]bet ween 0. 4
set teimnegr gy eaftfaindiaemdsy and | abelling of prod
use of smart meters f,oor electricity and g:

pr ovi di ng ecaosnys uantpcteisosn tdoat a t o the consume

Over the |l ast few years, member s teatuepsd aht aevde)
their building regulations and N&t iaosn arle geunierr
by the EU Directives.

14 Bui | ddaonkg cshhtaracteristics of the

The EU has made tremendous efforts touismprov
regul atory mechani sms such as EPBD and EED,

performance of new buibdsnbavwitmhpraoanesgatwi vt
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the performance of existing buil doifngf ascbtoak r
75% of the bui lideifnfg (caeesnahi hg kBuelkdyngs built
were not retrehetgyedef faireireempu)irre T ®athiadmnciel d i
t heir sdtnantdeaernds r @y eafnfdid oilone n cwy mf or[t5] cTohned i EU o r
building stock refletosal adgsest vabutitoowns biut
represent approxi matel-38 76Wd lo# i o gk vl sldieecsor a
agreat potential to[]lZprpeere eherdgtaffromefBd
of -nesi dential buildings indicates that pri
area -wofbsindenti,alwhlodielsckilregspr operties <cover

establishments ceWelr3l]around 16% in EU

Il n 2017, a new database was | aunchednter t
caldEd&d Buil ding SéoxXh®Obmarmapoarpose of this
monitor: (1) energy efficiency | evel 39f EU

financing for renovation, 4Md](4) energy pov
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Figure 1.5 Share of nofresidential and residential building stock in total stock area in EU countries
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1.5 Renovation scenari o Iin the EU

The rate of construction of new -bua2%dohgshe
exi stingtbokldreg i s renovated[ p.@f Tyheuasr, ienx ids
| arge EU buil dgmigf is¢t actk potsesmrtsisalsif or energy
through innovative retrofitting strategies
expectedvathiaonreim existing buildings could r
by-68% 24]To ensure thawngUameimpemalsé acetborct s
nati onal | egi sl atiom on rreenowatsi chm,v et hmea dE U rs
(T a bllle.

Tablel.1 Provisions in European Directives for renovation

Energy Performance of Building Directive (2002/91/EC% EPBD recad (2010/31/EU)

Article 7: When buildings undergo major renovation, the energy perforntdribe building or the renovate

part thereof needs to be upgraded in order to meet minimum energy performance requirements in so
is technically, functioally and economically feasible.

6major renovationd meanret he renovation of a
(a) the total cost of the renovation relating to the building envelope or the technical building systems i
than 25 % of the value of the building, exdilug the value of the land upon which the building is situated
(b) more than 25 % of the gace of the building envelope undergoes renovation;

Energy Efficiency Directive (2012/27/EU)

Article 4: Member States shall establish a ldegn strategy fomobilising investment in the renovation of tl
national stock of residential and commercialldings, both public and private

Article 5: Obligation for a renovation quota of 3% of all public buildings owned and occupied by ¢
governments.

Renewalle Energy Directive (2009/28/EC)

Member States should introduce measures to increase theofeaergy from renewable sources in new ¢
renovated buildings

Directive (EU) 2018/844
Amending Directive 2010/31/EU on the energy performance of buildings drDirective 2012/27/EU on
energy efficiency

Article 2a:Each Member State shaétablish a londgerm renovation strategy to support the renovation of
national stock of residential and rogsidential buildings, both public and private, into a higmgrgy efficient
and decarbonised building stock by 2050, facilitating the-effesttive transformation of existing building

into nearly zereenergy buildings.

10
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Current renovation scenario in the EU needs
tat fl oor areal0Z@Gtenwar 8% da otmhat atnh eb eecxoinset i
energy effifi5éArtt byl €05 0o0f Dihree cBn evreg ys tHE fpfuil cait
t hat al | member states should ensure that :
buil dings should be r emoyv gptead oe arcam cyéd a.re gtAb T ne

Furthermore, t(ZnCel OE B[ Br]Eeteuci arset s buil dings tha
upgrades to mmetenéh@y mpei fmor mance requirem
functionall gl andf ea®inlbiméec This will be disc
sections. Most of the refB0éf iof @aatirgiyt isayvi ge
deem@t rnoefeidt st o reach 60% of energy savings to
poritef[ 2.7 ]

16 Near |l yenzegrgoy buil dings (nZEBs)

AnZEB is defined as a building that has ver)
very | ow amount .ofThenéogy enequgiyr édchat itdhis t)
covered to a very significant 2dxtent by ener

161nZEBs in the EU
The opmoti on of higherf omarkatmhup&dwkeé depembdEBgE i

on the national definitior®uat rpoeersf o bhaamecneb eor
NZEB is indicated by tchoen smawitTnhonms pirsi maa sye den
di mensi onal coefficiengondeafi velde fpommarhye ean
G efedbandai ng of[ 28k e medrage gtechewwedopocompr e he
nNnZEB r edgfudlratdaxinsting buil dings, whereas most
alreadypl ace by the EU nj 2t8ison s bfyodereapadne pnst r
80% of the tottalonmeber gnftoesocmpd by the exis
most industrialised -898% ofnsthERorceovyeniti Dluma 3
be stmaada@boOBgin OECD (Or gani-ospaetriaotni ofno ra nElc oDheovne

counftlrdles

Retrofits are mwmhwnlbiterygieng, hasgghteheynergy per
solutions withoutama ade dgastusedepmppprgachi carl
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serious questions to the r elthreafeet agdotesesabf
economic and environment al benefits of retroc
effects on hyaadndt, i pdoaducenAkctcomdiemg at o quhbeEk
Building Performaeee NKettwoskdkyv gQiBalaN)i,ceds t hat
the energy consumpteitannfoft Wbyi I7dhi% gasn dp otshte ¢
requi r etdi nfgor choealtiemg, |lhagthti ng andkWemMyr!l at i c
[ 3.1]Bet wee®% ®&f0 the energy consumed by buil di
constimwne i ng [r3tlr of i t s

Traditional building design has been quite d
stages, designers desedgnr Blones defrg Scipumplh e aoc e
perf ormance goalast blyatneoodwesl ¥légeg8 tthaernyet s have
architects and engi-meeed deciadiopn ®peolf ® r damnic
des|[ 8B]A good nZEB design is indistfiancgttolrys r ¢
avail able technologi es, mat.erTihad sarachdi tleicfteusr
process for new constrokve®nsi geinovaamnbobnclooi
t he ener gy abeuiflpagranmagncye aocsfsoci at ed 3WilShx emaeh
NEB design aspect $ 3Brisgtoendf obryti i8l)eivineal fse)s s a v e
str astievginer gy ev)f enewable wvyignmomsat iamed sol ut
technol opiees omrmAguB e es pri mary ener gowtr dchwect
rol e andr @tnrpaafcibtcssi pant sf acti on amdgdcemnfterdt i:
order to meet t heeggitglilehtgiemre.wt nZgBt pobf cEB®SsI i
EU have provided a huge opportunity for i mpr
exi stingthws | @fi ngst i lbgegtnaeadhealoduct waRty of
study of the cloXbsitgrhulcitgehotes atinhdawtZ&EsBd/r as @lay s ihs
have beenovet rtollel celmstt Vemwy yfeaw shave been ac:
i nduisdiernytd fhyugueg gap i n i mpl ement arid ® nb winldd iarcd
Deep retrofit progr ams ar e under way to act
optimisation goal §38pdhEEBCEBSIVARReS261

162Nati detlnitions

ArtictEen®ragfy Performance of dBuielcdisn&d Diembert
to develop nZEB defini[t3.8]mhifler 18x ijsutriimsgiledii
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S| ov)e nhiea/tea bd 8 isridta ro nesx i-rse 9 indge mtoina |

Tablel.2 nZEB energy levels defined by EU member states for new and existing by88ings

Czech

bui

Country Residential Buildings Non-Residential Buildings
(KWh/m?2/yr) or Energy Class (KWh/m?2/yr) or Energy Class
New Existing New Existing
Austria 160 200 170 250
Belgium 45 (Brussels region) ~54 (95-2.5)*V/S (Brussels ~180
30 (Flemish regin) region)
60 (Walloon region) 40 (Flemish region)
60 (Walloon region)
Bulgaria ~3050 ~40-60 ~30:50 ~40-60
Cyprus 100 100 125 125
Czech Republic 75%80% PE 75%-80% PE 90% PE 90% PE
Germany 40% PE 55% PE n/a n/a
Denmak 20 20 25 25
Estonia 50 (detached house) n/a 100 (office buildings) n/a
n/a 130 (hotels, restaurants n/a
n/a 120 (public buildings) n/a
n/a 130 (shopping malls) n/a
100 (apartment n/a 90 (schools) n/a
blocks) n/a 100 (day care centres) n/a
n/a 270(hospitals)
France 40-65 80 70 (offices without AC) 60% PE
n/a 110 (offices with AC) n/a
Croatia 3341 n/a n/a n/a
Hungary 50-72 n/a 60-115 n/a
Ireland 45 (Energy load) 75-150 ~60% PE n/a
Italy Class Al Class A1 Class Al Class Al
Latvia 95 95 95 95
Lithuania Class A++ Class A++ Class A++ Class A++
Luxembourg Class AAA n/a Class AAA n/a
Malta 40 n/a 60 n/a
Netherlands 0 n/a 0 n/a
Poland 60-75 n/a 4570-190 n/a
Romania 93-217 n/a 50-192 n/a
Spain Class A n/a Class A n/a
Sweden 30-75 n/a 30-105 n/a
Slovenia 4550 7990 70 100
Slovakia 32 (apartment n/a 60-96 (offices) n/a
buildings) n/a 34 (schools) n/a
54 (family houses)
UK ~44 n/a n/a n/a

Notes: PE Primary energy; n/anot available
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| r ehafsodld dolwes e countriesebgrgetutsae@gr @@uipr é man
buildings in the draft dgemhibtriied ofummae yna
energy | evels specified by EUememtbati al abas
gi velmbilZe Thei diedms provided by the member st
a percentage of primary energy consumption,
identi fiietdi arhse fdoerf isnpeci fic typologycbfabuil

Sl ovaki a, Estonia and France.

1.63nZEBs in I reland

Thilerish government introduced prescriptive e
1991. The f ibrasste dpeecrwaosr mamtcreoduced f ol |l owi ng
20J2A0]with the | atest codeflbeecitn gt hfeurrtehgewi rsetn
2010 EPBD3partasphdated in 2017) p#ahBdi It dhieng

surroundi ng nattircondaulc ep arleit chioadss , tools and r
energy performance of bui |l ditnigrscelnudadh d a € ormet
computer model |l i ng U-wal nmeiwr eageilt dgihntgrese, $ s| otwe s
requirements for al/l new dwel lings, bi ocl i me

energy requir-emenpancyobaodma pesatoino mgl atnar get
by 210e20désn dRLaorft Bui di aps Raspebasethanode that r
mandat orperefnoercrgaynccued ati on to establish the E
(EPC) and Carbon PRer(fGRCnlae c ewo dghae fad drceil eerv a n't
bui l[d4dfnig2 ] Blue | di ng &Regudiawvi e iseelt di (VP81
an@uildings ot e PWihtam odpvedil fiinagsr equi r ement s
of buil deggl adithreenss most t hierramad n tesn wasridn men & re
systems in the btebtehgiilaean, onnanheid/®Eg hobndi
water anfdhdseghrteagqgl.ati ons have been updated
direct its users to achieve them by addressi

The NZEB deaé wibywiil on dwtelhd | Dgp dryt ment of t he
Commuty and Local Gover nment (DECL G) i n | re
Coeff(ERPENtO. 302 and Car bon( (CPRE)f dOr. BaOrbc evi G che fpi
energy consump¥iyon o&lbwdB&iWh/ the target for
rec¢ve significant r-esov xthvigg mcafudemg2@d@Gces a
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heati ng, | i ghj)[idn3g] Fow ke svvaretnitli atl i duiehdiodgs 50a

60% in the energy and carbon performance i s

TheouNathi onal Energy EfficV)enwygs Aceli eas &d ance
reinforce the national targets of reducing
focusing[d4TheZEB andard Recommendation oS. R. 5:
provi de gui dance on tshef edwellgdySTmegfsdu gch emnhi
Recommenedahmiomal tgui dance i s preawoodfediwelInl it e
having particul duitedgamgdstetoviaksi,ctaedapplic
a whole dwelling basjasnd gddédmre malnalgeimeadit n@fs ai
respect of dwelliogstolfhehisast8&hderdarmnddRenomr
managegeerdesspeci fiers and installers worKki
dwel I[ i48Joswe ver, a | ack of ri garoaomgsi cmebausiulrdeisn g

achieve nZEBs can be noticed in the current

1631 nZEB Mar ket <conditions

| reGsam@si dential housing stockt warsetl gy ndafi ffii @
Nort her nbuBur msggaedni4ae8dh ow a st r amygo urseechuwoc tdi oenn e
consumption in Ilreland by 4%/ yeenaerr gyi recied i 20
i mprovemenvardousenypgs of policy measures a
Largegreffi mpeowsgmentodfredmmmdocoan bHwepwean 2008
120 XRi gugtehbel ue | i ntehaczvediageaet e satoea rodu red fl.cH %/ny
according to t he fArcDiemée®td)8yy of Ener gy
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Figure 1.6 Energy efficiency improvement by courjég]
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gover nmenal ahragvee n umpblaetrim eanit temhedhgort a ms

i nt rORIBIRAtLOIJaZN7 JofThemer &g saTeadll3en t hei r

of

I npduurcpt@ soent aama&a bl e

Energy

admini steredgrnabmese asamere 290108 .

Tablel.3 Measures on energy efficiency and renewable energy in Ir¢aid

Aubh hvoeity

Sector Title Status Type Starting
Year
Household Pr ogr amme i Ener Ongoing Financial 1988
Dublin
Household Building Regulations 1991 Completed Legislative/Normative 1992
Household Building Regulations 1997 Completed Legislative/Normative 1998
Household House of Tomorrow Completed Financial 2001
Household Warmer Home Scheme (Low Ongoing Financial 2002
Income Housing Strategy)
Household Energy Conservation Standards 1 Completed Legislative/Normative 2003
New Dwellings (Revisd Building
Regulations) 2002
Household The Greener Homes Scheme Completed Financial 2006
Household Low Carbon Homes Scheme Completed Financial 2006
Household EU-related: Energy Performance « Ongoing Legislative/Informative 2007
Buildings (Directive 202/91/EC)-
Irish Response to the Energ
Performance of Buildings Directive
Household EU-related: Energy Performance « Completed Legislative/Informative, 2008
Buildings (Directive 2002/91/EC) Legislative/Normative
Building Regulations 2008
Household Building Regulations 2008 Ongoing Legislative/Normative 2008
Household Upgrade of Older Housing Stock Completed Financial 2009
Home Energy Savings Scheme
Housing Aid for Older People
Scheme
Household Building regulations 2011 Ongoing Legislative/Normative 2011
Household Better Energy Homes (Residentic Ongoing Financial 2011
Retrofit)
Household EU-related: Energy Performance + Ongdng Legislative/Normative ~ 2013
Buildings EPBD Recast (Directiv:
2010/31/EU)- Irish response to th
recast EPBD
Household Smart Metering Ongoing Information/Education/ 2016
Household EU-related: Energy Performance « Unknown Legislative/Nomative 2019
Buildings EPBD Recast (Directiv
2010/31/EUV)- Building Regulations
- Nearly Zero Energy Homes
Tertiary Demand Side Manageme! Ongoing Information/Education/T 1991
Measures raining
Tertiary Building Regulations 1991 Completed Legislative/Normative 1992
Tertiary Public Sector Energy Efficienc Completed Co-operative Measures 1994
Programme Financial,
Information/Education/T
raining
Tertiary Building Regulations 1997 Ongoing Legislative/Normative 1998
Tertiary Building Regulations 2005 Completed Legislative/Normative 2005
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Tertiary Bioheat Boiler Deploymen Ongoing Financial 2006
Programme

Tertiary Action Plan for the Public Sector  Ongoing Financial 2007

Tertiary Assessment of Renewable Ener Ongoing Legislative/Normative 2008
Alternatives at Design Stage

Tertiary EU-related: Energy Performance « Ongoing Legislative/Normative 2008

Buildings (Directive2002/91/EC)-
Building Energy Rating

Tertiary Air Conditioning Ongoing Legislative/Informative 2008
Tertiary Tax Relief for Energy Savin¢ Ongoing Financial 2008
Equipment - Accelerated Capita
Allowance
Tertiary 2008 Building Regulamns - Ongoing Legislative/Normative 2008

Adjustments to PartLConservation
of Fuel and Energy

Tertiary Renewable Heat (ReHea Completed Financial 2008
Deployment Programme
Tertiary Supports for Exemplar Energ Completed Financial 2009

Efficiency Projects (SEEEP) and tt
Enegy Efficiency Retrofit Fund

(EERF)
Tertiary Better Energy Workplaces Completed Financial 2011
Tertiary Public Sector Retrofit (Including Ongoing Information/Education/ 2011
SEAI Public Sector Programme) Training
Tertiary Commerdal/Industry Sector Retrofit Ongoing Financial 2014
Tertiary EU related: Energy Performance Unknown Fiscal/Tariffs, 2018
Buildings EPBD Recast (Directiv: LegislativeNormative

2010/31/EU) - 2017 Part L
Conservation of Fuel and Energy
Buildings other than dwellings
Tertiary EU-related: Energy Performance + Unknown Financial, 2019
Buildings EPBD Recast (Directiv Legislative/Normative
2010/31/EU)- Nearly Zero Energy
Buildings (NZEB) Building
Regulations Part L 2017Buildings
other than Dwellings

A numboefpr ogrhaamse been unhder halkemehdédlmedtctary

i mprovement of ener gyl heef fdiicsitérmeyup siiodcaes ratsdh eva b
on financial , | eogp esrlattii wee,, endou cneayt ifeve L@)nedo | n f ¢
A rise in the number of | egisehbhti helsehmadi x
was oObserved2®OEaweevrer 20 G 8 r tah eb utligarftoi fantayt 1 svee¢
finaammd all eginsaltatviev ep/enoogrr amsr oduced in Irel anc
of energy effi diuenany 0i2@B®rB8ovement s
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el ative .
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Figure 1.7 Energy efficiency measure pattefios household and tertiary sector over tifdg]

The provi semtni wds tshieppgarct s t he,bnuatr kteot wheante ter:

these are distributed among the parnicTlp@ant s

adoption of innovative retrofit prodEBs$s ind
The devel opmehnhneZoEfB masrakm@tgesidorn n ter ms of i nt
activities, management s upgpuoarlti ttypnahoenwnrpalo a w tc

among different sbdntbhieonahsstueecqhe tdsmepmlsaencntiong
units. The |l aunch of nZEBs was indpeéemtPadoby
Dagsampdidggain I ntelligent Energy Europoen progil
exepr i ences of buil di regheamdy Ibiuvil dg nigrs nearvliy i
Doors Days events. Energy AcénmnobDoorss[codnpaing
The onfgoweiry Graanp alf 9hs brougsage hef mehe i mpo

energy efficiency to all consumers and has p
their own personal energy efficiency through
t hGGentral fStiadc éadsvibddts, Oui | t-18uwengnéd®dp effici
(96% of newly built dwellings were BERL1IA rat

(36% of newly built dWwvellll Appgsoxwiemat eBEyR 2A7 % ¢
domestic constructionAhbaet Wwe-¢l{ baGEEdeodh & hRE
conducted on 758 constructed buildinglsd durir
[ 52]However, none of the buildings built pri
This highlights the o¢pgpmwmesdwmine tdseevdetd corp paampd d @ p-

strategies for achieving nZEB.
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There ar e steavnedr arlfe a@bgacenrsi eir sh retrof it mar ket
report by iJrosZ®® Curtin

1 Hi gh upofsrtosntand di scount rates

T Split incentives between tenants and ownhe
T Lack of reliable information

T Uncertainty in the mind of customers

T Availability and reliability of energy se
T I'nconvenieateoflut §ng

T Collectiom laome @awmndiIrs

Even though these barriers and reasons wer e
today, albeit reduced somewhat| sdMamge 0200 helsd

are alse appbtbhabl EU member states.

1.7 Resedramewor k

I n this section, the outline of the resear
preliminary inquiry conducted before tae mai
develpoopsetd t haadi hbgai mgt hodol ogy was formul at

met hods.

1.71Scopingldehudytcation of gaps

An initial scoping studgyhwariaoggdarcgwdbonl dh
(NnZEBBnHnough i n@txn cftii tn gf adbcuii hn ghheegas v ¢h -lweil ng of

occ upTahnet si.nttheen b pohg study was to explore a b
been reviewed c¢ o mprpeelhiemmtsa avaeituyhvabf@ifcoarned.uct ed t
underasndanex amimte, trhaenge,t eand natmrehefdomwmsicm
stakehol déndaoral Eavs ronm®ntaald Qual iithygaCt oI
building enempdy mmaedielelgininrgof t egillkege wsitewd enabl
t hedeoamhdadfo gaps FRebl wvhiamsgt akehol dewasi neadtucge
to understand t he ,gasudahaematnide a dis b élgrsirpaoiiarca fi icte s
industry sect oar alolmpkBu reddpheeao miadn caroftodthesc taisvse s s n
was to deepen the understating of the retrof
stakehol ders withi nantdhei dceonntsitfryu ctth eo no@irpiodrutsut nr

and edciwvi obhin the scope of this thesis
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Heme, the broad research questions investiga

T Whatshe r elaantdi o mn$plaitcpt of iaansd oenn elrEQQy per f or ma
T What are thendaatienggsdargidpsotfha Il ndustry
nZEB sd?o0 al

The scoping study was designedl| usemngtv icemanbi n
surveys, workshmomg tmesé ndare VR ieas taen@hdh pitrerdet
3. ThHendings frothudyhempprocompdedyr sohntdhegexi stin
anprovogdpdr tfumn t s eset oofbet heamsi der @wd i nh dsa s
i nctude

T Abseoftéesltddi es anddatnao niint-ctcermpyge catce fi onrat e o
powamo-tomeltui lcBygs ol d
T Lawquality awudand nus eproffotrs tdemdganrodssi s of pr

existing buildings
T Quanti fitdiemp @ante od Ol fEQt hemr mal |, visual and
and indoormanalner gwapetfydr mance

T Lack of aendp edramailsse@mgndomestiretdeépts and i
effectiveness
T Role of buil dicogehbend hewpadcatd so fii nunicrep utag |
on its predictions
Devel opment of building endrnha$EQnedalds efsor
| mport aintteegdadmdr of it strategies for S i
appr oarcd eist s appdadeosatiiconb uoin dnionng s
T Appl i c et lotbn eocft i ve otphtei midseanttiiofoif cf eslteifeapr o f
retroxfiistt ionfgg.ebui | di ng
1T Absemfcegui dance feagretamfduct iamgl ddep benefi
and energy. performance

1 Feaisliibt y-t ef ml oegov aftdro-dromre s at egbeisl di ngs
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1.72Ai m and objectives

Foll owi ng t hee smaipn n@gi mtafdyt bBitdl ophent-sbbwas
maki ng fsourp pdetepmfothb mest i c( HBY¥r bdti mipgllove ener ¢
performance and I ndoor . Emer etfanmaecnhtiaelv eQutahliist

foll owiwnwgs owegreetior mul at ed

T I'denti fying aanfd ed(@masotocuedsynigct @ vl tdiaeh g)
influence of retroefnivti rcant mela d a pehmse r gcyo mf ¢
performance

T Syst emateciilopdmewhodol ef bai |l di ngmedelt gvwses nqu l
fiel dansdt vddaydiat di f f er &rmotr rraegarllogfsieto n s

T Evaltrudahe rumlcerdfaalnyts/i s pr i omo dak xciasltiibnrgat
bui |l dnidigshpact on outputs

T Cal i br ateivreg nodpdeesd & geanienrsgty and reafve m @maene n
data for accur adxi satsibrnegs sarech p e th thaent i a ned ed
study bocl ddingg | EQ

T Identification of r estt ruadfyi tb umd ad wnrge sb afscert
audits ancdanfeindlsd amaelaewral uating them usi

1 Devel dpicrn-pa koinng twswuipmport he cahidbin alteend | My «
appropriate reitmosi gl ag osttamad @ lyipe we sn %

perf or maoopsteéi manldi tiyhpmadow@r Environmental C

1.73Met hodol ogy

To fulbodkejtdeti ves, the researtchmame nhstdalgegy
presenabidei hhisB&@gesynt hesicopfi mgomistldiaitgai |

Ssystemadti wd yf i-@fb ohe s h 0 nt hbauti | wla sn gp arutsiianigl yv arreitort
research techniques and tool s fori tienvtadruat i
rel ats maretr m anhdr moawad oyrscelscvaduadabeet he i nfl
retrofit on occupartsnchegnecat i brBueidn b wialsel i ng
develadpiesdt sessi ti vbfythpalkysus atdanai oplutect
durit hfgi-ssageéeheFutrihmsdt atylecea | | lbruatledd ng ener gy m
utilised to ewvradturaafei tdi s dileutaigeindpeaedk age D pt i m
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for the fieldegaudgt dbusli dgplrgeadacohda sdiagedi @ d

maki ng rfoofri trse b jnevotfiviceagg ahademfeo gty .

Tablel1.4 Description of methodology

1 Field study (surveys, audits, measurements) of a pakrti
| Field stud retrofitteduniversitybuilding
ield study
Standard s blradsoeEhvironment Quality (IEQ) assessme

Shortterm and longerm analyses

Building energy simulation Building energysimulation modding

Il model development and Sensitivityanalysisof simulation input parameters

calibration Automated cabration of the modelisinggeneticalgorithm

A =4 =4 A =4 =

Evaluation of differentdeepretrofit measuresusing multi-
objective optimisation for singlstep and staged retrofits
. ) ) 9 Outlining impact of deepretrofit on energy consumption
Decisionrmaking using ) ) ) ) _
1l o o indoorenvironmentaluality (discomfort hours, IAQandlife
multi -objective optimisation
cycle- costs(LCC)
1 Deepretrofit solution packages for achieving nZEB

performance

1.74Scopfe the research

The research present ed-riert otbif e xtisa s ingg daia ll diw
NZEB performance -maldi rsgi.p proarste sl ectdh esdiooma i n i s
ther,efeot@in boundaries and | i mitations were
i nvest i gradti rngf idte egpphe E&Jx 1 evehgabuil ding stock
Due to |Iimitedr omearaceét n wnf itthemewmwk etwagsa hieo rs
' imited to wher ¢érsshvepigntwantkisehwp Weért dowugihdu
t heradi fev&m t he climatic cohdietipoopostdmembaéa
consi deppsl itchaet i on of techniques an&i metehodtde
EU building stockhe sscvoanre ®a@fa atold me vieod etl, o ¢y
i nvesta guantiivnegr si t-go meis tlidd )ngag ntome rxe tiisnga sltarc
from this categ®»0 yyagresdWibteh wiekeenE3Ot sntni bar t o
buil ding typologies in thacEUt membieel dtatedy
selected IimMhthiapptescsaddowmhwordad beher xtesmrded t 0

nocomestic building typologi es.
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1.8 Theweoutsl | ne

The thesis structure comprises ofaskboaadcha
Figure Thedfaiptetr i ntroduces t he fsruabmeewncotr,k . moTtt
secohdptabor atbsooprtt bavliiaabbh ic krgervaitedii @ m Chapt
3 to Chapter 6, the pubrdt esdedi tstubdmevtiteewd. aFritniz:
Chapter 7 <coll ates tama awercd luld ersefdudiaarrcehe sfeiarnke

and practical wom |l i cations of this

Chaptefr tthis thesis presents t hanoitoatn@ad diutcst i
relevance in the current scenario within the
consumption and renovation tr eenndesr,g ya |lbounigl dwint
the context of retrofi trsesarTchhe ari an parnals eonbtj eedc
essential areas required to be sntakdingd sampag oir
Further, t htehne ¢ $ o diiogh toggrgens eerft ed encompassing

Chaptlirgil i ght dtidrhaatnudrues it édndetwtno fs ev er al aspect
stakeholder investigation, performance eval
principles of Indoor Envid+#€onrnmewownaenQualnidt y t ¢
occup a&nrtgss eanrt ed . Al so, the significance of [
buil ding energy modalndahgbratcentaretgi soasy
Cycle Cost (Th€CG) carmpltyesi presents the gaps ic¢c

Chaptent Boduces the scoping study carried ou
maiom| ect i vlei s study was to assess the attitu
professionals towards achi-eevmengh ondZoH Bbsg.y Aw acso m
the investigation that i nvalned et e ewss e wiotf
participants from |Iranahdl| dhgesmaweaer bardeprt s

study the indwbitcly fPpdeatdthte: cceagwrise of t hi s rese

Chaptpredlents a field study ¢tledatr ouaisvteerdsn d wc
building to assseswerndle drufitdaedmeangcieo psarafmet er s
audit, asmeawyrse e nmasi.n Tahi mwatk ot ios | stwuaday st an
approach (based@ 6,0 nhEMIIERERANED 5I5SO06)ZFVY@® conducti
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assessmensttsi ngn beux | di ngs that could guide 1in
comfort, visual comfort, acoustic comfort é
perfor mamcs.esBmesnde s provided an approach ant
reopfit measures that are discussed in the ne

Chaptout Ibihnee sdevel opment and analysis of a Bl
is based on the field study presented in Ch
conducttldeouamersd &Bp determine the sensitive |
The BEM otfi ntghef ieedids study building i-sta@éibr
cal i bration met hodol ogy usi-inlg) aamndaudc @omai car
performancdhgpamemstuegresl. energy consumption ar
usedef oraltibbrati on. The cali brated model s f

Chaptedva&ances the main methodol ogy to anal ys
st ubduyi | di ng.bjAcmulvtei opti mi sati on wmrso pcroinadtuec |
deemgtrofit soluti onoptaicrkalg essn alFusitdhewags ac crod
best solutions for the retrofiatntcienng Tohfe trhees ubl

presented for the thrnde eorbgregeyt i cvoenss uonfip tcioosnt .,

Chaptaeirsclusses the main results of the rese:
findings f2r3om 4Chahtamd 6. Thebermapdendi cesopr
aspects used wi $dmen hdefsedl iurdees e@ir ch.sur veys é
guestionnaires for stakehol der i nvestainglati on
data coll ecith winl citrga tleermgiey( g wH niod e a taingdE P$ awursi pt

(results empman@dacxtaomhecodened version of Energ
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Retrofitting of existing buildings to make t
environmental qualitdhe@al EQ) and wehébiei ngccep
of theemeqqus of key stakehol der s, di verse k
acoustic and visual comfort, vyl mdoodoerl-tA/iarg eQulal
cost aanad yosptsi mi sati on algorithms ndred nrmdti bhoa
standards for evalwuation of building | EQ, en
i's essential t o dTehviesl ocph arpetseera, rSceha éi rrieghuni @reiiZensp.r ¢
on the method and r eladvws®recd i ®thatBlo88aseakemolt
principles and aSescectsisomenPi wds |tEQe ainmpact of
performascgnamndcianect iFaumatZleéss,cuissi on i s pres
building eneegtyaimotdieds , amdccanbnbRatbtipenm.spent
integrated retrofits i s presented focusing
optmi s Steico madeas @r. i7Tbes tigchasiCostaef (LICICé and i

deci saikd m gm

22 Stakehol der anal ysi s

A stakehol der anal ysis is a systematic pr oc
i nformation teredeteomi nevoheednstakehol der s,
i ssues in developongcpsl|l oci es$ hepr agt ddghs pmn
Stakehol der seapertth,e iarcdiovisdualisnggorst gkeup®
particular interest, actsoglobaprogaammeadat

commuph2ty O8¢ of the main aims of stakehol de

publ i c palthhe ci plae¢ i ofi. st akehol der s i's cruci i
guidel i nes, as wel |l as develicepi ntgo stoa cuktlieo nts
regarding social, economic[4¢&nvironmental an
A few major steps are foll owed for a success

specific natu[rldlhef fimsestsit@ptieonto identify
ofethesults, along with the plan and timelin
stakehol der anal ysi s, key stakeholders are i
typesanidmtleersest s t hat ar e tdoi rtehcet layr eoar[ Bifn diinrvee
I n the thirdast etpo idemtsi f ywptome t ool sheo be
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data and its analysis. Tools such as -stakeh

charts are adapted for analysing the d&ata co

online surveys, interview (Wkestpipagn n afifdree |aansdt
step is to group and accurateffythgemart alci aea at
matrices for | af®#¢ qualitative datasets

The scoping study phase of this research f o
involved in the enpeqgiyf ianal Wiwti A&ls oigi steied go.r , T
di fferand typypes of stakeholders can initial!l
create the national [fehavatuaoy ishr Spfdigen tifi deen
opportunities for improving the energy perfo
where different stakehol ders werenerdgyntndt rea
providers [almbjnign oag hwpoargkar of a study conduct e
and tregeersst udi ed i n retrofitting private
stakehol der analysis where participants wer e
gover nment ONG@O@s) s atnidg nast pA et lter report frec

Business Counci l for SusfabBPhabhe Peaeelggprmadd:
buil di ngsheoudtilfifrneerde nt stakehol der s invol ved
construction and these i neelsutdaetde tchoempaarnciheist,e co
authorities, developers and financiers.

St akehol ders are genernalnlcye, anadley ged ofl ®@r atnhde ii
assessed based womdermhecosnudbijderater onse ofor t he
main stakeholders can al so be2]JdAnet hdmr oumgpo
aspecctan hbat st udied i n stakehol deerratainoan ybse tswe
di fferent stakehol der s for understanding d
di fferent stakehol ders of the wval uieedc hbayi nt hien
WBCSD i s FgiglwEre i n
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Local authorities

SR AL

Capital prowders eveloper Agents Owners Agents Users

I

Designers Engineers Contractors Materials & equipment suppliers

Figure 2.1 Relationships for energy efficiency building supply chiai}

There are several actoretaofli expenssruovbbue
the gofivtektr of it i ndustry in l rel and has C
wi despread uncertainties regarding the invol

and authoritiadsei segimlri, c samad | praindd meait iuomu € n
ot her businesses. The barriers exist in taki
path outlined by the EUespecdahilegyemidoReghgev
renovbheme.i s a greater demand ef arn hihgh esru pspk
for energy efficient retrofit[tli3nfgootintdbesénran
existing issues of the retrofit industry, 1in

conduct bed ssahg ODf arChagpndri 3 presented in

Furher Ilprntesgearntuedke in this chapter focuses on

evaluation aspects of this research.

23 I ndoor Environment al Qual ity (I

I n tsodmodern socdetpprpaeompheesped® 0% ofg their
in buildings; therefore, l EQ in buiflldi]lhgs h:
this aelgarge body of soctibaelhasvdioance eaeedremy il
t habhiemprovementtQ has htealtthhe bfetifeli &t s US

Department of Emdmegyi esalhbPéshedmance Measur
Protocol (I MPVP) in 1996 for concepts and g

associated with energy[d@fifSkekervataocer meagedes
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i mpr ovementen trhaatte ch atvee ibrepr ove | EQ, especi all
ventil at aoadcodstgihdads .ngCur r ent@nplde giEdatei pusbde d
member states in Europe to address the exis

efficient retrmefaenszregwpwdbachdewg perfor mance.
opportunity to idilnivteystofatenptbeingabobh | EQ
exXxi sting buil dadiensg gsnteodc kr ewirtohf ivelmeasur es.

Di fferent retrodliltowne amaldieestmr unfrd édse edsgo | d gr e a
i mproving the ener dyw oenfjfuinccite nocny wo ft hb uai Irdaii sges
efficliEeQscyt,aki ng cemermrtailo ned @mmiuvtahhe armualdtmap o
[ 21]However, the impacts of retrofits are no
coset fveect malnh2x]jrDeep retrofits (saving over 60
benef nthenotdework performance and i mproved
such as offil egpegdosnmmerocli ] esclt abl i shment s. Pr
as the ratio of outamaltsi Vet ges pr bpa@ruicdls,, | sg@emivi
energy, l abour) I mpl emehh@ Jeldn ttoh i psr osdeucctei otnh e a
|l iteravuew i s presented from the existing re
potenti al iagpliincaklsessing and i mproving | EQ
used to bimMhegebenebnment al factombopof, t heoms
and indoor air qu[ad.3]tEa c(hl &a@gi ¢dheefsierea i BQ t he

subsections with steanmgaactd st a ntdh & elsatag < h.

231 Ther mal comfort

According tp2APHRAERS&ENB80O mal comfort is that
which expresses satisfadAbSdRARI 55 abhpetc88®r Mma
the combination of indoor thermal environmen
hmi danayi r velocity) and personal parameters |
acceptable comfort condi tnmoodnesl st ot oo cicduepmatnit fsy.
sensation in a space; namel y, itvlee croantf ioonn a Imon
bot h t hel 2s4t]a,n daz2rcd]s
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2311 Overvid@dwromial comfort standards

The i ntroducti on of t her mal comfort assess
conditions for humadhi edcapancgs darsc bjekmhle sttt en
Bedf[o2&hd G[i 29here is a strong correlation b
international t her mal o amd.@]iTrhgesstea nsaltaae nddbaer edies t
included in curerpdmthl @nd nwiedealay i aagZe/lJ02x5S%]andar
ASHRAE 24 and EN24d]5T2bel appl i cation of t hese
deter mfoetceaondi tions for new and relatively
confined dtoiron heeh wivfad uomemt a1l swt be used for o
environments such as classrooms andi tabbonas§c
how to apply theosmestaondexdstTlogndboopei nfst
stdaor ds al so excludes the guidance for the d
systems | eaving r oroerl atoi oinnsv\etisht dtgtadi>eir shdnle «comf
There are no standard met hods rwhid¢hiaoagn olhe ewm
and systems in order to achieve the space co
catedg@dihds situation deepensdovmd st it dh eb wigled inrg
where deep retrofits are reqgalredmforachhneat
efficiewtfffearcdi vestmanner in tandem wditdhcomfher
|l eads to | ower productivity | evels in the

renovat tdomedcsft incg .a]iTlhdei nqnd roducti on of the EI
Bui |l dimtgi vDei)reand its recast demands adaptat

renovation or retro[ffia]t,i n[g3D]f existing build

A literature study affirmed that among i ndoo
been rgh&edohigiven primary i mportance t han
gual BdyY¥Foassessment of indoor ther mal comfort
criteria are described in tharstheemrdaradcys oasrmsd t
These criteria are discussed below in detail
2312 Ther mal comfort model s

Overpaste 100 year s, many research efforts ha
model s predicting the ther mal sensation of
generally are mat hemati cal model s wmenthal r e
factors and certain occupant factors. The ma
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index that encompasses all rel evant par amet e
on thermal comfort shows t va@ pdisfafcehreemmatt ea pcphraor
tests and adaptive approaches/yeld studies.
processes of t he -Ptoatye I|halsoplletdirtyd a ghteer artoy mo c
standards [ ASHRIH ZBbH3 0T he |lehdot erdalpas ve t her me
model s and st an®ASHRA Ea Adher cApreean clEM1ss52 Bl setf an
EN 159251 ecifi es shhowe ntvoi reosntnaebnitia l I-innpduut s tprairaalr
buil dings (single family houses, apartments,

energy performance calcul ati ons.

Heatanbcael model (PMV/ PPD)
The heat balance moe@elcowdin ks oins sneaadad ssimes

t hermoregul atory system essentially maintain
i Fi g2 elt assumes that the thermal bwamamce o
activity (metabolic rate) and clothing prefe
environment &f ) parameeepserature, (ii1) mean r &

and (iv) humidity.

The most notablteh owda ed sv ehlawpree d eleynademtgrea lilne d
climate chamber on 1296 yosm@t Eaamiesihe rd tnuoddeenlt
these experiments,stsarsgarcdish we g e addtdeerssssebrgd ie n e
activiyiwvere Tdhieked to vote on their ther mal
they felt, -pwsinng ASHR Ace & thirearmandumer i cal scal e
foll owing range: +3 (hot), + 21 ((wsalrimgehul+ B 1 () s |
(cool-3 (amdl d) .
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Temperature |« ------- Thermal ___behavioural
sensation @ ------ > comfort regulations |
A X !
Controller i __-v Hypothalamus ---------- | E
i e 7y i E
e Lo P b
Feedback Skin Internal Lo
elements thermoreceptors thermoreceptors ! |
1 1
S - :Tig""":L"'
Controlled ¥ 2F
Body shell - Body core B2
system ' gig
S A A AA ] ZE
1 1 1 |
External « ) | > Internal P!
disturbance disturbance i !
e L T
Controlled Vasomotion sweating E : Metabolism shivering <«--------- E
. (] !
actions Clothing !'! Voluntary movement |€------------ '
Heat transfer q----- Signal path
path
Figure 2.2 Schematic diagram of the thesnegulatory system in humaf85]
Fan@ermodel i s a combinati on of t heories
t herrmgul ati on, which determines the ranges
of the building. According to thesecetebsesi es
(e. 0. sweating, shivering, reguilmtaing & bald:
bet ween the heat produced by metabolism and
Thus, Fanger proposed the following formul a:
Y0 w Y 06 v O YOV 21)

where(S) heat storagg(M) metabolism,(W) external work,(R) heat exchange by radiation,

(C) heat exchange by convectio(K) heat exchange by conductio(E) heat loss by
evaporation anRES)heat exchage by respiration (from lateneat and sensible heat). This

equation related thermal conditions to the seveimt ASHRAE thermal sensation scale and
became known as the APredicted Mean Voteodo (F
into thePé@dPcewdiagedof )des. sTaetPME and RDogenérély D
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express thermal sensation as warm or cold for the whole body. However, a different criterion
of local thermal discomfort can also be applied for design and dimensioning, which includes
draught, vertical air temperature fidirences, floor temperaturand radiant temperature

asymmetry) as described in ISO 7730. This model is applied to people with light sedentary

activity sensitive to local discomfort.

Fanger related PMNedrm tthhe a antbuwdHaumtaen thbedtd yo wi rf
given environment and the heat flow requirec

the following equation:

006 QO M RO (22)

wheties air tempesamaan [ AC] anui st amdeartdtvier eai[r
[ m/mils humidity (vaWMbar mpt abs lf]i,e)lairgkk Bcd Jow/hm n

insul ation [cl o].

Further, based on theFanxgenr idnewndladp sd uan esmpmi
of PMV wrirtehditchheed Per cotRPBDYyewbDi sbhapreflietds t
peopl e who feglt!| ynowar 3n6hj@dm esdraoell ati onshi p betw

i's represented as:

D00 pnMmMwuAID Moo GO @ T8 p@d b ® (3)
This relationship indicates exact symmetry
This means that i f PMV=0, a minimum of 5% of

i n mahlercomfort fr pBEGP@RIs@no wso tpheer sroenl at i ons hi
and PPD. The PMV/PPD model has been adopted
55 and | SO 7730.
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PPD = 100 - 95 * exp ( - 0.03353 » PMV*- 0.2179 PMV7)
ao | PP Y
&0 ™ e

@ N -
. NEN

; N
i 1/
o Py

4 T T
20 45 40 05 0 0s 10 15 20

PREDICTED MEAN VOTE { FMV )

PREDICTED PERCENTAGE
OF DISSATISFIED ([ PPD)
[a*]
=

Figure 2.3 PPD as a function of PM{24]

Depending on the ranges oftaPnvje sa nadr & PdDe f if maud
standar d HiN slesd2 50ln t he ASHIAR NS radnsd ITSh@G 7com
forms one of the bases of the design and ass
and existing buimThabdlagsipwasvers,hotwme imappl i cati

categorilearily netf imed for the old existing L

Table2.1 Recommended categories flesignof mechanical heated and cooled buildifig§]

Category Explanation PPD (%) PMV

High level of expectation and iscommended for
spaces occupied by very sensitive and fragile pers

I p ) P ) Y y- _ g-p <6 -0.2 < PMV < +0.2
with special regirements like handicapped, sick,

very young children and elderly persons

Normal level of expectation and should be used fo
Il o ) <10 -0.5 < PMV < +0.5
newbuildings and renovations

An acceptable, moderate level of expectation and

1 o o <15 -0.7 <PMV < +0.7
may be used for existing buildings
Values outside the criteria for the above categorie:
v This category should only be accepteda limited >15 PMV <-0.7; or +0.7 < PMV

part of the year

2313 Adaptive comfort model
The expeoiemenakli sh a relationship between P

chambers. However, the adaptive approach i nyv
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and their everyday envi rehanetdpesipd psamaing tad t i
clothing and to their thermal environment to

from the field studies that determine the r €

bal ance model I s gercerndaliltyiceagem! bagaabd e d da g thie
applicable to the naturally conditioned spac¢
environment by three means: physi ol ogi cal (e

clothing | €vosli nhgompweddpwsy hol ogi cal (cogni ti
vari aBl7geal rsipeaplienseonstantly interact wit
and adapt to it, making it comforttaheepacéor

must have operable windows with no meecfmanica
wi t h uinocnoenddnieti snmayc dhave a heiat i mgovpee am] eb wh
applying this method. One of the main invent

i s the expression of indoort cadomonf otref BBa Mateu rat
Y 0 Y 0 (2)
whereY = comfort temperaturéy = mean outdoor temperature ahdB= constants.
A notable attempt to identify this expressio

ad Humph3®]lywhp4wlorked on relationship of out
comfort, [Adbwarems develphyisngl|l agpssgkthmodel ,

[ 4devel oped new indoor temper at[u4®hatt antduad ide
the tacaptadati on in the built environment.
Il n naturally ventilated buildings, to cal cul

indoor asaiveopemperatures are predicted base
weighted runniogr meampefat heeowhdn the heat.i
[ 26 heT expomeenghtadd yout side running mean tem
dependency over which the occupants adapt to
Equatabon 2. (

o p | 0 e (3)
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0 (B)

whettgs the running meanpeirmad aao ret, diioar tdhoes rargd, n rv i
mean indoor air operati vetedtiesmptelreatdiaiel yf ome atr
temperature for ttehe phevidaus ydampaaneéxter nal
before angdjiss oa omansHeamrt bet ween 0O and 1, whi

if the running means are calculated weekly
The indoor air otper abitaened mper attthree r(0 oms
t empertgt umaes (used t o deteesr nainnde ctrhoes sc oenvfaolruta tre

categories defRé@ard amekEdNb22&mR 51

Table2.2 Indoor operative temperature limitEN15251[26]

Category Lower limits Upper limits
[ timin=0.33tm + 18.8- 2 ti max= 0.33fm + 18.8 + 2
Il timin=0.33tm + 18.87 3 timax= 0.33tm + 18.8 + 3
m timin=0.33tm + 18.8- 4 ti max= 0.33fm + 18.8 + 4

Note: These limits apply when 10t < 30°C for the upper limit and 15t < 30°C for the lower limit.

As pBBL522b]the adaptive comfort model s ar e
outodo and indoor temperaturestc|l ohdédy ngl meadyned
|l evel s. The oatceau ptama st tearnmmalegadndi ti ons only
adjusting their €l gt2h e ntghe Arsansgheoswno fi naccept

temperatures) are plotted for t hier btue rhmge rmagt w

bet we-2h. 30UC. The mean outddMomeai wasempeDal
showhi gadk et here are thregei patld% &doceptabptab
of acceptabperap€awvsyue)yt)bBlIO% acceptability
acceptabl e aiCattegmamer ddungs)O@0% acceptabil it

acceptable air temperatures-Catredomgyhelr stand
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Figure 2.4 Acceptable operative temperature ranges for naturally conditioned sfzgjes

The adaptive approach t o d omdevarrtb ohna vped.éc]odni dnigt
Studies have shown that adaptive opportunit
retrrodgitestf or existing office buildings and
sensation and thé5mal[46Mfort better

Overall, as recommended in EN15251, the ther
models of PMV and PPD during the conditioned
the nat umeelp ivoedn.t iTlhaetried or e, for standard base

i Bhaptoefr t4dhi s research wor k.

2.3.2ViI s mwandf or t

Vi sual comfort i's defined ifla shéj] Eatobpeanco
Vi suabdeiwed li nducendvioymp h8hvi stalvi sual di scom
as a result of either VYionudlow comf adroto ihsi gah du
depenadmrentertain factors sucamtdasghthasns nat uc
spectrum and 4r7ij]sk dbdfasghbaeea reportoed vihsadalt
environment c abneiaidgd atnod tphreo dwecltli vi ty[ 48] t he
There are minimum values of il | ulhidP@dmceaevod &s c

places in buildings that are required to be
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ned[s49]A literature|[S0kgaydby Babberalt psycho
soci al (occupancy), phy«xitaall (oirn et asuah) g
responsi ble for wvisual comfort I n buil dings

vi sual asomheyt have varied perception 50lf] gl ar

Soen of the commbdolkyvuseadrlemedbensicorsitbed bel ow.

Il I'I umilnlalncrei:nancei atdaf swme d aas tdy pnheyassiucraeld g un:

is calculated as a ratio between tW8,.]l uminou
O —J[ux] (2.7)
whelpies| | umi nalnde mihoxl; fl ux

Therefore, i1l uminance iIis used as a single c
l' ight falling at anesisnuglee upsli amamge at Hatx imeteasy
124-5[44,9hme ni mumount of il 1l uminance required i
500 lux. This metric has cernteaiamyl ii miftoatmadn s
the quality of |light, (iri) 1t dodsyhoghtefar
(iii) 1t does not account f dpeglspretaveist do

Dayl i ghtTheadtagr:i gght i $§ ageaoer §IDl'y applicabl e
I nternatd&olnhail ragle (Cl E) ovdearycléi&ggthts kys fcoorn sa ac

usef ul for the assessment of gmmt ef aotom@ar das
consider the effects of direct sunlight expo
0O _:l)—"C)pnTtb (28)

0g

whePOd# s the daylight factol;, 06 =ik ¢ dabdtena oop &
at a specific poi Q@ ont me wirrki Intga pé aner avai l
a CIE ovelr®@st sky

As mattaeayloifghtacwhi ch penetrates a room gene
4 4
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(i )cekyonent, (ii) externally reflected comp.
The maxi mum daylhehwi nfdaocwso rwhisc hn eaarre tdue t o
average daylight factor can beeamnlesyyidgn ostasges

50 QI OUF—— (2)
whewWes the area f§fAi sheowahdawsal[ mf? Fihse tihnet er

gl ass transmitt drice tdceer rvd cstiebd ef osrk ¢d eamtgrl ee aifn

t he wi nRliosw tahned aver ageA refl ectance of area

Spati al Dayl pati &aut Dbapyimyght Autonomy (sDA)

daylight that a particular space receives du
on aamual[ B&A]sTihse hourly il l uminance grids are
map the daylight recei ved. sDAsmulsatdalnc uwiatt

parameters samweadshelroacatnidorn i ons throughout
l ight that a specific point receives above
dayti me hours is termedsDAF538Spati al Dayl i ght

p Q0D 0O
m'QQ 0O

B 8

B (20)

i 00

N T wi R

wheties each occupivéed howeiightdinggéaptEtoal dep e
anlH«t hat are the horizont al il 1l umi nance at a

il luminancreedpencti wall we

sDA uses pthhe deoa@rnrada on and annual weat her da
direct Il rradi.dmheeefmeras,ur ieme ntslsea ddraylt Beggleto uf a ¢
Anot her benefit of this metric ,whiitchepadsilblt:
by measuring the daylightidecegi seflf doreng eaa

the total i s below a minimum t hreshol d.

Dayl i ght GIllhaer eDalynldiegxhit D@heatrrei cl nidsexused to co

gl are sources such as windows and sp&befical
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DGI metric was studideadyi uidiigwth oimesmahesshyebrt s g

measured, anmogitt iwars igrbdBeédhh@aedi si nmet consi de
when there is direct | ight or refliextdefnisned
as:

bs P

0"00p 1t i Cr@ x B PR e (21)
whekweihs | umi nance t[herddipgph t he WwaoKgwawpan i | | u
Pis the poUGiigangpwliamdek source in s;trérsadihans

sol i d anglbee ascuhb t&dudaemegt he point of view of t1|
respect to the poeil di Ro)fiviredeaxhaid dt méwntah r e

DGl irsr eal &toweenbt he source of | uminance, siz
having a background of sky Il uminance with
compensating for additional eye adjlusuameinds t
fam 18 to 31, where 18 corresponds to barely
to intolerable gl are.

A range afaevmatiraibdse t o measure visual di scom
due to the ease i-c0 gntd,d dtwne meamtc ean(d ulxow at t he

a common metric for the assessmemti sofresieqaun al
Chapt.erHodwever, oblasredi,echmi madsn cSep at i al Dayl i
(sDA)or r e sopomala stuarriynign g l i ghti ndleactoedmtdijons

Additionall vy, Daylciaghh tauGlearbee ol mMike)s amMBG It th eg Id

through | arge openings.

233 Acoustical comfort

Acousticiscomhertporesence of a comfortable a
uncomfor t[a3bdl]Acowoissec comfort i-dso nceosntsiicd ebrueid dc
| EQ iasndgenerally given high preferpehi$gpk.71n of
Occupaatissf actpiloanc eisn cvamb kb es ppecencd e verdi vacy an:
sound ,whiveed si s i dentified as the main probl
wor kst[abt8i|]Bms | dntng pll @ynea signi ficant role ir
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sound i [nS.@]Tahteiroen exi sts a number of methods t
spaces such as the | oudnessurleviedv gldB()SPle)q,ui
( NR) , the noise clrancad omoicua versi t(eNrCi)an ,b at he

( PR)ntdhe room c[r6.Qleri on (RC)

General ly, t he nomidse acrist earnida baifi | o me-s ar e
wei ghted sound pressure |l evelmeddB(&Ad )sohmad
for the relative |l oudness ag[ 2pe]Theiseedrbyetrh
to sources from both ,wtdihche ared aitn sviedd otulden e
used ttdel ismiuthd pressure |l evels inside the s|

in case of occawanaers wOipenomgr avti inan of HVAC u

Retrofits can enable the reduction of i ndoo
comf ornteragnyd edf 6.1 cNoeinscey cri teria do not direct
budtepend on the openinge,oft o emmiensitmiaste oonust.d oFoori
may ¢l ose windows in summers and this would

energy bne required to maintain indoor ther ma

The metric of equivalent sdeedepgr sLhiapd elee Vv ®
4in this research due to iIits capabthieuthyant o c

ear.

234 1 ndoor Air Quality (1 AQ)

Poor I ndood Aisr kQuoawn ttyo (have acute and chro
ocupdgmnet2s] It ysrediatedl to the ventilation rat
which in turn are r el a&StBeS9hit oh Sii £ ku Baid | tdo ndye S
where occupants have ac[ug3®]lmealltols eadn & nova mfoar

rel ated t o bot hi cah e nuiasiaslelearmad n plows des, co
environmental tobacco smoke, f orGmsa)l,devheyndtei,|l avi
rate, temperature, -idampaiersg $H1] a brna wzii snigo ma naf nw

supply is known to proViehéTlhecWprnlad!| He pletr It e
( WHO) has published indoor air guality gqguid

effectb the target to ensure t$e6.6pjfAovieyi emw
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studies on I AQ in[$dhgbl s ghaeypassapoes ain. tfF
were not adeduwudteal, y cmaisi ng health related sy
of 2COexpowallraetriglasni ¢ ¢ o@w)o,unmo UIVEDs and micr ol
all ergens. Many studies investigated @ he 1in
heal tpheraared ved 6aift.0Jqual ity

A study on t he>wadsho co Gdctaeligpdatinit sfi nCO o mmer ci al é
buildings o&nt3, DA0 aboaoaup 400 buildings 1ind
symptformish@Qconcentration is consideeedi laat aol
per odc/dppantsi nce thecestar mehbodshamnrrad lbiawedl lee i
metric for [méedlseure qmigsnmoAoQ | ndex f ot hiemnd@@dor eali
caal be expressed in ter ms2odn crenqu2 ® tleAdo nveecretnit |

study among European countries showed that r

not comprehensive and need additional attent
asext lidi bggicodes by the focus countries: Bel
Ger many, l'taly, Pol and, Swel[d@Badaeadntthke UKi (&
frame tetati sr & ashagprtcern s4i deasseda COr oxy for mea
anal doe to | ower costs compar ¢ dcedroc eontdohreart i noen
indoor pollutants

24 | mpact opedfE®Qemand productivity

A direct relationship exists banhhueielnditnhge ehneear
efficiency up@g7ddlempramde mentr oif n tisrhdhcoltlasmmv i r
and intangible benefits to the occupahb}ls as
Review of existing |iterature suggest that |
i mproving the i[n7i%cdwheme@dwmohmenty may be def
of out put (work performance) cost)imedctu ¢i ans

organi sation a231Zh®Wwn in equation

LI € Q0 WO Qv cho

(22)

The average agedone stthiec elxuisitdinegg snwomd EGr gpar
compri se of commer ci,avhi aehd apeblbied nd uiulscidn g
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untssiasfactomng o6EQt he maifnradoaat@a@®@o viesne n't

productivity which in [t7BrjlQubnt ngscaciboonmbt |
become a keuysidreiswsearse tftromf dbeepg heir buil dings a
with energy efficiency. Sever all sacshpoelcarss ohfa v

environments and human perf or mamatceo us@d lc sas
[ 88¢0]Moreover, great attention is beitnsg amady ed
energy performance and d&oesotwronise aaglrey,rbgea rnog
buil fildagne daellsiover opt iomare nitnajsucade geyvii bed i n
[ 8.1]

Productivi kegiycodetsecminnibmeg rtah ee goye ¢orf a fdietegpo ah d
it ismphaectwor k per for manceorok drwi Hoonewesatnst.g hie
relationship between productivity and I EQ im

owners when deci di nign ounp gwhaati megr tthcoei ir nvobeaus tl di

consumption and i mprove comfort | evels.

A ndel was proposed i f 8APHHRAIEh et rantsiamd ti iomrs
effectiveness ok impooghnignaoooéri ¢e gRbsmeoonnse nt a
the conceptual model which il lustctonasesgetheic
i n buisidgmgc hdeenges, retrofits or operation.

costs, operation and maintenance costs and s

| EQ. This model can bebutisederre ¢ dé&sodampbierned arlte
relationship equationBi HpRStTehedese efacshu o d dheatb
was determined as oinmploé meé mtei mg | todnea tdt aemro di enrdsa
emironments and it requires further research

bet ween the f dlI820wi ng are strong

. High temperature.to sick |l eave in winter
i. Low temperature .to work performance
iii. Buil ding maintenance to compl aints

iv. Acoustic environment to task performance
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Input Measures Work IEQ Human Benefit Benefits
data and force responses Categories (reduced costs)
their cost
Workers
affected with
the measure Infectious 3 |d 11
. > Reduced
Level of respiratory Health —a- Health >
existing | 1 diseases & eamcare Costs 16
IEQ
Selected measure 2 p |Allergyand 4 f
for asﬁhm; elalggj
IEQ Change in / otherbuilding- | Yl oo 12({P| Vaueof17
Inputdata: improvement: |—Y | indoor related '”"853’955 : E‘;ve days || Working
' _ ; t |environment | Gained
« Buildin * Improve \ T
« Work % P themal conrol s 6 /
« Economic . improvgd lighting Pterfoanance g| Valueof
+ Climate * acoustics Thermal k. | atwork L] Imroved -
. . iati TP * I
« OA quality ventilation etc responses : gﬂ:ﬂl;lvﬂ,l g Output 48
Perceived 8 groupete
v IAQ (odors, I Value of Less
stuffy air etc) \ Job turnover | 1 Recruitment
Investments : |_w] and retirement [ [ B0 12NN 13>
MO_perahon Complaints 9 {["m 14| |experience
aintenance Problem n
Interest rate, i 10
R =N
Firstcost || O &M costs + complaints cost 20

 » Cost effectiveness
\_, of the measures

to improve IEQ

21 |

A A

Figure 2.5 Conceptual IEQ mael for owneroccupied building$82] (SBS=Sick Building Syndrome,
IEQ= Indoor Environment Quality, IAQ= Indodkir Quality, O&M= operation and maintenance,
FM= Facility management)

e scient
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n

n

all s made
bsenteei s
n

product

t o bled weie2nrO dowever,
peo®dl activitythshgaafn ec E®@dabg

assuming t

mad e .

An experim

temperatur

i fic |liter

ature suggest sdetpheantd ipnrgo d

d accuracy] S9f]wthlee ewsr k ar anot her

t he o ctcyuppea notfs baunidt di ng. A study mespeerded t
st uodfy it v

by the [VAr]Kbdes efheatdiab§ sepodr ém
m were al soradppolddx]@shempiort iemd itad
he bui l.db5ndys Focs[kd S5 ast

based on tthkéeé t emadiupreof ,ovherees@a@ar cmpr ovemen

ivity in t

hat i n res

a

factor of t wo

was appl

anot her factor

earch the var ikeetliyonso nbaec

ent was ¢8di ot tnteéd debwolLamt eer al and

e, operati

ve benvpeenrtaitluartei,o na@laattei,v el

noi se. Based on the findings, a rel

votes wa s

pwoposed a
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YO T18iowp 0T ol 0 T8 pwi VW@ QU (23)

wheREBE relative perf axmamuaoe pedrwatmeearcteagdl msens
vot3E t(o +3)

A direct relation was aésotlkestBRbEbEdsbeddbie&R
and produfk87v)iheg rlelsssti onship was derived be

Fanf8&.6]

S G006 GOde GO HObw OObw OHOOwm (24)

C

whePe | oss of product iPvEObybsorr eoerrdogimam ceo g fA

Linkages bet weceonn deintviiornosn naenhda @ €osbo shaete ns fiadcet ni toi
study of 95 occupantpmsl anmwoa fkfsif @e J Bbonveé) d eart g aan re
study of 167 new or recently retrofitted (<
(Finland, France, Greece, Hungary, l'taly, Th
hi ghessfaation ratigmgi wagscomventtdoll owed b
and aif58lBes egrrceht romf intotned school s [ &89]Portu
identified insufficient comfort and | AQ con
14. 6AC and |l ow ventilation rat esThac cpaumulear
componhndédmat swwedemed i wen etmpreeveetnuri d p@gdhieamr combi n
effecamtleC®Ohesr,réehese, are di scussedwinhdeteasiplec

to their eff.ect on productivity

241 1 ndoor air temperature

A few stadiesmphadeto investi gatdootrhaimel &tmpa
performance emphlheiscaogpamesrel ati onship of
manual.Bawoerdk on statistical ,Rindk [g@athfalo 1 aatt 1 artee ¢
the |l ink between tempeThdwr\walainda tweod ktahpesirrf orm
fewi eld and experimenta-bnal ydi € s ptf hBed dae ust thoodr i
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deritened ol | owi,ngwheeqguweatiitongi ves an estimate of

varies wit[h9:t]lemperatur e

YOP T T XVET Mrnmu Pg ityy mMinnneéYyco M@ opyuvogP2as)

wheRBthe relative performance, £Fcommatrechpénat
(AQhis equatiponciadl motf or tempeB2tACre bel ow

1.05

-

o

o
1

0.95

0.90 -

Relative Performance

085 4+—1—1— T T T T T
14 16 18 20 22 24 26 28 30 32

Temperature (°C)

Figure 2.6 Relationship of office work performance and indoor temperature based on the study results
[91]

Their L [faisrhdoiwi gsg 26, e hi ghhlaitg hotipeagdmanse | mpr oved
the indoor air tempeR&tACr eanldadsvham ek matausredmip @ ir
is abB8AC22The overall performance of occupe:
temperatures. Settindiwmso fwoadtdi mumrrdaotvMes rmic et
i hbhewior k envirodomessi of bnohdiahgs.t uAlly chanamuwcd
call centre office environme/n% dsuheo vieod etl heavta tpe
air tempeoa BACrB®Ii mi,| amat yweemper at ur@t tbel ow
productivity was [ocdhHdlenved itto dbanrlkeedudedi ved
|l ead to a f alnld il o werroedsiecapiesvoiatteywi f ect . prodoot i

air etramhppure | imits form a cruci al part of | E
exi stingThaidpmplnigsabi lity(oél athieve eme info@ e giam
evaluateldyexneaosher real envirg@maments and pr
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242Ventil ation rate

The outdoor ventilation rates vary consi der a
the fresh air requirements for tqhuaatl izzoynda.n Mee
of concentrati on uotfa nitnsg 8adnfd tad @ thsoe rosefaripeod tts and
indbomi dity | evel s. Poorwomlédodboraancgqguahi by f
9% amedncan i ncur significant|[ XP]|sSte piprafhd@ait] ssto ma
studied the impact of ventiiliaéi ohmromglwos kt ee
experimentgls Wweeemestim | arly employed to fi
temperature to the wor2k5perfTbemartatasnshipq

YOP AgDx@ ¢ @ 1O o o Ipnamn (26)

wheXfies new veentiinl alt/isomperratper siodn7 (asange bet we

@) X®P zm P 1 o ofR (27)

Thédowve equations were derwaedemasedr anedi nka

perforwmsmpeoved by an incas askebwg7iveent i | ati o
1.04 — —
1 Minimum ventilation rate
@ ' often in building codes for offices I
o 1.034 : ="
a | '
E 1.02-
S
E 1.01 -
m -
> 1.004 ¢
4& . - - = = reference = 7.5 L/s per person
o 0.99 - -:-"‘" reference = 10 L's per person
o / : — = reference t= 15 Lfs per person
0.98 — . .
5 15 25 35 45

Ventilation Rate (L/s per person)

Figure 2.7 Various ventilation rates and relative performance of employees ingBite

A simpl i fiticoant i cofnsZdoduittviao m s gi[wBdOn bel ow
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YO P icpDd TOOT (28)
pel Q

51 /s Pdbsbnhs per person

243 Combined effecttofeiaddovehempat aon

The pevious two sectiondiscussedhe empirical relationshipof productivity with air
temperature and ventilatiomhecombined effect of air temperature and ventilation was studied
by Wargocki et al[78] to derive the relative performanaé occupants of a buildindt was
proposed that the magnitude of the combined efféeastequal to thabf the parameter with
the highest valuebutnot more tharthe sum of both parametei3ai et al.[17] proposed a
equation for overall relative performance based on

Fi gA8 repr e Rratsiatge v e per fRoramsa ntchee aenfdf ect of |

either from air temperature or outdoor vent:i

YO -w'YO YO P - | aow h -®'YD YO

a OWYORYD p (2.19)

Referring to
Figa8 dée horizont al axis represents the indc
represents theiominddabprtiebenp omarke ptervw or manc e
Uandare the change in relative performance w

coordinates.

D
5
$
x
&
RPy=1+al+a2
........ L
'/I (to:Qx)
/" RP=1+max(a1,02) RPg=1+xl

Air temperature(C) (tw90) (to,90)
RP=1+02 RP=1

Figure 2.8 Relative performance tar temperature andentilation rate[91]
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2441 mpact ekl €0on productivity

CQi s used as one oft htebet imlesdtrei.c sl nt tr chohnae absdu rwa t
the indoor airbornanglolld ugaeamd¢ s¢bvwiechearnand B a ht g
that |1 mpr oMemernts cfgnd® e kedr ovim ¢ Ih v eenftfil]uaetnitaosn
thus 1 mproving ,abeuwd sadoirn aS et gueat $s2 y8d4t h€OD

on humans have been studied i n rl[eTl.&]tAill drm otuag ht
i ndoeirs COhot a pollutant, its | evels are ofte
occupant . tEldpiantatt ioonn woofrdku ep rt cod wda tfif wirtbyav event
been outlined in Section 2.4.2. ASHRAE stanc
the outldewvel €Of or [0¥%5]iwhe hieeacsd miinegyde dl e nelloor
in EN15251 issB800gpmuiflodi egf2.8ba@aVv ¢ uduntha oganr |
(10P2800ppMm)eved s on cognitive abilities of o
research and iasi gasifmpoaacmd o no-maheey edge @ingdi @rer f o
[ 96]., EW&Nuadieom| af i @Oexi sting buildings to
t o i nprrodveanidvihneywl th benefits.

Since there are a numbeveotfi fa&EGoattese (evel
involved in theieasthiumdtdhemgsof nt beatERQon adds
evaluation for overall comfort i n édupddialglsy
for exist.Thgsbuwislkdasrcdhs | aregealmi nfi agu s ehde dampac
on | EQ parametngrs afnfdeetvea |l airato ¢ ¢ usptaundty sbautiil sdfi:
i RBhapt®ev rapls were identified such as | ack ¢
i metrics for measuring productivity and abse
investigation of the I mpact | EQ on pirdaruct i\
scop€hamt.erHo/wever, a brief I nstieggchti mf priacst
i mpl is¢c &thiapn.er 7

25 Whol e Building Energy Model s

Whol e building energy modelling or anal ysi s
cat egorniveesr:se( Imodefot wagd andid8¢]2ni ntghe i nverse
approach,anahley seinserngoydel i s used to deduce t hi

coefficients, base | oad and time constant. T
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dat a,y eemenrsgumpti on data, and other partdeman.
ot her hand, the forward model |l i nntghasgpr aahceh
buil ding characteristics such aasnHiVACsHerUst i O
for gener attignrge dtihcet mohdee | f i nal iesnetrlgyy m®Nts upng
approach and exi sti-©,g Brodrr gwaPR leu sy & c ThROMSs Yo O El hE
appr ¢Fa glQaenki g2Ir@®h ceva c h oafp ptrhoeasceh e s .

Inverse model

Figure 2.9 Inverse modelling approads8]

Energy use

_n-.-_’

Weather

Base- load

Representative building
parameters

Building performance
data

Schedules Time constapt

Location

—P

Building description{ Geometry Forward model Building energy use

Figure 2.10 Forward modelling approacf98]

The existing energy simul-atabe opbpoldynamnc u
approachestata esbedidtisi oanrse, ntohte tmondee dependen:t
a simpler calculation |Iike energy consumpti o
ti me dependent and generate outputs that h a
t hrougho,ute fffheécitdaiooy i ng afdtecledogiengiwi ndhi s r

simulation is preferred using EnergyPlus (di
the real scenario and reduce the risk in out
251 Buil ding energy simulation tool s

Nowadsagwer al building simulation tools are a
and existing buildings. iThipesel yoehver gar ecenag

energy consumpt i-®Oync, | e aGd sitgsh t(i laa@E) .4 oifred ooonr, phoe
| osses, heat][] 9g9a]iThe sandi onledat fmdde exi sting bui

construction data of the building such as g
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wi ndows), schedul es

equi pment ),

tools require a higher

(occupancy,

compl exitireed agdgndnismt @rs i n

bei agduimdubeéry

CE, rESPES and TRNSYS. The
were ma@mpa&wd téfyh 0an]d a

bui

H&/A € veanlels gggymss,y st e ms

operati on, I

and e

di

understanding

ngs .

contrast.i

|l ectri c:
of bui
Ther e

ng

Bnondhr ase BR2AREBesDOEENner gy Pl u.

capact

compari soam @ifvamldenof t

Table2.3 Comparison of simulation features of building simulation t¢bi®)]

General modelling features

EnergyPlus

ESP-r

IDA -
ICE

IES

TRNSYS

Simulation solution

Simulation of loads, systems and solutions

Iterative solution ofiortlinear systems

Duration of time calculation

Variable time intervals per zone for interaction
the HVAC system

Simultaneous dection of building systems and user

Dynamic variables based in transisotutions

x

Complete geometric description

Walls, roof and floors

Windows, skylights, doors and external coating

Polygons with many faces

Imports of building from CAD programs

Export Geometry oBuildings for CAD software

Import/ Export of simulation models for progran

Calculation of thermal balance

X | X | X | X| X| X| X

Absorption/ release of moisture from building
materials

X | X | X| X| X]| X| X]| X

X | X | X | X| X]| X| X]| X

x

Internal thermal mass

x

Human thermatomfort

x

Solar Analysis

Analysis of Insolation

Advanced fenestration

Calculations of the building in general

Surface temperature of zones

Airflow through the windows

Driving surfaces

Heat transfer from the soil

XX | X | X| X| X| X| X]| X|X

X | X | X | X| X| X| X

XX | X | X| X| X| X

X X| X| X X| X X| X| X| X

Thermophysical variable

Daylighting and lighting controls

x

x

Infiltration of a zone

X | X | X | X | X

Automatic calculation of coeffients of wind pressure
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Naturalventilation X X X X
Natural and mechanical ventilation X X
Control open of windows for natural ventilation X
Air leaks in multiple zones X
Renewable energy systems
Solar Energy X X
Trombe Wall X X X
Photovoltaic panels X X
Hydrogen systems X X
Wind energy X X
Electrical systems and equipment
Energy production throughdRewable Energy X
Distribution and management of electric power X
loads
Electricity generater X
Network connection X X X
HVAC systems
HVAC idealised X X X X X
Possible configuration of HVAC systems X X X X X
Repetitions cycle air X X X X X
Distribution systems X X X X X
Modelling CQ X X X X
Each distribution of air per area X X X X
Forced air unit per zone X X X X
Equipment unit X X X
Most of these building simulation tools <can

t he choice coompltentee | ws edre peemndd t h e[ 4 Ohdagsq ubi ereenme
devel oped over two decades. I't is a compreh
t hr dagah forms su¢h Ge@dd CpeesniSgtmuBldaior d er efwl ®3 ] Lee
of 18 enetrdgdyi tr e tftrledetil tyaraeccessi bl e, 9 of then
simul ation engi mmndl Y2 oes@udussbeOE The remai ni ng
empiridal wedatnar mati ve met lpodgu,loatlibghhelriggHPtl iursg
Si mun aé¢m@i ne. EnergyPlus software/ engine has
studies of educational buildings, where the
with -onujlgcti ve optimisation to detCGMsnmi nfeoren

achieving | eewn earngdy npellaéra fzgerrflos ®5gdy Pl us tironalryob

reommended t ool sve ¢cahmdn itth ei sr ecsaepaarbclhe of hand]l
mo d e | due to the possi b[ildil]y, offTodbel, aill 0déw]i In
utilised iCrhatphaes@ St udy i n
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Uncertainty analysis

l ding energy modelling is sesceptiibl ¢é hteo i
se tools work witigathagdedaba@e heansafnprtd ,oni
enti al t o conducaterunooe rdteavien toyp a nedliyasbilse ibr
re are certain boasuncc dratcaiomnrtsy tihmtB wiolndirn g
di 1 0id.hes. (i) occupant behavcbangegi dyei
rati on apn(di vmaianltteenraantcieons i n i,08doni néervY NBA
t gains and (vi) building equipment. Curr
ertai pt98IRAnrBEBMe of sour ces boyf Hiengcledrtgd Jaail nt
l e carrying outsweanlrergy scecemarfiida wmaerytsaist

ertainty, model i nadequacy and observatio

rearnrired vsources of uncertainty in buildi
ntifiesd thenmddmhreough different anal yses
|l ysis. The two tasks @reensdfttievd 3 e/ smpntaeydy sier
|l ysi s -requofaceatldatrpartd bhOJphecesare sever al
anal yen ducctaend bdee pcendi ngs uacrh talse srienqgu ier evns
amégtléedSensitivity anal ysis met hods can
mpuwntadtliy f ast antdhienpdiucddhadv@aseac@am)d and
h odess s(irceng,r screen, wmardiednde aliaseexd mamae mdte
ertain parameter o[viellRdjwlhod|l esemasi ameti ¢y 1 3
sitivity of thesohjnecotnievei nopuuttp upga rtaomecthean
ameters fixed, aMhudtee ggltolbeale fsfeencstist iovni ttyh ee

nging input parameters acting Fhmukcbhaneeu
me t heorddss deen several factors such as ti me,
hodcaumbred of input variables. Localbysensit

ersen anhdilwgvédndBEMn t o provide builtchieng de

act by adjusting a focus paprearnfieotrenra nocne ipnrdi

|l ding construction. Gl obal ksneonamsni taisv istcyr eaer
ed methods that identify the | east 1 mpor"
put in buildfibbd4lenergy simulation
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Based on the advantages of gl obal sensi tivi
screening methpd)bMern migs coenphio-chdstonand yyd mash
to handle | arge set of i nput parameters. F
proviQreaptar 5

253 Model cal i bration
Théeuil di ng energy model méB&EM), cat ebabt ven a

i nt er ®@elnttétforcan al so be based on special tes
BEMal i bhraad i opeme@arr advteo @oarameterised proces
interdependencies winthnignexiiet waonfiphlbl diOdiNegpr e
Sever al studies have demonstratedlIfvdtl®dds ¢
Graphical techniques have also been used to
bet ween simulafda@0imd i doctadualondatsa generally
anal,wlkserse the sensitive parameter s rarneg itdheent
| tiiborm process. There are certain risks inyv

commendations such as; (a) using hourly 1

a
e

alibration, (b) tightennggthéeamptckptutdarcame
pace through vi stuladougtspaereditonn, ahdl) waalki br a
utcome variable, (e) combining -oadioirte iamadiepata
nd (f) usi ngcal isbmad tse ch anndhadeer o han one single
redictions of the efdO@dYyYF asdmrd[zi Zobhparsd iarf @ ceuwc tf
i fferent l evel s of information required fo

alibration | evel wi t houtndanuys ecse toahidilgsl thoafa nidu

—

ility dat a. Level 2 approach requires site
tailed audit and spot measurements in addi
il ding addcimonwittoorleWwgeratn5d i s t he mdstr mdet a

O T o ¢ O o T &9 O u o

Q < @

ta is required in addition to the | ast fou

)]

udi es have indicated that empirical mo d e |
e actual and si mul aet eidt sd gfl R piphtritdeironfs t ahned
significant parameters that could affect t he

—
>

energy model i's the accur dcdy 3difh eoscec uppaar nacnye t dear

be the first factor to be adjusted by invel
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calibration, which is generally oppogiarest ¢ c

sttarcal i bration with[ 2h®@bHregrye uatriel ia yl obti |1dfs roers

energy model cali bration, yet It 'S not ef
applisodtewvnsting buildings and they do not o
[ 10BHi s crhesceoanrsi dered devel oping a novel <cal.i
accuracy in ef€bdragyemodel | i ng in

Geometricadphgsdcahechmawe ctteerb abtdiclfisd ineg Mmodel
BEM software for simunwdi om wdrlenneomyt pamgioe
of heatf 12Mdinsferovi ded addi ti on &lh arpduesriviaddg i o n
EhnergyPlus software for the Rpt edioit ieoxni safi n
buidi ngs is challenging given the complexity
and sydt®dhheregi orr el evance of cali bratfeoed mode
deci si oins miaik @gbyyecedt [all2.6 Bui | di ng energy ,model s
but the extent to whdiegdeerdth etyh & aaav diel alall @ bd att

26 Retreofrategies

261l ntegrated approach in retrofits

Int egrated strmrae¢ee@@gihres bfumd Oreentgeafsa tieir rtde gr at e c
with the objeencetcigwes utmp tri edoymefeéompgr,ovaend envi ron
(reducerdi GHiGowek ) Iceo-sbhiefiencag i [ve2 TIRECe Nt |y, whol e
energy modelling is being used in the compre

retrofits ofs KHxwevmteg ribttielddisng ategi es are

popul ar i n r etrregpyf istyss twehnesr earleowc ombi ned wi t h |
the energy demand. Passive design technique
mi ni mi saed st. heSelveer al envel ope retrofitting st

systems sSswmadhegasatkRd facagésmabi aghi seaeeceser
existing envelopes. Current regul ations dem
pearfmance in existing buildings through retrc
saal and hé¢dRBHP clhe reevfiintgs nZEB perf or mance i s
integrated sBhraahegr gtlr2edfli t i nterventions

Retrofit interfveedi omsoctahr e mapsesicategor.i

i Load reduction measures
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i. Renewabl e bui
iii. Buil dingameadyvel
iv. Operation and
Synergtweserm t hem

few examples of

r

etrofitting

strategies

Table2.4 Summary of retrofit categories

Retrofit measures

Descriptions

Renewable energy systems

Photovoltaic

BIPV (Building Integrated Photovoltaics) combined
with solar collectors
Trombe walls integrated with PV

Wind turbines

Micro-wind turbines

Solar hot water

Combined with PV

Biomass boiler

Low emissions and clean power

Heat recovery

Combined heat and power (mie@HP)

Electrical power and heat with low emissions

Geothermal heat pump

Closed loop GHP

Heat recovery ventilation systems

Combined with fagcade systems

Optimal control

Energy management systems

BMS (Building Management Systems)

Thermostats

Room thermostts, TRVs

Occupancy based systems

Room thermostats, occupancy sensors

Efficient systems

Energy efficient lighting

LEDs, and low energy consuming lighting

Energy efficient equipment

Low energy consuming appliances

HVAC

Passive solar heating and coglin

Building envelope

Facade development

Curtain wall systemgdvanced)

Green facades

WWR, wall reflectance (paints, coatings)
Natural lighting improvement

Windows

Triple/double glazed (love coating)
Electrochromatic glazing
Phase Change Materials (M€)

Air-tightness

Seals and gaskets

Ventilation

Hybrid ventilation

External/internal shading

Smart shading devices

External/internal insulation

Use of Aerogel
Vacuum insulated panels (VIP)
Phase Change Materials (PCMs)

User behaviour

Adjusting setpmts and setbacks

Reduce overheating ame-setting preferences and time

Windows operation

Air-exchange to improve indoor conditions

6 2

ding systems and services,
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behaviour.
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|l ntegrated approaches are commonl|l yommf@sr f or
when reéexbdéeiutidgdnghd t empt s are being made t o
for retrofit proj e[clt3sl0ou igm @t & icam @lp gstruwdheeralbd eeo |
deeptdacded nsiadse rneedd isumnti d ncartalsye t he perf or ma
buil dings. Theemeahi husf bdpkepnnede next sec

the gener al practice of partial or shallow r

26.1.1 Par tetarlof i t s

Agenerali nnthhweimddiiitrssg t meet rse | eapri ovbed ref msxyastt ieam ( cef
draught stripping and attic -hoeataaksabhl|l etvc .
retriofése kinds of part s athoene thraonfgainndg fofecue stad |
| owsd singllel3@@dGasaresnot wel |l -taenranh yisramla cftor a
highlight | ow carbon oetneifsBGsiidolRaanidakeneegyobiw
most-ecdbecti ve andratphatothbelyewr e preff E832fd b
However, such approaches will failedoctdiednve
i mproved c¢omftorrfhl 3i0On)l ft htehd omwi | di ngs 1 n the I
then they would be requi rtehdustadgelb e preetcremft iatgtee
woul d bedrebhrefdlBtldleoc aadcenhi eve the 2050 decarhb
EU, deepofits are required [&@388]l magpddldhlkisghan

di scussseécitnonh [t i's argued that shallow r
consumpt i-500n% bty BOr thmiery opporreduct i[olm35] e mali
However, not enough evidence iosf apvaaritloasbll er e tn

| EQh he irtettedfbui |l di ngs.

26.1.2 Deepetrofits

Genedallgyt rof it aim at the deepest reduction
The defi nirtetornofaft deepunder st bbW@SIwa rB uarbol pye aint
definit-renhspf deierpplmnmosnla reduct i ounmpith yatnhe f i

magni tude of 75% (heating, eaedlriofdg,t ,v evrhteirleats
itgaeamerally under stood as5O0t% e irnecd-buodai[disgh6 gil,nu gt |
[ 13Déepetrofits are not only identified to |

opportunactty tthoe ionvper al]l 138 FERQei neb usibvde B &S D2 0dl 8
directed the EU membreert rsotfatte si ntied edaana 8kdegp audsa

based on single and staged retrofit[ ladPJroac
6 3
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Howeverresb@archers have previously str-essed
retrfof3q]staged oeechr ohave abpen tested throuc
Passports (BRP) -ttédram2 Gu%¥rlg.n)e apper olaocnhg f or c
domestic [ hdgDPldi npeir f edaosmebsitliict yb ufiolrdi magrs | :
uncl ear. This rese@hamtadnidgbalt it ghmtpg st hios i gdaemtii
staged retomésti onbdso hald migewiow@arZEB perfor ma

't has al so bmemg odlslertviee bhialt diang component
critical-r par[tlfdiolt]sd gdi@ 2rf dbier iolfditngfenvel ope yi

environment al benefita wiotmpalress t oo Dtt-hiemv ess
systems of [t1M@0dbai b[dleddglaht i fied the key are
retrofitting building envelopes to address

conditionBuihdithge &mvel opes have been ident.i
i mroving the exifotrimgcbuialndli Mgh2@édr [cBhBjot i
upgrades to the building envelope are cons
decarboni saddtolhe qo@!| sEuirMpeo rtdhien gU rtisoth BaE S
(Depart ment eosft i Bmadri oy, buil ding envelope i m
l odgdilsd 6 A | i st of bawa iienmtsr adatcuetdinad u alenrgreasa d ma p
2020t Bur opean Commi ssionbufidrdi prger gyoneéfncn
peformance that has gained much I mportance ¢
actippv2i] es

262Buil ding envelope retrofits

Building envelopes are devel opedarianhidtiefcfteurre
gual ity aamd|foar mrserttr[obf3iotike epie& 7desi gn of enve

on many factors, such as external and intern
requiremenssatasflhda&j@gomer ef or e, it i's necessa
building envelopes for their owealaiatdy enepgygt

per frooenao f buil di nggsaf Tdhre erevdloopanicargel y d
properties integrated|[ Wé®wothei bgi bdi ndpeaosl

buil ding stocrmkajionr i Ewr oopfe, o it ghoertthuen i rt @ terso farte «
envel opes due to their | arge dostwuiskBedi om {t d
sectilomprovement of envelopes wild/ i mpact th

6 4
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occupandt sal so conterdiubcuttieo nt. o Ae mgeerngeyr arl framewc
approach was devel oplesd gkbpyl aManrst itnheez aefst® reasls.me
envel ope rewhotht efathbhdehigh | evels of ass
orientation, durability and &womfdte & esmmgefixiipthsoc &
|l i ke human cgeher ati am)baaohrigsotroartiet hiemavgeel e@aenodf
retrofitting building envel opesdingp ewiadteil oyn arl
energy i n exi baltsnagsadfufoprgongseni ty to I mpact e
and econometatedbe®lldild]gBalslexdl]Jon t he above fi
measures towhuwuidlsdii mgr ewv elgoopre -rdsetcerps hfppd. ems &d

l't i s useful to note that recent devel opment
todlos design and optimise buildings [uk52]g pa
Howenm,espihteadvancement in new techniques an
per f or(rhamrc e[xlam®]l)e , fsda®BdMitcd @ms | b aekfif negatiti dv eil ny

devel opired rr @eegyssald combination of buil ding
performance simulation tool and optimisatio

packht4b65], Mabé] examples of such combinatior

section. Owing to the | ack rodacchonmpy eaceopt
research by coupQhianpgtfedrr f6faentael oyfsiitso.ol s i n

263 Optimisation in -makrogits for deci s
Optimisation is generally defined as a stud

maxi miizisgwacti on of some variables amakinhgis
in emgingeand [ 4d&6dfdhmi copti mi sation is being wu
effective teacimakgung tor deeersmine of the best
mul t-alpjlectri wa@eas exo s,sunfbg bBeitddogtion in heati
i mprovement in ther mal comfort and i mprovem
intengctwvariables in building perf oramanooe, yor
usedbatneBsearch tamdal ndiustmregtrofit measures. O
computation capabilities. Optihe smdtiwme pofobd
vari abl es, types of constrainfTlmerandarru mbev

optimisation algorithms and met hods that are
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of the problem to be sohvedtrdohetoptemgeatr

si ngbjeect i voeb joerc tmuvlet tphreosbed eamrse aenldabor at ed i n

2631 Singbpective optimisation

Single objective optimisation focuses on sin
within the same f unct-0ajnectTihvee noapg tni ngbosaslt ioofn
solution that corresponds to the minimum or
singl e [flbmMBdIiimognl e objective opti mi samgor t ec
categories imeri ¢a))Chhsatusec¢hnoi ques, (ii)
Guided rangddds5®ggBhBhows the different sear
techniques wunder t hr e eb ansaeidn tceactheng ogruieess,. al ns
conditions are to be satisfied through the s
of noamerbased optimisation techniques is ver

and derivative assumptions.tfiAdesehumeomt by e e

al |l the points of finite search dppacdey.naAm ce
programming. Guided search technigues are o0
additional i nf ormati on steo seexaprlcohr et etchhen i gaueersc |

single and multiple point sgerseimplned aarr es ereers
where the near optimal solution is also acce

simul ated annepaliimigs,atanotn,c ogleonneyt ioc al gor i t h m:

Optimisation
methods
I
— — [ G 'lded
. . ui
Numerical Enumerative
methods ‘ methods random seargh
techrlnques
— — R E— R S
Direct Dynamic Single point Multiple point
programming search | search
]
— \_ — [ i | RN S
. Simulated Ant colony Evolutionary
Indirect Annealing optimisation Algorithms ‘ Tabu search
Genetic
ﬁ Algorithms
Genetic
ﬂ programming
Evolutionary

—T strategies

Figure 2.11 Search and optimisation techniqUé&s9]
6 6
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2632 Mul-abjective (MODO)mi sati on

When there is more than one csotetion abhitem
optimised result of adHdj & dtei ce i dptriiodi jsSeacttik ovieew
optimisation has numerbdBpempl acdti ®nisei mgr e
applications and hanaleysiags cthhr dughaoutvery con
objective optimisation problem thorough the
pareto optimal etyol at B e hassoFairgulriZetoer p taibff iveod | v e
optimisation pr obloebm.ecA isveel uotpitonmiocfata otnw@r o
and it can be said that soluit$ onypfdei f dpmi @@

all ows the comparison obbjtdet dvédé fepeinmi sat uad

x1

>

x2

Figure 2.12 Pareto frontier and dominance of solutions

Mul-atbij ecti ve optemsslew@dbhepismg several-techni
| ] 16a0njJd strength pareto evbblujGeaoaerai g algorit
a popthlasteidonal gorithm and wi-adlkejl ggctapgdliicepmt itnt
problFemgarF&F hows the steps used in the Geneti
of nat ur al met hods of selection into comput:
Sspace are encodedown @Aschmosmbsomesr é¢®r kstr
i tteirmel y execute on a set of chromosomes kno

operators: selection or reproduction, crosso
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Initialise the

population
|

Y

Perform the job with
decoded version of strings

Y

Compute fitness values

Termination
criterion
attained?

Stop

Reproduce/select new strings to
create new mating pool

v

Generate new population
by crossover and mutation

Figure 2.13 Steps of Genetic Algorithm

A summarew @agft i mi s atoinonr esttruodfiietst i ng options f o
the | itermmthotbig etchhatveuoet i Malxdadd i windhréest goll e n
t ecithques wused f oarr et hbeutd p twierdihs athigoemrobeect i ve
vari Mol-alsj.ecti ve uspthigmigeateito @ s a lag ampit tehme n(t @Al)
approach by building reseait$ etaasrdvidamtrieotnr oniei at
targeting more than Soma eohlljoa@tto lvijee dauinngd |i fwimo b
this research consibdercdd vtehe paseaend sat i mal wis i
Chapter 6

An appropr i ateet ssherliaetcetgiioens offor opti mi sing bui
EDSL Tas (a response factor based simulation
approach resulting 14. 55 0lealudh $ wnidailce e dr ¢
optimisation using GA fotrhrogpughmufarientsoul aad s &
achieving 41% saving in cost and alfsfo bcep tnigm
' ighting merdgy.eatlWsgalel y, BPS rnelgei,edeet é1ggh
et [dlI7pI¥]Joduced a met hodohegmboy Dircalptpmope migi e
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Table2.5 Summary of examples using optimisation techniques in rétgfit

Reference Simulation Objective functions  Variables Building Optimisation
tool/optimisatio type technique
n program
[162] TRNSYS, (i) Total annual External wal insulation, Residence MOO,
GenOpt, heating and cooling window type, solar Tchebycheff
MATLAB energy collector type, roof programming
(ii) Life Cycle Cost insulation
[163] TRNSYS, () Annual heating & WWR, VT (visible Dormitory MOO, Pareto
DAYSIM, cooling load transmittance), ST (sola based aalysis,
RADIANCE, (i) Daylight transmittance), Walue Parametric study
GenOpt
[164] OPTISOL (i) Total heating and U-values (wall, window), School MOO, GA,
cooling load GR (glazing ratio), SF scenario based
(i) Life Cycle Cost (solar factor), AT (air
tightness), daylight, U
value (roof)
[165] EnergyPlus (i) Total heating and Glazing area, ralue Modular GA (Genetic
cooling energy (wall, window), HVAC building Algorithm) with
(ii) Life Cycle Cost system, PV, Solar hot wate local search
[166] Statistical model (i) Energy savings U-value (glazing, roof Typical MOO, GA
(i) NPV (Net Pesent insulation, HVAC system, model
Value) lighting
[167] EnergyPlus (i) Primary Enegy Low solar absorptanct Office MOO, ANN
Consumption (roof plaster, external wall) building (Artificial Neural
(i) Discomfort Hours Insulation (roof, wall), U Networks)
(iif) Global Costs value (glazing), HVAC
systems, PV
[168] QFD based tool, (i) Operationakcosts Insulation (external wall, Office MOO, GA
VBA for (i) Annual GWP roof, ceiling), Uvalue building
Microsoft Excel (iii) Investment cost  (glazing), heating systemr
building airtightnes
[169] Opt-E-Plus (i) Simple payback Attic U-value, boiler type, University Static modelling
(ii) Carbon emissions external walls UWvalue, building and GA
(iif) Energy Cost windows Uvalue,
infiltration rate
[170] EDSL Tas (i) Annual energy U-values (external wall, Office Sensitivty of
consumption interior wall,floor, roof and building ECMs
(i) Payback glazing)
(iif) Carbon emissions
[171] MATLAB, (i) Total energy Thermal characteristic o Residential NSGA-II
TRNSYS I consumption insulation and glazing
(ii) Net Present Value heating system, mechanic.
(iii) Weighted ventilation system
discomfort time
[155] MulitOpt, (i) initial investment External wall type, roof School NSGA-II
TRNSYS, cost type, ground floor type, building

(i) PPD index
(iii) Carbon emissions

intermediate floor type
partition wall type, window

type
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Among ot her st utdiicrs, uFdrirgadgapd d tmi egbat ed t he r €
variables for a nZB@EB i verudemptut pgiorcgesan wi t @
GenOpt by running a parametrictéiamulyateil dredf
energy savingg$Jl7bdrukbed non ean adaut omated met h

opti mi sat i otnhroofu ghhu ial dcionnglmidred tl ii omrg @fn df csu rmurm at

using GA and siingnl e oorb jbeectttiewre efnuenrcgty and | i gl
automated scripts run in Rhinoam&ADIGrNaCsEs.hop
Karagkouhl7s#]tudakd natur al ventilation and
pavilion using the evolutionary [me/t7hHedmsna tt th

[ 1 W80]rked on early stageodebi Oy paeanqegt modeb
window | ocations based on inter|[ & 7o9ppa yriisgehdt
of fice building fa-ade wusi ng ohryibtrhind wnutlht ildDAn
Climate andoBséedgyi aigbstandards for new buil

guick selection charts to be useéd.by archite

A set of vari ables werespameantatress tohaedewal
insul ati ons, t her mal mas s, window shapes an
systems and physicalll5]o,p 4[8t0d 2R3 rolfy desnsviaegimo p e
optimi sati oms thoaovles sfhoowm ZnkwBl t i pl e possi bl e ¢
performa&BBd86]

LiCgcQoe¢LCC) assessment forms an Bsmpoftenerhp
retrofits for mass building stock. Few studi
and embodied energy in tandem with etnheeigry pe
choices {a6[41 &Tqr80f]i t s

The optimisasidnsmes $edsslkkadvd owevari ous var
physprcagerftiwsndows and corstn bati om mytse rimsl

points, renetwable sybtemal tha aspects of exi
t her mal , vi sual or acoustSiecdelctd omf corft oabnde ce
and optimisatnbhue @b @@ blicaesseddheesivi ewed | i terat
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27 LiLgcl e (CLCLY) s
27.1 WhodLe fCest ( WLC)

r

SO »Pa8plHBO]ssrnbets scope that whole | ife ¢

el evant future costs and beceyncelfei uhiiolfd iafmg ats

performance requi-ceametdnnt@GloGCNh eireatshe ldaddset of
through its |ife cycle while fulfilling the
I n theretsted xif st i ng Wliel duisneg of WkCate dcoee
intangi ble benenctisonalepenlhanoa@ament , product
evaluation of the overall costs throughout
intangi bl e, thheemreeff @O i anpredetrr edh!| ¢wml ati ons.
functi eealsimentasare two key interest areas fo
of the costs included or excluded should be
based on the&igRovkddtushriaefes. the el ements to
LCC.
e
Externalities Non{c;r;ss:n.lcliun Lifa-ﬁgg]oost Income
| |
| |
Construction Operation Maintenance End-of-life
Environment cost
L D G D B A i S A B
Figure 2.14 Elements of WLC and LCQ91]

A detailed flow of whole |ifFfeg@&bstBhea el @ afnd
retrofits cbndestgnofndosbasbruct,i oms welelr ad
operational ener geyy.c lAe deesstrd panaonf eofmdlidse i s
section.
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LCC

Retrofit costs [

Monetarised intagible

[%2]

Productivity costs

Finance

Professional advice

WLC of retrofit

Non-construction cos

Planning permissions

Grants

Certification costs

Sale of property

Income

Grants, tax allowances

Externalities

Environmental cost
impacts

Third party income
(rent etc.)

Professional service

Design and
construction

Demolition and
disposal

Facade construction

Maintenance
management

Operation and
maintenance

Relocation or
downtime costs

Operational energy

Insurance

Repair and
replacements

Negative externailites

Regulatory taxes

Positive externalities

Subsidies

Rebates

Costpremiums for
GHG

72
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272LiLgcl e Costs (LCC)

Li-Cgcle Costs (LCC) Il ncludes al | the capit
occurring over di fferent sctoangset sr ua ftini coohnee¢ b 6 f
externalities and imé aocgli blkeatiaes ¢WeWDhdad ok
wit h,alsGCCGmg@&al5nd are specific to the project b
reportedbS5ig6:| PROt hé& foll owi ng rdedradgldCdnm hi p

calcul atirohist ®f r e

O O 00Y Y 0O YO (20)
wheFes | ife cycl,edciositt iod!l reapio®MB= coopesrtatuican
mai nt enance &o=d erpd mpaierm@urdosptesngauitasl; enREg®Y cost

residual valwue (l ess disposal <cost)

2721 Data required for LCC calculation

.. Initial capital construction costs
Il nitial capital costs would includerattiohe
costs, prrovfiecsessi,ompdlansne ng fees, demolition, ¢
of the occupants. The total capital i nvestm

i ndustry bencéanairrkast iaonnd bcoasktsct d,n alednmgpf wi t |
inmest ment for specific tasks for i mproving t
refurbishment upgrades and works are al so cz¢

cost s.

i. Operation, maintceomsarmsce and repair
Operation aendarneaiimthenGaenact ytsd st mend t he costs i

that the service |ife is increased to meet t
or mai nt ai ned. Addi tiomalmpor sanvi ¢wallilinfcé u ¢
recurring costs in the calcul ati o,ssr.viWid hl irfe

prediction procedures ar-@[ p92Pehtedennh dempc
the building being retrotfhertefdorhea,veitdiféaguimn

towards maintenance and repair duratians. F
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fa-ade may includel eaniemg,al s eaarlki prag r @ frorf w1 nodi on

frames.

. Residual wvalues

The constructed assets in retrofit projects
peri od. It is known as the econe ndnmncd vafl uteh eo f.
peri ohde teondt of Its 1ifespxanNOActke®r desgdual |\

eval uadeetderbngi ni ng wh ata gseidnial sasre t sc oimrmp asrianbillya r

for in commercial mar kets' ,-l onewtepéi bhi asts
t he oaapiutealand depreciation over G&lLhhne tsher vNilcSel
handhd®BJ]i t i s suggested t-naeshgmbhe thetrak
the remaining useful | ife of t ke ecdmrpdo uesretf.ul
of 16 yeat was installed 5 years before the

l'ife willl5)belOi] [of (tthCe initial cost.

iv. Operational energy costs

Based on the enetrhgeyr e eatrreof®irtg ymekaissouarmetgsan h at |
a reduction in thehogpadwuati omali nermeprgytamdal
savings are not directbluyt ufsierdsti nditshceo ulnG@ @& dc a |l
using the anggesalandnéhgy satidonan. LTCHCe cadearudt i
costs are estimated wusing building simulatio
on retrofit measures. These costs are obtain

estatmd energy savings.

V. Net ePrtesVal ue ( NPV)
During the calculation of LCC, all the futur
Present Value (NPV) f or mubsaemotnet & rigoulmiatll aites v

necessary to consider al l the inflations a
expendidtidrfes eantt tcomets tom pPpresgntal val ue. NPV
considers al|l rel evant future incomes and ex

is selected to evaluate differeat systems an
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The relati osslgipeof bEPY w:

) B6 n, B — (17)

wheiZwi S net prCdsemnctosvalige  ;geacpudst efxapcetcotred 1
di scount ratm membamn wrid ayt eea rasn dt hoec cdiugtspgsnce o0

period of analysis

2722 Economic parameters for LCC analysis

i. Study period (period of analysis)

One of the main inputs to LCC calculations i
defined as whiec hp etrh eo dc coseteé raonfdi tb enmeeaf siutrse so fa rre
investor has interest in the building in in
initial capital i nvest ment s. The study peri

cosnt ruction and. the service period

i. Discount rate
The discount rate is one of the basic assum
defined as a different type of interest that
receivedntatpdimfhferi nudtyi npgelr @ @fdit n g steldd $sot masf ¢
guanti fication of wuncertainty coming from t|
retrofit projeedt,s.t hfes rpaenrgel SO 1d56s8&6ount r at e
[ 190]Generally, for pukl Betsbébygtohnt tlkeaease aValgu

iii. Gener al inflation rate

Thefiation rate refers to an overall i ncr ea
compared to the | ast year and is generally a
of uheency. The paesens wakbudoonal aosing the t
i . e. (i) current euro and (ii) constant eur
actual prices as of the year mwhaaoh tiheysai @
inclusnvYéaofon. Wher eas, constant euro refer
euro in any vyeameanichgdi hgt i nhéeasama goods ¢

same at di[flf9e3r]lent t i mes
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iv. Fuel price escalation rate
Fuéklectricity, naturalclgarsge owilt)h pgercersalarie
year. These escalation rates are generally a

t he most compared to the oohey icomm€«€i tiaé £ u

nati onal fauteilonprriactee eisscadlssumed based on the

28 Con

cl usi ons

The background studyhipgtelsieqattteedd i ;nomehi sf cthhaeg

bet weernestetamlc hf er ent domairreds rof i bui Mhie r ol e

st akehnoalldyesri sa i s considered cruci al i n unde.
industry effectively and tackle the emerging
for assessmeng boai l EQnoé$ amnd st heai rudioengp ua mad i
resented in the I|iterature review. These ar
t her mal comfort models, metrics for visua

al ysi

® 9 O ©
—

dlhsat

T
- O

identid

s and | Aévoéawalicmabhei boi |l Aing energy

n
nab ltelde nt i f3 ciatraineod f t oriented and fl exi bl

could bealsedwing tbepl ppgdw, talppdtifc at

om t heexteisnige w eosfear ch on uncertainitty waal y:

ierav elhamet hodol ogy was required to ac

for d-enaks ndgentoenr mé nimogt réeeudistodulte on packages.

Bascerd t
par amet
identif
i mit f
hi gher
emphasi
barrier
tested

yet fes

he review of previous studies, retrof]

er of theiengi atni ngtlewirlad ierdytsaripdpf ridias h
i @&ld nétartofpiatrd iare costctei de SOy tboua 8 @
urther reductions, howeverFort haecihri ebve m
energy performance and acehirsoMfang E&i e
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tdeodnre st i ¢ buildings and it requires f
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An approa-obhj eot imuét opditihmi sagptpil d c agweiedeet ¢ fo f ma |
measures and theieravVaobatictmakeage BepipoTFrawn an
objective optimisation methodol-ofgiesaafif €oca
t he most i mperative solutions within the ¢

parameters.

The keiydegmtpisfi ed t hat ar e uadded r(eis)s etdh e nr etlha tsi
and energy perfor mancearalnuwalidtisn gq utabametriokii adst, i
uncertexindtyi ngmebuof dengppgoarntdanc e iobfr aatfcicauro mp et € a
simul abi an&i eevref obrentatnecre pt hr ough b uWielveeil opi emge
i nt egreateetdr of i andt nt &@tseé gings t hem for sdmyglle an
t hmeppl i crau Hotbin e@p i ivmiosdaetciiosni dn makicegemt t bfr és
okexisting buildings.
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Table3.1 Examples of retrofit wskilling training programs andourses across Ireland

Provider Type/Level Title/Description

Engineers Ireland Training Retrofitting Buildings for Energy Efficiency
Homebond Training Building regulations training programme
Centre for Modern Environment  Course RetrofittingBuildings for Energy Efficiency
Irish  Green Building Council Course Foundation Energy Skills Course

(IGBC)

Institute of Technology Course Certificate in Energy Efficient Domesti

Blanchardstown

Retrofit Technology

SaintGobain

Free training

Skills in areas such amternal insulation,
air-tightness, moisture control and acoust

Chevron training Courses Domestic & nordomestic BER assessor

Limerick Institute of Technology  Training Retrofitting Multi-Storey Buildings

Dublin Institute ofTechnology PG Digital Energy Analysis, Building Retrofit
Certificae/MSc/Course Retrofit Technology and MENS trainin

course

Waterford Institute of Technology

Parttime course

Retrofit Your Home

GalwayMayo Institute of Course Energyefficient retrofitting

Technology

Germanlrish chamber of Industn Training Energy Efficient Retrofitting of buildings

and commerce

Institute of Technology, Sligo Bachelor Advanced wood and sustainable buildi
technology

SustainCo Training Achieving nZEB:Design Essentials

The | evelg ahdt saope of work requires a

practi cesentea ggcheifdvei ent buil dings du

standards. The debugnsuppl devbhbpeboss,
policy makers needs alignment to the
efficient buildings. Traditional const
bui I6ddemasht s , come i ntd hei roevattehresroaatna t a
the value supply chain in the

Fi g3ltAle key c omphoen eCotn safructi on 2020 Str
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99

for

upskilling

chang

e to

t

acnadn st r

curren

ruct i
wh & dé d

' risH 2a/dnt ext

ategy

C
1

consortisutm tod aereainense,ntt rdeeipma
t2.&] prof



Chapter 3Attitudes and approaches of construction profesdin Irish retrofit industryowards

achieving nearlyzero energy building

House owner

ESCO’s Architect, designer, engineers

Complete service package {without execution)

Carpenter Retail store Heat pump agent Energy advisor Utility
Plumber Type house Stove shops Energy certifier Bank
mamifactorer
Electrician Insurance
Contractor Interior studio

Traditional first line service

Fagade Prefabricated Ventilation Energy E & D actors
industry elements producers
Insulation Door and Heating Non-Govt. Authorities on
industry window systems organisation all levels
Industry Other stakeholders

Figure 3.1 Value chain in renovatigradapted27]

Retrofit businesses need consensus oOvVer pr oc¢
existing technical, soci al, economic and en:
Cohesive interacti od damengviemdpgtorjyecst dknele p:
delivery standards can r ai seh tthhesa ntdoad|le ¢ lyniod u
to achi[eh%®] Stevemlhdvevedt egated the requiremer
in decision making in re3i BBilH®swd hero,ugwertyh ef
have evaluated the requialeaneodt dieno fE ua cormpset riunc t
| ow energly3ipB.0lheiyngsndi cat ed rtehlgaitind rorsnta td cownn te

tr

-

e

>S5 © T 9
—

©o T C

Th
i d
pr
su

aining to push mar ket deedv etlhoaptmetnhte rfeo riwsa rlda
|l i abl e informatsionEiEmDODpgi ogt kol | ES®AG t he
e of hiygthhegyuadirn ¢ ynot sufficientlloyawnalriggned
i | diZhgB RA h2e0 2 Ot rpyionp g ctto iddevel op framewor ks
take of nZEBs across Europdq 3aldaveives, r et ol

t include I reland in its consortium.

erefore, saakekoldsi veonsultation process
entify the barriers, gapsg odnd dmallulagainsgye s nt
ocess, outlined in the following settion ¢
rvey ( 8etdta owo r3k s3holp ad(rBemittrh oinnt er3v.ifle.wdsl n( Se

100



Chapter 3Attitudes and approaches of construction profesdin Irish retrofit industryowards
achieving nearlyzero energy building

the final secheoneoti|l ttsheofpapach &l ement of

synthesised and recommendat idawelfoped.he retr

33 Met hodol ogy

The atitm sofi nvesnhidgasitamdi $ heoattitlhubdesrahdt a
industry pmhmdhfeegssiporadbluscaesesses towards del i v
zeeaer gy .brwi Itdhiinsg seerede,r amett hodol ogy was desi
surveespo@emts), a workshop de&Pptpmpanmniteirparmrt
participantwdr k@ meElpserviegws wethemesér assembde
det ai Itsheatbsoit of t he i ndusi@ap3dZahtdi si t me tshtoadkoel he
enabl ed the identigfapcsadhiadm emfg emajexn shhamrgi é ms
in | rAelsamkesanrch techneglueawiansg appéi edi sh i
by a consortium of adbthonigwatsi dmbeismpHkel &nad
i ndustry stakehol[dGOavids oag3 &san@amiardp pt ed
triangul at eedv ad mmh e actalwr toom housing refurbishn
incentives. Such use of differegwgt mefamdbdsl i n
validity 3®@f] resul ts

Table3.2 Hierarchy ofstakeholder engagement and outline of themes

No. Investigations Target Audience Approach Themes
1. Industry nZEB experts and Surveys 1 Respondents armtojectcharacteristics
Specific actors (n=190)  Retrofitting methods
9 Technology and solutions in praszi
9 Implementation and performance
2. Policy and All stakeholders  Workshop § Governance, standardisation, and
Regulations, (n=85) economics
Health and 1 Health, comfort, IAQ, and energy
Comfort, performance
Stateof-the- 1 Impact of technologgnd innovation
art and Impact 1 Showcasing begiractice
3. Envelope/ Market players Interviews § Experience on envelope retrofits
facadefocused (n=11) 1 Assessment of design, constructiand
delivery
1 Use of technology and systems
1 Issues and concerns
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The Surveer(f wasttargeted towards main nZEB

who are directly involved iA g®mir otintrigndeoj e
guestiwansnadampi |l ed i n Googl e Fairlmsb kbangde edn st r
Augre9dtlTosh.e survey oihgsakomapesedd apdnquantitat
based on multiple <choice, rank order, Li ke
characteristics of iQnfd i 6v0i @ ueall e drtteréading dsoiu ¢2i9dtbvu s i |
detailed responses were receAplerdp osgermpilln g ga
technique was amp@dpemdamt sgietl Rid0 | Thel padtici
included professionals such as <civil/struct
architects accredited with the Royal l nstit
cosbntsaunt s, BrESR (acsmsmessstioo me anidc )nomegi stered w
consul tants, building services engineers and

The workshop (secormrd edsiselntiaegwers eavpga mit se d i tse L
being fluxedyiothdr rsnadluetholadsd pol i cy maker s,
NGB, &MEhousing associations, f ilhaonrekisehrosp, ¢
was orghnoesgtd four themed pTabldae2yl nsve stsaita nosn,s
sentusiuntg cenwvamipdi cignndusttakehol ders includi
respondent s, and 85 people attended. The in
perspectives on retrofittowgdi byl aebaadnsEac
whi eh pldde tteot demter egstior esdt r engt hen t he propaga
of energy efWorckemapdbuhadwde ngpsoven to be a cr
and delivery ofat iNant i &hnalat eReynof or flrcel ard

i mpl ement[adtlilon pl an

Theirst soivoi hger seds majrcerg acbaini c grinnsg o mvweldcep e
per f orBnainlcdei ngf cernmse |l @ per uci al ofoimpo nemd iod dr
achievingornnZaEnBc ep A lh gee 6 0 hegnfet hdeee p ti e P e d

intervi ewswa(stdrn mul attieadr )based on envel opel/

descriptive and Anotromaalli waexfpguesehtcedsambhudiehgp
architects, cconsulemgnimeer BERcassessor s, ma t
manawere i ntweirtWni ¢ Wweadpadidmimigleems of these prof
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34 Results and di scussi on

341Survey resul trse:t rAosfsiets spirnagc ttihcee

The survey was pfroermpa&rEeBd eixmp ec direnmaoacnodn saud ttcarts o
retrofit pheof essubbnal samalT du mmahsasse@d | | owi ng
categories:

(1) Respondehtaracdepi sjtect

(2) Retrofitting methods

(3) Technol ogy tainde sol utions in prac

(4) I mplementation and performance

3411 Respondent and project characteristics

Of the given categories, the majority of res
engineers (20) and BER adakkEB3ms ods chAteset e aa
respondents involved from each category of p

Table 3.3 Categories of participating professionals

Professionals Respondents (nh=90)
Archited 23
Civil engineer/Structural engineer 20
BER Assessor/ Energy consultant 17
Construction manager 7
Building surveyor/ engineer 7
Quantity surveyor/ cost consultant 5
Contractor 3
Energy engineer/ manager 2
Researcher 2
Other 4

Respodrdemiftist ewgserrneanarederdanogfe t eeqmsdmwdvine s nas
Fi g3 eThese resul tdetiarcchieada taen dt hiaettp asedseichinb s t | d
common types of Alppilodi Inta% @ lBMamaf | InZ%4 6 §

professionals have worked ondebaehé¢édtaando6de
dwel | i ngs, Cam@aagre/cetlaiyvterbdyrsce rwaesd t owards a | ow

of -domestic buildings in Ireland.
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Apartment- Ground-floor IIEEEEEEEEEZZEN TSI 4
Apartment- Mid-floor NI T3 4
Apartment- Top-floor NSRS T3 4
House- End of terrace [IIRZEN e 7y 10
House- Mid-terrace SIS 10
House- Semi-detache iSO 2050 17
House- Detached ST 7 sy 15
Commercial building (retail) NP7 220 6
Educational (school, college, university NP7 5
Other Public buildings (library,museum, govt. buildings et 4
Office building NG mo 3
Mixed-use building I 3
Leisure (sports, gym etc.) IS 2
Others IINC——D 3

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

m1~5 ®m6~10 =11~15 =16+

Figure 3.2 Types of retrofit projects

The@ur pose of b udirli driersg trheet rpdrn ft ar manc e requ
approximately 82% ofemersppyondedt cobht gthslaivg mtge
identrrerdbveaetig@3)e This makes it clear that e
refurbishment are carried outediFi gB&readn etlheby
ot her hand,r esslpoonntdenG% aofeportedt dbphatmprtdoecert ypi
aiqrual ity aArndcgoaliygh29&mgoénr@&opet eddas! iaa rpua pos
of theim itdternof ipr oj ect s.

Energy and cost saving SE—
Renovation (image update )
Thermal comfort I

Code compliance I

Change of building use (or part ofj————_
Improved air quality and better lightindu——
Failure remediation (air, water infiltration, material etc————

Acoustical comfort I
Other

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 3.3 Typical purposes of retrofit projects
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3412 Retrofitting methods
To emalbslueccessf ul retrofit upgrade pfldj3éct,

encompassing the perspectives of the profess

—

r at e gpireosc, e danuddeiste gWal rai¢es dolntss wewheeamp psar sedg t

Q

ctors goverritngfthe s¢hhaiteigg tefideermbost eabampl
% of respon@eonvencensuteontad ahd mactbnofagt

me di nieemimi sks of new systemgc.osQv eidnaslol,h ed0 %

o 9 0 -t w»w
|_\

riving factor for their choices in retrofit
currently in thefgrecdd s uqdettdabbed ogn ch gf icr
hemes for building owner sor eHiugcht amgcferradmotr cl «

s
c
ost savi ngesr mmvex p esrhdirttur es afr44 ]kFeayc t ma rsr iseurc!
eci-makinng frequency, awareness and epnagyage me
f

fect the energy retrofit uptake.

Cost involved
Proven solutions or technology:
Previous personal experience with solution or technolagy:
Availability of solutions or technology
Time
Stakeholder pressure
Other
don't know

0% 20% 40% 60% 80% 100%

Figure 3.4 Factors governing choice of retrofitrategies

The survey also gauged some of the most frec
buil di ndudetr @friatcs iodaerst dbeefiinnge usStbadt & e apoas & &
showmi gB5 ei giht i ghat 80%refcordegpdomwdeasmntas i nsp
standard practice. Yet this method is not ef
to be retrofhanedd. o@hyt B® %ooher-esglbnadesns st s
an audit pr otciegdhutrree s sT hteesati rgener ally i nvol ves
theim@fiirl tration ratea sBhegpadchd clep 4d.60hlinge lissandh li
included as an option for <calculating backgil
Dwelling Energy Assessment Pr ofccerd utr kee ( DWEAPJ
BER. I nfrared imaging is usdddstamad etakatg etsh e
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Howewvwaty 22% of construcsuosea ipmotfleesisn omrad jse «

not commonly used a® mple edqgttiogmdmree sasi st evtst | y

Visual inspection
Air-tightness test
Thermography
False smoke
none

Other

don't know

Heat flow meters
Tracer gas

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

Figure 3.5 Audit methods used in practice

To understand the daxt earte dfevteH eiorf iemvgaalgveemeen

assesde@eme 3 tni ed oameds trneotnr o fR ets ppornodjeencttss .s el ect ed

they had i nvol ¥é d36rdee niohnesitrr aptreosj eac tlsa.ck of par
agenci es, housing associations, flactalr easgt hdt
stakehol ders are i mportant for overal/l mar k e
[ 4.6 ]
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
> & & & & & & & & & & & > & & 5
0\;\@0 %\Q@ osé %&@« ‘%&é @Q@* %&é &&a &é &@o & é&@ %00 §§ Q@& @a@ &
v & @ & o & & < & S N & N &
S & & D © > ) N ES & &
&L N O S o9 NS ) J X9 S & %
oS & & @) @d\& @9 Q%s S Q@ N &
& & < & & &
Q)AQb \b\\ @ Qé C?Q
= ,@% N
&
domestic non-domestic

Figure 3.6 Stakeholders involved in domestic and+damestic projects
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Use of regul gtsbasdandsbdrl des effective i mp
conductivitywa(defsimet darb@pmiapagne e |-teingenttmse s sailre v
fire norms and other building parameters. T

compli a’sece sSuFpg3BenBgoO( 9&eof respondents do

in -tomestic projects, whereas about 6.6% of
domestic retrofits. BERs amrde gemmmaw oéUf édiin
mandaptoolriycy enf orcement by the I rish governm

General Building Regulations
BER
none

Other

NSAI
BREEAM

LEED

Passivhaus standard

0% 20% 40% 60% 80% 100%
domestic non-domestic

Figure 3.7 Building regulations followed in practice

3413 Technology and solutions in practice
The avail abenti tcyo nosft renfaftieconalmet hedbnol ogi es
and their use in retrofit i ndustry in I r el

achievement of the nZEB gse @&lass.s ef ssiencgt itohne oafp g

of efficienti meitrmmpldsmamtdattihen by retrofit 1inc

Firstly, the construction professionals were
and modelalcirnogs st ocsoilxs ,cat egor i esF,i gi8f) eo rAd edri voefr s
response to these analysis met hodki lifnads etad e
computer modelling by construction ptrlodressi
hand, projecweeplraanthd dhgalt owé Biott herentood i ni o
expected here as a broad range of constructi
needs, experience and trainemg Vvarbhesagnefuc
an ompdrytuuo inform construction professiona
di fferent stageprowf ercatsrrof it upgrad
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3D Modeling I I

BIM I — [

CFD I ——aaaaaaaee |

Project planning IR |

Structural Analysis I |

Whole building energy modeling |

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

m not sure/ not applicabl@ not important ® somewhat importanz important m very important

Figure 3.8 Analysis andnodelling tools used

Furthermore, di vereseehasemeembaerved in the ty
respondents retmasfanrtye dc af vai-tayd ewsa IWwist,h appr oxi
|l eaf masonry and 64%Wasehegtedli gbhygyrgtazbtdoctl
| eatsttenat i on (apprriogp8inadiect zgattldd®)]l. ow percent ag:

sample have etpeoerfieéencaeagwiofhgl azed facades.

M @S 0Ny Cavity Vvl | S
Masonry (Single leaf)
Concrete bloCk mas 0N iy
Precast concretemmmmmmmmmmmm
Timber FE——
Curtain wall (less than 50% glass)mmmmmm
Highly glazed (greater than 50% glass)mmmm
none M
Other mm

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 3.9 Retrofit experts wit experience on various facade typologies

One of theuaiwesy bbb Bwabrcert at mevtah é atbeipgiyepcy a
solutions for retrbigBXr@phgwadeas ttod abusiolf di3rg
expressing a | ack of solhuetrinoanls btroe adkesa |a rwei tvhe
when dealin@gd4wilThemrmalr oifndsl hyi amnai sabhe mat
23% of professikomdl savraadaarbtidd ta& olaanadl hseurt abb
This is potentially due to r egnaonmnudlacdiradr n ingr
i mports. Acoustg ce nienrsguyl antainoang,e rveanittle dsiyssyt sestmessmsa n
amongheor s that were of concern to 21% of res|
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Cold bridging systems s 33.90%
don't know mEEEEESS——————— 28.90%
Thermal insulation m————— 23.30%
Acoustical insulation m———— 21.10%
Building Energy Management Systenisammmm 21.10%
Hot-water systems m———— 21.10%
Windows mssssssss 18.90%
Doors = 15.60%
HVAC systems = 14.40%
Solar based technology-—— 14.40%
Electrical and lighting systemsmmmmsms 13.30%
Rain or water barrier systemsmmmm 11.10%
Shading systemsmmmsss  10%
Prefabricated structural systemsmms 7.80%
Sensor based control systemssss 7.80%
Other mmmm 6.70%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
response percentage

Figure 3.10 Retrofit technologies in the market

Il n respons-end@uesrthicogmfemns ssbaaéd their -views
effectiveness of the retrofit technol ogies a
-6The product | felt was | east effective was
the pump outweighed the benefité
-6Sol ar hot -ivefettiedr was cost
Overla¢y ,experienced that Mechanical Ventil at
heat pumps, geot her mal heat pumps, solar PV
payback t hrSousshudiaegs nglow ttheants fhehawe eo fh ntvheessteme
costher,etheye are not cost op#iBinadn| gdt@Meutatomer fl
cost analysis of a retrofif 50§ d hhdlHsVeR,i rh elarte |
sol amhot Vwanteelr was found ttohpdre neavesrt gy pdea meandd wd
KWh# mr5.Aut omated window opening systems and

al so rdtf ecddtve arcesopedn d@o e ot wnci fficulty in
residents, some respondents noted that <cavit
Zone radiant heated slab tile flooring was a

the retrofit

3414 | mpleamati on and performance
The survey also assessed i mpl emen-taatdi -opro sda nd
retrofit, i n terms PIfgdBrEeRt hat magor i Ay DHovwni

prreet pof neeerygy perfor man@3 (ah2i60 KWGged tfor Gm ( >
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KW/2myr). The highest number of r-dspanbed, wen
t err ace-t emrdawrsee éh. RecordtngfitthelpipgpGhkl maoce,
demonstrates the BER that professionals wer e
argesponse rates werelG®cklWwdm®d rfadri ntghe fB1 |
>1505 KWW m and B2. Curngntmuptaptiecebahlenga
Xisting dwellings to very (hOZ% Wpyrf o omac e
>HF® k3N mM) which applies to nZEB for new bui

A(‘DA

100 100

D
(=]

90

80 I
70

o
o

20

_ 70

2 2

560 = 60 H

2 2

Z 50 IIH 2 50 I I
s i < I

5 40 I|| oW I .
$ H 2

S o T i

-
[
|
N 0

B .t H it

A1 A2A3B1B2B3C1C2C3D1D2E1E2

(=]

— [ o]

o [e=]

(T

|
i NI

I 10 =
U -Hil H .

0
A1A2A3B1B2B3CIC2ZC3DID2ZEIE2 F G

Pre-retrofit Post-retrofit
B Apartment- Ground-floor B Apartment- Mid-floor
B Apartment- Top-floor B House- End of terrace
B House- Mid-terrace B House- Semi-detached
H House- Detached Commercial building (retail)
H Educational (school, college, university) B Other Public buildings (library. museum, govt. buildings etc.)
m Office building B Mixed-use building

Leisure (sports, gym etc.)

Figure 3.11 Pre- and postretrofit performance BER

| nf or me dmalkeicigsi aamd awareness amon@gseeautpant g
increase the knowledge | evel [ &.2(daltsroo pbaegcaotmee <
i mper atieeceomme gdati ons for maintenance and r
|l evel of cons-slhtoavihi ghlrZr4e£5% enfc yrespondents r
generally cohselguehnhhlkynahkaenrgs ecwhsiiloen 48 % r epc
someti mes consulted users. It i1 s a concern t
wi th occupanetssp eaamttdii Jueslew,isl 'y 9% ard d%calpways
useTlsiiss an i mportant fil B&joghl maghtMod amheeti m

understanding occupant behavutiuonst ot odet d und
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consumpti on

retrofi

100%
80%
60%
40%
20%

0%

achieving nearlzero energy building

and/ or i mprove

t her mal

comfort

t u potcackue@anmltfs eunsid &reed ccoegul ar[l5d]dur i n

Users (employee etc.)

Occupants (residents etc.)

Enever once sometimes

Figure 3.12 Frequency of ansultation

Owners

frequently ®everytime

The survey edal souehsi ghnd gdinfc foiu cddule tri ywdyl erveetlirso f i t
Figr3® it itsh aetvitdreentmaj ority of the stakehol
costs, skillegd liasdad | andoqgualnidt perf or mance
most respondents asueartage tfhers et He veed asspttiov é et e «
aesthetics, flexibility in use, installation

50
245
S 40
235
230
o 25
g 20
215
e 10 I I
(E; | n_ [ | —— - —— - - - - |
o\e@x e,;ocf" Oo%\% & g ‘Q&Q \$°Q q;\@Q \@4@\ orb&\d %oo& %@@
< S S 5 S & & o S ©
& ¥ & & \&\ o® & A
& 0@ 6“:\0 &0‘& CT)Q
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¥
mvery easy measy maverage =difficult mvery difficult
Figure 3.13: Issues in retrofitting of buildings
Genefriandi ngs
The nZEB benchmark requires deep interventi
out of regular problems, swachiapr baekewér gwnf
evaluation of enearegy op et 5o raamathsceero npf oesetul @ & € k .
attitudes of industry stakeholders are key
retrofit upgrade mahra&ksett cod nrbaun y da onngfsl iioent ilmmge |
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achieving nearlyzero energy building

e nZEB goals as rustMalsueoodnd r @ inf & chitessweene s
nerally nouaf fdiociuenetpaénptth er ef or e, dit f ftieoc 0 Ime s
cess suchW themamatcti anal ysis was conducted
ep desche pdadoamseunat xepect ¢ 8.5 dismngdtitshere wer
tertmhenmeeds, it provided a framework to anal

jcoaat egori es (market trends, advanced measu

rket trends

e results of the survey oOoundedabg that maeke
schembasphdgyroducts avhaasl aypdte.t of hrea krea r ke
trofi-damensgt inconbui | di ngs, whd cbf ffearc el ®n gere |
ving opporswuogdakatelsnd Rremaitlitesmvomgenercdyol og
e | ack ofmarvyaid etbri dfiitty todchnol ogi es. For
spondents reported ndaws basd eh cOoynpoamnt ar ¢
source. drnclwatsa tdf utrhtehreer ics maj or di ssati s
wards the ecpumpeduyctosf. s@erncdthalvliey ,buptr df eusps i tor
i stingnaappti expemigimemt new mandf abturepr oo
coewlxdpl ain the chal-erpaggy targehseasngeenwi
% of the profeestoasal shbai mbh]-magklibmglr peoduant
loenc t@r ant support i s currentlnyodaealImittoe da cacnedl
trofit uptake by owner s. The hesitation t
ybaaksboarrier. Lack of skilledi ssedklkey s40%
spondekitbkli WWgp progmams bgbeh guenhvbeybelrend ar e
adually being intrddbucedkaawdre,t e ec Brvilnd W
ogramme f or -<irtad t wanre kcel rasd ewdaofibmg jo2n® 1 au pf ol | o w
aliBuild project based on thef oBUSIr afi ev¢ g

nstruction workers and[ b%] set for national

ing advanced measures

e relssudgtgse st a nddfhieciuessrecyf new anal ysi s an
trofi Mamnpardoufset sisyd.voen an st nembasauoaedment and ve
t hods, aneft bes®aonpuadsifta pdr a c teixcpeoss. swlelisihng nma y
e iI,sdcdtnneyxx peauventcedg. | mproper | mpdaement a
aod hleower i ng of opportunities for I mprovi ng
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recemmati ons required for butiilgdhitnnge sesn,v etlhoeprem
and condeofstdmdmnmcat e for ownerpr afoe susnidoenrasltsa

follow systematic procedures for auditing.

Government and public measure

Many professionals cited the role of govern
They pointed towards | oophdlhgoriormcmoltioc ired r
Al sttorere 1 s a dearth of daft Bengpvaacitl aobfl er eftorro ftif
which could inform policies and funding mech
survey resultsetigofcomnsqridgattearonpovdtt h owner s &
coll ection of chabhd®@ogearenly pbefsesurvey rest
of areas concerni nqawbe gsvmBpygaonnsaddt potouofyi n
of sweselts and to unpack the attitudes and

grad er dept h.

342Wor Ksthegpulntgsaigi ng retrofit stakehol d
Adet aildlteadk ehol der e wga@genenn ts eadc tiinv itihyet f @off imt o
worksmopugustf o20bwing the surveys which were
Thasac8®dparticipants fromodct dhes wor&lshmg. wh
together a wide range of stma&kethion gneadsd s¢ roft asrh
building retrofits-enasgwet br @ed mehaere meraiyol ny.h eTi
compri sed architects, academics, pl anning i
construction and fadilhiangi masageanuf aogunee

assessor s, housing assocowmnemwmsasandgenesabr ch
ot her s.
Whi | the survey results indicated industry

e

focussediog dasledmssnent s of the growing retr
c
n

pol i y and refofl afofagtt ataenvde It,hecam i mpact. Hen
organised into four plenary sessions with st
their work under the following themes:

. Gover rmsdmmnda,a radnec atnioon ¢ s
i. Heal t h, ocomfjantaintdy mcher gy performance

iii. I mpact througmotveaadmomimpygegment ati on
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iv. Showcasing energy efficient retrofits

Each ofartyhesepsilsennonisatwwvad by contextual presen:
di scussi onso whaicrh ihnbdeipgehitf fienrteont per specti ves
to identify points requiring furtamer i af be mei
the stakeholders about cause and eff édatt r el a
would allow effective retr oTniet tonia goobogfe ctthiev ebsu
was to i dentify the riofl epondcagoves nammeactt hei rt
policies, finance, energ¥ié¢ffigapencPYpepli g ai
heal th and btisaaofucsoimé orinovati on scenari o in
were al soA cGiusmmagsyedf the keyTdb3leevasdi agstos
aessment of the stakehol der requirements, p

expectations of the Irish market

Table3.4 Summary of workshop discussions

Categories Key issues and initiatives discssed
Building envelopes/ Retaining character requires attentiomeégulations
facades Envelopes must be designed with consideration given to the vicinity

Form of the building is not usually taken into consideration in retrofits
Roof height clearance igquired from authorities during retrofits

Community Community wind farms have been proposed
initiatives Web and television programmes should reach out to the community about retrofi
Cost optimality Retrofits must be carried out with renovation to sapeo 5060% cost

Holistic approaches that consider Life CyclesC(LCC) are required

Larger problems and failures are encountered in most cases-oiptiosal retrofits

Economic value of house is related to BER, it should be based on LCC
Financial stucture  Financing institutions must support retrofits (dognks, insurers etc.)

Specific financing schemes are required to increase the uptake of retrofits

Bigger incentives are required for achieving higher BER

Government Government shoulthtroduce plans to help pay for miegeneration

initiatives Onssite enegy storage initiatives should be undertaken
SEAI should document EPDs, embodied energy and embodied carbon for prod
Ireland

Funding systems require better structure for effective disioibut
Tax rebates should be givenpmfessionals for effective services
Industry initiatives A Home Quality Rating project should address embodied energy
Ond stop shopsre required to defragment the industry
Information gap Public is not informed abotneat energy savings
Users should binformed about the availability of credible retrofitters in the vicinity
Technical information is required for public to understand the needs of professiol
Technology suppliers have limited information about products
There arainderqualified professionals in the industry
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Manufacturers anc Difficult to get unbiased test information about the product

suppliers No comparative product information is available in the market

nZEB performance Impracticality in paybek of renevables by 2020

target Lack of certainty on requirements and how to achieve targets

Performance Calibration of temperature sensoesjuireshuge effort

monitoring Energy consumption data in kWh/ahoes not reflect the size of the household

Lack of proteols for data collection and verification
Big gap in performance and predicted/ design performance
Professionals People are not ready to pay high fees for professional services
Professionals are ikkquipped with latest advances in retrofitting and suppois
Radon concentratior Ventilation and passive sump are promising measures
Positive pressurisation of dwelling is effective to prevent radon concentration
Few people are aware of radooncentration and its health effects

Regulation and Flaw in DEAP regarding glazing calculations

standards SR-54 for retrofits has very basic view for professionals and the public
General guidelines for nZEB are required

Retrofits Opportunity to improve built environment

Operational energy requires integration ingét planning
Embodied energy needs elaboration in regulations and industry
End user requirement needs mdetail
Supply and demand Problems convincing people of connection between supply and efficiency
Customer wants cheapest solutions

Duringksheawwmrgnm e d neevretl sb swerwved i notthe diopd s
| i stTeadbd5ehher e was consensus reached on sever
conovhrearseher e was no consdresuws cdre tcomih@sn gy u cechr
and risk assessments among ot hers. However,
holistic retrofitslhandneuadsguyrcedd ntgh e r d erpetuns eo f
chal Iteonwgaersds r et r ofointgt itrhgest h&dklttBerges saml i ent
aut hoarnidt itehsese are disdcCwosnmeod icon8ectisomi Y.hd i
as the |l evel oWwhicthrateg iFie@aqsiaedatcdlsikettle mes &

was alse®eéeéxipmatibe ohi awareness programmes.

Table3.5 Summary of topics discussed and their consensus levels

Consensus No consensus Neutral

1 Energy monitoring methods 1 Life cycle costing 1 Ambition setting process

i Effective supply and demand 1 Embodied energy 1 Measurement systems and

1 Public avareness andngagement { Risk assessments methods

9 Stimulation of financiers 1 Environmental fadrs 1 Improved built environment

1 Educating craftsmen 1 nZEBtargets 1 Holistic retrofits

9 Data from public 1 Comparative information 1 Courses antraining

1 Market transformation on products 1 Recycling and reuse

1 Cost optimisation 1 Tax rebates to 1 District waterheating

1 Building character professionals 1 Non-domestic buildings

1 Technical, economic and 1 Deepretrofits (commercial etc.)
behaviourabata
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The workshop helped in understanding diver se

t he gap beptrvedemn esntcaet esdur vey results and t he n

One of fimedi mgsnwas that the introduction of
not mutually understood among professional s
establ i shegdast encehwneorl otgea ®elsnol ogi es often do nc

i nrmat iThre. val ue supepndése &hbl nigliemascwa-okd-6 PoEs

affects the uptake of Bav bhanklep$f lae adelr otfii anns nig)
identi fi ed&egsstoareo wghddaihte t he ouWr v ey ededtower, K ¢
i nterviplwsnned é aborate on their Srimlcei g@rme riemg

mul tiofudesues -depaithabhéeéeforews but one was ¢

3431 ntiearwe s uliIntvse:st i gatfanqrdensyefl iotp e/
lwWepth interviews were conducted as the finz¢
The intervi-setwrsu ovmeuree csédarfr ag@ 0 omi tnhhei ecishn tgearvwel e we
freedomtthei s haieangdh tesx pent envé e odgauds stohneo n s
profedmosnal ateresting and usefulofexlpeirl @inreg
envel ope retrofits that have 5BfRemumsumpact
interviews are Ilogsendd eadn (rueesspa msness wha ch r ef |
pesmpective of A hteh eimmatteircv iaenweeleyss.i s was conduct

A tot al of 11 interviews weeee sebedteded r ran
backgroundss annd rpernaocvtaitcieon and refantdi-sloment
domesticf dluli dwWiimgspur posef u'lhes ampn iofg tthe ch pih
was to interview the prokbesisntwererdwgps-eceiddeh
determomadn tohféeenesri ptive qaedt nhmaEXxperien
envel ope retrofits,co(n2s)t rausaktedosimewner yo,f (d3E)s i Da
systems, and (4) I ssues and conmceamgrs waevy er ceorh
in each theme topiptesent Qubé aovensl have be

interpretation of the findings.

3431 Experience of envelope/fa-ade retrofits
Theapepearat acmolbé vat ideere pf ardtuihdefdi ngonfaennmélyodeaes
tdue t-or ichoasd.tGems al | y,buriddii chigall icfoempilse hsghear t e
paybacecks efl orpevint et 1 @afrigtes | ppi®jeotntte ri nvveensttinmeantti o
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are required for dwel |Itihwepsse, otf o sgeotl mar gwaii tnh am;
Ther e srhioruil®mmier onment ael nviemMpoapcet roeft rtohfei t dur i

It is acostdependentomponentandisa a | ot t o do with affordabi
Standard is going to be the normépeople are |
60%paffti copsertinerel| opd oradbtéruonfdiatnse nt al probl em.

There is extreme ignorance in Ireland towards el opesépreservation
architectureisi mport ant é
Contractual documents dra@kgemercaglrlay eploaresaimo:d

cnsensus over standardi sedt dentcdiulsiingn. oTfh esrea v

conections in the envelope, wofrikomemr Hilainp ¢ amo
ventil at i conpesryagtneomm@y cost s.

| hadcontractualisses i n the projects and there is no i
Gener al met hioglsi o 0D Vi grgwijosec a4l amepecti on, BE

occupant feedback and-t isgehgtuneenstsi adndevhygaoi b
Prefceerems givemndi oagt hesaesr which are budget
requi rermentes vi ewees expressed that there ar.
bridgebriegquwi res addi éroak]|tiawmeuskrane aamrees bei ng
used as mitigating ,measuwels|l ias rtelhemmhall pgreadg

of projected features.

|t is difficult to get-deti aclhdd tdvwemme raslél oéci csuspu:
building isa serious problerwh i | e retrofittingé
3432 Assessment of design, construction and

5 out of 11 1i mthaehrtv icetwyegensimeaxiudtyeoncer ned wi th
than energy in retrofits.

I't matters a | ot to thetdlei artssdeltiierst 3 narnd el
Types of construction materitddetsgttpeadsfedivag | o
budget and clieht théadmbhoabe comesvetopad/ f a- a
retrofits. 30% dftihatemvwi avsessmeed sidalrfes car
of itrmteer vi ewees use BERh detaerkodgensgr feedhb
calcul ati ocshe® ascmedspobit perfor mance.

They are satisfied generally and have asndoor t t akebackésometi mes ge

resident s é
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They described t hantotc uarlrleonwt srieggmuié fairma dommtys hoehoa n
exXxisting buwhednngoesaiveédwiotphd coosgtetahred space co
additiomoafs , wgl as-sonéphgcamphtsd atee eerxd eanrsd osnc
the most ebmmpmeni mpvovemeAtf ew prhefes piron &lcg s
there damd |laemgsei bl e growth in the naarakidtabl Re
compar ed etso deant mésumoplei,er s do not focus on

retrofits.

I found residenti al solutions good and well
goodé
The gener al expertiden afr atdhe i onher maswae y, W
cladding, concrete bl ock imaswanlrlyi,ngma skBr ocfoensc

uncertainty over performance and affotdabil
motivation for hexpe pi0o% tedufantdi.eornv iienwetes consi d
enet gy bng orbtuantf,oundn emdomdiieddk reat i 08 maskchafl eea s i k
retrofi tbaudwiettts .|l ow

Yes, it i s important but generally in pract
information if provided correctly by manuf acHt
They al so doLorfoett Ifuiinlddi Par 1r&dugfufliactiieonntsl y det
comprehensi vieo faodhoeprgea t &8t cen s, i nterviewees
House Standar dl EEdred PMUVBRE &dNSmeéasure for pass
hawseedcement s, GCGRBRS, imoswd ald on, extensions t

passive slabs and roof transformati on.

3433 Technol ogy and systems

Among the expectations fom sewt éemshinatiegi afse
breathable insul aassi ometthemasodmbemi tacadaes$ ati
recovery solutions, effective CHP technology
envel ope retrofiitdsi twerleevientser niadt ersmi ti al

accumul &alkei oé hiedfsul ati on and overheating. 80
cons iffaaduenag@eynsumpti on oifn tthheeibruirl eti rnagfsi t
achieving minismur estgemearads t arget .

It is absolutely essential to have this approacthec ur r ent scenari oé We p

achieve good performanceé
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Regarding the preference between cost and e

efficient siyrstadnsp tdied mambaan da Baceh ibeevtiiveegat rh et ht ea r tg\

al t holuigdhhna sdeptiayi ve role. The tools wused for
such as WUEIlI mMm, SSBeatl qbeepsdkn d PaHSPPRyel | as -t he wus
othumb and cal cul ations in MS Excel
3434 |1 ssues and emwmecleames roevterrof i t s

Among obheer-saste offaining for envelope ret
interviewees and they regarded | i cenhsoiunlgd o f
be insurance schemes to payetpr reheofdiamiaigmc
envel opes. Nor ms and c erhoturl e thieo ne sdteatbaliilssh eic
industry to become aware of it4: Pimp@®}Ftance s

SR 54 whikb was recently finally released this month is a very limited piece of work (some of
its guidance is high risk) but no doébtany messages that conflict with it will be regarded as

retrogradeornonrc omp | i ant é
Clear guidance on tohveers utihteaibri Iliitfye ody cmaet esh a
regul ations. | mproved methods and guidance o

retrofits.

These interview cessltrscsuggestedthoaatl iachhkésrea g r

cohesénttseugireosundi ng retrofit processes. Th

-

epresenhati odicdifidvualises whgearee ftéented shairali ,ertse @

gover nmesnacailal and organisatisomalve Vhe ypmagcto
over the acceptable quality llienmealesd ceff frmZAEB ¢
NZEB | evel s were seen. The | ack gfuatilktaldlyed w
avail abl et aplpnolpogdpnoel adigeofand mobsevatedomnc:
current practice of professionals. There are
cul tur al and hi ©iti @i @regadnhdui ehs. o nTsh efrreo na rteh e e x i
but egsobtttngns do not support the efforts. T

-

equires commeamdnopl |l aboration by the nZEB

35 Summar yyomaldusi ons

Tle t-bhrsetwy outl ined the spectrutnheo fr eattrtoiftiutd eis
highlighti ng gmydstd pclhea liblraer hfgheest .sifemsaurh t seaxt e on 3
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summar TaBBidee howt wod hreaad P a)and el {desthmy cal ,

Environment alandabB@bpmndememti ad ). @ g& aSloecitanaalre ¢ e

Economifcogl;l camedd by comprehensive Dbriefings o
Table3.6 Barriers, gaps and challenges in the retrofit industry in Ireland
Practice and Industry Enforcement and Governance
Technical Legislative
A Low qualityauditing A Lack d incentives
A Lack of openness to new solutions A Poor ventilation standards
A Absence of coherent technologies A No documentation on embodied energy
A Lack ofstandards and details retrofits
A Low cost development o] A Inflexibility in building regulations w.r.t.
technologies retrofits
A High reliability of proven solutions A Less focus on operational energy in standard
A Variation in measured and actu A Lack of general reference manuals, ar
performance comprehensive nZEB reguiahs
A DEAP does not address all issues
Environmental Social
A Low preference for IAQ and acoustic A Lack of awareness of lorgrm retrofit benefits
A Neglecting airquality testing post A Lack of involvement of owners/occupiers
retrofits and radon conceation A Missing communication to owners
A Limited availabiliy of recyclable A Insensitive towardsarchitectural and cultura
products aspects
A Little emphasis on LCA and its impau A Insufficient infrastructure  for  gmeing
A Few studies on health impact population
retrofits A Communitybased energy production metho
A Passive design methods rare not adopted
practice A No desire or support from client to record d:
A Environmental approach less feasit and monitor
in small scale retrofits
Industrial Economic
A Lessinvolvement of experts A High upfront costs for owners
A Unskilledoperators in market A Taxfree opportaities should be explored
A Lack of availability of onestop A Measure for nomomestic buildings required
solutions A Envelopes considered as cdsiven
A Low collaborative approach i components
projects A Imbalance between typology of building retro
A Conflicting opinions among vs split incentives between owner and industi
stakeholders A Lack of retrofit services in rural areas Wwibcus
A Requirement of assessment of ch only on urban areas with high economic gain:
effects in retrofits
A Lack of comparative prodt
information
(a) Prmctlicckusat ry
One of the keyohserhwned alr @ lmpvr eqcakartdsiet yaag and
versatility for intervention in ex-demesagi bui

retrorfitlse ohtehrear gheannedr atl i aBnerdosbf ngeslodak i on s
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ofadoption of new solutioaesalf,or bappmaisidigw at et

technical informabsemcevi 6h @olperemi enéchnol c
exi stingesysft etmscroentcreopftis are available in pr
natur al | 1T ght | esywduvmdanowmbéygnomher mal retr of |
the industry andatkethmofcialt I ainmbeausgsheessf e an & EE
nedd r i denti fication of dedicated technical
det airl i mgwifhi ns t hTeh eprrea catriecemsany techhecal C

upgrading of protocwmdts develrcecptmseafhintodfrodyg eetsd, @

| ack of pr ovexnp esrotiCusrer emcs amd or meoinit om i oy @ICO C

energy performance in retrofits are seen as
It is also worthwhile to notee viedratvi a ommeht &
concehast efcohrni c al chall enga&rsr ii ea s esmrpotfoivte merna
| AQ and acoustics are generally left unaddr e

energy Broefa@gsi ond lnedouccftt erna ddbonn ¢ eqruad n tt rya ttieosn
inside therbour btalnagctkpst bs on environment al

smasliclal e retrofits and | i miutsead | a&v girloahiicltist y nc
t heime uifsdeintcpihecardti § e Cyc | e( IAGA)susrmehretrsmor e, f ew
whi ch dtheaenthiefay t h i ssues ofT herse/ pdsatl | reentgresf ir
retrof it taintdbeexspollourtaitoinosn of | ooal ngatawvi absa mec

fri ndly building product st e Ah stblnee meamvyi rnoorr nee |

e

mpact of buil di ng e nvoevleorptedsdea R ¢demagdelsrt t err eact t
v
c

previous retrofits Istult he fafsecntosi sen pwd rl kuegri o na |
concenThasioan be achhevedchyl iet@ggs awiinlygi n
and national i mpflermentranimemt alt r ampgioee ment .
To impreoveifmttrirelfanda cirnudcui sattreys leigst gnr tiem hni c

environment al and aotl lhhevr il @twvo t Meanemea rTthse rien i do m

retr ofwilttogneé r act ors are carrying out retrofit
unskill ed seddriantgo rpy oadruect s wi t h | i1 THhldaec ku nodfe r
shari ng ofanidn fkonroawd deadypgaek e lgo Ivdeesrcsoing é itcdo i ng op
among the stakehol ders. There is a huge ga
contalacarurangement in retrofits and the par al
bei@agr o fAi Qtoe@d.r nment gui de to contractual St
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very wuseful t oHaldids tiss t ét sofiistsawaolelt &l arsa tainad
required iannamoer gi rdd d Stetrieenti g vt &umderotr et r of 1 1

(b) Enforcement and Governance

An absence of gover nment incentives for ac
descinbéediLackftladdxyi.bi | ity in building regul at
change incgpomadinyiastuales f or | mprovement of

some of the major barriecempbslkeoxcaidneanidnd i ® ni
dat abases to address envi r ofunretmbtieael g ri emaptaecrt sc oor
of qowwl ity retrofits taking place across the
regul ations based on consenbBusua@h ed rfkag iy dclhind W

interventions

There are many soci adr ibairmg emaesstiiny rfetamftihte p
there is | ess desire and support from the ¢
performancef iamddee®i si ons are made by the cli
Professi osnanlotadsvoiucgehti i n the majority of ret
and cul tur al i ssues | i mit -btahsee dp o snsiid bi imalit is svyersqg f
practice and information on crednbltéereegobi
are not Aaalak labl enfrastructure and insensit

il ding with surroundirmgs Taree opuyesttiumn & i cefs
ergy producing met hods, iampdr otveec htnhoel oqgu alsi t
vironment are al so i mMpovwetvaenrt, gdpsmatyo ab e oa
hi eving higher emesgypr peaf obmahde ngvs t lor

o @9 @d® ®d® T

¥ ® > 0O 0O 5 S5 <
3
gei

aratively difficludnge Aniod htere odomrhien imaatoi

—

e monitoring of data to the residents and

-

trofatt et itnog match the demand and avail abil

3

nufactureff st lme eotslmene chall enges to be met.

Society is closely affected by the economic
is found t cawarsdesc troeas irdeetnrtoif i ts dwWegherrdbkhnab
of retrofit businesses exist in urban areas
through the practice and industry trapds, cl
solutions withhghowpt mbhegebstmsrel uct ®ne t o u
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of t he | mpoarftfaenctt i mar rtiheerisr mo t itveartm omwnfeorrs hrn

affecti eagml pagbacks and i nritanal tihev Ebtwam&mimein

of fundinyg workanwiitth armul | tax rebates for pi
A rising trend in Ireland suggests that prop
potenti al whmagbr psesenat sbarrier. Thaseora&lon

measures forresetdenhital nbunbai sigg rmiafeiuarahrety f c
energy. Solutions for retrofitting -fwhad e m
opportani buesding retrofit psodwctdhecamdlisit:!
retrofit benefits must be el abor attehder f sh t a
contéxtough buil ding .r eSg wlna tfii ccrasn ta tcdnmg d reighcgiteds &

t

typol ogies for buiinde mtgi weest rfodnn t u@tnalk es pad fi t s
e
u

owners anldh @rneaus toafy.retrofit services across
a huge i mpactThins salvscoadiaaicilenngl ggshe economi cs ¢
t he ownheorust wgpubl i c funds, provision of 1 ncent
goal s, and control on theowsxctal hd v @®lno prhe nth eo
retrofit camkomegntgsenaemrdll agr ee meiretr ommproettraa

concerns for retrofits.

Concluding Remar ks

Il ndi vi dual stakeholders hold spdostryg mequ@air
Many barriers can be odeirn temetwawkehiohdehs, i fd
of nNea-eohgr gy WwiZEBi Toe gaps that exi st pre:

adopting appropriate solutions for effectiywv
poses seriousyi mamactpserdmr qqamatet of r eter of it ¢
measures fdeaxi beaprfi ves arsuprpeogruti rtelde tgr ofwtrht
Environment al barriers are an integrated pa
| egi sThad iloengi sl ati ve per s petchtei vneo thiavsa tai odne eapn c
of the professionals to follow nZEB targets.
the occupants and owners and filthngrayvbet o
economi se Sreevterroafli bftminndgi insg sr €srear ch can i nfor
and practice standards that fall within thi

regul @aheomscogni sed gaps cdnibduasddyessaedvhy
coll abor at iawntedhseaupproo d c loé sotvheer aplulb Iciocl .| eTcht i ve pi
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the attitudes and approaches of the industr.)

the industry for future nZEBs.

36 Lmitations of the study

This study reepesenusdar $darsrdinesrgsndhstinmg] pr a «
| relDaurd ng this reseaimhtahdowbivehemagvbanak

the results and findings.

. I't I s aeceawmphieemather thamerefroarddri sam
the generalisability of the &isdingsl udai
bi as.

i. The study focused on the construction i
unpr ecedsetnrtuecdt icooorn boom anrd yceamlrisap sféhei N rtits

constyrancdt ireent rof i tting markets also incluc
remai nder of Europe, e-0g c umii grhs-fpamiploys t h
dwel Il i ngs.

iii. The dgt wnl vy considerednatsensanducdi oan net ofi
perspectives of site workers and end use

findings.

v. The survey questions were |imited and gen
reisectred their flexibility to answer.
However, it i's envi sagetd etrhane tthiped od @myr eemeln

enabled the capturing of a wide range of per
that a number ofedk ay ies;aslhe s twmarekhdayadst eow eer, a If up
research is required to ovedrecpatnme itnhteesrev i keevys
category of stakehol ders that could guide i

l rel and.
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41 Chapdaverr vi ew

When retrofgi tbtuiinigdi eaxgisst iint i's cruci al to st
satisfaction with thermal, visual and acoust
the feedback from professionalfs$ einmoa@Gi dpgiye randd
acdhoc (selective retrofit i ntervention wi t h
i mpl ementati on. Hence, t-basedhapsesspertsenf
par trieaetlrloyf i tt ed uni vertshe ye xbiug tlidnfghogrbrtaal ode vnaglin
determine possibilities of further retrofit

The study combined met[hloddjsd CAISHRNEILIPE nt HEN 1
assessment . The untieecer eft yY25b widlcdd@itgad ccaodshies
campaign was or ganiisvad? Obles/t waenedn iJnuvnoel v2e0dl 6a u d i
physical neppen@imd&€sr environment variabl es
humi di t-y adinemtn ta&impewva&tl wrceltsy,, naoigehd € @ eweel s
concentration were recorded-iwn mel loctchugpandne:
were conducted during the four l ri sh seaso
satisfactiemplaves stfofhepaveygsbasp@8pnv €BE |
and ar eAmpenhi *xme quantitative dawerussedmt phy
cal cul at éc oorcfcoupta n(ttsher mal , visual , acoustic)
coll ected wWeraema Iswuwsevcke ysn@evasedt eotberosaulses 0O
maj or cause of problems with T EQ was the i
retrof i tatbesdorfaomedc htahne rctail | at i on system. | n wint
temperas were below the standalrdi nrge coomimetnhdea |
rooms and post graduate rooms were observed
e

general, most of the occupants exlpsr.essed sat

Thi s-sftiuedydei sof t he f itresndearesttaan e dt s urdaleast i or
and i mpdotc ofetadifoimesti oi babkegempatie clhiimat e
study may al so contributeatdstépedieviet opmeht
chapter sst ughyuss efdi eflod t he i dentification of ¢
study building.
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This chapter hasdg nheemoaptuidéniaslddrgdd gk mv @ Mlanl nye n t

2017eShkh Zohadiubt edt udar rfii ed doiuntt etrhper ett eesdt st,h e
wrote the manuscriaputt hoTleed aitihclthewgpsimary
Goggins who di raendt ed mmeing erde earnt .l®Br maRusbar ¢
Manton assistedowicupwmspwnii epddygt ooDBra.ni Garte yyn
Griffin advised on the DesiMdagddl eneasHaijedelit
Marcusgkedpdt he drEalaysai s of

Abstract

Achi evingbassteadndlamdicor Envirammeenxtiadt i Qualb uiyl

growing steadily due to the strong-ddemandcfo
buil dings pose challenges mainlycoanér ob oce
comf ordutadnadueddi ng stauicotns e .f-wdRreamdyoonme s $1i C

buildings (>35 years ol d) have faced techni

buil dings are often onl y pdaroticinalnlayt Tumriees r phpe
describes the odvalndatoirore nricgoensrentaktrobntdt e
university buil dionggi na@ahywmay it (hter ell9arm0dk) and
in 2005. The r ersieaaraiht laisnseeds siers EN i 12251 and
ASHRAE ahbéd CBE I EQ survey. Occupant survey
measurements were used to assess the compl i e
acoustic comfort aedr elhawioonsahirp queatl wa en (Tt
buil di npge eamwvde | coc c uipsa nd e scoorndioerdt r et r-oé i t ¢ eidt tae
zones of the buildingocThetresulttsnguofedtet

any significant difference to | EQ @&mxd sdcawp e
condi tiThhres r sptesteacedon |l evels in the surve
t her mal dengatciotmmazmildfedt ure retrofiaptiamies ad e
to i mprove both I EQ and enregtgryo fpietr faop pracmaech |
anidnclude factors such as human heal th, bui
pitfalls of current practice.

42 Il ntroducti on

Ak efyact or in achieving healthy envirehmemts

|l ndoor Environmdrlt] allh eQuaaw a rteyn e(sIs Q)f i mpact s

133



Chapter 4. An Indoor Environmental Quality (IEQ) assessment of a parg#ibfitted university
building

i ndoor environment al acomwmdist ivams ohhas rkesemr €£thu
and buil di[R2g4bEQeneéers to the acceptable |

ace®wuuic comfort i n additi ¢md] t ol nl nbdootohr eAx irs tQu
buil dings, there iIis now an ismnbseguedcntf doud hc
Performance Buil di ngseUDi r2e0cito)wev r2,01 a¢Bilé €U
efficiency does not automaticall y -deomseusrte cb e

bul di ngs (bwialrt pe@uirdiodg .p®Bsut | di ng owngerilse@ft e
as a means of keeping the running costs | owe
and operation. Energy effictemegshbhassbéebadnoag
or deep[ r]e$ o off aatf,d deéndetsisc@mdt retrofits has not

with respect to I|I-EQiothteyebygmpavrvelddtdDhe hleavgly
of understandihgvefadE® s@uéffects on the oc
health and peé¢PBl eTehseeo occurremvme obuhdaldit hept
t he productivity of t he occupants and i nd

guanti fication of productrigvyi teyf fg aciinesn ccya nmedaisri

to I mprovement i n i ndoard leOn Wwiurrd mmeadmtoe e ¢ | © D In
buil dings in Europe account for 25%pdfi otnhe t
per unit of floor fpf.2a compared to dwellings
Exi st iwagl P8Friocomestic buil dings such as off
and institutional buil dings hawe rgergeaatda rngcadn
environment s: a |l arger numbkercoht amicn@Ransg s, n
systems for heating, ventilation and air <co
over ther mal and ventialiatiingn saadandiftaica ms.y THhi
| EQ conditions i s onme eoxfi stthien gmabjuoirl dcihnaglsl eawnhgi e

earl-gneregy building (nZEB) sfaftdards in the

=)

The REHVApppertitonthe European Commi ssion on
[ ]xtensi vely promotes the application of met
along with thél18nEhhegylENItShdRredigerndc yr esul t of th
specifies the criteria for achieving better
under devel opmer0Opblsajch aSA]|BE®had tad st andar d

retrofits.
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The primary aim of this study i s: (i) to as
standard|[ ENHR®@24A1r f or the acceptance of | EQ
budilng (Nati onal Glnliwaeyr)s,i tayndo f( ilir)e-htaon da psaeg 3 a
retrofitting of the building on the I EQ. To
outlined in the standar d afgoer oafs seexsissitnign gc obmupil
sgni ficantly covered wi t hwanr Shoomerstt i fci cbun ¢ «
Approxi matel y-d@méss toif c t hei Indinn g5 G tyrck. )( aagree ble
be retrofitted inatéeée NAXEA 2Dt e/eohfy su pacst eexsI & r
the annual-demeski of bwmiolndi ngs being retrofit-
observed in countries I|ike NetHelt8l]&nddsat Behe
buil dings account for the | argest share of t
were constructed beforeva9 ®.r i Bui Haa riean agtseenrfe ir saet
by poor igsesust-ghgbed fa+rades, |l arger floor pl

| acq@qe bon footprints.

Table4.1 Description of the applicability of the categories ufbdl

Category Explanation

I High level of expectation and is recommended for spaces, oddopieulnerable people witl
special requirements such as children, older people, those with reduced mobility etc.

Il Normal level of expectation and should be used for new buildings and renovations

1] An acceptable, moderate level of expectation and maysed for existing buildgs

v Values outside the criteria for the above categories. This category should only be acce
a limited part of the year.

43 Il ndoor Environment al Qual ity

The rwmintuial European roadmap degcrenbeersgyl Ee¥ f.
i mportant area off 1iI9fVkhetegatronmbyt @2020actor
vi sual comfort, acoustic and[ 2.A]JCE adcehf ionfe tihnedsc

be di scufsesleldowinng h®ubsections withbhseasphct t

431Ther ovanf or t

Ther mal comfort relates to the physical enwv

conditioned environmeaetesonditichmecsfptmisBadti iac
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expressed with af[hziTlmak e ensgi raonsmernotng corr el ¢

consumption ameéer mat ecwmantf ioonalsttandp.d@FAisret 1

temperaturet memperatdure, air velocitwland
environment al parameters that affect ther mal
rate are considered as personal par ameters.

andleri ved ba&ecqumatrFamgerf comfeamt Vetueh ( MVPr
Predicted Percent al[gzllelthe Di sdatesfaed (PEPD)ir
existing euetmingsthe tdher mal comfort values
i s the most preferred factor for the eval ua
acoustic comfror ¢ uf@2n3dtlyit n dvaassr adiso foundeto h.
perception of [@Quh8trudiE€s flmzve®risndi cated the
modelos esti madceo md ®ac updmtasel ex nstpiosdg buil di ngs
consider | ocal]| 2.%]eTrhnearle dhiassc obnefeonr tc ont i nuous
to ali gy tihee einreemeragy ymziEBs) nwst i tthheer maX p e c
comfort [Sifgn@laerdes an nZEB is defined as a bu
performance with thamaentr | gf zemeor oy nequwi rl ed

very significant extent [IBY energy from renew

43.2Vi s wanf or t

Poor | ighting conditions cawmntcsa ufscer dti lsec oart cou |
efficiemsyofnstaéisfactory |lighting conditior
dependent on certain factors such as 11 um

spectrum and2.9]iThlk @ff egleaarce of a good wisual
being and producfiiBVi]Tlyemd drmeni walowesa defs cirlilbe
standar d-1E8LiR24wdr k places in buildings that
fulfil visual comf[ol]Ae h at pe rdfachu m adaeeglhiyr edeedds
sever al psychol ogi cal (attitudes), soci al (o
(orientation) drivinlg domfceerst riers ptome i bd iel diomn
challenging to maintain good visual comfort
l'ighting |l evel 83fhabuewotrk tpheacease -coastmetbar
il 1l uemé n@hux) at the worhkgpltace forudsde assas

comfort (adequate | ightingjaisre dofmfeitaa £ sh cswewh
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Daylight Autonomy (sDA) and Usef ul aBayliingght
varying |lightinged@®wdi tions over | ong

433Acouecotmfort

Acoustic comfort I's the presoennmeentofwi a hac vimi
uncomfor tf2Bl]Acoossec comfort i-domessti doebedl d
| EQ and is generally given i bty rieSiipgRamin ce i
Occupaatissf actpileasc cmnwbek achi eved by speech
sounds |lwliedh is identified as the main prob

wor kst[a3t8i]dms | ding el ements play a sighifical

sound i[n3%]Tahtei ommdoor system noise criteria ¢
in ter-msei @oglit e Ad sound pressure | evels -(dB(A)
measured sound | evels for the relative | oud:

[ 14]These criteria apply to sources firwemn bot
| oudness is measured and used to | imit the s
can exceed these |l evels in case of occupants
Retrofits can enabl e the reeduatgi osnol auft iiomado d
comfort and dmMdoOrbygi sefccieacya do not direct
but depend on the opening of fenestrations.

may ¢l ose windows in summermnsg idrmd itomi sanwowlod

may be required to maintain indoor thermal <c

4341 ndoor Air Quality

| AQ i s known to have acute and ¢HAPInt ci &fdierce

related to the ventilation rates and concent
Building Syhd.2Dplnme ¢lISBsSd environment s, I AQ i
physical causes (cambeam omxeche al CECObawcdoCOmMO
volatile organic compounds (VOCs), ventil at

noinoni si ng[ 43A]dPiraotviiosnn)on of outdoor air suppl
percei Jeldt ] TA® Worl d Health Organisation ( WHC
gui delines for selected pollutants and their
safdoornenv[i4bolmeretvi ew of studDeaessphdbRA@Il in
highlighted that classrooms in the study wer
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symptoms due to the highpaxonceEatirlaeg i ongari c
(vOCs) , moul ds and microbi al VOCs and all er
influence of indoor Ocealbtom an d xpg arex]e,inv[eft7claliprd
A study on t he>wadsho co Gdctaeligpdainit sfi nCO© o mmer ci al é
buil dings of 30,000 occupants in about 400
sypnt o9 |ch @t ration i s considered as an ind
occup4a8aiSince there is no common index for I
terms of requi recdb ncemtfirlladd) tAiome cent COt udy amo
countries showed that regulations for | AQ in
need adcakinttiioomalasatthey were recognised to be
by the focus countries: Bel gium (Brussels Re
Sweden and the UK[®%&hgl and and Wal es)

4350verview of I EQ in University build
General ly, uni versity campuses and educati c
increasing amountsoaoahdeoneegptntye oo dbyfdamresa
|l ecture halls, seminars,[ 5clojMaeyencéet heomsg| sa
i n campusred tare wppmorat unity for sustainabl e
their ener gy s aviinngc rpecatseendt-ethH ri aruagin the meert gy f i
energy management , analysis of intrinsic enece
eargy telchap)] oBBtLtofits provide oipppobbtiulnditiyg
and good I AQ is crucial [A®&dLagihsIgdt isdrmanidmr dr
UK has directed colépagris tamadi unevergy tuees damn
to i mprove energy efficibevichyai Aan d El&Qhrsdhancdhye
educational buil di ng aewalsuatagadk dt tenalt AQ ti radse x
comfort, health and operating costs of the b
environmeasesnaeitle i |l lustrating the role of |

performance and the evaluation of retrofits

there i s a str ongh aoscscoucpiaantti oo noffor It Bv@rnildi ts at
performance, building condition and energy ¢
Linkages between environment al conditions an

study of 95 occupantpsl anea fbfsifi &% Hhogwee) v eart, aan r¢
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study of 167 new or recently retrofitted (<
(Finland, France,THa edeteh e rHuanmgdas ,y , Pd t tad gy a | a
hi ghest satisfaction rating was given to | i ¢
and ai f3§u%ilndeg there are a number ormegmar ame
radi ant t empenrcaitsget el, evCeOnvol ved in the esti:!
interaction adds to the complexity of evalua
nometrofitted schAdarles dai man B obiglvechaleifhyad i nsu
comfort and | AQ conditions. An ilnadw owe mtvielr atg

rates accou@Qtied fboseovchod&l s.

The presented |iterature highl-dgme st itd ebuimlpa
Di fferent met hods of data collection were u
e Xi shbtuiingdi ngs. Strongesthhiti omhsthi pst vaer bee!l
and | EQ. However, |l i mited research is avail
incomplete -demestitsbunl dbngs on ft hiet oacdcdurpeasn:
the effectsemany.enlehgymetifodol ogy adopted in

for the compliance of | EQ.
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4.4 Met hodoinowgywtafgati on
441Fi el Wdy

This study was conducted at the INamadatoed!| ornt
west coast of Ireland. Part of the A®BB8O6and
was selected Fogal)bi FheEQostludy!l oor plan ar e
m and t hteudy ewals scondWedtedwiimg aofNotritenh bui | di i
537?2(Fm g&43) e Gal way -hhuansi da crhiixread e cl assi fied ul
ASHRAE international][ &0 ]iBmaasteed zoonn ehsi tsdt eofwifi nci@tdi. o
Gal way f-20mm72031dly is the hottest month wit
15 C3 acnadl chesitBiebruary with an aver a@[e6.d]iTyhebul t
wettest mont h ofwitihe ayne arv eir & g © c[tcdIBlielgdd®.e9 mm
shows the outdoor dry bulb air tempbéltéot ur e
Jud®during which the tdudoyny wde danductoed,ech &
station iUdstGal wag a&tampus on the rojp®d] of the

Figure 4.1 Field study building (with area of study highlighted in the box)
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Figure 4.2 Outdoor air temperature and relative humidity profile at NWI@ay during June 2016 to

June 2017
The field study | ocation was chosen based on
T I't is the ol dest part ofhasvebAdenhspantdi &t
T The retrofit i s -lpaa)t i édl éb/udogoentp | Ieit mitlt a(taido r
mi ni mi se the i mpact on occupants during r
T There ara nftenesneregy aboratori es.
T It I s a mi xed occeapandyycbuge aduvegtles orf dpoon

conference rooms and | aboratories).

T The occuyparcylil -6 ®®t weeoaudB®out t he acaden

As shdcwmg4a4greoverall there are 25 occupied
First Floor) in the wing of thefbuicledi fds. Oqgn
G.2, G.4, G.5, G.6, G.7, G.8, G.9%5.3G.1x,13G.,1

| aboratories (GgrlebduaFt.e&,r dcordy , ( G. Ipdo,stG. 16,

Z 01

C

(F. 1, F. 2, F. 3, F.4)t méhe seutbanecpedttofth

Science Building throswgh corridors endi
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m ROOM WITH RETROFITTED FACADE (2005) N

|:| ROOM WITH ORIGINAL FACADE
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First Floor

Figure 4.3 Floor plans of the study area in a Noftllest wing of the Arts and Science Building

Theilbding is either naturally ventihaatednwit
(October to Masy)CHP h(ec aurmbivreerds iteyjat and power

and electrical energy demand of esleatbuwuinl dil i
zones and is controlled usimagveéowral bTRVLE he
schedule is controlled centrally for the bui

using precast concreta othe clomMmplommgey tandvi dthh erat
i ma bdl3e

OQut of 27 zones, the fa-adegbdthhziBgz¢mes awasr
no ther mal bgrl eaazki )n gt o ndectuad | & r ame WwH it 43t drer mal
The baseboards heaters were also replaced in
were attached to control the i ndlooirndwlmpteir@an
the wall s. T haemnnea bwaes rmo mp rt digerr most at avail a
automatically. Therefore, baseboard heaters
schedule for the whole builadilng hier rzeosnpeesc.t iAV e

have regbassed Lo maintain workplace il Il umina
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Table4.3 Construction components and theirvdlues in the Arts and Science Building

Construction component Average Uvalue Layers (thickness) Remarks
Roof 0.54 Roof membrane (9.5 mm) -
Roof insulation (88 mm)
Metal Decking (1.5 mm)
Ceiling 3.14 Mineral fibre board (19 mm) All zones
Exterior walls 0.26 Metal panel (5 mm) All zones
Board insulation (50 mm)
Rockwool insulation (100 mm)
Plasterboard (12.5 mm)
Interior walls 2.57 Plaster (20 mm) All zones
Concrete block (100 mm)
Plaster (20 mm)

Single glazing (metal fram 5.79 - Nonretrofitted
with no thermal break) zones
Double glazing (metal frame 1.89 -- Retrofitted
with thermal break) zones
First floor 4.67 Linoleum tile (8 mm) -
Concrete dense (300 mm)
Ground floor 2.57 Linoleum tile (8 mm) -
Screed (75 mm)
DPC (3 mm)
Concrete dense (200 mm)
Doors 2.97 Wooden panel (25 mm) All zones
To assess | EQ i n t hteerbmuisludrivnegy,s osvheorrett baenndd ul cotr

of one year with four seabkwBdlAugneasaiBtegpremt(sl
30Nov), whDhe28Fep)l andMapdyiMag )( b1720Ibe suryv
participants included démparsttmmdnt atnhdats taaocewngi:
buil ding.

4420ccupamyeys

To conduct the I EQ assessment, a questionnai
gonedel n ASHRARRA WS t2hEel1 LBEGRBEQn sarveyi ew of
rvey met hods, it was found that the CBE s
i I di ngs Gisgiirovdeeryc dil ebnyg e vjab.4 JgTthieornesf or e, t he (¢
ed in the field study was desowngEiBmibmdée ed o

satisfaction with ther mal comfort, visual

n
u

u

s

ur vveeyrse) conducted during the times whmen t he
n

s a pa#ttromf ashdoyses. The buil diimg tlhheerssurwe
u

o 9 O uwW < T u

ring the fourTas®des oA st catsals hoofwn8 3 nsur veys a
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(ground fl oor) were conducted with the occup
crifedijm tot al 144d esrutrsy e(ysn atmoan gs esgaur at e day s

|l ecture room F.2 (first floor) during two fu

Table4.4 PIT survey schedule

Seasons PIT survey dates No of occupants (% of Floor
occupants surveyed)
Summer (JurAug) 8™ August- 28" August 2016 14 (61) Ground floor
Autumn (SepNov) 24" October - 14" November 16 (53) Ground floor
2016

Winter (DecFeb) 16" January 10" Felruary 2017 18 (60) Ground floor
Spring(Mar-May) 11" April - 9" May 2017 15 (50) Ground floor
Autumn (SepNov) 4" October 2016 98 (100) First floor
Winter (DecFeb) 15" February 2017 46 (100) First floor

443Physmecadur ement s

Physi cal mearsaremedt ct ear ifob| eésh:e ilMEEdQDor air
relative humidity (% RH), mean radiant tempe
CQ(ppamd noise level -USIBA) . daABENBggELSed t
measure temperature eamcd kwmiedii tnyat phrdoOfD ehpeasiu tag
interval !"oenevexdil@en 067, covering the four

autumn, winter and spring.

The $komt eval uati on was-itomdumeadubgmensti agt ¢
tdn occupant siuornvsElys dlugseengSevoott ki @) hfoaumr st if 8 : d
showmalhdde i n the four seasons on the ground
t hfei r st floor. The malratmev er bu it @impe,r ameaae,
il Tuminat iceamd | &aivel sel €©Oi ty) weBrOe pnoeratsaubrleed nuess
i nstruén@lniher e measur ement probes were pl ac:¢
respondenngt snoduma l wor ki ng IHo urise,| db arsdeslerga c ha |
Detailed ther mal i maging was c a[ra@ entde roau tu nodne r
overcast condi t[i @his daest epremi nNeS Q hoe/ Bplotne mteif a&lc t .
air | eakage,g tamar rmelatbrliodssgi nnn the building.
using 485 0CElound [|7e0veetlermatnearmmg the equivalent
during the normal wor ki ng hohuer sbuitl cai fge.w A edpe
of t hel eadattiaomcodtrategy iAppen@saeanted in detai
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A weat he[r6Rspt altoicoant ed on the roof °lo6F6 AVEH6ed f i el
03063armd )records wenatnhluer datt@eratl eneThe recor
bul b air tempeirdittuy,e ,b arednaettirvies shpurneslsar ei, rt a«
wind speed,  ,amidnd adinrfeadtli.on

444Cal cul phy oipzxr@df met er s

(IRunning mean outdoor air temperatures

Il n naturally ventilated buildings, to cal cul
indoor ¥ier tepmpreatait ures are predicted based
weighted running mean of the ouitsdonoot tienmpoeprear
[ 1.4heT e x porneenitgihatleldy out si de running mean te
dependencyt beveoscwhparmt s adapt to their envir
Equat #ab)nsdz)d (

o o | 6 10 (41)

o 8 8 8 8 8 8 (42)

whetrles themeamnimdgoor air operahivethempenat
mean indoor air operativetedatiesmptelreatduaiel yf ome atr
temperature for ttehe phevidaus ydampaanexy er nal
before andais ancormHsetrent between 0 and 1, wh

if the running meyns are calcul ated weekl
The indoor air otperabitaenedmper attthree r(0 oms
t empertgt umaes (used t o dentgeersmianned tchreo scso nefvoarltu art

categories deflakrd &ame Edibédbw 251

Table 4.5 Indoor operative temperature limitEN15251[14]

Category Lower limits Upper limits
I timin= 0.33{m + 18.8- 2 timax= 0.33fm + 18.8 + 2
Il ti min= 0.33%m + 18.87 3 timax= 0.33{m + 18.8 + 3
1 timn= 0.33tm + 18.8-4 timax= 0.33fm + 18.8 + 4

Note: These limits apply when 10tm < 30°C for the upper limit and 15ts < 30°C for the lower limit.
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(PP MV  a&PrPdD

To determine the physical and contextual con
evaluated abs eac¢cem the point of view of th
experiment on steady 26tjdahe bemfotewmegqéat a mo
expanded into|] 24&vpo8 HHRA B hbe5 ma l s e Py aetdii cnt edc
Mean 6VBM¥) indewl | biwi hgsrahgeftf +3 (hot), +2
O (nedtrn(asll ) ght2 y( cnoes@t) @aonjdd ) . Thei PMY éqgunati

environmental variables as:

00 @ Qo M RO (4. 3)
whetgies air tempesamean [ AC] anui st amdeartdatvier eailr
[ m/mils humidity (vabbar mpt abs lf]i,e)lairkk Bd Jow/hm n
insulation [cl o].

Further, basetheohat hetedpes on PMV, Fanger d
of PMV Jirtehditcheed Per coé RPPBDyewDi shapreftlietds t
peopl e who feghktll ynowar milhj@m esdraoell ati onship betw
i's rretpecds&s :

VOO0 pNMNMwWUA@PBIoo®BO @ ™ p&@d i o (4. 4)

The PMVD met hod is applied in the evaluation

environment dll.4jvhhhe abhes mal comfort at each
cadlcat ed usidBg HeWat(iThesrecommendeaes vahd est lne
t hermal environmehabdéari ables is given 1in

Table4.6 Recommended values of therreavironment variables and indexes in EN15754]

Indoor air temperature Indoor relative
(°C) humidity (%RH) PMV PPD
19°C or lower forheating
Recommended (1 clo)
ranges-Category 20-70 -0.7<PMV<0.7 (<15% PPD)
Il (EN15251) 22°C or higher for cooling
(0.5 clo)
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(3) Vent iinfaitli toen& ®nodn

| AQ i's gener &kl s ecxopnrc@ehsterdatiinon and ventil atii
the concentration[ é.1]Ili mdooostr aaldgroo@o InldwWto a&cratad r
gal [ 78hd rel ati onsahnd si mocekaome eani rICOqual ity hav

[ 73] Cal cul ation of ventilation and infiltra
buil dings as 1#AQdi fMédeatrigiysaifnopra crhisni mum r at es
specified in indoor quality|[$&addEN@EBL2]SInch a
the case study building, the exchange of air
gaps (infiltration) in the building envelope
no mechaniwocal svphesetmetisor ement of ventilati c

possible using steady statee earatdeedc by mehteh o
as a tracer gas. 28he malkesmurfeonre Nt esn toif |s@&@@iton wl
in uhedbng and for infiltration wHem]t,hd 704dc
[ 75]In this study, thecatealdstnatitdiae i meit h ad eis
CQconcentration has reached equilibrium repi
over a time peridtheokfdOet ot RO cainn bbteb scrad e un
based on t hgee nevrea tdigosn] QrGaj @6 H4buh .

5 @ — (4.5)

whetd s the airl] gihsantglee rrmumbdrh ofCyi e dlee aivrer ta
CQgeneration rate per Ipepestodp o gtelheamal 6y Oh d 6
[ A Csi s the st eadycontcaetnd ria€diaanrt h@@me& nt r ati on
supply air (outdoor air) [ ppm]. I n steady st
and outdooce@Oratntonsaart®e conmeaduring whi ch

out .

The infQlidratcam e cal caobatedt basednode €Oy
period when the occupant[s/2gr,e [n/ddty , pgr[ e/sBehn tb ya n

0 -l — (4.6)
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wheQes the fresh air venti Qi $ ondceoan@e@ ntthradu g
at moarenmg® @ d s t heonxGntr at ibow(hmgdtmimd mehe CO

concenitm asupml y( K) rower twhmech the ventil ati ol
Vol ume fl ow of air in the zone can be cal cul
47).

n "o (4.7)

wheqgies the voluréitgf)is ahefl awil hviast itohne rvaotleur

of the®room (m

45 Fi el ldy results and discussi on

The field study c-ompmi @ d ronhjoeedtsiuv e melndrsg a |
(occupanevabubuvaeyehns et ol BEuQ) dceansdiatnido ntsh i nsi de
assess the ehbdbecandepassi af medtrofit practic
based on the availability of occupamtosmst.hr o
Thereforealupndeupaywppye more than 50% of occl
of the four seasons to understand the influe
comfort, excluding the | ectduréengoome, awhidemi

451Ther reaVMi r onopoenndtiatlioonhge rnmema s ur ement s
Lorgerm measurements were conducted during v
profile of indoor ther mal environmeat. cDme i t
data | ogglelredwaisn ienasctcha room of the buil ding,
humi dity (RH) at a time step of 10 minutes.
solar radiation and heatiggveaebdvéoul ¢ heobual d
The mean and standard deviations of the dat:
for each season during JuifiabMB@he trecburde d2 Gl
meanoout d emperature was 16. 0AC. The measured
was found to be within the @emfiodp AGLY% ot i mi
Category 1|11 buil ding). Nat ur al ventigl ati on
t hroughout the year, but heating is only ope
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Table4.7 Summary of the outdoor and indoor conditions for the case study building

Summer Autumn Winter Spring
Mean outdoor temperature [° 16.0 11.0 7.7 11.3
(8:00-16:00)
Mean outdoor humidity [%] 83.5 89.6 92.4 74.7
(8:00-16:00)
Total solaradiation [W/nd] 371.6 172.6 83.3 3714
(8:00-16:00)
Ventilation type NV NV & H NV & H NV & H
Heating period - 15/10/1631/11/16  1/12/1628/02/17*  1/03/1%14/05/17
-- Mon-Sat  Sun Mon-Sat Sun Mon-  SatSun
Fri

Daily heating schedule 0800 0800  08:00  08:00  08:00 08:00

22:00 13:00 22:00 13:00 17:00 13:00

Note: NV= Natural Ventilation; H= Heating
*Heating is turred off for the Christmas vacation period

The autumn season had a mean outdoor tempe.]
monitored data indicates that some zones (G.
presednuabddBhiave their seasonal mean indoor t el
limits as per EN15251 (19AC), even while th
hedU&lI2¢e nThi s may imeabdltettyoofthenvel ope to
es, although G.1, G. 12, G. I@Bl,aZFi.dg.anbud.t6

c
on
verage tot al sol &@&rnradiamnpnt bé iLmpaét WHbm
a

N

ing camnelbat iavssluyneldow. Zones G. 11 (NR) an

O Q 9 N O

-

ntation (NW) and they havempheirgahteurr es tcaonnipa:

—+

her s, which can be attributed to the |8

se two zones, |l eading to greater indoor

@ @® O O
—

tive humidity iniautbwmrh itsheamomg st, hevhhic

ants either kept the windomasy flreewe emntt h

= C
©

ces of humidity compared to others. Lowe
G.11 compaee@G. 1?2 m&8y5S5HAE€ dwme zgloa pe & sfean-cad

~ o

or increased ventil atiisomotZamens®ahd | fc ol

standard deviation for humidity reflects

>

tur alt iweint iHHowever, the mean humidity | evel

nes that maymdies tdwree tgpe nenrtaetrinban (room used

N O O
O O 9 O - O o o oo =T o

O N

cupant behaviour could be the reason for t
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During winter, there was a mean outdoor temp
of the retrofitl2ed Fz8nes. 8G. F,. 5G F. 6, FF ¢
recommended | smetia,b48es Reanobetted | ecture r
recorded | ower mean indoor temper anteuwsrse sofi nt hv

envel mpentain comfortable temperatures despi

(Tabdl7)e. During winters, windows wereideanerggl |
however, the lFabsaFubabhhyg Fedrtwe ated frequen
the higher standard deviations in indoor tem

G.11 (NR) recorded the Inaodwehsitg hneera ns tiamddoaorrd tde
suggdges that hi gherglpaezricnegn tiang et hoef rsoionng |l lee ads
winters and indoor temperature fluctuations
mostly overcastl svoltanr amadivaet iagiet tmawi ve dd od
t hat orientation of the rooms did not have

glazing would be relatively |l ow in winters.

ring the spring period, utplaentlise atlisrog rveagul a

—

mpeeat by natur al ventilation or TRVs. The

—

e spring period was 11.T2A€8e Hbdwe vreran dsndc

ese indoor temperatures. However, since th
il di ng, i mprbvedemhprpagemgnscbedul e coul d

t

u
e
h

temperatures were above 22ACoiviis9 onomés coBNI
h
u
emperatures as t he souatrdeo olri gshperri nogo mpean peedr att
0

considerable external solar daitnhr(aneg@m dloa zil
have | ednidomoraiteenper atures, especially to S\
F. 1, F.2) wiwehen2t®e28M€an Thhé s i s al so supporte
have higher standard deviation comptarmaly tme N

responsi ble for the overgéarzing was {hérpgaoe

windows in zones G. 0, G. 7, F.1 and F. 2 durir
gai n. The windows were gemrserdalrliy gk eptr i mmlgo ped
indicated by | ower mean iIindoodobtmumadet ggeé¢ eot
and | ower standard deviations.

A ther mal audit was conducted i n 7wiJdither auiwi &
indicated severe heat | oss thr dwmeh gtlhagy letl@u i |
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fa-ade and thermal bridges whi cRiug4lisrhfoawrsc e s
the ther mal i mages of the building where | os
gl azing, and partially on the ground floor

evident from iesdoaBUBgHotnh atorsingnirfi cant over hi
during the spring when the heating is operat

to adapt f or ctohalietrdoomf 6 empwirtalhur es.

Figure 4.4 Thermal images of the building envelope (08/12/2016)

The indoor relative humidity | evels were ge
period si rece st hgeenelriarhdty hamudal nv &matl wlagt iamr
moi sture | evels with the outside. The rel at
t her mal comfort, but i1t is found to be asso
| elve can cause im@madcr gavevt mi dmaddliimnisecdimost udy,

indoor relative humidity was fToadl@e.t o be wit

452Poi-imttt i suer v e ymeamsdir ement s

Shetretrm objective and subject-idiemeEEQuasegssm
codnucted as descriBed The ensusahedn dme poir
measurements along with the occupant usrati sf e
seasons on the ground floor of the field stu
first floor. The pat ametver shuMmi elinp ¢t a tnueraen, 1

il lTuminatifgn alievevless,ocCO®Oy and dnousieng eaxeps])

measuring 1instrument. The <coll ected data i
conditions in tetrmsviodualheaomafl orctomfamcoustic
guality.
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(1) Themmadt (PMV/ PPD)

The PMV Friegstalgt,s e(st i mat ed fr om nmega swirtehd plhEG i
parameters of metabolic rate andtdlInet Biumrg etyle
are compared with the ThermabhcSensastuomeVYot e

(Fi gd5be . The PMV r eistuil mes odr 88y spofirnam t he ¢
indicate that during all the selas7onBa ¢gOnre/e nfe ¢
45a) , satisfying the criteri alafbdeem EHNWER®LI,6 U
Fi g46tehe individual data points of 83ansdur vey
PPD out sdammenhdeedr ecomf ort zone indicating hi

some zones with the.Durdonogr tthhee remmanlt ecro mpceirtiioodn
indicates slightly warm comfoghl sghsati oghih
conditions in the zoasbsBowhl cbhbvemhebei dgeotf os

S @ S

— > Hot
N = O
H [x
— X
— X H
——» Hot
=T
I X

X
—

Cold
Cold

[[] Summer [ Autumn [ | Winter Spring [] Summer [] Autumn [ ] Winter Spring

Figure 4.5 (a) Calculated PMV resultsind (b) Thermal Satisfaction Votes (TSVs) for ground floor
zones (n=83)
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e
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Figure 4.6 A distribution of 83 data points for ground floor PMV and PPD values
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The mean PMV results frome shuenimew , 0 a@n aeuminr aln c
t he mean Ther mal Sensatfiaoot iVorF egdwHESWs(E B bom

O (neutral satisfaction) whi ch means that t
temperatures. The summary of ther mal enviror
Tabd49%e |t can be noted from the average <c¢cl ot
autumn, winter and spring ar e[ D&l dw hner eadaguep
have adapted themselves and feel comfortable

in the standard EN15251.

Table4.9 Thermal enironment variables during PIT survey for all ground floor zones

Thermal environment Summer Autumn Winter Spring
variables

Air temperature(°C)* 18.6- 21.5 17.0-21.3 15.2-22.5 17.0-22.8
(8:00-16:00)

Relative humidity (%RH)* 56.9- 67.7 50.2-72.4 37.9- 66.6 41.1-59.5
(8:0016:00)

PMV -1.301 0.86 -2.357 1.08 -1.427 1.08 -1.3571 0.87
PPD (5.0%- 40.3%)  (5.3%-89.8%) (5.0%- 46.6%) (5.0%- 43.2%)
Average clothing insulatior 0.66 0.71 0.76 0.81
(clo)

Occupants metabolic rate (me 1.071 1.9 1.07 2.1 1.071 1.9 1.01 2.0
Occupants gender Male- 29, Female54

Occupants age range (yr.) 24-59

*pbased on mean ranges from Taldl&

Two separate surveys werelatcsareondomt €8. &) t
teachingri 2006t @amd February 2017 with a tot:
(FigdafHeindicated twmatmetrhea nr dceerwasy than Oc
recommended comfort criteriamswlisplcmay |be id
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7%

—— » Hot
bl—- <o —

Cold

] TSV (Oct) n=98 TSV (Feb) n=46

Figure 4.7 Lecture room F.2 TSV results (n=144)

The schetiela¢ i og sySt)emwhiSekti®ncdmmon for al
caused over heatirmagomy e(criatlrl off iitnt d kk)ctaug et he o

for shorter period and does not regul ate the

However, gy thempPaVi box pl ot-sefroof irefiegdize n es
48hi ghl itghttlsertehaar e wi der-retamgfrist todd PMdrse s nt

zpes, i ndicating higher -rsetarsofniatlt edld szomd 0o.r t T
to the poor insulating propegltad zed aimp-aaca) hce r
t o thegldaozuebd ef a- ade, | eadingi abi basgen geden.
_ Summer Autumn Winter Spring
z 3
2
1 T T - T
T T
%@ = . X 2 ] -
1 T I
o2 i T
S 3

R NR R NR R NR R NR

Figure 4.8 Calculated PMV vs Retrofitted (R) and Natrofitted (NR) facade (GF zones)

During thseeaswmmerheating i s not operational,
vehated. As PMV has been found to underesti
adaptive comfort model i's used to assess tt
EN15R25b4]t he adaptive comfort model s are basec

ichoor temperatures and they already consi der
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The occupants can regulate the theradalusdad mai
their clothing. The ranges ofplaoctcteepdt afboirl itthye
against the prevailing mear82awbt dicCor alihre tneenap
air temperature recor dederien asruemntelrr esee absaomd sw af
(1) 60% acceptabilialyl € ao pve rdatri-@aat nedge aapfye rdadt duer
80% acceptability (a narrowChaedgoofy atcaptdda
acceptability (ac oveptyamlae raoiwr btaemmdp erfat ures f
comf-€at pgoeygtouidtt fl oor zones were found t ¢
l'imits with some in 80% acceptability band t
t he summar i ment hdFsgddhYxenes (see
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Figure 4.9 Adaptive comfort chart for summer season (ground floor zones casieestudy building)

()i s ooanif or t
The measured average | evels of work plane il
duri ng hwourksi ngr Ba bgllef eonr itrhe four seasons for

orientations and occupancy ‘types. The meas:!
recommended mi nei mulm ufonrakanwledgiawm t 1 hi EINAIS)251
typi cal occupamldidg . zones (see
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Table4.10 Measured work plane illuminance average values in working hours during PIT surveys

Zones Floor Orientation Recommended Work place illuminance (lux)

area range: Summer Autumn  Winter Spring

(m?) Category Il

EN15251 (lux)

Single office (G.2) 12.2 SW 500 720 680 731 690
Single office (G.7) 18.2 SW 500 512 485 370 454
Single office (G.18) 18.0 NE 500 703 600 585 788
Open plan office34.8 NE 500 385 619 584 342
(G.14)
Conference roor30.5 SW 500 - 690 440 715
(G.3)
Lecture room (F.2) 74.0 SW 500 - 781 678 -
The absence of any external shading system a
all nedissdraeywl i ghting. Al though, the required |
by artificial l'ighting in omei ziooes amue i mai 1
(Il ow solar radiatiom)l. abPudi sggsbéetieegt@BCcbhQgD
mai ntained similar to the original fa-ade an

vertical bl imdd. thlkee suevelytedti g#loé)n danfd oloac tzu
room FHR.g24.1 @) I ndicate that the occupants we

il l umination |l evels in al/l the zones.

(a) (b)

—_ (o]
—x
pe

Very dissatisfied <—— Very satisfied
o —_
X
A
Very dissatisfied <—— Very satisfied
=}
o]

-3 o

[] Summer [ ] Autumn [ | Winter Spring [] Oct (n=98) [ ] Feb (n=46)

Figure 4.10 Lighting satisfaction survey results for (a) the grodilodr zones (n=83) and (b¢cture
room F.2 (n=144)

( 3AA)c ouesotmfoor t
To analyse&Gthedbor!l dicoboggsti ¢c environment, I

wei ghted sound)ypwessumeaseved ¢hce in each t
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of occupancy (office, conference rTadfildand | e
Leqi s nofdescri bed as the average noise | evel

measurement egpalk uedwa Jahgeienlg btyh eavseorund pressur
and then defining the averhoguer alsa sa sr edpuree stem

' imitations. Thereforédege mnméemeseary noi se da

Table4.11 Measured physical value for acoustic comfort

Zones Recommended criteria  Average of Range of equivalent sound
Category Il -EN15251  equivalent sound level LFmn- LF mx dB(A)
dB(A) level- LeqdB(A)

Single office (G.12) 3040 61 26.9109.3

Open plan ofte 3040 44.1 28.6-76.9

(G.17)

Conference roorr 30-40 49.4 34.590.6

(G.3)

Lecture room (F.2) 3040 54.3 29.6-88.8

Tabdlés hows the weighted average of equival en:
sound Ireypeleseintmati ve rooms meafSheedvddqagegot
was found a |little above the 40 dB(A) thresh
|l evel s and, therefore, creates someRriddgwsrce mf c
414 aFndg4lle suggest that there is mixed perce
but neutral oat ihgfgdaetri drevedr efobserved throu

" ) 1

X

Very dissatisfied <¢——— Very satisfied
(] —
)._
X
Very dissatisfied <q—— Very satisfied
[es] —_—

[] Summer [ | Autumn [ ] Winter Spring [] Oct (n=98) Feb (n=46)

Figure 4.11 Acoustical satisfaction survey results, (a) ground floor zones (n=83), and (b) lecture
room F.2 (n=144)
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(4) I ndoor Air Quality

Thmeasuremehesebts @Ore conducted wehrceherit ad p
out and the data were recorded i nt liséccheadad epi
described .ih. Slelcd isonr deyd resul nfki gadr@das hbw gr o
rel ative sati@fiancteiaocnh wsietahs otnh.e SiAmi | ar |l vy, t he
l ecture room were cdmrs@alrBEkp. aHowevtvea,| paak sy
recorded higher than 1000pp2n.0 m&tevaetriao n ss taubdoi vee
ppm results igqq dapgrooniomdt elfmy@220% of occupan

z(a> T ] 1 z(b) 1

X

Very dissatisfied q——— Very satisfied
=}
X
X
Very dissatisfied ¢——— Very satisfied
[e] —_
A

[] Summer [] Autumn [] Winter Spring [] Oct (n=98) Feb (n=46)
Figure 4.121AQ satisfaction survey results (a) ground floor zones38), and (b) lecture room F.2

(n=144)

Table4.12 Measured physical value of G&r indoor air quality in typically occupied zones during
working hours

Zones Retrofit Recommended
Status Criteria, CO:2 concentration (ppm)
Category Ill-
EN15251 Summer Autumn  Winter Spring
(ppm)
Single office (G.7) R 500-800 442-652 6301041 606740 449751
Single office (G.8) NR 500-800 412558 418705 411-892 414814
Single office (G.18) NR 500-800 435717 411-1320 4041380 408690
Open plan office R 500~800 373614 3881221 4071180 4481009
(G.14)
Lecture room (214) R 500-800 - 6851753 4901225 -

Note: R=Retrofitted; NR= Nomnetrofitted

The rangleevoel sCO ecorded in the typi coglelny pd cac

of fice, and |l ecture room)tetmef iutdt edy dDonds, r
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Tab4le2 The concexwarsatmeoans uofe dCQt hi gher | evel
seasons, whichnmadgqgbate wvestitaofon. There i
|l evel s with the rate of veedilatmoneodetafi]l
section
Venti | aibhif lomrraw&on

| ndoeirs COsed f or t her cgaasc uilnatdiiofnfseraesnta ztornaecse
case study building is without mechani cal

combination of airflow through wamdwewst i(lpautrig
or infiltrabhgoanatoudlpmibdldd htohug svendtni |l ati on r a:
for typical wetmroffi tintdedt haemdressourd t s i ndi cat e

do not meet the 414]) sBlbweveon celhoaulramedtvent
bel ow the recommendedadesieglalusa lnage .E glumaftii lotnr &
4. 43P dring unoccupied hours highlighted that
to t hse wao-nhetnroonf i tted fa-ade. This, in turn,
t he conceQafafte cotni nogf occupant heal th and col
During the wunoccacpineccke ngeraitod,n telxehi 6@i en@ st
owing to steady | eakage rate. Some zones wer
regressi omnodf ttihmee ,CQ heir coefficientTalhl eet e
413 Close fit was observedo dpcaynweandatai pei w
trendlines. The inhbitalraul aner arhee swmanvierf ¢¢ oBwe (Eat
(7) { Sedd.i¥it ondee etrhmei nuncontroll ed fresh air st

on the results, the field study building dc¢
categoherlelflore indicates poor | AQ with insuf
Overall, t heod mpadt parftiaal -wetr obUitding dbofd

i mpacts on the I EQ of the field study buil di
the actsphave preference for | ower temperat

resul ect icn®)S Summer season was most comfort

comfort plot. The values of PPD were outside
and indicate a higher percentage of di ssat.
il lumiaanaamai wt ai ned through artificial [ i gh

occupants weneéei gfeined al by S Ho2v)n Ad el sSEa@unfi @omt

evaluati odd R ms(ukgcetsitosn t hat t he averager equi Vv
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than recommended, but the occupants felt com
survey results. | nadengeusatree svuelnttei dcaptmicaem Crraathesse
during working hours. I nf ihletrr aitrnreamoorf at esd we
compared to retrofitted ones, which also cor
winters whilies tlhiemivteend.i | ati on

Table4.13 Calculated ventilation and infilation rates for zones with Retrofitted (R) and
Non/retrofitted fagcade (NR)

Zone Area Retrofit Season Occupants Ventilation Airflow due to  Coefficient of

(m? status (n) rates during infiltration determination
occupied [m3/h] (R?) for CO2
hours concentration
[I/s/person] vs Time plots
Single 12.6 R Summer - - - -
office Autumn 1 2.14 0.0027 0.9246
(G.0) Winter 1 1.54 0.0041 0.9013
Spring 1 2.42 0.0068 0.8652
Single 12.2 NR Summer 1 2.12 0.0043 0.9614
office Autumn 1 6.20 0.0050 0.8954
(G.2) Winter 1 2.48 0.0060 0.8174
Spring 1 8.45 0.0076 0.8817
Single 18.2 R Summer 1 2.72 0.0099 0.7861
office Autumn 1 2.20 0.0109 0.8%4
(G.7) Winter 1 1.89 0.0099 0.8865
Spring 1 2.07 0.0113 0.7200
Single 18.6 NR Summer 1 3.08 0.0116 0.8247
office Autumn 1 1.85 0.0121 0.7245
(G.8) Winter 1 3.68 0.0126 0.7309
Spring 1 1.27 0.0131 0.7869
Open 54.2 R Sumner 3 2.64 0.0118 0.8737
plan Autumn 3 2.44 0.0132 0.9915
office Winter 4 0.76 0.0176 0.9289
(G.16) Spring 3 0.82 0.0191 0.9214
Lecture 73.9 R Summer - - - -
room Autumn 41 4.20 - -
(F.2) Winter 22 4.00 - -
Spring - - - -

46 Concl usi on

Thi s-|l pecgsotpcupancy evaluation of a partially
interesting results.waltheunasvseersssmeyntbuadfl dti me
understand the issues rel at efdortto, teheeo olsBQ & ntah
indoor air quality) in -hbe beiftding andithe
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satisfied with slightly cool temperatures coc
the adaptation of tbevmahtcoothdb osbmnghivil yhcbo
insul ation mainly due to the soci al i nfl uen
selection of retrofit interventions | i ke man
comfort coondit astegwaead om the mean PMV-resul
retrofitted fa-ade compared to retrofitted z
di scomf ort cgluaszeedd bfya -sadneg.| eTher mal neutralit
comfort smomheelr iammd most of th@e0O%Bcacpapt abielxip
t her mal comfort as the outdoor temperatures
temperatures were strongly relatedbltioshihreg o
stromgrel ati on between natur al ventil ation a
gl azing wiltalz i dguall ene was a poor retrofit se
regard to occupant t her mal adce mé o r ti emmpearogwe o et
consumption which requires further investiga
in conduction of building fa-ade &pdwagduct.i

a common problem as ebtsedveanmaduaed bthhrer adwg ha &y

retrofit measures such as regulating heating
The workplace il luminance | evels are maintai
Theref or ei,s fgarcetaitcerd wad hf v i sual comfort in th
fa-ade. Acoustic comfort was found to be wit
rooms and higher comfort may be aGrestdétsof
| ocatadequatne ventilation caused the indoor
during autumn, wi nt er -samd es pmeit g ds evaasso nuss.e dA
resh air ventilation rates,shbuwtictcligi tdieuzlone
and hi gchoenrceQ r ati ons. Parti al retrofit of t
better airtightness (infiltration) in few z
occupants bumprAQewasiurotiol aniadmquate ven

Therefore, It can be concluded that mo s t of
greatest |l evels of ther mal di scomfort in the

retrofits is a barrietteo croadboorsti.n gl htihse cfaunl Ik

throug-pl @Behéedrassessments of Dbuildings

befor

decision making. A 4dmasedsyet bdomadoil ogygt aodadd
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i ssues bef orhee irmptirednfeiett fiingl d study buil ding
ri sk to human healt h, building fabric, and
t her mal comfort and | AQ were the main contr |

Thsi st uadnyceedn hour wunderstanding of asslessing

retrofitting-waft -demadtei o fb wi Ipdbishg, i1 ts funct.
affect t he i ndTohoifrs «ltodmd yor &4 d d ed/ ed fe . ItEhdRi exda tbayb a
i nvestt hgatamandf expect ati ons of occupants I n

t empercaetani c clasadbtsent hamnl twidglesat brghl i ght e

expectations are differehdinget b onsléhdem eroessi.uo nt es
can help to guide the devel opment of retrof
| EQ to occupants and avoi d-dpartsit alc Frua tit dhatfr intgt
research is teqlubeanedne rogoyr rpeelrd or mance to tFh
retrofitting strategies such as edtoanelsitd kti n
buildings (>35 years) based on field studies

pearfmance.
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51 Chapdaverr vi ew

This chapter predemt scatlhebrddwal dpmd dti h@g ene
study coGagtem®d dHAovelcadutbonatieodi met hodol ogy
mu lotbij ecti ve genetic algorithmmiGA)buanddiuwmmgc et

model wasusenmgl|l opedaudi t datpah y(sei.cga.l gaenodmeetnreil
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model was then calimeraggdcamduwmpl i o ad tawrdas $ inm
dat a. The coll estedydédted weiehan2IQuln7e wWwelrddsé du s e c
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temperatuceéedadar ¢sctauldiyd e rChsapdiieevde rien used f or
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Abstract

Deepetrofit ptemasthgcfbui hdnngs demands hi gh
prediction thatbemiwriemi saecst utathe agap si mul at ed
i nteracting variables and uncertainties 1 n ¢
that can be minimised via aut omatadeemarn @ynan
cal i br actdoolnognyetvhas devel oped umsemnmgofai tctaesd M|
building (>35 yrs. ol d) i n I reland. Due to
sensitivity analysis was conducted on ptehhre m
ASHRAE Guide 14 indices obhl Cbh¢(RMBEBN pndc BMBE
using the opti mi slat.i oTrwoa Isgeotrsi tohfm rNeSSGA ence d
(heating and el ectrical e ner gtye ntpoenrsautnuprtei owne)r,
to conduct c slgiabsr.atResnu litms tdweanonstrate that
calibration did not result i n accurate pred
stage was used to i mprianwe at hGeyuGrRWESE) t pr e2dsi. c5t%
NMBi w3yt 6 10. 0% for i ndoor air temperature af

cali brated model was also tested by wusing a
year and comptaerd ngnd hme assiunmruelda dat a. Thve pay
staged approach for creating calibrated mode

be used to dmndllaaedeei diacmgemaking for retrof

envimadnmeral ity and energy performance.

52 I ntroduction
AboUT% of the buildings in the EU need to be

godlls] Ndooomestic buildings in Europe account f
an average energy coépismenpudiomg odl I128@&n &k Wihg ens |
compartehde tdoomest i c[ 2bjuNdwli mgi Isdiorcks represent
tot al buil di p8] sfTohauls, i m etEanrro dgppepso rotfufneirt igerse,a t |
energy efficient @@&uielndisrsg & nt d@ raghneeddsdEm&k otpiéc

buil da®smuwisl tw dwriaygatr e 1945 to nOGLI avhieoan Huwe
stringent and ehnaed glyi tctolnésjeforchitesc bmro | ogi es r es
acceptance of glass and metal -made¢ ae mvolad p ss
The i mplementation of poor buildigdgazeolgnolkao

hig@hergy consuthetichwed ace ewelslt i[cés] Tloe i dajnd i if ty
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powtar -dhoommestic buildings followed an intern
architectur e, whi ch i s -duonmefsotrint abcuriolsdsiontgasn yf r
across|[ Wwhe hEpdairtthierl | y gt ated fa-ades.

Educational buil dings adaocewnt bftidhBeudti bnpgesh arng e 8
domestic bui-2d) ngndtbhbhé& Mm&lUority of {(Rése we
After the eneXYy®HQoct heed hien ma lh ebewnielrdgiyn gesf f g eii
i mportance in | eg[i6s]l Atrieomesn tmefmbmwssh Bdifa bl n  t ¢
rettbéext sti ng@nduiilmpirrogrse their energy perfor.
fl oor/ enweal obpued gaerteaconstraints, ohecdombal | di
i ngle 6heagurasoubl e glazing or t k@owaos tasst |
Ghal towf8&dd such i ntervendritoends bayr ed eotfatielne dn oi
and fall shdy Buof di ag gleBhEe)Ygen cmedbexlisngpé ¢ t o

assess the impact of retrofitteaan/gtirofetvmaeas
which are often not accuraf{®] ®&red ecouloc Ilo¢ad
strategies Iis considered effective witthhd t he
notomelstiilcdPBsyrs.i)s often cdaiall d & ndgdtnag dfo talc
per f orfroiarm et deavcecluorpat e e[n®.0 gTyh emondiesissi ng i nf o
| aok measured data | ead to uncertainties in
targeted building energyt ipasud d dmamgsen eibdt c lod

considering the cuenewatismoetnfp@l]ield wi t h | ow

A stakehdllhdmghsti gthy ed maj or gapd Bnat isi ssec
retrofits in the Reliisahbiclointsyt riuscstu eosn wintdhu srterty
buil di ng set.agk e hfod odielrist y( manager s, contractor
regarded variatiwal ibuinedisnug epe rafnar macntce dat
that needs to be addressed in the indudsstry p
on these findinlgasmugiene ratcaionutnite § oand hienfaor m de

reliadeel mng and calibration approach.
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53 Model devel opment, uncertainty

retrofits

BEMsBel p in predictgggsihbhengbtrenighabhnahgses ¢
scendoi bbhi s purpose a,basetlt whercdpulet sisf cprea
consumption must closely mandhmbedeéescthual fear
devel odpdednttidy energy saving[sl.2]oSu cdhi fnioedreel nst r
i nput data from detail Elde bge¢ ¢é e npihgald,c att h eamnt
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simul ation softwarendepamdsapp]lls|ael sfelex|prai e
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data driven andEmergnaPlive maes Wiedead (wtnielrigye d
studies of edwhatieomnhle bumivedingsati on ai med a
wi t h -onbyjletciti ve opti mi sati on t o dfeotre rantihni ee veinnegr
and neamerzey oflifi®dsdsa robust and well recorm
rese@aommuantdy it i's capapl exiotfi ehsanidh i hbe c mmc
possibilidty nepfutdeidiglde srtelwdo r k , EnergyPl us i s

simulation tool due to i tparftlye xapmpdlei dattiegmsat
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sources ofwasieeemi adeedt Y2 Whlen carrying out er
anal ysis on buildings. The reetlreovfaintc ealnesabl ysa l

highlighted in res[feza8]jch for decision making

Sensitivity anraé ywii Si ties todotdedmspsdc dplsielursatdi dro p
t he undedtflamtrnmiynes the contribution of the i
t he etnoetpagly f or mance haf btehdn gBduMf.ee ind t he par amet
for most of the buil di nrge pwirdiotrenatnac ep évr@afra ram c
BENI30].Selnd1ijJti vity aarocahysi 6i mdt hode | ocal met

fast with reduced shape and s pancde dfloorb aln pmett |

(regression,-baseceamnoddwesiesi a nhcaet e x a minrces rtt lae ni
parameters over a [whXHe @lhoiacnetefr manhlyeds d.
factors such as ti me, cost , research purpos
vari abl esiivibgadanaleynwsi s has been used previ ol
buil di ng devsiiegann eorfs ianmp aocvterby adj usting a focu
and energy performance[ $3]iGdro btad bsueinlsditn gvictoyn
are popularly known as screenimagr thaarste di mpeu thso
buil ding energy simulation thatfdamrthaeagfitdhed

—h
-

om t He3.dmbA dwil del y sacdroepeheeidh ggd olbsadd f or sensi
bui Isdiimuwliast itohne Morri s met hod, as it provide:c
each paradelt eofluddp]ldme application of orled Morri
parameter screening beksocmnéemadal ysak[ bdjat bon
| 3 ensiatniaviytsyi s, taerl aggte mpugtamee i dentified a
cali bEaamphe solidbwaearcdrmmended by researche

anal yses in building perfofmB&2ijce anal ysis in

Cal i bradtnenuoal s materative @md EMa]gCmd tiiba aitn toenr
based onsapecanbdl yeistal s meBBMdscdl ipbroateidamei s
as an over parameterised process that has i
representingft hasidodmplde Segrsgreanisl y, in buil din
cal i br atbiyonc onsp aroinnege tmeeraeddh r dsadt nau b addeldi @imie rag

acceptance criteria oul3dfideldVMh&P ASHRAE &Gui de
stutdaeshiedhdiifgfher ent met hods9]oGr apmHii dalatti eooh n

bersed to cells bbhryatwi sswalbbeswéeonsiomulrapcdéd}) and
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Manual <calibration appr oalcehre sofofparna mvebtyekr sw,i t
ti mensuarsi ncgpompared to automated approaches (¢
model |l ing techniques) requiring [@p4iSlaveedal kn
optimisation approaches ar e ebecianlgi bursaetdi dony prre
asemgetic al gor i-2vimam (dGPAL) i, mipsaattiian e( PSO) and Be
[ 31], [36] Amp4agINSIAAAS] proven its capahbailitie
natur al selection method and has |keemn anupdp
objectivedijubtt ’vobhg maintaining a popul ation
of the fittest to molvhee odni vteor stihtey noefx ti ngdei nveirde
crossover anNSAlult awo roknsd oohrih @aa t readn ds orratniknign g pr
of i nmdisvindaui nt ai ni ng t heo rsvsaragaad -deof nm snaalt wetdi of nrsc
[ 44]Crowding distance i s cal cuyplretaeld afl ®mm ge & dhle
Mo sotft heEM t ool s do not provi dleh emraetfioywerr, t gtthrior

opti miapptlicemti ons are generally (04&d for cal
Mo d el calibration is completed by wvalidati
acceptang8&88frTThd eema@ar gy model is calibrated

obtained frtoimvitlge ehseahpBarametTer s ar e adj u:
iterativel/ automated process of cal i bration.
acceptable criteria have been met. THe874ccep
and | MBP&Pe 0gilalkbie

Table5.1 Acceptable tolerances for validation of building energy models

Calibration type Index ASHRAE Guide 14 IMPVP 1
NMBEwmonthly 5% 20%
Monthly
Cv (RMSE)monthly 15%
NMBEHourly 10% 5%
Hourly
CV (RMSE)HourIy 30% 20%

1Lower values indicate better calibration;

Acronyms: NMBE: normalised mean bias error, Cv(RMSE): Coefficient of variation of thenezot squared error

The | evel of calibration is dependent on t hi
caltidudssa ng naotntlhelaysthdidat a deal | y[ 30 fAe offairneggaut ean tf od
calibration can kéeéuvabt bunédi hgominber pmheg ws |

buil ding audits, building energy management
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i's important to classifyatvhael lap9iI|fd asdrvaendsa lli b
of caldrbeg aprn @mo s eadc oirrd i Inigt @ roa ttthree bui I[di9g i nf
[ 48], L[L&dwvwdbasiicscahebration | evel without an

2 approach requiredgusilte dwadrai.f iLeateilorB usi b@ ¢

spot measur ementrs. tlhevemos4a amred abl ad ical i br
coll ected using data | ogtwgerm mo @Mihted.reivmgyg.e $ ¢
cali bration can be deter mi nelbduiblydicnogmbd aati an ga

depending antyhendonmptail s forucwhidch the cal

Af treervii rsge v e r a JC osatku ceiyelsedhi caadt.ed t hat empiri cal
met hods can reduce the gap between the act.
calibration feasibility. One ofctt hehempstedsicg
energy consumpthieomcicur BEM ©0b$ occupsaOndhedeat a
parametebhs fhoat dadj usted basedl obr anteiacnu,r e @l
ge
energy util[iz%Y] bills or dat a

5

eoppbygite to the traditional met hod descr

Th

mo

yr

main objective of this study is to pres:
el combined with uncerittath eadt oymedsniaillcfds 8hSg o f
., owhdi)ch can subsequentl ytbef iutsedppgar tiunnvi

> 0w o o

achieve energy savings. There is a |I[olt6]of r
y e it is not effecti weeltyr oddwue ladgppierdiocafeatsit atnh e
ui ldndgs he same i1 s pr eAdinitsstd diyn firioims prese @l
ndoor environment al [qgbula$l iutsye d( laEgQga fbayax steh e trauu
use of calibratedAmobdiedfsr fpri o EQofstuullée esase
initialnemighleilangde g.dhd scal i br at iuen nigs tdhar ried a
data fromtudgheasedalr tviagn dat wea tuhseitrmg f or t

subsequent year.

—

54 Met hodol ogy and case study
541Met hod

The main objseatdiyva sont ca upirossnsae retdb aospetadil mibs at i @n

met hodol ogy that can be wut itla sceadd ubibir dritaesge aernceh
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modsédlor r et mothiomeoef i ol Baoal dbmmegtsh codiochleogy 1 s de
basemrd the avaidmbl adVvanceemd ntrd hidn ccoanl siibdreartiinc
requirement of reduced compnatkatnigon tt imoer,e erfc
generalThesmeshodotdognwtosfduvi dhaiFn g@ma&ret(sa)as

model preparation, (b) sensitivity analysi s,

Model preparation Sensitivity analysis Staged automated calibration and validation Additional validation
(a) (b) Top ranked (©) (d)
Define model + »  parameters from
parameters and PDFs = sensitivity analysis
2
A + EA
o
- SE Define model | €
sample ;"E > parameters &
generation £ ranges
(Morris . . f&
Weather data sampling) - EA 2
e Update model
| - ipdate model
Define
. ¥ with year 2
objective(s) &
weather data
- - constraint(s)
Initial Building i i,/ Update model with Itsr.:nve re; Measured utility &
Energy Model sample parameters : e simulations = indoor temperature output
i - “ using GA data Independent set data
- - ° ' of measured data
*é Output _ li.e.year2)
Energy 5 x data b d X
i Ay
Building audit s'm:l::"i::"d &_ g - -
information | | P CYRMSE ™ CVRMSE ™ CVRMSE
— Measured N & NMBE . & NMBE YES . & NMBE
utility data threshold vEs threshold threshold
- h met? . met? . met? ; YES
Calculation of Morris - . -
indexes 2 Validated
k] 2 model
ed No NO NO
+ = £
oin
Sensitivity é‘
analysis
Mext stage - - i L 4
{':::E:‘:;. calibration | *

Figure 5.1 Calibration methodology

As Hingbxa) , the calibration met modadifogyi bBegi
buil ding enBEMYys imaggdelbui | di ng i nf or neattiioonn f
specificati ons ,tamg ewti debiarsiwealtd hseihrevdegyins® i r o n me n {
OpenStR2udlis® pupl ed wi £. EA®R$ gyPedsin the BEM

Prior ton,c@disht atvii ty anan yshe par ametdaircd e dd
influenti al on energy Lkbidp.athet ion th ad e dnodarel |
determine the sensitive i1input pa%a[@ﬁﬁhds us i
jEPElvlls[B,?a]sowh Fi g6Xdeéd)h.auhAomated approach for
NSGAopi mi sat i ofv 1.j7EPE ucsoruEpAl ef8 . \B8i. 20H)o RS edr wryeP | u -
51( cAs di scuss &3 alkn bfati ooanonns oslthhdsa tlssd vmedlys o f
i nfordadavi headot atgeeut | i ne t he i mpact of differ e

and temperature) ohS5.&Nhlei bpraartainbent ea ¢ ¢ wdrea ceir ensi |
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sensitivwewaakaddysdsdhi ngr t he model during ce
| ower and uppetr 5beragnbs el correspowhletr @eo Lev
optisan i on foubnjcewcetsievée t 0 mi ni mi svadiamyd MNMBEVY( RMS
bet ween measur eddat an df eianbuolrtat eadnndone bé gt giyc al

consumphtei anndel val aesowmall@&@sad t@meddlrtaiemg s d
optimi s@aheoactual monthly wutility data of tF
years. The first yeastadedadas pas wulsedsti andad

model calibration rtmaads eSnsaltlheer einnetregryv aple r(fho
can al so be -sutsaegde ifnort haec hfiiervsitng better accur
measured utility data may not ensure accur at
t her,efprrediootred eimperature from the mod®] was
I f the error does not meet the acceptance ¢
model to reduce the differences in measured

whil e minirmiosi riygp rctoeesesengp t i on.

| n stehcesh d g ;b dred pr d eeldivsh etrheept | miobateicam we f unc
weset to minimissdiapd NNBESZV(WRMNE)measured an
hourly indoor ai rh tzeonmpeehrsw tt ubri ec bdatsaetofoned ndi ¢
el ectrical energy consumptUsoinng eat baey éwdi itahpiprr ote
can be wuseful for controlled calibration usi

If the acceprmebn cienedtrhitetagrtirasetn ¢ he user wupdates
criteria are met for the first variable (e.
are met for the initial wvariable tmeaswumhedus
dasate. gair t empehwniudidthyeCB ubsequent stage tc
criteria for @ti e rt evnpreir ab e digtddOd. on t he pi
cal i br a'thieomcorresponding indices Cv(RMS$E) [ %
cal cul ated as per|[ 3AS)H ReACEh aGuiedettdimrcer L4 f or c a
in -$wagesadditional validation wasmeassdued ed
and weather dRait @hldaTsheo uhtaridwadr @ nof t he CPU u:
this research had theiXeldns ®w0 n@ B8o47i GHE at R
GB.

180



Chapter 5An energy model calibration methodology and application with sensitivity analysis for a
partially-retrofitted university building

542Case study description

The case stucyuluiuiditnign gi swaarof a1 ®ehmledai @ t
campus of the National Uni vendi hguoifng rand aa
depaemtttn i s connected to thlEasnaieanduahdihgcdt
river onEashte. NIohret hb ud U rdiimg twaes DHbu7ids and was
in 2005. There are two fl ooceigbfamtdhe Ipuielndimn

of 0.69m (ground floor) and 1.41m (first fIc
gradstau@e abdmns, conferencandeomsre | mbomat ol h e
occupied zones i B2)t.heA bduetladiilnegd (fFiiegludr est udy
previ[ooligigyhl i ghted the conditions of the buil
to reheobuiAldomg with the I EQ surewgswedet al
conducted absuia dpianrgt eonfertghye audit f or occupanc
use. The monitoring period for that study wa

5421 Buil ding energy audit

The building is occupwedak enhdsougrdimelkt a it lhye bycema |
lecture rooms are only occupied in accordance
summer/ winter break and holidays) that was
the universithygemeetf aaiplaihnteyn®mdsht it @egs sdomd c E
provided individual room booking data for (
occupancy schedules were determined through

of f i cesgaadnuda tpeoGsstd awndse.nt s

The buitdmagiliyg peated by baseboard heating
valves (TRVs) in every room. The hot water f
heating system with amdegoated (CoHmDi neaditbedt
us-adj ust abl e, and supply is controlled by a
manager based on the weather conditions. A s
the -ibuidata Tbgpger ssere no i ntdhen dasatl atasu.t obnad
absence of room thermostats, there was higt
schedul es were prepared based on the infor me
floorhadondsfferent valgesupgmpl ycconTthreo | h et ahtei nhge

building was determined based on the operati
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adjusted by the fasagliddi yl omaanlageaoahttddlen gl evdadit
buil ding whdrmendteartae qui sedh.edul eanpr &Gt thdt ;kdesb y
i s s hDbavbhbl2e n

Table5.2 Heating schedule for ghcase study building

Ventilation type NV NV &H NV &H NV &H
Heating period -- 15/10/1631/11/16 1/12/1628/02/17*  1/03/1714/05/17
Mon-Sat Sun Mon-Sat Sun Mon- SatSun
Fri

Daily heating schedule

08:00 08:006 08:006 08:006 08:00 08:00
22:00 13:00 22:00 13:00 17:00 13:00
Note: NV= Natural Ventilation; H= Heating; *Heating is turned off for the Christmas vacation period (232(Q1167)

The building is naturally ventilated through
presenbtuiilnditrhge. The bui | diasgnglha&zil og es y st e&m m(
thermal breakagiamgd syosu eime (iwitteld twh & rhmalp elr raebd
i bhhoer i gi nal and, reespErcygbixmelndy a- allee tilted w
the glazing system are operafTédathbuyr ad c cvieman tl.
rate i s based on[ Bleovweoru sd ol oEe@ mréesstet aerdc h n t he
to determine theACHfidl AZRTHODr omet abé&ietdfreod .i 8rnc
zos e respectivel y.

Ot her than natur al hegmai hhsoughet bé Wi gdowes

with recessed |l uminari eesenft8&d()pawiabholOi.c3 0% uoV e
fraclhi @anl j(dagel r gbbmsea ncdo mtl raclel emd vi a i ndoor Ve
are sunny days. Lecture rooms, due to their
the glaziardeepeadadetnhuen arttihecday. |The tl itdihrtoi
roomsi titsed with occupancy control which is |
were calculated individually for all the zor
on ocduwprawndy amsd i nterview
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Figure 5.2 Floor plans of the case study buildiftsf]

Figure 5.3 Panoramic view of the building

Equi pment | oads were measur ed -mentde rc afl cru | ead celd
based on the equipment present, and their

i nffrmati on collected fnachitensi éows. eGanpeent v
individual equi pneoiftle.Wacedt ainntly teamtlhe eat tr
equi pment and |l ighting by the otchceu peaxnatcst aunsda ¢
every hourl éen bht ecoarall may represent a go
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I n the previous field study, detailed survey
of the building andeper froorhm.ldMonghlaypwdheé anig

el ectrical energy metered dataawdr E€smadtdes a0
for the periddueMay 002Gy 2l and were wused in
Detailed indoor air temperature data were al
t he |l EQ evaluation al ong  Then énf oatehert hpehylso u
temperaauwasdal so used for c &llithrdasetgithagt a hwee rn
col |l ectmeidnuate JlMittaveatgyged over hourly durat.
cal i barsattihoen si #®t legps maoins.d i hmeur | y

A |l ocal welabtidhelro csaadadrdoamin dthudlye bo 86la W6 6( N5 3
0303ambdd )r ecor ded weiantuhteer idnattear vaatl soneThe recor

dry bulb air temperatur e, relative humidit)
irradiatied, wi mda mbdpaeiercfta loln. Uncertainty du
cali bration was mini mimeas dradd tfor dmet haesr ali 0 @
station for the study period instead of wusin
Gal way watsheusbeudi lidni ng energy model for- si mul
steps.

5422 1 niti al building energy model

The initial BEM of the case study building w
as depkicg®ade The initial mo d e | was prepared [
design specification, and technical surveys.
mod el (2% czZaumexn)y the schecuyluepmeoecdupadmowmayd,s |
and |ighting) and heating systembwé&ne -arper
retrofitdionfg teHoeswldwcihlal | enges i n model higng t

di fferent fa-adendonstrotcitioaed)oandiinatfiltr a

Figure 5.4 OpenStudio model of the case study building

184



Chapter 5An energy model calibration methodology and application with sensitivity analysis for a
partially-retrofitted university building

The building construction inputladbd®3@aidl sarwes e
reported according to t htei onecrhantiesal usdeod uuwneméd
bl ower [d®2D]IT htee sti ni mu m & nfdooro rn a teunrpaelr avteunrt i | at
to 21AC in the model .erbempdradtl ler & hg eotu gho ii mtt
occupantmar dmdt arhivas hi ghl §b evhaarvii aobulre adnude itnod

adjust means sbrnhleior experience and best esti

Table5.3 Input parameters of main buildirgpmponent§s1]

Component Average Layers (thickness) Conductivity Density  Specific Remarks
U-value (W m1K-Y) (kg m®)  heat
(W m2K-) capacity
(I kgt K
Roof Roof membrane (9.5 mm) 0.16 1121 1460 -
0.54 Rockwool insulation (88 mm)  0.049 265 836
Metal Decking (1.5 mm) 45.06 7680 500
Ceiling 3.14 Mineral fibre board (19 mm) 0.06 368 590 All zones
Exterior walls Metal panel (5 mm) 45.28 7824 500 All zones
0.26 Board insulation (50 mm) 0.03 43 1210
Rockwool insulation (100 mm) 0.049 265 836
Plasterboard (12.5 mm) 0.16 800 1090
Interior walls Plaster (20 mm) 0.16 600 1000 All zones
2.57 Concrete block (100 mm) 0.72 1920 840
Plaster (20 mm) 0.16 600 1000
Single glazing -- -- Non-
(metal frame retrofitted
with no >79 zones

thermal break)

Double -- -- Retrofitted
glazing (metal 1.89 zones
frame with '

thermal break)

First floor slab 467 Linoleum tile (8mm) 0.19 1200 1470 -
Concrete dense (300 mm) 14 2100 840
Ground floor Linoleum tile (8 mm) 0.19 1200 1470 -
slab 257 Screed (75 mm) 0.41 1200 840
DPC (3 mm) 0.14 1200 1000
Concrete dense (200 mm) 14 2100 840
Doors 2.97 Wooden panel (25 mm) 0.15 608 1630 All zones
Shading Slat (1.5mm) 0.02 - - All zones
(Vertical -
blinds)
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Since there was no room thermostat t he
frame sSTRV{ei.frgg 1, 2, 3,-24 ATThei .beui 1200 ng diteérnat
shading device and had only iehernali ghbouwndi
buil di ngsnpadisi&i gat fi cant mutual shading

not modbketltmrdildges were also modeltlhed
conduction through existing building
condition was appl i ed ofroort hesa dle mantfacef

suf aces

partially-retrofitted university building

| oads aanduinhtdemmalengai
iodi Widbhéal ghohegi hhe

reduce clonpith exhé ymodel The hourl
(201®) using the developed model
A detailed summary of

gi velhabb4e together with
nometrofitted status.

Table5.4 Summay of loads and internal gains

adjcdciemt Open gtr wdimo odnedacohstd myetriso w:

sSi mul

) Occupant  Lighting Equipment  Additional
Glazing & Area .
Room Type of room ) i Status load (n? load load equipment
Orientation m?
persor?) (W m2) (W m2) (W m?)
G.0 Single office Double (SW) R 12.59 12.66 114 6.2 167.9
G.1 Single office Double (SW) R 12.09 12.05 11.9 6.4 -
G.2 Single office Single (SW) NR  12.18 12.2 11.8 6.4 48.4
Conference )
G.3 Single (SW) NR  30.47 2.54 14.2 2.6 10.9
room
G4 Single office Single (SW) NR  12.33 12.35 11.7 6.4 48
G5 Single office Single (SW) NR  12.16 12.2 11.8 6.4 77.1
G.6 Single office Single (SW) NR  12.38 12.35 23.2 6.3 47.7
G.7 Single office Double (SW) R 18.18 18.18 15.8 43 118.4
G.8 Single office Single (SW) NR 18.6 18.52 15.5 4.2 115.9
G.9 Single office Single(SW) NR 11.96 11.9 12 6.5 515
G.10 Single office Single (SW) NR  12.14 12.2 11.9 6.4 174.9
G.11 Single office Single (NW) NR 18.7 18.87 154 1.4 -
G.12 Single office Double (NW) R 27.01 27.78 155 2.8 21.2
Conference )
G.13 Single (NE) NR  62.66 2.61 13.8 1.3 52.4
room
G.14 Open plan office  Double (NE) R 36.6 4.98 124 15.7 63.2
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G.15 Computer lab Single (NE) NR 4472 2.13 145 33.1 29.1
G.16 Open plan office  Double (NE) R 53.35 5.43 15.9 14.4 73.1
G.17 Single office Single (NE) NR 26.82 6.71 16.1 8.7 14.7
G.18 Single office Single (NE) NR 17.99 17.86 12 4.3 32.8
GF
) Corridor - 83.66 - 6.8
Corridor
F.1 Lecture room  Double (SW) R 91.2 1.3 12.6 3
F.2 Lecture room  Double (SW) R 73.97 1.32 15.6 3.7
F.3 Lecture room  Double (SW) R 89.03 1.27 129 3.1
F.4 Lecture room  Double (SW) R 88.87 1.27 13 3.1
F.5 Lab Double (NW) R 85.89 2.15 10.9 1.8 3.2
F.6 Lab Double (NW) R 36.89 7.35 10.9 1.1
FF
) Corridor Double (NE) R 49.65 - 7.2
Corridorl
FF )
) Corridor Double (NE) R 21.08 - 6.8
Corridor2
Note: SW- South West, NWNorth West, NE North East, RRetrofitted, NRNon+ Retrofitted
55 Results and discussion
551Sensitivity analysis resul us i
ThMorris met hsavhi dét dramitmme s may be tdan i

neigdi bl e,

[32] . JitE6Bhe

met hods. Therefor e,

buil ding

t hat arerdae
determined at wvari
all ow sorting of
cal i bration
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to run the batch
The steps taken f

i near-l

| east

iamaearaddarn tiivveqgl waed niom

p alrianmeeatre rcsa tiengt cor il el Bhrebaar s eotlr 0 on
, thec cmrdwdtiEiggnlLtayb 5adnjddh gsi s pwas

or

ous

Meernme st vd |t gr @k ysi sbedi

iDet er mi nbhajtda cotni we aon d

|l ned &os e

study

per f ortnhaenrceetoeurtep,u t
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The objectives can Enlvsior obnemefna c u@uead iotny |(nl deoco)r
t emper adl ervee,l, sCo@ttc .o)nl'y one obj ectTihvee icnan ibad
desedi bn 53e2vb s 00 sa dnuflsartiiseemsi ti vity analysis

i Sel ecti on amd bddifeihrshutyppixotn oonfs A PDF s )

Eachar amettelre yapnidc alf ov alMuUedFrse d e f ionne da rbcahsietde c t
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Figure 5.5 Sensitivity analysis results
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me an
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r e vesamacdberi dor )

on
betti ge edrathbd,0 mi

Oadded f{(ogetrloéi+reedodndtdtdd tcheen thriighwe st
model results.
Table5.6 Top 25 ranking parameters after sdivdfy analysis
Parameters Rank Absolute mean of elementary
effect () kwWh yr?
P12 Surface temperature (outside buildil 1 5630
surface in contact with ground)
P42 Indoor Heating Setpoirbingle office 2 4800
P13 Air infiltration (Retrofitted zones) 3 4140
P46 Indoor HeatingSetpointLecture room 4 3750
P45 Indoor Heating Setpoint.ab 5 2760
P9 Roof insulation thickness 6 2460
P14 Air infiltration (non-retrofitted zones) 7 2270
P44 Indoor Heating SetpoinConference 8 1660
P24 Double glazing Wvalue 9 1400
P47 Indoor Heating SetpoinCorridor 10 1380
P41 Occupant densityecture room 11 1330
P8 Roof insulation conductivity 12 1250
P20 Solar transmittance (SHG@puble glazing 13 948
P25 Single glazing Wvalue 14 789
P40 Occupant densityLab 15 764
P43 Indoor Heating SetpoinPost grad room 16 708
P36 Lighting Power densityLecture room 17 639
P27 Equipment loadsSingle office 18 624
P38 Occupant densityPostgrad room 19 576
P39 Occupant densityConference 20 391
P32 Lighting Powerdensity Single office 21 386
P21 Solar transmittance (SHG@)ngle glazing 22 323
P33 Lighting Power densityPost grad room 23 312
P19 Ventilation rate Lecture room 24 295
P28 Equipment loadsLecture room 25 291
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Fi rsstage cali bration

The top 25 dpeartanetedlr. diver & efcosriefdinke s age cal i br a
process. The initial thhseelndiing veeeaptamphmddaels u
fi-ssbdge c,dur bng26wvbphacrhaene¢é emai nt ai neddae¢ thdeir
t hreel at oweli gnpacahegomgsitmul ati on results. The
empedywihBeEM or model duwcrail nibs adtiaage corresponds
represent at ibouni lodfi ntegs ectolnedai it n foonrsmat i o-A[f 4.8Jed r e
The i nput parameters P42, Pagilowe44¢, bRasded BAC
standar d[ EMNLr5i2rbgl t hi s st age o fpodaltisbrwaetrieo m,ot
Tabi37g i viehse mi ni mu m, mawiathwmsanmnd eslt d or t he al
(tuning of paloédmetceér sp. optitmiosati on was c
correspamdnnmicfatCwmBMaB)d NMBEal ues for the
based oed memadusi mul mbedhidpt heafi ndheand el ec
Dur it m@ -sftiargset c,a lhdedbmwadri parche aweelr 140agemer at
more opti mal solutions were f oluma parde ttoh ef rog
obt ained af tsergi oFeng\bé negihme@peo iiivt81 t hoe fpraornett wa s

selected as the most optimal solution for fu

Table5.7 Selected top 25 input parameters fiost-stagecalibration

Parameters Min Step Max
P12 Ground temperature outdde building 8.1 0.450 9.9
surface
P42 Indoor Heating Setpoirbingle office 18 1.000 22
P13 Air infiltration (Retrofitted zones) 0.92 0.690 3.68
P46 Indoor Heating Setpoiritecture room 18 1.000 22
P45 Indoor Heating Setpoint.ab 18 1.000 22
P9 Roofinsulation thickness 0.079 0.005 0.097
P14 Air infiltration (non-retrofitted zones) 1.96 0.530 4.08
P44 Indoor HeatingSetpoint Conference 18 1.000 22
P24 Double glazing Wvalue 2.448 0.136  2.992
P47 Indoor Heating SetpoinCorridor 16 1.000 20
P41 Occupant densityecture room 0.54 0.115 1
P8 Roof insulation conductivity 0.044 0.003  0.054
P20 Solartransmittance (SHG&)ouble glazing 0.685 0.038 0.837
P25 Single glazing Wvalue 5.2 0.290 6.36
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P40 Occupant densityLab 0.21 0.045 0.39
P43 Indoar Heating SetpointPost grad room 18 1.000 22
P36 Lighting Power densityLecture room 11.475 1.013 15.525
P27 Equipment loadsSingle office 65.96 5820 89.24
P38 Occupant densityPostgrad room 0.13 0.030 0.25
P39 Occupant densityConference 0.27 0.060 0.51
P32 Lighting Power densitySingle office 10.93 0.965 14.79
P21 Solartransmittance (SHG&ingle glazing 0.753 0.042 0.921
P33 Lighting Power densityPost grad room 12.59 1.110 17.03
P19 Ventilation rate Lecture room 2.94 0.630 5.46
P28 Equipment loadsLecture room 48.2 4.253 65.21
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Figure 5.6 Pareto frontier afteffirst-stagecalibration

The dtiage calibratiomabiSeeal t ssabhed abawnst nt
Cv(RMSEYXRd NMBHI9gr electrical and heating e
satisfying the acceptasigeclitaibdliley Tlemndé WAERe ad
in the ,diumuldaitei am space constraints for dat
(G. 0, G. 1, G.,3,F. @&, 8 Fus6&d 1Ror FdiLlscussion of r
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Table5.8 First-stage calibratio results

CV(RMSE)wmonthiy [%0] NMBE wonthly [%0]
Total Electricity
_ 15.5 0.1
consumption
Heating en.ergy 08 47
consumption
Indoor air temperature CV(RMSE)Hourly [%0] NMBE Hourly [%60]
Single Office (G.0) 25.5 16.2
Single Office (G.1) 26.7 8.9
Conferene Room (G.3) 28.4 14.7
Single Office (G.10) 234 7.7
Single Office (G.12) 27.3 12.7
Open plan office (G.14) 27.0 12.8
Lecture room (F.1) 24.3 154
Lecture room (F.4) 29.8 15.7
Lab (F.6) 28.6 14.8
The model resuf it-s s cpdadatibmoend wleurre nagl so separ at
hourly indices of i ndoor air temperature tc

Cv(RMSEWegre | ower than 30% f gorutalflacitlhetde rtiehper e :
NMBEuas motshtel ovdas ek @®Wededt eri a.-sThgeetatebr s
was requi r eac depdgarntdess fiya tultse ng hi gh resol uti o

the accuracy of the model. These resMayts werl
2017
Secendge calibration

The -ftitagd cali bratitohseemosdalgewa.sal lurdeatthi eorn wor
the papamewer e set as those obtained at the
sanset eps idiedb9veveér e usedrbameteacheyaept t he
setpoint ranges were based on m&asungdtihndos
detailed indoor monitoring temperatuiret was
schedluhess-scagd i oal ibbergaan by defining the o
Cv( RMSE) and NMBE f or hourly i ndoor temper
boundaries for mont hly heating and electric
criteria de32 néhdirsi bt hSaegcatpivornl y i ndoor air tem
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by aver agilndmi mets Wirad the r he@alcrh f or t he durati on
May 27t o si mulegpeten Ptairme ®0 bftracinnteide raf t er co
for tihm sapt on objectivaes paks€&€ngé@do iTdhen enroant |
domi nated best solutions are represented by
antdhs uanf NMBE f or Thatklnédedientz omaes .sel ected as t
this stage.

480
460
440 & .ol . NG * e
R 2
* * * et
— TN DA 2
T 420 TR O S s
< B A AT
II% -, o) oy 02 Jed SR ’ .
S 400 R SRy S I
: AR Y
s Do T3t - g
g ~°..°.o % !
@ 380 MDA 3
A7 }
g 338 LN
1.
360 b
“ .
______________________________________________ _— |7 \
T (S .
702 0

700 710 720 730 740 750 760 770 780 790 800
Sum Cv(RMSE) [%)]

Figure 5.7 Pareto frontier for the secorstage calibration

Tab39%9%pr esents the results of mont hly and ho

val i dated against t hewmoacacngdp tNaBcEeayl cureist emeirae. bG

15% and eSwecftarvehygating and electrighl ene
Cv ( RMgEhNgs bel ow 30uvi@li gés NMBEIi ndoor air ter
few zones, indicated the presence of uncert.:
Results analysis indicated thiddorthewuwel was ndr

temperatur e cognpagheed et & ett h @ ofiint st wer[e/.7tfak en
Howv,erduringsthgeseabntdr awermeat omhti cdabliywgi ab
opti mitoatbhiesnt reptemprdaththeemptoaément in thi
crioérCa(RMSEheating and el ectbswaadifabiiPDer gy c
comparedttagefirestwul t s
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Table5.9 Seconestage calibration results

CV(RMSE)wmonthiy [%0] NMBE wonthly [%0]
Total EIectr'icity 144 s
consumption
Heating ener
consugmptior?y 20 46
Indoor air temperature CV(RMSE)Hourly [%0] NMBE Hourly [%6]
Single Office (G.0) 19.2 8.3
SingleOffice (G.1) 23.5 3.6
Conference Room (G.3) 25.3 10.0
Single Office (G.10) 22.0 2.9
Single Office (G.12) 252 7.3
Open plan office (G.14) 25.5 9.8
Lecture room (F.1) 17.0 6.7
Lecture room (F.4) 25.6 9.1
Lab (F.6) 23.9 10.0
Similar accuracies were also obtained in t|
temper atHovwe,viednti gh Cv( RBEE)abhnds NMepicted tF
uncertainties in-rmodefliitngdt hbei pdr tag a lbloya ma't
conditions. A comparison of mont hly heating

measured data andtdiemulwat istmagress wifRisgdBredbmat i
ankli gb9ceorresponding tolZTheThharmomtoml|l ofeRrldg
results do niompri owWle mearttbemajgbi ght i ncrease di
air tempermdmuametsernr pwalnues against reference
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Figure 5.8 Monthly heating energy consumption comparison
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Figure 5.9 Monthly electrical energy comparison

The fina(25etalbifbrbhdt ed pdmuametée ru nwaklsutdasg ad fetde
cali bratiohabdlieéd epiresenitnng the BEM and the
building for the simul astiage peal iolr atTihhen rkeisa
attained a | ower value compared toilPl14 ademwinc
r atheasn -tneotnr of i.t t B szad ,seos cagprr feivrinejdb]syMadgur ed
room t e mpcatastdwarte ng-ssagenadal i bration conver ge

values to match the existétmgobkicenhadi noomsr et

Table5.10 Final set of model parametgaluesobtained after the modehlibration

Parameter  Unit Value Parameter  Unit Value
P1 W mtK? 0.049 P27 W m? 95.93
P2 m 0.1 P28 W m? 65.21
P3 kg nv3 265 P29 W m? 335
P4 J kgtK1 836.8 P30 W m? 3.05
P5 W mtK? 0.72 P31 W m? 3.22
P6 kg nve 1920 P32 W m? 14.79
P7 J kgtK? 840 P33 W m? 17.1
P8 W mtK? 0.046 P34 W m? 14
P9 m 0.087 P35 W m? 11.3
P10 kg nve 265 P36 W m? 12.47
P11 J kgtK1 836.8 P37 person mt  0.07
P12 °C 8.91 P38 personmt  0.17

200



Chapter 5An energy model calibration methodology and application with sensitivity analysis for a
partially-retrofitted university building

P13 ACH 1.47 P39 person it 0.31
P14 ACH 2.63 P40 personmt 0.24
P15 ACH 29 P41 person it 0.62
P16 ACH 1.6 P42 °C 23

P17 ACH 2.1 P43 °C 23

P18 ACH 2 P44 °C 21

P19 ACH 3.38 P45 °C 22

P20 - 0.754 P46 °C 24

P21 - 0.828 P47 °C 21

P22 - 0.807 P48 - 0.75
P23 - 0.899 P49 - 0.1

P24 W m2Kt 2.57 P50 - 0.1

P25 W m2Kt 5.46 P51 - 0.3

P26 W m2Kt 0.2

Comparofmomres aged daily indoor air temperatul

simul ated data f rsotnecghdhiebrf atrison amels sletconfdor r
showrFi gl @ -h) . The simulated individual zon
profiles match the trends andHomatehrgd etefdi g lhree
highlightesthenatutnder by t het emopdeerlat afrei wdd awre

uncertainties in the moidrdcdwnmpagise £ Aian pmapec
the building, rates oduliemd idnd armd mwmaloro pernd ti
(set p oi ,matnso/nsge t Mtakcekrgxa.l | br at ed model shows u

average temperaturefudusitng -whb)t sus@viign ¢ J ( Ma
and aut-Non ) ( SHeopwsegvrefrr eOrc tnoi bde r-Ma v telmae | model pr e

i s better ias otplee alhe @atniahg and temperature f 1l uc

Apart from this duration the building is nat
varygwether deviations for indoor aior atpepnhpyer
ventilation rate asecasoateét gcy Tof intebasgnt mbyget h e
deviation (RMSD) between daily avealagéeatmaad
t he singl e of fice G. 0. Bett erl aecwrl ascy fwas
(RMSD=2.23) and autumn (RMSD=2.28), foll owe

(RMSD=2.86) .
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Figure 5.10 Daily averaged room temperature plot for measured and simulated hourly data
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| Fi ghlrle an exawmpk®ye@fari son of hourly simul at
the four seasons @isnagdifev erg hf€a ro f @@ \e(rR MDEN), v
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Figure 5.11 Weekly comparison of hourly measured and simulated data (e.g. Single office G.0)

Addi t iloindaalt ivoan

The model i n the prteevd oaursd swealtii dant evh sa gail N Pt
criteria in ASHRAE nsuliuvieelyi 26l 5174 Ther ef ore, t
the accuracy of the calibnawad wmodeductaend bgd
energy consumption and indoor temper a@tour e da
a SsSubseqMaxgt 2HAr7il83@I nst t hat pr.ediewvti @disby
research has alsosbughbhki ghtedcehatiat ypnaj ar c e
weat her dataset, whi ch can]|[ [;8heorridetheee atihaci e
dat avase@tealtsi ng measured data from t hfrromMUl G
May 2017 to¢oe6Apriloth@®Y8 i nput parameter,s in t

assurhiang tthe semester schedules were similar
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The results of vaTalbgdéi ovh ea ree o i(fdaMesigdaatcyti rn

consumpti pnne airsl yl 5s.alt% sdryd nfgont hereatriingremer gy
14. 3% as compareedttgedr @%u hdusagaC sNaMEBMEDH )

i ndaior temperature of all talce erpaparnececenta at nd e

good calibration accuracy -otfageée er emouletl s .c o mp a

Table5.11 Validation reslilts againsutility and temperature data of 2048

CV(RMSE)wmonthiy [%6] NMBE wonthiy [%6]
Total Electr-icity 151 35
consumption
Heating en-ergy 143 0.9
consumption
Indoor air temperature CV(RMSE)Hourly [%0] NMBE Hourly [%6]
Single Office (G.0) 20.3 7.6
Single Office (G.1) 23.1 3.1
Conference Room (G.3) 24.6 9.9
Single Office (G.10) 23.8 5.6
Single Office (G.12) 26.7 4.8
Open plan office (G.14) 241 10.0
Lecture room (F.1) 18.2 7.4
Lecture room (F.4) 24.2 6.1
Lab (F.6) 25.1 9.7

56 Concl usd ofnust uarne wor k

Il n this study, the techniques for automated
uncertaianyl @ampal ynsgestail agmo ruistihhng )ddSO@A opi ng BE
t o be rueterdoafpqirtiicnagi h @ nptullip® sreeodar chovaensd t o p
i nt egerad tiebdnaatt h @mchol ogy t hat could be wutilised
model ¢l mooftho me bwii ¢ di>Bds wiits | ) mi t ed me ehsi grhe d d
uncertainty. A gr eatnesru mp mipradd oa o dt eempedr Kyayt buer e
attributed to the occupant interaction with
occupant density andi @i based eohyshealsepsop
Therefore,nti tt oi scoinmpuccrtt adet ai | ed as sneosdsenie n't

devel opmahi bameé i mami.n conclusions of the rese
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No standard prbdteoctool sd eavred ogpv acialla brat ed r
domebBuoilcdihngfthriessearch presented an appro
The use of asuttaogrea t eal inburlattii on was prefer
cali bration, atsion @fnamdread ttthaen adnermar am
optimise amengr2yapar constraint sets.

The Morris method enabhbhedatbe pB8hvainteh er t g
reduced compakiaridg oint tdunet abl eoff opamnuasme twe 1t
The methodol ogy exploredotbaercympluet eher
process in stages for an existing buildir

the simulation tool s.

't i s important thatopi damant bl gvanéandpyVec
of calibratiroy amdodi i pnwiononment dat a
calibration, to achieve better model accu

Theevelcampdeadrati oprmei dedo hoghgeppeloagment
maels to baiddedEa@mbée. ghet her malir cogmébrty
studlesag with energy consumpti on.

The results indicated that it is di fficu

indoor temperatur esnuantb ebuiolfdizrogqee swi t h a |

The model data incorpor &tde buiihfdommat itcrer
approach is applicable to existing occupi
Additional validation of the model for a

dat aset to t hddp emedaesnutr ermde aasnudr eidn data pr oy
calbr embdd |l

S study was an initial steg iam -ddide ;toent i n
Ivdiitnp uncertainties usingteamome datalut idlido
hlighted the -petfofmeBnaenpatt pahtrioalgh sen
i ng deci siroentsr oofni tp ostoel nudid d&olintsr abtaesdmanycdhee a d n
ertaiamdi et ential |l yi sitgme fti tammali nacd ue ae
t he exi sRutnwr eb uridsdda anrgcsh  wi | | be done to

i-md koinng using the <caddeblr actne dt hbeu iilnddi onogr ecnoen
rgy efficyehey castts| ofethe building. An ¢
| oyreidngdwncertainty analysis for i mpr ovi |
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frequency data i s upnpefiernr etdh afto rc oeurl edr goyr ocva ndse
t hfei-s s &cgael i br at i on. The methodol ogy may al so

complexity in heating, ventilation and air <c
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6.1 Chapdaverr vi ew

This chapter prese-nestr dheteesv afbourasttrbaehyecogdl s edl edeip
The assessment was carried out using the «cz¢
ChapteflMh® calibrated pmacdelofd dati &rfeirreend trhed rion
for t-vdbeudwpskuil dinmgyi aconeupctloénecanei fand i nd
The base models were pr-eetr edi-rttedarnodisptguedsyearste
building. é&dalmetabsdebmgnt was conducted vVvia
p a
were considered tswepdandssé¢eagieng reitmaolfert a

]

t-ri eatl rl yfnii tvteed i ty buil ding, where different

algorithm (GA) was e mp loopyteidmatl o sod aurtd nsort hi
opective optimisation. A rangqaekohgr ésoimt $§ hee
front obt ai-oilejde dtriowme nugdttiimi sat i oin. @.o0c(is)e dp roin
energy consumpti on, (i 1) di s c oonif edrytd lereo ucross,t .
Analysis of results highlimghki ed diof renemtf i p
buil dingstepaosi mgleéeiple stages.

Tle overall met hodol ogy of thi s rsdasuedair cgl y(si .
measurements, energy model devel opment, cal.

asolid basis for afskcecasmsti mgf itthei nftosirewebost i @@ vy
buil dTmgsi mpact of -redlredtiitwamemnfs udvgatphe ds ol ar
photovoltaics and mechanical ventilation an
indoor environnential isguuatlaitet ty dldlEEadd o e y-si s of
step anmdetsrtoafgeedsf ap p-tlecenogn ovati on strategies
contribution to thetsaéitdeotnoeinsgtilmceTnbae itksdtinegph sd.e e

retrofit appor dhaec th ewa se rd tardoddt € tmsge®d cost, ene

This chheéerrsaobmitted to Ermer gyt Edrrifrdadiiisomaayd ej
review. Sheikh Zuhai b devel oped the cmochcept,
preptahedmanluhsec rmgprniuscauphomadr kmbhyt baper vi s
Jami e @Whggigryadiaccited, , tbmmearddadichenthnuscr i

at al l stages.

214



Chapter 6. Assessing evideruased singlstep and staged deegtrofit towards nearly zerenergy
buildings (nZEB) using mulbbjective optimisation

Abstract

There is a dearth otferdaattuar eaintrda earti sdiyesrit @ at rhilem i tnh
mo s t ap ptrrogptrea cpitees sf orr eltamde t-dompgstoile eppwni | di
achieve kaeaelrtghyy blwo pidadte g s5ma KBinng a mdie eemmtabd f i t
of theserguumegrogshes-teuemh r&snovangon gstrate
renovation pasepfoioallsdt hitssi chnge ssear ch assesses
step andetsotadfgmm@dovi ng exi sting band ddege remien g
nZEBevel mpirtokw enthanadpt i may cl| e f edoesvtesl.o pfende met hodo
framewor kt awsniawdrudgietdy ng bui |l ¥+ et nofl PtThiashpaOo
expected to be c2mpOAtedtysofetenthmar ipSlewdn s e
bui lWdsinmgg a combo fmiatt | me@eaodr axttcovwgprdanad c mioev
domi nated sol ubiacmeshu lpoRalpjeecp tfweoihsdta)t @ oche ci si o |
mak€he results hli-ggthedp grhet t fhfaitt ac an ngychi eve a
pri margy emearsumpti on and reduction of 38% i n
indi catZ&EBt patr Wot mathhe pri mar y neneregy5®Dadgres wmhp
KWh# n(rwi t H opaldusm)e ac b bo-ef £ dctthirveeu gygtl ep-reéeepf it

f oa uni ver s.iReysubbaisl dhingghl i ght ed t he i nabi |l i
performance or I mptagyed cemfacritveirrorwedmpl en
singl aDle. resiumt $ 0 cont rsithiuntge oditedbeatt bele camira
environmental feasebmlréegovatreal sEiompsljoreg
buil e¢isp@gsuinalvidyus il tdy ngs .

62 l ntroducti on

Europe imuHtaimengi anal rcéabVvVengeni setcther wher
doubl e the renovation r &t% (acrgdsess H uworro ppeu bfl ri
2030i i) to achenevregynebaurillydiznegrso ( n Z E Bse)t raonfdi t(/i
renovif@alfihenr e ar e ermgatrr wfuist /dr enovati ons tdrnmi no
Europledn ndeepgns of it/ renovatreductirheao nfliyn ail n
energy consuangmtiitoundet oofa 7% (heating, ,cool ir
wher eabdSitn itshegenerally understobd®%aginlcé ude d
pl40aldxs]), HB8Weverged hmasy wddrfyfobraesmad eomzones, |
types and | oads.
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Gl obally, the building sector final energy
reaching 2,794 mill i on [ dapmdEaisnaqife ,a0d d o lemtus vfad
of the total e[nSe]r he cBasameanom®ar |l i ament I

introduced Directi vieg] 2@ 2aBs/ 2HZI000[2F 19/ BeEnHE C

2012/ 28B/hEat direct the member sttaitwees ttiome apkeer
to reduce the finaf f2 un iewidfiyhnigoso.nshusp t p wmv i e w,
Performance of Building Directive (EPBD) Rec
energy resources for energy stpmplayenteavalbl iel
resources. Artia@st &lsddh adihme EtPBBwr bai | di ngs
the end of 2020 and al l public buildings by
recommeatdt i ng -apt ionfal consitn p ;mumMoremanmge requi r e
exi stingTHhwsflulritnhgesr am¢g ®tdae dt r aan Lf0dlr8msienxtis t i n ¢
nZEBs, in particuledrmr oy tisn-menslmuurse gn@d eegin@grs gt
achieve thhd hGabOwmgpamsdnsizs si on b[ul.d ]JNiat g omtad ¢ KE n
Performance Cert ipfi osaorugrsc e( EoPf@)degirgg fotolr ehahrec e
t heeU buil ding stock and an analysis of 66% o
buil ding stock must be upgraded 1lt1d Bachdene
renovation r oabomhgs ARR00dyOhpsavses tpesdtresd (f or-by | anni
step ofr esdagtidon i n t he domest i c -rbeutirlodfiintg
demonstrated through four caselDebhméiukes tihei FI

viabil inogdonoers etchtceor i s yet] 1t22dAbeomuadidreg st oo df
Article 2.2 fadelbuinledi mgEBhats has very high en
zero or very | ow amouna wvdrngrdicantr eguiemad bs

energy from renewabl e sources,siitne |l aidbinega rrkey

The existing buidaonsnigspestr oocxfk mat eEyr 6 p& of bui
the SeWoornidd Wa-i 98 QR2)pBthsecornesi denti al buil ding
accofuoat s25% of t h[el.JFEfwtcalt i foln@a rtebarn dairggst sh
e x 1 sntotsirognesti ¢ buil dings i n HullTdohee tdhematar u etn
efficiency of buil dings gainedled mMp@ mtsapae a
| egighgatacrjob&hsk mrceafaolces of EU member st ates
exXxisting buil dtronpgtsi mean d eancelrigeyv epdesrmfesdramacrdd en.g s
parti,tilearhluggtemeintvecosts are i diemdalfiisidn dgast hae
potenti-albdfiltdereor al | vy, due to | arge floor/ e
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systems and budget constraint®djetboddahblUel di
me as@(re.sg. doubl e glazing/ t her mal i nsul at |
interventions are often not slupsphoorrtte dofb yp edreft
tarpet s

6.3 Background

6.3.1Si nngt ep or srteaageod idteep
For -dnoomestic bemémdgyngandtpevi o ovmenaciehalbui | dir

typol,ogioensst ructamwmthhetierchagé ogpdeqg-uat ebii tpd aa
render ener egeff feavtiinvgnescycsltienpgmdadwead dbi f e o mf o
[ 1.5]To &dUhiaemvde nati emalbhgfiaggees hbase gas emis
it is ideal +=0oepenfowwremeérapbtiihg)| fei nanci al f ea
gicsdlni amshte oOwbet®t gchi eve c oamp Ingtl,@ppreectiraol fliyt

o

o

f or | adrognee sntoins|[ b.4 J A pdpirnogx 19 ®ba todeltyr oG t s are app
nly a set of retrofit measur ¢d5ihnhtstieadi mp e r
o

t taketdedpt meastuage rathbe tBONiyas .Madter
of the buil di ®gsacrolmptoerceonfiysBé&imav woul d need t o |
in | ater stages -ehveech i @Gfetce-malkoinsgetitcrosyg up re
measur es -rfeadrr oftiaged s complex and requires ¢
restrict further savings for future interven
( PHI') hhieglhltihge Eurpopeéamrpasiengi alhei perfor ma
significantly i mpactedetrlgy ddiopfdii.;jg so f( niz&Brsl)

Addressiih@anghegl d wuhacs arkrgdaurgifiiadld 1 s ;a ¢ omm
howevemrqgt iitddaal tpoe rafcohri neavnecogmefisaireé icndoisnggs may o

may not i mprove indoor envilr bhlmemeradf oguweal ip!
stagedrofets fmay wumpr cowemahwiel diyn gr epdeurcfi ng up
di stribution of investment costs -deter mi mped |
and the i mpacts are ksotwgeidapfpdvanbemalMownavtva

ri sks compategd appmsoshwhhesmangqet he i ntended us
technol ogy and economkicg @disehtmiwlsi ttyh.e Adni fe xea nml
both the appeomchHhesmpvemmgegynay be achieved wi

that are meant to encour age elpuiolrdisn@agewn @ares [
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be determised ObOF%¥ 8Bhabyg approaches -bfart spec
simulation -bbpkstianwd mptimi sation as it wou

retrofiflimeasures

Stage Year Staged-retrofit Single-step retrofit
fagade, windows, air-tightness, | fagade, windows, air-
Stage- 1 1 . ] oo
lighting tightness, lighting, roof,
ventilation systems, heating
Stage- 2 15 roof, ventilation systems systems, Renewable
Energy Systems
Stage 3 30 heating systems, Renewable
Energy Systems

Figure 6.1 An examfe of acomparisorbetween singkstep and stagedeepretrofit

6.3.2Sel ecti ernetorfofdetepmeasures using si mt
With the complfex hientbeairid dtiingn s ytsd cechmsoil dongdi €£nse w
fundament al 6ol sel eat f taheextihsetsitregt rboufiiltdionfg i n

| mproving existing building teudfy rrmalnactei omasli
beween occupant comf orttheent ur b d mMdcgasnebpbetrtaetri o n
undeordstboy t he use of advanced building energ

design -eff eaokeegzyeroor bnoeeatrdiyyrgagsn,ge of t ool s are
for analyses of the i mpacostbf adminfedamiye amet ra
al so available in the form ofselneatgiyo mtertafoif
meas | 183e v esroaflt wehraeds are used in these tool ki
per f orwmwmarekt et, r ansi esnto fr enNedaii@dmisainisgse i ncl ude
[ 20-Raest and2,100FEHX,2]TRNSZ3S]Many platforms ar
the industryodngatrhecséhectiramsi ent si mul at |
usGaxperi apee i xrad[i Dh] Morsitt eorfi & he t oollsy gdiesv el ©
only offer scenari of blgirmicteenda rs eodarksana Ir sgpsat csemeahre
The user i s Umangleeb eero oafn aslcyesnearai os and | i mi t s
to find optimal solutiametriTo addregsi mhsat i
used by researchelrrasgrewmbee ODhepafbeeteos and
conducted, and multiple scenarios can be eva
three categolrienet hoildls nsweamsicaas meidilhowulsas mer at
met hods suclhgasaminymagmiammdpr(iii) guided randor
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or mul tipll2.ppAmotn gs etcahrec hgui ded ,gandbmcsahbhgohi
(GAQre commonl yeusefliti anal yses ajlodj ebesee
optimisatiomal M@@)h.er Seowed | mi sati on approachce
automate the anal yses fsowano potpitmani ssaotliuotni o(nPsS
opti mi satanodn BlalyGG)i an dRi¢iRHlcwe veomn, (tBlOgse ap
are computationally expensi-oej eantdi we no btei mii g
its strengths has been idte mofn&E@ B dthedet bbpaghi
functions smuwadl aen etrogtya | ecognosl uenfpld@&)xressn nluiaf e gl o
war ming (pGWRnpli adi cted percentPaPgDwené uwsesdat
opti mirsed rtoiet i nter vefndduwsnisng nont hbeuibludiilndg nfge

Systaenmp er ati on.

6.3.3Cootpti mal ity and nZEEBdopneersftoircmarnecter of
The push to aemieegyy mpearfloy maece f odomiehseet new
buil dings post introduction of EuropeamUdire
[ 35]However, ofdormeesxii <t ibrug Ilmdi ngs mhateedfhetrhe
yet to defi neantchee rneZgeuB rpeemmefnotrsm or Frloeny t hee |l @ar
update avail aoamllAausftrom, 2B% gi um (Brussels),
Republ iar,k ,DeFnirmanc e, Ladbowuit di aed SheveZE8 dafi
maxi mum peirgp&r goa@asumpti on ( hewaatieicgp naiotoil d mign
and |ighting) being t hex i matoidmngnedi catdmidadrng
school s, of fiz®uandohdspf emaést calcul ation n
andui | di ng,tthepoplrogiaey ewvafgym &gt io¥y gHBOwk ®Whi m
the EU for ekBSsPbumgg shuin@dijegdps iadht s mbeenece
i nformation and measures to establish better
buil ding t ypol-dgmesst iicn stltdeodrh.en Orhanmn ¢, var.i
met hodol ogi es for retrof isttsu daixeess bhoefthgeneots ¢t e d
buil dings toopthmabkeplediRtp@@masscal so brings t
achieving nZEB per f eorpmma nntael nfiaoyr fnaoledooriohey ptmid etg |
buil dings due to huge variations ilmebainddi ng
when conducting maj or -droenec\ atci ddmus | @nmn ngxi gt i r
more than 25% of the ervdloopmenice 1 st rdefeintetde

proving that the ret rogtiitmare adshitr etss anempd rtatiin
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the under st-amtdii magl iotfy caonsdt nZEB perfor mance |
through best pr acrtgiyc easn dt oc Hgsut a ribteaifl ity fctteld ea Eaeln ¢ h e
coeptimality to achliewel nfZEB eoemdtoamaaoaikei bdi
typologies (domestic)armd7iOhst nidnurdinfgf elr9e6n0t Eur
conds tmeaod found that enerogpyt i snaVvi wagosimot batsi :
magnitu8e&%ofypyB8emargy) . t heeU scoopsbts eV e thet hatdo
[ 4®@i nly f ocusceosstonc urhvee ,| obwietr ot her wvariants
val ue with higher colmebegydsdmasit swpapptiir thnaey e bei v

from memlhdr]stat es

Nostudi es iwerteh d olhoatdenp a he d € nsp anggtl epf adddk ept age
retrof irdtosmeosnt inconbui | di ng per f amamamfcoe ti naitne rnngs
achieve the nZEB |l evel. T h e s mehiwonw osla tnegg teiov e
st aept r of i t ¢ oncdeepctigssdihoanyn ga ft the otu gthhe@a parti a
study buil diobgeaosi mg (M@Q@)t nMios autnidoenr st a,;rad t he
cal i bratehteamsedially ofs used for transi erat ogi mul

scenard osn btalse period of retrofit

64 Met hodol ogy

The proposed mest hedolmpaytada@dc ert estgreadilinetg

mu lotbij ecti ve optimisationhi( MO®Oh andase sewmon
buil di ndg9@mhigntal gpetdhe authors infd4dhAk wheaelve o
buil ding energy simulation model pABhkReecasece
amXxhaustive sensitivi)tyawnanaugoimat@Mooni svasan
to achieve a reliabl e Redlrmdfaisuarads avaEsd ali dat

(on

uil di ng sismtil|l & thsetousdaysmebdweil | d/ii m@ pa rog e & ad retoif fi t
ol uti on paecvkeagtelwe t ©®msatc hand nZEBf qprerdioff mame

n

cenasy i ®sotahe i met hodol o (Fii gabl2).elfhrraonuegwho rtkhe ana
cenaria$soi stwdsed for the case study buil
005 fostepsreglrefit of 2020 would have been
p-aeetrafit i nr tOrOdbf imi thwalsereghett ir @rf M6 aB ur es
chi evoepta onmatl NZEB perfor maeteohbiga codipitdafeii tn g

O 9 O N O O
—

ui lding ahisB0oeotTweeetedl i t o meeedd aweerse a c o mbi
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of |l oad reduwpdroandh@maamfs dif epse,, e nowpeelroat i and and

instaldaenewablod energy systems.

1975 2005 2020
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g Pre-retrofit SINGLE STAGE ' Deep-retrofit i i
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Figure 6.2 Methodological framework

Thmet hoduoslem@ay i br at edf btake ewidredtiirnogt epda rbtuiialldliyr
a model of 4weerofi giThadlebpod danapkne gesupgr adi n
the building are representative of typical [
achiev-ept icmaslt performantcédei shob-ephiumdidi hgv el
124 kWh/ mdmdpor r dhefvianeenisd RPardtsh byidlidi ng
for other nat udroanhel syt ivce nbifuhi kb aité amdg erdomo r kK tios di vi
three main gdeanar iacs uwmptth omes f or assessing t

coseptirmaglui rements to achieve nZEB perfor manc

(iScenbkrilon this scenari o, it i s assruemed ftihagt
[ 44an beaabadkthrough infomuac!| adjnput mepnatrsa m
repredqrenrtpt eof iotr i gt agkemofdweill)dianngd yi el d reasf
predictiaonhkgeywlondeén tThasoadmleXx0e2 0a.me &tned 29 Pil ug
OpenSf da.diil | new i ntervent iIMOMOsn adrrieiegii nnvael s thiug al
modeldefe@rt r af atsstianggel.e

(iSc)enarilon ltthi sorsiceginmamobgekthiphgt-seadhe. t wo
fi rssttage cstror géshpecomrdet rahderitmk20®®2.ntkFwmtsher , i
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e existing buiclodeipntg mmae r faonrdmamEEeB abewvelal | o
seshengpplriecatoiforn nonewage €S

i iScenarProeMildus reuomdoén t2&@% etrov etnlt @ obwsi | di
nsi dtehfeud pihranni ngiaf 2080r ohi tt hi & eswvemdr iom.s

re ekpl eopetd tnaanidirteywc h t he nZEB performance

singtltep retrofit to the existing building (c
The met hodol ogi calcompamemwwintki gpH rea bdecdt et acri iems
computati onMQOQ hr megbhsithhogwngrige e Ass prebent ed
I it e,;r atthuer ei dentapftiicnaali orne torfo écnopsl rede aim llr teist i se &
probl em. Theracfkeagedewmaet opeédt Bayr eamoa lfyrsoinng ftolre
opti mal and the MQZEBRB genlatltigaornist. h nT hteo det er m
package of solutions from a huge nuntblheae of
investingduidem i har y energy cons wWmprt]i o h g aPtEIC
ventidaxiloinghyj) nd oafida)rpdgasigght ed di scomfort h
based on simpl4&d h@&)eRAEPresent v-ayawulee (NFPY/t)s ofl
[ mfor mul tipl eGemetrrad fl iyt pack aPgeCs .cal cul at
included in the calrepraemepwmarat Hoivev de, tohay
consumpt nodomdelstihledi ngs and thus they are in

e -

K =~ Qg Calibrated Ilnter;_entiéms
Building Energy > Ri?f ©
Model (BEM) 3. Air-tightness

4. Lighting and occupancy control

v 5.  Setpoints (space heating)

Retrofit e —! Systems
e EA measures (RMs) 1. Mechanical ventilation system
T 2. Renewable energy system
¢ Coupled
rograms
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= optimisation (MOO) 2. Discomfort Hours (area weighted)
3. Life-Cycle Cost (LCC)

A 4

Optimal solutions
(PARETO non-dominated set
of solutions)

I

Decision making
(Deep-retrofit
solution package)

Figure 6.3 Multi-objective optimisatiofMOOQ) process for identification of ég-retrofit packages
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Figure 6.4 Floor plan of the case study building
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Chapter 6. Assessing evideruased singlstep and staged deegtrofit towards nearly zerenergy
buildings (nZEB) using mulbbjective optimisation

Table6.1 Primary features of the case study building

Building parameters Value
Shape of building Rectangular
Length (Nath to South) 42.15m
Width (East to West) 12.7m
True North 50°
Total number of floors 2
Ground floor height (including plenum) 34m
First floor height (including plenum) 412 m
Gross building volume 4048.46 M
Totalfloor area 1073.15 M
Conditioned floor area 1073.15
Roof area 563.58 M
Gross Windowwall Ratio
East (45° to 135°) 34.42%
West (225° to 315°) 40.91%
North (315° to 45°) 49.83%
South (135° to 225°) 0

A detailed bobobhduogedutdntt weaespurntdeawircusal roenge avn

|l ndoor Environment al Quallift 4.4 (MheeQ)d aatsas ecsoslnieer
usedevebapl ding energy base[ Sdidee | c ars Ipe rc aAtSeH
as foll ows:
a) Geomet riddadendsatons, shapandsotzleerof.c h darea dtud
b) Therpnhoy sprcoapgerti es: buil ding enavnetlleda @e | co mp
c) Use of the building:-oicctupramaly, | egas gaerdt S

HVAC
d Syst ems: HVAC systems and their sizes for
The ther mal ppeedsuweng dbédeeldetail ed audit i

OpreSt u[ddi oG U I for Bsersgpynalrabd2zed Tihre weat her f
prepared using data from the | oc@N336etddt7héer s
W0 3063[75B) CPU I wiXehé569 3. @ADr ocesRAN Radn

GBwas used for .dlbl amlaé ysemohatremns ofi t measu
cali brated to meet the acceptdmBdThkei tevehor
base model awaight ddirutbBengcautomated calibrati
par amet esrtsagens tfwol | owing a sensitivity analy
indoor temperaturd7/d4a%dB hoft hoen ec ayleialrr at2i00lm6 st
to meet the acceptanceCvRMBSErFls0 &NMMBHEePmEyhI| vy
= N 5%) and hOGuRMSE 8 MBik o+ N 1H0%)X he resul
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of final cRVMS#dHIatyi dDh, 4% Edfy NMBE% was achiev
el ectricity cons wmpdafy oh. (a% dasrda EBWNRBVBB Ef or heat
energy coRbsummwioom. air temperature fuworiall z
varitwe e@re28.76 anmdybNeMBAER e A-10 00 %We cali bration

highlighted

criterind yedr esati sfied.

t hat ac4@ymras .e) mexdsddsst icmhga | ld dei niadi idingd

Table6.2 Description of thermal zones in calibrated model

Occupant Lighting Total Infiltration ~ Heating
Room Type of Gl_azmg_ & Status Area density load equipment rate Setpoint
room Orientation [m? [person/ [W/m?] load [ACH] °C]
m?] [W/m?]
G.0 Singleoffice  Double (SW) R 12.59 0.08 14.77 70.91 1.47 23
G.1 Single office  Double (SW) R 12.09 0.08 14.77 70.91 1.47 23
G.2 _ Single ofice Single (SW) NR _ 12.18  0.08 14.77 70.91 2.63 23
G.3 Cofgﬁrrﬁnce Single (SW) NR 3047 031 14.20 13.4 263 2t
G.4  Singleoffice Single (SW) NR 1233 0.08 14.77 70.91 2.63 23
G.5 Single office  Single (SW) NR 12.16 0.08 14.77 70.91 2.63 23
G.6  Single ofice Single (SW) NR _ 12.38  0.08 14.77 70.91 2.63 23
G.7 _ Single office Double (SW) R 18.18  0.06 14.77 70.91 1.47 23
G.8 Single office  Single (SW) NR 18.6 0.05 14.77 70.91 2.63 23
G.9  Single office Single (SW) NR _ 11.96  0.08 14.77 70.91 2.63 23
G.10 Single office  Single (SW) NR 12.14 0.08 14.77 70.91 2.63 23
G.11 _ Single office Single (N\W)  NR __ 18.7 0.05 14.77 70.91 2.63 23
G.12 _ Single office Double (NW) R 27.01  0.04 14.77 70.91 1.47 23
G.13 Co:‘;grrﬁnce Single (NE) NR 6266  0.31 14.20 53.7 263 21
G.14 P‘:zt)gr:]ad Double (NE) R 36.6 0.17 17.10 65.2 L.47 23
G.15 Cogg“ter Single (NE) NR 4472  0.24 14.49 62.3 263 22
G.16 P‘:(S)t)gr;ad Double (NE) R 5335  0.17 17.10 65.2 L.47 23
G.17 P‘:zt)gr:]ad Single (NE)y NR 2682  0.15 17.10 23.4 263 23
G.18  Single office Single (NE) NR _ 17.99  0.06 14.79 70.91 2.63 23
GF Corridor - - 8366 - 6.89 - L.47 -
Corridor
F.1 "fo‘f)‘:;e Double (SW) R 91.2 0.62 12.47 3.22 L.47 24
F.2 "focé‘rge Double (SW) R 7397 062 12.47 3.22 147 24
F.3 "focg‘r‘;e Double (SW) R 89.03  0.62 12.47 3.22 Lat 24
F.4 Lreoc(;lrjr:e Double (SW) R 8887  0.62 12.47 3.22 L.47 24
F.5 Lab Double N\W) R 85.80  0.24 11.30 3.05 1.47 22
F.6 Lab Double (N\W) R 36.89  0.24 11.30 3.05 1.47 22
FF . 1.47 -
Corridor Corridor Double (NE) R 49.65 - 7.25 -
FF . 1.47 -
Corridor2 Corridor Double (NE) R 21.08 - 6.83 -

Note: SW South West, NYWorth West, NENorth East, RRetrofitted, NRNon Retrofitted
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From the previous | EQ assessnewmitl, dhsaugrtvheeyr naanl

comfort conditions were not safd4dhactporypgehnacs

of t her mal bridges was iTdeetodcepamnutsdangl g e
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due to high infiltrati-domnorr attest g)measdyg idn J I
retrofitted zones. The buil dimagchawnamatailulraatl il oyr
systempoausendoor air quality (1 AQ) in many
Wi nter sdadbscogbadaent oaandnl aodk £LDOhegth sayisrg e m
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required for wunder s tnaenadsianpgp btirhee® 0 Orp.a cRa bdsfen a vert
6.3, the input paltameaerd OBsetheombidie) Vepraet ai
repnesehetpoéit condition of the building. T
backbuihledpigwrgan@ esritra kztm@&i nly involved removal
boaddugl azinggt@azesnggl encreasemdt ¢ inrfrnébrhtr at i o

retrofitted zones, reduced heating system e
increased |lighting | oads to match oonsQwunndpt i
radi ant heat) . Equi pmehsetafilemra dtsheat gpordei d 8 dowmd o
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A comparison of energy and comforMtabgBer Tloe man
anal ysis hiephl mghtys emleagy?!) b ofps-teéntet 0 D hits( PEICI ¢
39k®Whfmr hi ghpgar-ttétino ftihteeTthcoimgangson al so st
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i mpattp-aetrafit in 2005 on inddpeopthkeomamance

of the existingr edturidfdiitn,g afftert lperr tiimtler vent

226
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energy performance

t ogewihtehr

and

comf omte.a sTulr erse faag ree ,i

their cost dat a

and

presented

Table6.3 Detailed input parameterand performancef the preretrofit model compared tpartial-

retrofit model

Pa”'?" Pre-retrofit
retrofit - o
. building building
Model component Input parameters Unit
Calibrated Original
base model building model
(BO) (A0)
Conductivity W/m-K 0.049 0.049
External wall Thickness m 0.1 0.1
mass insulation  Density kg/m3 265 265
Specific heat JkgK 836.8 836.8
Conductivity W/m-K 0.03
External wall Thickness m 0.05 Absent
board insulation  Density kg/m3 43
Specific heat J/kgK 1210
Conductivity W/m-K 0.72 0.72
Internal wall Density kg/m3 1920 1920
Specific heat Jkg-K 840 840
Conductivity W/m-K 0.046 0.046
Roof insulation Thick_ness m 0.087 0.087
Density kg/m3 265 265
Specific heat JikgK 836.8 836.8
Ground Ground temperature °C 8.91 8.91
Air infiltration (Retrofitted zones) ach 1.47
Air infiltration (Non-retrofitted 2.63
ach 2.63
zZones)
Envelope Vent@lat?on rate Singleoffices ach 4.00 4.00
Ventilation rate Post grad room ach 4.00 4.00
Ventilation rate Conference room ach 4.00 4.00
Ventilation rate Lab ach 5.00 5.00
Ventilation rate Lectue room ach 3.38 3.38
Solar transm|ttance (SHGC} i 0.754 absent
double glazing
Sola_r transmittance (SHGG)ngle i 0.828 0.828
glazing
_ V|S|ple transmittancelouble i 0.807 absent
Windows glazing
V|S|t_)le transmittancesingle i 0.899 0.899
glazing
Double glazing Wvalue W/m?K 2.57 absent
Single glazing Wvalue W/m?K 5.46 5.46
Window frame W/m?K 3.22 6.27
Shading Vertical blinds conductivity W/m-K 0.20 0.2
Equipment loadsSingle office W/n? 70.91 70.91
Equipment loadsPog grad room W/n? 65.20 65.20
Internal Loads Equipment loadsConference W/n? 53.70 53.70
Equipment loadsLab W/n? 3.05 3.05
Equipment loadsLecture room W/m? 3.22 3.22
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Chapter 6. Assessing evideruased singlstep and staged deegtrofit towards nearly zerenergy
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Lighting Power Density- Single

4 W/m? 14.77 25.00
office
Lighting Power Density Post grad W/m? 17.10 29.00
room
Lighting Power Density - 2
Conference W/m 14.20 24.00
Lighting Power Density Lab W/m? 11.30 19.00
Ir_cl)%r:rt]mg Power Density Lecture W2 12 47 21.00
Occupant densitySingle office person/m 0.07 0.07
Occupant dengj- Post grad room person/m 0.17 0.17
Occupant densityConference person/m 0.31 0.31
Occupant densityLab person/m 0.24 0.24
Occupant densityLecture room person/m 0.62 0.62
Indoor Heating setpoirBingle °C 23 23
Indoor Heatingsepoint-Post grad °C 23 23
room
Indoor Heating setpoint o
Control Conference c 21 21
Indoor Heating setpoiritab °C 22 22
Indoor Heating setpoirtecture oC 24 24
room
Indoor Heating setpoirCorridor °C 21 21
Lighting heat gaimadiant fractbn - 0.10 0.15
Internal gains qupment heat gain radia - 0.10 0.10
raction
Occupant heat gain radiant fractic - 0.30 0.30
District heating efficiency % 83 65
Heating system  Pump efficiency % 90 75
Baseboard heating efficiency % 90 75
;Il'otal Primary Energy Consumption (PEC) per total KWh/m?2iyr 150.0 189 5
oor area
Discomfort hours (DH) (area weighted)Time Not % 20.8 216

Comfortable Based on Simple ASHRAE 582004 [%)]

*Adjustments made in the calibrated model to obtginearetrofit model

652Proposed retrofit measures and cost
The proposed retrofit measures are based on
findings i.e. | oad reduction meaanrdeernse wabhulid d
ener gyemyi ddrmteieft medisttoget her with their ini
VAT) deteaiTlacbd @nn@. vk e e e aptphlei eodr itgoi naletarmd i p dre
bui Indddsdgloars sesbenghr eeutsiciemenad { begdoWMehe pr opos
retiro méeasser ebseen gi venumalmenrdd airsteidf ifocoat iroenf er
anal ysi s. The desyxgi @dali optrhied € it thiear gmodeansvuer! eosp e
(glazing, waanldl o oif n siunlsaudl | agiovem) aade wsemanter [

evaluation in building energy simulati on.
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Ot her retrofit me as ur etsi gihnt mlessde ainmdp rroevpel maecnet r
l ighting to energy efafliomnigemwti tThS PdrR LoER uppaannecly
of mechkantcahti on wiVH)heatstreenc cavieornyg (WN t h
ventilation (DG@W) bies i anlt =g r@arn ey sibetaits ee x iost it M
requi rement of i mproving the | 0@tfadod aal bnt |
pbt ov dIPtggyiscc em i s al so pr oposedvaamnd st haec hri ceovfi nc
performédleaéi ng setpoinassehei mgsnweleain géaemt |
i mpact on total heating ¢gda8hgrye&dmnassutnpdn to nt @
operanbtmngehe sevapaggested for alhle tshtea nzdoanreds BEoNe
[ 5.7]The i nveex.mpMéiodctositrsed fr omnmarckhdet suepd ar
docusaewdi |l able from Sustainabl e [ Bi6éThOyg AHubht
support through initiatives in | [ébhaddSelah
PV gfédbhsdeeap of it existingvalBlislodicogsdc etomdt b

cal culTaei omax.i mum amount available forogrant
01, 00Dy OB[EBRATFI JAI | itthemeasurnds ar emepittog orsedae 1 tol
revis«d(Bart dings other than dwellings) buil
exi st tdrognersdan ¢ buil dings ai mi ngpttiomaalc hp eervfeo rw
[ 4.1]

6.5.3Si mul att-mmj, eentuil ve opti meshunoni amsl

Al | the scenarios in the methodology are a
] EPl us+EA coupled with EnergyPlus. The range
each optioartobasetméniopt wvoash umalternf TabIme as
6.4 These ranges were def i rveOdu svi h ¢di ohhoi pnEAR lewds +
Sorting Geneti el IAlwbohrkist hbmy (MaSIGWAt ai ning a pop
and sedfecthenfittest genepati oms.t oThHehedineert

solutions is maintained by c¢¥¢ldssworekrs- aonnd ami
domi nated sorting and ranking process of i nd
converngteos-doom amt 8.0 fFCroqwwdii 3t ance is also ca

solution to maintain ththPeapfee@dt al ong t he fr

For each soolputiinobpsERUB WA BA passes a sern of i

Ener gy Al*ushiffiglhe r usnise nuH estitinroaan and returns the
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defi ned oab.jrdwaxlievevd tihn n j EPIl us+EA. I n this st
for opti miweaperiiomma rwh iecrher gy & oynrs]u mpdtiisocno njfkowht/
and nett \aledosyfood e éostNo[ lc/omstraints were inc
Al | the solutions wer d r olb3tDai anreatn d2 Dvreorueg he gt uhae
opti nosvegtehre sel ection of specif-makaslelWt omn ¢
the mporgiamem® t o one objTdhet e it aonad r stoH art a tome rw.

from t hewdorloonste stth aato [t5h8] ut opi a point

654Litgcle cost calcul ations

The clyicflee cost analysis wasptdaorad u dtye dnétaa led & S
with other objectives of energywasdt abeh of «
cal cul ati onarpahaennee d eitnr 02f0i2t0s based on t he ma:
systems. A review period of obs where was roak
out in 2005. The assumpbitoonsstTak@dS5egPhoromhaal
di scount rate of al.iloh%li Desvied peparteend kbayn dN Fi n &
be used for the desigwhethraflfeefcandfi bpttipathe
conseidd®9] Ther eaf omraet e of 3% was assumed for c
recorBased on t hetlidsriegdaancdall ue ndfl a2 %owma s at ak
[ 6.However, a ceonnesrtgayn tp raincneu &e2s¥e aol vaetri ogne noefr ad %
waasgnebdased awre ritalipet or i cal escdl6adt]Tber eategyinp
used were madm ahai babblelreb ipgryi cdeatfadrasel.ect r i
t he warmisdsumed to be | ower than thegematcloase
schemes proposedé.lelar |l i er in I reland

Table6.5 Input parameters used for Lifeycle Cost analysis

Parameter From 2005 From 2020

Review period (duration) 15 yeas 30 years

Nominal discount rate 3% 3%

Average inflation rate 2% 2%

Energy priceescalation 4% 4%

Energy prices

District heating G 0.0417/kWhu 0.0582/ kWh

Electricity (purchasé) G 0.1209/ kWhua O0.1688/ kWh

Electricity (selly

G 0.1100/ kWh

@Based on rates available from university database (ex-\{8.5%)

bEnergy sold back tthe grid

































































































































































































