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Abstract
Basedontheblocking membranePA/VMPET/Al/PEofvacuuminsulationpanel,heatsealingiscarriedoutwithdifferent

parametersincludingtemperature,timeandpressure.Combiningwiththetestofheatsealingstrengthofblockingmembrane,thewelding
parametersareoptimized.Throughtheanalysisofmicrostructureoffilms,theeffectofvarioustechnologyfactorsonheatsealingquality
isinvestigated.Somewaysaresuggestedtoimprovetheheatsealingstrength,whichmakestheblockingmembraneweldedwell.
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1.Introduction
VacuumInsulationPanel(VIP)isconsistedofcore

material,getterandbarrier,anditsconstituentisshown
inFig.1.Theblockingmembraneisthebarrierwhich
canpreventtheexchangeofgasandmoisturebetween
VIPandatmosphere,anditisthekeypartwhich
influencestheservicelifeofVIP[1 3].Theblocking
membraneisusuallycompositefilms,mainlyincluding
heatsealinglayer,gasresistancelayerandreflection
layer.IntermsofthepracticalrequirementofVIP,it
also includes alkali resistance layer and surface
reinforcementlayer,etc.Becauseitisimprovedas
greatlyaspossibletheinternalvacuumdegreeofVIP,

theheattransfercaused by airconvection can be
effectively avoided, consequently, the thermal
conductivity greatly decreases,and it lowers to
0.003W/(m·K)[4].VIP is the most advanced
materialofhighefficiencyandheatpreservationinthe
world,whichiscalledsuperinsulation material.At
present,VIPsarewidelyusedinmanyfields,suchas
aircraft,ships,refrigeratorandconstruction,etc.Itis
ofimportancetoenergy灢savingandemission灢reduction.

DuringmanufacturingVIP,theweldingqualityof
blockingmembraneisofimportancetothepropertyof

Fig.1暋Constituentofvacuuminsulationpanel

product.Theheatsealinglayerofblockingmembraneis
theweakestregionofmechanicalproperties[5,6].The
welddefectssuchasairduct,lamination,wrinkleand
degumming,etc,areeasilygeneratedintheheatsealing
layerofblocking membrane.Studiesshowthatthe
penetrationofairandwatervapormainlyoccurtoheat
sealinglayer,whichresultsinthedecreaseofvacuum
degreeofVIP.Therefore,investigationonthewelding
process of blocking membrane and its interfacial
microstructure,advantageoustoimprovetheproperty
andservicelifeofVIPisofimportance.

2.Experimentalmaterialsandprocedure
TheconstituentofblockingmembraneofVIPis

successivelyPA/VMPET/Al/PE.Thepatternofdry
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connectionisusedtobondeachother,anditsstructure
andthicknessofeachlayerisshowninFig.2.

Fig.2暋Structureandthicknessofeachlayerforblockingmembrane

Fig.3暋Diagramofhotplatewelding

The mostcommontechnologyoffilm welding
(namelyheatsealing)ishotplatewelding,Thediagram
isshowninFig.3.Undertheactionofpressure,the
twolayersfilmsforweldingandmetaltool(hotplateor
hotstrip)directlycontacttoheat,andthesurfaceof
molten films bonds together,then cooling and
solidificationtoformseal.

Theheatsealingapparatusisusedinthepresent
work,andtheheatsealingiscarriedouttoblocking
membranewithdifferentweldingparameters,including
heatsealingtemperature,pressureandtime.Intermsof
standard QB/T 2358—1998,test methodfor heat
sealingstrengthofplasticfilmpackagingbag,theheat
sealingstrengthofsamplesistested,andtheeffectof
differentweldingparametersonthepropertyofblocking
membraneisanalyzed.

TheS 4800typecoldfieldemissionSEMisused
toobservetheinterfacial microstructureofblocking
membraneforheatsealingsample.Thelengthofheat灢
affectedzone(HAZ)forheatsealingregionismeasured
byusing TG(STA)Fouriertransformationinfrared
spectrometer.Theeffectofvarioustechnologyfactors
on heat sealing quality of blocking membraneis
investigated, and the improving ways are also
suggested.

3.Weldingparametersandheatsealingstrength
Duringtheweldingprocessofblockingmembrane

PA/VMPET/Al/PE,theheatsealingqualityismainly
determinedbytheweldingparameters,includingheat
sealingtemperature,timeandpressure,andtheeffect
oftemperatureonheatsealingstrengthisthe most
obvious.Therefore,theheatsealingtemperatureis
firstlydeterminedduringexperiment.Thedifferential
scanningcalorimetry(DSC)isusedto measurethe
moltentemperaturerangeofPE,itis117~122曟;the
moltentemperatureofVMPET,223曟;the molten
temperatureofPA,254曟.Thetemperatureofviscous
fluidis121.90曟,consequently,the heatsealing
temperaturecannotbelowerthan122曟.Becausethe
heatsealingispracticallytheresultofheatsealinglayers
meltingbyheatinganddiffusionbonding,anditneedsa
certaintimeforbothofthetemperatureelevatingand
meltingofheatsealinglayerandthe diffusion of
macromolecule.Accordingtotheengineeringpractice,

therangeofheatsealingtimeisdeterminedas0.5~
3.0s.Heatsealingpressureisgenerallylimitedbyheat
sealingapparatus,ithasthevariationrangeof0.1~
0.5MPa.

Resultsshowthatundertheconditionofheat
sealingtime1.5s,andtheheatsealingtemperature
150曟,withtheincreaseofheatsealingpressure,the
heatsealingstrengthislowerthanthatofanyvalue
undertherangeof160~170曟.Consequently,theheat
sealingtemperatureshould be over150曟 forthe
weldingofPA/VMPET/Al/PE.Whentheheatsealing
pressureis0.1and0.5MParespectively,theheat
sealingstrengthislowerthanthatofanyvalueunder
theheatsealing pressure0.2,0.3and0.4MPa
respectively.Therefore,inordertomakePA/VMPET/

Al/PEbondedwell,theheatsealingpressureshouldbe
intherangeof0.2~0.4MPa.

Underthe condition of heat sealing pressure
0.2MPa,theweldingexperimentiscarriedoutwiththe
weldingparametersofheatsealingtemperature150,

160,170,180and190曟,andheatsealingtime0.5,

1.0,1.5,2.0and2.5srespectively.Resultsshowthat
whentheheatsealingtemperatureisattherangeof
150~170曟,withtheincreaseofheatsealingtime,heat
sealingiscompleted.Whentheheatsealingtemperature
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is180曟 or190曟,theheatsealingstrengthislower
thanthatofanyvalueattherangeof150~170曟.This
is because, with the increase of heat sealing
temperature,itwillresultindecompositionofpartial
highpolymerandthedecreaseofheatsealingstrength.
Sotheheatsealingtemperatureshouldbelowerthan
180曟.Undertheconditionofheatsealingtemperature
170曟andtime1.5s,theheatsealingstrengtharrivesto
themaximumvalue.

Keepingtheheatsealingtime1.5s,the heat
sealingtemperature150,160and170曟,andtheheat
sealingpressure0.2,0.3,0.4MParespectivelyare
furtherselected to conducttechnology experiment.
Resultsshow that whentherangeofheatsealing
temperatureis150~170曟,andiftheheatsealing
pressureis lower than 0.3MPa,the degree of
interdiffusion among PE particlesincreases,which
resultsinimprovingheatsealingstrength.Whilethe
heatsealing pressureishigherthan0.3MPa,the
phenomenonof meltingandextrusionoccurstoPE
particles,thusthethickness of heatsealinglayer
decreasesanditleadstoheterogeneityofthethicknessof
heatsealinglayer.Asaresult,theheatsealinglayeris
damagedandtheheatsealingstrengthdecreases.Under
the condition of heat sealing temperature 170曟,

pressure0.3MPaandtime1.5s,theheatsealing
strengthraiseuptothemaximumvalue,57.44 N/

15mm.Consequently,itisthe optimized welding
parametersundertheexperimentalcondition.

Theheatsealingstrengthofblocking membrane
underheatsealingpressure0.3MPa,withdifferentheat
sealingtemperatureandtimeisgiveninTab.1.
Tab.1暋WhenP=0.3MPa,theheatsealingstrengthofblocking

membranewithdifferentparameters(N/15mm)

暋暋T/曟

t/s暋暋
150 160 170 180 190

0.5 51.17 51.56 52.90 43.57 43.78

1.0 52.51 54.66 57.08 36.62 42.42

1.5 53.12 55.78 57.44 31.64 35.21

2.0 55.80 54.37 52.79 36.82 35.04

2.5 52.98 52.31 52.81 32.06 38.36

Themacro灢photographofVIPwiththeoptimized
weldingparametersisshowninFig.4.FromFig.4,it

canbeseenthattheshapeofheatsealinglayerisgood,

andsealregion distributes uniformly and presents
smoothly,itdemonstratesthattheheatsealingquality
iswell.

Fig.4暋Photographofvacuuminsulationpanel

4暋Resultsanddiscussions
4.1暋Interfacialmicrostructureofblockingmembrane

Fig.5暋InterfacialmorphologiesofsealregionbetweentwolayersPE
withdifferentheatsealingtemperature

(a)123曟,notbondedbasically;暋(b)127曟,bondedpartially
(c)150曟,bondedcompletely

Inordertoinvestigatefurthertheeffectofheat
sealingtemperatureon microstructureofheatsealing
regionofPA/VMPET/Al/PEsample,itisnecessaryto
observeandanalysetheinterfacialmicrostructureofheat
sealinglayerofblocking membrane.As mentioned
above,theeffectiveheatsealingtemperaturecannotbe
lowerthan122曟,sotheheatsealingsamplesare
preparedundertheheatsealingtemperature123曟,

127曟 and 150曟,then the SEM photographs of
transverseareobserved.Themorphologyphotographs
ofsealinterfaceoftwolayersPE withdifferentheat
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sealingtemperatureareshowninFig.5.At123曟,

thereisobviouscrevicebetweentwolayersPEinheat
sealingregion,itisnotbondedbasically,asshownin
Fig.5(a).At127曟,twolayersPEbondspartially,

therestillexists some crevice,and the boundary
betweentwolayersPEisstillquitedistinct,asshownin
Fig.5(b).At150曟,twolayersPEbondscompletely,

andnoboundarycanbeseen,theoriginaltwolayersPE
havemoltentoformanewlayerPE,asshowninFig.5
(c).Consequently,thelowerlimitofheatsealing
temperatureisdeterminedas150曟,whichcoincides
withtheselectionofweldingparametersabove.

DuringtheweldingofVIP,withtheactionofheat
sourceonheatsealinglayers,acertainregionnearthe
twosidesofheatsealinglayerswhosemicrostructure
andpropertieschangedisnamedHAZ.Consequently,

investigationonthatifthemicrostructureofHAZin
heatsealinglayerwillbeinfluencedbytheheatsealing
process,itisofgreatimportancetoimprovetheheat
sealing quality. Taking the sample of blocking
membranewiththeconditionofheatsealingtemperature
160曟andpressure0.3MPa,SEMisusedtoobserveits
microstructure,asshowninFig.6.FromFig.6,itcan
beseenthatthemicrostructureofHAZinheatsealing
layerisnotchangedduringwelding.

Fig.6暋Microstructureofblockingmembrane

4.2暋Theeffectofmicro灢defectsonheatsealingquality
Duringtheweldingofblockingmembrane,ifthe

weldingparametersarenotproperlydetermined,the
welddefectssuchasinclusions,HAZbecomingwider
andweldcharring,etc,willbegeneratedinheatsealing
layer,anditwillcausedetrimentaleffecttoheatsealing
layerofblockingmembrane,thusitwillresultsinthe
decreaseofthepropertyofVIP.

Theweldinclusionmainlyindicatesthatresidual
non灢metallicinclusionsinweldmentafterheatsealing.
Duringwelding,itusuallyoccurstothattheinclusions

suchasglassfiberyarn,dust,particle,etc,remainedin
heatsealinglayer.Theexistenceofweldinclusionisnot
onlytodecreasethetoughnessofweldandcauselow
temperaturebrittlement,butalsoleadstothetrendof
hotcracking and lamellar tearing of weld.SEM
photographsofweldinclusionsgeneratedbyglassfiber
areshowninFig.7.

Fig.7暋Photographsofweldinclusiongeneratedbyglassfiber

Theglassfiberinclusionremainedinheatsealing
layerwilldecreasethevacuumdegreeofVIPandthe
integrality of heatsealinglayer,and thethermal
conductivityincreases.Asaresult,itacceleratesthe
failure of VIP and decreases its service life.
Consequently,during welding,the probability of
occurrenceofweldinclusionshouldbedecreasedaslittle
aspossible.Sometechnologywaysshouldbetakensuch
askeepingworkshopclean,powderisaddedtocore
material,soastodecreasetheelasticresilienceofcore
material,andcorematerialissoakedfilms,etc.

Moreover,inordertoguaranteetheheatsealing
quality,thepropertyof weldand HAZshould be
simultaneously met requirements. Usually,it is
expectedtodecreasethedimensionofHAZ.During
welding,theheatsealingregioniscomprehensively
determinedbyvariousfactorssuchasheatsealingtime,

pressureandtemperature,etc.Therefore,theproblems
occurredtoHAZwillbecomemorecomplex,anditis
theweakregionofweldment.ThephotographofHAZ
inheatsealinglayerisshowninFig.8.FromFig.8,the
distinctcompactstripinthecenterisweld,andthe
wrinkleatbothsidesofweldisHAZ.

InordertomeasureaccuratelythelengthofHAZ
inheatsealinglayer,theFouriertransformationinfrared
spectrometer(FTIR)isused,takingthepositionthat
distancefrom heatsealinglayerinheatsealregion
0.5mmasreferencepoint,andtheFTIRspectrumof
thispointofinternalPolyethylene(PE)inheatsealing
layerismeasured.TheinfraredspectrumsofPEwith
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heatingandwithoutheatingareshowninFig.9.From
Fig.9,itcanbeseenthat,whenthecurveofPEin
HAZmovesbackwardtothepositionof12.9mm,the
FTIRspectrumofinternalPEinheatsealinglayer(as
showninFig.9)isasthesameasthestandardinfrared
spectrumofPE.Consequently,itcanbeconcludedthat
thelengthofHAZinheatsealinglayeris12.9mm.

Fig.8暋HAZinheatsealinglayerofblockingmembrane

Fig.9暋TheinfraredspectrumsofPEwithheatingandwithoutheating

FromthevariationoftheinfraredspectrumsofPE
withheating and withoutheating (the bluecurve
representsinfraredspectrumsofPE withoutheating,

andtheredwithheating),itcanbeseenthat,the
decompositionofinternalPEoccurredtoheatsealing
layer of blocking membrane during heating, will
influencethepropertiesofPE,suchascrystallinityand
barrier,etc,andthusthequalityofheatsealinglayer

decreasedtoacertainextent.Consequently,duringthe
weldingofblockingmembrane,theweldingparameters
shouldbeoptimized,andthewidthofHAZshouldbe
decreasedaslittleaspossible,soastoensuretheheat
sealingqualitycansatisfythepracticalapplication.

5.Conclusionsandoutlook
Undertheconditionofheatsealingtemperature

170曟,time1.5sandpressure0.3MPa,theheatsealing
strength of blocking membrane of VIP achieves
maximum,andthe microstructureisnotchangedin
HAZofblockingmembraneofheatsealinglayer.

Theweldinclusionsofglassfiberswilldecreasethe
integrityofheatsealinglayer,whichresultsinthe
increase of thermal conductivity of VIP,and it
acceleratesthefailureprocessofVIP.

Inordertoobtaingoodweldingqualityforblocking
membrane,the heatsealing parametersshould be
optimizedandthewelddefectsshouldbedecreasedas
littleaspossible.
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Abstract
ToimprovethewearresistanceandpunctureresistancebehaviorofVacuumInsulationPanel(VIP)barrierenvelopes,thisresearch

preparedThermoplasticPolyurethanes(TPU)coatingonthesurfaceofAluminumFoil(AF)multilayercompositemembranewhichwas
oneofthepresenttypicalbarrierenvelopesofVIPusingdrycompoundtechnology.Three灢factorsandthree灢levelsorthogonalexperiment
onthecombinationtechnologyofTPUcoatingwasdesignedaccordingtothethreemajorcontrolconditions,namelyrolltemperature,roll

pressureandTPUcoatingthicknessbeforethebarrierenvelopesandVIPsamplescoatedwithTPUweremade.Resultsofsomerelevant

performancetestsandcomparisonsprovedthatthewearresistanceandpunctureresistanceofthosebarrierenvelopescoatedwithTPU
improvedsignificantlycomparedwithAFatnearlynoriskofdegradingthermalinsulationproperty.Additionally,MATLABneural
networkwasutilizedforseparatelyoptimizationofthewearresistanceandpunctureresistanceperformances,correspondinglyachievingthe
mostappropriatetechnologicalparameters暞values.Onthisbasis,abalanceofwearresistance,punctureresistanceandthermalinsulation

performanceofthosesampleswasreachedwiththehelpofmultipurposeoptimalmethod.Itturnedoutthatwhentherolltemperature,

rollpressureandTPUcoatingthicknesswas160曟,413KPaand47毺mrespectively,theintegratedperformanceofsampleswasthebest
withtheminimumqualitylossbeing963.26毺g/cm2,themaximumpuncturestrengthofTPUcoatingbeing12.047 MPaandthe
minimumthermalconductivityofTPUVIPbeing1.92mW/(m·K)correspondingly.

Keywords暋vacuuminsulationpanel,thermoplasticpolyurethanes,wearresistance,punctureresistance,optimization

Fig.1暋MicroscopeimageofAFenvelopestructurewithTPUcoating
栙曻Polyethylene(PE),

栚曻AluminumFoil(Al),

栛曻Aluminum MetallizedPolyethyleneTerephthalate(VMPET),

栜曻Aluminum MetallizedPolyethyleneTerephthalate(VMPET),

栞曻Polyamides(PA),

栟曻ThermoplasticPolyurethanes(TPU)

暋暋暋暋暋暋
Fig.2暋PhotoofVIPcoatedwithTPU
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Abstract
Selectionanddeterminationofoptimumthicknessofinsulationisofprimeinterestformanyengineeringapplications.Inthepresent

paper,afiniteelementanalysismethodisappliedtohelptopredicttherequiredthicknessofthermalinsulationmaterialscoveringaround
thedifferentstructuresmadeofsteelataspecifiedheatflowandsurfacetemperature.AcirclepipeandaTbranchpipewithacircle
sectionareusedinthispaper.Themethodisbasedonbasicfundamentalsofheattransferandreliabledata.Thefiniteelementmethodis
asimpleeasywayfortheengineerstoestimatethethicknessofthermalinsulationforapplications.

Keywords暋glasswoolmat,finiteelementanalysis,heattransfer,pipestructures

1.Introduction
Energyconsumptionisrapidlyincreasingdueto

increasingpopulation,urbanization,migrationtolarge
citiesandimprovementinstandardofliving.Becauseof
thelimitedenergy灢sourcesandenvironmentalpollution
arisingfromtheuseoffuels,energysavinghasbecome
mandatory[1].Thermalinsulationisakeyfactorto
increaseenergyefficiencyofbuildingsbecausespace
heatingandcoolingofbuildingstakeamajorportionof
totalenergyconsumption[2].

Asthethermalconductivityofthermalinsulation
materialsisafunctionoftemperature,it暞shardfor
engineerstocalculatethethicknessofthermalinsulation
material directly in prior. Therefore, many
computationaltools are widely used to help the
researchersandengineerstonumericalestimatethe
thicknessofthermalinsulation material,orfurther
study of mechanism of heat transfer of thermal
insulationmaterials[3灢6].

Herein,afiniteelement modelisdevelopedto
numerically analysesthe heattransfer of different
structurescoveredbythermalinsulationmaterial.It暞s
alsousedtopredictthethicknessofthermalinsulation

material.

2.Modeling
Inthissection,thefiniteelementmethodisusedto

establishtheheattransfermodelviaAbaqus/Explicit
packageto numericalpredictthethickness ofthe
thermalinsulation materialforthe structures.3D
modelsofcirclepipeandTbranchpipearemodeledin
CATIA V5R21(Fig.1),andthenareimportedtothe
finiteelementpackageofAbaqusforthefollowingheat
transfermodeling.

Thesteelpipeshavesamediametersas20cmand
thicknessas1cm.Thethermalinsulationmaterialsare
coveredorstackedcloselyontheoutersurfaceofsteel
pipes,sothatatieconstraintareappliedtodefinethe
interactionpropertiesbetweenthesteelpipeandthe
thermalinsulationmaterials.

Beforetheheattransferbegins,theoutersurfaceof
thesteelpipeisheatupto200曟.Therefore,a
predefinedtemperaturefieldof200曟isappliedtothe
outersurfaceinprior.Thentheinitialtemperature
boundaryof650曟isdefinedtotheinnersurfaceofsteel
pipeofthestructures,whiletheambienttemperatureis
25曟andtheradialemissivityofairisdefinedas1,as
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wellasthefilmcoefficientas10W/(m-2·K).

Fig.1暋3Dstructuremodels(Top:Tbranchpipe,

bottom:circlepipe)

Inthiswork,theglasswoolmatisusedasthe
thermalinsulationmaterialwhichisstackedontheouter
surfaceofthesteelpipe.Thematerialparametersof
differentmaterialsusedinthemodelingarelistedin
Tab.1andTab.2.

Tab.1暋Basicmaterialparametersofsteel

Material Thermalconductivity
W/(m·K)

Density
kg/m3

Specificheat
J/(kg·K)

Steel 70 7800 448

Tab.2暋Thermalconductivityofglasswoolmat

Temperature/曟 Thermalconductivity/(W/(m·K))

0 0.05187

50 0.04877

100 0.04664

200 0.04499

300 0.04642

400 0.05045

500 0.05657

600 0.06429

650 0.06859

3.Resultsanddiscussions
Basedonthefiniteelementanalysis,athickness

valueof150mmforthecirclepipeisachievedtosatisfy
therequirementwhichtheoutersurfacetemperatureis
lessthan40曟.ItcanbeseenfromFig.2(a)thatthe
temperaturedecreasesalongtheradialdirection,andthe
temperaturesatdifferentlocations whichhavesame
distancefromtheaxisofthepipearestillsametoeach
other.

AsfortheTbranchpipe,onthebasisofthe
numericalpredictionofcirclepipe,thesamethicknessof
glasswoolmatisstackedontheoutersurfaceofsteel
pipe.Itisworthnotingthatthetemperatureatdifferent
locationsoftheouterskinofthethermalinsulation
materialsvaries.

Fig.2暋Temperaturedistributionofthestructures,circle

pipe(a),Tbranchpipe(b)

Fig.3showsthevariationoftemperatureatAand
Blocations(shownFig.2(b))ontheouterskinof
thermalinsulationmaterial.Itisobviouslyobservedthat
thetemperatureatAlocationishigherthanthatatB
locationwhenthetemperaturecomestostable,which
maybecauseheatfluxfromthebranchesinteractand
strengthenattheintersectionregionoftheTbranch
pipe.Thus,thethicknessofthermalinsulationmaterial
attheintersectionregionshouldbethickertomeetthe
requirement.

Fig.3暋Temperaturevs.timecurvesatdifferentlocation
oftheouterskinofTbranchpipe

Therefore,finiteelementanalysismethodcanbe
usefultonumericalpredictthethicknessofinsulation
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materialsappliedtodifferentstructures.

4.Conclusionsandoutlook
Inthepresentwork,thefiniteelementanalysis

methodisusedtopredictthethicknessofthermal
insulationmaterialsfordifferentkindofpipestructures.
It暞sshownthattheFEA methodissimpleanduseful
fortheengineerstopredictthereliablethicknessof
thermalinsulationmaterialsinapplicationinprior.

Acknowledgement
TheauthorswouldliketothankstheJingsuProject

BA2013097andNationalProject2015DFI53000.

References
[1]暋Dombayci瘙A,G昳lc湽 M,Pancar Y.Optimizationof

insulationthicknessforexternal walls using different
energy灢sources[J].ApplEnergy.2006,83:921 8.

[2]暋WakiliKarimGhazi.Theworldenergycrisis—Part2:Some
morevacuum灢basedsolutions[J].Vacuum.2008,82:679.

[3]暋CoquardR,BaillisD,GrigorovaV,etal.Modellingofthe

暋 暋 conductiveheattransferthroughnano灢structuredporous
silica materials[J].Journalof Non灢CrystallineSolids,

2013,363(3):103 115.
[4]暋YuanJ,Sund湨nB.Oncontinuum modelsforheattransfer

in micro/nano灢scaleporousstructuresrelevantforfuel
cells[J].InternationalJournalofHeat& MassTransfer,

2013,58(1灢2):441 456.
[5]暋MBouquerel,TDuforestel,DBaillis,etal.Heattransfer

modeling in vacuum insulation panels containing
nanoporoussilicas—Areview[J].EnergyandBuildings,

2012,54:320 36.
[6]暋R.Coquard,D.Qu湨nard,Modelingofheattransfertin

nanoporoussilica灢influenceofmoisture,in:Proceedings
ofthe8thInternationalVacuumInsulationSymposium,

W湽rzburg,Germany,2007.
[7]暋WangJ,CarsonJK,NorthMF,etal.Anewapproachto

modelling the effective thermal conductivity of
heterogeneousmaterials[J].InternationalJournalofHeat
& MassTransfer,2006,49(17灢18):3075 3083.

701

IVIS2015暋Proceedingsof12thInternationalVacuumInsulationSymposium



NewMetallizedLaminateswithAlFoil灢likeAirPermeation
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Abstract
Therateofairpermeation(Permeability)throughtheenvelopealmostsolelydeterminesthedegradationrateoffiberglassVIPs.It

alsohasacriticaleffectonthedegradationrateoffumedsilicapanelsinbuildingapplications.Inordertoensureamuchslowerdegradation
rateforbothapplications,anewgenerationofultrahighbarrierlaminateshasrecentlybeendeveloped.Thesearebasedonthesynergistic
effectbetweenEVOHfilmsandadvancedtypesofvacuumdepositedAllayers.ThePermeabilityofthenewlaminatesatambientwere
foundtobeaslowas1.6cc/m2year,whichis4to6timeslowerthanthebeststandardmetallizedfilms.Thecorrespondingpressure
increaseratefora12mmthickpanelisaslowas0.1mbar/year,similartotheannualpressureincreasewhenAlfoillaminatesareused.
Thearticledescribesthesenewfilmsandalsocontainsadescriptionofseveralnewtechniquesformeasuringthedegradationratesofpanels
withalargespectrumoflaminatesandcorematerials.Thesenewtechniquesallowveryeasy,fastandaccuratedeterminationofthe毸 P
curveofanycorematerial.Usingtheseadvancedtechniquestheairpermeationrateasfunctionoftemperatureandrelativehumidityof
manytypesoffilmswasmeasuredandtheresultsareshowninthearticle.AllfilmsshowedArrhenius灢likedependenceofthepermeability
ontemperaturewithdifferentvaluesfortheactivationenergy.Theresultsofthispermeationmeasurementwereusedtocreateusefullife灢
timeExcelcalculatorsthataccuratelypredicttheincreasingvaluesofthethermalconductivityoffiberglasscoresinstalledinrefrigerators.It
wasfoundthatbyusingthenewAlfoil灢likefilms,theeffectivethermalconductivityofinstalledpanelscanbekeptbelow7mW/(m·K)

formorethan15years.

Keywords暋vacuuminsulationpanels,highbarrierlaminates,permeability,lifetimecalculator

1.Introduction
ThethermalconductivityoftypicalclosedcellPU

foam used for refrigerator insulation is 毸 =
18mW/(m·K), while with VIPs the thermal
conductivitycanbeloweredtolessthan2mW/(m·K).
Inspiteofthishugeperformanceadvantage,onlya
smallpercentageofnewlyproducedrefrigeratorsuse
VIPs.Themainreasoniscost:PUfoamsaremuch
cheaperthanVIPs.Themosteffectivewaytomake
VIPscheaperistouseafiberglass(FG)coreinsteadof
themoreexpensivefumedsilica(FS)core.

Typical FG coreshaveanaverageporesizeof
around50毺,whiletheaverageporesizeofFScoresis
around0.33毺 — 150timessmaller.Thethermal
conductivityofcoreswithanaverageporesizeoftensof
micronsincreasesquicklyevenatpressurelowerthan

1mb.Inordertoavoidrapidperformancedegradation
whenusingFGcores,itisnecessarytouseenvelopes
thatallowaveryslowpermeationrateofatmospheric
gasesintotheinnerspaceofthepanels.Thisiswhy
laminateswithAlfoilsaresopopularamongstAsian
VIPmanufacturersdespitethefactthatVIPswithAl
foil based envelopes have very poor insulation
performanceduetothethermal bridge effect.In
addition,AlfoilbasedVIPscreateaveryhighriskof
condensationalongtheVIPedgeswherelocalthermal
conductivityisextremelyhighduetothepresenceofthe
Alfoil.

Consequently,theentireindustryismovingrapidly
towardsusingenvelopescontainingmetallizedfilms,or
tothehybridsolutionwherebybagsareformedfrom
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twodifferentlaminates:metallizedlaminateononeside,

andAlfoilbasedlaminateontheotherside.Inorderto
achievetherequiredlongevityforrefrigeratorinsulation
withFGVIPs,theannualpressureincreaseduetoair
permeationshouldbearound0.2mbar/yearorless.Up
tonow,suchlowlevelsofairpermeationratewere
beyondthecapabilityofstandardcommerciallyused
metallizedlaminates.

Using EVOH films and sophisticated vacuum
metallizationprocesses,HanitaCoatingshassucceeded
indevelopinganewtypeofmetallizedlaminatethat
meetsthisdemandingbarrierperformance.Thesenew
METEVOHlaminatesensurethattheannualpressure
increaserateof10mm thickpanelsreachlessthan
0.2mbar/yearinsidetherefrigeratorwalls.

Thefollowingparagraphscontainadescriptionof
thoseAlfoil灢likelaminates,togetherwithresultsof
wide灢reaching evaluation tests made at different
temperaturesandlevelsofrelativehumidity.

Fig.1暋Pictureofthe毸 Pmeasurementsystem.The
flatpartofthepanelontheleftisusedfor
thermalconductivitymeasurements.Theleak灢
tightconnectorontherightsideofthepanel
allowsquickandcontrolledchangesofthe
internal pressure together with accurate
measurementofthepressurewhilethethermal
conductivityreadingsaretaken

2.Accuratedeterminationofairpermeationrate
TheairpermeationratethroughVIPenvelopescan

bedeterminedby measuringthechangeofthermal
conductivityofaFG VIPusingthelaminateunder
consideration.Theaccuracyofthecalculatedvaluesof
theinternalpressurealongthestorageperiodoftimeis
criticallydependentonpreciseknowledgeoftheexact
relationbetweentheinternalpressureandthethermal
conductivityoftheFGcoreused灢knownasthe毸 P
curve.

Recently,Hanitamanagedtodevelopaveryfast
and easy灢to灢operate technique for producing very
accurate毸 Pcurvesofanyknowncorematerials.A
pictureofthe毸 P devicecanbeseeninFig.1.The
ideaisverysimple:aleak灢tightconnectorismountedon
therightsideofthepanelwhiletheleftsideofthepanel
is kept flat for hot plate thermal conductivity
measurements.Theconnectorontherightallowsa
deliberatechangeofinternalpressurebylettingina
smalldoseofair,andalsoaccurately measuresthe
internalpressurelevelwhilethehotplatedevicetakes
thermalconductivityreadings.Ittakesabout24hoursto
plottheentire毸 Pcurveofacore.Fig.2andFig.3
showthecurvesofseveralFGandFScoresmeasured
thisway.Itcanbeseenthateachofthecurvescanbe
describedveryaccuratelybythefunction[1].

毸(P)=毸0+ 25.5

1+P1/2

P
which describes the relation between the thermal
conductivityofgasestrappedinporousmediaandthe
pressure.25.5mW/(m·K)isthethermalconductivity
offreeair.Itcanbeseenthatanyofthecurvescanbe
characterizedbytwoparameters:毸0isthecontribution
oftheheatconductedbythefibers(powder)plustheIR
radiationcontribution;P1/2ispressure(inmbars)where
the contribution of the gas to 毸 equals
12.75mW/(m·K)(halfofthethermalconductivityof
freeair).Comparison between the curves ofthe
differentcoretypesclearlyshowsthatcoreswithlarger
P1/2 valueensureimprovedlongevityforthepanels.
When FG cores are used it is always highly
advantageoustochoosecoreswiththehighestpossible
P1/2inordertoachievealongerlifetimeforthepanel.

Fig.2暋毸 PcurvesoffiveFGandaFScorecreated
with the system shown in Fig. 1—

Logarithmicpressurescale
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Fig.3暋ThegraphofFig.2isdrawnwithalinear

pressurescale.Usinglinearscaleemphasizes
thebigeffectofthevalueofP1/2onthe

degradationrateofthedifferenttypesof
corematerials

Tab.1暋SummaryofthevaluesofP1/2and毸0relatedtothe

differentcorematerialspresentedinFig.2andFig.3

Core 毸0/(mW/m·K) P1/2/mbar

FGtype1 1.75 7.5

FGtype2 1.75 3.2

FGtype3 2.65 14

FGtype4 3 10.5

FGtype5 2 4.5

Fumedsilica 3.8 700

DefinitionofPermeability
Permeabilityisausefulunitforcharacterizingthe

airpermeationratethroughalaminate.Itisdefinedas
theamountofair(cm3)permeatingthroughtheentire
envelopeofa1m暳1mpanelinayear(cc/m2year).
KnowingthePermeabilityofalaminatemakesitvery
easytocalculatetheannualpressureincreaseinsidea
panel(inmbar)independentofitssurfacearea.The
annualpressureincrease rate (mbar)due to air
permeationequalsthe Permeability oftheenvelope
dividedbythepanelthicknessinmm.Forexample,the
annualpressureincreaseofa10mmthickpanelwithan
envelopehavingPermeabilityof2cc/m2yearisequalto
0.2mbar/year.

3.Testresults:MetallizedEVOHfilmsallowPermeability
atambientsimilartoAlfoils

暋暋Thebestknown metallizedlaminatesbasedon
metallizedPETfilmshaveapermeabilitylevelofaround
6cc/m2day.In orderto reach thislow levelof
permeability,itisnecessarytolaminateatleast3

PETMET films.Thesefilms have extremelylow
MVTR levels. With standard laminates based on
metallizedEVOHfilm,Permeabilitylevelsof3cc/m2

yearto4cc/m2yearcanbereachedatambient,butthese
filmsareverysensitivetohigherhumiditylevelsand
elevatedtemperatures.ThePermeabilityandtheMVTR
levelsofthesefilmsshowaverystrongdependenceon
eithertemperatureorhumiditylevels.

Overthepastyear,Hanitahasmanagedtodevelop
advanced vacuum metallization processes specially
adjusted to EVOH films,resulting in improved
Permeabilityand muchlowersensitivitytoelevated
temperaturesandexposuretohumidity.Thesenewhigh
barrierlaminatescontainone metallizedPETfilmin
additiontothemetallizedEVOHfilmand50毺thickPE
seallayer(36毺PETMET/12毺METEVOH/50毺PE).

The Permeability of these new METEVOH
laminatesatambientwasmeasuredtobelowerthan
2cc/m2year,withamuchlowerMVTRlevelandlower
sensitivity to elevated temperatures than standard
existing METEVOHlaminates.Takingintoaccount
thatthe Permeability measured also included the
contributionfromthesideairpermeationthroughthe
seals,itisnothardtoshowthatthePermeabilitydueto
skinairpermeationwasabout1cc/m2yearorsmaller.
KnowingthePermeabilityofthesenewlydeveloped
METEVOH laminates,it would be quiteeasyto
calculatehowthethermalconductivityofFGpanelwith
thislaminatewillincreasealongtheirservicelifeinside
refrigeratorwalls.Forthispurpose,Hanitadeveloped
thealreadywellknown,Excelbasedtool,LifeTime
Calculator(LTC).

Fig.4 presentstheevolutionofthecalculated
effectivethermalconductivity(includingthermalbridge)

ofa11mmthickFGpanelhavingP1/2=7mbarand
毸0=2mW/(m·K).Thecalculationswereperformed
forahybridenvelope灢 METEVOHlaminateonone
side,andAlfoilbasedlaminateontheothersideofthe
bag.ThegraphinFig.4revealsexcellentperformance
ofsuch panels along the entirelifetime ofthe
refrigerator.Theeffectivethermalconductivitystays
below6mW/(m·K),evenwhentherefrigeratorsreach
theageof10years.
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Fig.4暋Theeffectivethermalconductivityof11mm
thickpanelasfunctionoftherefrigeratorlife
time as calculated by the Life Time
Calculator.Hybridenvelopewithoneside
new METEVOH laminate and Al foil
laminateontheotherside.FGwithP1/2=

7mbarand毸0=2mW/(m·K)

4.Thedependenceofpermeabilityontemperature
ThedependenceoftheairPermeabilityofhigh

barrierlaminatesontemperaturecanbeverydifferent
from one laminate to another. To verify this
assumption,werancomprehensivecomparisontests
betweenmanytypesofVIPenvelopes.Inthesetests,

FGpanelswiththedifferentenvelopeswerestoredat
differenttemperatureslongenoughtoreachasteady
state situation (constant pressure increase rate).
Thermalconductivity measurementsweretakenevery
fewweeksalongthestorageperiodoftime.Thesteady
statepermeabilitylevelswerecalculatedthenusingthe
previouslymeasured毸 PcurveoftheFGcoreused.

Tab.2 summarizes the results ofthislarge
comparisontest.InFig.5below,thesameresultsare
presentedgraphically,fittedtoArrhenius灢likefunctions.
TheconstantArepresentsthePermeabilityatveryhigh
temperatures,andEaisafittingparameterresembling
theroleofactivationenergy.Becauseofthecomplexity
ofthesystems(manylayersofdifferentfilms,adhesive
layersandAllayers)theactualphysicalmeaningofthe
Eaconstantsisnotclear.

Atalltemperatures,therelativehumiditywasat
ambientlevel (otherthanatT =50曟,wherethe
relativehumiditywas70%).Itcaneasilybeseenthat
the standard METEVOH laminates have stronger
dependenceontemperaturecomparedtothePETMET
laminates.Thenew METEVOHlaminatesdeveloped

by Hanitahaveverylow Permeabilityatambient,

togetherwitharelatively moderateeffectofelevated
temperatures.Asaresulttheir Permeabilitylevels
stayed relatively low even at quite extreme high
temperatures.

Itisimportanttonotethatdatacollectedinsuch
testscanbeveryusefulwhenthereisaneedtoconvert
thedegradationratemeasuredinacceleratedageingtests
totheactualdegradationrateduringtheservicelife
wherethepanelscan beexposedtoverydifferent
environmentalconditions

Fig.5暋PlotofthesteadystatePermeabilityofseveraltypes
oflaminates as a function of the storage
temperature.Thecontinuouslinesrepresentbest
fitting of the data points to Arrhenius灢like

functionsP(T)=Aexp Ea( )RT

Tab.2暋SummaryofthevaluesoftheAandtheEabestfittedconstant

relatedtothedifferentlaminatesshowninFig.5

Laminate Ea A

V07941P(Alfoillaminate) 4.0E+04 2.4E+07

V085HB1灢NewMETEVOHlaminate 4.5E+04 2.1E+08

AsianMETVOHlaminate(2ndgen) 5.0E+04 1.9E+09

V08621B(PETMETtri灢laminate) 3.7E+04 2.2E+07

5.Theimportanceofreachingsteadystateconditions
IntheearlylifetimeofanyVIP,thepressure

increaserateisdetermined bytwo mechanismsof
supplyingair moleculesintotheevacuatedinternal
volumeofthepanels.Thefirst mechanism isair
permeationthroughtheskinandsealsoftheenvelope.
Thesecondmechanismisoutgassingofairmolecules
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releasedfromthelaminateintotheevacuatedspace.The
sourceofthisoutgassing mechanismisprobablyair
moleculestrapped during the lamination processes
betweenthefilms making upthelaminates.After
evacuatingthe panels,thesetrapped air molecules
diffuseintotheevacuatedspaceuntilasteadystate
concentration gradient of air moleculesis reached
betweenthe1000 mbarpressurefacingtheexternal
surfaceofthelaminatesandtheverylowpressureonthe
internalsurfacefacingtheevacuatedinternalspace(the
PEseallayer).Atambienttemperature,thisoutgassing
processmaytakemorethan100daysbeforeitseffecton
theincreaserate oftheinternalpressure becomes
negligible.Atelevatedtemperatures,theprocessofair
moleculeoutgassingisacceleratedandthetimerequired
fortheoutgassingtostopcanbereducedtoabout60
days.

Itisextremelyimportanttorealizethatthisshort
termoutgassingphenomenonhasnoeffectwhatsoever
onthelongterm(years)degradationrateofthepanels.
Thesteadystatepermeationrateoftheairistheonly
parameterthatcounts.Anexampleshowingtheeffect
oftheairoutgassingmechanismisshowninFig.6.The
graphdescribeshow殼毸ofthepanelswiththesameFG
corematerialandtwodifferentenvelopesincreasesinthe
first30daysatambient.Itcanbeseenthatafter30
days殼毸=0.237mW/(m·K)forlaminate1,whilefor
laminate2,殼毸=0.18mW/(m·K).Relayingsolelyon
thevaluesof殼毸after30days wouldleadtothe
conclusionthatlaminate2 seemsto ensure better
longevitytothepanelsoverlaminate1.Thepicture
looksdifferentwhenexaminingthepressureincrease
rateaftersteadystateisreached.ItcanbeseeninFig.
7thatthesteadystatepressureincreaserate(dP/dt)is
actuallysmallerforlaminate1thanforlaminate2.This
meansthatlaminate1willensureslowerdegradation
thanlaminate2,eventhoughits殼毸after30dayswas
largerthanthatoflaminate2.暋Thecalculatedsteady
statePermeabilitylevelsalsorevealthesuperiorityof
laminate 1 overlaminate 2.The Permeability of
laminate1wasmeasuredtobe1.64cc/m2yearwhile
thatoflaminate2was3.54ccm2/day.

Fig.6暋Thechangeofthethermalconductivityoftwo
FG panelsalongstoragetimeduration at
ambient.殼毸(30days)=2.37mW/(m·K)for
laminate1.殼毸(30days)=1.8mW/(m·K)

forlaminate2

Fig.7暋Theinternalpressureof2FGpanelswithtwo
differentlaminatesasfunctionofstoragetime
atambient.Thesteadystatepressureincrease
rateofLaminate1issmaller(Permeability=

1.64cc/m2day)comparedtolaminate2
(Permeability = 3.54cc/m2day)ensuring
betterlongevity

6.Conclusions
(1)ThenewgenerationofMETEVOHlaminates

reportedinthearticleopensanew horizontothe
refrigerationindustry by extending thelifetime of
fiberglassVIPsto morethan15yearswith minimal
thermalbridgeeffectand毸efflowerthan6mW/(m·K).

(2)Theairpermeationratethroughanytypeof
envelope,at any atmospheric conditions,can be
determinedveryaccuratelybymeasuringtheevolution
ofthethermalconductivityofglassfiberVIPswith
previouslymeasured毸 P curve.Bydeterminingthe
Permeabilitylevel at differenttemperatures,itis
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possibletoachieveaveryaccurateconversionfactor
between the Permeability measured at accelerating
conditionstotheactualconditionsalongtheservicelife
ofthe VIPs.The key factorfor getting precise
Permeabilityvaluesistoestablishveryaccuratelythe
relationship between theinternalpressure and the
thermalconductivityofthefiberglasscoreusedinthe
tests.Aneasy灢to灢operatetechniqueforproducingsuch
毸 Pcurvewasalsodescribedinthearticle.

(3)Itwasshownthattheshortacceleratingtests
conductedbytheVIPindustryforevaluatingthebarrier
performanceofhighbarrierlaminatescanleadtovery
wrongconclusions.Thevaluesof殼毸afterjustafew
weeksinacceleratingtestsarehighlyaffectedbyair

outgassingfrom thelaminates.These out gassing
processesstopafter20to70days(atelevatedstorage
temperaturessteadystateisreachedfasterthanat
ambientconditions)andonlythentheincreaserateof毸
reachestherealsteadystatevalue.Thesteadystate
valueoftheairpermeationis whatdeterminesthe
degradationrateoffiberglasspanelsalongtheirservice
life;therefore,the VIPindustryshouldadoptthis
criterionwhenevaluatingnewlaminatesinsteadofthe
sometimesmisleadingcriterionof殼毸afterafewweeks暞

storageatacceleratingconditions.
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AStudyonMeasuringGasPermeabilityofBarriers
byUsingMassSpectrometryApparatus

HongZhifa*,LiuQiang
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Abstract
Inthisarticle,theapparatusandtestingmethodsofmassspectrometerwhichwasappliedformeasuringfilm

permeabilityareintroduced.Thismethodappliesheliummassspectrometrytomeasuretheheliumgaspermeabilityof
barriermaterial,andalsoapplieshelium massspectrometryandgravimetricanalysistocalibratethefeedbackfrom
quadruplemassspectrometer.Fromtheresults,He,O2,N2,CO2,andwatervaporpermeabilityforbothsinglefilm
andlaminatedfilmweremeasured.Theexperimentsshowedthatthisapparatuswascapabletomeasurevariousgas
permeabilityandwatervapourpermeabilityofthebarriermaterial,andfurtherexpendthelowertestinglimitofthe
recenttechnique.Thisarticlealsodiscussestheproblemsandcorrective methods withregardstothis mass
spectrometryapparatus.

Keywords暋Barrier,gaspermeability,quadruplemassspectrometer,heliummassspectrometer
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PlasticBarrierFilmDevelopmentwithEthyleneVinyl灢alcohol(EVOH)
FilmandNewFilmforWarmApplications

MasakazuNakaya*

EVALR&DDepartment,EVALDivision,VinylAcetateResinCompany,KurarayCo.,Ltd.,

7471Tamashimaotoshima,Kurashiki,Okayama,713灢8103,Japan

Abstract
Ethylenevinyl灢alcoholcopolymer(EVOH)isathermoplasticcrystallinepolymerwithmanyuniqueproperties.Itiswellknownasa

barrierplastic,widelyusedinmanyapplicationssuchasfood,medical,agriculturalorautomotiveareas.Vacuuminsulationpanel(VIP)is
adifficultapplicationforus,whichrequireshighbarrierpropertiestomaintainvacuuminsideforyears.Inordertomeetthisrequirement,

avapormetalizedbiaxiallyorientedEVOHfilm(VM灢EVOH)hadbeendevelopedandcommercializedbyKurarayunderthetradenameof
EVALTM FilmVM灢XL.Unlikeotherbarrierfilms,ithasa“dual暠barrierstructurewhichconsistsofaVMbarrierlayeronanEVOH
substratewithhighbarrierandresistance.Thankstotheexcellentandreliablebarrierperformance,VM灢EVOHhasbeenemployedasone
ofthemajorbarriermaterialsinVIPenvelopes.

Recently,KURARAYisrespondingtoincreasinginquiriesforplasticbarrierfilmswhichcanworkinaVIPexposedunderseverer
conditions,e.g.hightemperatureandhighhumidity,incomparisonwithexistingapplicationslikeinsulationforrefrigerators.Thispaper,

presentsastudyonthebarrierpropertiesofdifferentenvelopestructuresunderavarietyofconditionsinordertodiscussdiffusion
characteristics.Ournewlydevelopedbarrierfilmsareincludedinthisstudy.

Keywords暋vapor,metalized,biaxially,oriented,ethylene,vinyl灢alcohol,copolymerfilm (VM灢EVOH)

1.Introduction
EVOHisathermoplasticcrystallinepolymerwith

many unique properties.In VIP application,asit
requireshigh barrierpropertiesto maintainvacuum
insideforyears,VM灢EVOHhasbeenemployedasone
ofthemajorbarriermaterialsinVIPenvelopesmainly
undercoldenvironment.VIPforrefrigeratorisoneof
major application. Besides, kuraray is recently
respondingtoincreasinginquiriesforplasticbarrierfilms
whichcanworkinaVIPexposedhighertemperature
andhigher humidity.Asa materialdiffusionrate
becomesgenerallyfasterinhighertemperature,itis
reasonablethatmarketneedsforhigherbarrierfilmis
increasing.Kurarayisdevelopinghigherbarrierplastic
film for VIP envelope with the following two
approaches.

(a)Higherbarrierfilmfor “less mainsurface
permeation暠

(b)EVOHsealantfilmfor“lesssidepermeation暠

throughedge
Withregardsto“lessmainsurfacepermeation暠,

becausebarrierpropertiesofhighbarrierfilmhadbeen
studied mainly in ambient conditions,the barrier
propertiesofdifferentstructuresunderavarietyof
conditionshavebeenstudiedinordertocharacterize
diffusionproperties.

Withregardsto“lesssidepermeation暠,ithas
alreadybeenreportedthepotentialbenefitsofEVOHin
sealantlayerforextendingservicelife[1].Inorderto
proofthisconcept,evaluation as VIP forthermal
conductivityhasbeeninvestigated.
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2.HigherBarrierFilmfor“LessMainSurfacePermeation暠

Forthepurposeofevaluatingbarrierperformance
withseveralconditions,two VIPenvelopesavailable
fromacommercialsupplierhavebeenevaluatedwiththe
followingprocedure.

2.1暋Samples
Multilayerstructure ofeach sampleisshown

below.Inadditiontomeasuringbarrierastheyare,the
post灢abusetreatmentsampleswerepreparedforbarrier
measurementinordertoevaluatedurabilityof VIP
envelope.Itisbelievedthatthedurabilityisoneof
importantperformancetopredictactualperformanceof
VIPenvelopebecauseVIPenvelopeisusedasvacuum
packagingandithaspotentialriskofdamage,especially
attheedgeorcorner.Gelbo灢flextestingisemployedas
ourstandardtestmethod.

#1:PET灢VM (12毺m)//VM灢PET(12毺m)//VM灢
EVOH (15毺m)//PE(50毺m)

#2:PET灢VM (12毺m)//VM灢PET(12毺m)//VM灢
PET(12毺m)//PE(50毺m)

2.2暋Testitem
·Gelbo灢flextesting (ASTM 392F)withthree

cyclesunder23曟50% RH

·OxygenTransmissionRate(OTR)ismeasured
byOX灢TRAN2/21or2/21暳10 (MOCON,Inc.)
(ISO14663灢2).Inthemeasurement,PElayerisalways
facedtoward0%RHatmosphere.

·WaterVaporTransmission Rate (WVTR)by
gravimetricmeasurement(Kuraraytestmethod(*1)).

(*1)Four灢sidesealpoucheswerepreparedusing
theVIPenvelope.Calciumchloride (desiccant)was
filledandsealed.Thesamplewasstoredundercertain
condition in environmental chamber to measure
gravimetricchangeforWVTR.

2.3暋ResultsandDiscussions
Tab.1showsOTRresultsmeasuredat40曟灢0/

50%RHand40曘C灢0/90%RH.Allsamplesusing#1
showbetterbarrierthan#2inallconditions.Durability
ofeachsampleiscomparedbycalculatinghow much
oxygenpermeabilityisincreasedasaresultofgelbo灢flex
testing (Presentedas OTR (Gelbox3)/OTR (No
gelbo)in Tab.1).Itisindicated #1hadbetter
durabilityinthisevaluation.Itisunderstoodthata
“dual暠barrierstructurein VM灢EVOH showshigh
barrierandresistanceasexpected.

Tab.1暋OTRPerformanceofCommercialPlasticBarrierEnvelopes

Sample

OTR/(cc/m2·day·atm)

40曟C 0/50%RH 40曟C 0/90%RH

Nogelbo(1) Gelbo暳3(2) (2)(1) Nogelbo(1) Gelbo暳3(2) (2)(1)

#1 0.0010 0.0250 25.000 0.0009 0.0443 49.222

#2 n/a n/a n/a 0.0067 0.9350 139.55

暋 暋 Fig.1 shows WVTR results with different
temperature(40曟,50曟,60曟and80曟)underfixed
relativehumidity(0/90%RH).Sample#1and #2
show verysimilarcharacteristicsandthereislittle
differenceforWVTRproperty,whichindicatesWVTR
performanceprimarilydependsonVMlayers.

A temperature dependence of permeation is
representedbyArrheniusequation.

P= P0e灢E/RT (1)

where
P=Permeationrate,

P0=Permeabilityconstant,

E= Activationenergy,

R= Gasconstant,

T= Temperature.

Fig.1暋ArrheniusplotofWVTRat0/90%RH
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Fittedcurveofeachresultforequation (1)is
calculated.TheresultsareshowninTab.2.

Tab.2暋P0andE/RofEachSample

Sample P0 E/R

#1
Nogelbo 7.24暳108 7775

Gelbox3 5.90暳1010 8561

#2
Nogelbo 6.58暳107 6966

Gelbox3 3.17暳109 7573

Eachresultfollows Arrheniusequation,which
meansbarrierperformancecouldbeestimatedatleast,

inthistemperaturerange.
InFig.2,WVTRresultsat50曟 withdifferent

humidityareshown.Relativebarrierperformanceof
eachsampleisthesameinallconditionsevaluated.

Fig.2暋WVTRat50曟withdifferenthumidity

These results indicate a VIP envelope with
favorablegasand moisturebarrierpropertycouldbe
designedbycombiningVM灢EVOH withotherbarrier
filmslikeVM灢PETappropriately.

However,some potential applications require
higherbarrierpropertieswhich mayneednewbarrier
technologies.Newbarriertechnologiesareunderstudy
basedonthematerialdesignforlowpermeationaswell
asgooddurability.

3.EVOHSealantFilmfor“LessSidePermeation暠

ThroughEdge
暋暋Asreportedin[1],EVOHinsealantlayercould
potentiallyprovideextendingservicelifebecauseof“less
sidepermeation暠.ExperimentalVIPsusingEVOHor
PEinsealantlayerwerepreparedtoobservethermal
conductivitychangeovertime.

3.1暋Samplesandtestitem
TheVIPenvelopestructuresareshownbelow:

#3:PET(12毺m)//ON(15毺m)//Foil(6.5毺m)//

EVOH (30毺m)

#4:PET(12毺m)//ON(15毺m)//Foil(6.5毺m)//

PE(30毺m)

EVOH:EVALTM FilmEF灢E
ON:Bi灢axiallyorientedpolyamide
SpecificationoftheVIPisasfollows:

Size:600mm暳600mm暳15mm
Corematerial:Glassfiber
Absorbent:Calciumoxide
Initialpressure:1.2Pa
TheVIPswereexposedinaheatcyclewhichis

roomtemperaturefor15hoursand100曟 fornine
hours.Thethermalconductivityofeachsamplewas
measuredperiodically.
3.2暋Resultsanddiscussion

Fig.3showsthermalconductivitychangebytime,

upto140days.TheVIPwithEVOHsealantshows
lessthermalconductivityincreasecompared withthe
VIPwithPEsealant.Insidepressureincreasebythe
side permeation of oxygen and nitrogen was
calculated[2].Assumingnopermeationthroughfoil,

themainsurfacepermeationwasnotconsidered.The
sidepermeation of water was also notconsidered
assumingwatercanbecompletelyabsorbedbycalcium
oxideinside.ThecalculationresultedasFig.4.Fig.3
and4indicatedifferenceofsidepermeationcouldbeone
ofmajorcausesforlessthermalconductivitychange
with EVOH sealant. Direct relationship between
pressureandthermalconductivityoftheglassfiberused
willbestudiedtoverifythishypothesis.

Fig.3暋Thermalconductivitychangebytime
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Fig.4暋Calculationofinsidepressure

4.Conclusions
EVOHbasedfilmisoneofhighbarrierplastic

filmswhichcouldextendservicelifeof VIP.Two
approacheshavebeenstudiedtoverifybenefitofEVOH
film.

(a)Higherbarrierfilmfor “less mainsurface
permeation暠

暋暋A VIPenvelopewithfavorablegasandmoisture
barrierproperty were designed by combining VM灢
EVOH with other barrier films like VM灢PET
appropriately.Excellent durability and gas barrier
propertyaremajorbenefitsofEVOHfilm.Forhigher
performance,newbarriertechnologiesareunderstudy
basedonthematerialdesignforlowpermeationaswell
asgooddurability.

(b)EVOHsealantfilmfor“lesssidepermeation暠

throughedge
TheVIPwithEVOHsealantshowslessthermal

conductivityincreasecomparedwiththeVIPwithPE
sealant,whichcouldbecausedbylesssidepermeation.
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Abstract
Holediameteraccuracyandroughnessarefocusedinthedrillingofcarbonfiberreinforcedplastics(CFRP)laminatewithbrazed

diamondcoredrillwithoutcoolant.TheeffectofgritspacingonholediameteraccuracyandroughnessindrillingCFRPatdifferentfeed
speedisstudied.AsimulationofheatconductionofCFRPlaminateisperformedtocalculatethermaldeformationofholediameter.The
studyresultsindicatethathole灢enlargementfactordecreaseswiththeincreaseofgritspacingandfeedspeed,andgritspacinghasa
relativelylargerinfluenceonenlargementfactor.Thesurfaceroughnessofholewallincreaseswiththeincreaseofgritspacingandfeed
speed.Whengritspacingofbrazeddiamondcoredrillis1.6mmandfeedspeedis150mm/min,holequalityofCFRPlaminateisperfect.

Keywords暋brazeddiamondcoredrill,CFRP,gritspacing,holediameter,surfaceroughness

1.Introduction
CFRP laminateis one ofthe mostadvanced

composite materials. With the advantages of high
strength, excellent design灢ability, good fatigue
resistanceandcorrosionresistance,CFRPlaminateis
widelyusedinthefieldofaerospaceandaviation.For
CFRPlaminateisanisotropicandlowinterlaminarshear
strength,poormachiningqualityisthemainproblem,

whichrestrictthetechnologydevelopmentofdrilling
CFRPlaminate.Theresearchonholediameteraccuracy
androughnessofCFRPlaminatedrilledwithbrazed
diamondcoredrillispropitioustoimprovemachining
qualityandprolongtheservicelifeofCFRPparts[1].
Manydifferentmethodsareusedtosolvetheproblems
ofdrillingCFRP.Somescholarsgettheconclusionsthat
drillingasmallguideholeinCFRPlaminateandthen
usingabroachingdrilltoexpandholediametertothe
predeterminedrangeforseveraltimescansignificantly
improveholediameteraccuracyandsurfaceroughnessof
holewall.ButthemachiningefficiencyofdrillingCFRP

laminateislowwiththismethod[2].Somescholarsget
theconclusionsthattheanglebetweentoolcuttingedge
andcarbonfiberinCFRPlaminateaffectsthesurface
roughnessofholewallanddrilling灢induceddefectsof
holeexit.Whentheanglereaches45曘,drilling灢induced
defectsoftheholeexitaremostserious.A modelis
establishedtoexpoundtherelationshipbetweenthe
surfaceroughnessofhole walland drilling灢induced
defectsofholeexit[3].

Inordertoimprovethe machiningqualityand
efficiency,CFRP laminate is drilled with brazed
80/100# diamondcoredrillunderthespindlespeed
15000rpm.Theeffectofgritspacingandfeedspeedon
holediameteraccuracyandroughnessisstudied.

2.Drillingexperiment
2.1暋CFRPlaminateandcoredrill.

Theexperimental3234/G803PVCFRPlaminateis
a pre灢impregnated material made up of medium
temperaturecuringepoxyresinandcarbonclotheswhat
consistofT300carbonfiberbundles.Carbonfiber
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volumefractionofCFRPlaminateis60%.Thewoven
method of fiber bundles and experimental CFRP
laminateareshowninFig.1.Mechanicalpropertyof
CFRPlaminateisshowninTab.1,wherenumber1,2,

3representsthecarbonfiberdirection,verticaldirection
ofcarbonfiberwithinthelayerandlayeroverlying
direction[4].LinearexpansioncoefficientofCFRP
laminateis6.71暳10灢5/K andthermalconductivity
is0.2W/(m·K).

Fig.1暋 Wovenmethodofcarbonfiberbundlesand
experimentalCFRPlaminate
(a)Wovenmethod;暋 (b)CFRPlaminate

Tab.1暋MechanicalpropertyofCFRPlaminate

Youngmodulus Poissonratio

E1/GPa E2/GPa E3/GPa 毻12 毻13 毻23

135 135 8.8 0.3 0.3 0.48

Tab.2showsthebrazingparametersofcoredrill,

whichcanmaketheexposeddegreeofdiamondgrits
reach70%~80%.Asaresult,thebrazeddiamondcore
drillpresentsgoodsharpdegree,highefficiencyand
longservicetime[5].Fig.2showstheappearanceof
brazed diamond core drill which is used to drill
experimentalCFRPlaminate,whengritsizeis80/100#
andgritspacingis1.6mm.

Fig.2暋Appearanceofbrazeddiamondcoredrill
(a)Brazeddiamondcoredrill;暋(b)Endface

Tab.2暋Brazingparametersofcoredrill

Processelements Specificparameters

Brazingalloydosage 1(mg/mm2)

Brazingalloy

composition
Ag Cu Ti

Vacuumdegree 10灢2(Pa)

Brazingtemperature 900~920(曟)

Holdingtime 8~12(min)

2.2暋ExperimentDesign
TheparametersofCNCmachinetoolHG410used

todrillCFRPlaminateareasfollows:thehighest
spindlespeed24000r/min,theminimalfeedspeed40
mm/minandoutputpower2.2kW.Thediameterof
brazeddiamondcoredrillis measuredbyadigital
microscopeHIROXKH 7700beforetheexperiments.
Theexperimentsareperformedatspindlespeedn =
15000rpm,feedspeedvf=60mm/min,100mm/min
and150mm/min,withdifferentgritspacing1.0mm,

1.6mmand2.2mm.TheequipmentsofdrillingCFRP
laminatewithbrazeddiamondcoredrillisshownin
Fig.3.Theequipmentsofmeasuringtemperatureof
holeexitbyinfraredimagedeviceFlukeTi32isshown
inFig.4.Afterdrillingprocess,theholediameterof
CFRPlaminatearemeasuredbyadigitalmicroscope
JGW灢S灢19JC.Thesurfaceroughnessofholewallis
measuredbyasurfaceroughnessmeasuringinstrument
Mahr M1.Heatimageofholeexitisanalyzedby
SmartViewsoftwaretogetthetemperaturefieldaround
theholeexit.Theeffectoftemperaturefieldaroundthe
holeexitonholediameteriscalculated withaheat
conductionsimulation modelestablishedin ABAQUS
software.

Fig.3暋DrillingCFRPlaminateequipments
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Fig.4暋Heatimagemeasurementequipments

3.Experimentresults
3.1暋Effectsofgritspacingonholediameter

When CFRP laminate is drilled with brazed
diamondcoredrill,holediameterislargerthanthe
diameterofcoredrill.Theenlargeddegreeofhole
diameterisevaluatedby“enlargementfactorDa暠,which
isexpressedasfollows:

Da=(D-d)/d (1)

where
D=theactualdiameterofthehole,

d=thediameterofcoredrill.
TheincreaseofenlargementfactorDaleadstothe

decreaseofholediameteraccuracy.Holediameteris
measuredwhenCFRPlaminateisdrilledwithbrazed
80/100#diamondcoredrillatfeedspeed60mm/min,

100 mm/min and 150 mm/min; Tab.3 shows
“enlargementfactorDa暠ofholediameterwhengrit
spacingare1.0mm,1.6mmand2.2mmatdifferent
feedspeed.

Tab.3暋EnlargementfactorDa

Grit

spacing
mm

Diameter

ofcoredrill
mm

EnlargementfactorDa

vf=60

mm/min

vf=100

mm/min

vf=150

mm/min

1.0

1.6

2.2

6.00

0.017 0.016 0.014

0.015 0.013 0.012

0.012 0.010 0.009

Tab.3indicatesthattheenlargementfactorDaof
holediameterdecreaseswiththeincreaseofgritspacing
andfeedspeed.TheenlargementfactorDa achieves
0.009whengritspacingis2.2mmandfeedspeedis150
mm/min,whichmeansthestabilityofholediameteris
mostexcellent.

3.2暋Effectsofgritspacingonthesurfaceroughness
ofholewall

暋暋Therangeofthesurfaceroughnessofholewallis
symmetricaldistributionaroundthecircumferencedueto
theexperimentalCFRPlaminatedisorthogonalwoven
bycarbonbundles.Inconsiderationofdowncuttingand
upcuttinginthedifferentanglebetweencuttingedgeof
coredrillandcarbonfiber[6],theroughnessintwo
positionsofholewallaremeasured.Thetwopositions
areshowsinFig.5,wherepositionArepresentsthe
anglebetweencuttingedgeofcoredrillandcarbonfiber
is0曘andpositionBrepresentstheangleis45曘.

Fig.5暋Measuringpositionsonholewall

ThesurfaceroughnessofholewallinpositionA
andBaremeasuredwhenCFRPlaminateisdrilledwith
brazed80/100# diamondcoredrillatfeedspeed60
mm/min,100 mm/minand150 mm/min;Tab.4
showsthesurfaceroughnessofhole wallwithgrit
spacing1.0mm,1.6mmand2.2mmatdifferentfeed
speed.

Tab.4暋Thesurfaceroughnessofholewallwith
differentgritspacing

Grit ThesurfaceroughnessofholewallRa/毺m

spacing
mm

vf=60mm/min vf=100mm/min vf=150mm/min

0曘 45曘 0曘 45曘 0曘 45曘

1.0 0.394 0.430 0.407 0.451 0.535 0.660

1.6 0.478 0.484 0.509 0.596 0.543 0.648

2.2 0.513 0.574 0.535 0.643 0.595 0.707

Tab.4indicatesthatthesurfaceroughnessRaof
holewallinsameanglepositionincreases withthe
increaseofgritspacingandfeedspeed.Thesurface
roughnessofholewallinangle45曘positionislarger
thanroughnessinangle0曘positionduetodowncutting
andupcuttingofCFRPlaminatedrilledwithbrazed
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diamondcoredrill.

4.Resultsanddiscussions
4.1暋EnlargementfactorDa

FromthedataofTab.3,holediameterislarger
thanthediameterofcoredrillwhenCFRPlaminateis
drilledwithbrazeddiamondcoredrill.Therearetwo
mainreasonsthatresultintheenlargementofhole
diameter.Firstreasonistheradialrun灢outofbrazed
coredrillwhenitisrotatingatspindlespeed15000rpm.
Theradialrun灢outis10~15毺mmeasuredbylaserrange
finder.Secondreasonisthermaldeformationofhole
diameterwhatiscausedbydrillingheat.Drillingheat
resultsfrom thepower whatcarbonfiberfracture,

matrixdamageandfrictionbetweendiamondgrit,chips
andflankfaceconsume[7].

DrillingCFRPlaminatewithbrazeddiamondcore
drill,thehighesttemperatureappearsinthefrictionpart
betweencoredrillandholewall,whichisrecordedasT
(曟).Theactualtemperaturefieldofdrillingprocessis
importedintotheheatconductionsimulation model
established. With this conduction model,thermal
deformation殼(mm)ofholediametercanbecalculated.
Simulationimages ofthermaldeformation for grit
spacing2.2mmatdifferentfeedspeedareshownin
Fig.6.Tab.5showsthermaldeformations殼 (mm)of
holediameterfordifferentgritspacingandfeedspeed.
Asthermaldeformationofholediameterfaroutweigh
radialrun灢outofbrazedcoredrill,reducingdrilling
temperatureisaneffectivewaytoimproveholediameter
accuracy[8].KnownfromthedataofTab.5,whengrit
spacingis1.6mmor2.2mm,thetemperatureofhole
exitislow,andtheenlargementfactorDaissmall,

whichlead to theimprovement of hole diameter
accuracy.

Tab.5暋Thermaldeformationsofholediameter殼(mm)

forgritspacing2.2mm

Grit vf=60mm/min vf=100mm/min vf=150mm/min

spacing
nm T 殼

mm T 殼
mm T 殼

mm

1.0 89 0.056 74 0.046 65 0.034

1.6 73 0.046 64 0.036 58 0.028

2.2 68 0.034 58 0.027 53 0.024

Fig.6暋Simulationimagesofthermaldeformation
(a)vf=60mm/min;暋暋(b)vf=100mm/min;

(c)vf=150mm/min

4.2暋ThesurfaceroughnessRaofholewall
DrillingCFRPlaminatewithbrazeddiamondcore

drill,themovementtracesofdiamondgritsoncoredrill
arehelixlines,whichresultinresiduallayerissimilarto
internalthreadonholewall.ThesurfaceroughnessRa
ofholewallincreaseswiththeincreaseofresiduallayer
maximalthicknessH[9].

Throughtheanalysisofresiduallayer maximal
thicknessH,effectofgritspacingandfeedspeedonthe
surfaceroughnessofhole wallisstudiedindrilling
process.ThegeometricshapeofdiamondgritYK9is
rhombicdodecahedron.Fordiamondgritsarearranged
orderly,CFRP material removalform caused by
diamondgritsbrazedonexcirclefaceofcoredrillis
showninFig.7.

Fig.7暋CFRPmaterialremovalform

IndrillingprocessofCFRPlaminate,thefeedrate
v0ofbrazeddiamondcoredrillisexpressedasfollows:

v0=vf

n
(2)

ResiduallayermaximumwidthL0:
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L0= v0

毿D
(3)

where
S=thedistanceofgritspacing.
MaximumthicknessofresiduallayerH:

H= L0

2tan毩
2

= v0S

2毿Dtan毩
2

= vfS

2毿nDtan毩
2

(4)

MaximumthicknessofresiduallayerHincreases
withtheincreaseofgritspacingSandfeedspeedvf.As
theincreaseofmaximumthicknessofresiduallayerH,

thesurfaceroughnessofholewallRaincreasesandthe
machiningqualityofholewallturnstopoor.

5.Conclusionsandoutlook
The hole diameter accuracy and the surface

roughnessofholewallarestudiedindrillingCFRP
laminatewithbrazeddiamondcoredrill.Thefollowing
conclusionsaredrawnfromthetests:

(1)DrillingCFRPlaminateswithbrazeddiamond
coredrill,theenlargementfactorDaofholediameter
increaseswiththedecreaseofgritspacingandfeed
speed.Thegritspacinghaslargerinfluenceonthe
enlargementfactorDathanfeedspeed.

(2)Thesurfaceroughnessofholewallinsame
anglepositionofholewallincreaseswiththeincreaseof
gritspacingandfeedspeed.Inonehole,thesurface
roughnessofholewallincreasesfrom0曘to45曘andgets
tothemaximumwhentheanglereaches45曘.

(3)In consideration of the manufacturing
requirementsofholediameteraccuracyandthesurface
roughnessofholewall,drillingCFRPlaminateswith
thebrazeddiamondcoredrillatthefeedspeedof
150mm/min will get high efficiency and perfect
manufacturingquality,whengritsizeis80/100#and
gritspacingis1.6mm.
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Abstract
Thebigdifferencebetweenthermalconductivityofgasbarriersandthatofcorematerialsmakesthethermalbridgeeffectonvacuum

insulationpanelsinevitable.Thethermalbridgedramaticallydeterioratestheoverallthermalinsulationperformanceofthevacuum
insulationpanels.Linearthermaltransmittancewasintroducedtonumericallymodelthethermalbridge.Combinedwiththeactual
installationsituation,themainfactorsthatinfluencethethermalbridgeeffectonvacuuminsulationpanelsarethicknessandthermal
conductivityofthecorematerial,thicknessandthermalconductivityofthegasbarrierenvelopes,thesizeofvacuuminsulationpanelsand
thesizeofthegapbetweenthepanels,etc..Thecorrespondingoptimizationmethodsandprecautionstoreducethethermalbridgeeffect
onVIPwereputforwardinthispapertoimprovethetechnologyofmanufacturinganddevelopthethermalsystemwithvacuuminsulation

panelsinvolved.

Keywords暋vacuuminsulationpanels,thermalbridgeeffect,heattransfermodel,optimizationmethods

1.Introduction
Asnewandefficientthermaladiabaticmaterials,

vacuuminsulationpanels(VIPs)havethehistoryabout
5decades[1].Duetothelowairpressureinsidepanels,

the thermal conductivity of excellent thermal
performanceVIPmeasuredbytheexperimentcanbeas
lowas5mW/(m·K).Thethermalresidenceisabout6
to10timesofthetraditionalinsulationmaterialswith
thesamethickness[2].TypicalGasbarrierenvelopeis
madeofmulti灢layeredpolyesterbasefilmswhichhave
aluminumfoilorofaluminumfoil[3].However,the
thermalconductivityofaluminumfoilisabout20000~
100000timeshigherthanthatofthecorematerialof
vacuuminsulationpanels.Astheresult,thethermal
bridgeeffectisformedinthecourseoftheheatleaking.
Someheatflowsdirectlytransferringfromthehotplate
tothecoldplateacrosstheedgeofthegasbarrier
envelopecannotbeavoided,anyway.

Asthepresenceofthermalbridgeeffect,the
overallthermalconductivityofVIPismuchlargerthan
thecentralregion.Thethermalbridgeeffecthasbeen
studied and analyzed by a number of researches
domesticallyandabroad.Basedonpreviousresearchthe
authorsareintendedtoestablishandanalyzeamodelof
edgelinearthermaltransmittance,topropose more
comprehensiveoptimizationmethodsofthermalbridges.
Optimalinnovation and greatsignificancesforthe
applicationandpopularizationofVIPweremade.

2.EffectiveheattransfercoefficientofVIPs
ForVIPsapplicationsasbuildingenvelopes,edge

linearheattransferrateandangularcontactheattransfer
rategeneratedduetoconstructionandinstallation,and

氉lengthisintroducedtorepresentit.Ifthevalueof氉,the
areaA,andthecircumferenceofthevacuuminsulation
panelwereknown,equation(1)canbeusedtodescribe
theoverallheattransfercoefficientUeofVIPs[8]:
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Ue=Uc+暺氉i,length-li

A
(1)

Where
Uc=heattransfercoefficientofthecentralregionof

VIPs,

li=sideperimeterofVIP,

A=areaofasideoftheVIP,

氉i,lenth=edgelinearheattransferrateofaside.
Foraparticularbuildingenvelopestructure,Uccan

bedescribedbyequation(2):

Uc= 1
毩i

+毮p

毸c
+1
毩

æ

è
ç

ö

ø
÷

e

-1
(2)

Where
毮p=thicknessoftheVIPplate,

毮c= thermalconductivityofthecentralareaof
VIPs,

毩i,毩e =heattransfercoefficientofhotandcold
surfacesofVIP.

Equation(1)isexpressedinthecaseofhaving
thermalbridgeeffect,andequation(2)isexpressedin
thecaseofhavenothermalbridgeeffect.So氉lengthisan
importantparametertocharacterizethethermalbridges
effectofthegasbarrierenvelopes.Thispaperadopts
thewayofsimplifiednumericalanalysistoexpoundand
solvetheedgeslinearheattransferrate.

3.Establishmentandanalysisofmathematical
modelofthermalbridgesofVIPs

暋暋SupposeAastheareaofVIP,thelengthlp(m),

thewidthwp(m),thethickness毮p(m),thethicknessof
gasbarrierenvelopes2毮s(m),theairtemperatureof
coldendandhotendofVIPsTi,Te(曟).Thethermal
conductivityofthegasbarrierenvelopesinthejointsis
毸b1,andthethicknessis毮b1.Jointisfilled with
insulation material,and the thermal conductivity
coefficientis毸s,thethickness2毮s.Theheatfluxflowing
throughthecentralareaoftheVIPsis毤p,cop,W;the
totalheatfluxflowingthroughtheVIPsis毤p,total;the
analysismodelisshowninFig.1.

Takesomeinfinitesimalofgasbarrierenvelopesas
theresearchobject,assumingthatthelengthdirection
ofthe X灢direction,the widthdirectionofthe Y灢
direction,infinitesimal暞sheattransferconditionsinthe
XdirectionshowninFig.2 .Bythetotalenergy
conservation,theedgelinearheattransferratecanbe

expressedas:

2氉lengh =毤p,total-2毤p,total

lp殼T =毤p,total

lp殼t-2Ucwp (3)

Where

毤1 = heatthat passing through gas barrier
envelopesintothemicro灢cell,

毤2 = heatthat passing through gas barrier
envelopesoutofthemicro灢cell,

毤3=heatthatpassingthroughtheconvectiveheat
transferofsurfaceofgasbarrierenvelopesflowinginto
theinfinitesimal;

毤4=heatofgasbarrierenvelopescomingintocore
material.

Fig.1暋TheanalysismodelofthethermalbridgeeffectofVIPs

Whentheinfinitesimalinsteadystate,wecanget
that:

2氉length=毤p,total-2毤p,cop

lp殼T =毤p,total

lp殼T-2Ucwp (4)

Takingthewayofinfinitesimal,equation(4)can
berewrittenas:

毸b毮b
dTx

dx x
=毸b毮b

dT
dt x+dx

+毩e(Ti-Tx)-

暋暋毸c

毮p
(Tx-Tz)dx=0 (5)

Where
Tx=thetemperatureofgasbarrierenvelopesof

VIPintheXdirection,

Tz=temperatureofgasbarrierenvelopesofVIP
intheZdirection,

毸b =thermalconductivity ofthe gas barrier
envelopes(i.e.,intheX灢Ydirectionisthesame),

毸c=thermalconductivityofthecorematerial.
3.1暋Calculationofthermalbridgeeffectofsinglepanel

Gasbarrierenvelopeisassumedthatitstextureis
regularandcontinuous.毮band毸bareconstantvalues.
Combine氉lengthwiththeboundaryconditionsandwecan
obtainequation(6):
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氉length= 1

1+毸c

毩i毮p
+ 毸c

毩e毮p

暳毮b毸b

毮p
+ 毮b毸b

毩i + 毩e

(6)

Theconclusioncanbemadefromequation (6)

that,themainparametersaffectingthethermalbridge
effectofVIParetheexternalenvironment(毩),VIP暞s
thickness毮p,thermalconductivityofthecorematerial
毸c,thickness毮bandthermalconductivity毸bofthegas
barrierenvelopes.Combiningequations(1),(3),(6)

yieldstheexpressionofeffectiveheattransfercoefficient
Ue:

Ue=Uc+L
A氉length=

毤p,total

2lpwp殼T-氉length

wp
+L

A氉length=

毤p,total

2lpwp殼T+ 2(lp+wp)
lpwp

- 1
w

é

ë
êê

ù

û
úú

p
暳

1

1+毸c

毩i毮p
+ 毸c

毩e毮p

暳 毮b毸b

毮p+ 毮b毸b

毩i + 毩e

(7)

Inadditiontotheinfluencingfactorsofequation
(6),theeffectiveheattransfercoefficientalsohasa
relationshipwiththesizeofVIP,seeingfromequation
(7).
3.2暋Calculationofthermalbridgeeffectofassembled

VIPs.
Accordingtotheabovecalculation method,theedge
linearheattransfercoefficientofVIPcanbeobtained
undertheassembly.Itcanbeexpressedas:

氉length= 1

1+毸c

毩i毮p
+ 毸c

毩e毮p

暳

1
毮p

(毮b1+毮s)2
毮b1

毸b1
+毮s

毸
æ

è
ç

ö

ø
÷

s
+ 1

毮p毸c毩i
+ 1

毮p毸c毩3

(8)

Inadditiontotheinfluencingfactorsofequation
(6),theedgelinearheattransfercoefficientofVIPalso
hasarelationshipwiththethickness毮sandheattransfer
coefficient毸boffillingmediainjoints,seeingfromthe
equation(8).

4.Modelingresultsandanalysis
In order to make numerical analysis and

simulation,weneedtosetcertainboundaryconditions
for the model. According to the test standards

GB/T3399—2009[9],theboundaryconditionforVIPs
wassettingas:te=35曟,ti=15曟,thecorresponding
heattransfercoefficientofcoldandhotsurfacesofgas
barrierenvelopes毩i=7.8W/(m2·K),毩e=25W/(m2

·K).ThethicknessofVIP'scorematerialisgenerally
between10~40mm.Thermalconductivityofopen
polyurethaneis0.025 W / (m · K).Thermal
conductivityoffineglassfiberis0.032W/(m · K).
Theywereallintroducedintoequations(6),(7)and
(8)tocalculateandanalyze.
4.1暋Theinfluenceofthethermalconductivityand

thicknessofcorematerialonthermalbridge
effect.

暋暋Accordingtothecalculationresultsabove,variation
of氉length versusvacuumandthicknessissimulatedin
Fig.2.Supposedthethicknessofbarrierenvelopeis
90毺mwithdifferentmaterialsfoil(Fig.2(a))andMF1
(Fig.2(b))gasbarrierfilmmaterialforthestudy,the
variationof氉lengthwiththesamebarriers,thedifferent毮p

andthedifferent毸cisshowninFig.2.

Fig.2暋 HeatfluxoftheVIPswithsamebarriers、different
毸canddifferent毮p
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Whenthe VIPsthickness毮p isconstant,the
boundarythermalbridgesshowadecreasingtrendasthe
increasethethermalconductivity毸cofthecorematerial,

regardless of whether the gas barrier envelopes
containingametallayer.Withtheincreaseof毮p,edge
thermalbridgeeffectdecreasesundertheconditionof
certainthermalconductivityofcorematerial.Thermal
bridgesofVIPswhosegasbarrierenvelopeisaluminum
foilarefargreaterthanwhosegasbarrierenvelopesis
MF1(PET).
4.2暋Theinfluenceofthethermalconductivityand

thicknessofsinglelayerbarrieronthermal
bridgeeffect.

暋暋Accordingtothecalculationresultsabove,plot
variationunderthesamevacuumandthesameboundary
conditions.VIPs withcertainkindofcore material
whosethicknessis30mmfortheanalysiswereselected.
Thevariationof氉length withthesamecorematerial,the
different毮bandthedifferent毸bisshowninFig.3.

Fig.3暋HeatfluxoftheVIPswiththe
samecorematerial,thedifferent
毸bandthedifferent毮b

Undertheconditionofcertainthickness毮bofgas
barrierenvelopes,theboundarythermalbridgesshowed
adecreasingtrendasthe decreaseofthethermal
conductivity毸b.Undertheconditionofcertainthermal
conductivity毸b ofthe gas barrierenvelopes,edge
thermalbridgeeffectdecreasesasthe decrease of
thicknessof毮bgasbarrierenvelopes.
4.3暋Theinfluenceofthethermalconductivityand

thicknessofgasbarrierenvelopesinjointsofVIP
onthermalbridgeeffect.

暋暋Accordingtotheabovecalculationresults,variation
of氉lengthunderthesamevacuumandthesameboundary
conditionswasanalyzed.VIPwhosecorematerialisfine
glassfiber were seleted for the study. Thermal
conductivity of the core material 毸c is
0.032W/(m·K),andthethickness毮pis20mm.The
fillingmediumingapisair(毸sis0.023W/(m · K),

thespacing毮sofitbeing2mm.Thevariation氉lengthwith
thesamecorematerial,thedifferentthickness毮b1and
thedifferentthermalconductivity毸b1isshowninFig.4.

Fig.4暋HeatfluxoftheVIPswithsamecorematerial、

different毸b1anddifferent毮b1

Whenthe value of毸b1 is small (less than
5W/(m · K)),氉lengthincreaseslinearlyalong with
theincreaseof毮b1.Whenthevalueof毸b1 islarge
(greaterthan5W/(m · K)),thegrowthof氉lengthis
flatalongwith毮sincreasing.Thethermalbridgeeffect
causedby毸b1isdominatedinthiscondition.
4.4暋Theinfluenceofthethermalconductivityof

fillingmediaintheassembledVIPandjoints
betweentwoadjacentpanelsonthermal
bridgeeffect.

暋暋Accordingtotheequation(6),variationof氉length
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underthe same vacuum and the same boundary
conditionsisanalyzed.Selectthe VIP whosecore
materialisfineglassfiberforsimulation.Thermal
conductivity毸cis0.032W/(m· K)andthethickness
毮pis35mm.Thermalconductivity毸b1is0.54W/(m·K)

andthe毮b1is90毺m.Thevariation氉length withthesame
core materialandthesame barriers,the different
spacing毮sandthedifferentthermalconductivity毸sis
showninFig.5.

Fig.5暋HeatfluxoftheVIPswithsamecore
materialandsamebarriers,different
毸sanddifferent毮s

When the value of毸s is small (less than
5W/(m · K)),氉lengthroughlyshowslineargrowth
alongwiththeincreaseof毮s.Theinfluenceof毮s on
thermalbridgesisdominant.Whenthevalueof毸sis
large(greaterthan5W/(m · K)),氉lengthgrowthflat
alongwiththeincreaseof毮s.Atthistime,theimpactof
毸s onthermalbridgeeffectisdominant.Whenthe
spacing毮sisconstant,氉length alsoshowsasignificant
increaseinthefirstastheincreaseinthethermal
conductivity毸softhefillingmediumandthenitchanges
gently.
4.5暋TheinfluenceofVIP'ssizeoneffectiveheat

transfercoefficient.
暋暋TakethesamelengthandwidthofVIPs.Variation
ofUeunderthesamevacuumandthesameboundary
conditionsisanalyzed..Selectthe VIP whosecore
materialisfineglassfiberforthestudywereserected.
Thermalconductivityofthecorematerialis0.032W/
(m · K),andthethicknessofMF2barrieris90毺m.

ThevariationofUewiththesamecorematerialandthe
samebarrier,thedifferentlp/wp andthedifferent
thickness毮pisshowninFig.6.

Fig.6暋HeatfluxoftheVIPswithsamecorematerial
andsamebarriers,differentlp/wp andthe

different毮p

WhentheVIPsthicknessiscertain,Ueshowsa
significantlyreducedtrendfirst,thenlevelingoffaslp/

wpincreasing.
Whenlp/WP VIPsiscertain,Ueshowsareduced

trendasanincreaseinthickness.When毮pisincreasedto
acertainvalue,Ueisstabilized.Atthistime,the
correspondinglp/wpcanbeusedascriticaldimension
to毮p.

5.Conclusions
(1)Combinewithpracticalapplication,itcanbe

deducedthatthe mainfactorsaffectingedgethermal
bridgeeffectofVIPsincludethethicknessandthermal
conductivityofthecorematerial,thicknessandthermal
conductivityofthegasbarrierenvelopes,VIPs暞size
andthegasgapbetweenpanelsintheprocessof
installationandothersthroughmathematicalmodeling
andcalculationanalysis.

(2)In practice,bestraw materialsshould be

selectedandimprovethelevelofproductionprocessesto
enhancethethermalinsulation propertiesof VIPs;

Usingsealinglayerwithoutmetallayerbasedonthe
Serpentineedgetechnologytoreducethermalbridges.

(3)LargersizeofVIPsareexpectedinthesystem
wheninstalling,andminimizingthegasgap.

(4)Thissimulationisundernormaltemperature
conditions,soitcannottrulyreflectheattransferof
VIPsatdifferenttemperatureanditrequiresfurther
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study.Inaddition,theinfluenceofthemicrostructureof
thecorematerial,suchasporosityandfiberangleand
otherfactors,thataffectthethermalbridgesneedtobe
furtherstudied.
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VIPSystemApplicationPracticeinShanghaiBuildingArea

YanYuanyuan*

Abstract
AccordingtothecharacteristicsofShanghairegionalclimateconditionsinChina,tomeettherequirementofbuildingenergyefficiency

ofpublicbuildingenergyefficiencyfrom50%to65%,theresidentialbuildingenergyefficiencyby65%.Vacuuminsulationboardwith
excellentinsulationpropertieshave moreapplicationofengineeringpractice,accordingtodifferentstructurecharacteristicsandthe
characteristicsofthedifferentpartsofthestructurehasthepracticeexperience.

Keywords暋VIP,buildingarea,decorationhousing.

Shanghaifirstfinedecorationhousingprojectwhoseenergysavingefficiencyis70%.

Shanghaijiadinggrandtheatre
Buildinginsulationusedinthermalinsulation,thewallheatpreservationis20mm,roofinsulationthicknessis

25mm.
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ACombinedOperationalandEmbodiedCO2Approach:TheLimitsof
ConventionalInsulationMaterialsandCaseforHighPerformance

VacuumTechnology

RaymondGlennOgdena,ShahaboddinResalatib*,ChristopherCharlesKendrickb

a.AssociateDean,FacultyofTechnology,Design&Environment,OxfordBrookesUniversity,Oxford,UK
b.SeniorLecturer,SchoolofArchitecture,OxfordBrookesUniversity,Oxford,UK

Abstract
Theimperativetoreducethecarbonfootprintofbuildingswillinevitablyrequirehigherlevelsofinsulation.Asbuildingperformance

improvesandoperationalenergyreduces,theratioofoperationaltoembodiedenergywillcontinuetoshift.WhereverylowU灢valuesare
required,thevolumeofmaterialinconventionalinsulationissuchthatembodiedcarboncanbegintooutweighoperationalcarbonsavings
duringtheprojectedlifetimeofbuildings,causinganetCO2disbenefit.

DetailedstudiescarriedoutatOxfordBrookesUniversitybasedonaggregatedoperationalandembodiedCO2analysessuggest
significantbenefitsforvacuuminsulationinrelationtoabroadrangeofbuildingtypesanddesignscenariosincomparisonwithmainstream
comparatorinsulationmaterialsincludingPURandmineralwool,speciallyinrelationtoapplicationswithshorterdesignliveswherethe
embodiedCO2investmenthastoberecoveredrelativelyquickly.

Keywords暋insulationstandards,vacuuminsulation,retrofit,claddingsystems

1.Introduction
Theenergyrequiredtoheatbuildingsaccountsfor

26% oftotalnationalenergyconsumptionintheUK
(DECC,2010).Itisimportantthatthisisaddressedin
ordertoreducecarbonemissions,resourcedepletionand
climatechange.The UKiscommittedtoreducing
greenhousegasemissionsbyatleast80% by2050
relativeto 1990 levels (CCC,2008).The built
environmentaccountsfor43% ofUKemissions,of
which26% isfrom residentialand17% from non灢
domesticbuildings.Itisestimatedthataround70%of
buildingsexistingtodaywillbestillinuseby2050and
so,whilsttheperformancestandardsofnewbuildings
areimportant,itisarguablymorecriticalthateffective
strategies are found for improving the thermal

performanceofexistingstock.
At present there are around 8000 dwelling

demolitionsperyearaccountingforonly0.03% ofthe
totalstock (Ravetz2008).Theequivalentratefor
industrialand commercial premises is difficult to
estimate.Howeverbasedontherebeing597millionm2

ofindustrialandcommercialpremisesin2007(CLGand
ONS,2008) and 曣6 billion of non domestic
constructioninthesameyear (ONS,2010)coupled
withlittlenetgrowthinthestock,andanassumed
average construction cost of 曣1800 per m2 the
equivalentdemolitionfigurecanbeestimatedasbeing
around0.5%.Attheserates,andrecognisingthe
inaccuraciesanduncertaintiesoffuturetrends,itmay
reasonablybeexpectedthatreplacementof50%ofthe
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existingbuildingstockwithnewconstructioncomplying
withimprovedcurrentandfuturebuildingstandardsis
likelytotakeabout100years.

Inviewofthisslowrateofchange,itisessential
thateffectivethermalretrofitstrategiesaredeveloped
butlimitationsintheexistingtechnologiesposeserious
issues notleastintermsoftheembodied energy
associatedwithinsulationmaterialsandtechniques.

Building regulations have set increasingly
demandingstandardsforthethermalperformanceof
envelopeswiththemainfocusonreducingoperational
energy(Yan2011,Anastaselos2009,Ramesh2010).
Critically however, UK building regulations,and
comparableinternationalregulationspaylittleattention
to embodied energy. Operational energy (energy
consumedduringthein灢usephaseofabuilding'slife)has
inrecentdecadesbeenassumedtobearound10times
greaterthanthetotalembodiedenergy(theenergyused
to produce building materials and in construction
processesfromcradletogateinthisstudy)butasmore
buildingsareconstructedtohigherlevelsofenergy
efficiency,futurelowandzerocarbonbuildingscould
seeparitybetweenoperationalandembodiedenergy,or
evenembodiedenergyexceedingoperationalenergy.Itis
essentialthereforethatembodiedenergyisfactoredinto
refurbishmentscenarios.

Ifso,acompellingcasebeginstoemergeforthe
developmentofnovelinsulation materialswithhigher
thermalresistancecoupledwithrelativelylowembodied
energy.Thecaseisparticularlystrongforretrofit
applicationswheredesignlivestendtobelessthanthose
fornewbuild,andwhereembodiedenergycanoffseta
greater proportion ofthe total operational energy
savings.Oftheknownpossiblealternativesvacuum
insulationis considered to be amongst the most
promising(DTIproject2007,Caps2001,Fine1989,

Materna2001,Zwerger2005).

2.Minimisation of Combined Operational and
EmbodiedCO2

暋暋 Whilstthereisanessentiallylinearrelationship
betweenbuildingenvelope U灢valuesandheatlosses,

embodiedenergytendstoincreaseinanaccelerating
fashionaslevelsofinsulationincrease.Theinteraction
ofthesefactorsisimportant.Therelationshipisoneof

simpleproportionand operationalCO2 ispositively
correlatedonlytothermalconductance (i.e.itis
independentoftheinsulationmaterialused).

Incontrast,embodiedenergyprofilesareneither
linear,norindependentofinsulationmaterialas:

a. Required insulation thicknesses increase
progressivelyasU灢valueisreduced,and

b.Embodiedenergyandthermalconductivityof
individualinsulation materialsvaryconsiderably.For
exampletheembodiedCO2andkvalueofpolyurethane
(PUR)are3.48kgCO2/kgand0.025 W/(m·K)

respectively whilst those of mineral wool are
1.2kgCO2/kgand0.037W/(m·K).

Fig.1illustratesatypicalcurveforembodied
energy(inthiscaseassociatedwithPURinsulation),

andalsothecombinedoperationalandembodiedCO2

arisingforamodellednotionalwarehousebuilding.The
keyfeatureisthattheaggregatedtotalofthelinearand
non灢linear relationship is by definition non灢linear.
Reductionsincombinedoperationalandembodiedenergy
become progressively more difficult to achieve as
insulationthicknessesincrease.

Fig.1暋Exampleoftypicalnon灢linearrelationshipbetweenembodied
CO2(andcombinedembodiedandoperationalCO2)basedon

PURinsulation

TheminimumcarbonpointpresentedinFig.1is
thethicknessofinsulationbeyondwhichtheembodied
carbonassociated with addingtothethickness of
insulationexceedstheoperationalcarbonsavingsand
consequentlyacarbondisbenefitoccurs.Thiscanvary
fordifferentbuildingtypesandoperationalscenariosbut
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iswithinarangeofthicknessesthatseem entirely
possibletobetherequirementofregulationsinfuture.
The graph for the notional building indicates an
optimumthicknessforPURinsulationofapproximately
260mmbasedoncertainassumptions (includinga25
yearservicelifeandtypicalbuildingoperationcriteria).
Curvesofthisnaturetendtoflattenasservicelife
increasesorasaresultoftheuseoflowerembodied
energyinsulation.Bothofthesefactorsincreasethe
optimuminsulationthicknesses.

3.QuantificationoftheCarbonLimitsofMainstream
Conventionaland Novel Insulation Solutions for
IndustrialCladdings

暋暋Mostconventionalinsulationmaterialsarehighin
embodiedenergy.Foranyinsulation materialtobe
justified,theamountofoperationalcarbonsavedasa
resultofitsinstallationmustbegreaterthanthecarbon
associatedwithitsproduction,installationandendof
life decommissioning. The optimal thicknesses of
insulationforarangeofindustrialbuildingtypesunder
particularoperationalconditions,anddesignedfora
rangeofservicelives,arepresentedinTab.1.

The following analysesinvestigate the results
associatedwithre灢sheetingofstandardsinglespanportal
framewarehousesof1000and3000m2 andasimilar
3000m2retailoutletusingbuiltupcladdingsystemswith
mineralwoolandcompositePURcladdingsystemsas
conventionalinsulation materialsand VIP as novel

insulationsolution.Theanalysesassumethegeneral
systemparametersdescribedinTab.1.

A25yearservicelifeisoftenusedforwarehouse,

industrialandretailpremises.However,theappropriate
servicelifeextensionsthatshouldbedeliveredbyretrofit
measuresarelessclear,whethertheseshouldessentially
“resettheclock暠,orwhethertheyshouldextendservice
livesbyashorterperiod.Forthepurposesofthis
research it is assumed that building envelope
refurbishmentassumes25yearservicelife.Thisis
criticalto‘netbenefit暞carboncalculationsastheshorter
theservicelifethegreateristheimpactofembodied
carbon (i.e.annualisingembodiedcarbon = total
carbon/ n years where n is the design life).
Refurbishmentapplicationswhereservicelivesareofthe
orderof25yearscanthereforebesignificantly more
susceptibletotheeffectsofembodiedcarbonthannew
buildapplicationswheredesignlivesarelonger.

TheresultsTab.2aresimulatedusingIESVE
software,andaLondonHeathrowlocation.Minimum
CO2representsthepointofoptimum netbenefitof
insulationi.e.thepointwheretheoperationalenergy
associatedwithheatingplustheembodiedenergyofthe
materialsusedisatitslowest(andoptimum)level.The
ratioofroofto wallinsulationthicknesses (and U
values)reflectsthehigherheatlossesthroughroofs
comparedtowalls.

Tab.1暋Operationalparametersforsimulationmodelling

3000m2 WAREHOUSE 1000m2 WAREHOUSE RETAILSHED

HEATING
Naturalgas— Industrialheatingsystem — heatedto18 曟from8am

to6pm

Naturalgas—Industrialheatingsystem — heatedto

18曟from9amto9pm

LIGHTING controlledbysensorssetat300lux
controlledbysensorssetat300luxanddisplayed

lightingupto5w/m2

AIRTIGHTNESS

airinfiltrationvalueof0.19achis

used with 7.5 m3/h/m2 air

permeabilityrate

airinfiltrationvalueof0.16achis

used with 7.5 m3/h/m2 air

permeabilityrate

airinfiltrationvalueof0.19achisusedwith7.5m3/

h/m2airpermeabilityrate

暋暋Withinthecontextofconventionalinsulation,ifa
morehighlyinsulatedbuildingenvelopeisspecifiedthen
theinvestmentinembodiedenergywillnotberecovered
throughsavingsinoperationalenergy.Conversely,ifa
lessinsulatedbuildingenvelopeisspecifiedthenmore
operationalenergyisrequiredforheatingthanissaved
bythereduced embodied energy oftheinsulation

materials.
InterpretationofTab.2presentsanumberofkey

issues associated with conventional insulation
technology:

(1)Greyedoutcellsonthetableindicatewherethe
valuescannotbeachieved usingcurrentlyavailable
systems,i.e.wheretheinsulationandbuildingenvelope
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technologyisunabletoprovidetherequiredUvalues
duenormallytothephysicalthicknessoftherequired
insulation(causingthepracticalengineeringdifficulties
previouslydescribed).Inthesesituationstheoptimal
achievablevaluesarereducedandthelowestCO2levelis
unachievable.

(2)Factoringembodiedenergyintoanaggregated
analysisservestolimittheminimumCO2levelsthatcan
be justified. Higher embodied energy insulation
materialsbecomemoredifficulttojustifythanlower
embodiedenergymaterialsastheymorerapidlyleadtoa
CO2 disbenefit.Lower embodied energyinsulation
materialsallowforlowerUvalues (uptothepoint
where the aforementioned practical engineering
difficulties prohibit effective adoption) whilst still
presentingaCO2 benefit,somoreonerousinsulation
standards,giving improved energy thrift,can be
achieved.

(3)TheRvalue(thermalresistance)ofparticular

insulation materialsisalso a significantfactor.It
indicateshow muchinsulation materialisrequiredto
deliveranyprescribedUvalue.ThehighertheRvalue,

thelowertheamountofinsulation materialneeded,

generating a corresponding reduction in embodied
energy. Critically therefore insulation with low
embodiedenergycoupledwithhighRvaluewillachieve
thelowestminimalCO2.

Thekeycharacteristicoftheequivalentminimum
CO2forVIPisthatthehigherperformancecoupledwith
lowembodiedenergyimpliesanetbenefituptoand
beyondthelevelsofinsulationthatmaybereasonably
anticipated(i.e.extremelylowU灢values).Onlyinone
ofthecasesanalysed,thatofaretailshed does
embodiedenergyreachapointwhereitoffsetsthe
beneficialeffectsofadditionalinsulation.Inallother
casesincreasingthelevelofinsulationprovidedbyVIP
continuesto reduce the combined operational and
embodiedenergyrequirements.

Tab.2暋MinimumaggregatedCO2burdenassociatedwithembodiedenergyofmineralwoolandPURand

operationalenergyrequiredforheating(bybuildingtype)暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋

Buildingtype Insulationtype
MinimumCO2 RoofU灢value WallU灢value

(kgCO2/m2/year) W/(m2·K) W/(m2·K)

Largewarehouse

Mediumwarehouse

Retailshed

Mineralwool

13.5 0.08 0.111

10.74 0.08 0.116

2.19 0.13 0.18

Largewarehouse

Mediumwarehouse

Retailshed

PUR

14.48 0.09 0.13

12.08 0.09 0.13

3.97 0.15 0.21

Largewarehouse

Mediumwarehouse

Retailshed

VIP

* * *

* * *

0.8 0.05 0.06

暋暋* NominimumCO2upto100mmVIPwith0.03W/(m2·K)U灢value

暋暋AccordingtotheUKNationalStatisticsPublication
Hub,thereareapproximately466thousandwarehouses
andfactoriesexistingintheUK.Thisfigureequatesto
370millionsquaremetersofwarehousebuildings.The
minimumachievableCO2associatedwithusingVIPsin
comparison to investigated conventional insulation
materialssavesabout0.4~1milliontonnesofCO2per
annum (dependingon buildingsizeandoperational
criteria)whichisabout5%~12.6%ofassociatedCO2

withtotalspaceheatingdemandofindustrialbuildings

(about40 TWh/year)(DECC,2013,thefutureof
heating).Thesavingassociated withimprovingthe
fabricU灢valuedownto0.25 W/(m2·K)(assuming
0.35 as the base灢case)is approximately between
2.5%~9.5%andto0.15W/(m2·K)isinrangeof
0.63%~10.7%.

Thesefindingsprovidecompellingevidenceofthe
casefordevelopmentofnovelinsulation materialsas
conventionalsolutionscannotbejustifiedinrelationto
low U灢valuesandrelativelyshortservicelives.Itis
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possiblethatothernovelinsulationmaterialsmaydeliver
similarlevelsofhighperformancehoweverfewsuch
materialshavereachedthesameleveloftechnical
developmentasvacuuminsulation.

4.Conclusions
Improving the thermal efficiency of existing

buildingsisimportanttoachieving nationalcarbon
reductiontargets.Standardsfornewbuildingscannotin
themselvesachievethenecessaryreductionswithina
reasonable timeframe as the churn rate for new
constructionissimplytooslow.

Currentconventionalinsulation materialssuchas
PURand mineralwoolcannotachievelow U灢values
withoutsubstantiallyincreasingthickness,inwhichcase
theembodiedCO2associatedwiththesematerialscan
potentiallyoutweighthesavingstheypresentintermsof
reducingoperationalCO2.Theproblemismoreacutein
relationtorefurbishmentthannewbuildsinceservice
lifetendstobesignificantlyshorterandthenumberof
yearsoverwhichtheembodiedenergycanbeoffset
against is commensurately less. Future thermal
refurbishment strategies must therefore focus on
combinedoperationalandembodiedenergyanalysis.
Suchanalysisdemonstratesoptimumnetbenefitlevels
forinsulationsolutionsbeyondwhichitisillogicaltogo
asembodiedenergy burdensexceedtheoperational
energysaved.

Inthe cases analysed,conventionalinsulation
materialsusedin relation to 25 year servicelife
refurbishmentcanonlydelivernetbenefitlevelsinina
limitedrangewhereasVIPshavenotechnicallimitsand
canachievelow,orextremelylow,U灢values(to0.03
W/(m2·K))andmuchimprovedlevelsofoptimumnet
benefit.

High performanceinsulation materialssuch as
vacuuminsulation,thatprovidehighlevelsofthermal
insulationrelativetotheirembodiedenergy,perform
significantlybetterinreducingoverallCO2 emissions
thanconventionalmaterialsoveratypicalrefurbishment
servicelife.Atpresenthowever,whilstthereisgood
“technologypush暠,thereislimited‘marketpull暞.Itis
importantthatinnovativetechnologiessuchasvacuum

insulationarecommercialisedinordertofacilitatelow
energybuildingrefurbishments.Howeveritmayonly
bepossibletofullyaddressthisissuebycollective
government/industryaction.

Withoutnovelmaterials,thestandardsofthermal
insulationthatcan be achieved using conventional
insulationproductswillbemodestandtheagendato
produce low and zero carbon buildings will be
compromised.Ontheotherhand,ifthesenewretrofit
measuresareintroducedonanurbanscale,thereduction
in CO2 emissions from existing buildings will be
significantandwillplayanimportantroleinachieving
CO2reductiontargets.
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Long灢termPerformanceofVacuumInsulationsPanels
inBuildingsandBuildingSystems
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Abstract
Theextremelylowthermalconductivityofvacuuminsulationpanels(VIP)leadstolessrequiredinsulationthicknessindifferent

applications.Thispaperaimstopresentourresearchfindingsrelatedtothelong灢termperformanceofVIPsbasedonmeasurementsduring
thelastfiveyears.The measurementswereperformedbothinlaboratoryandinfield wheretherealconditionarepresent.The

performanceofanexteriorwallretrofittedwithVIPsandahybridinsulateddistrictheatingpipewereobserved.Theexpectedservicelifeof
bothapplicationaremorethan50years.Thus,thelong灢termperformanceoftheVIPsisofinterest.Theresultsoftheevaluationindicate
thatthereisnoconsiderableperformancedegradationafterfiveyearsinthewallapplicationandafterthreeyearsinthehybridinsulated

pipes.Theresultsarepromising.However,itisstilltoosoontomakefinalconclusionsoftheentireservicelifeperformanceofthe
applications.

Keywords暋fieldstudy,laboratorystudy,numericalmodel,retrofitting,districtheating

1.Introduction
Theextremelylowthermalconductivityofvacuum

insulationpanels(VIP)leadstolessrequiredinsulation
thicknessindifferentapplications.Thisisespecially
beneficialinmetropolitanareaswithhighrentalcosts
andinculturalheritagebuildingswherethespacefor
insulationislimited.Sincethebeginningofthe1990s
severalbuildingshavebeeninsulated with VIPs.A
surveyof19buildingsinGermanyshowedthatthereisa
lowdegreeofdamagesaftertheVIPshavebeeninstalled
inthebuilding[1].

VIPsarealsousedinpipeinsulation.Thedistrict
heatingsystemwasintroducedinSwedeninthe1940s
andtodayover20000kmofpipesareplacedinthe
ground.Inthefuturebuildingsareexpectedtodemand
lessenergyforheating.Therefore,theheattransferper
meter pipeisexpectedto decrease. Many energy
companiesarealsofacinglargerenovationneedsintheir
pipesystems.ByusingVIPsforhybridinsulationof
districtheatingpipestheheatlossesinthesystemcanbe

reduced.
Discussionsareongoingamongresearchersinthe

fieldonhowtoevaluatethelong灢termperformanceof
VIPs.Onesuggestionistomeasuretheincreaseofthe
internalpressureandweightofVIPsstoredin23曟and
50%relativehumidity(RH)initially,after3months
andafter6months.Anacceleratedageingmeasurement
procedure is also proposed where the thermal
conductivityisassumedtobeonlydependentonthe
increasedgas pressureinsidethe VIPs.Thefinal
thermalconductivityafterstorageinacyclingclimatefor
8daysandthenin80曟for180daysisregardedasthe
25yearvalue.However,therealconditionofaspecific
applicationcould befarfrom theseconditions.In
buildingsVIPsseldomaredirectlyexposedtomoisture
andtemperaturebecausetheyareembeddedinmaterials
inthewall,floororceiling.Indistrictheating,VIPs
areexposedtotemperaturesabove100曟andtheyarein
adryenvironmentwithhighconcentrationsofthegas
cyclopentane.
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Theservicetimeofbothapplication mentioned
abovearemorethan50years.Thus,thelong灢term
performanceoftheVIPsisofinterest.Thisinterestis
alsoexpressed byIEA/EBC Annex65 Long灢Term
PerformanceofSuper灢Insulating MaterialsinBuilding
Components&Systems.Thispaperaimstodiscussand
identifytheboundaryconditionspresentinbuildingsand
districtheatingpipesandtheireffectontheservicelife
ofVIPs.Theevaluationswereperformedinlaboratory
andinfieldwheretherealconditionarepresent.The
resultsrelatedtothelong灢termperformanceevaluation
ofVIPsduringthelastfiveyearsarepresentedand
discussed.

2.VIPsinanexteriorwall
Abuildingfrom1930wasinsulatedwithVIPsin

theexteriorwall.Fig.1presentstheelevationand
sectionofthefacadewiththe20mmthickVIPswhich
areprotectedby30mmmineralwool.

Fig.1暋CasestudybuildingwallwithVIPs

Toenableinstallationofthewoodencoverboardon
theexterioroftheinsulation,mineralwoolboardswere
cutin20 mmthickstripsandplacedinthejunction
betweentwoVIPs.Duringtheconstruction3VIPsout
of180 (1.7%)weredamagedandchangedtonew
panels[2].

TemperatureandRHsensorswereinstalledinthe
wallontheinteriorofthe VIPs,andsensorsalso
monitortheinteriorandexteriorclimate.Thewallwas
finishedinAugust2010andtherearenowmorethan4
yearsofcomplete data available.To evaluatethe
performance change with time the temperature
measurementshavetobecorrectedforthedifferent
indoor and outdoor conditions. A dimensionless
temperaturefactorforthetemperatureinthewallcanbe
calculatedbyusingEq.1:

f=Tindoor-Tsensor

Tindoor-Toutboor
(1)

where
Tindoor=indoortemperature,

Tsensor=sensorpositiontemperature,

Toutdoor=outdoortemperature.
Thelowerthetemperaturefactoris,thehigherthe

thermalinsulationontheexteriorofthesensor.Onthe
interiorsideofthewallthetemperaturefactoris0and
ontheexteriorsideitis1.Thetemperaturefactorinthe
walliscomparedtoanon灢insulatedreferencewallduring
January2011to2015inFig.2.

Fig.2暋TemperaturefactorforthewallwithVIPscompared
toanon灢insulatedreferencewallforJanuary,2011
to2015,calculatedusingEq.(1)

ThewallwithVIPshasanaveragetemperature
factorof0.17whileitis0.64forthenon灢insulated
referencewall.Thetemperaturefactorisstableduring
thefiveyearswhichmeansthereisnosignificantchange
oftheheatflowortemperatureprofileinthewall.
DuringthesefouryearsthetemperatureandRHatthe
centeroftheVIPswasonaverage22曟and37% RH
whileitvariedbetween14~30曟and20%~51% RH.
Insidethebuildingthetemperaturewasbetween20~
33曟and18%~79% RHwhileitwas-13~36曟and
10~100% RHoutdoor.

3.VIPsinhybridinsulateddistrictheatingpipe
VIPs have a large impact on the thermal

performanceofhybridinsulateddistrictheatingpipes
[3,4].TheVIPsarecombinedwithpolyurethanefoam
insulationaspresentedinFig.3.

Onemainconcernisthelong灢termdurabilityofthe
VIPs.Indistrictheatingpipesthetemperaturecanreach
120曟.Thisishigherthanthetemperaturelimitfor
conventionalVIPenvelopes.BergeandAdl灢Zarrabi[4]
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storedVIPsatdifferenttemperaturesinanoven.Some
VIPs lost their vacuum already at temperatures
around70曟.

Fig.3暋Conceptforhybridinsulateddistrictheatingpipes
withVIPsandpolyurethanefoaminsulation

Inapipethetemperature willnotbeevenly
distributed throughout the cross section of the
insulation,butwillratherformagradient.Ahypothesis
isthatthesealingoftheVIPenvelopeistheweakpoint
ofthediffusionbarrier.Strategiclocationofthesealing
could significantly improve the high temperature
durabilityoftheVIPs.Forexamplethesealingcouldbe
locatedtowardsthecoldersideofthepipe.

Theeffectofthesealinglocation wastestedin
laboratoryby measuringthetemperatureatdifferent
positionsinadistrictheatingpipeinsulatedwithan8
mmthickVIPsurroundedbypolyurethanefoam.The
relativethermalconductivity,p毸,oftheVIPandthe
polyurethanewascalculatedbyEq.(2)basedon[5],

assumingaconstantheatflow.

p毸=毸2

毸1
=

(T1-T2)·ln(r3/r2)
(T2-T3)·ln(r2/r1)

(-) (2)

where
毸=thermalconductivityoflayern,

r=radiustotheboundaries,

T=temperatureatcertaindistance.
Theinnerpipeofthedistrictheatingpipehada

radiusof45mm(r1)givinganouterradiusoftheVIP
layerat53 mm (r2)andtheouterradiusofthe
polyurethanefoam was90 mm (r3).Theresulting
temperaturesareshowninFig.4.

Thetemperatureintheservicepipeis115曟,while
thetemperatureintheVIPenvelopeislessthan90曟
andthetemperatureontheexteriorofthevacuum
insulationpanelsarearound60曟.Aftermorethantwo
years,notemperatureincreasecanbedetected.

Fig.4暋Temperaturesatanumberofpositionsin
hybridinsulation district heating pipes
testedinlaboratory

暋暋ToestimatethethermalperformanceoftheVIPs,

makingsurethattheywerenotinstalledfilledwithair,

therelationbetweenthethermalconductivityofthe
polyurethanefoamandtheVIPwascalculatedaccording
toEq.(2).Thecalculationgavearelationbetweenthe
materialsof4.4.Thisshowthatthe VIP havea
consistentsuperiorthermalperformancecomparedtothe
polyurethanefoam.Similarresultshavealsobeenseen
infieldmeasurements[6].

4.Resultsanddiscussions
Theresultsoftheevaluationsindicatethatthereis

noconsiderableperformancedegradationafterfiveyears
inthewallapplicationandafterthreeyearsinthehybrid
insulatedpipes.Theresultsarepromising.However,it
isstilltoosoontomakefinalconclusionsoftheentire
servicelifeperformanceoftheapplications.

Duringtheconstructionofthewallseveralpractical
issueswherehighlighted.Itisimportanttoprovide
standardizedfastening methodsto minimizethermal
bridges.AlsodamagesofVIPsduringconstructionand
condensationrisksinthewallhavetobepaidclose
attention,especiallyatthethermalbridges.Thequality
assuranceofVIPsifembeddedinanothermaterialsuch
aspolystyrenehavetoinvestigatedsincetheycannotbe
easilycontrolledontheconstructionsiteinthiscase.

Forthehybridinsulatedpipes,theVIPperformed
muchbetterinthecompletehybridinsulationset灢up
thanexpectedfromlaboratoryevaluationofthepanels
bythemselves.Thiscanbeexplainedbyanumberof
factorswherethenatureofthefilmanditsproperties
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needbetterspecification.Therecouldalsobeproblems
withthehumidityanddelaminationofthefilminsidethe
pipe.Alsothemeltingtemperatureofthepolymerfilm
mightbedifferentbetweenVIPsusedinthelaboratory
andfieldevaluations.Moreinvestigationsarealsoneed
ofthedominantpermeationwhichcouldbethroughthe
sealingandnotthroughtheenvelopeitself.Inthatcase,

thelocation of the sealings,in relation to the
temperaturegradients,couldbeoflargeimportance.

5.Conclusionsandoutlook
VIPsarealready usedin many buildingsand

buildingsystems.However,thelong灢termperformance
oftheproductisnotentirelyinvestigated.Theongoing
monitoringoftheapplicationspresentedinthispaper
willrevealthelong灢termperformanceofVIPsinreal
conditions.TheworkinIEA/EBCAnnex65willreveal
answerstoseveraloftheotherimportantissuesraisedin
thispaper.
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OptimalConnectorsforUseinPrecastConcrete
SandwichPanelsContainingVIP

ThierryVoellinger*,FlourentzosFlourentzou

LaureLaboratoired曚ArchitectureUrbaine,CH 1015Lausanne,Switzerland

Abstract
Inatraditionalprecastconcretesandwichpanel,interiorconnectorsjointhefacadelayertothestructurallayer.

Toaccomplishthistheseinteriorconnectorspiercetheinsulationlayer.TheapplicationofVIPinsulationinprecast
panelsusedindenseurbanenvironmentsmakestraditionalstyleinteriorconnectorsobsolete,becausetheVIP
insulationcannotbecutorpierced.Thus,newtypesofconnectorsarerequiredthatrespondtothemoduledictatedby
theVIPpanelsizes.Weexperimentedwith1暶1scaleconnectorswithinanelementmeasuring3m暳1.2m.These
connectorsaremadefromfiberglassandcarbon,andhavealowerlambdavaluethantraditionalstainlesssteel
connectors.TheconnectorsusedwereabletobeplacedinamannerwheretheypassedalongsidetheVIPinsulation
panelswithoutpiercingtheirprotectivefoilcovering.Inaddition,layingtheconnectorsinthemoldwassimpleand
efficient.Tocontinuetostriveforprecastconcretepanelswithoptimizedthermalperformance,connectorsmustbe
usedthataretailoredtothistask.

Keywords暋facadewall,precastconcretesandwichpanel,highperformancethermalinsulation,vacuuminsulation
panel,VIP,module,connectors
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Full灢sizedVacuum灢sealedInsulatingGlazing(VIG)
WindowsforResidentialApplications

AnilParekh*
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Abstract
Thecurrentstate灢of灢the灢artofthevacuuminsulationglazing(VIG)technologyandassessedthetechnicalfeasibility,thermalandheat

transferassessmentsofvariouscomponentsforassemblyandmanufacturingofVIGwindowshavebeenrevieved.Thefocusofthispaper
istopresenthowbestVIGcanbeassembledinthewholewindowconfigurationthatcanprovideminimumpossibleU灢valuewithout
drasticallyaffectingthevisionarea.Usingdetailedthermaland2灢dimensionalheattransfermodels,evaluatedtherelativeimpactsof
variousframingmaterials,sizeanddimensionsforVIGandotherassemblycomponentstodesignVIGwindows.Thereviewofthecurrent
stateofVIGtechnologiesidentifiedanumberofpotentialoptionsforwindowmanufacturersandclearlyidentifiedminimumspecifications
thatcanachievelowerthan0.7W/(m2·K)windows.Forexample,thermaland2Dheattransferanalysesprovidedtherequiredoverlap
ofatleast55mm,about40mmmorethanconventional,forframingcomponentswiththeVIGtoimproveedgeU灢value.Theindustry
partnerworkingwiththeprojectteamdevelopedthreetestsampleVIGwindowsincorporatingtheabovestudyparameters.Themeasured
thermalperformanceresultsconfirmedthatitisfeasibletointegrateVIGintheresidentialsizewindowsthatshowexcellentthermal

performance.ThisstudyconfirmsthecommercialviabilityofVIG window manufacturingforthecost灢sensitivehousingandbuilding
marketsinNorthAmerica.

Keywords暋vacuum灢insulationglazing(VIG),housing,heattransfer,windows,thermalanalysis

1.Introduction
Windowsandfenestrationsystemsareintegraland

commonelementstoallresidentialandcommercial
buildings.Energyuseassociatedwithwindowsaccount
for15%to27%ofspaceheatingandcoolingneedsin
residential buildings and about 8% to 13% in
commercialbuildingsinNorth Americancoldclimate
zones[NRCan2011].

Thecurrentstate灢of灢the灢artforimprovingthermal
andsolar灢opticalperformanceofglazingunitsinclude
(1)low灢emissivitycoatings,(2)theinclusionofinert
gasesbetweenglazing,and(3)low灢conductancespacers
andframingmaterials.Theseadvanceshaveimproved
theconventionalthermalperformanceofadouble灢glazed
windowfrom aheatlosscoefficientor U灢valueof
2.6W/(m2·K) (R ~ 2)to a very efficient
commerciallyavailablewindowwith0.9 W/(m2·K)

(R~6)affordingsignificantenergyefficiencybenefits
forhousingandbuildings.

Thecurrenttechnologyoptionsforadvancingthe
thermal performance of windows;however,have
reachedapointwhereanyfurtherimprovementisona
pathofsteeply diminishingreturns.Forthe next
generationofhighlyefficienthousingandbuildings,

targetedtothelevelofclosetozeroenergyuse,the
thermalandopticalperformanceofwindowsneedtobe
muchhigher.Onetheoreticallyfeasibleoptionwhich
wouldprovideabreakthroughtoimprovedperformance
wouldbetovacuumthespacebetweentheglazing.A
highdegreeofvacuum (lessthan0.1Paofabsolute
pressure)caneffectivelyreducetheconvectiveand
conductiveheatlosses.Laboratorytestsofsmall灢scale
vacuuminsulatedwindowsampleshaveshownU灢values
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intherangeof0.30to0.45W/(m2·K)(closetoR灢12
toR灢16).

TheSustainableHousingTechnologyRoadmapfor
Canadahasidentifiedthevacuum insulation glazing
windowsasoneofthemid灢tolong灢termtechnology
focusforveryefficienthousing[13].Recentlypublished
IEATechnologyRoadmapforEnergyEfficientBuilding
Envelopesidentifiedvacuuminsulationglazing (VIG)

windowsasoneofthekeyemergingtechnologiesforthe
residentialandcommercialbuildingsectorsparticularly
heating dominated climates [15]. The roadmap
specifically narrates the thermal and solar optical
advantagesofvacuuminsulationglazingsystems.

Therefore,animportantquestionishow much
theseveryefficienthighperformancewindowswould
affecttheoverallenergyconsumptionofahomeinthe
northernclimatesofCanada.Forthisanalysis,asper
thecurrent2012 NBC codebaseline,the minimum
conventionalwindowisadouble灢glazed,low灢E,argon灢
filledwithaU灢valueof1.8W/(m2·K)andSHGCof
0.40[10].TheVIGwindowhasanoverallU灢valueof
0.57W/(m2·K)andSHGCof0.48.Usingseveral
archetypehousefilesandindifferentclimatezonesand
energyanalysisusingHOT2000energyanalysissoftware
[5],onanaverageVIGwindowswouldsaveaslowas
0.7to1.2GJpersquaremeterofawindowasshownin
Fig.1,enabling overallimprovement in energy
efficiencyofa homeby7% to22% in Canadian
climates.Fornearandnet灢zeroenergyhomes,where
everybitofenergyconsumptioncounts,thenet灢energy
positiveaspectsofwindowsisveryimportant.

Fig.1暋Potentialannualenergysavingswithvacuumwindows

Thispaperfocusses onintegration ofvacuum

insulationglazing(VIG)intothewindows.Thedetailed
thermalandheattransferanalysesarepresentedto
depicttheimportanceofwindowframingcomponents
andVIGtoachieveveryefficientwindows withan
overall heat loss coefficient, U灢value, of
0.6W/(m2·K)orlower.

2.VIGTechnologyOverview
Thethermalresistancepowerofvacuumwasfirst

demonstratedin the makings ofinsulated glazing
proposedinthepatentapplicationbyaGermanphysicist
Zollerin1913[19].Sincethisfirstinvention,anumber
ofvariationsanddesignsofvacuuminsulatedglazing
havebeendevelopedandpatented;however,noneof
theseledtoasuccessfulandreliableproduct.

Fig.2暋ComponentsofVIG

Vacuum insulated灢glazing unitconsists oftwo
sheetsofglassseparatedbyanevacuatedspace.Thisis
madepossiblebyanarrayofsupportpillarsandsealof
fusedsolderglassaroundtheedgesofsheetsasshownin
Fig.2.Duetovacuumbetweenthesheets,thereis
negligibleinterpaneheattransferbyconductionand
convection.ncomparisontoargon,whichiscommon
inertgasfilledintheconventionalinsulatedglazing
units,anevacuatedgapatlessthan0.01Pa (one
millionthofatmosphericpressure),canreducethe
interpaneheattransferbymorethan35times,asshown
inFig.3.Themainheatflowacrosstheglazingare
therefore:the radiative heattransfer between the
internalglasssurfaces,theconductionthroughthe
supportpillars,andtheconductionalongtheglass
sheetsandthroughtheedgeseal.
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Fig.3暋Effectiveconductivityofinterpanegapsininsulated灢glazingunits

暋 暋During1986—1989,Drs.RobinsonandCollins
from the University of Sydney demonstrated the
successfulproductionofa60cm by60cm vacuum
glazingunitwithahighdegreeofthermalinsulation.
The calorimetric measurements showed the center
glazingheatlosscoefficientoflessthan0.35W/(m2·

K).Subsequently,Collinsandhisteam,workingwith
anindustrypartner,producedover600samplesof
vacuumglazingofupto1mby1m.Dr.Collinsandhis
team暞smodernpioneeringwork,between1987to1995,

atthe University ofSydney broughtforward new
approachesinmanufacturingofvacuuminsulatedglazing
units.Theirfocusincluded:

·glazingpaneseparationpillarstoresistveryhigh
compressionstresses;

·reliableandconsistentmethodsforevacuating
glazingcavitytoultra灢lowpressures(below0.1Pa);

·fused灢glassedgesealingmethods;and
· glazing properties with low iron, higher

thickness(>4mm),temperingprocess.
Subsequentworkwiththeindustrypartners,the

following technical challenges were faced for
manufacturingofvacuumglazingunits:

·Structuralstrengthofglass(glassbreakage)
·Structuralintegrityoflargesizeofseparating

pillars (effectivethermalbridges whichreducethe
overallthermalresistanceofglazingunit)

·Iterativeandseveralstepprocessesforfused
glassedgeseal

·Thetemperedglassprovideshigherstructural
strengthto withstandtheatmosphericairpressures;

however,itisunsuitableforfusededgesealsthat
requiredhightemperaturesolderglass melt.Also,

temperedglassisnotveryflatandthesurfacevariation

canchangethewidthofevacuatedspace.
AspartofProf.Collinsteam atUniversityof

Sydney,Dr.T.M.Simkorigorously definedand
developedthecalculationproceduresforheattransfer
processesandstructuralstressesofvacuuminsulated
glazingunits.Themeasureddatashowedcenterglazing
U灢valueof0.71 W/(m2·K)foranaverageofthree
samesizesamples.Consideringtheedgeeffects,theU灢
valueofVIGwas1.11W/(m2·K).Theedgeeffects,

althoughaccountedforonly14.4%ofasample,reduced
thethermalperformanceby36%ofoverallVIG [15].
CoveringtheVIGedgeswithhigherthermalresistance
materialsisoneofthewaystoimprovetheoverall
thermalresistanceofaVIGwindow.

In2002,Bundesministeriumfur Wirtschaftund
Technologie(BMWi),theGermanFederalMinistryof
EconomicsandTechnologyfundedamulti灢yearmulti
partnercollaborativeresearchprojecttoinvestigatethe
technicalfeasibilityofpermanentlyvacuum灢tightglazing
systemsthatwouldbecostcompetitiveintheEuropean
market. The BMWi VIG initiative involved a
collaboration of three research institutes and five
medium灢sizedglazingmanufacturerswiththefollowing
objectives[18]:

·developmentofVacuumInsulationGlass(VIG)

withU =0.4W/(m2·K);
·thermaloptimization(spacers,edgeseal,low灢毰灢

coatings);
·opticaloptimization (glareand visibility of

spacers,transmission,g灢value);
·edgesealconcepts (glass灢glass灢joints,metal

foils,high灢barrieradhesives);
·developmentofproductionprocessforVIG;and
·productioncostssimilartotripleglazing.
This multi灢million euro dollars collaboration

resulted in significant progress in the automated
manufacturing of VIG units [18]. The BMWi
demonstratedthefeasibilitiesof massproductionof
VIGsandsummarizedthattheVacuumInsulationGlass
(VIG)withU灢valueof0.4W/(m2·K)ispossibleif:

·gaspressureincavitybetweentwoglazingisless
than曑0.01Pa(or10灢4 mbar)

·pillarsareseparatedbyatleast40mmormore
andthermalconductivityislessthan1.0W/(m·K)
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·emissivityoflow灢毰灢coatingoneithersurface2or
3islessthan0.1;and,particularlyimportantto
windowmanufacturers,

·highlyinsulatingframewithanoverlapofVG
edgebyatleast40mmormore.

In2006,USDOEawardedanindustryresearch
contract to EverShield Windows Inc., based in
Evergreen,Colorado,todevelopandtestaflexible
edge灢sealforVIGunits.Theprojectresultedinthe
development ofinnovative flexible edge seal that
performed wellinacceleratedlaboratorytesting.In
collaborations with various large insulated灢glazing
manufacturersintheUS,EverShieldalsodemonstrated
anumberofsamplesizesachievingawholewindowU灢
valuelowerthan0.57 W/(m2 ·K).Thisresearch
projectproducedanumberofUSpatentsandproprietary
commercial value intellectual property for the
participants[3].Exceptforgeneraldescriptionsmostof
thesematerialspecificationsandmanufacturingprocess
informationisnotavailable.

Thecurrentstateofthe VIGtechnologyisas
follows:

(1)Therearereliable,consistentand durable
methodsforgeneratinglowvacuumpressureswithinthe
gapbetweenglazings.

(2)The edge灢sealing methods haveimproved
significantly.The German sponsored VIG project,

UniversityofSydney暞spioneeringworkwithJapanese
NipponSteelandthe US DOE暞sindustryresearch
project with EverShield Windows significantly
contributedinthedevelopmentofdurableandreliable
edge灢sealingmaterialsandmethods.

(3)A numberof North American,European,

JapaneseandChineseinsulatedglazing manufacturers
arenow manufacturinglargersizeVIGthatareinthe
rangeof1mby1m(3曚by3曚)to1.3mby1.7m (4曚
by5曚).

(4)TheincrementcostofVIGisstillhigh.Asper
oneNorthAmericanVIG manufacturer,aresidential
sizetriple灢glazedwindowwithonelow灢E,argonfilled
andwithinsulatedspacerwouldcostabout$375per
squaremeter(~$35/sqft).TheequivalentVIGmay
costabout$500to $560persqmor40% to50%
higher.Although,theoverallU灢valueofVIGistwo灢

and灢halftimesbetterthanthesaidtriple灢glazedwindow.
(5)Oneoftheglaringmissinglinksisthewindow

manufacturing industry. Window manufacturers
generallyassembletheinsulated灢glazingunitwithinthe
framecomponentsandattachtheoperatinghardwarefor
theclosingandopeningmechanisms.Veryfewwindow
manufacturershaveexploredthewaysinwhichtheycan
“integrate暠theassemblyofVIGintheconventional
windowproductionprocess.

3.DesignconsiderationsofVIGwindows
Theresearchprojectexploredthefeasibilityof

vacuuminsulatedglazinginresidential灢sizewindowsfor
Canadianhousingmarket.Themaingoalswere:

·toassessdesignandprocessesoffabricatinglarge
sizevacuum灢sealedglazingunits

· a proto灢type development and fabrication
potentialoffull灢sizedvacuum灢sealedinsulatingglazing
unitsforresidentialandcommercialbuildings;and

·thelaboratorytestingofprototypevacuum灢
sealedglazingunits.

Theleadingdriverforthisresearchprojectwasa
mid灢size Canadian window manufacturing company.
ThisCanadianwindowcompanyinpartnershipwithoff灢
shoreproponentswhoareexpertinvacuumtechnologies
andimpermeablefused灢glasssealingaretakingtechnical
andfinancialriskstotestandverifytheseapplications
forlargesizewindows.

Thewindowproductionprocessconsistsof:
(1)assembling an insulated glazing unit灢the

insulationglazingunitisgenerallydonebyinsulated
glazingorawindow manufacturer.Thisincludesglass
cutting,assemblingwithaspacerbarandgasfilling.
Specialized insulation glazing units (IGU) are
manufacturedbyglazingmanufacturers.

(2)assemblingawindow — thisisexclusiveto
window manufacturers who assemble a complete
windowwithaframe,sash,mullions,operatingand
lock mechanisms along with a glazing unit with
necessarysealants.Majorityofsmall灢and mid灢size
companiesassemble windowsbyprocuringallthese
components including IGUs. Most window
manufacturerswilloptforprocuringafullvacuum
insulationglazingunit.
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3.1暋TechnicalChallenges
Thereareanumberoftechnicalchallengesand

unknownsthatinclude:
·vacuuminsulatedglazingunit(VIG)

牣Uncertaintyaroundthestructuralstrengthofthe
glazingsystemtowithstandstresses.

牣Durabilityandeffectivenessofthesealingsystem.
牣Fabrication methodsandprocessforlargesize

prototypeswithhighdegreeofvacuum.
牣 Development of highly灢impermeable and

extremelylow emissionglasscoatingsforlong灢term
sustenanceofvacuumwillneeded.

·windowcomponentswithVIG
牣placementandassemblyofVIG mainlydueto

steeptemperaturegradient灢VIGandonemoreglazing
formingatriple灢glazedwindowisonesolutionpreferred
bywindowmanufacturers

牣framecomponentstosupportandprotecttheedge
ofVIG

牣methodsforincreasingthethermalinsulation
surroundingtheedgeofVIG

· measured data onthethermaland optical
performanceofVIGwindows

牣one of the key requirements of window
manufacturersis the proven thermal and optical
performancedata

牣energyperformanceassessmentofVIGwindows
incomparisonstoconventionaltriple灢glazedwindows

牣costbenefitassessments
Theresearchfocusedonhow best VIG can be

assembledinthewholewindowconfigurationthatcan
provideminimumpossibleU灢valuewithoutdrastically
affectingthevisionarea.Theresearcheffortsarenoton
howtheVIGisdesignedandmanufactured.
3.2暋ThermalAnalysis

Thethermalanalysisinvolvesmodelingthefull灢
sizedwindowwith2灢dimensionalheattransferanalysis.
Theanalysis modelincludes: (1)analysis using
publishedcorrelationsformodelingvacuumandpillar
arrayconduction heattransfer; (2)radiation heat
transferissolvedexplicitlyusingparallelplatetheory;

and3)pillararrayconductionheattransferandradiation
heattransferbetweensurfacesinvacuum spaceare
modeledtoaccountforpointthermalbridgessuchas

pillars.Thisalgorithm is now incorporatedinthe
WINDOWS7.2.8 (betaversion)software[8].The
thermalanalysisinvolvedthefollowingsteps:

·Identifying,selectinganddefiningcomponentsof
VIGwindow;

·Thermalandsolar灢opticalanalysisofVIGusing
theWINDOWS7.2.8灢betaversion;

· 2D thermal analysis of edge and frame
componentsusingtheTHERM heattransferanalysis
program[9];

·Parametricanalysisfordeterminingthesizeof
variousframecomponentstominimizetheoverallU灢
valueofawholewindowwithoutundueimpactonthe
visiblearea.

Tab.1暋Descriptionofwindowcomponents

WindowComponents

1 VacuumInsulationGlazing ParametricVariables

Size 0.66m暳1.57m

glassthickness 4mm

pillarradius 1mm

pillarspacing 35mm (varied20mmto50mm)

Vacuumgap 0.2mm

Vacuumpressure 0.01Pa

low灢Eonsurface#3 0.068 (varied0.022to0.84)

edgesealthickness 10.5mm

edgeseal fusedglass

2 Outsideglass 3mm

gap 6.8mm

gapfilling Argon

3 Frame reinforcedfiberglass

thickness 158nm

height 85nm (varied85to160nm)

3.3暋Components
Tab.1liststhecomponentsofwindowsandother

dimension ranges used for this study. Thermal
performancesensitivitiesare determined by varying
materialpropertiesand modeldimensions.Tab.2
displaysthematerialpropertiesforeachcomponentused
inthenumericalsimulations.Base materialdatais
obtainedfrom NFRC100灢2010 [11].Tab.3displays
theboundaryconditionsemployedincalculatingthe
U灢valueofvariouscomponentsofwindows.

4.AnalysisResults
4.1暋GlazingDetails

ForaVIGwindow,itisimportanttoconsidera
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“triple灢glazed暠configuration.VIGis madeoftwo
glazingeach4mmthickandonewithlow灢Ecoating,

separatedbyavacuumgapof0.15to0.2mmbypillars
equallyspacedaround.TheVIGisconfiguredwitha3
mmconventionalglazingseparatedby6to12mmgap
andfilledwithargon.AsshowninFig.4,thetriple灢
glazedconfigurationimprovestheU灢valueofthewhole
glazingassembly.
4.2暋Low灢Eglazing

FortheVIG,theselectionofalow灢Eglassisvery
important.The2Dheattransferanalysisshowedthat
thesurface#3emissivityvaluesignificantlyaffectthe
centerglazingU灢valueoftheVIG.AsshowninFig.5,

lowertheemissivityvalueofthesurface #3ofthe
glazing,thebetteristheU灢valueoftheoverallVIG.
Analysisresultsshowedthatsurface #3emissivity
valuemustbelowerthan0.10tobeabletoobtain
betteroverallU灢valueoftheVIG.Figure6showsthe
temperatureinfraredplotoftheedgeandcenterofVIG
crosssectionatapillarawayfromtheedge.Theplot
analysisshowedthatateachpillar(radiusof0.5mm)

the thermal bridging effect is in the radius of
approximately3.8 mmfortheconfigurationsusedin
thisanalysis.
4.3暋Framingandedgeinsulation

Oneofthekeyconsiderationsforachievingthe
loweroverallU灢valueofVIGwindowistoinsulatethe
edgeoftheglazingunitsothattheedgelossesare
minimized.Theprojectteam evaluatedanumberof
optionswithdifferentframingconfigurations,materials
andtheoverlapoftheedgewithframingcomponents.
Figure7showsthetypicalcrosssectionofwindow
frame.

Tab.2暋Thermalpropertiesofmaterials.

Thermalpropeties

Conductivity/(W/(m·K)) Emissivity

Outsideglass 1.00 0.84

VIGsurface#3 1.00 0.068

Pillar 4.20 0.9

Edgeseal 1.00 0.9

Fiberglass 0.0310 0.9

aircavity 0.0241

argon 0.0164

vaccum 0.00036

Tab.3暋Boundaryconditionsusedintheanalysis
usingWindows7.2andTHERM

BoundaryCondition Value Unites

Indoortemperature 293.15 K

Outdoortemperature 255.15 K

Incidentsolarradiationonsurface 0 W/m2

Combinedconvectionandradiationsurface

coefficient of heat transfer for the

indoorsection

7.6 W/(m2·K)

CCombinedconvectionandradiationsurface

coefficient of heat transfer for the

indoorsection

30 W/(m2·K)

Density of heatflow rate atlines of

symmetry Potential for condensation

evaluatedatindoorhumicitylevel

0

50%
W/m2

Fig.4暋Glazingconfiguration

Fig.5暋Centerofglazing(cg)sensitivitytosurface#3emissivity
641

VacuumInsulationPanel:GreenMaterialandHealthyLife



Fig.6暋Centerofglazing(cg)temperatureprofileatthepillar

Fig.7暋Windowcrosssectionshowingtheframingand
VIGconfiguration

The2Dheattransferanalyseswereperformedfor
thedepthofoverlapofVIGglazingedgeintheframeof
0mm,10mm,15mm,20mm,35mm,55mm,70mm
and88mm.Theconventionalcommerciallyavailable
windowshavegenerallyedgeoverlapof15mm.The
isothermplotsofoverlapsof20mmand55mmare
showninFig.8.The20mmdepthcoversthespacer
withintheframecavity;however,the2Dheattransfer
analysis showed potential for condensation for
maintainingindoorhumiditylevelof50% duringthe
wintermonthswhentheoutdoortemperatureisbelow
-18曟.Raisingtheoverlapto55mmmitigatedtherisk
ofpotentialcondensation.

TheseanalysesresultsareplottedinFig.9.The
improvementintheedgeU灢valueissignificantasthe

overlapincreasesuptoabout55mm.Justafter55mm
therelativeimprovementintheedgevalueissmallas
theedgeissignificantlyinsulatedtoneartheframeU灢
value.

Fig.8暋2灢dimensionalheattransferanalysiswith
differentoverlapsofedgeinsulation

Fig.9暋EdgeU灢valueasafunctionoftheframeoverlap

The in灢depth glazing system analysis using
WINDOWS7.2.8(beta)and2Dheattransferanalysis
usingTHERMprovidedanumberofdesignparameters
forthewindowmanufacturertoconsider.Theseareas
follows:

·Procurevacuuminsulationglazing(VIG)units
thathave(1)vacuumpressurelessthan0.01Pa(10-4

milibar),(2)eachglasspaneisatleast4.0mmthick,
(3)spacingbetweentwoglassseparatedbytransparent
orsemi灢transparentpillarsofabout1squaremillimeter;
(4)edgesealofVIGisfused灢glassormetalfusedwith
glassorveryreliableseal;and(5)thesurface#3ofthe
glazingshouldhavealow灢Ecoatingwhichishighly灢
impermeableandextremelylowemissionglasscoatings
forlong灢termsustenanceofvacuum.

·VIGshouldhavecenterglazingU灢valueof0.5
W/(m2·K)orbetter.

·VIGshouldbeconfiguredwithatriple灢glazed
formtoalleviatethermalstressesontheedge.

· Theframingcomponentshould beofhigh
insulationvalue.Reinforcedvinylorfiberglassframes
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canenhancetheoverallU灢valueofVIGwindows.
·TheedgeoftheVIGshouldhaveanoverlapof

55mmormoretoimprovetheoverallU灢valueofa
window.

· Theabovespecificationscanachievea VIG
windowwithanoverallU灢valueof0.48W/(m2·K).

5.Prototypesandthermalperformance

TheCanadianindustrypartner* fortheproject
procuredtenVIGsamplesfromanoffshorecompany.

The VIG supplier provided the thermal
performancedataaspertheNFRC100灢2010procedures
(equivalenttoCSAStandardA440.2)claimingtheVIG
unitU灢valueof0.62W/(m2·K)withsolarheatgain
coefficient(SHGC)of0.42.

Tab.4暋SpecificationsofthreeVIGsamplesprocured
fromanoffshoreGlasscompany.暋暋

Size 0.66m暳1.57m

Glassthikness 5mm

Pillar(square) 1by1mm

Pillarspacing 35mm

Vacuumgap 0.15mm

Vacuumpressure <0.015Pa

Low灢Eonsurface#3 0.052

Edgesealthickness 18mm

Edgeseal fusedglass

Thesethreewindowswereassembledinthefactory
usingtheconventionalwindow manufacturingpractices
andwithconventionalsealants.

Window1:Triple glazing witha3mm glass,

12.7mm spaceand VIG.Theframingcomponents
consistofreinforcedfoam灢filledvinylframewithan
overlapofdepthof15mm(conventionalpractice).This
hastwoVIGunitssealedtogether(siliconesuperspacer
method)intoasingle35mm(13/8")sealedunit.

Window2:Tripleglazingwitha3mmglass,8mm
spaceand VIG.Theframingcomponentsconsistof
reinforcedfoam灢filledvinylframewithanoverlapof
depthof55mm.ThishasoneVIGunitsealedtogether
intoa22mm(7/8")overallsealedunit.

Window3:Thisisa10灢mmthickVIGunitglazed
onitsown.UsedrubbersettingblockstoshimtheVIG
inplacewiththe22mm(7/8")windowglassstop.

Tab.5暋OverallU灢valueoftestsampleswithVIG

U灢value/(W/(m2·K))

TetSamples CenterofGlazingUcg Total,Uw

WG 0.61 0.73

Window1 0.61 0.80

Window2 0.49 1.01

Window3 0.62 1.11

6.Conclusions
Thevacuuminsulationglazingisnow morethan

feasibilityfor commercial production oflarge size
windows.AnumberofNorth American,European,

JapaneseandChinesecompaniesarenowpromotingthe
VIGs;however,themarketisstillmarginalandsmall.
Oneofthebarriersisthelackofwindowmanufacturers,

whogenerallyassembletheglazingunitsinthefull
windowproduct,offeringtheVIGwindows.Thereview
ofthecurrentstateofVIGtechnologiesidentifieda
numberofpotentialoptionsforwindow manufacturers
andclearlyidentified minimumspecificationsthatcan
achievealeapthroughthermalperformance.

Thistechnicalpaperenumerateddetailedthermal
andheattransferanalysesofwindowcomponentsfor
integrating VIGs.Thesefindingscanassistwindow
manufacturerstospecify VIG thatcansignificantly
improvetheoverallthermalperformanceofwindows.

Whateverthefuturedirectionsforthevacuum
glazingwindows,theresultsofthispaperconfirmthat
itispossibletomakeveryefficientfullsizewindowsin
North America that exhibit excellent thermal
performance.Analyticmethodsandproceduresarewell灢
developed to accurately determine component by
componentthermalandenergyperformance.Further
work is envisaged to continue VIG window暞s
commercialviabilityincostcompetitivehousingand
buildingmarkets.
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Abstract
Avacuuminsulationpanelincludesthecorematerial,barrierenvelopeandgetter,whichisahighperformanceinsulationcomponent

appliedinthebuildingfield.Theadhesivestrengthofvacuuminsulationpanelwiththeconcretewallisoneofthekeyissuesforbuilding
application,consideringthesafetyandaservicelifeundertheextremelyharshnaturalenvironment.Inthispaper,theadhesive

performanceofvacuuminsulationpanelanditssystemwasstudied.Thecorematerialproducedbythewetmethodwascomposedofthe
centrifugalwoolandinorganicnonmetallicpowders.Thebarrierenvelopewascomposedof50毺mPE,15毺mPET,10毺mAl,15毺mPET
and60毺mglassfibertextile.Thevacuuminsulationpanelsystemcoatedwithcementmortarwasmaintainedinthethermostatic灢
humidistatboxfor14days.Theadhesivestrengthofthevacuuminsulationpanelanditssystemwithcementmortarwasmeasuredbya

pc灢controlledelectronicuniversaltestingmachine.Thefailuremodeandmechanismsofvacuuminsulationpanelanditssystemafter

pullouttestingweresuggested.

Keywords暋 VIP,buildingapplication,pullouttesting,adhesivestrength

1.Introduction
Vacuuminsulationpanels(VIPs)areregardedas

oneofthemostpromisinghighperformancethermal
insulationmaterials[1].A VIPiscomposedofacore
materialwithamicro灢porousstructure,avacuum灢tight
envelopetomaintaintheinsidevacuumandagetteror
desiccanttoadsorb various gasesflowingintothe
vacuum [2,3].Since2005year,theVIPshavebeen
appliedinbuildingfieldastheinsulation materialin
Europe[4 6].However,theuseofVIPshavebeen
recentlyincreasingtoin China.Therearedifferent
installedapproachesforVIPsappliedinbuildingsector.
InEurope,theVIPsareoftenfixedinoneskeleton
frame,andthenfixedalongthewall,floorboardor
terrace.InChina,theVIPsareadheredto

thewallthroughthermalinsulationmortar.Therefore,

therearesomekeyfactorsinthetallbuildings,suchas
theadhesion performanceandrepair working.The
adhesivestrengthofVIPwithconcretewallisoneofthe
keyissuesforbuildingapplication,consideringthe
safety and servicelife underthe extremely harsh
environment.Inthis work,theadhesivestrength,

failuremodeandmechanismoftheVIPanditssystem
afterpullouttestingwereinvestigatedandsuggested.

2.Experimentalprocedure
Thevacuuminsulationpanel (size:10暳10暳

1cm3)wasmadeinSuzhouV.I.P.NewMaterialCo.,

Ltd.Thecorematerialwasproducedbywetmethod
with mixtureofthecentrifugal woolandinorganic
nonmetallic powders. The barrier envelope was

051

VacuumInsulationPanel:GreenMaterialandHealthyLife

* Correspondingauthor,Tel:86 18360430572,E灢mail:wwp3.14@163.com



composedof50毺mPE,15毺mPET,10毺mAl,15毺m
PETand60毺mglassfibertextile.Theinnerpressure
oftheVIPwasabout0.1Pa.Theheat灢sealwidthofthe
envelope was ~10 mm.Thethreesidesforthe
envelopewasheat灢sealedat~150曟holding0.24MPa
pressurefor1.5s,butthelastsidewassealedat~
168曟keeping0.34MPafor1.8s,atthesametime
vacuum灢pumping.The envelope is not flammable
makingitacceptablefor building applications.To
measureadhesivestrengthoftheVIP,thepositiveand
negativesurfacesofVIPwerecoatedwithepoxyresin
adhesive,andthenadheredtothestandardstainless
steelsamples.Atthesametimethesesampleswere
driedforonedayintheair.The VIPcoated with
cement mortar was maintainedinthethermostatic灢
humidistatboxfor14days(Fig.1).Thetemperature
and humidity were 20暲2曟 and 95% RH,

respectively.TocheckbondstrengthofVIPsystem,

thepreparationmethodwassimilartotheVIP.The
adhesivestrength ofthe VIP anditssystem were
performedonaPC灢controlledelectronicuniversaltesting
machine(ModelCMT5105,SANSCorp.),seeFig.2.
Theloadrateofthetestingwasabout5mm/min.

Fig.1暋VIPsysteminthethermostatic灢
humidistatbox

暋
Fig.2暋Pullouttesting

forVIP

3.Resultsanddiscussion
3.1暋AdhesivestrengthofVIP

Fig.3showsthenormalVIPandthefailureVIP
afterpullouttesting.Thesurfaceofstandard VIP
sample wassmoothandthebendingstrength was
relativelystrongduetothelowinnerpressure(Fig.3
(a)).Here,foursampleswerecarriedout.InFig.3b,

onesideofsample#1VIPbecamedeformed;theother
sidewasstillbondedtothestandardstainlesssteel.The
failureofsample#1wasduetounevenstickeronthe
surface.Theadhesiveforcewasnotuptothestandard

value(0.1MPa)ofthepullout.However,thesample
wasnotbroken.InFig.3c,thebarrierfilmofsample
#2wasbroken.Becausethesampleandbarrierfilm
couldbedeformed,itwasbrokenuntilthelimited
deformedstrength.Itcanbefoundfrom theright
picturethattheglassfiberfilmwastorn.However,the
Alfilmkeptit暞sintegrity.Theadhesiveformwasjust
upthestandardvalue.InFig.3(d),theglassfiberfilm
inonesidewasdebondedtotheAlfilm,butthesample
was not deformed.The adhesive strength ofthe
glassfiberfilmwithAlfilmwasveryimportant.InFig.
3e,thesample #4 VIP wasdeformedalongthe
interfacebetweenupperanddownbarrierfilms.Some
portionforglassfiberfilm wastorn.Accordingtothe
abovedata,thebondstrengthoftheenvelope was
satisfiedtothebondstrengthoftheVIP.Fig.4shows
theadhesiveforce灢displacementcurvefor VIP.The
adhesiveforcewasintherangefrom0.1to0.2MPa.

Fig.3暋PhotosofVIPandthefailureVIPafterpullouttesting
(a)Standardsample;暋(b)Sample#1

(c)Sample#2;暋(d)Sample#3;暋(e)Sample#4

3.2暋AdhesivestrengthofVIPsystem
Fig.5showsthephotosofVIPsamplecoatedwith

cementmortarbeforeandafterpullouttesting.The
resultshowsthattheadhesivestrengthofVIPsystem
wasverylow,about0.06暲0.01MPa.Thedatawas
lowerthanthestandardvalueinbuildingapplications.
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Afterpullouttesting,theVIPwasnotdeformed,butit
wasdebondedtothecementmortar.Therefore,some
newinstalledmethodswouldbeusedinpractice,for
example,interfacetreatingagentforcementmortar,

highstrengthalkaline灢resistantfiberglassrovingcloth
insertedbetweenVIPandcementmortar,ordeveloping
thecavity灢corematrixVIP.Boafoetal.[2,3]pointed
outthatthebondstrengthofthecavity灢corematrixVIP
increasedby~50% magnitudeowingtotheinterlocking
surfacetopology.

Fig.4暋Strength灢timecurveforVIPsample#4

Fig.5暋PhotosofVIPcoatedwithcementmortar
(a)VIPcoatedwithcementmortar;

(b)VIPsystemafterpullouttesting

暋The failure mechanisms of the envelopes
includedinterfacefailure,cohesivefailure,peelingoff.
Accordingtotheaboveresults,thefailuremechanisms
fortheVIPwereinterfaceandcohesivefailures,suchas
deformationoftheVIP withonesideandalongthe
interfacebetweenupperanddownenvelopes,interface
betweentheglassfiberfilmandthePEfilm.

However,thefailuremechanismofVIPsystemwasjust
interfacefailure.TheinterfacebetweentheVIPand
cementmortaroccurred.

4.Conclusions
(1)TheadhesivestrengthofVIPwas0.1~0.2

MPa.ThefailuremodesofVIPafterpullouttesting
weredeformed along oneside ofthe VIP,outer
glassfiberbarrierfilmtorn,glassfibertextiledebonded
totheinnerPEfilmanddeformedalongtheinterface
betweenupperanddownbarrierfilms.

(2)TheadhesivestrengthofVIPsystemwasnot
enoughinbuildingapplication,0.06 暲 0.01 MPa.
However,somenewinstalledapproachescouldbeused
toimproveitsadhesivestrength,includinginterface
treating agent for cement mortar,high strength
alkaline灢resistant fiberglass roving cloth inserted
betweenVIPandcement mortar,ordevelopingthe
cavity灢corematrixVIP.

(3)ThefailuremechanismsforVIP wereboth
interfaceandcohesivefailures.Thefailuremechanismof
VIPsystemwasjustinterfacefailure.
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Abstract
InCanada,withitscoldclimate,thereisgreatpotentialtoapplyVacuumInsulationPanels(VIPs)forbuildinginsulation.Recent

codechanges,andthecoldclimateofYukon,haveincreasedinterestinbetterbuildinginsulation.VIPshavethermalresistancevalues
muchgreaterthanthoseofconventionalthermalinsulationmaterials.InYukon,VIPshavebeenusedasthermalinsulationinaretrofitof
acommercialbuilding,inanewhome,inagreenhouse,andinnewhousingtrailers.Thispapersummarizesobservations,lessonslearned,

andperformancemonitoringresultstohelptheconstructioncommunity,researchers,designers,andend灢usersmakebestuseoftheunique

propertiesandperformanceofVIPs.

Keywords暋vacuuminsulationpanels(VIPs),NorthernCanada,energyefficiency,fieldperformance

1.Introduction
InCanada,knownforitspredominantlyextreme

coldclimate,thepotentialtoapplyVIPsinthebuilding
constructionindustryis estimatedto be enormous
becauseofthepotentialtoreducethermalbridging,keep
wallthicknesslower,particularlyformobilehomes,and
increaseinternal wallsurfacetemperature.Thisis
particularlysoin Yukon,one of Canada暞s most
northernterritorieswitha minimumrecorded winter
temperatureof -52.2 °C (lowerin moreisolated
northernareas).

Recentcodechangesandtheextremecoldclimate
ofYukonhaveincreasedinterestin betterbuilding
insulationingeneral,andinvacuuminsulationpanels
(VIPs)inparticular.Vacuuminsulationpanels(VIPs)

havethermalresistancevaluesupto10timesormore
thanconventionalthermalinsulationmaterials.Inrecent
yearsanumberofinterestingprojectshaveusedVIPsas

thermalinsulationforexteriorbuildingenclosuresin
Yukon.Forexample,VIPshavebeentestedina
retrofitofacommercialbuilding,inanewhome,ina
greenhouse,andinnewhousingtrailers.AlltheVIPs
usedintheseexampleswere45cm暳13暳1.2cm
(18曞暳22曞暳0.5曞)insizeandhadacentreofpanelRSI
valueof3.8(R灢valueof22).

InterestinVIPshasgrown,andthenumberof
applicationsisbeginningtoincrease.Theexperiences
withVIPsinYukontodateareencouragingandare
describedforeachprojectbelow.

2.Fieldinstallations
2.1暋410JarvisStreetinWhitehorseYukon

Thefirstpilotwasdoneononeexteriorwallofan
existingbuildingtotestthe design,andto build
contractorconfidenceintheproductandconstruction
methods.Beforeandafterinfraredtestingshoweda
reductioninthermalbridgingandreducedheatloss.
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Temperaturesweremonitoredthroughoutthelayersof
insulationtocomparetherelativeheatlossineachlayer
ofinsulation.Resultswerepositives[1,2].

Fig.1暋Installationofvacuuminsulationpanels(VIPs)at
410JarvisinWhitehorse,Yukon,Canada

Fig.2暋InfraredimagestakenbeforeandafterVIPswere
installedon one wallat410 JarvisStreetin
Whitehorse,YukonCanada

Contractorreaction wasalsopositive.Although
initiallyapprehensive,workersatthesiteindicatedthat
constructionproceededsmoothlyandthatconstruction
timemightactuallybeshorterwhenusingVIPs.
2.2暋81KaneStreet,HainesJunction,Yukon

Asecondpilotwascompletedat81KaneStreetin
HainesJunction,YukonCanada.Forthispilot,the
wall construction was a modification of existing
constructionpractices.

Fig.3暋VIPinsulatedhouseat81KaneStreetinHaines
Junction,Yukon,Canada

Forexample,forthemainfloor,theoutsidewall,

goingfromtheoutsidetoinside,consistedof:
·Exteriorsheathing,
·2暳4sinsulatedwith8.9cm(3灢1/2曞)ofmineral

wooltogiveanRSI灢valueof2.5(R14),
·2.5cm (1曞)offoil灢faced Polyisocyanurate

insulation (PolyIso)installed on the interior of
the2暳4s,

·12mm(1/2曞)“peelandstick暠VIPsinstalledon
theinsidesurfaceofthePolyIsoinsulation,

·6mm (1/4曞)oflightfoamtocovertheVIPs,

heldinplacewithfoiltape,
·2.5cm (1曞)offoil灢facedPolyIsoinsulation

installedontheinteriorofthe6mm(1/4暠)lightfoam,

withalljointsweretapedtoprovideanairandvapour
barrier,and

·2暳4stoholdthePolyIsoinplace.Thespace
betweenthe2暳4s wasleftopentoaccommodate
electricallinesand plumbing,andthenfilled with
mineralwoolbatts.

Fig.4暋Infraredimageofmainfloorwall
takenat81KaneStreetinHaines
Junction,Yukon,Canada

Again,infraredtestingandsubsequentmonitoring
withthermalsensorsconfirmedtheeffectivenessofthe
insulationstrategy.Usercommentsalsoindicatedthat
the houseis very comfortablein terms ofroom
temperatureandtheheatingcostislow.

The monitoring was done with standard
thermistorsconnectedtoaTSCO monitoringsystem.
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TSCO is a Yukon software and instrumentation
company.
2.3暋Greenhouse

Inthisapplicationonasmallgreenhouse,atCold
ClimateInnovation,Yukon Collegein Whitehorse,

Yukon,vacuuminsulationpanelswereinstalledona
mechanizedslidingdoor.Thishighly灢insulatedsliding
doorsignificantlyreducedheatloss,helpingtokeepthe
greenhouseattherequiredgrowingtemperatures,even
whentheoutsidetemperaturedroppedto-40degrees
centigrade.

Fig.5暋 GreenhousewithVIPSlidingDoor

2.4暋HouseTrailers
Photo credit:Laird Herbert Thehouse trailer

showninFig.5uses2layersofVIPsand4暠offoamfor
insulationonthewalls,floorsandceiling.

Fig.6暋 HousetrailermadebyLairdHerbert,aYukoncontractor.

Thereisgrowinginterestin“mini灢houses暠or“tiny
houses暠or “houseson wheels暠.Thesetinyhouses
insulatedwithVIPsareintheorderof20squaremetres
(200squarefeet)insize.Theyarearesponsetoa
marketneedforsmall,economicandeasily movable

housing.
Vacuum insulation panels makeitpossibleto

increasethethermalcomfortofsuchsmallhousetrailers
withoutsacrificingspace.Thisisbecausetheinsulation
levelinthefloor,wallsandceilingcanbegreatly
increasedusingVIPswithoutincreasingthewall,ceiling
orfloorthickness.

Fig.7暋Ahousetrailerinitscurrentlocationin
Yukon.Thishousetrailerwasmadebythe
YukoncontractorPhilippeMouchetandused
VIPsinthefloor

Ofcourse,designrefinementsarepossibleinthese
tinyhouses.Forexample,althoughinsulationlevelsare
good,noisetransmissionthroughwallsisaconcernwith
somedesigns.Anyhousethatusesacombinationof
VIPsandbattinsulationandis wellair灢sealedhas

reducedsoundtransmission.
Further,whenthedoorisopenedinwinter,theair

temperatureintheunitcandropquickly.Asimilar
problemcanoccurifthedoordoesnotsealtightlywhen
closed,orifthedoorisnotwellinsulated.Smallair
leakscanreducetheeffectiveRSIvalue (R灢value).
These problems have been addressed by using a
polyurethanefoam灢filleddoorwithdoubleseals.

Perhapsmostimportantispropersealingoftheair
barrier.Frostcandeveloponinteriorsurfaceswhere
thereisairleakageinthewall,leadingto moisture
accumulation,moldproblemsandstructuraldamage.

Moisturecontrol with good ventilationisalso
importantincoldclimatestopreventcondensationon
coldsurfaces,suchaswindows.

Finally,aconvectionheateralone maynotbe
suitableincolderweather.Aradiantelectricheatermay
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bepreferableandresultinincreasedcomfort.
Theseareallknownissuesthathaveoccurredin

theothertypesofhousesbutaremorenoticeableintiny
houses because ofthe specific challengesin cold
weather.Eveninconventionalhousing,however,the
importanceofdealingwithsuchissuesisknown.For
example,sealingairbarrierleakscanimprovethe
effectiveinsulationlevelsignificantly.Thishasbeen
notedinrecentbuildingscienceliterature[3,4].

3.Monitoringresults
Monitoringwasdoneat410JarvisinWhitehorse,

Yukon,andat81 KaneStreetin HainesJunction,

Yukon.Althoughthemonitoringworkisnotcomplete
atthesecondlocation,resultstodateindicatethatthere
hasbeennodamageorfailureofVIPsateitherlocation.
Further,there has been little indication of any
significantagingoftheinsulation.

Forthehousingtrailers,dependingonthedesign,

theremaybemorepotentialfordamageofVIPsdueto
therubbingthatmayoccurbetweenVIPsandadjacent
materialswhentheunitismovedfromonelocationto
another.However,nosuchdamagehasyetbeennoted
inthehousingtrailersdescribedinthispaper.

4.Conclusions
Initial results using VIPs in a commercial

buildinginsulation retrofit,in a new home,in a
greenhouseandin housetrailershavebeenlargely
positive.Provisionforsoundattenuationwasaproblem
withonetrailerdesign,butnotwithanotherdesign
whichincludedbattinsulation.Moreattentiontothe
designoftheheatingandventilationsystemappearsto
beneededtoensuregoodmoisturecontrolandproper
distributionofheatandfreshairinsmallhousetrailers
whenexposedtoextremelylowoutdoortemperatures.
Radiantheatersmaybepreferabletoconventionstyle
heatersinthissituation,butmorestudyisneeded.
Finally,propersealingoftheairbarrieriskeyinorder
toachievethefullinsulatingvalueofVIPs.
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Abstract
Curtainwallisoneofthemostrecognizablecomponentsoftoday暞sbuilding.Despitethebenefitsofincreasedspeedandqualityof

construction,improveddaylightingandaesthetics,amongothers,glasscurtainwallsincreasetheenergydemandforthermalcomfort.
Curtainwallsystemscomposedofvariousglazedandspandrelconfigurationsofferalternativesolutions.Insulatingthespandrelarea
minimizesheatlossesorgains.Vacuuminsulationpanel(VIP)enablesslim wallconstructionswithhighperformance.Furthermore,

VIP暞shighlypolishedsurfaceofferspotentialtoreduceheatgainbyrestrictingradiativeheattransfer.Theobjectiveofthisstudyisto
investigatethethermalreflectancecharacteristicsofintegratedVIPspandrelsontheperformanceofcurtainwallsystemduringpeakcooling
season.AprototypebaselinebuildingwasmodelledwithsouthernfacadeinstalledcurtainwallsystemwithVIPspandrel.Primarily,due
tothesurfacereflectancepropertiesoftheVIP暞shighlypolishedenvelope,theVIPspandrelareareducedsolarheatgainbyabout3~4
magnitudeascomparedtothesolarheattransmittedthroughtheglazingarea,duringsummerseason.Sensiblecoolingenergydemand
surgedfordifferentcurtainwallconfigurations.

Keywords暋vacuuminsulationpanel,VIP,curtainwallsystem,VIPspandrel,thermalreflectance,radiativeheattransfer.

1.Introduction
Commercial and residential buildings consume

nearly20%offinalenergydemandintheRepublicof
Korea.Inaddition,itispredictedthatenergyusewill
growalong withincreasingfloorarea.Manyofthe
buildingsin2050aretheonesthatexisttoday;thusitis
logicaltofocuson minimizingthisenergydemand.
Asideoccupantscheduleandbehavior,thechoiceof
buildingmaterialsandsystemsdeterminetheoperational
energyprofileforbuildings.Thestockofglasscurtain
wallsaboundintoday暞sarchitectureduetoimproved
daylightinglevelsandaesthetics,increasedspeedand
quality of construction,among others. However,

energydemandtoensurecomfortableindoorthermal
environmentisgreaterinhighlyglazedbuildingsas
compared to conventional buildings,especially in

summerseason;since glazing systems havelower
thermalperformance than opaque walls [1].In
response,anupdateddirectiveintheRepublicofKorea
stipulatesthat all new buildings satisfy minimum
requirementsofU灢value,insulationandairtightness
levels,aswellasinstallationofsolarradiationcontrol
devicesforglazedfacades [2,3].Curtainwallsare
prefabricatedbuildingenvelopes;whereasglasscurtain
wallisentirelycomposedoftranslucent,tintedorcoated
glazing,curtain wall system is composed of a
translucent,tintedorcoatedglazedareaandanopaque
spandrelarea(seeFig.1).Thespandrelareahelpsto
curtailheatlossesorgains.Thetechnologyalready
existsfortheconstructionofmoreefficientcurtainwall
systemsthatensuresoccupantcomfortwhilereducing
energyconsumption.Forinstance,Dow Corning暞s
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ArchitecturalInsulationPanels(seeFig.2)combinethe
aestheticsandconvenienceofcurtainwallconstruction
with the added energy灢saving benefits of high灢
performancevacuuminsulationpanel(VIP)[4].VIP
offersopportunitiesforslim constructionsandspace
constrained applications, without compromising
performance[5].

Fig.1暋Viewofatypicalcurtainwallsystem(left)

andglasscurtainwall(right)

Fig.2暋 Dow Corning暞scurtain wallsystemstrade named
ArchitecturalInsulationPanel:glazedareawithBuilding灢
IntegratedPhotovoltaic(BIPV)spandrelfinish(left),

andview ofspandrelareashowing VIPintegrated
betweenglassunits(right)[4]

What暞smore,arecentstudyonthedurabilityof
VIPsinthecavityofglassunitsshowedthat,at
acceleratedagingcyclingconditionsof-20曟to80曟
temperatureand 10% to 90% RH,theassembly
providedtentimesprotectiontotheVIPascomparedto
unprotectedpanels [6].Theconceptrepresentsa
strategytoextendthelifeofVIP.Inordertoimproved
curtain wall systems with VIP spandrels,other
researchershavefocusedondurability,thermal,and
structuralperformanceissues[6 8].

Inthisstudy,theeffectofthesurfacereflectance
propertiesofVIP暞shighlypolishedenvelopeonthe
performanceofcurtainwallsystemwithVIPspandrelis
examined;curtain walls with differentglazing and
spandrelconfigurationsareinvestigatedusingdynamic
computersimulationtools.

2.Methodology
Modelingandsimulationswerecarriedoutusing

EnergyPlus building energy simulation software by
LBNL.Fig.3andTab.1showthesectionalviewand
macrograph of the VIP spandrel, and material
parametersusedformodeling,respectively.

Fig.3暋Schematicdiagramshowingthecross灢section
ofVIPspandrel(left)andmacrographof
theVIPspandrel(right)[8]

Tab.1暋Materialproperties

Parameter Clearglass VIP

Thermalconductivity/(W/(m·K)) 0.9 0.0045

Frontsideandbacksidesolarreflectance 0.071 0.8

Solartransmittance 0.775 -

Frontsideandbacksidevisiblereflectance 0.08 -

Visibletransmittance 0.881 -

Solarabsorptance - 0.02

Thermalemissivity 0.84 0.04

Density/(kg/m3) - 240

Thickness/(mm) 6 30

To meettheobjectiveofthisstudy,abaseline
buildingmodel(6 m 暳 4.5 m 暳 3.6 m)which
representsanofficebuildingunitwasused.Thebuilding
wasassumedtobelocatedinIncheon,Republicof
Korea(latitude37.28N,longitude136.33E).Hourly
weatherdatainEPWformatwasused.Tohighlightthe
impactofthecurtainwallsystemonindoorthermal
environment,thebuildingwasmodeledwithasingle
southfacingexternalwallwhilethenorth,eastandwest
wallswereassumedtobeinteriorwalls.Inaddition,

variousglazingareatospandrelareascenarios were
modeledanddiscussed.Thisstudyfocusesonevaluating
theVIPspandrel,thustheglazingareawasdouble灢pane
glasswithoutanyshadingdevice.
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3.Resultsanddiscussions
Outputcan beprovided by EnergyPlusonan

hourly,dailyormonthlybasis.Hourlybasedresults
giveaclearerviewofthebehaviorofthesystemwhereas
dailyand monthlyresultsofferaveragerepresentative
view.Exceptforweatherreports,resultsforachosen
day,21stJune,whichcorrespondstosummersolstice
dayinthenorthernhemisphere(withthehighestsolar
radiationduetothesun暞strajectory),arepresented.
Theaverageambienttemperatureandrelativehumidity
(RH)areshowninFig.4.

Fig.4暋AverageambienttemperatureandRH

The highestand lowest average daily ambient
temperatureswere28曟and灢8.5曟on23rdJulyand
16thDecember,respectively.TheaverageRHranged
from20%to96%.
3.1暋Heattransfer

Takingtheheattransferofanexternalwallfor
example,variouscoupled heattransfercomponents
areinterrelated,namely:convection,radiation and
conduction.Allradiativeandconvectiveheatexchanges
on both the outerandinnersurfacesas wellas
conductionthroughtheexternalwallareillustratedin
detailinFig.5.Whileconductionandconvectioncanbe
transferredonlythrougha medium,radiationcanbe
transferredacrossaperfectvacuumdrivenbydifference
intemperature.Thesol灢aireffect,causedbysolar
radiationstrikingtheexteriorsurfaceofthebuilding,

raisesthesurfacetemperatureabove.Thisincreases
heatgainintothebuildinginsummerbutreducesheat
lossinsummer.

Fig.5暋Heattransferthroughanexternalwall

暋暋FortheVIPspandrel(describedinFig.3),a
numberofvariablesaffecttheheatbalance.Fig.6
showsthecaseofaVIPindoubleglassunits.Theheat
balanceequationfortheglasssurfacefacingtheVIP
layer(i.e.face2)canberepresentedbyequation1:

Fig.6暋SpandrelsystemwithVIPbetweenglassunits

hcv,1(Tgap,1-毴2)+k1(毴1-毴2)+ 氁毰2

1-氀2R1
暳

1
1-氀6氀3

(毰3毴4
3+毰6毴4

6氀3)+毰5毴4
5+毰2毴4

2Ré

ë
êê

ù

û
úú1 -

氁毰2毴4
2+S2=0 (1)

and R1=氀5+ 氂2
vip氀3

1-氀6氀3
(2)

where1,2,3and4arethefacesofglasssurfaces,5
and6arethefacesoftheVIP,hcv,1isconvectiveheat
transfercoefficientbetweenglassandVIPlayers(W/
(m2·K)),Tgap,1istheeffectivemeanairtemperature
ingap1(K),毴iistemperatureofsurfacelayer,kiis
conductance(W/(m2·K)),氀iissurfaceairdensity,Si

issumofshortandlongwaveradiation(W/(m2·K)),
氁isStefan灢Boltzmannconstant(W/(m2·K4)),and毰i

isemissivityofsurface.Similarly,theheatbalance
equationfortheglasssurfacefacingthe VIPlayer
towardstheinterior(i.e.face3),canbederived.The
heatbalanceequationfortheVIPlayertowardsthe
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exterior(i.e.face5)canberepresentedbyequation3:

hcv,1(Tgap,1-毴5)kvip(毴6-毴5)+ 氁毰5

1-氀2R1
暳

氀2

1-氀5氀3
(毰3毴4

3+毰6毴4
6氀3)+毰2毴4

2+毰5毴4
5Ré

ë
êê

ù

û
úú2 -

氁毰3毴4
3+S3=0 (3)

Likewise,theheatbalanceequationfortheVIP
layertowardstheinterior(i.e.face6),canbederived.
3.2暋VIPspandrelcurtainwallsystem

Resultsshowedthatthereflectanceoftheglazing
areasurfaceisverynegligible (notplotted).Fig.7
illustratesvariationofthesurfacereflectanceoftheVIP
spandrelandthesurfacetransmittanceoftheglazing
areawithtime;foracurtainwallsystem with50%
spandrelto50% glazingarea.FromFig.7,itcanbe
deducedthatthereflectanceoftheVIPspandrelareaand
thetransmittanceoftheglazingareawerebothquite
pronounced.Thehourlymeanreflectancecoefficientfor
theVIPspandrelwas0.56,whilethehourly mean
transmittancecoefficientfortheglazingareawas0.48.

Fig.7.暋HourlyreflectancecoefficientofVIPspandrelareaand
transmittancecoefficientofglazingarea

Itcanbesaidthattheglazingareatransmitsnearly
asmuchincidentsolarradiationastheVIPspandrel
reflects.Theincidentsolarradiationisthetotalsolar
radiationincidentontheoutsideofanexteriorsurface.
Itisthesumof:surfaceoutsidefaceincidentbeamsolar
radiationrate (W),surfaceoutsidefaceincidentsky
diffusesolarradiationrate (W),surfaceoutsideface
incidentgrounddiffusesolarradiationrateW),surface
outsidefaceincidentskydiffusesurfacereflectedsolar
radiationrate(W),surfaceoutsidefaceincidentbeamto
beamsurfacereflectedsolarradiationrate (W),and
surfaceoutsidefaceincidentbeamtodiffusesurface
reflectedsolarradiationrate(W).Fig.8isaplotofthe

thermalradiationheattransfercoefficient(radiativeheat
gain)ofthe VIPspandrelandglazingareas.The
radiation heattransfer coefficient describesthermal
radiationheattransferbetweentheoutsidesurfaceand
airmasssurroundingthesurface.

Fig.8暋Hourlythermalradiationheattransfer

VIPspandrelareaandglazingareashowedquitea
similartrendforradiation heattransfercoefficient,

especiallyintheearlyandlatehoursofthedaybut
slightlydifferentvaluesduringthelateafternoon.The
radiationheattransfercoefficientisthevalueofHrin
thethermodynamicequation:

Q= Hr暳A(T-T) (4)

WhereQisheatflux,Aisareaand(T-T)is
changeintemperature.Consequently,fromfindingsin
Figs7and8,itcanbeinferredthattheVIPspandrel
areaandglazingareaadmitvaryingamountsofincident
solarradiation.Fig.9representstheheatgainrateof
thecurtainwallsystem暞sareas.Thesystemheatgain

rateisameasureofthetotalheatthatistransmitted,

dissipatedorreradiatedintotheindoors.Inthecaseof
theglazing area,this heat gain resultsfrom the
transmittedsolarradiationandconvectionheattransfer.
InthecaseoftheVIPspandrel,thisheatgainismainly
attributedtoconvectiveheattransferattherespective
faces.Also,whereastheheatgainviaglazingareamay
betransmitteddirectlyintotheindoors,theminimal
heatgainedthroughtheVIPspandrelisattributedto
storedupheattransferthatisreradiatedatalatertime.

AsdepictedinFig.8,theglazingareagainsand
transmits more heatintotheindoors.Thus,the
simulationresultsarein agreement with precedent
literaturethatconcludedthatglazedfacadeshavegreater
energydemandtoensurecomfortableindoorthermal
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environment,especiallyinsummerseason;sinceglazing
systemshavelowerthermalperformancethanopaque
walls [1].Inaddition,aplotofthetemperature
variationonboththeglazingandVIPspandrelareas
showedremarkableresults.FromFig.10,duringpeak
solarradiation time,theinside surface (towards
indoors)temperatureoftheVIPspandrelwasalways
lowerthantheoutsidesurface (towardsoutdoors)

temperatureoftheVIPspandrel.Thehighestinsideand
outsidesurfacetemperatures wereabout31 曟 and
28曟,respectively.Conversely,theinside surface
(towardsindoors)temperatureoftheglazingareawas
always higher than the outside surface (towards
outdoors)temperatureoftheglazingarea.Themean
difference between the inside and outside surface
temperaturesoftheglazingareawasabout1.5曟;this
differenceisplausiblyattributedtotheeffectofoutdoor
windcurrent.

Fig.9暋Heatgainratethroughthecurtainwallsystem

Fig.10暋 Hourlysurfacetemperatures

3.3暋Buildingenergyconsumptiondynamics
To quantifytheeffectofthe glazingto VIP

spandrelareasintermsofbuildingenergyconsumption,

simulationsweredoneusingabaselineofficebuilding
unit;theresultsaresummarizedinFig.11.

Fig.11暋Dynamicsofzoneairtemperatureandsensiblecooling
energydemand,withsolarradiation

FromFig.11,astheintensityofincidentsolar
radiationincreasedwithintheday,theglazingareaof
thecurtainwallsystem gainedandtransmitted more
heatintotheindoorsthanthe VIP spandrel (as
discussedinsection3.2).Invariably,theindoorair
temperaturerosesteadilyfromabout22曟at9:00am
tonearly26曟bynoon.Sensiblecoolingenergysteadily
increasedaswell,andpeakedaround2:00pm.Forthe
purposeofthisstudy,coolingsetpointwassetto26曟.
Thereafter,theHVACstayedonuntil18:00pm (in
accordancewiththeschedule).

Also,Fig.12 showstherelationship between
variousconfigurationsbyareaofglazingtoVIPspandrel
(i.e.100%glazedfacade,80%glazing -20% VIP
spandrel,60% glazing -40%,50%glazing -50%,

and40% glazing -60% VIP spandrel)andthe
respectivesensiblecoolingenergydemandforcooling
season(JunetoSeptember).

Fig.12暋Sensiblecoolingenergydemandforvariousglazingarea
toVIPspandrelconfigurations

With reference to Fig. 12, the varying
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configurationsofthecurtain wallsystem showeda
similartrendinmonthly(sum)sensibleenergydemand;

increasingsteadilyfromJunethroughJuly,andpeaking
inAugust.ThetrenddippedalittleinSeptember,but
itwasstillhigherthanJuneandJuly.Thededuction
followsthatasmallerglazingareatransmittedlessheat
totheindoors,andsimultaneouslyalargerVIPspandrel
areareducedheatgain,resultinginthelowestsensible
coolingenergy demandforthescenario with 40%
glazingarea-60% VIPspandrelareaconfiguration.

4.Conclusionsandoutlook
Commercialbuildingswithcurtain wallsystems

installedarewellnoticeableinmodernarchitecture.The
urgeforlargeglazingareais mainlyforvisionand
aestheticpurposes.A curtain wallsystem can be
designedforenergyefficiencyanddoesnotneedtohave
anoverallpoorthermalperformance.Inthisstudy,

curtain wallsystem with VIP spandrel has been
examined.Chiefly due to the surface reflectance
propertiesoftheVIP暞shighlypolishedenvelope,the
VIPspandrelareareducedsolarheatgainby3~4
magnitudeascomparedtothesolarheattransmitted
throughtheglazingarea,duringsummer.Thisis
promising,especiallyforbuildingsincoolingdominated
areas.Basedonabaselinemodel,simulationresults
indicatedthat,increasingtheareaoftheVIPspandrel
whiledecreasingtheglazingareareducedthesensible
coolingloaddrastically.40% glazingarea-60% VIP
spandrelareaobtainedthelowestsensiblecoolingload.
Giventhemarkedsensiblecoolingenergydemanddueto
the curtain wall configuration,regional or global
directivesareessential.Itmustbementionedhowever,

thatthoughthetechnologytofabricatesuchacurtain
wallsystemexist,it暞snotreadilyavailable;moresothe
methodtosealtheVIPintheglassunitsiscomplex.
Furthercorporateresearchisneeded.Also,thescopeof
thisresearchwasfocusedontheeffectofVIPreflectance

duringsummerseasonorincoolingdominatedareas;

futureendeavorswilltacklewinterseasoneffects.
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Abstract
Modernconstructiontrendscreatetheneedforadvancedbuildingshellscombininghighthermalperformancewithshortconstruction

timesandsimplifiederectionapproaches.Lightweightsteelframed/drywallbuildingsystemscoupledwithVacuumInsulationPanels
(VIPs)formanattractiveandversatilesolutionwithhighthermalperformanceandimprovedsafetyfeatures.Oneofthemainissuesthat
affectthethermalperformanceofsuchwallassembliesisrelatedtotherelativepositioningofthemateriallayerstoforme.g.prefabricated
elementsandtheassociatedthermalbridgingeffect.VIPsretaintheirhighvacuumlevelswithabarrierfilm,vulnerabletomechanical
stressesandaresensitivetopuncturingand/ordestruction.Ontheotherhand,asteelframemayintroducesignificantstructuralthermal
bridges,andtheirrelativeimportanceontheoverallthermalperformanceislikelytoincreasewiththequalityoftheinsulationmaterial.

Thispaperaddressesthethermalbridgingissuesandtheoverallthermalperformanceofalightweightsteelframe/drywallsystemin
whichVIPsareplacedasan“internallayer暠withinthewalllayers.Thisconfigurationprovides“protection暠fortheVIPs,allowsflexibility
ininstallationoffacadeelementsandatthesametimepermitsinterventionsandmodifications(e.g.drilling,installationofappliances)on
theinternalsideofthewall.Theproposedsteelframe/drywallsystemwithVIPsisextensivelyanalyzedintermsofdifferenttypesof
thermalbridgesandtheireffectontheoverallthermalperformance.Moreover,thehygro灢thermalbehaviorandtheriskofcondensationare
examined.

Keywords暋vacuuminsulationpanels,VIP,thermalbridges,buildingenvelope,lightweightbuilding

1.Introduction
Nowadays,thebuildingsectorhasalion暞ssharein

energyconsumption[1].Oneofthemostefficientways
toreducetheenergydemandsofabuildingisthe
installationofinsulationatthebuildingenvelope.An
innovativeinsulation material,whichreachesthermal
conductivityvalueslessthan0.008W/(m·K),isthe
VacuumInsulationPanel(VIP).Sofar,mostofthe
studiesconcerningtheVIPtechnologyforbuildingshave
focused on the development and optimization of

insulationsystemsatthe material灢componentlevel.
But,asthelevelofthermalinsulationinabuilding
enclosurebecomeshigher,theeffectofthermalbridges
isexpectedtobecomemoresevere[2].Thus,scaling
upfromthecomponentleveltowallandenvelopelevel
inordertoaddresstheprofoundimpactofthermal
bridgingontheefficiencyofVIPinsulationsystems
becomescrucial.

Inthelastdecade,drywalllightweightconstruction
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becameincreasinglywidespreadduetoitsadvantages,

suchasthelowconstructiontime,structuralseismic
resistance,thereductionandrecyclabilityofwastesand
thedecreaseofloadsandcostsonbearingstructures
[3].Theconceptofstandardizedlightsteelframed
drywallresidentialbuildings,aimingto build more
buildingsinashortperiod withfewerresources,is
currentlybeinginvestigatedintheframeoftheFP7
ELISSAproject (www.elissaproject.eu).Wallsare
madeofdrywallmaterialsanchoredonalightweight
steelframestructure.Inordertoincreasetheenergy
efficiencyofthebuilding,VIPsareusedforthethermal
insulationofthewalls.

Duetothewell灢knownnecessityofprotectingthe
VIP暞sduringtheprocessofconstructionbybringingit
inthebuildingaslateaspossible [4],theELISSA
projectexaminestheinstallationoftheVIPsaspartof
aninternalsuspendedwallsystem.VIPsareplacedon
theinternalsideoftheenvelopewallsensuringthatthey
willbefurtherprotectedduringtheusephaseofthe
building.NoVIPswereplacedontheroofandfloorin
ordertomaintaincostsatareasonablelevel.

Thescopeofthisstudyistotheoreticallyevaluate
theimpactofanadditionallayerofVIPsplacedatthe
innersideoftheexternalwallsonthethermalbridges
introducedinalight灢weightbuildingenvelope.The
assessmentofthethermalbridgesisbasedontheEN
ISO12011standard[5],couplingnumericalsimulations
ofthermalbridgeswiththestandardizedmethodology.
Theinfluenceofthethermalbridgesduetometalstuds,

2D and 3D junctions on the overall thermal
transmittanceoftheenvelopeisexaminedbothwithout
andwiththeadditionofVIPs.Furthermore,thehygro灢
thermalperformanceandtheriskofmoldgrowthinthe
buildingenvelopeareinvestigated.

2.Descriptionofthebuilding
Inordertoassesstheimpactofthethermalbridges

ontheoverallperformanceoftheconstruction,atwo
storeybuildingisanalyzed.Itisalightweightsteel
framedconstructionbasedonacavitywallsystem.The
metalskeletonisfoundedonacementbaseandthe
drywallsystem envelopeis anchored on the steel
skeleton.Theoveralldimensionsofthebuildingare
4.5m暳2.5m 暳5.6m.

Fig.1暋Schematicdiagramoftheconfigurationofthe
buildingelements

Thematerialsofthebuildingelementsareanchored
onthreedifferenttypesofmetalstuds,C,CWandI
type.Anadditionallayerof VIPsisplacedinthe
internalsideoftheExternalWalls(EW).Thelayersof
thefloor(FL)andtheroof(RF)elementsareanchored
onI灢typestuds,200mmin width.Inthefloor,a
180mmthick mineralwoollayerisplacedinsidethe
cavity,whilea150mmthickfoundationconcreteslab
and500mmofsoilwereassumedforthesimulations.
Theconfigurationoftheceiling(CL)(i.e.theelement
betweenthe1standthe2ndfloor)issimilartothatof
thefloorexcludingtheslabandconcretelayer.The
InternalWall(IW)consistsofdoublegypsumboardson
eachsideofthewall,withmineralwool(120mm)and
anaircavity(30mm)betweenthem,resultinginatotal
thicknessof207mm.Theschematicdiagram ofthe
buildingelementconfigurationsisdepictedinFig.1.

2.Methodology
Themethodologyfollowedinordertoassessthe

thermalperformanceofthebuildingisbasedonISO
10211.Numericalsimulationsareperformedforthe
calculation of the thermal transmittance of each
configuration.

The main conceptofthe methodologyisthe
separateanalysisoftherepeatingandnon灢repeating
thermalbridges.Therepeatingthermalbridgesconsist
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ofthemetalstudsatthemiddlepartofthebuilding
elements.Thenon灢repeatingthermalbridgesreferto
the2Dand3Djunctionsbetweenthebuildingelements
(e.g.externalwallandroof,externalwallandinside
wallandceilingetc.),includingthesteelstudsofthe
junction.Fig.2schematicallypresentsthedifferent
typesofthermalbridges.

Fig.2暋Schematicdiagramoftherepeatingandnon灢
repeatingthermalbridges

Afterthecalculationofalltheindividualthermal
bridges,thetransmissionheattransfercoefficient,HD

(W/K),iscalculatedbyEquation1:

HD = 暺
i
fiAiUi+暺

k
fklk氉k+暺

j
fj氈j (1)

Where
fi=factoroftemperaturecorrectionofthebuilding

parti,

Ai=theareaofelementiofthebuildingenvelope,

Ui=thethermaltransmittanceoftheclearelement
iofthebuilding(centerofwall),

fk=factoroftemperaturecorrectionofthelinear
thermalbridgek,

lk=thelengthoflinearthermalbridgesk,

毞k =thelinearthermaltransmittanceoflinear
thermalbridges,

fj=factoroftemperaturecorrectionofthepoint
thermalbridgej,

氈j=thepointthermaltransmittanceofthepoint
thermalbridgej.

AccordingtoEquation1,inordertocalculatethe
heat transfer coefficient, the individual thermal
transmittancesofeachconfigurationofthermalbridge

shouldbecalculated.Thesecalculationsarebasedon
CFDsimulations.

Thelinearthermaltransmittance,毞 (W/(mK)),

concernsthe2Dgeometriesandiscalculatedaccording
toEquation2:

氉=L2D-暺
N

j=1
Ujlj (2)

Where
L2D=thethermalcouplingcoefficientobtainedfrom

a2D calculation ofthecomponentseparatingtwo
environmentsbeingconsidered.

Thepointthermaltransmittance,氈 (W/K),ofa
partofthebuildingenvelopeiscalculatedaccordingto
Equation3:

氈=L3D-暺
N

i=1
UiAi-暺

Nj

j=1
氉jlj (3)

Where
L3D=thethermalcouplingcoefficientobtainedfrom

a3Dcalculationofthe3Dcomponentseparatingtwo
environmentsbeingconsidered.

Thethermaltransmittanceoftheclearcomponent
(i.e.withoutthethermalbridges),U灢value,毾feach
element,iscalculatedaccordingtoISO6946[6]taking
into account the physical properties (thermal
conductivityandthickness)ofallthelayers.

The2Dand3Dthermalcouplingcoefficients,L2D

(W/(m·K))andL3D,(W/K)werenumerically
calculatedforeverythermalbridge.AcommercialCFD
package(ANSYSCFX)[7]wasusedtosimulateallthe
configurations and the types of thermal bridges.
Regardingtheboundaryconditions,attheinnersideof
thewallstheambienttemperatureandtheheattransfer
coefficientwereassumedtobeTin =20曟 andhin =
7.69W/(m2·K),respectively,whiletherespective
valuesattheoutsideenvironmentwereTout=-10曟
andhout=20W/(m2·K).Thegroundsoiltemperature
wasconsideredtobeconstantandequaltoTsoil =
-10曟.

Thethermalproperties ofthe materials were
assumedtobeconstant.Theventilatedaircavitieswere
assumedtobestagnantairwithan“effective暠thermal
conductivitycalculatedaccordingtoISO6946takinginto
accounttheconvection灢radiationphenomena.

The total heat flow, 毜, through each
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configuration,iscalculatedfromthesimulations.Next,

the thermal coupling coefficients L3D of the 3D
component,orL2Dofthe2Dcomponentiscomputedby
Equation4:

L= 毜
Tin-Tout

(4)

Where
毜=thetotalheatflowexpressedin[W/(m·K)]

incaseof2Dthermalcouplingcoefficientandin[W/K]

incaseof3Dthermalcouplingcoefficient.
Thehygro灢thermalperformanceofalltypesof

thermal bridges was assessed by means of the
temperaturefactor,fRsi(-),whichiscalculatedbythe
Equation5:

fRsi= Tsi-Tout

lin-lout
(5)

Where
Tsi=minimalinternalsurfacetemperature.
Mold growth is expected, when the relative

humidityonasurfaceishigherthan80%forseveral
days.Therefore,themoldgrowthisavoidedwhenthe
temperaturefactorisgreaterthan0.7 [8].The
commercialsoftwareHEAT3wasutilized.Theoutside
airtemperaturewasassumedtobeequaltoTout=-5曟
withthermalresistanceRout=0.04(m2 ·K)W,the
insideairtemperature wasTin =20曟 with Rin =
0.25m2·K/WandrelativehumidityRHin=50%.In
thecasesofground,thetemperatureofsoilwasTsoil=
10曟 withoutthermalresistance andthe boundary
conditionin 6.23m depth forthe border ofthe
foundationslabwasassumedasadiabatic.

4.Resultsanddiscussions
Allthethermalbridgesofthebuildingwithand

withouttheadditionalVIPlayerwereevaluated.In
total,8casesconcerningtheimpactofmetalstudsat
thecenterpartofwalls,14bi灢dimensionalintersections
and12three灢dimensionaljunctionsbetweenthebuilding
elementswereexamined.Theindividualandtheoverall
contributionofthethermalbridgesonthetotalheat
transmittance of the building were investigated
highlightingtheimprovementduetotheinstallationof
VIPs.

Theimpactoftherepeatingthermalbridgesonthe
thermalperformanceofthebuildingenvelopeisdepicted

inFig.3.Thefigurepresentstheeffectofthemetal
studsonthethermaltransmittanceofeachelementfor
thecaseswithandwithouttheVIPlayer(Fig.3(a))

andthelinearthermaltransmittanceofthethreetypes
ofmetalstudatthedifferentelementsofthebuilding
envelope(Fig.3(b)).

TheU灢valueoftheclearexternalwallis0.16W/
(m2·K)inthecasewithouttheVIPlayer,whilethe
installationoftheVIPlayerdecreasestheU灢valueofthe
clearwallby31%.However,theeffectofthemetal
studsincreasestheU灢valueoftheexternalwallby50%
forthecasewithoutVIPand27%forthecasewith
VIP.Concerningtheroofandthefloor,therepeating
thermalbridges (repeating metalstuds)increasethe
U灢value of clear elements by 169% and 210%,

respectively.Itisremindedthattheroofandthefloor
arenotinsulatedwithVIPs.

AsitisshowninFig.3(b),withtheinstallation
oftheVIPlayer,thelinearthermaltransmittanceofthe
threemetalstudsisreducedbyca.64%to83%.The
linearthermaltransmittanceofI灢typestudisca.40%
higherthantherespectiveofC灢typestud,whilethe
impactofCW灢typestudisalmostnegligible.

Fig.3暋Theimpactofrepeatingthermalbridgeson
(a)theU灢valueofthebuildingelements;

(b)thelinearthermaltransmittanceofmetalstuds

Thelinearthermaltransmittanceofallthe2D
junctionsofthebuildingelementsexaminedinthiswork
arepresentedinFig.4,indicatingtheeffectofthe
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additionalVIPlayer.ItisobviousthattheVIPlayer
improvestheimpactofthe2Djunctionsonthethermal
performanceofthebuilding,decreasingthe毞灢valueby
12%to92%,dependingonthetypeoftheintersection
(Fig.4(a)).Itisobservedthatthelinearthermal
transmittance has negative values at the junction
betweenexternalwalls(EW+EW),meaningthatthis
thermalbridgehaspositiveeffectonthetotalthermal
performanceofthebuildings暞envelope.Fig.4(b)

presentsthe2Dintersectionsthatarenotaffectedbythe
additionalinsulation. As itis shown,the most
importantthermalbridgesarethejunctionsthatinclude
thefloor,theroofandinternalwall.

Fig.5illustratestheimpactoftheVIPlayeronthe
pointthermaltransmittanceofthe3Djunctionsofthe
examinedbuildingenvelope.The VIPsimprovethe
thermalperformanceofall3Dthermalbridges.The
pointthermaltransmittancesaredecreasedupto138%
duetotheinstallationofVIPlayerintheexternalwalls.
Atthejunctionoftwoexternalwallswiththeceiling,

theeffectofthejunctionispositiveonthetotalthermal
performanceofthebuildingenvelopeinthecaseofthe
additionalinternalinsulation,whileattheallother
intersectionstheimpactisnegative.

Fig.4暋Thelinearthermaltransmittanceofall2D

junctions.(a)Junctionswhereallelements
includeVIPsand(b)Junctionswhereonly
oneoftheelementsincludesVIPs.

Fig.5暋TheimpactofVIPonthepointthermal
transmittanceofall3Djunctions.

Thecontributionofthethermalbridgesandthe
impactofthe VIP layer on the overallthermal
performanceofthebuildingenvelopearedepictedinFig.
6.Theinstalled VIPs decreasethetotalthermal
transmissionthroughtheenvelope,HD,byca.33%.
Thecontributionofthemetalstudsis30%ofthetotal
transmittanceinbothcases.Althoughtheadditional
insulationreducesthelinearthermaltransmittanceofall
themetalstudsatthecentralpartofthewalls,the
percentageimpactofthemremainsthesamebecauseof
thehigh毞灢valuesofthestudsattheroofandfloor,

whereextrainsulationisnotinstalled.Thetotalimpact
ofthe2Dand3Dthermalbridgesis31% atthecase
withouttheVIPs,whileinthecasewiththeVIPsis
25%.The2Dandthe3Djunctionscontributethesame
percentageatthecasewithoutVIP,showingthat3D
intersectionsareasimportantas2D.Forthecasewith
VIP,thetransmissionofthepointthermalbridgesis4
timeslowerthanthatofthe2Djunctions.

Fig.6暋 Theimpactofthermalbridgesontheoverall
thermaltransmittanceatthetwocases

Theresultsofthehygro灢thermalanalysisshow
thatmoldgrowthisnotexpectedatthemiddlepartof
thebuildingelements,sincethetemperaturefactoris
higherthanthecriticalvalueof0.7forbothcaseswith
andwithouttheVIPlayer.TheadditionalVIPlayer
increasesthetemperaturefactorby14%,onthemiddle
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partofexternalwallswithmetalstuds.
Fig.7presentsthetemperaturefactorofallnon灢

repeatingconfigurationsforthecasewith VIP.Itis
obviousthatthereisnocondensationriskatthe2D
junctions,exceptfrom theintersection betweenthe
windowframeandtheexternalwall.Ontheother
hand,the growth of moldis possible on all3D
junctions.Thelowesttemperaturefactorisrecordedat
theintersectionbetweenexternalwall灢internalwalland
floorwithvalueequalto0.6.

Fig.7暋Thetemperaturefactorofnorepeatingthermal
bridgesconfigurationsatthecasewithVIP.

5.Conclusionsandoutlook
Thisworkexaminedtheimpactofthermalbridges

ontheoverallthermaltransmittanceofametalframed
lightweightdrywallbuildingenvelopeandtheeffectof
anadditionallayerofVIPplacedontheinnersideofthe
externalwall.Threetypesofthermalbridges were
analyzed:thermalbridgesresultingfrom metalstuds
(repeatingthermalbridges)and2Dand3Djunctions
(non灢repeatingthermalbridges)betweentheelements
ofthebuildingenvelope.

Theimpactofthethermalbridgesonthethermal
transmittanceisstrong,increasingthetransmittanceby
ca.61% ~55%.Theresultsshowthatthehighest
contributiononthetotalthermaltransmittanceisowed
tothe metalframeofthebuilding (approximately
30%).Theeffectofthe2Djunctionsisabout15%~
19%,whiletheimpactofthe3Dintersectionscanbe
6%~16%,incontrasttomanyresearcherswhoneglect
theeffectofpointthermaltransmittance.

Theinternalinsulation with VIPsresultsina
reductionoftheoverallthermaltransmittanceby33%.
Concerningthethermalbridges,theadditionalinternal
insulation with VIPs,decreasestheimpactofnon灢

repeatingthermalbridgesby6%,whiletheimpactof
repeatingthermalbridgesisnotinfluenced.TheVIP
layerdecreasesalllinearandthermaltransmittancesup
to130%.Contrarytotheoutcomeofotherstudies,the
additionalinternalinsulation of the external wall
decreasesthethermalbridges,notonlyrelatively,but
alsoquantitatively.

Finally,thehygro灢thermalanalysisshowsthatthe
improvementofthermalbridgesbyaddingthe VIP
layer,resultstoadecreasedriskofcondensationatthe
internalsurfacesoftheenvelope.Forthecasewith
VIPs,moldcouldappearonthe3Djunctionsofthe
buildingandespeciallyatthefloorcorners.
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AComparativeLCAStudyofaSwedishMultifamilyBuilding—the
PrimaryEnergyUseandGWPofBuildingswithVIPsand

ConventionalInsulationMaterials

PeymanKarami*,KjartanGudmundsson
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Abstract
Animprovedthermalinsulationofnewandexistingbuildingsisnecessarytoreachthe“20灢20灢20暠targets.Thisstudyputsemphasis

oncomparingtheenvironmentalimpacts,GWPandtotalPrimaryEnergyuse,ofretrofittingaSwedishstandardbuilding,withVIPsand
conventionalinsulation.Inthisstudy,thespatialpropertiestogetherwithmaterialspecificationsoftheBuildingInformationModel(BIM)

areusedtocalculatetheGWPandPEofthematerials,bothrenewableandnon灢renewable,fromcradle灢to灢gate.Analysisoftheresults
illustratesthattheVIPsareaverycompetitivealternative.Nevertheless,theresultsprovethattheVIPshaveameasurableenvironmental
impactcausedbyproductstageandfurtherinvestigationsofthemattermustbeapartoffuturework.

Keywords暋vacuuminsulationpanels,lifecycleassessment,GWP,primaryenergyuse,BuildingInformationModel(BIM)

1.Introduction
The EU灢commission has made a decision for

reducingtheGreenhouseGases(GHG).Thisisknown
asthe “20灢20灢20暠targets [1]thatsetthreekey
objectivesfortheyear2020comparedtotheemissionin
theyear1990.Sustainable methods,includingthe
applicationofnew buildingtechnologiesas wellas
refurbishment of external envelopes of existing
buildings,aretherefore needed.The use of vast
thicknessesoftraditionalinsulationwillhoweverhave
somepartially negativeenvironmentalconsequences.
VIPs, with an unprecedented thermal insulation
performance,areaninterestingalternative,notatleast
sincetheymayofferthepossibilitytosavesomeliving
spacearea.Untilnow,theapplicationofVIPshasbeen
limitedtoasmallnumberofbuildings [2灢8].The
servicelifetimeofaVIPcanbedefinedasthetimeat
which the required thermalconductivity has been
surpassed,whileafurtheraccountofservicelifeisgiven
inISO15686灢2[9].Oneofthemostimportantaging
mechanismofVIPsisthepermeationofgasthroughthe
envelopethatmaybeenhancedathighertemperatures

andhumidityandisfurtherincreasedattheedges[10].
Theedgeeffectwillgetgreaterwiththeratioofedge
lengthoverareaofthepanel[11].Anumberofstudies
putemphasisonlifecycleanalysisandservicelife
predictionsoftheVIPs[12 14].

TheLCA methodisdefined by SETAC,the
NordicguidelinesforLCAandwithintheISO14000
series[15].Itcanbeappliedonalllevelsofthebuilding
processfrom thedesign phasetotheoperation of
existingbuildings.Lifecycleassessmentisasystem
analysistoolforevaluatingenvironmentalimpactofa
productoraprocessovertheirentirelifecycle,from
raw materialacquisitiontoend灢of灢life[16]and[17].
ThegeneralLCA methodologyisdescribedintheISO
14040standardandiscomprisedoffouriterativephases,

whicharethegoalandscopedefinition,inventory
analysis,impactassessmentandinterpretation [18].
Evaluationofenvironmentalimpactconsistsoffour
steps.The first step includes definitions of the
environmental impact categories, such as global
warmingoracidificationandisfollowedupbythe
secondstepthatassociatesthecategories withthe
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presumptivemassflowandenvironmentalloads.The
third step includes ranking and weighing of the
calculatedimpactinordertomakeitpossibletodothe
evaluation.As this makes the method somewhat
subjectiveitisofgreatimportancethatthemodelusedis
clearandtransparentas wellasinline withthe
objectivesofthestudy.Thefourthandfinalstep
includesconclusionsandrecommendations.Although
theapplicationofstandardsgivespossibilitytocompare
lifecycleanalysiseasier,theexacttechniquetocalculate
theenvironmentalimpactisnot,insomecases,clearly
defined.In the construction sector,the European
committeeforstandardization,CEN,hasdevelopeda
standardforcalculatingtheenvironmentalimpactsof
buildingsandconstructionproductswithfurtherdetails
[19]and[20].

AccordingtoEN15978thelifecycleofabuilding
isdividedintofourstages,product,construction,use
andend灢of灢life[20].AnumberofStudieshaveshown
thattheusestageofbuildingsaccountsforover60%~
90% oftheenvironmentalimpactscomparedtowhole
lifecycle[21].Butwithlowerenergyuse,duetoglobal
andnationalenvironmentalgoals,thefocusmovesfrom
theusestagetotheproductstage.Gustavssonetal.
[22]showedthatthePEintheproductionstageoflow灢
energybuildingswithaservicelifeof50yearscouldbe
upto60% ofthetotaldependingonenergysupply
systemcomparedto45% forconventionalbuildings.
Usingdistrictheatinginsteadofelectricalheatingina
passivehouseresultedina40%lowerprimaryenergy
use [22]. The ratio between building material
production and operational energy is also highly
dependentonbuildingservicelife.Wallhagenetal.[23]

showedthattherelativeCO2 emissionfrom building
materialsvariedfrom86%to37% whentheexpected
lifetimefrom10to100yearsforanewlybuiltoffice
buildinginSweden.Butafterimprovementsofthe
materialsandenergysourcesthevariation wasfrom
93% to59%.Furtherinvestigationsofbuilding暞s
environmentalimpacts,bothproductionandoperation,

canbefound[24灢25].InthecaseofLCAofVIPs,a
numberofstudies [26灢30]include evaluations of
environmentalimpactofVIPs,but,noneofthoseare
concernedwithVIPswithvacuumizedfumedsilicacore.

Kunicetal.[31]concludedthatVIPshaveasmall
GWPcomparedto otherinsulation materials.Our
previousstudy,Gudmundssonetal.[32]showsa
comparativelyhigherimpact.Inacomprehensivestudy,

Schonhardtetal.[33]performedacomparativeLCA
studyofregularVIPwithfumedsilicaandmetalized
polymermulti灢layeredfilm,comparingtheresultswith
theequivalentamountofEPSandglasswool.This
study[33]showsareductionpotentialofabout45%in
theenvironmentalimpactofthe VIPsifthepanels
wouldbe manufactured withanalternativecoreor
through the application of more energy efficient
processes.Furthermorethesamestudyshowsthatup
to90%oftheenergyuseintheproductionofVIPsis
derivedfromthecorematerial,whileonly4% ofthe
energyusedrelatestotheproductionofthefilm.

Theenvironmentalimpactofadesignalternative
mustbequantifiedifthepotentialeffectsofalteringa
designaretobeevaluated.Thiscanbedonewiththe
helpofaTypeIIIenvironmentalproductdeclaration,

EPD,accordingtoISO14025andEN15804,thatgive
anaccountofthe“Cradle灢to灢gate暠stagesintermsof
environmentalLCA (ISO14040and14044),whilea
comprehensiveLCA willalsoincludetheend灢of灢life
stage 暠Cradle灢to灢grave暠.Aspectsrelatedtotheuse灢
stageofconstructionproductsareusuallyascribedtothe
productitselfandthisstageisnotapartoftheEPDand
thereadermustthereforeputthepresenteddataintothe
overallperformancecontextofabuilding [34].To
approveandpublishan EPD,it mustbecritically
reviewedanditmustalsobeindependentlyverified,

eitherexternallyorinternally.
BytheuseofEPDsfromfourdifferentsources,

threewell灢knownVIPmanufacturersandoneinputdata
frompreviouswork[33]thisstudyputsemphasison
comparingtheenvironmentalimpactofretrofittinga
hypothetical Swedish building with conventional
insulationsandwithVIPs,forbothmaterialproduction
andoperation.

2.Buildingcasestudy
The cradle灢to灢gate environmentalimpact of a

Swedishstandard building wereassessed whilethe
resultswerethencomparedwiththeimpactsofwell灢
insulatedbuildings withconventionalinsulationsand
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with VIPs. These well灢insulated buildings were
designedtohaveanequivalentU灢value.Theeffectof
thethermalbridgesacrossthebuildingconstructionsis
notincludedincalculationsoftheU灢value.A2story
multifamilybuildingof4apartmentswithatotalliving
areaof520m2wasmodelledinAutodeskRevit猝.Each
apartmentisassumedtobeinhibitedbyafamilyof3~4
people.Theloadbearingconstructionisassumedtobea
concreteframe.TheSwedish “Boverket暠prescribesa
valueoflessthanorequalto80kWh/m2peryearfor
theenergyconsumptionofaresidentialbuilding,located
intheclimaticzoneofStockholmcity[35].Tomeetthe
Swedish passive house standards,a relativelylow
U灢valueof0.10and0.066 W/(m2 ·K),mustbe
reachedinthewallandtheroof,respectively.Inthe
caseofthestandardbuilding,theexternalwallsandthe
roofareassumedtohaveaU灢valueofabout0.2and0.
13 W/(m2 ·K).Inthecaseofthe well灢insulated
buildings,theU灢valueofthewallandroofhavevalues
of0.09and0.065W/(m2·K).Theoperationalenergy
calculationiscarriedoutwiththeVIPEnergysoftware
whilethebuildingreferencetimeissetto50years.All
the building components that used in the LCA
evaluationsareregularandavailableatthe market
today.TheLCAofthebuildingfollowsEN15978and
theLCAforthebuildingproductswasobtainedfrom
EPDsofthe manufacturerincompliance with EN
15804.InthisstudyaLCAapproachusingEPDsas
inputdataisdemonstratedforasimplifiedandyet
reliable LCA analysis of buildings.Thelifecycle
assessmentincludestheimpactcategories;PEuse,both
therenewableandnon灢renewableenergyandGWP.The
goal of this study is to compare environmental
performanceofaconventionalandalow灢energybuilding
regardinginsulationmaterials.Threedifferentbuildings
areevaluatedinthiswork.Firstly,astandardbuilding
with180mmtraditionalinsulationinthewalland270
mmintheroof.Secondly,aregular well灢insulated
buildinginsulated with400 mm and520 mmthick
mineralwoolinthewallandroof.Thridly,awell灢
insulatedbuildingwithVIPsandwichedelementconsist
of25mm EPS,2暳30mm VIP,25mm EPSinthe
wall,and25mmEPS,2暳40mm VIP,25mmEPS
andanextra45mmthickmineralwool,intheroof.

Thebuildinglifecyclestagesthatareincludedinthis
studyaretheproductionofbuildingcomponentsaswell
astheoperationofthebuildings.Fig.1illustratesthe
lifecyclestagesinmoredetails.TheLCAanalysisof
thisstudydoesnotincludestagessuchas“transportto
buildingsiteandconstruction(A4灢A5)暠aswellas“end灢
oflife(C)暠duetoamuchlowerenvironmentalimpact
comparedtothetotallifecycleofthebuilding(A灢C).

Fig.2暋LCAstages,thoseingreyarenotincluded

TheLCAinputdataforthebuildingmaterialswere
gatheredfromEPDspublishedbytheinternationalEPD
system,NorwegianEPDsystem(EPDNorge),German
EPDsystem (IBU)andoccasionallydirectlyfromthe
manufacturer.Itisknownthatconcretehasahigh
environmentalimpactinconstructionsandthereforeit
wasimportanttouseconcretedatathatisdetailedand
representativeofthebuildingtype.Theconcretewas
designedbasedonexposureclassinaccordancewithSS
EN206:2013 “Concrete灢Specification,performance,

productionandconformity暠anditsSwedishapplication
SS137003:2008.Twoconcretetypeswerechosen;one
witha water灢cement灢ratioof0.60and C25/30in
strengthforinternalloadbearingwallsandonewitha
ratioof0.55andC30/37forexternalwalls,balcony
slabandfoundation.TheconcretematerialsfortheLCA
analysisaremanufacturedforNorwegianmarket,the
datawaschosenwiththeassumptionthatthestandards
inSwedishmarketsaresimilartothoseinNorway.The
concretecontains2weight灢%reinforcementfromawell灢
known manufacturerinSweden.TheEPDsforthe
traditionalinsulationsareaveragedatarepresentinga
meanvaluefromdifferentmanufacturers.Themineral
woolisrepresentativefortheEuropeanmarketandthe
EPSfortheScandinavianmarket.Inthecaseofthe
VIPs,theEPDsappliedinsensitivityanalysisreceived
fromfourdifferentsources(Tab.1),threewell灢known
VIPmanufacturesatthetimeofthisstudyin2015.The
assessmentiscarried outbased onthe datafrom
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Germany,duetoashortertransportdistancefromfabric
toahypotheticalbuildingsiteinStockholm.Thefourth
sourceistheinputdatathathasbeenusedinprevious
work[33].Norecycledmaterialwasincludedinthe
calculationofthelifecycleassessmentsoftheEPDsfor
the insulation materials. Operational energy for
maintainingacomfortableindoortemperatureinthe
buildingcomesfromdistrictheating,whichisbasedon
theLCA calculationsby “Fortum V昡rme AB暠for
Stockholmyear2013usingthealternativegeneration
methodforheatallocation.Theenvironmentalimpact
forproductionandtransportis90gCO2eq/kWhanda
primaryenergyfactorof0.21.Fossilfuelsrepresent
12% ofdistrictheating.Intheraw materialstage,

secondary materialsfrom anothersystem processas
wasteandrecycledmaterialareconsideredhavingzero
environmentalimpactwhenenteringanewsystem.The
sameconsideration was madeforsecondaryfuels.
TransportemissionsforVIPswerecalculatedusinga
16~32tonfreightlorrywithaEURO4classfrom
ecoinventversion3.01.

This study includes evaluations of the
environmentalimpactofVIPsforabuildingcontext
using EPDs.Sincethe EPDsareproducer/country
specific,itwasofspecialinteresttoperformasensitivity
analysisofhowthetotalenvironmentalimpactofthe
building varies with different LCAs depending on
countryand producer.Thesensitivityanalysis was
carriedoutwithavailableEPDs,fromfourdifferent
sources(Tab.1),inaccordancetoEN15804.TheEPD
forVIPproducerIIIwasnotthirdpartyverifiedbutwas
stillconsideredtobeuseful.Thesensitivityanalysiswas
performedbycomparingtheresultsfromdifferentEPDs
withinthesamecategoryofinsulating materialsand
densityrange.Inthesensitivityanalysis,acomparison
wasmadewith1kgVIP.

Tab.1暋GWPandPEusefor1kgofstudiedVIPs

1kgVIP/Gate
GWP/

kg

Renewable

PE/MJ

Non灢renewable

PE/MJ

ProducerIGermany 9.4 64 162
ProducerIIGlobal 11.1 38 147

ProducerIIIBelgium 6.6 29 120
ProducerIVGermany[33] 6.2 30 130

3.Resultanddiscussion
3.1暋Environmentalimpactofbuildings

Theresultofthe buildingsoperationalenergy
calculationshowsthatthestandardbuildingamountsto
92.96kWh/m2peryearwhiletheregularwell灢insulated
andthe VIP well灢insulatedbuildingshavevaluesof
61.81and56.74kWh/m2peryear,respectively.This
valueincludestheenergyforheating,energyforspace
coolinganddomestichotwater.Thestandardbuilding
surpassesthelimitof80kWh/m2peryear[35]andhas
the highestenergy use.Theregular well灢insulated
buildingconsumesabout33% lessenergy whilethe
buildingwithVIPsusesabout39%lessenergy.The
totaloperationalenergyuseofthebuildingsarethen
convertedtoGWPandPEandaddedtotheimpacts
frommaterialproductionstage(Fig.2,3)

Fig.3暋TotalGWP

Fig.4暋TotalPE

Thevaluesillustratethattheimpactsforthe
standard and regular well灢insulated buildings are
relatively,similartoprevious work [21灢25].This
study,does however,includethe LCA ofa VIP
insulatedbuilding.InthecaseofGHGemissionofVIP
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retrofittedbuilding,morethanhalfofthetotalemission
(57%)is related to the production of building
components,whileinthecaseofregularwell灢insulated
building,morethanhalfofGHGemission(56%)is,in
contrast,relatedtotheoperationphase.Inthecaseof
standardbuilding,asignificantshareofGHGemission
isrelatedtotheoperationphaseofbuilding which
accountsfortwothirdsofthetotalemission (67%).
Theemissionfortheoperationphaseofastandard
buildinghighlightsthedirenecessityofinsulation.Itcan
be seen that the total energy of operation was
significantly reduced in the case of well灢insulated
buildings.AnalysisofthePEuse(Fig.4)showsthat
morethantwothird(upto74%)ofthetotalPEofthe
well灢insulatedbuildingwiththeVIPsisrelatedtothe
productionstageofbuildingcomponents.Whileinthe
caseoftheregularwell灢insulatedbuilding,about58%
oftotalPEisduetoproductionofmaterialand46%in
thecaseofthestandardbuilding.Thisispartlyinline
withtheresultsof[22]thatshowedthePEinthe
productionstageoflow灢energybuildingswithaservice
lifeof50yearscouldbeupto60% ofthetotal
dependingonenergysupplysystemcomparedto45%
forconventionalbuildings.

Ingeneral,theGHGemissionoftheVIPinsulated
buildingis approximately 6% lowerthan forthe
standard building.It must be observed that the
emissionscanbefurtherreducedthroughtheapplication
ofanalternativeVIPcorematerialor/andutilizationof
renewableresources.Itisalsoofinteresttonoticethat,

comparedtothestandardbuilding,theGHGemissions
can be reduced by 21% adding more traditional
insulation whilethis,in turn,would resultin a
significantlossoflivingspacearea

Inthecaseofwell灢insulatedbuildings,theresults
ofFig.4illustratethattheeffectofreducingtheenergy
use of the materials from cradle灢to灢gate clearly
outweighstheoperationalenergyuseofthebuilding.
Whenlookingatbothimpactcategories,VIPsseemto
haveapotentialforfurtherimprovement,especially
whenitcomestotheproductionofthecorematerial
[33,36灢38].This mayincludetheexploitationof
alternative eco灢efficient production processes and
sustainableproductionstrategiesfocusedonreducingthe

productionenergyandtheuseofrenewableresources.
Forinstance,ourprevious[36,39]includeassessments
ofnewprecipitatedsilicacorematerials.
3.2暋Sensitivityanalysis

ThisstudyincludessensitivityanalysisofVIPs
using EPDs from four differentindependent data
sources.ThisincludestheGWPandPEuseforthe
productionof1kgofvacuum panel.Theresultsare
showninFig.5inwhichtheuppergraphillustratesthe
GWP(kgCO2 eq/kgmaterial)andthegraphbelow
representsthePEuse(MJ).

Fig.5暋ComparisonofdifferentVIPs

Theanalysisforthe VIPsshowsthesmallest
impactsinbothcategoriesforproducerIIIandproducer
IV.Theimpactsarefairlyclose,withonlyadifference
of5%intheGHGemissionsaswellas6.8%inthePE
use.TheanalysisalsoshowsthattheproducerIandII
havein contrastthe highestimpacts,whilethese
impactsare relatively close,with a comparatively
greaterdifferenceof16%inGHGemissionand18%in
PEuse.

ThismaybeduetothedifferencesintheVIP
productionprocessand/ordifferentenergysources.The
VIPmanufacturingprocesseshavethusagreatpotential
forfurtherinvestigations by aimingtoreducethe
environmentalimpactsofVIPproduction.TheEPDsof
theVIPsshowdifferentsuppliesofenergy,producerI
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uses100%hydropoweratplantandproducerIIusesa
plantspecificpowermixwhileproducerIVusesapower
mixfromKemptenwhileproducerIIIhasanunknown
powermixandenergyuse.A moredefiniteconclusion
wouldrequire morecompleteandtransparentEPDs
fromtheproducerssinceanumberofkey暞sfull
informationwerenottransparentorweretotallymissed.

4.Conclusionsandoutlook
Thisstudycontainsacomparisonofthesumofthe

environmentalimpactsfromthreebuildings,astandard
and two well灢insulated buildings with traditional
insulationmaterialsandwithVIPs.TheGWPandPE
use(bothrenewableandnon灢renewable),forboththe
building暞smaterialproductionandbuildingoperational
phase(50years),havebeenassessed.

The well灢insulated building with VIPs has
measurableenvironmentalimpacts,mostlyduringthe
productionprocessofthebuildingmaterials.Itmustbe
notedthatthe VIPshave measurableenvironmental
impactsbut,inthecaseofprimaryenergyuse,those
areoutweighedbythereductionofoperationalenergy.
ItmustalsobenotedthatthebuildingwithVIPshasa
lowertotal GHG emission for both the material
production and operation phase,compared to the
standardbuilding.Thelackoftransparentdatadoes,

however,callforfurtherinvestigation.
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Abstract
TheuniquethermalpropertiesofVIPsmakethemacompellingalternativeformanybuildingapplications.Thisworkillustratesanew

VIPmountingsystemthatcanbeusedtoimprovetheenergyefficiencyofbuildingsthataretypicalofthegreatSwedishhousingprogram
ofthelatesixtiesandearlyseventies,“Miljonprogrammet暠.

TheembeddedVIPsaregluedtotheoutsideoftheexistingwallstructure,whileaL灢profileconnecteddirectlytotheaeratedconcrete
wallcarriesafacadeboardonwhichrenderingmaybeapplied.AT灢profileprovidesaventilatingairgapbetweenthefacadeboardandthe
structure.Thesuggestedtechnicalsolutionshavebeenevaluatedthroughfullscalemeasurementsinaclimaticchamber.Themeasurement
resultsareusedtoderivetheresultingU灢valueofthewallafterretrofitting.Thethermalpropertiesofthematerialswereobtainedthrough
independentmeasurementsbythemeansofTPStechnique.Theanalysisoftheresultvaluesshowsasignificantimprovementinthe
resultingU灢valueoftheretrofittedwallcomparedtonon灢retrofitted.

Keywords暋vacuuminsulationpanels(VIPs),miljonprogrammet,retrofitting,climaticchamber,resultingU灢value

1.Introduction
Buildingsarethelargestconsumersofenergy

worldwide[1].Today暞sbuildingsareresponsiblefor
40%oftheworld暞senergyuseandGWP.A30 %
increaseintheglobalenergydemandforbuildingsis
expectedby2035[1]andtheEU灢commissionhasset
threekeyobjectivesfortheyear2020comparedto1990
levels,knownasthe“20灢20灢20暠targets[2].

InSweden,about21% oftheenergyusecanbe
relatedtotheheatlossesthroughtheclimaticenvelopes
ofbuildings.TheSwedish“Boverket暠prescribesavalue
oflessthanorequalto80kWh/m2 peryearforthe
energyconsumptionofmultifamilyresidentialbuildings,

locatedintheclimaticzoneofStockholm[3].
Duetothecomparativelygreatheattransmission

losses,theSwedish“MillionProgram暠fromthe60sand
70sisachallengingandattractivetaskforresearch.

Accordingto“Boverket暠theapartmentblocksfromthe
“MillionProgram暠mustberefurbishedby2025witha
U灢valuetargetof0.18 W/(m2·K)afterrenovation
[5].Anumberofstudiesputemphasisontheimproved
thermal efficiency of these buildings and a
comprehensivesummaryofpreandpost灢renovations
usingtraditionalinsulationscanbefoundintheliterature
[6 8].TheuniquethermalpropertiesofVIPsmake
them a compelling alternative for Swedish
“MillionProgramme暠.

TheapplicationofVIPshasbeenlimitedtoafairly
smallnumberofbuildings [9],whileanumberof
studies[9灢18]givecomprehensiveaccountoftheoretical
discussions and a state灢of灢the灢art review of VIP
products,laboratoryorinsitu measurementsofthe
implementationofthepanelsinaretrofitprojectaswell
aslife cycle assessments.Itis obviousthatthe
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implementationofVIPscallsforabuildingtechnology
thatprovidesanadequateprotectionoftheVIPs,while
allowingfornecessarymaintenanceandrenovation.It
hasalsobeenshownthatthejointsatwhichthepanels
meetgiverisetothermalbridgesthatincreasetheheat
lossthrough the building envelope. Our previous
parametricstudyshowsthatthethermaledgelosscan
becompensated with an adjacentlayerofthermal
conductivityintherangeoftraditionalinsulations[19].
ThereportoftheIEA[10]includesanumberofstudies
thatperformedriskassessmentsofbuildingphysics
performance(heat,air,andmoisture)inVIPretrofitted
buildings.Furtherinvestigationscanbefoundinthe
literature[20灢22].

Thepurposeofthisstudyistoproposeanew
robustETICS system with VIPsforthe “Million
Program暠andtoevaluatethethermalperformanceof
thesystem.

2.Method
Priortothefullscalelaboratoryexperiments,the

influenceofvariousdesignfactorsisevaluatedthrough
one灢at灢a灢time parametric analysis and the risk of
excessive moistureconditionsisinvestigatedthrough
dynamicsimulations.Thesuggestedtechnicalsolutions
arethenevaluatedthroughfullscalemeasurementsina
climatic chamber. This includes monitoring of
temperatureandrelativehumidityatvariouslocationsin
thewallconstruction,overaperiodof1year.These
stepsalsoofferpossibilitytodoacomparativestudy
between the calculated and the real thermal
transmittance.
2.1暋Parametricanalysis

Muchworkhasbeendonetoinvestigatetheimpact
offactorssuchasVIPthicknessandgeometry,VIP
laminatesandthehygrothermalpropertiesofmaterials
atthejoints,ontheheatfluxacrossaVIPretrofit
project[24 28].

ThenewVIPmountingsystemisbasedonsomeof
thefindingsofourpreviousstudy[19]thatincludesa
parametricanalysis oftheimpact ofthe thermal
conductivityofthematerialsatthejointsofpanelsand
thatoftheadjacentinsulationlayeraswellasatthe
fastenersonthethermalbridgesthatcanbeseenin
Figs.1and2.TheresultscanbecomparedtoaU灢value

ofabout0.09W/(m2·K)foraconstructionwithno
thermalbridges.

Fig.1暋Theresulting U灢valueasafunctionofthethermal
conductivityofthejoint (left)andoftheadjacent
insulation(right)

Fig.2暋TheresultingU灢valueasafunctionofthethermal
conductivityofthebolt

Asshownin Fig.1灢left,theapplicationofa
materialwithahighthermalresistanceattheVIPjoints
hasasignificantinfluenceonthethermalbridge.Going
fromavalueof0.10to0.02 W/(m·K)willgivea
reductionthatamountstoabout30% ofthetotalheat
loss.Inthecaseofadjacentinsulationmaterial,asis
showninFig.1灢righttheinfluenceofimprovingthe
outerinsulationlayerdoesalsohaveasignificanteffect
ontheheatflux,althoughsomewhatsmaller.Fig.2
illustrateshowthethermalperformanceofthefasteners
affectstheresultingU灢value.Theredsolidlineshows
thattheinfluenceoftheboltsisalmostnegligibleinthe
caseofalightaggregateconcretewallretrofittedwith
VIPs,incontrasttotheresultsforamassiveconcrete
wallasillustratedbythebluedottedline.
2.2暋Dynamicsimulationsofmoisture

Anassessmentoftherelativehumidity,RH,were
carriedoutbysimulationsofheatfluxand moisture
transport[23].Thisincludestransient modelingof
vapordiffusionwithComsolMultiphysics猝 allowingfor
sorptioninthematerialaswellasenhancedmoisture
transportathighrelativehumidity.Thiswasdonewith
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climaticconditionsasdescribedbyEN15026,whilethe
averagehourly valuesforoutdoortemperatureand
relative humidity are retrieved from an IWEC
(internationalweatherforenergycalculation)climate
fileforStockholm.

The2DplotofFig.3showstheRHthroughthe
retrofittedwallwithexteriorVIPswhileeachgraphof
theFig.4givestheoneyearvariationsofRHrangesin
theselectedpoints,shownintheFig.3.

Fig.3暋2DsimulationsofRHdistributionatlongterm
extremeconditionsand3Dmoduleofheatflux

Fig.4暋RHasafunctionoftime

A3灢dimensionsimulation wascarriedoutwith
ComsolMultiphysics猝inordertoillustratetheeffectsof
thermalbridgesduetothemechanicalfastenersatthe
joinswherethepanelsmeet.

Inessence,thestudyshowsthatthelayersonthe
outsideoftheVIPshaveamoisturecontentthatisvery
closetothatoftheoutsideenvironmentwhilethelayers
ontheinsidehaveatemperatureandmoisturecontent
thatisclosetothatofindoors.Thus,acalculationof
theRHillustratesthattheplacementoftheVIPsonthe
outsideofthewalldoesnotposeamoistureproblemto
theconstruction.Furthermore,ithasbeenshownthat
themodelindicatesnoriskofhighrelativehumidityat
thejointsofthepanels.

Themodeldoesnot,however,takeintoaccount

the penetration of rainwater and possible leakage
throughthejointsofthepanels.Aventilatedairgapis
commonlyusedtoventilateexcessivemoisturedueto
leakageatjointswhilereducingthepressureofdriving
rainandprovidingabarriertocapillarytransportfrom
thewetoutersurface.
2.3暋In灢situmeasurementwithclimaticchamber

Onthebasisoftheparametricanalysisandthe
simulationsanewETICSwithVIPsforaeratedconcrete
isproposed.Thethermalbridgesatthefastenersand
thejointsofthe VIPsare minimized witha new
mountingsystemwhileaventilatedairgapprovidedby
thesystem allowsforthedrying outofexcessive
moisture.This study puts particular emphasis on
proposing a VIP technicalsolution with certified,

standardandcommerciallyavailablecomponents.
Thetechnicalsolution,suggestedinthisstudy,is

evaluatedthroughfullscalemeasurementsinaclimatic
chamber.Thechamberconsistsoftworoomswitha
length,widthandheightof3,3and4m,inthatorder.
A wall construction of aerated concrete blocks,

representativeofthe“MillionProgram暠,wasbuiltin
theclimaticchamber.Thewall,measuringabout12
m2,isinsulatedwithaVIPsandwichconsistingofa20
mmthickVIPembeddedbetween20and10mmthick
ExpandedPolystyrene(EPS)panels,attachedbythe
meansofindustrialadhesivegluesandtape.Priortothe
mountingoftheVIPsandwichedpanels,fourdifferent
adhesivegluesandanumberofdifferentadhesivetapes
weretested.Allthetapesarecommerciallyavailable
andcertificatedforfreezingtemperatures.Priorto
installation,theVIPsandwicheswerecompressedby
themeansofmechanicalloads,upto3.0kN.Inthe
caseofgluing,upto24hwerespentoncompressing
theVIPsandwichedpanelsinordertogainstability.A
relativelyshortcompressingtime(minutes)wasused
fortheadhesivetapes.ThesizeoftheVIPsusedinthis
studywere1200暳600mm2(typeA)and600暳500
mm2(typeB).Priortotheexperimentthewallwas
allowedtodryfor3months.TheVIPsandwicheswere
thengluedtotheoutsideoftheexistingwallstructure,

bythe meansofanadhesive (hydraulicallysetting
mortar)thatisspeciallydesigntobeusedforadhesion
andlevellingofporousmaterials,e.g.EPSpanels,toa
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roughsurfacematerialsuchascellblocksorconcrete.
Theadhesiveiscertificatedforloadsupto80kN/m2

paralleltothewall.A3mmthickL灢profile(stainless
steel)connecteddirectlytotheaeratedconcretewall
carriesafacadeboardon whichrendering may be
applied.A T灢profile (3 mm thickstainlesssteel)

providesaflexibleventilatingairgapbetweenthefacade
boardandthestructure(Fig.6).Priortofasteningthe
L灢profiletothecellblocks,specialboltscrews with
variousgeometricsizes weretestedforload灢bearing
capacity.Thisstudyincludesthefirstapplicationof
thesespeciallydesignedfacadeconnectionswithVIPs.

Anumberofexperimentswereperformedinorder
toevaluatethethermalpropertiesofthematerials.Ina
recentstudyithasbeenshownthatthedifference
betweenthe materialpropertiesinrealcaseandthe
standard data canleadto differences between the
measuredandcalculatedresultvalues [22].Inthis
study,theTransient PlaneSource (TPS)technique
(TPS2500S灢ISO/DIS22007灢2.2)wasthereforeusedto
evaluatethethermalpropertiesofthematerialsusedin
thewall.Priortolaboratoryexperiments,anumberof
cubes,with flat surfaces, were built by cutting
cellblocksandEPSpanels.Acubedshapedsteelframe
was,inaddition,appliedtoform the“hydraulically
settingmortar暠thatusedtoattachtheVIPsandwiches
tothesurfaceofthecellblock(Fig.5).

Fig.5暋ThetransientthermalexperimentswithTPS

Thelaboratorymeasurementsarecarriedoutwith
severaltemperaturesensorsandRHsensorswhilethe
heatflowacrossthewallwasmeasuredwithheatflow
metersofthetypePU43(producedbyTNOInstituteof
AppliedPhysics,Delft;Netherlands).Priortothein
situmeasurements,theheatflowmeterswerecalibrated
withastandardreferencematerial猝 (SRM1450d)high灢
densityFibreGlassBoard,certificatedbytheNational
InstituteofStandardsandTechnology.

Theheatflow metersweremountedindifferent

positionsontheinteriorsurfaceasillustratedinFig.6.
80temperaturesensorsoftypeT (Copper/Constantan
thermocouple)aswellasType K (Chromel/Alumel
thermocouple)wereinstalledatvariouscoordinatesin
theplaneofthewallandatthemateriallayerboundaries
asshowninFig.6.

To monitor the indoor and outdoor relative
humidity,anumberofsensors (MitecRHsensors)

wereused.However,theauthorsofthestudywerenot
abletomanagetheindoorandoutdoorhumidityinthe
climaticchambers.Allthesensorsareconnectedtoa
numberofdataloggers(MitecAT40g)thatwereused
torecordandstoredataevery1hour.

Fig.6暋Technicalsolutionforretrofittingandplacement
ofthesensors

Anumberofmethodsforin灢situ measuringand
monitoringofbuildingenvelopescanbeseeninthe
reportof[31]wherethetestfacilitydesignedwasbased
ontheobjectivesofinternationalstandards.Laboratory
proceduresandprinciplesfordeterminationofthermal
transmittanceofbuildingelementscanbefoundin[29].
Thethermal measurementsinthisstudyhavebeen
carriedoutaccordingtothegoverningstandard,NS灢EN
ISO8990:1997[32].Asteady灢statemeasurementwith
aclimaticchambercanbecarriedoutbymeasuringthe
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heatflowthroughawallconstructionofgiventhickness
andaknowntemperaturedifferenceacrossthewall.
Thisrequiresthatthetemperaturesonbothsidesare
keptatconstantvaluesandthematerialsmustreach
equilibriumin ordertoeliminatetheeffectofthe
thermalinertiaofthewallconstruction.Thethermal
transmittanceor U灢valueofthe wallcanthen be
calculatedusingthefollowingequation

毸Block

dBlock
(Tsi-TBlockVIP)=UWall(Ti-Te)

Wheretheleftsideistheheatfluxthroughthe
aerated concrete block a function ofthe thermal
conductivityoftheblock,itsthickness,dblock andthe
temperaturedrop,殼Tblock whiletherightsidegivesa
correspondingexpressionfortheheatfluxfromthe
interiorsurfacetotheoutersurfaceofthewallasa
functionoftheUvalue ofthewall,Uwallandtheinside
temperature,TiandoutsidetemperatureTe.

3.Resultsanddiscussions
ThelaboratoryexperimentsstartedinDecember

2014.Thisisanongoing workandtheresultsof
preliminarymeasurements,foraperiodoftwomonths,

isshowninthisstudy.Thelaboratoryexperimentswere
carriedoutthroughmeasurementsatthreeclimatictime
sequenceswithdifferentoutdoortemperatures,while
the indoor air temperature is intended to be
representativeofSwedishresidentialbuildings.The
thermalconductivityofthebuildingmaterials,measured
with TPS,islistedintable1together withthe
calculatedU灢value.

Tab.1暋Thethermalconductivitiesofthematerialsand
thecalculatedU灢value

Materia d
mm

毸
W/(m·K) Source R

m2·K/W

Aeratedconcrete
blocks 365 0.118 TPS 3.09

Hydraulically
settingmortar 2 0.959 TPS 0.002

EPS 20 0.0329 TPS 0.608

VIP 20 0.007 Manufacturer 2.857

EPS 10 0.0329 TPS 0.304

Rsi 灢 灢 Standardvalue 0.14

Rse - - Standardvalue 0.04

Rwall - - - 7.041

Calculated

U灢value/(W/(m2·K))
417

Beforeretrofitting0.305
Afterretrofitting0.142

Theaveragevaluesofindoor/outdoortemperatures
andothermeasuredtemperaturesmeasuredatdifferent
locationsoftheconstruction,asshowninFig.6,are
listedinTab.2.

Tab.2暋Theaveragetemperaturevaluesrepresenttheclimatic
conditionatdifferentlocationsofthewall

Placement

With

out

VIPs

VIPcentre

1200暳600

mm2

VIPjoint

1200暳600

mm2

VIPcentre

600暳500

mm2

Indoorair/曟 26.51

Interior surface

temperature/曟
23.3 25.8 25.55 26.03

Concrete blocks灢
VIPcentre/曟

- 7.45 0.99 7.15

Exterior surface

temperature/曟
-14.5 -15.68 -14.63 -14.9

Outdoorair/曟 -17.06

Measured

U灢value/(W/(m2·K))

Beforeretrofitting0.28

Afterretrofitting0.136

Thesevaluesarefromselectedperiodsofthe2
monthinsitumeasurements.Itmustbenotedthateach
temperaturevaluerepresentsanaverageofatleast3
adjacentsensors.Thespreadofvalueswassmall(upto
0.3曟)incomparisonwiththe暲1曟standarddeviation
ofthesensorvalues(accordingtothemanufacturer,)

andisassumedtohaveanegligibleeffect.Asexpected
thetemperaturesarehigherattheinteriorsurfaceswith
VIPsduetotheincreasedthermalresistanceofthewall
andforthesamereasontheoutdoorsurfacesofthe
corresponding sections arelower.Furthermorethe
temperaturesatthejointofthepanelsindicateathermal
bridgeeffectasexpectedandshowninFig.7.

Fig.7暋IR灢camerashowstemperaturedistribution
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Theheatfluxmeasurementsforthebiggerpanels
giveaU灢valueofabout0,136W/(m2·K)forcentreof
panelwhichcorrespondtoadecreaseofabout52%
whencomparedtothe wall withoutpanels.This,

remarkably,isveryclosetothecalculatedU灢valueof
Tab.1.

Thetemperaturesontheexteriorsurfaceand
betweentheconcreteandtheVIPsandwichsuggestthat
thebiggerpanelshaveaslightlybetterperformance,

possiblybecauseagreaterareatoperimeterratioand
henceasmallerthermalbridgeasreportedinprevious
research [24灢28].Themeasuredindoortemperatures
contradictthisbutcan mostlikelybeexplainedby
unfavourableairdistributionintheindoorchamber.

4.Conclusionsandoutlook
This study demonstrates a robust,effective,

simpleandfastsystemforexternalmountingofVIPs.
IthasbeenshownhowtheETICScanbeusedfor
retrofitting of buildings from the Swedish
“Miljonprogrammet暠.Thesystemisbasedonstandard
andcommerciallyavailableproductsandshouldallowfor
there灢mountingincaseofdamagedordeteriorated
panels.

Thesystemisbasedonparametricanalysisandhas
beenevaluatedthroughfullscalemeasurements.The
resultoftheparametricanalysishighlightthefactthat
thethermalpropertiesofthematerialusedatVIPjoints
hasaremarkableinfluenceonthethermalbridges.
Goingfromathermalconductivityvalueof0.10to0.02
W/(m·K)willgiveareductionthatamountstoabout
30% ofthetotalheatloss.Improvingthe outer
insulationlayerdoesalsohaveasignificanteffectonthe
heatflux,althoughsomewhatlessthantheeffectof
loweringthethermalconductivityofthe VIPjoint.
Resultsfrom3DsimulationswithComsol猝 showthat
thefastenersdeservecarefulconsideration.Thestudy
indicatesthattheapplicationoftheVIPsattheoutside
ofconstructionwillnotleadtohighrelativehumidityin
thewalloratthejointwhileattentionmustbegivento
leakageatjointsandpenetratingrain.

Theresultssofarshowthatacomparativelythin
externalinsulationcanlowertheU灢valueofthewall
constructionbyabout52%.

Thisisanongoingworkandtheresultsshownin

thispaperarebasedonmeasurementsfromaperiodof
twomonths.Currenteffortsincludetheuseofinfrared
thermographytoquantifythewhole灢wallU灢valueand
thermalbridgesandfuturework willincludefurther
dynamicsimulationsandfullscalemeasurementsofheat
andmoisturedistributionsacrossthewallconstruction.
The future work will also include a discussion
concerningthemethod,e.g.ourinvestigationssofar
illustratethattheuseofadhesivetapeforembedding
VPsbetweenEPSpanelsdeservesfurtherinvestigation.
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Abstract
Oneofthemajorissuesofusingvacuuminsulationinbuildingsistheirproblematicinstallationandtheriskoftheirdamageduring

andafterfittingwhichresultsinthedegradationoftheirthermalinsulationproperties.Oneofthesolutionscanbefittingthevacuum
insulationdirectlyintohollowmasonrypieces(small灢sizeinsulatorsinseverallayers).Thepaperdescribesthepossibilitiesofusingsmall灢
sizedvacuuminsulationfortheproductionofceramicmasonryelementscontainingintegratedinsulationofveryhighthermalresistance.
Theintegrationofavacuuminsulatorintoamasonryblockminimisesthenecessitytoadditionallyadjusttheinsulatorattheconstruction
siteandfurthermoreitgreatlyincreasestheprotectionoftheinsulatoragainstmechanicaldamage.Thechoiceofplacementofthevacuum
insulatorinablockcaneliminatetheriskofdamage(e.g.drillingorotherwisebreakingthrough)inthestructureduringitsservicelife.

Keywords暋vacuuminsulation,thermalconductivity,masonryconstructions,thermalresistance,masonryelements

1.Introduction
Oneofthecurrentglobaltopicsiseconomicaluse

ofnon灢renewableresourceswhetherintermsofefficient
useofenergyobtainedfrom them orintermsof
reducingthepollutionproducedbytheirprocessing.In
connectionwiththisthereispressuretoreducethe
energy demands of buildings asitis this which
constitutesoneofthesubstantialpartsoftotalenergy
consumption.Thisfactisconfirmed bythe Kyoto
pyramidwhichidentifiesqualitythermalinsulationof
buildingenvelopesasthe mosteffective means of
reducingenergy[1,2].

Intermsofmasonrybuildingenvelopes,thebest
thermalinsulationpropertiescanbeattainedbytheuse
ofload bearingelementswiththebestpossiblethermal
insulationproperties,divisionoftheload灢bearingpartof
theenvelopefrom masonryorrefittingthevertical

structureswithinsulation.
Whenusingconventionalceramicmasonryblocks,

oneoftheoptionstoimprovethefinalthermalinsulation
properties ofthe structureis additionalinsulation
(interiororexterior).Thismethodbringsanumberof
negatives.Itisespeciallya necessityto undertake
furthertechnologicalstepsinordertofitadditional
insulationsystemswhichaddstotheconstructiontime
aswellasthetotalbudget.Moreover,thereisariskof
defectsoccurringand,byextension,problemscausedby
low灢quality/unqualified installation of the thermal
insulationsystem.Anothernegativeistheincreaseof
thebuilding暞stotalwallthicknessduetotheuseof
thermalinsulationsystems[3].Innewconstructions,it
ismoresuitabletouseceramicmasonryblockswhich
themselves meet high requirements on thermal
insulationproperties.Oneoftheoptionsareblockswith
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integratedthermalinsulation[4,5].

2.Developmentofceramicmasonryblocks
Therearethreebasicdirectionsinthedevelopment

ofceramicmasonrypiecesusedinexteriorwalls.The
matterathandistheimprovementofthermal灢technical
propertiesoftheverycastfrom whichtheblocksare
made,nextthegeometricalarrangementoftheinternal
ribsoftheblocksandatthesametimethemostrapidly
evolvingdirectionofdevelopmentisfusingtheceramic
masonryblockandthermalinsulationorintegratingthe
thermalinsulation into the cavities of the block
respectively[4,6].

Bothintermsofthedevelopmentdirectionfocused
onthepropertiesoftheceramiccastoftheblockandof
thegeometricalarrangement,therearecurrentlyno
possibilitiesofanyfurthersignificantimprovement.The
improvementofthethermal灢technicalpropertiesofthe
castisachievedmainlybylightweightingofthecast
whichbringsareductionofthermalconductivitybutalso
adeteriorationinmechanicalpropertieswhichineffect
limitsfurtherpossibilitiesofimprovingthethermal
insulationproperties.Thecaseofgeometricaldesignof
theblockconcernsmainlythecreationofthehighest
possible number of overlaying cavities situated
perpendicularlytothedirectionofheatflowandthe
reductionofthethicknessoftheribs(especiallyinthe
directionoftheheatflow).Adecreaseinribthickness
bringsaproblemintermsofmanufacturingandcauses
deteriorationofthemechanicalpropertiesoftheblocks.
Inbothcases,anoptimalratiobetweenmechanicaland
thermal灢technicalpropertieshasbeenfound.Forthis
reason,thedevelopmentofceramicmasonryelementsis
focused on blocks with integrated thermal
insulation[4,6].

Theintegration ofthermalinsulationintothe
cavitiesinceramic masonry blocksisperformedin
particleandliquidstateorwithapieceofinsulator.
Particleandliquidinsulatorscanbeappliedinsmallas
wellaslargecavitiesintheblockwithoutanyneedof
substantialchangesofitsinternalstructure.Particle
insulators(e.g.polystyrene)areappliedasgranules
which,upon having filled the cavities, undergo
additionalexpansionandarethusfixedinplace.Liquid
insulatorsaremostoftenamixtureoffillerandbinder

wheretheinsulatorisfixedbyhardeningofthebinder
afterthemixturehasbeencompactedinsidethecavities.
Anothertypeofliquidinsulatorsareonesbasedon
PUR/PIRfoam whicharesprayedintothecavityand
arefixedinplaceby meansoftheirownexpansion.
PUR/PIRfoamsexpandandhardeninthecavities
relativelyquickly;however,theirpriceistypicallytoo
hightoenablethemtobeusedforthispurpose.When
piecesofinsulationareused,theshapeoftheblock
must bechanged.Theinsulation pieceis usually
insertedincavitiesupto30to45mm wide.Forthis
purpose,itisgoodtouseeasilycompressibleinsulators
(e.g.mineralwool)whicharecompressedpriorto
beinginsertedinthecavityandarefixedinplaceafter
release.Inthiscaseofinsulationintegrationitisnot
necessaryfortheinsulationtohardeninthecavities
whichaddstotheefficiency ofthe manufacturing
process[4,6].

In the past,research at Brno University of
Technologywasundertakenfocusingontheintegration
offibrousthermalinsulationmaterialsinthecavitiesof
ceramicmasonryblocksasasubstitutionformineral
woolmostcommonlyusedtoday.Currentresearch
follows this by, among others, examining the
possibilitiesofvacuuminsulationwithacoreinsulator
basedonrecycledtextilefibresornaturalfibrestobe
integratedinceramicmasonryblocks.

3.Useofnaturalfibresincoresofvacuuminsulated
panels(VIP)

暋暋AlthoughVIPweredevelopedinearly20thcentury,

theyonlysawfirstapplicationin1999[7].VIPwere
firstappliedinhomeappliancesandcargocontainers.
Recently,VIPhavebeen morecommonlyassociated
withcivilengineering.Theyfindtheiruseinfloorand
roofconstructionandapassivehouseusingthesepanels
hasalsobeenbuiltusingthesepanels[8].

Atthebeginning,VIPcoreinsulationmaterialwas
madefrom siliceousaerogelsbuttheproductionof
aerogelsisexpensive and consumes much energy.
Aerogelsalsohaveratherlow mechanicalproperties.
Forthisreason,otherinsulatorswerebeguntobeused
in early 20th century, such as mineral wool,

polyurethaneandpolystyrenefoam [7].Apartfrom
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thesetraditionalinsulators,somealternativeonesare
beginning to find their use, e.g. melamine
formaldehydefibres [9].Researchperformedabroad
[10]aswellasatBrnoUniversityofTechnologyshows
that insulators based on natural fibres can be
successfullyusedinVIPgiventhelowthicknessoftheir
primaryfibresandlowthermalconductivity.

Anadvantageoftheseinsulatorsisthelowenergy
costoftheirproductionandtheuseofeasilyrenewable
sourcesofsecondaryraw materialsprovidedthefibres
usedareagriculturalcropleftovers,wastefabric,etc.

IntermsoftheuseofplantfibresinVIPitis
appropriatetousefiresasthinaspossibleinorderfor
themtoyieldthebestthermalinsulationproperties.
Suitableonesaree.g.cottonfibreswhichreachthermal
conductivityofabout0.005 W · m-1 · K-1 after
vacuumsealing.Giventhefactthatthecoreinsulation
inVIPiscoveredbyavapour灢prooffilm,thereisno
riskofdegradationofitsthermalinsulationproperties
duetomoistureorbioticattack[11].

4.Useof VIP asinsulationintegratedintoceramic
masonryblocks

暋暋TheuseofVIPinexteriormasonryhasbeentested
asaninsulationsystem (bothinteriorandexterioras
wellas contact and non灢contact). However,this
application brings several problems. There are
complications connected especially with fitting and
connectingtheindividualpanelswithoutcompromising
themorcreatingsignificantthermalbridges[12 14].
Nevertheless,thelimitationsofthisVIPapplicationare
currentlymainlydeterminedbythehighpriceofthe
panelstogether with fitting and certain operations
connectedwithusingthebuildingduring whichthe
panelsmustnotbecompromised.VIPpricereduction
canbeachieved mainlybyusingcheaperinsulation
materialsinthepanelcore,suchastheabove灢mentioned
insulators based on naturalfibres.Increasing the
protectionofVIPfrom mechanicaldamagecanbedone
bymeansofintegratingthepanelsinthecavitiesof
ceramicmasonryblocks.

ResearchbeingperformedatBUTincludesan
examinationofthepossibilitiesofusingVIPwithacore
materialbasedonnaturalfibresandcommontypesof
VIPasintegratedinsulationinceramicmasonryblocks.

Thegoalistodesignasingle灢layermasonryoflow
thickness withthe bestpossiblethermalinsulation
properties.Thereisanefforttoachieveagreatest
possibleimprovementinthermalinsulationproperties
with minimum increase in price of the masonry
elements.

Thebasicmasonrychosenhadthicknessof300mm
ascommonmasonrypiecesofthisthicknessdonotmeet
thehighstandardsofmostEUcountries(intermsof
building envelopes). Heat transfer coefficient of
conventionalTHERM灢typemasonrypiecesof
300mmthickrangesfrom0.25~0.70W·m-2·K-1

independence onthe geometricalstructure ofthe
blocks,castpropertiesandcoursingjointproperties.
Thedesigninvolvedlargecavitiesof40mmin5rows
withincreasedribthicknessperpendiculartoheatflow
direction.Thegeometricaldesignoftheblockisshown
inFig.1.

Fig.1暋Blockdesign

Thefollowinginsulatorswerechosen:
(1)basic mineralfibreinsulation (MW)with

thermalconductivityof0.035W·m-1·K-1.
(2)commercialVIPbasedonpyrogeneoussilica

withthermalconductivityof0.007W·m-1·K-1.
(3)experimentalVIPbasedondefibredcottoncore

insulation with thermal conductivity of
0.006W·m-1·K-1 (thevaluewasroundedupto
thousands).

ThethicknessoftheVIPwassettobe20mmi.e.
50%ofthethicknessofeachcavitywhiletheVIPare
protectedbygeotextilefromeachsideinordernotto
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damagethemduringinsertionintheblock;subsequent
fixationisperformedbymeansofinserting2matsof
mineralwool(withthermalconductivityvalueof0.035
W · m-1 · K-1)each12 mm thick wheretheir
compressiondownto10mmfixatestheinsulatorinthe
cavity.

Fig.2showsadiagramofthecavityfilling.The
calculationswereperformedwiththevalueofthermal
conductivityoftheceramiccastof0.275W·m-1·K-1

(basedontheknowledgeofaveragecalculationvaluesof
thermalinsulation ofceramicblockcastsfrom the
largestproducesinCzechRep.)whiledifferentwaysof
fillingthecavitiesweremodelled.

5.Calculationofthermalinsulationpropertiesofthe
blockscontainingVIPinsulation

暋 暋 Based onthe block geometry,computational
modelsweredesignedwhereVIPwereplacedinthe1st,

2ndand3rdrowstartingfromtheexteriorandthenin
combinations:1st+ 2ndrow;2nd+ 3rdrow;1st+ 3rd

rowand1st+2nd+3rdrow.Therewereatotalof7
computationalmodels.Thecalculationsalwaysincluded
simulations with one ofthe three above灢described
insulators.Giventhefactthattheblockcavitieswere
filledwithmineralwoolofuniformpropertiesinplaces
withnoVIP (insulatorNo.1),theresultsforthe
applicationofinsulator No.1in allcavities were
identical.Itwasablockfilledonlywithmineralwool
whichfunctionedasreference灢REF.

Fig.2暋Diagramoftheblockdesign(red灢ceramiccast;

yellow灢mineralwool;blue灢VIP;green灢air)

Thecalculations were performed on atypical
masonrycut灢outinaccordancewithEN1745whichwas

exposedtotheactionofathermalfield毴1 = 毴i =
+21曟,毴2 = 毴e = -15 曟.Thecalculation was
performedusingthefiniteelementmethodaccordingto
EN ISO 6946.Thermal灢technicalpropertiesofthe
masonrybuildingmaterialswerechoseninaccordance
withthevalueslistedabove.Theequivalentvalueof
thermalconductivityofairinthebuttjointcavitiesin
thedirectionofheatflowwasdeterminedaccordingto
EN ISO 6946.Thecalculation resultsareinthe
followingFig.3:

Fig.3暋ChartofheattransfercoefficientoftheblockusingVIP

6.Evaluationofresults
TheresultsindicatethattheuseofVIPasthermal

insulationintegratedintheblockcavitiesachievesan
improvementoffinalthermal灢technicalproperties.The
comparisonoftheimprovementbroughtbytheuseof
VIPinone,twoandthreecavityrowsinablockis
showninFig.4.

TheuseofVIPinonerowofcavitiesbroughtan
improvementinthermal灢technicalpropertiesby11to
12%;in two rows,theimprovementin thermal
insulationpropertiesrangesbetween22%~26 % and
whenthreerowsofcavitieswerefittedwithVIP,the
improvementisbetween34%~38 %.Itistherefore
apparentthatinordertoachievea moresignificant
improvementinthepropertiesofthe masonrypieces
VIPmustbeplacedinatleasttworows.WhereVIP
wasfittedintworows,itwasfoundthatplacingthe
insulationclosertothecentreoftheblockis more
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effective(intermsofthermalinsulation).

Fig.4暋Chartofgradualimprovementofthermal
insulationpropertieswiththeuseofVIP

WhereVIPwasfittedinonerowofcavities,it
followsthatthemostsuitableplacingisinthemiddle,

i.e.3rd row.Thisdesignalsobringsanumberof
benefits.VIP placedinthe3rd rowissufficiently
protectedagainstmechanicaldamagefromtheinterioras
welltheexterior.PlacingtheVIPinthemiddleofthe
blockis morecompatible withimplementing other
detailsoftheconstruction,suchaswindowanddoor
fitting.Thenumberofrowsfilledwith VIPisalso
importantintermsofcosts,asfitting morerows
increasesthepriceperoneblock.Duetothesefacts,the
subsequent model examination of hygrothermal
behaviourwasperformedwiththearrangementwhere
onerowofVIPwasplacedinthe3rdcavity.

Thecalculation ofhygrothermalbehaviourin a
block with VIPinthethirdrow ofcavities was
calculatedovertheperiodofoneyear.Forcomparison,

thesamecalculationwasperformedwithablockwhere
allcavitieswerefilledonlywithMW (insulatorNo.1).
Evaluationofthehygrothermalbehaviouroftheblock
wasperformed usingthe WUFI猝 2D computational
software (non灢stationary heattransfer灢finiteelement
method).

Firstthe block geometry was modelledin a
simplifiedform.Nextthedensityofapointgridforthe
observationoftheindividualpropertieswasset.Inthe
followingstep,appropriatematerialswereselectedfrom
thematerialdatabase(seeabove).

Next,theinitial and climatic conditions were
entered.Hygrothermalbehaviour was observedfor
Holzkirchenarea(Germany).Theblockfaceexposed
theexteriorwasdeterminedtobethemostloadedside灢
west.Ontheinterior,themethodwasaccordingtoEN
13788whereHumidityClass2waschosen.

·Assumedcharacteristicsfortheexterior:

HeattransferCoefficient:25W·m-2·K-1

·Assumedcharacteristicsfortheinterior:

HeattransferCoefficient:8W·m-2·K-1

Theresults of calculation ofthehygrothermal
behaviourofthewholeblock(versionA灢usingVIPin
thethirdrow;versionB灢ablockwithonlymineralwool
insulation)forreferenceperiod1st Oct2010灢1st Oct
2011areinFig.5andFig.6.

Thecomparisonofthehygrothermalbehaviourof
theblockcontainingVIPinthethirdrowandwithonly
MWrevealsthattheapplicationofVIPinthecavities
reducestheoverallwatercontentintheblockduringthe
year.However,inthiscasethefactthatVIPisnon灢
absorbent,andthusexhibitsessentially0 % water
content,mustbetakenintoaccount.TheuseofVIP
reducesthe watercontentintheblockbelow 1 %
continuallyoverahalf灢yearperiod.WhereonlyMWis
used,thisvalueisattainedforonlyabouthalfthattime.

Fig.5暋WatercontentintimeinceramicblockwithVIP
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Fig.6暋WatercontentintimeinceramicblockwithMW

7.Conclusions
Basedontheresearchperformed,itwasfoundthat

VIP can besuccessfullyintegratedintolarge灢sized
cavitiesinceramicblocks.Adesignofapplicationand
fixationofVIPinthecavitiesofblockswasperformed.
VIPbasedonrecycledcotton wasdeterminedtobe
potentiallysuitable,asalowerpricecanbeassumedas
opposedtoVIPbasedonSiO2[11].Next,itwasfound
that,inordertobringasignificantimprovementin
thermalinsulationproperties,VIPmustbefittedinat
leasttworowsofcavities.Itismorebeneficialtoplace
theVIPclosertothecentreoftheblock.Inthis
position,a VIPisbetterprotectedfrom mechanical
damage.

Thedeterminationofhygrothermalbehaviourof
ceramicblockmasonrycontainingonerowofVIPhas
revealedthatablockthusmodifiedexhibitsgoodoverall
thermal insulation properties, no condensation
accumulatesinanypartofitovertheyearandinoverall
comparisonexhibitsanaveragewatercontentlowerthan
thatofablockfittedwithmineralwoolonly.

ItcanbeconcludedthattheapplicationofVIPin
ceramicmasonrypiecescansignificantlyimprovethe
thermalinsulationpropertiesofasingle灢layerstructure.
IntermsoftheVIPitself,thereisnoneedtoaddress
thecomplicatedissueofanchoring (whichisausual

problem ofverticalstructures)and,enclosedinthe
ceramicblock,theVIPisprotectedfrom mechanical
damagewhichoughttoensureitslongservicelifeinthe
structure.
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VIPsThermalPerformanceinBuildings:ResearchExperienceandRoadmap

StefanoFantucci,AliceLorenzati*,AlfonsoCapozzoli,FrancescoIsaia,MarcoPerino

PolitecnicodiTorino,CorsoDucadegliAbruzzi24,Turin10129,Italy

Abstract
VacuumInsulationPanelshaveseenafastdevelopmentinthebuildingsectorduetotheirhighinsulatingperformance.Forthisreason

severalresearcheswereandareperformedonthistopic.ThepresentworksummarizestheresearchactivitiescarriedonVacuumInsulation
PanelsbyPolitecnicodiTorinoduringtheselastyears.Inparticular,acriticaldiscussionofthemostrelevantresultsobtainedbythe
researchgrouparepresented.TheaimofthepaperistoshowhowtheconductedinvestigationshaveprovidedreliabledataonVIPsactual

performancesandgeneralguidelinestoassesstheVIPthermalpropertiesunderactualworkingconditions.

Keywords暋vacuuminsulationpanels,thermalbridge,buildingapplication,linearthermaltransmittance.

1.Introduction
Inthepresentpaper,researchresultsobtainedin

thelastfewyearsbyPolitecnicodiTorinoonVIPs
thermal performance analysis are presented. In
particular,themostrelevantinvestigationswerecarried
outatdifferentscales:

·atpanelscale,aseriesofmeasurementswere
performed to analyze repeatability and uncertainty
relatedtothemeasurementofthethermalconductivity;

·atcomponentscale,thethermalbridgingeffects
andtheinfluence ofdifferentjoint materials were
investigatedthroughbothnumericalandexperimental
analyses;

·atsystemscale,thethermalbehaviorofaVIP
insulatedbuildingfacadewasassessed;

·atbuilding scale,theinfluence ofthermal
bridgingeffectsontheenergyperformancewasfinally
evaluated.

Moreover,thefutureresearchstepsareprovidedin
theconclusionssection.

2.VIPexperimentalcharacterization
Thecurrentmeasurementproceduresforassessing

thethermalconductivityofsuperinsulating materials
canbeaffectedbyasignificantuncertaintygiventheir

verylowthermalconductivity.Forthisreason,the
measurement procedure needs to be properly
investigated.Infactthenominallowerlimitofthe
measurablethermalconductivityofatestapparatus
(GuardedHeatFluxMeter灢GHFM)isusuallyaround
0.0015暵0.0020W/(m·K).Moreover,theverylow
valueofheatfluxthatisgeneratedduringthetests
requiresanappropriatemeasurementaccuracy.

Theexperimentalresultswereobtainedusinga
GHFM apparatus whosetechnicalspecificationsare
reportedin[1].

Theresearchwasaimedatverifyingthereliability
ofexistingtestingmethods(EN12667:2001),through:

·thedeterminationofthecorrecttestboundary
conditionsintermsofminimumtemperaturedifference
between the two plates of GHFM and average
temperatureofthespecimen;

·theanalysisrelatedtorepeatabilityandaccuracy
ofthemeasurementprocedure.
2.1暋Theeffectoftestcondition

Severaltestswereperformedona30mmthickVIP
varyingtheaveragetemperatureofthespecimen毴avg,

and the VIP surfaces temperature difference 殼毴
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respectively.
2.1.1暋Influenceoftemperaturedifference
TheresultsreportedinFig.1showtheinfluence

ofboththetesttemperaturedifference殼毴andtheheat
flux毤avg ontherelativeuncertainty殼毸relatedto毸cop

(centerofpanelthermalconductivity)measurements,

determinedaccordingtoUNICEIENV13005:2000,for
aVIPpanel.

Fig.1暋Percentageuncertainty殼毸infunctionof殼毴,

andrelativeheatflux毜avg[2]

Analyzingthefigure,itcanbeinferredhowthe
relativeuncertainty殼毸assumesacceptablevalue(lower
than3%)accordingtoEN12667:2001for毜avgand殼毴
higherthan2.35 W/m2 and13曟 respectively.The
resultsdemonstratedthatinordertoobtainalow
relativeuncertaintyatemperaturedifferenceofatleast
20曟betweenthelowerandupperplateofGHFMis
recommended.

2.1.2暋Influenceoftemperatureoncenterofpanel
thermalconductivity毸cop

Theaverageworkingtemperatureofaninsulating
materialinfluencesitsthermalconductivity.Traditional
insulating materials presents an almost linear
relationshipbetweenthermalconductivityandaverage
temperature(atleastinthetypicalbuildingtemperature
range).

Fig.2showshowthevariationofVIPthermal
conductivityasafunctionoftheaveragetemperature
followsinsteadanon灢lineartrend.Thistrend was
deeplyinvestigatedin [2]anditwasfoundthatit
dependssignificantlyontheinternalgaspressureinthe
corematerial.

Inparticular,the毸cop ofVIPwasfoundtospan
from0.0043 W/(m·K)(毴avg = 2.5曟,building
envelopeexternalinsulationin winterconditions)to

0.0061W/(m·K)(毴avg=52.5曟,domestichotwater
tank insulation),changing therefore its thermal
conductivityinrelationtothespecificuse.

Fig.2暋Relationbetween毸copand毴avg[2]

2.2暋Reliabilityandrepeatability
The analysis, aimed at investigating the

measurementrepeatability, was carried out on 5
differentVIPpanels (characterizedbydifferentcore
materialsandmanufacturers).Themeasurementwas
carriedoutaccordingtoEN12667:2001,consideringa
nominaltemperaturedifferencebetweenthe GHFM
platesof20曟 andtakingintoaccounttheanalysis
reportedinsection2.1.1.

The repeatability is in the range of the
measurementaccuracy 殼毸asshownin Fig.3.As
expected,thevariationof殼毸forVIPshavingthesame
thicknessdependsonthethermalconductivityandalso
ontheheatfluxesgeneratedbetweentheplates.In
particular it was found that when the thermal
conductivity decreases the measurement uncertainty
increases;theseresultsarecoherentwiththosereported
insection2.1.1.

Fig.3暋Repeatabilityofmeasurements灢Resultsfromrepeatedtest
ondifferentsamples毸cop[W/(m·K)],[1]

3.Thermalbridgingeffectsonsystemperformances
InordertouseVIPsinbuildingenvelopes,the

panelsneedtobejointedtoeachotherandtobefixed
ontoadditionalsupportingmaterials.Giventheverylow
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VIPthermalconductivity,theseadditional materials
causethermalbridgingeffects.Forthisreason,specific
studies on supporting structures or systems are
required.The overall energy performance of the
insulatingassembly (couplingofVIPswithajoint,

Fig.4)canbesignificantlylowerduetothethermal
bridgingeffects.Inordertoverifytheinfluenceofthe
thermalbridgesontheoverallenergyperformanceofthe
VIPsassemblies,anexperimentalcampaignusinga
GHFMapparatuswascarriedout,analyzingdifferent
joint materials and configurations [3].Firstly,a
measurementmethodwasproposed,testedandverified
onthebasisoftheavailableliteraturedata,andonthe
criteriadescribedinsection2[2].Afterwards,aseries
ofmeasurementsondifferentsampleswereperformed.
Theexperimentalresultswerethencomparedwitha2D
numericalmodelbasedontheFDM.Moreover,the
samenumerical modelwasadoptedtosimulatethe
effectsofthermalbridgeswhenVIPsareinsertedin
typicalwalls[4].Finallytheresultsobtainedwereused
toassesstheoverallthermalperformancesofatypical
facadewithdifferentassemblyconfigurations[5].

Fig.4暋VIPsassemblywithstructuraljoint

3.1暋Experimental and numerical VIPs
assembliesinvestigation

暋 暋 Experimental analyses were carried out in
accordancewiththeresultsobtainedinsection2,in
ordertoreducethemeasurementuncertainty.Asetof
pointtemperatureswerethereforekeptequalto35曟for
thehot(lower)plateoftheGHFMandto15曟forthe
cold(upper)plate,withanaveragetestingtemperature
of25曟.

Twokindsofassembliesweretested.Thefirst
assemblywasrealizedbycouplingdirectlytwoVIPs,

generatingathermalbridgingeffectduetotheairjoint
betweenthepanels.Thesecondassemblytype was

obtainedbycoupling VIPs with differentstructural
joints.Fourdifferentwidthsoftheairjoint(measured
throughaphotographicsurvey),andthreedifferent
materialsforstructuraljoints (XPS,MDFandPara
naturalrubber)wereanalyzed.Theanalyzedstructural
jointswere36mm wide.Thermalconductivitiesofair
jointswereobtainedinaccordancewiththeENISO
6946:2008,whereasthermalconductivities ofthe
structuraljointmaterialswereexperimentallyevaluated
throughGHFM.

Inasecondstageoftheactivity,theexperimental
resultswereusedtoverifythereliabilityofanumerical
model.ThemodelwasbuiltusingthesoftwarePhysibel
BISCO,asdescribedin[4].

Thelinearthermaltransmittanceofthethermal
bridge, were assessed both experimentally and
numerically(AirJoint:毞EXP,AJand毞NUM,AJ;Structural
Joint: 毞EXP,SJ and 毞NUM,SJ ).Investigations were
performedon20mmVIPsthickness.Furtherdetailsare
providedin[3 5].

STRUCTURALJOINTS灢“SJ暠

The properties which mainly influence the
performanceofassemblieswithstructuraljointsarethe
thermalconductivityofthejointmaterial,毸SJ,andtheir
thicknesses.

InFig.5thelinearthermaltransmittanceofthe
bridgeasafunctionofthejointthermalresistanceis
shown.Experimentalandnumericalresultsareingood
agreement,witha毞SJ maximumpercentagedifference
of11% (fortherubberjoint).

Fig.5暋氉SJrelatedtoRjoint

AIRJOINTS灢“AJ暠

Inthis casethethermal performance ofthe
assemblyarestrictlydependentonthewidthoftheair
gapd.Toevaluatethiseffect,fourdifferentwidthswere
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analyzed.Fig.6showstheexperimentalandnumerical
results,relatedto毞AJevaluation.

Theexperimentalanalysisresultswerefollowsa
curvethatcanbelinearizedwithagoodapproximation.
Themaximum毞AJdeviationbetweenexperimentaland
numericalresultswasfoundtobe8%,demonstratinga
goodreliabilityofthenumericalmodel.Forthisreason,

furtheranalyses werecarriedoutonlythroughthe
calibratednumericalmodel.

Fig.6暋毞AJrelatedtoairjointwidthd

3.2暋Actualbehavioroftypologicalwallsandfacade
configuration:numericalsimulations

暋 暋 Theanalysis wasaimed atinvestigatingthe
behaviorofdifferent wallconfigurationsrefurbished
makinguseofVIP.Additionalinternalandexternal
thermalresistances(Ri+Re)(withrespecttotheVIP
position)wereconsideredinthenumericalsimulations
asafunctionofthe walltypology.Theboundary
conditionswerekeptequaltothatoftheprevious
simulations; additionally, Aerogel Based Product
blanket (ABP)wasconsidered asstructuraljoint
(毸ABP=0.015W/(m·K)).Fortheseanalysesa30mm
thickVIPpanelwasstudied.ResultsareshowninFig.
7.

Fig.7暋毞asafunctionofRi+Re[4]

Thelinearthermaltransmittance(Fig.7)ofthe
differentwallconfigurationstendstoconvergetoa
narrowrangeforhighthermalresistanceRi+Re.A
decreaseinlinearthermaltransmittance氉wasobserved

whenthetotalthermalresistanceoftheboundinglayers
increases.Thisbehaviorunderlinesthatthehigherthe
thermalresistanceoftheboundinglayers,thelowerthe
weightofthethermalbridgingeffect(asexpected).An
importantoutcomefromtheseresultsshowsthatABPis
aparticularlysuitablematerialtobeusedasVIPjoint,

becauseofitsverylow thermalconductivity.The
percentagedifferencesbetweentheequivalentthermal
conductivity毸eq(e.g.thethermalconductivitywhich
takesintoaccountthethermalbridgingeffect)and毸cop

werecalculatedto makefurtherconsiderationonthe
influenceofthethermalbridgingeffects(Fig.8).Three
differentthicknesses were considered:10,20 and
30mm.

Fig8暋Percentagedifferencebetweendifferentthermal
conductivities,asafunctionofRi+Re[4]

IncreasingtheVIPthickness,therangebetween
theminimumandthemaximumvalueofthepercentage
differencealsoincreases.Moreover,thehigherthe
thermalresistanceofstructuraljoint,theloweristhe

influenceofpanelthicknessontheoverallthermal
behavior.Thisresultshowstheadvantagesincoupling
VIPsandABP.

Finally,atypicalfacadewasmodelled(Fig9),to
comparetheinfluenceofdifferentjointmaterialsonthe
averagewallthermaltransmittanceUavg[5].

Fig.9暋Facadegeometry[5] 391
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Tab.3暋Averagethermaltransmittance灢Uavg灢ofthe

typologicalfacademodel[5]暋暋暋

Structural
Joint

material
UVIPcop

W/(m2·K)
Uavg

W/(m ·K)
殼Uavg灢VIP

%
殼Uavg

%

ABP

EPS

MDF

0.367

0,491 +34% -

0,571 +55% +16%

0.627 +71% +28%

InTab.3thevaluesofthermaltransmittanceare
reported for different structural joint materials.
Moreover,the殼Uavgpercentagedifferencesbetweenthe
VIP + ABPconfiguration (referencevalue)andthe
otherconfigurationsusingdifferent materialsas VIP
jointsare presented.The 殼Uavg灢VIPcop representthe
difference between the assembly average thermal
transmittanceUavgandthethermaltransmittanceatVIP
centerofpanelUVIPcop.

Onthebasisoftheseresultsaneconomicanalysis
wasperformed(onlyconsideringtheinsulatingmaterial
cost).TheuseofEPSorMDFasstructuraljointcauses
areductionincostsof12% and11% respectivelyif
comparedto ABP;however,the averagethermal
transmittanceUavgincreasesof16% (EPS)and28%
(MDF).Asexpected,theincreasingofcostsdueto
couplingVIPsandABPassembliesisalmostnegligibleif
compared to the increase of assembly insulating
performances (more details about this study are
availablein[5]).
3.3暋Buildingscaleassessment

WiththeaimofevaluatingtheinfluenceofVIP
thermalbridgingeffectsatthebuildingscale,theenergy
performanceofanarchetyperesidentialbuilding was
evaluatedtaking into account a number of VIP灢
refurbishedwallconfigurations[4].

ThebuildingusedascasestudyislocatedinTorino
(DD =2617),thewindowhasU灢valueequalto2W/
(m2·K),floorandceilingareadiabaticandnatural
ventilationwasconsideredequalto0.3h灢1(Fig.10).
Totakeintoaccountdifferentaspectratios,fourcases
weresimulated (Fig.10):the wallsbetweentwo
buildingunitsareadiabatic.

To evaluatetheinfluence ofthermalbridging
effects,thesimulationswerecarriedoutconsidering:

theequivalentthermalconductivity(毸eq),anequivalent
thermalconductivityprovidedbytheproducerandthe
centerofpanelthermalconductivity.Forsake of
brevity,onlytheresultsusing毸eqareshowninFig.11.
Theparameterschosentoevaluatethebuildingenergy
performance are the heat transfer coefficient by
transmission Htr, the total energy losses by
transmissionQHtrandthebuildingenergyneedQH.

Fig.10暋3Dmodelofbuildingcases(quotesincm)[4]

Fig.11暋QHvariationfordifferentVIPthicknessand
differentS/Vratio[4]

Fig.11showsthebuildingenergyneedQH asa
functionoftheaspectratioforasolidwallrefurbished
withVIPsappliedonthewallinternalsurface(Ri+
Re=1.232m2·K/W).Itisclearthatbyincreasing
theVIPthicknesstheinfluenceofthermalbridging
increases.ForthehighestS/VratioandVIPthickness,

anincreaseofabout36%ofthebuildingenergyneedcan
beobservedifapoorperforming material(MDF)is
usedasVIPjointinsteadofABP.Withthesameaspect
ratioconsideringXPS,ascouplingmaterial,anincrease
ofabout60%ofthebuildingenergyneedwasobserved,

respecttothecaseinwhichthethermalbridgingeffect
isneglected(copinFig.11)

4.Conclusionsandfutureprospective
Onthebasisoftheseresearchexperiencesitcanbe
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highlightedthat:
·VIPexperimentalcharacterizationneedstobe

performedconsideringproperboundaryconditions.In
particular,temperaturedifferencegreaterthan20曟are
recommendedtoavoidunacceptableuncertaintiesforthe
evaluationof毸cop.

·Thethermalbridgingeffectsarepoorlyaffected
bythejointmaterialforhighvaluesofthetotalthermal
resistance of the bounding layers (Ri + Re>
2m2·K/W).

·Inordertominimizetheeffectofthermalbridges
couplingVIPswithSIMs(e.g.ABP)asjointappearto
beavaluablesolution.

·Thethermalbridgingeffectsareimportantand
needto be properlyconsidered.The heattransfer
coefficientbytransmission (Htr),forexample,can
increaseupto50% whenthermalbridgesaretakeninto
account.To effectivelydecreasetheirinfluence,the
totalthermalresistanceoftheboundinglayersshouldbe
increased or,alternatively,low灢conductive materials
shouldbeusedtocoupleVIPs.

Onthebasisofthegainedexperienceofthelast
yearson VIPthermalperformance,theongoingand
nextresearchstudieswillbefocusedon:

·AnalysistheactualthermalperformanceofVIPs
atbuildinglevelthroughlongtermmonitoring;

·Investigationsontechnologicalsolutionsaimedat
improvingthecouplingamong VIPsandthewayto
insertVIPsinthebuildingstructure,consideringthe

minimizationofthermalbridgingeffects;
·Analysesaimedatinvestigatingtheeconomical

profitabilityoftheapplicationof VIPsforbuilding
refurbishment.
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Abstract
Duetotheheterogeneousstructureofvacuuminsulationpanelconsistingofcorematerialandenvelope,effectivethermalconductivity

(ETC)isgenerallyusedtodifferentiatetheperformanceofVIP.ETCiscalculatedbythesumofthermalconductivityvalueofcenterof

panelandedgeofenvelope(linearthermaltransmittance):毸eff=毸cop+氉(d)dp/A,wherecopiscenter灢of灢panel,disthethicknessofthe

VIP(intheheatfluxdirection)(m),AisthesurfaceareaoftheVIP(perpendiculartotheheatfluxdirection)m2andpistheperimeter
ofthesurfaceA (m).Actually,ETCvalueismatchedwellwiththeenergyefficiencymeasuredafterinstallinginrefrigerator.VIP
manufactureshavebeenkeencompetitionstogetthelowerETCvaluethroughthemodificationofcorematerialandenvelope.Recently,it
isnoticedthatthesimplereplacementsofmaterialscannotleadtofurtherreductionofETCvalue.Thedetailedapproachesbasedon
scientificmechanismareneededtowininVIPmarket.Inthispaper,Anapproachtoovercometechnicallimitations,andthekindsof
effortsneededtomakeabreakthroughintheperformanceoftheVIP,arediscussed.

Keywords暋vacuuminsulationpanels,effectivethermalconductivity,linearthermaltransmittance

1.Introduction
Recentlytheenergyregulationofrefrigeratorhas

becometightened.FromSeptember2014inUSA,the
10%increaseintheenergyefficiencywasnecessaryto
qualifyfortheenergystar [1].InEurope,Energy
EfficiencyIndex(EEI)hasbeengraduallystrengthened
[2].Thesechangesinthe energy regulation are
encouragingthemanufacturesofrefrigeratortofindnew
andefficientsolutionsfurthertoreducetheenergy
consumption.Therearetwoapproaches; (1)the
efficiency ofcompressor, (2)the performance of
insulator.Intheviewoftheinsulator,itisnodoubt
thatvacuuminsulationpanelisthesimpleandeasy
solution[3][4].Inrealmarket,therehavebeenstrong
efforts to upgrade the qualities among the VIP
suppliers,becausethemanufacturesofrefrigeratorare
consistently demanding the improvement of the
performanceofaVIP.

2.VIPPerformance
Generally,MostofVIPsuppliersannouncedthe

center灢of灢panelthermalconductivityoftheirproduct
measured by Heatflow meter as a performance
standard.Heatflow metercheckstotalheatflow
occurred between two differenttemperatures.The
detectorofheatflowmeterlocatesonthecenter.Ifthe
structureishomogeneous,thereisnoissue.But,inthe
caseofthe heterogeneousstructurelikea vacuum
insulationpanelconsistingofcorematerialandenvelope,

thecenter灢of灢panelthermalconductivitymaynotfully
representtheperformanceoftheinsulator,duetothe
heattransferthroughtheenvelope (linearthermal
transmittance).Actually,therearetworoutesofheat
fluxthatcanbedividedintointheconventionalstructure
ofVIP:(1)Centerofpanel,(2)Edgeofenvelope
(linearthermaltransmittance)andtheeffectivethermal
conductivityofVIPconsideringtheseisexpressedbelow
assumofthesetwoterms[5].

毸eff=毸cop+氉(d)dp/A (1)

wherecopiscenter灢of灢panel,disthethicknessofthe
VIP(intheheatfluxdirection)(m),Aisthesurface
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areaoftheVIP(perpendiculartotheheatfluxdirection)

m2andpistheperimeterofthesurfaceA (m).There
are several methods to evaluate effective thermal
conductivityofvacuuminsulationpanel.
2.1暋Modifiedguardedhotplate(M灢GHP)test

ThistestwasproposedbyEMPA(SwissFederal
LaboratoriesforMaterialsTestingandResearch)[5].

Allthermalresistancemeasurementarecarriedout
inaguardedhotplatetwo灢specimenapparatus.The
guardedhotplateisanabsolutetestmethodrequiringno
calibrationwithreferencesamples.Theapparatushave
anoverallsizeof500mm暳500mmwithameteringarea
of250mm暳250mm.
2.2暋ReverseHeatLeakage(RHL)test

Thisisaprocedurenormallyusedbytheappliance
manufacturers to evaluate the thermal insulation
propertiesofaVIP.InthebeginningofVIPapplication
torefrigerator,themakerrequiredsimplespecification
tothe VIP supplier.But,in realtest with the
refrigeratorinstalling VIP,energyefficiency wasnot
matchedwiththecenter灢of灢panelthermalconductivityof
VIP(Tab.1).Thusthemakersetupnewguideline
andtestmethod,calledRHL(ReverseHeatLeakage).

Q =UA (Tin- Tout) (2)

Where Q is power input (W),U is thermal
transmittance(W/(m2·K)),Aisouterwallareaof
refrigerator (m2 ), Tin is inside temperature of
refrigerator (曟)andToutisoutsidetemperatureof
refrigerator(曟).

Thetestinvolvesheatinginsideaboveambient
conditionswithauxiliaryheaters.Theinsideofthe
cabinetisnormallyheatedupto40曟,andthenchecks
therateofheattransferthroughthecabinettooutside
maintainedat15~20曟,aftersteady灢stateconditions
havebeenreached.[6].

Tab.1暋Comparisonoftheresultsbetweenthecenter灢of灢pane

thermalconductivityandtheenergyefficiency

RHLtest

Centerofpanelof

thermalconductivity/

(mW/m·K)

Improvementof

energysaving/(%)

Fumedsilica+metalizefilm 5.0 14

Glassfiber+Alfoil 3.0 14

Asdescribedinequation(1),thesizeandthickness

ofaVIPinfluencesonthetotalheatfluxthroughthe
insulation materials.Actually,theeffectivethermal
conductivitywaschangedwiththesizeandthicknessin
realmeasurement,asshownTab.2.

Tab.2暋EffectofthesizeofthicknessofaVIP

Sample 1 2

VIPsize(W暳L暳 H)
400mm暳900mm暳

15mm

425mm暳

1060mm暳

20mm

Thermalconductivity(mW/m·K) 7.0 10.3

2.3暋Modifiedheatflowmeter(M灢HMF)test
For the measurement of ETC,the special

instrumentsandcomplicatedapparatusareessential.
Thus,thesimplestwayisrequired.Generally,ETCis
directlycalculatedbythecompensationofarearatioto
the center灢of灢panel and edge value of thermal
conductivitymeasuredbyheatflowmeter.Thismethod
isbecomingtobeconfirmedbythecomparisonofETC
valueobtainedfromRHLtest,asshowninTab.3.
Tab.3暋ComparisonofETCderivedfromM灢HFMandRHLmethod

Envelopetype
Effectivethermalconductivity/(mW/(m·K))

M灢HFMtest RHLtest

ALfoil(7毺m) 6.6 6.5

VM灢PET(3layer) 4.2 4.0

*(VIPsize:425mm暳1350mm暳12mm)

2.4暋Numericalanalysis(Calculatingfromliteratures)

Inthemarket,themostofVIPsupplierusedthe
typicalenvelopewhichislayeredby6~8micronAlfilm
and/orthe Al metalized PETfilm with100nm Al
thickness. Thus,the common calculation method
publishedinthereferenceof[3]and[7].

3.Enhancementofeffectivethermalconductivity
毸eff=毸cop+氉(d)dp/A (1)

毸copand氉(d)areminimizedtoresultinalow
effectivethermalconductivity(毸eff).毸copisnotonlya
functionoftheappliedpressurebutalsofromthecore
materialscharacteristics.Onrefrigeratorindustry,the
glassfiberisthemostvalidcorematerialbecauseofthe
lowpriceandthelowest毸cop,althoughtheleastinner
pressureofaVIPisbelowafewPascals.Thedetails
suchasdiameter,lengthandorientationoffiberaswell
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asevacuatedpressurehavebeenreportedasavariableof
毸cop.Especially,theinfluenceoftheinnerpressureon
glassfibercorematerialsisbiggerthanothermaterials
duetothelarge pore diameter.Thus,the high
performanceofthebarrierfilmshouldbechoseninthe
caseoffibercorematerial.

Thehighheatfluxthroughanenvelopeiscaused
bytheinclusionofmetalinthebarrierfilm.Alfoilfilm
showedaround17mW/(m·K),whereasAlcoated
polymerfilmtypehasonly7mW/(m·K)[8].The
lowest氉(d)canberealizedbyuseofpolymericbarrier
filmthatisnolongerneedsmetallayerstomaintainthe
innerlower pressure. But because the metalized
polymericbarrierfilmhasthehigherpermeationrateof
gasandwaterthanAlfoilfilm,thebarrierpropertyof
metalizedpolymericfilmshouldbeimprovedcruciallyto
applyonfibercorematerials.

Simplylow毸copandlow氉(d)canbebroughtbythe
useofglassfiberasacore materialand metalized
polymericbarrierfilmasanenvelopewithalowinner
pressure.However,thiscombinationcouldleadthe
worstperformanceintermsoflong灢term stability.
Whentheinnerpressureisincreasing,the毸cop is
increasedrapidlyduetothelargeporediameterofafiber
corematerial.

Among gas and water vapor permission,the
manufactures of refrigerator strongly control the
influenceofwatervapor,becausethemoistureincrease
inaVIPbringsmorenegativeeffecton毸effduetothree
heatfluxes:(1)heatconductionviawatervapor,(2)

heatconductionbyadsorbedwaterattheinnersurfaceof
thecore,(3)heattransferviaevaporationofadsorbed
water,diffusionandcondensationofwatervapor[3].
Theyhavesetuptheseveretestingproceduresand
thoroughlyqualifythelong灢termstabilityundertheir
ownconditions.

Someresearchershavedoneandproposednew
barriermaterialsandlaminatedlayeredstructure[7,9].
Mainapproachingwaysarethedecreaseofdefectson
thebarrierfilm.Stillthedevelopmentofthebarrier
layerforwatervaporhasbeenachallengingissue.

Thus,the authores have attempted another
directionwith “captureconcept暠.Twoapproachesfor
capturing watervaporhavebeendone.Firstly,the

integrationoftheactive materialintothepolymeric
matrixwasperformedviathecompoundingprocess.In
thiswork,twodifferentpolymericmaterialswereused
asthepolymermatrix;PolyethyleneandPolypropylene.
Molecularsievewithaporesizeof4痄wasusedasthe
activematerialfortheadsorptionofwatervapor.The
compoundingwasperformedbytheextruder.Secondly,

the polymer matrix was modified viathe physical
treatment.Bothapproachesappliedsimultaneouslyat
somecases.

Tab.4 暋 Enhancement of effective thermal
conductivitybytheapplicationofthe
developedenvelopeonaVIP

VIPsize(W暳L暳H) 190mm暳250mm暳8mm

Envelopetype ALfoil(7毺m) Developed

Centerofthermal

conductivity/(mW/(m·K))
3.0 2.8

Effectivethermal

conductivity/(mW/(m·K))
10.1 3.1

The VIP prepared bythe glassfiber and the
envelopelaminated with water灢capturing film layer
(developed)wasmeasured毸copand毸eff.Theresultsare
showninTable4,毸copdecreasedby0.2mW/(m·K),

whileabout70%reductionof毸effachievedthroughthe
decreaseof毸efffrom10.1mW/(m·K)to3.1mW/(m·

K).Thecontributionofheatfluxduetotheedgeeffect
isonly0.3mW/(m·K)inthecaseoftheVIPprepared
bythedevelopedenvelope.

Toconfirm thelong灢term stability,thesamples
withthesizeof300mm暳300mm暳20mmand260mm暳
460mm暳12mmtestedundertheconditionof70曟and
90% RHfor1weekand2month.After1week,the
samples(260mm暳460mm暳12mm)showed39%毸cop

incrementtotheinitial毸cop.After2monthlater,毸cop

(300mm暳300mm暳20mm)wasincreasedby168%
comparedtotheinitial毸cop.Theseincreaseofvaluesof
毸copisabout33%~83%lowerthantheguidelineof
customers.Thesamplescomposingofthedeveloped
envelopeandtheglassfibercorematerialssatisfyfor
customer暞sspecificationofthelongtermstability.

Thefurtherexpansionstotheotherapplication
marketssuchasbuildingindustry,transportationand
waterheaterarestillbeingretardedbecauseofthe
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limitationofservicelifeduetothedrawbackofthelong
termstability.Thus,theimprovementofthebarrier
performanceoftheenvelopebytheapplicationofnew
barrierlayerwith “captureconcept暠canbeoneof
effectivewaystoovercomeandbreakthroughtothe
bottleneckoftheservicelifeofaVIP.
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Abstract
Wereportthedevelopmentofanoptimisedvacuumpanelinsulatedvaccinestoragedevice(VSD)intendedforstoringvaccinesat4~

8曟forupto35dayswithoutanyactivemeansofcooling.Thevaccinechamberperformancereliesonaninnovativearrangementofanice
containerandvacuuminsulationpanels(VIPs)inconjunctionwithSureChill暞spatentedheattransferelement.Thedevelopmentand
optimisationofthevaccinechamberdesigninvolvedcomplexCOMSOLfiniteelementanalysismodellingcoupledwithanextensive
experimentalprogrammetocollectperformancedataunderrealisticoperatingandboundaryconditions.Simulationshaveshownthatthe
optimisedvaccinechamberedreportedhereisabletomaintainiceat<10曟forover30days.

Keywords暋Vacuuminsulationpanels(VIPs);COMSOLmodelling;Phasechange;Vaccinecoldchain;SureChillelement

1.Introduction
Currently,worldwide1.3billionpeople,equivalent

to18% oftheglobalpopulation,havenoaccessto
electricity[1].Vaccinesforthepreventionofmanylife灢
threateningchildhooddiseases mustbestoredata
temperatureof2灢8曟toavoidanydegradation.Thisis
asteepchallengeintheabsenceofactivechilling
facilities,whichrunonelectricpower.Thevaccine
storagedevice(VSD)describedinthispaper(seeFig.1
andFig.2)employsaninnovativearrangementofVIPs
toinsulate vaccinecompartmentfrom the ambient
environment.ThepatentedSureChillelementtransfers
heatfromthevaccinecompartmenttoastoreofice
packs,usingtheanomalousexpansion behaviourof
waterto maintainatemperatureof2~8 曟.The
elementworksontheprinciplethatwaterismostdense
at4曟,thuscreatingconvectioncurrentsthroughoutthe
SureChillelementtoself灢regulatethetemperatureof
thevaccinecompartment.Critically,theSure Chill
elementpreventsthevaccinechamberfromgettingtoo
cold,asfreezingwillirreparablydamagemanyvaccines.

Fig.1暋Constructiondetailsofthevaccinestoragechamberdeveloped

暋暋Theiceisloadedintothevaccinechamberatan
initialtemperatureof-25曟.The‘coldholdover暞life
ofthedeviceisthetimeittakesforthetemperatureof
thevaccinecompartmenttoriseto10曟.Tosimplify
themodelling,thispointwastakenasthepointwhere
the volume average ice compartment temperature
exceeds10曟.Thethermo灢physicaldesignoftheVSD
wasaccomplishedemploying COMSOL灢Multiphysics,

whichwasvalidatedagainstexperimentaldatacollected
incontrolledlabtestingofthevaccinechamberusingan
environmentchamber.ArangeofVIPtypesandsizes
anddifferentmaterialsforpartsofthedeviceweretested
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inordertoidentifythebestcombinationtoachievethe
intendedusefulcoldholdoverlife.Duringexperiments,

thetemperatureinsidetheenvironmentchamberwas
variedaccordingtotheday灢nighttemperaturecycle
prescribed by the World Health Organisation暞s
Performance,QualityandSafetystandard(WHOPQS)

of43曟and25曟 witharampofthreehoursoneither
side.

2.DetailsoftheComputerModelandPhysicalDomain
Theperformanceofthevaccinestoragedevicein

maintainingvaccinetemperaturewithintheprescribed
limitsisdirectlyinfluencedbythecomplex,multi灢
mode,transient and simultaneously occurring heat
exchangessummarisedasfollows:

(枴)Convectiveheattransferbetweentheroomair
andtheoutersurfaces(verticalwallsandthetop)ofthe
vaccinestoragedevice

(枹)Radiativeheattransferbetweentheroomand
theoutersurfaces(verticalwallsandthetop)ofthe
vaccinestoragedevice

(枺)Conductiveandradiativeheattransferbetween
thebottomsurfaceofthevaccinestoragedeviceandthe
roomfloor

(枻)Heattransfercausedbythewarmroomair
infiltrationtotheinteriorofthevaccinestoragedevice.

(枼)Heattransfercausedbythewarmroomair
enteringthevaccinechamberwhenthedoorisopenedto
removevaccinevials

(枽)Convectiveheattransferastheinfiltratingair
circulatesinsidethevaccinestoragedevicethroughgaps
betweenadjacentVIPsandthestoragedevicesurfaces.
VIPenvelopesarefoldedontheedges whichleave
unwanted gaps between them and neighbouring
surfaces.

(枾)ConductiveheattransferthroughtheVIPs
(枿)Radiativeheattransferamongcomponentsof

thevaccinechambersuchasVIPsandicecompartment.
(柀)Conductiveheattransferthroughthesolid

surfaces such as PU foam insulation and the
plasticcasing(seeFig.1,Fig.2)

(柂)Sensibleandlatentheattransferphenomenain
theice

(柅)Convectiveheattransferphenomenataking
placeinsidethe Sure Chillelementdriven bythe

anomalousexpansionofwater

Fig.2暋AssembledVaccinestoragedevice(VSD)

Further,complexityisaddedbythegeometry
(shapeandsize)ofthevaccinestoragedevice,which
significantlyaffectsallmodesofheattransferandthe
infiltrationofairanditscirculationinsidethedevice.
TheVSDisexpectedtobeopenedseveraltimesaday
forremovalandreplacementofvaccinevials.The
openingofthelidwasassumedtocompletelyreplacethe
insideairwiththeroomairat43 曟.Inreality,the
openingofthelidwilladditionallyresultinconvective
lossastheroomairwillrushintoandoutofthevaccine
chamberwhenthelidisopen.This willcreatea
significantheatgaintothedevice.

Ingeneral,heattransferred between anytwo
arbitrarysurfacesandneighbouringfluidcanbecanbe
mathematicallycalculatedas:

Convective: hA(Ta-Ts) (1)

Conductive: kA(Ts1-Ts2)/x (2)

Radiative:暋暋A 氁
1/毰1+1/毰2-1

(T4
1-T4

2) (3)

Where
h is the convective heat exchange coefficient

betweenfluid attemperature Ta and asurfaceat
temperatureTs,

Aistheheattransferarea,

kisthethermalconductivityofanymaterialwhose
surfaces,xdistanceapart,areheldattemperaturesTs1

andTs2,

氁istheStefanBoltzmann暞sconstant,

毰1and毰2aretheemissivitiesofthesurfaces,
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T1andT2 arethetemperaturesofthesurfaces
(K).

Duringoperationafterchargingthedevicewithice
andvaccines,temperaturesofthevariouscomponentsof
thevaccinestoragedeviceareunknown.Predictingthese
temperaturestoanalysethedeviceperformanceinvolves
solvingtheseequationsforeachcomponent,whichis
complicatedbythefourthpowertemperatureterms
introducedbyequation (3).Theauthorsadoptedice
temperatureasanindicatorofdevice“stateofcharge暠
(remaining cold life) and employed COMSOL
Multiphysicssoftwaretosolvetheseequationstopredict
thetimedependenttemperatureofvariouscomponents
overthefulldurationofthestorage.AseriesofCAD
models of the VSD were used to simulate the
performanceunderarangeofinsulationlevel,geometric
andshapefeatures.Because ofthe complexity of
physicalshape (Fig.1)aniterativeprocedure was
employedtoavoidtheproblemsassociatedwithBoolean
geometry operation due to overlapping features,

intersectingfeaturesandtinygapswithinthemodelthat
causedmeshingproblemsforCOMSOL multi灢physics
analysis.

Fig.3暋CuboidshapedVSD

COMSOLprovidesasetofdirectsolversand
iterativesolvers.Theiterativesolver,whichdespite
beingaslowersolvertakeslessmemorywasused.Itis

an ideal solver for large projects or distributed
computingandismorestabletobadproblemset灢ups.
Solutionconvergencewasachievedwithin50timesteps
duetothequalityofmesh,setupandsolveremployed.
Convergencewasaffectedbythequalityofthemesh,

the addition of a day/night cycle, temperature
discrepancybetweentheiceandneighbouringVIPsset
atambientandlatentheatmodellingmethod.

Theanalysisbeganwithsimulatingasimplercuboid
vaccinestoragedevice(seeFig.3)whichhadallsides
insulatedwithsquarecrosssectionVIPswithanouter
plasticshellandaninnericeblockcore.TheVIPswere
assumedasoneVIPpanelofthicknessequaltothesum
oftheindividualVIPsnormaltothedirectionofheat
flow on any assembly section.The aim was to
determinethenumberofdaysneededforacombination
oficepackstomeltandtoanalysethefactorsthatcould
havealongterm effectontheperformanceofthe
system.Theplasticcasinghadasignificantlyhigher
thermalconductivityandassuchitwasamajorsource
ofheatgainfromtheroomenvironment.Theresultsof
theCOMSOLmodelwerevalidatedwiththoseobtained
fromaparallelconductedexperimentandanacceptable
agreementbetweentheresultswasobtained.Themodel
wasthenextendedtoaddextrageometricalfeatures,

suchasoutershell,separateVIPpanels,mergedshell,

shellextensiontooutersurface,vaccinechamberand
theSureChillelement.Theoperationalfeaturessuchas
theday灢nightcyclictemperaturevariation,heatfluxdue
toopeningandtheclosingofthevaccinechamberlid
wereaddedaswell.Thinlayerrampingoftemperature
gradientatnodesnexttoicewereaddedaswell.

Theinitialconditionattheiceblock wassetat
-25曟 andtheadjacentVIPsurface43 曟.Even
thoughicewasoriginallysetat-25曟,Itwaswefound
in the resultstheinitialtemperature was always
different.The problem was posed by the hugely
differenttemperaturesonthenodeswhichwereatthe
interfaceoftheiceblockandVIP/ambient.Thiswas
duetothe modelnotconverging withtheboundary
beingatboth-25曟 (initialicetemperature)and43曟
(VIPinitialtemperatureandambientdaytemperature).
Thisissuewasresolvedusingathinlayerfeatureto
gradually “turn on暠thesurfaceconductivity.This
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improved convergence as well.The phase change
processofice(fromicetowater)wassimulatedusing
steppedspecificheatfunction.Thissimulatedthephase
changefromicetowater.Theenergyrequiredtomelt
iceat0 曟 at1atmosphericpressureis334kJ/kg,

thereforewhensimulatingtheexchangeoflatentheatto
allow melting over 2曟, we created a piecewise
rectangularfunctionfrom-1曟to1曟setto1.6暳105

J/kgtogetthevaluesofspecificheatshowninFig.4.

Fig.4暋Specificheatvariationadoptedtime

Analternativewastousethephasechangephysics
availablein COMSOL.Heretwoseparate materials
withindividualpropertiesaredefinedandselectedfor
phase1andphase2.Threeparameterswouldthenbe
set:thephasechangetemperature(0曟inthecaseof
ice),thetransitiontemperatureintervalbetweenphase1
andphase2andthelatentheatexchangedtofacilitate
changefrom phase1tophase2.Inpractice,fora
complexphysicalproblem likethevaccinechamber
beinginvestigatedinthisproject,theCOMSOLphase
changephysicsaffectedtheconvergenceandtheaccuracy
oftheresults.The morecustomizablespecificheat
functiondescribedabovegavebetterresultsasthe
physicaldomainbecamemorecomplex.

Aconstantheatfluxinputfactorwasadoptedto
accountforopening/closingofvaccinechamberlidand
heatgaindueto manufacturingtolerances,suchas
imperfectcontactbetweenadjacentVIPsurfacesand
betweenVIPsandtheplasticshell.Theheatfluxfrom
0.5~10W wasapplieddirectlyonthebaseofthe
vaccinechamber.Theeffectoftheheatfluxonthetime
requiredtomelttheiceisshowninFig5.Asexpected,

anincreaseintheheatfluxdecreasedtheiceholdover
durationofthevaccinechamber.A heatfluxinput
factorof3 W wasadoptedasthe modellingresults

obtainedonitsusematchedwiththeexperimentaldata.
Thisfactorwillchangeasthedesignfeaturesofthe
vaccinestoragedevicechange.

Fig.5暋Effectofheatfluxontheicetemperature

3.BoundaryConditionsEmployedandResults
Thefollowingboundaryandoperatingconditions

wereemployedinthecomputermodel:
(枴)Roomconditionsweresimulatedassumingeither

afixedtemperatureofday(43曟)andnight(25曟)or
byassumingarampofthreehoursinthemorningand
eveningeachtoallow asmoothtransitionsofday
temperaturetonighttemperatureandviceversa.Day
andnighteachwasassumedtobe9hrslong.

(枹)Theiceloadcomprising54,0.6litreicepacks
wassimplifiedforthemodeltoasingleblockofice
ofvolume32.8litresandwasassumedtobeat-25曟at
thestartofoperation.

(枺)Heatwasallowedtobeexchangedbetween
roomenvironmentandthevaccinechambersidesandtop
surfacethrough convection and radiation.Forthe
purposeofconvection,theairvelocityintheroomwas
assumedtobe<1m/s.

(枻)Differentthicknessesofplasticcasing were
employedinthemodelrangingfrom1.2mmto8mmto
seetheireffectontheicetemperature.Thiswasmainly
toidentifyandevaluatethethermalbridgeeffectofthe
plasticcasing.Duringexperimentsplasticcasedfield
trial models werefoundtosuffera60% ~70%
reductioninholdoverlifecomparedtotheVIP灢onlytest
models.Thechallengehereistoidentifyandevaluate
therelative (andabsolute)effectsofsimultaneously
occurringfactorssuchasthermalbridgingduetoplastic
sheeting(casing),airinfiltrationanddooropeningon
icetemperature.

ThemodelwasruntoestimatetheeffectsofVIP

302

IVIS2015暋Proceedingsof12thInternationalVacuumInsulationSymposium



thermalconductivity,manufacturingdefects(intermsof
airinfiltrationandcirculationofair)andheatexchange
withtheroomenvironmentontheicetemperature.A
thresholdof10曟forthevolumeaveragetemperature
oficewasadoptedtoindicatetheneedforrechargingthe
vaccinechamberwithfreshsupplyofice.Thisindicated
thelongestdurationforwhichvaccinecanbestoredby
thevaccinechamberwithoutcausinganydegradation.
TheeffectofVIPthermalconductivityisshownin
Fig.6wherebyitcanbeseenthatanincreaseinthe
thermalconductivitydirectlyreducedtheiceholdover
time.

Toidentifyandevaluatethethermalbridgeeffect
oftheplasticcasingarangeofthicknessesofplastic
sheeting,from1.2 mmto8mm,wereemployedin
themodel.Themodelresultsgivingtheeffectofplastic
casingthicknessareshowninFig7.Clearlyathinner
plasticcasingwouldyieldalongerholdoverperioddue.
Similarresultswereobtainedthroughexperimentsas
well.Fig.8showsthevolume灢averagetemperatureof
iceblockduringtheperiodof25~35daysforvarying
plasticthickness.

(枼)Heatwasassumedtobeexchangedbetween
thebottomfaceofthevaccinechamberandthefloor
throughconductionwiththefloorassumedtobeatroom
conditionatanyinstant.

(枽)ThethermalconductivityoftheVIPpanels
wasvariedfrom3~6mW/(m·K).Itwasfeltthatthe
conductivityof6mW/(m·K)wouldcompensatefor
theeffectofthermalbridgingthroughtheenvelope
material.Thisvalueisrepresentativeoftheoverall
thermalconductivityofcommonlyavailablecommercial
VIPs. The effect of the varying VIP thermal
conductivityonicetemperatureisshowninFig.6.

Acontinuousheatfluxinputfactor(thermalgain)

was employed to simulate the manufacturing and
operationalfactors(e.g.airgaps,dooropening)that
addtotheheattransferfromtheambienttoinsideofthe
icechamber.Thechallengehereistogetoneunique
valueforthethermalgaintorepresentonespecificsetof
geometric,boundaryand workingconditionsofthe
vaccinechamber.Forexample,alowervalueofthermal
gainfactorwillmeanconductivepathsotherthanVIPs
(suchasplasticcasingorPUfoamparts)willhavea

greaterimpact.

Fig.6暋EffectofVIPthermalconductivity(W/(m·

K))onicetemperature

Fig.7暋Icetemperaturewiththethicknessoftheplasticcasing

Fig.8暋Averageicetemperatureduringtheperiodof
25 ~ 35 days for varying plastic
casingthickness

4.Conclusions
A COMSOL灢Multiphysics model has been

developedtosimulatetheperformanceofavaccine
storagedeviceinholdingtemperatureof4to8曟inthe
vaccinestoragecompartment.Theperformancehasbeen
simulatedinarangeofscenariosincludingvariationof
VIP thermal conductivity,ambient conditions and
manufacturingdetailssuchasplasticshellthickness.
Themodelwasvalidatedagainsttheexperimentaldata
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collected.Weplantopublishtheexperimentalresults
along with more details of the computer model
developedinatechnicalpaperwhichisbeingsubmitted
toahighimpactscientificjournal.Ithasbeenfoundthat
withtheproposedVIPandgeometricconfigurationthe
vaccinecanbestoredinthechamberforupto30days
withoutcausinganydegradation.Toextendthecold
holdoverlife,itisstronglyfeltthattheplasticcasing
willrequirereducinginthicknesstominimiseheatflux
fromthesurroundings.Prototypesareundertestto
demonstratepracticalwaysofachievingthis.Further,

avoidableheatfluxispresumedtooccuralongtheVIP
edgeswherespareenvelopematerialisfoldedpreventing
fullsurfacetosurfacecontactbetweenadjacentVIPs.
ThegapbetweenanytwoadjacentVIPshasbeenfound
tobeapathforcirculationofairinsidethevaccine
storagedevice.
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