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Abstract

As energy certification programs and mandatory governmental building codes ddmetted building
energy performancethe development of durablehighly insulated wakystemshas become a top

priority. Wood framed walls are the most common form of residential wall in North America and the
materials used are vulnerable to moisture damagéis damage typically occurs first at the wall
sheathing in the form of moulduhgal growth and rot. Increased thermal resistance can lead to two
potential issues related to moistuicdurability: 1) increased potential for air leakage condensation at the
sheathing and 2) decreased ability of the wall to dry after a wetting event.

Anatural exposure experimental it dzZR& 61 & LISNF2NXYSR G GKS ! YADBSNEA(
facility to evaluate thénygrothermal performancef exterior insulated wall systemailizing 3 different
insulation types.These wallfiad approximately 2/3 their total thermal resistance interior to the
sheathing and 1/3 exterior to the sheathing. These wa#lsee compared to a standard construction wall
and a highly insulated double stud wall system. The test walls were evaluated dulinit @enditions
and during imposed wetting conditiond4oisture was introduced into the walis two phases Theair
injectionwetting phasewvas designed to evaluate air leakage condensation potential during winter
conditions and he wetting matwetting phasesimulated an exterior rain leak anelas used t@valuate
the drying potentialof the test walls Hourlytemperature, relative humidity and moisture content
measurements were taken at multiplecations withineach test wall. This data was analyzed to
determine the air leakage condensation potential and the drying capability of each test wall.

Results showed thate effectivethermal resistancef the polyisocyanurat€PICjnsulation was
significantlyless than its nomindkvaluerating under coldand moderatetemperatureconditions,and
slightlyhigher under hot conditions. Tredfectivethermal resistancef the extruded polystyrengXPS)
insulationwasslightlyless than its rated value undeold and moderate temperature conditions and
significanty less undehot conditions. The rockwo@RW)insulation performedslightly abovéts rated
thermal resistance under cold and moderate conditions and slightly less under hot conditions.

Results also showed thanhlythe double stud wall wagulnerable to wintettime interstitial
condensation during the asuilt (airsealed) condition. This was a result of the hygroscopic nature of
the cellulose insulation and a large temperature gradient across the insulation.cBuiting the air
leakagewetting phase, lof the exterior insulated wallshowed a significantlgiecreased risk of air
leakage condensatiocompared to the Datum anbDouble stud walls.During and following the wetting
mat wetting phase,le PIC and XPS walls showeghificanty reduced drying capability, while tHewW
wall showed a small reduction ifrying capacitgompared tothe Datumand Double stud walls.

It was concluded thaadding insulatiorexteriorto the wall sheathingan bean effective method to
minimize ar leakayecondensation The minimum ratio of exterior to interior insulation, however, must
be suitablefor the localclimate and interior humidity conditionsExterior insulation materials with low
vapour permeability casignificantly reducehe dryingcapacity of a wall systenbut may be

appropriate where exterior solar vapour drive is a conaarsufficient drying to the interior is available.
Exterior insulation materials with high vapour permeability facilitate drying to the extaridrdry

neary as well as wall systems with no exterior insulation.
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1 Introduction

In Canada, buildings account ggpproximately 31% of all energy consumed. Residential energy use
alone, costs Canadians $28.3 billion per year (NRCaa).2M@ue to the increased cost (both financially
and environmentally) of harvesting, delivering and consuming this energy, redheirgergy footprint
of buildings has become the focus of both governmentally mandated building codes and voluntary
certification programs. Of all of the energy consumed in Canadian buildings, space conditioning
accounts for more than half and presentethreatest opportunity for improvement. Improving the
thermal resistance of the buildirgnclosureis considered by many to be the most cestective method
of reducing space conditioning demands.

Government codes and green building certification progsaare now recognizing this opportunity. A
revision to the 2012 Ontario Building Code requires an improvement in the thermal resistance of the
buildingenclosureof 20- 25%relative to the previous cod€or equivalent improvements in mechanical
systems).Voluntary programs such asZR00, Energy Star and Passivhaus require even greater levels of
thermal resistance for certification.

In their development of national sustainable housing initiati¢Equilibrium Homg the Ganadian
MortgageHousingCorp. found thatpermanent fixed componentsuch asvalls are themost
reasonable, coseffective, lowmaintenance and prudent investment in the pursuit of low energy
homes (CMH007. The U.S. Department of Energy (DOE) agrees, stating that the top priority
pursuit of a cosheutral, netzero energy home design is to develop a durable-Rghall design for
cold climategAnderson & Roberts, 2008).

One major concern with increasing the thermal resistance of wall assemblies is that the durability of the
building may be compromised¥ood framed walls are the most common form of residential wall in

North America and the materials used are vulnerablentiisture damage.This damage typically occurs

first at the wall sheathing in the form of mould, fungal growth and rtiicreased thermal resistance

can lead to two potential issues related to moisture: 1) increased potential for air leakage condensatio
at the sheathing and 2) decreased ability of the wall to dry after a wetting event.

In wall designs where 100% of the insulation is within the framing cavity, the wall sheathing closely
follows the exterior temperature conditions. The greater therthal resistance within the framing

cavity, thecloserthe sheathing temperature will be to the exterior temperature. In cold climates, this
results in sheathing temperatures which are below the interior air dew point for a large percent of the
year. Undethese conditions, even small amounts of exfiltrating air can result in significant amounts of
condensation on the interior surface of the sheathing. Without the proper conditions for drying,
moisture can quickly accumulate within the wall cavity, lagdb mould growth and deterioration of

the framing materials.

In wall designs where insulation is placed exterior to the wall sheathing, the sheathing temperature lies
somewhere in between the interior and exterior conditions. If the ratio of thermsiktance interior



and exterior to the sheathing is properly designed for a given climate, the sheathing will remain above
the dew point of the interior air for most of the winter and air leakage condensation potential will be
greatly reduced.

By ddinition, a highR wall will experience less heat flow through it than a standard wall design. This
reduction of energy flow can adversely affect the ability of the wall system to dry out after a wetting
event. With limited energy flow through the wallidng the winter, these wall systems must be able to
safely store moisture until warmer weather allows for drying to the exterior. In a wall system with 100%
of insulation within the framing cavity, the sheathing is closely linked with the exterior comslit With
access to heat energy from the exterior dod resistance tavapour in that direction, drying can occur
quickly:

In exterior insulated wall systems, less heat energy is available for drying to the exterior during warm
weather. Also, dependg on the vapour permeability of the exterior insulation layer, the flow of vapour

to the exterior may be slowed significantly. This can result in a much slower rate of drying and cause the
moisture sensitive materials to be wetter for a longer periodimie.

Understanding and predicting heat energy and moisture movement into, within and through an
assembly is of fundamental importance to predicting and improthegdurability of highly insulated
wall systems Further esearch is needed to establishgign guielines for optimizing thermal and
moisture performance considerations various climateones.

1.1 Scope

This thesis focuses dnghly insulatedhigh-R)wall designs for low energy houses in the Canadian
climate. For the purpose if this Thesis highR wall system is a wall with a minimum thermal resistance
of RSI 6.12 B5). The performance of these types of wall systems with respect to air leakage
condensation potential and drying capacity will be discussed. Much of the informationsgidcarsd
conclusions made will also apply to other welpdmed wall systems and other climate zones.

The walls that were part of the experimental program wefd B.2nominal (R 36) including

approximately 1/3 of the thermal resistance on the exteriotha structure. All of the assemblies
studied were composed of readily available and approved materials. Performance was studied under
different imposed wetting conditions, and the natural climate conditions at Waterloo, Ontario, Canada.

1.2 Objective

The objective of this thesis is improve the understanding of the moisturelated durability
performance oexterior insulated, highR, woodframed wallsystens. This knowledge will hethe
construction industry meet the increasing requirements faiding energy efficiency mandated by
building codesvhile minimizing the risk of moistunelated durability issuesThe primary focus of the
study will be on air leakage condensation potential and the ability of the wall system to dry after a
wetting ewvent. This information will be used to predict the long term durability of these wall systems

2



and can then be used in conjunction with laboratory testing and computer modeling to develop design
guidelines for various Canadian climate zones.

1.3 Approach
The goproach for evaluating the hygrothermal performance of exterior insulated wall systems included a
review of the theory and past research, as well as experimental field exposure testing.

In the experimental portion of this study, three different exterosulated walls were compared to a
standard residential wall, to a doub$tud cellulose wall and to each other under field exposure
conditions. The temperature, relative humidity, and moisture content of different components of the
wall assemblies were easured and used to make these comparisons. Imposed periods of wetting were
used for the evaluation of wall performance under air exfiltration and rain leakage conditions. The data
collected from this field testing is also used to predict the relativelility of these assemblies.



2 Background

2.1 The History of Low Energy H ousing

2.1.1 Introduction

Prior to thediscovery andlistribution of electricity, oil, gas and coal, all houses were inherently low
energy homes Because only small amounts of energy wakailable at the home sitenly small

amounts were consumedAnother characteristic of these homes was a very low level of comfort and
convenience.Primtive homes were built of whatever materials wdogallyavailable, including stones,
sticks, dirtclay, snow and animal skins. These homes required very little energy, because they were
very small, had few conveniencasd many occupants. Tlecupantsalsohad a very high tolerance

for discomfort. When heat was required, it was usually providedhyning woodor other combustible
materialsin an open pit

Some early civilizations also developed strategigsh as gihting, orientation, thermal mass and

shadingto utilize energy from the sun to heat living spaces. Passive solar strategies do not involve low
amounts of energy, but rather large amounts of free energy from the sun. These strdiagesbeen
demonstrated for thousands of years, by necessity, efoe invention of mechanical heating systems.
The famous roman bath houses of the first century BC were built with large south facing windows to let
in the heat(Perlin, 2013 while the Anasazi Indians of North America utilized sdating cliff dwelhgs

that were shaded by the cliffs in the summer, but allowed direct sunlight in the wibésx, 201D

With advancement in housing technology, including the invention of residential mechanical heating

systems, muclof thisknowledge was lost or ignored the mainstream housing industry. There were

however visionary researchers and desigrexperimenting with these strategieés North America as

far back as the 1930s and 40s, starting with an accidental discoverghiteat George F. Keckieck

wasO2 YYA&daA2yYSR (2 o6dAfR WE¢KS | 2dz SFa#FTheHSSMNE 6 Q T
designedwas a threestory, 12sided building with 90 peent plate glass wall¥Keckchose the glass

structure for itsaesthetics, not is solar collecting properties. During construction, Keck noticedtthat

was warm inside the building, even before the installation of the heating system. He realizéuethat

sunlight illuminating the interior also heate¢lde concrete floor slab, whicim turn, radiated heat after

the sun set. It was also discovered that due to the extensive areasinfulated glass, heat loss was

rapid. Keck went on to experiment wiind build upon the discoveries he made in the House of

Tomorrow. This work culminated in his first comprehensive solar design in 1940, a house for real estate
developer Howard Sloan. It was an elongated home which gav&pt rooms southern exposurand

had a high projecting € roof above the south facingerestory windows. The Chica@idbune

Rdzo6 SR GKA& | W{2fFNJI12YSQ> GKS FANRG dGAwBd GKS (S
a 30house developmentalled Solar Park, the first mpletely suroriented residential community in

the modern U.S(Zonkel, 1998)

Other early leaders in the solar home movement incltitieteam from the Massachusetts Institute of
Technology (MIT) who created Solar 1 in 1939. Solar | was designed bg&rbiieg C. Hottel, and is
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considered the firsbuildingin America to bententionallyheatedusing only thesun's energy. It was a
single story houstike structure containing two rooms and functioned as an experimental lab. To heat
the building, a sumeat trap, tilted at a 30 degree angle was placed on the roof under three layers of
glass. The bottom of the heat trap was a sheet of copper painted black. Water circulated through tubes
below the heat trap and was stored in metal tank located in theeb@ent until neededDenzer, 2013).

The architecFrank Lloyd Wrightised passive solar principles in some of his desigie most notable

SEIF YLX S 2F 2 NA 3 thé Jacobs&eusel bNilt ig OMIindWVisgohsin, which was also

1y26y Fa GKS b{2fl NJ | SYA Oe& OtirGufadplan witliKaAvast ekparossd® o | &4 |
glass on the south elevation. Thertip east and west sides of the house were bermed with earth for

thermal resistance and to protect the house from the cold north winds. The lower level featured a

concrete floor and limestone walls for thermal mass and a completely open floor plan (Atkeh)

Outside of a few visionary researchers and designers who were experimenting with solar heating
strategies, the homes built in North America before about 1930 were heated by the combustion of coal
and/or wood. With the invention in the 1920s die residential oil furnace, a new era in residential
heating began. Due to the convenience and low cost of oil heat, by the 1960s the vast majority of
homes in North America were heated with oil furnaces

The modern era of low enerdyousingdesign bega in 1973. Due to gepolitical turmoil in the Middle
east,the OPEC (Organization of the Petroleum Exporting Countries) oil cavteth controlled 50% of

world oil production-raised oil prices by 70 perceatvernight In November 1973, all Arali-o

producing nations stopped shipping oil to the U.S. The OPEC oil embargo caused the price of oil to rise
from $3.56 a barrel in October 1973 to $11.65 in January 1974 (Holladay, 2010). Since heating oil was
the main source of space heating, this drainahange in the price and availability of oil started a chain

of events that continue today.

Due to the realization that oil will not always be cheap and plentiful, many parallel steps were taken to
investigate and improve the energy required for heatimgnes in North America. Several government
initiated programs helped kiektart the modern approach to low energy homes.

LY mMdptnI tNAYyOSG2y ! yABSNEAGEWA / SYdSNI ¥F2NJ 9y SNBHe@
study residential heat lossAt the Center, a group that included Ken Gadsby, Gautam Dutt, David Harrje,

and Frank Sinden performed research that leato our current understanding of the importance of

air-tightness and air pressure dynamics in residential heat loss.

This researt lead the US government to implementthe2 S| G KSNRAT | GA 2y indw& A a il yOS
The program provided funds tow income home owners and rentefsr air sealing measures teduce

home heating costs and conserve fuel @il 1977 the US governmetncreatedan entire federal

RS LJ NI MeDgpadmew of Ener§y> R S R st@iyiriy SnkrgyiLigeln Canadagil price

increases lead the federal government to create a governrognied petroleum company in 1975
calledPetroCanada and to create tiNational Energy Program in 1980.
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During the 70s and 80s, two distinct approaches to low energy buildings developed: the passive solar
approach and the supénsulation approach. Although these approaches had overlapping goals, time
lines and technologieshey began as quite distinct concepts.

2.1.2 The Passive Solar Approach

The passive solar approach was an extension of the work of Keck and others. It was based on the
philosophy that most, if not all heating loads for a house could be provided by thdasdiract gain

through windows. One of the defining features of these passive solar houses was large areas of south
facing windows. Those who had previously attempted this approach soon realized that large amounts of
solar radiation energy could be hrght into the house with the use of extensive glazing and trapped via
the greenhouse effect. Souflacing window areas of 10 to 20% of floor area were commonly specified.
They also learned that the practical challenges of this approach were to avoiteatieig during the

day and heat loss through the windows at night. To overcome these wide temperature swings, and to
store solar energy for use at night and cloudy days, unigue technologies were developed.

The primary approach was to increase the thermaks within the house, through the use of concrete

floor slabs, masonry interior walls, or added layers of gypsum. Surfaces exposed to direct sun were
made darkcolored and of thermally massive materials. Another important aspect of passive solar
designwas the care taken to design both fixed and operable shades to minimize overheating in summer,
spring and fall. To reduce night time heat loss, moveable insulating shutters were developed and
deployed (Shurcliff, 1980).

More radical approaches, which imgted the design of the house more than passive direct gain

systems, also were attempted. Inventedvinp c,th@ Brombe walls amasswall situated behind a wall

of windows, withanai LJF OS (2 OF LJi dzZNB | (MBRzrigy 102aNWentdar&ten 3 dzy Qa Sy ¢
opened to allow convection of the heat to the rest of the house during the day and closed to prevent

heat loss at night. A similar concept uses vertical bpetktedwater-filled tanks for thermal storage.

TheBarra systentonsistedof asimila collector wall and utilizé the thermosiphon effect to distribute

the warmair through channels in the concrete slab fl¢Barra et al., 1987)

Attempts to simplify the more radical approaches and overcome some of their less desirable constraints
deveR LISR f I G SNX shlaf Slak ithtatoblasnvehtdd byi kaShadarian in the 1970s
washbuilt of concreteblocks with a poured slab over the tapd paired with large amounts of south

facing windows.In this approach,he thermal masshe floor slabis used to store solaadiationlet in

by the windows and the air in the cavities of thellow concreteblocks are used to transport the stored
heat throughout the house when required. (Kachadoriab06

Other sbrage systems attempted inclugel ¢ SNJ G y{1{a Ay (GKS GGAO0 6So3aos
binsfull of stonegsoO f f SR & NP Ori thebdsgMmerit @ind $éhled §rawslsandformed below

a slabthroughwhichwater waspumped(Shurcliff, 1978)The effectiveness of thesmergy storage

strategies was limited and they were expensimembersomeand many relied on powered, often

complex and unreliable, mechanical systems



As experience in constructing and living in thpassive solar heateouildings increased, it became

clear that the most cost effective method of keeping the solar energy within the building was through
high levels of rclosurethermal resistancegood windows (and/or thermal shutterahd air tightness.

One example of a passive solar home that put dpigroachinto practice was théDavid Robinson

Housé&. Featured in the October, 1979 IssueSolar Age Magazinehis house was built in Minnesota

and was designed utilizing life cycle cost analysis to determine budditigsurethermal resistance

levels. The home featured careful air sealingg@Rwalls with limited thermal bridgingyn R-60 roof and
R16insulation of thebasement walls and below the slab (Holladay, 2010). This house featured 50% of
the total window aredacingsouth (double glazejiwith triple glazing on the rest of the orientatioaad
alsoemployedan active solar heater and a heat recovery ventilator. This heasesignificant in that it
demonstratad a shift in focus from maximizing solar gainmmimizingthermal loss.While

fundamental passive solar strategies are still considered one element of a low energy building design,
the huge expanses of glazing and complex storage systems have been replaced with moderate amounts
of southfacing glazing and thermal mass. In modem energy building desigror cold climates, solar
energy is considered a supplemental source of space heat energy, with the design focus on retaining
heat within the building.The strategy of minimizing thermal loss has become known as the-super
insuldion approach.

2.1.3 The Super -insulation Approach:

While the passive solar approach focused on maximizing solar heat gain, tharsigation approach

focused on minimizing heat loss through the buildémglosure Practical research into sup@rsulated

K2YSa o6S3ly Ay GKS SINIeé& wmdprtnsbasedRupddsiyedhindipdie &l YS
solar heating. Supensulated houses were typified by a concern for airtight construction, thick layers of
insulation, and modest soutfacing winaw areas (usually in the range of less than 8% of floor area).

/| 2YaARSNBR o0& 42YS (2ya8f iASRoRERIHRSE @TKEREAG[ & ¢zBI8 BIJ
built by researchers from the University of Denmark (Van Korsgaard and Esbensen) infli®gbal

was to create a zerenergy house. This home included roof and wall insulation 12 to 16 inches thick

and double glazed windows with insulating shutters. The home also utilized active flat plate thermal
collectors (connected to an 8000 gallonrstge tank), one of the first residential do-air heat

exchangers and a solar space and water heating system. The active solar features of the house soon

broke down and were abandoned. The lessons learnéuismroject,however started a shift irotus

away from activehigh-tech solutions andowards thedevelopment of simplepassivdow energy

buildingso Wt A2y SSNJ ! 61 NRQX HAamMoUL ®
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Schick at the Univeity of lllinois at Urbana&Champaigrnn 1976usingcomputer simulatiosto predict

the amount ofenergythat could be saved using high levels of insulatibhis house employedbuble

2X4 walls, aitight construction a heat recovery ventilation systeamdtriple glazed windows. The

design had R0 walls, R0 ceilings ad R20 foundation insulation (McCulley, 2008). Although the

house was never built, the simulation experiments demonstrated the energy savings that were possible



using simple, passive dgas and played an important role in legitimizing and popularizing the early
superinsulated approach.

At the same time as th&andinavian andmerican developments, a systematic study of energy

efficient buildings was carried out in Germany by H. Hor&e&teinmdller and others, with funding

from the Federal Ministry of Researchl 8 SR 2y (KA & &addzRé>X (GKS at KAf ALK
designedusingcomputersimulations and verifiedith field tests. Completed in 1975, the house had an

R-40 buildingenclosure coated, double pane windows with insulated shutters, a heat recovery

ventilation system and active solar and heat pump technology. This bulldingd as an experimental

house for many years. The heating demand for this house was showr2@3fEkWh/n?, which was

15 times less than the typical German housing stock at that (Bteinmuller2007).

Philips Experimental House - Aachen 1974 ff

» Super insulation: U-Value 0.14
WimK (R~40)

« Efficient Window Systems: (coated
double) + shutters

« Controlled ventilation, 90% air-to-air-
heat recovery plus soil heat
exchanger

» Heating demand 20 - 30 kWh/(m?a)
i.e. 2 -3 kWh/(ft’a) or 7 —10 kbtu/(ft’a)

* Renewable Energies
Theory-Experiment Comparisons
» Parameter Studies US & Europe ...

Figurel- Phillips Experimental House (Passipedia.passive.de)

IN1978 A ¢ KS { a1t GOKSgl y | 2dza §grougdf GanddiSnaeschrfHem leddPyR 0 dzA f
Harold Orr and supported by the Canadian Governmdrtie house featureB-40 doublestud wall
construction, R60 ceilingstriple glazed windowand R20 insulatedshutters The building had atight
construction(1 ACH@50x heat recovery ventilation system drain water heat recovery systeand

active solar collectorOrr, 2013). By 1979, energy monitoring showed that the combination of super
insulation and he active and passive solar features reduced heating energy by 90% compared to a code
compliant house of that eréBesant, Dumont & Schoneau, 1979)he active solar heating system was
found to be very expensive, and experienced reliability problerBy. 1983a large study of 27
Saskatchewan houses built using 8@me energysaving principles (withouhe active solar energy
componenty, as The Saskatchewan House showed annual average heating loads of 63 k&Vh/m
reduction of 70% compared to contemiaoy codebuilt houses, in a climate twice as cold as central
Germany(Dumont, Orr & Hedlin, 19§3with modest additional costsThe lessons learned in the

design, construction and operation of the Saskatchewan hansesimilar local homes were masdye
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influential, eventuallyeadingto a national low energy building certification program, knownhesR
2000 prograrrin 1982 This program still exists today and has produced tens of thousands @&frlergy
homes.

Figure2- The Saskatchewan House (Passivehouse.ca)

IN1979G ¢ KS [ SASNI | 2dza S€¢ 4 | &ackuselst This pdséeddBedddublevBall SNJ A Y
construction, a heat recovery ventilation systewas extremely air tight and hadmpassive solar

features. Thdwouse was bated with a naturajas ordemand water heater and had an annual heating

bill of under $40.The simplicity and low cost of the Leger house was in stark contrast to the passive

solar designs of the time and this seemed to resonate with moweldpers and consumerdvany
consider the successBf Sy S [ SISNWa K2dzaS a G(KS NBazfdziazy 27
and supesinsulation: The debate was resolved in favor of sdpsulation(Nisson and Dutt, 1985).

a



Figure3- The Leger House (Holladay, 2010)

Inspired by the success of the early supeulation houses described above, physicist, Harvard

professor and supporter of the passive solar approach, William Shurcliff issued a press release in 1979
defining what he thought the future of low energy homes should Msg¢on and Dutt, 1985 He

essentially defined the super insulation approach as:

1)
2)
3)
4)
5)
6)
7
8)
9)

GTruly superb insulation, not just thick, but clever
Envelope of the house is practically-aght

No provisiorfor extra thermal mass

No provision for excessive south windows

No conventional furnace

No conventional heat distribution system

No weird architectural shapes necessary

No big added expense

Passive solar heating is modest

10) No need for humidifiers
11) No south &le overheatingx

As the 1970s was the decade for research and development in-fupdation techniques, the most
important developments in the 1980s were related to the sharing this information and promoting the
concepts of supemsulation to industryand the general public. As early as 1981, super insulation
techniques were being featured in published books, trade journals and consumer magazines.

The Superinsulated Retrofit Bdmk Canadian researchers Brian Marshall and Robert Argue was
publishedin 1981, giving practical advice and real examples on methods of retrofitting existing homes to

AYLINRE OGS SySNHe STFTAOASYyOed ¢KAa 6221 RSaONAROSR
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new outer envelope including a continuous air barrierckhliayers of exterior insulation and new siding
and roofing. Also included, were a third glazing layer on the windows and a heat recovery ventilation
system. The same year, William Shurcliff relegaper Insulated Houses and Double Envelope Houses
(Shucliff, 1981). This book described in some detail, the design and construction of successful super
insulated home projects throughout North America.

First published in July 1982nergy Design Updateasa superinsulationnewsletter written by
Massachusetts engineer Ned Nisson. Along with Princeton researcher Dautam Dutt, he alsbhwarote
Super Insulated Home Bowk1985. This book provides actual construction details for several types of
superinsulated wall systemsgwtilation and air tightness strategies and vapor barriers.

The concepts of supénsulation were even featured in consumer magazines as early as 1981. An article
in the May 198Popular Sciencél 31 T AyS Sy GAGf SR W{ dzLJS Nehtwreda dzf I G SR |
construction details and energy use data for a dotsiled home that was inspired by the Saskatchewan

house.

2.1.4 Low-Energy Certification Programs

Beginning in the mid980s, government and other organizations interestegriomoting low energy
housingbeganto & @St 2 L) 28 ¢z B RNE WOESXIH A F A 200D prégyam, B2 I NI Y a ¢
Energy Star program and Passive House program are the three most influential of these programs in

North America.

2.1.4.1 R-2000

The R2000 Program was developed by Naturas®eces Canada in conjunction with the Canadian
Home Builders Association, based on the lessons learned in the Saskatchewan House project. The
program kicked off in 1981, and included ratings for energy efficiency, indoor air quality and
environmental impct.

The goal of the energy efficiency component of the program was to reduce energy use by 30%
compared to a codeompliant home. Towards that goal, the standard required minimum levels of
thermal resistance hwich exceed local building codeset a maknum air leakage target, requiring air
leakage measurements and defined maximum energy use as a function of climate. By 1995, the
influence of the program could be seen in the national and provincial building codes of Canada, which
increased the requirethermal resistance to the-R000 levels. In 2012, theZ®00 program received a
major update. The new program is performanbased and requires a 50% decrease in energy use
compared to the original program requirements. To meet this performance gqalres thermal
resistance levelsignificantly highethan local building code®NRCan2012)

2.1.4.2 Passive House

Another well regarded and influential residential certification program is the Passive House (or
Passivhaus) standard, developed in Germanyapplied throughout Europe, Scaimdvia, and North
America. The first Passive houses were designed by Bo Adamson and Wolfgang Feist based on the
lessons learned from previous low energy homes such as the Philips House, the Lyngby House, the Lo
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Cal House ahthe Saskatchewan Housstéinmuiller 2008). A major development of over 100 houses
was built in Darmstadt, Germany in 1990 and monitoring showed that they required 90% less space
heating energy than codeompliant German houses of that time (Schneid2@03). The Passivhaus
Institute wascreated in 19960 promote and control the building standard. The three core
requirements of the Passive House certification are (Passive House Institute, 2014)

1) The building must be designed to have an antnegting demand as calculated with the
Passivhaus Planning Package of not more thadAIBm?2 per year (474@tu/ft2 per year) in
heating and 1%XWhm2 per year cooling energy

2) Totalprimary energyconsumption (primary energy fdreating hot waterandeledricity) must
not be more than 120 kWh/m2 per year (3DKi/ft2 per year)

3) The building must not have an air leakage rate of more than 0.6 times the house volume per
hour (ko n ®c  k PA@/DENAs testdd bypdlower door

Meeting the first requirement requires the building enclosure to have high levels of thermal resistance
and usually significant amounts of passive solar gain. Depending on the climate, solar gains and internal
gains, the thermal resistance levels requirecold climates far exceed any building cod&larth

America, and often exceddvels used previously for supersulated homes in cold climates. Because

the same energy target is used in all climate zones, only a modest amount of insidatouire in

moderate climate zones, such as Southern California and the Pacific NortMadke( and Less, 2013).

The Passive house standard is considered one of the most demanding housing certification from an
energy use perspective and is seen as one ofrihet @mmercially successful progranadthough far
fewer homes have been register@dNorth Americahan the R2000 program to date

2.1.4.3 Energy Star

The Energy Star program was developed in 1992 by the U.S. by the Environmental Protection Agency
(EPA) anthe Department of Energy (DOE). Energy Star labeling was first applied to consumer
electronics and appliances as an indication of the most energy efficient products in their category.
Following the success of this program in the electronics and appianeekets, the Energy Star for new
homes program was developed in 1995 and has had 2 major updates since then. The Canadian version
is based on a prescriptive package of requirements, based on 2 climate categ&{eas(RD14).

Energy Star windows, heatj equipment and appliances are required and minimal thermal resistance

for building enclosure components are specified. An air leakage rate of about 2.5 air changes per hour
at 50 Pa is required as well as an approved ventilation design. Some altermatihods and tradeffs

are allowed under the program. Because the goal of a labeled house is only about a 15% improvement
over a codecompliant house, these requirements are only slightly more restrictive than many local
building codes. This resultsa certification that is more easily attained and has become a popular
choice, even among larger builders.
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2.1.4.4 Net Zero Energy Buildings

A Net Zero Energy (NZE) building is defined as a building that uses only as much energy as is generated
on site, usig renewable energy sources. A NZE building may use the electrical grid for storage and
retrieval of excess energy or it may employ angsftl system, with batteries for storage and retrieval.
Gridtied systems have the advantage of limitless, and-togt, storage and retrieval to get through

periods of high energy use and/or low energy production. With aigidf system, the cost and size of
battery storage limits capacity, meaning that energy production and usage must be closely balanced on
a dayto-day basis.

Many NZE buildings use only use electricity as their energy source, so that all energy required for the
building is produced on site via photovoltaics and/or wind power. AtgrdiINZE building can,

however, also use other energy sourcestsas natural gas or propane, as long as the electricity
produced onsite oftsets the total sum of the electricity plus all other energy consumed at the home.

The U.S. Department of Energy (U.S. DOE) has studied the development of a proven,taisheeu

zero energy (NZE) home desigm@erson & Roberts, 2008)n order to meet the objective of a

practical NZE ready design, it is estimated that whole house energy must be reduced by 40% compared
to the best current designsTo reach this goaloosiderable research must be completed to develop

and validate low risk, cost neutral building components and strategies. One of the top 5 priorities of this
research program is to develop a durable Riglwall system for cold climates.

2.1.5 Summary

North American builders have had access to research data, construction techniques, and the materials
necessary for building low energy houses since theX880s. The effectiveness of these construction
techniques has also been demonstrated over the past 3@sydmough programs such as2R00,

Energy Star and Passive House. These efforts have resulted in incremental changes to North American
building codes which now require significantly greater thermal resistance and much more attention to

air tightness tharthey did before 1980. As shownhigure4, these code changes have resulted in a
decrease in heating energy consumption of approximately 20% tegpdst 20 yearRECS, 2018)

the U.S.Despite these improvements, much greater levels of thermal resistance are required to create
truly low energy buildings in most climate regions of North America.
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Figured- Averageenergy consumption per home from 1980 to 2009 (RECS, 2012)

2.2 The Role of Wall Systems in Low Energy Housing

The building enclosure system includes all of the elements of the building that separate the interior from
the exterior. These include the floor, the roof, windows and doors and below grade and above grade
wall systems.

To quantify the heat loss charaeistics of each of these components in prototypical American homes, a
study was performed by researchers from Lawrence Berkley National Laboratory (LBNL) (Huange et al,
1999). This study makes use of a database of existing residential building protiotygéterent

regions of the country (Ritschard et al. 1992). Parametric simulations were performed on these

buildings using the DGEDbuilding energy simulation program to calculate #easonaheat loss

attributable to the different building componest floors, walls, roof and windows. Heat loss due to air
leakage was also simulated and reported as a separate component. Heat loss through windows can also
be adjusted (reduced by 1/3) to account for solar heat gain through windows during the heasanse
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Building Enclosure Components:

Base Floor System(s)
Foundation Wall System(s)
Above Grade Wall Systems(s)
Windows and Doors

Roof System(s)

M & W -

roof vent

.............
........

ventilated crawispace

backfill

mmmmmmmm  Building Enclosure

-------------- Interior Spatial Separators
Figureb- Building Enclosure Components (Straube, 2006)

The heat loss results of this study for the geographical area most closely representing the Canadian
climate (North) can be seen Figure6. Using the insulation and air leakage characteristics of a
prototypical home in the U.S. Northern region, air leakage is the largest source of heat loss, accounting
for 32% of total heat loss. Heat loss through the walls is the next largest contributor, accounting for
21% of total heat loss, while floors accounted for 18%, windows for 17% and the roof foiThi%.

study showed that the walls were responsible for moretHeas than any other physical enclosure
component. Although air leakage was not broken down by component, leakage through wall systems is
obviously a major contributor to this categaajso. Historically, Canadinuses tend to be

significantly moreairtight than in the US (Fennell and Haehnel, 2005) and this tends to reduce the
relative contribution of air tightness and increase the relative contribution of enclosure components.
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Heat Loss by Componeitorth

Figure6- Seasonal déat Loss by Component (&d on data from Huange et al, 1999)

The data from this study can also be used to demonstrate the effects of improvements in insulation
strategies in the past 30 years. The housing units were broken down into two age categories:-old (pre
1980) and new (pst 1980). As shown figure7, the newer houses showsignificant decrease in the
percentage oheat loss through the roof, (from 14.8% to 7.1% of total) and a much sndalbeease in

the percentage oheat loss through the walls (from 21.4% to 19.1% of total) compared to the older
houses. Although the nominal percentage changes are complicatechlaynges in the other elements

over the same time period, a direct comparison between walls and roofs can be informative.

Thedifference between roof and wall heat losBanges (as a percentage of the to@berthis period
demonstrateghat it is ofteneasier to increase insulation levels at the roof/ceiling plane compared to

wall systems. A large majority of single family homes have ventilated roof systems where there is ample
room between the ceiling plane and the roof deck for increased levels whiien.

In a traditional woodramed wall system however, the thickness of the insulation layer is limited to the
framing cavity depth. While innovative products such as spray polyurethane foam (SPF) insulation have
a greater thermal resistance per m¢R6) than traditional batt or loose fill insulations-@ major
improvements in wall thermal resistance can not be achieved using this traditional apprdaeh. T
standardframing cavity simpl does not provide enough deptndthe woodframing membersllow

too muchheat flowto bypass the insulationTo reach effective thermal resistance values -&3or

higher, innovative approaches to wall assembly design are required. Since the construction of new
housing units represents only a small fractidritee total existing units, these innovative approaches

should also ideally be applicable as a retrofit to existing buildings if they are to have a significant impact

on the energy footprint of the housing stock.
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Heat Loss by Componen
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al, 1999)

In order to make significant improvements in the thermal resistance of residential wall systems, a
dramatic change in design is required. With dramatic ckdmmwvever, comes significant risk. The

building industry has experienced serious system failures in the past when changes were implemented
without a complete understanding of the system by the designers and installers. The implementation of
several builthg systems and materials such as Exterior Insulated Finish SyEtesStructural

Insulated PanelandOriented Strand Board)SB sidingwere marred bywater-related durability

failures (Lstiburek, 200@nd demonstrate the need for a complaet@derstanding of the performance

of a system before applying it broadly. To understand the performance and potential risks of any
building enclosure system, it is important to define the functional layers of the system, and evaluate the
ability of thesdayers to perform their required functions. The following two sections will define the
required functional layers and provide a basis for evaluating potential performance.

2.3 The Wall as a System

2.3.1 Introduction
Like the other components of the building erslime, above grade wall systems must provide four
important functions (Straube and Burnett, 2005):
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1) Supportg against all internal and external forces applied to the enclosure

2) Distribute goods and people into and out of the building and utilities throughbatbuilding

3) Finishc to create durable and esthetically pleasing surfaces on the interior and exterior of the
building

4) Control¢ the access of people and pests and environmental loadings such as precipitation, air
flow, vapour flow, heat energy, sourashd solar radiation.

To design an effective wall system, the most critical control layers must be identified and detailed
appropriately. The most critical control layers, in order of importance are (Lstiburek, 2008):

a) Rain Control layer
b) Air control lagr

c) Vapour control layer
d) Thermal control layer

2.3.2 Rain Control Layer

This layer must prevent rain water from entering the wall assembly and damaging moisture sensitive
materials. Siding or cladding acts as the primary rain shedding surface in a wall $ystewver the

rain control layer is the last and most complete line of defense against the intrusion of rain water. This
layer should be detailed with joints lapped in a shingle fashion and not rely on tapes or sealants to
prevent water intrusion. In a pical residential wall system, the rain control layer is composed of
building paper or polymeric house wrap but may, in unique and-p&gformance designs, be peel and
stick membrane or a spray or trowel applied bituminous membrane. The greatest ¢jeaieto

maintain continuity at window and door penetrations. This requires careful detailing of flashings
between the rain control layer and the window/door structure.

2.3.3 Air Control Layer

This layer must prevent the movement of air into or through the agggmControlling air flow is
important for durability, energy saving, comfort aimdioor air quality (IAQ). Air can carry significant
guantities of water vapor, which can be deposited inside the assembly as condensation. The heat
capacity of aialso endlesair to carry heat through the wall systerbypas#ngthe resistance of the
thermal control layeandincreasing energy use and compromising comfort. Contaminants from
outdoors or from within the wall assembly can ride along on the flow of air anelygmpactindoor

air quality. A typical Canadian residential wall assembly relies émterior layer of polyethylene
behind the drywall as the air control layer. Taped and sealed sheathing membranes (e.g., housewraps)
are one of the most common approlaes taken in the United States. Other options include sealed
gypsum wall board (the atrght drywall approach), taped an@aledsheathing on the exterior dhe
framing members, and sprdgam in the stud cavities combined with sealant at all joints.

The greatest challenge in maintaining continuity of the air control layer is sealing aowkdbr and
wall-to-ceiling ceiling joints, penetrations for services, and window/door rough openings.
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2.3.4 Vapour Control Layer

The function of this layer is to litrthe flow of water vapour into or through the assembly by diffusion

so as to avoid damaging quantities of condensation. Vapour diffusion is driven by vapour pressure
differences across a material air space and its rate is controlled by the vapour peahility of the

material and the size of the vapor pressure differences. While it is not necessary to completely block
the flow of water vapour diffusion in a wall assembly, it must be slowed considerably to prevent
damaging levels of interstitial condeat®n by diffusion from the interior during cold weather and

diffusion from the exterior during hot weather. Warm weather condensation can become especially
important if the cladding can store significant amounts of absorbed rainwater (Straube et &.a260
Straube and Burnett, 1995). It is important to note that vapour flow is an important method of drying
should the assembly get wet during construction or operation, and hence completely preventing
diffusion also eliminates drying in the directiontbé vapour barrier. In Canada, the vapour control

layer is almost always applied to the interior side of the thermal control layer and is typically a
LRfeSikKetSyS akKSSio hiKSNJ YS(GK2Ra 2F O2y(iNRfftAy3
retarders that change permeability with relative humidity, by the application of vapour control paint to
gypsum wall board, and through the use of vapor retarding insulating sheathing layers on the exterior of
the structure.

2.3.5 Thermal Control Layer

The thermalcontrol layer must contol the flow of heat across the wall assembly. Controlling heat flow
is important for occupant comfort and reducing space heating and cooling energy requirements. The
layering and positioning of insulating materials can also b tseontrol the temperature of building
components and affect the loAgrm durability of the assemblyin a typical Canadian wall assembly,

the thermal control layer is composed of ladensity batt insulation placed between the framing
members. In thigpproach, the amount of insulation is limited by the thickness of the wall cavity and
the framing members create many thermal bridges, reducing the effective thermal resistance of the
assembly.In pursuit of energy reduction, the level of thermal resista has been slowly increasing in
Canadian buildings for the past 30 years. This improvement has primarily come from increasing the
thickness of the insulation within the wall cavity. This was accomplished by changing the exterior walls
from 2 X 4 to 2 % construction, creating room for an additional 2 inches of cavity insulation. There
have also been small improvements in the thermal resistance of the available cavity insulations. In
order to reach aggressive energy reduction goals anezast energybuildings however, dramatic
increases in thermal resistance are required.

2.3.6 Summary
The typical residential wood framed wall system, used in Canada for the past 3@sydastrated in
Figure8 below.
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Interior Finish (typgypsum
wall board)

Air and Vapour Control Laye
(typ. 6 mil poly sheeting)

Thermal Control Layery(p.
fiberglass batt. Insulation)

Wall Sheathing (typ. 11 mm
oriented strand board (OSB)

Rain Control Layer (typ.
polymeric house wrap)

Figure8- Typical Canadian wall assem{@jraube and8megal
(2009)

2.4 Heat, Moisture and Air Movement

In order to evaluate the performance of wall systems, it is important to understand the nature of heat,
moisture and air movement within and across the wall assembly. An assembly is composed of multiple
layers of different materials with different hygratihmal properties and the movement of heat,

moisture and air through an assembly is a dynamic, complex, interdependent process. While
hygrothermal modeling and field measurements are used to predict and evaluate the performance of
assembly, an understandirof the basic mechanisms is important to understanding and interpreting the
results

2.4.1 Thermal Control in Assemblies

2.4.1.1 Modes of Heat Transfer
The primary modes of heat transfer are conduction, convection and radiation.

Conduction

Conduction is thenovement of heat energy via directatecular contact. This is the predominant
mechanism that moves heat through a solid material and also an important mechanism of heat energy
transfer between materials that are in physical contact with each other. [dhedf heat energy by
conduction conforms to the fundamental equation developed by Fourier. For many practical building
science applications, a one dimensional Fourier equation can be expressed as
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Where:Q = rate of heat flowjin wats (W))

A = the area (in A

1 ' GKS GKSNXIf O2yRdzOGA@GAGE 2F GKS YIFGSNRI§

| = the length of the flow path (in m)
Trand T are the temperature®n either side of the materidin ° K or °C)

Conduction is the primary mode of heat transfebinldingenclosure assemblies. Generathe lower
the density of the material, the lower the rate of conduction through that mater&tuctural materials
such as steel, concrete and brick are excellent conductors of heat. Even wood, whichessesardi
has lower conductivity than other structural materials, has a much higher thermal conductivity than
modern insulation productsAir is a poor conductor of heathichis the basis for most commercial
insulationproducts. Products such as filgiess and rockwool insulation are low conductorg

because glass or rock are poor conductors, but becafigee amount of air between the fibresThe
fibres of the insulation are there to reduce convectidixpanded polystyrene (EPS) is composed of
foam beads that form pockets of air within its structui®ther plastic déam insulations such axtruded
polystyrene (XPS3pray polyurethanefoam (SPF) armblyisocyanurate (PIC) trap pockets of inert gases
within their structure. These blowing agents have a lower conductivity than aicamieak outslowly
over time to be replaced with air.

Convection

Convection is the transfer of heat energy by bulk movement of a fluid. Convection is an important
mechanism of heat flow within fluids and between fluids and datiaterials. Sir Isaac Newtanticed
that the temperature of a heated object approaches the temperature of the air around it at an
exponentially decaying rate. Using his newly developed caldNkiston showed that the heat flow
due to convection at any instant was proportional to the temperature difference at that instant. The
equation he developed to express this is knowa$ & (s afv@f CoolinQand is written as:

Q = R* A* (TsTinfinity)

where: Q = heat flow (in watts)
h. = convective heat transfer coefficient
A = surface area (in%n
Ts = surface temperature (in ° K)

Tinfinity = temperature of the air at a distance where it is not affected by the object (in °K).
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For convectia to occur there must be bulk movement of a fluid. This movement can occur naturally,
due to temperaturedependentbuoyancy differences, or bdriven by external forces like the wind or

fans. Convection can affect heat transfer across building enclessemblies at several different

locations. As shown Figure9, the exterior surface of the assembly is especially affected by-wind

driven convection, also known as wind washing. The interior surface of the assembly is affected by
natural convective loops, especially vertical surfaces. As shawigure9, the same natural loops can

also occur within the assembly at any air gaps and to a lesser extent, within low density batt insulations.

Exterior wind-induced
pressure profile

Airflow into enclosure ~
through porous materials
or unintentional openings

Air control layer —~

Airflow out of enclosure —~
through porous materials
or unintentional openings

Figure9- Wind washingeffects on aitpermeable insulationgStraube, 2006)
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Figurel0- Convective looparound and through aipermeable insulatiorfStraube, 2006)

Radiation

Radiation is the emission of heat energy by electromagnetic wilweagh a gas or vacuum. For

radiation heat transfer to occur there must be a direct line of sight between the two objects involved.
All objects above absolute zer2{3 °C) emit heat energy, however it is the net difference between two
radiating materals that is relevant to the rate of heat energy transfer. For the purposes of most building
science applications, radiation heat transfer can be simplified using the SBeleamann equation:

o - , 0 Y Y
Where:Q = heat flow (in watts)
A= surface area (in fn
Ts = the surface temperature (in °K)
Ta = outdoor temperature (ambient air temperature) (in °K)
U= thermal emissivity of the object
., =the StefarBoltzmann constant (5.67 X&W/m?*K*)

For most building enclosure assemblies, radiation contributes to heat flow at the exterior surface, at the
interior surface and across any air gaps within the assembly. At the exterior surface, solar radiation can
cause a roof or wall surface to exceedkaent air temperature, while night sky radiatitessescan

cause them to be colder than ambient air temperatuRadiation can affethe temperature gradient
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across theassembly and directly influendeat flow. On the interior surface of an assemblyld

surfaces result in net radiation from occupants to the surface, causing the occupant to feel cold,
regardless of interior air temperature. Another common example of radiation affecting heat flow across
an assembly is between two surfaces separatedrgir gap such as between the roof and ceiling
assemblies in a ventilated roof system.

2.4.1.2 The RValue

¢KS Yz2ald 02YY2y YSI&adz2NB 2F GKS GKSNXIf RE&adz800yOS
The ROl f dzS A a (K& I NRISAQuUINEAS 1dih/igFe flaw of heat energy per area, for a

unit difference in temperature.

In imperial, the unitsor U-value are Btu/hourw Fuiic C
Therefoe the units forRvalueare: houw FuilgBtu
In metric, the unitfor U-value are W/m2&K
Theréore the units for Rvalue arem? wi€/W

The insulation industry has decided to reporv&ue over Walue as the standard measure because it is
more intuitive to consumerg as the effectiveness of an insulation prodimtreases, its ®Ralue

increases. The-Ralues are also useful since therédues of the materials in an assembly can simply
added together to determine the total thermal resistance.

In order to determine the Ralue of a material, the Walue isfirst measured. The current accepted
testing methods to determine the-Ralue of an insulation product are ASTMTZ, ASTM 618 and
ASTM @76. In these testing procedures, heat flow is measured at a mean temperature Bf(23.9
°C). This means thatsulation is usually tested with the cold side at 50°F (10°C) and the warm side at
100°F (37.8°C)The boundary temperatures used to determine a material@Re are significant, since
heat flow resistance for a given material will vary as averagernatemperature changes. Because of
this, some insulatioproductswill perform significantly better in service than predicted by the test, and
some much worse.

2.4.1.3 Summary

The three heat flow mechanisms discussed above account for a different percentagat ddss under
different conditions. For example, radiation plays a large role in heat flow during hot sunny weather on
the roof or south face of a building, but will have little influence on a cold, cloudy day or on the north
face of a building. Convigan plays a smaller role on still days or in a sheltered area, compared to a
buildingin a high wind area

The layering of materials within the assembly aiffects heat loss. Low density insulation materials
must be surrounded by materials that prenteair flow through themor risk decreased performance
due to convection owind-washing. High density framing materials that pass through the insulation

24



layer create thermal bridges which can result in local areas of high thermal conductivity anidasngyif
reduce theoverallthermal resistance of the assembly.

Due to the properties of different insulation materials, their effectiveness can vary greatly depending on
the conditions they are exposed to. For example, when conduction is the primar§ite mechanism
(during a cold, still night) fiberglass insulation is more effective at preventing heat flow, than when
convection and radiation are major contributors (ie. during windy or hot sunny days).

Predicting the thermal performance of a givwall assembly in a given climate is not a simple process.
Sophisticated hygrothermal modeling programs are able to utilize known material prop&wtiedy
weatherfilesand interior condition files to predict heat and moisture flow. However, even

sophisticated simulation tools require validation and calibration, as they can only simulate a limited
number of mechanisms of heat and airflow and material properties are not always well known. In order
to calibrate and validate such a complex model, alctieédd measurements are required. The tools and
methods used to collect these field measurements are discussed in Appendix A.

2.4.2 Moisture Control in Assemblies

2.4.2.1 Introduction

Moisture is the cause of nearly all durabiiglated issues in modern buildings. The effects of moisture
accumulation within a wall assembly include mould and fungal decay of wood framing,-fresze
deterioration of brick, stone and concrete, corrasiof metal components and staining or
discolouration of building finishes.

For moisturegrelated problems to occur in an assembly, there must be:

1) a moisture source

2) aroute for moisture to enter the assembly

3) adriving force to cause moisture movement

4) materials that are susceptible to moisture damage

(Straube and Burnett, 2005)

Unfortunately, completely eliminating all sources of moisture, creating a flawless moisture barrier or
eliminating the driving forces of moisture is mqo&ctical in complex buildirsgconstructed in the field

Using only materials that are unaffected by moisture would not be economical. The more practical
approach therefore is to utilize design strategies to minimize the impact of these inevitable conditions.
In order to address thse issues in design, one must understand the ways in which wall assemblies get
wet, store moisture and dry out.

2.4.2.2 The Wetting Process
The three main sources of moisture for above grade wall assemblies are:

1) Precipitation

25



2) Condensation due to air leagga

3) Vapour diffusion

4) Built-in moisture

5) Capillary uptake from ground contact

Precipitation, especially in the form of wialtiven rain is the greatest potential contributor of moisture

to an above grade wall assembly. Rain deposition on the face of asexkpmwrise building can

exceed 100 kg/rityear. Although it is relatively simple to keep this water out of the assembly along the
plane face of a wall, it is much more difficult at penetrations and junctions in the wall assembly. Itis at
these areas, gpecially window and door penetratiorthat moisture damage is most common.

Air leakage condensation has the next greatest potential for introducing moisture into a wall assembly.
During cold weather, when framing materials are below the dew point teaipee of indoor air, any
exfiltration of this air through the wall assembly can result in large amounts of moisture being deposited
in the assembly. Depending on the interior temperature and relative humidity and the leakage rate, this
process could resuin significant amounts of moisture being deposited into a wall assembly during the
heating season.

Vapour diffusioroutward from the interior is not a powerful wetting mechanism, however solar vapour
drive from the exterior can be a major contributormbisture to the wall assembly duritgpt, sunny
weather. When a cladding such as brick or stone is exposed to prolonged periods of precipitation, they
are able to store a significant amount of moisture. When heated by solar radiation, the resulting
vapaur pressure can force significant amounts of water vapour into the wall assemtdy;jtif

ventilation orthe appropriate vapour barrier is not present. Vapour diffusion also plays a significant role
in the redistribution and drying process.

Moisture tha is builtin to the assembly materials can sometimes result in moisture problems. Trapping
construction moisture within the wall assembly can be avoided by minimizing exposure of hygroscopic
construction materials to the elements and by providing therappiate conditions and time for

adequate drying, prior to enclosing those materials within the wall assembly.

Capillary uptake moisture is hot a major contributor of moisture to above grade walls. The use of
capillarybarriersbetween ground moisturand hygroscopic building materials is also a well understood
method of avoiding this problem.

2.4.2.3 Moisture Storage

Since wetting and drying conditions occur at different times, often separated by days, weeks or even
months, the assembly must have the abilibydtore moisture for extended periods of time. Once
moisture enters the wall assembly, it can be stored within the assembly materials in a number of ways:

1) Trapped as liquid in poly drained, norRporous portions of the assembly
2) Adhered to nomporousmaterials via surface tension as droplets
3) Adsorbed in or on the surface of hygroscopic materials
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4) Absorbed and retained in the capillaries of porous materials
5) Stored as vapour in air with the assembly

The ability of the materials to safely store moisturgital to the durability of a wall assembly. The
amount of moisture that can be stored and the length of time that it can be safely stored are important
factors in determining the durability of the materials that are exposed to moisture. The amount of
moisture that penetrates into the wall system is a function of the wetting mechanisms described above,
while the amount of time that the assembly is wet is a function of the drying mechanisms described
below.

2.4.2.4 The Drying Process

The form of moisire gorage within the assemblill dictate the mechanisms required to dry out the
assembly. The mechanisms involved, along with the boundary conditions, assembly design and material
properties will determine the rate of drying.

Moisture can leave the walkaembly by one dbur processes:

1) Drainage
2) Diffusion
3) Evaporation
4) Ventilation

If a wall assembly has a free drainage path, a large proportion of the rain water that penetrates into the
assembly will be quickly removégy drainage. A small percentage of thraoisture however, will cling

to the materials of the assembly via surface tension or trapped in depressidne poorly drained

portion of the assembly. This whiained moisture can then be held on the surface of fpamnous

materials or drawn into paus materials of the assembly via capillary forces and distributed through
these materialgthroughcapillary flow. Drainage is no longer an available method of removing this
moisture.

Drying by vapour diffusion can occur to the interior, or to the a@wrterlt is driven by vapour pressure
differences which typically results in drying to the exterior in the winter and to the interior in the
summer. Diffusive drying is resisted by the vapour getnility of the materials in the assembly and
may be elimiated as an available drying mechanism by low peslnility materials.

Evaporation is the process by which moisture changes state from liquid to gas and is an essential drying
mechanism for any liquid moisture not removed by drainage. Bulk water trapped in the wall, and liquid
water within the capillary structure of porousaterials require evaporation at the surface of the

assembly, or at an air gap to be removed from the assembly.

Ventilation is the bulk movement of air through a space within the assembly. Ventilation can magnify
the drying effects of evaporation bypkacing air that is humid (due to evaporated moisfundgth dryer
outside air. Depending on the moisture content of the exterior air and the air change rate, ventilation
can act as a very powerful drying mechanism for wall assembilies.
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2.4.2.5 Summary
Each stepn the wetting, moisture storage and drying of an assembly is dependent on many
dynamic factors, including material properties (such liquid storage and vapour transport functions),
moisture contents, air movement, and temperature and humidity boundary itimmg. Evaluating
the moisture performance of a given wall assembly in a given climate is very complex. Hygrothermal
modeling programs are able to use known material properties and transient weather and interior
condition files to predict performance ued different conditions, but require validation and
calibration. In ordeto validate and calibrate suaomplex moded, actual field measurements are
required. The tools and methods used to collect the field measurenfentbe work performed in
this thesisare discussed in Appendix A.

2.4.3 Air Control in Assemblies

2.4.3.1 Introduction

In order for air to flow across a wall or ceiling/roof assembly, two factors must be present: 1) an airflow
path and 2) a driving force. In modern assemblies, air flow occurgaply at joints, holes and cracks in

the assembly layers. Typical ared€oncerninclude the wall to window interface, wall to wall and wall

to ceiling joints and at mechanical penetrations. The driving force is air pressure differences across the
buildingenclosure The three primary causes of pressure differences are 1) wind, 2) stack effect and 3)
mechanical ventilation systemg€ontrolling & leakage through the buildingnclosurehas been shown

to be a critical factofor energy efficiency, inabr air quality occupanttomfort and durability of

residential and commercialuildings stiburek,1999.

2.4.3.2 The Effects of Air Leakage

In a heating climate, the infiltration of cold outside air and subsequent exfiltration of warm indoor air

has a signifiaat impact on heating loads. In addition to the mass flow of the warm air leaving (and cold

air entering) the building, this air movement also reduces the thermal resistance of the insulation
materials typically used within the buildirgclosure Early & leakage studies showed that infiltration
contributed between 25% and 50% of the heating load in typical residential and commercial buildings.
(Nevrala and Etheridge, 1977; Caffey, 197)hough building air tightness has been improved
significantlysince these early studies (Sherman and Dickerhoff, 1998), air infiltration still contributes up

to 30% of total heating loads in modern buildings (Jokisalo et al, 2009). This percentage becomes higher
as the thermal resistance of the enclosure increases.

In addition to thermal effects, air infiltration through the building enclosure can affect the indoor air

quality and the distribution of indoor air pollutantsgtiburek et al.1999. Air infiltration through below

grade enclosure elements could even be a route for the transport of detrimental microbes and/or
KFENXYTdzZ Il aSa adzOK Fa NIR2y FNBY GKS &a2Ait Ayidaz |

Excessive air leakage thugh the building enclosure can also affect occupant comfort. Typical
complaints such as cold floors, localized cold spots on walls, cold draughts, large temperature
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differences between rooms and the inability of the heating system to maintain a combertab
temperature can often be attributed to air leakage through the building enclosure and solved with air
sealing measures (listurek et al.,1999).

Another important consequence of air leakage through the building enclosure is decreased durability.
During cold weather, warm interior air can contain significant amounts of water vapour. As this
exfiltrating air passes through the building enclosure, it can contact elements of the enclosure that are
below the dew point of the air. This results in condeimatnd potentially the accumulation of

moisture within the assembly. This process wasusseaver 50 years ago by Canadian researchers
(Wilson, 1961and is known as air leakage condensation. Since many of the materials used in modern
construction ae more sensitive to moisture than the materials used in the past, the effects of air
leakage condensation have become more troublesome, leading to mold, rot or corrosion of the
materials that make up the enclosure and therefore negatively affect the dityabi the building. The
same effect can occtin airconditioned buildingduring warm weather

2.4.3.3 Air Control Strategies

The primary plane of air flow resistance in a wall assembly is terthedhir barrier. Because it is often

composed of differen§ f SYSy (a | yR y dzY S aidbardr 22520AS/Yih A &l KYS2 NIBS NIYLJILY
In modern wood framed construction, multiple layers within the assembly contribute to the air tightness

of the assembly, however it is important to dedithe primary air baier layerso that it can be detailed
appropriately.

An air barrier system should meet the following requirements:

1) Continuous; around the entire building enclosure, including door and window penetrations
2) Strong to resist wind loads and pressures, espégiat joints

3) Durable to last the lifespan of the other elements of the building enclosure

4) Stiff so that deformations do not affect the air tightness of the system

5) Impermeableg to air flow under service conditions

In cold climes, the primary air barries usually located on the inside of the insulation, to minimize

condensation fed by natural convection loops from the interior. Multiple air barrier layers can be used

to increase assembly air tightness and minimize wind washing of low density insslafibe options

for creating an air barrier are many. Some common examples of air barrier systems include sheet

LINE RdzOG & &dzOK & ¢ YAf LlRfe& 2N WwaYI NI YSYONIrySQ 2
board (the aittight drywall approach), tagd and sealed sheathing on the exterior of the framing

members and a sealed membrane on the exterior of the sheathing.

Because the air tightness of a wall assembly is heavily dependent on both the design and the quality of
the construction, it is not possible to accurately predict the air tightness of an assembly. Although some
approaches are known to work better than etts, any of the systems mentioned above can work if the
details are correct. The only accurate way to determine the air tightness of an assembly is by measuring
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it. The most common method of measuring the air tightness of an assembly is by fan préssuriza
This method, along with other measurement methaslidescribed in Appendix A.

2.5 Past and Current Approaches to High -R Walls

In the pursuit of low energy buildings, researchers, designers and builders have used several approaches
to reduce heat flowthrough walls. Each approacilong with their advantages and limitations are

discussed below.

2.5.1 The Thick Wall Approach
The thick wall approach as pioneered by theQad house, the Saskatchewan House and the Leger house

relies on the traditional methodf installing insulation between framing members. To allow for more
insulation, the thickness of the framing is expanded. This has been accomplished using several
methods:

1) The Double Wall approaelwo separate frame walls supported by the floordeseparated by a gap
(Figurell),

2) The Truss Walbne interior wall supported on the floor system, which supports a second outer wall
via plywoodplates Figurel?)

3) ThedJoist Wall using deep engineered woodlddeams(more commonly usetbr flooring systemps
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2x3 imenor wall

Single top plate

Taped and panted
/z" gypsum wall
board as interior finish

2x4 exterior wall @ 16" o.c.

Cellulose insulation
in 2x3 interior wall
stud spaces
Cellulose insutation
In 2x4 extenior wall
6 mil polyethylene air stud space
and vapor barrier on
outside of interior wall
OSB externior sheathing

Cellulose insulation

in gap between framing Housewrap

Board foam blocking
sealed asright

Cellulose insulation at
rnm Joist

Figurell- Double stud wall (Straube and Sme@&I09)

The common feature of these wall systema deep wall cavity which is filled withsulation. The first
three typically utilize dense packed cellulpakthough fiberglass (popular in the 1980s) andkkeaol

are also options.Thermal bridgin@round the insulatiorvaries between the systems, but is a factor in
all of these thick wall approachdglost of thesewall systems use considerably more framing materials
than a standard wall anlike all thick vall assemblies, caaiso reduce the usable interior floor space of
a home. The most criticpkerformanceconcern with these thick wall systems is interstitial
condensation. Because of the thermal resistance of the thick insulation layer, the outeheathisg

will be very cold in winter and any interior air that penetrate the sheathing will result in
condensation. Field monitoring studies of double stud walls systems show peak sheathing moisture
content (M.C.) levels of 20% when vapour retarddagnt acts as the vapour control layer (Arena et. al,
2013) and up to 25% M.C. when normal latex paint is (Setio 205). These studies allowed no
intentional air flow into the walls.

With very little heatflow from the interior,drying is vernslow during cold weather and the assembly
must be able to safely store moisture until warmer exterior conditions are available to promote drying
Depending on th@amount of moisture accumulation, theapourpermeability of the sheathing and
weather resisant barrier, andhe temperatures and air flow available at the exterior face of the
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Figurel2- Truss wall system (Straube and Smegal, 2009)

sheathing, this drying process maymaynot be sufficient to dry the assembbyn aseasonal basis

Because of ta susceptibility of thick wall designs to air leakage condensadioimterior air barrier is

critical in this type of wall systemEven small discontinuitiem the air barrier system camsult in

significant amounts of terstitial condensatiorduring cold weather Accumulation of condensation can
lead to mould and rot, which could lead to indoor air quality issues and will also negatively affect the
durability of thebuilding The rotting of more than 60 SIPs roof sysgeafter only 5 years in Juneau,
Alaska also shows the importance of controlling air leakage. The failure of this assembly was found to
be the result of air leakage condensation at the joint at the peak of vaulted ceilings (Andrews 2001).

2.5.2 The Interior Insulation Approach
The application of insulation interior to the structural framing is usually combined with interstitial

insulation, but can also be used as the primary thermal control. This strategy is popular irgbadmy
walls and as a retrofit ilbad bearing masonry or other historic buildings where the exterior cladding
can not be changed. Two common examples of interior insulation strategies are:

1) Rigid Foamfoam board is applied directly to the interior structure and covered by a laygymgum
wall board or other fire resistant finigfrigurel3)

32



2) Strapping horizontal strapping is applied to the interior of the wall to creatgpace where batt,
board or spray applied insulation can be installEdjurel4)

High dansiny
spray bam
8" concrone
foundation wak el
--"I‘i-_ i I~ 27 XPS sictied ng insuion
= [ niached 1 wak theough 1x3
> hurrieg stnps {R-100
|
| - ' 2" fo#-taced potyisocyarurale
| atiached o furng strips (R-13)
|
Davopeocing -

e —

Figurel3 Foam board on interior dbundation wall (Straube and Smegal, 2009)
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2x3 horizontal
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Housewrap

Fiberglass
insulation at

rim joist \ b ‘

Housewrap is wrapped
around rim joist for air
barrier continuity

Figurel4- Wall with interior strapping

Thermal bridging is reduced in these designs because the interior insulation layer is continuous over wall
studs and plates. There are still pot@l areas of thermal bridging at rim joists however. The main
drawback in these designs, is the effect of the additional interior insulation on durability. Like the thick
wall designs described in the previous section, this strategy results in cathstgeduringwinter

conditions increasing the potential for air leakage condensation. While monitoring studies of interior
insulated wall systems is limited to foundation walls, it is clear that condensation risk is high when
vapour and/or air flow is niowell controlled at the interior face of these wall systems (Straube, 2009).

Like the thick wall approach, a well detailed air barrier is critical to the durability of this type of wall
system.As seen in the interior strapping example above, interisulation is often paired with

interstitial insulation in a hybrid approaghdescribed in sectio.5.4

2.5.3 The Exterior Insulation Approach

Thebenefits of theexterior insulation strategyere first documented by in the early 6@Ger masonry

wall assembliegHutcheon, 1964) This approach results in higher winter temperatures of the buifdiag
structural elements.The two important benefits of this approacheaio shelter the structural elements
and control layers from temperature cycling and to eliminate condensation on the inner surface of the
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wall sheathing Both of these benefitsanresult in increased durability of the wall syste®ome of the
more comnon examples of the exterior insulation approach include:

1) Insulated sheathingA layer of rigid foam or rockwool boards is fastened to the exterior of the
structural framing. Furring strips are then attached exterior to the insulation layer and fastened
through the insulation to the wall framing as a means of securing the insulation and to provide
attachment for the cladding systerkifurelbs).

2) EIFS A layer of rigid foam (typically expanded polystyrene) is fastened to the exterior of the
structural framing. The foam is theovered with a synthetic stucco system. The stucco system
is typically composed of a trowapplied cementitous base coattianembedded
reinforcement fiberglass mesh and a finish coat composed of acrylic polymer. Early versions of
GKAA aeaitsSy gSNBE WT¥IF OS aSl t SRQighandma8eha ¢ KA OK
accommodation for drainage. The result was a signifinanmber of failures due to rain water
penetration(Lstiburek, 2006) In response to this problem, drained EIF systems were developed
by adding a drainage plane and gap behind the insulation IEigaiel16). Thedrainage plane
is applied exterior to the sheathing and can be lapped buildager, trowel applied or spay
applied water barrier. A drainage gap can be created using grooved foam boaathdyyng it
with adhesive applied by a notched trowel or using a wrinkled house wrap.

3) Exterior Spray FoanThe application of spray polyurethane foam (SPF) to the building exterior is
a common approach in commercial buildings. The major benetiti®hpproach is that the
spray foam acts as the thermal, air, vapour and rain barrier. A major drawback of the exterior
spray foam approach is that it results in a bumpy and uneven surface making cladding
application challenging. The solution to thEsue is to apply a cladding attachment system prior
to spraying the wall and leaving a variation gap between the foam and the cladding. Some

O2YY2y OfFRRAYI GGl OKYSyid seaidSvya AyOfdRS oNA

brackets or the ofet wallapproach(Figurel8) for lightweight cladding.
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Single top plate
2x6 stud wall @ 24" o.c.
Taped and painted '/;"

wall board as
finish

Vapor control as per
IRC 2009

Fiberglass or cellulose
insulation in stud space

XPS insulating exterior
sheathing; 1" to 4” typical

Tape joints in XPS
sheathing

-

A

L)

Spray foam NS = I
insulation at rim

Figurel5- Insulated sheathing wall systefBtraube and Smegal, 2009)

S B Vapor control layer
por as
per IRC 2009

Fiberglass or cellulose
insulation in stud space

2x6 stud wall @ 24" oc.

Figurel6 ¢ EIFS Wall System (Straube and Smegal, 2009)
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Brick veneer cladding

Drained and vented cavity

Spray-applied closed-cell high-
density foam (2 Ib/ft*) water control
layer (also air control layer, vapor
control layer and thermal control
layer)

Concrete masonry unit wall
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Metal channel
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Figurel? ¢ Exterior Spray Foamall system I(stiburek 2011)
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!
|
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Minimum '/;" drainage
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Figurel8- Off-set wall system (Straube and Smegal, 2009)
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required, resulting irpotential construction complications regarding the attachment of cladding and the
integration of windows into the buildingnclosure The cladding issue can be handled with the

installation of vertical furring strips. This method has the important added benefit of creating a drainage

and ventilation gap behind the cladding, although it does put some limitations on claddiges. The

window installation issue is more complicated. The window may be installed in line with the structural
FNFYYAYy3I 2F GKS o0dAfRAYI oO0lYy WAYYASQOS 2N FftdaAaK gGA
Depending on the locatioof the rain barrier layer in the assembbgrefulrain barrierdetailingand

flashing may be requiretb avoid water intrusion at window openings.

Another important issue with the exterior insulation approach is the potential to significantly redece th
drying potential of the wall system due to reduced heat energy flow, the potential to trap moisture
behind the insulation and the potential for reduced vapour flow to the exterior. This issue gained a
great deal of attention due to the massive failureearly EIFS applications. These early EIFS assemblies
had no rain control layer behind the insulation and no provision for drainage. This approach was so
unsuccessful that a study by the American Institute of Architects in 1995 found water intru§ié®oiof

the homes inspecte(Hall) Multiple classaction lawsuits resulted from this early EIFS system. While
the EIFS issue was related mostly to a lack of a true rain barrier and drainagékspeldeand Maino,

2008) decreased drying potential iscancern for all exterior insulated wall systems.

2.5.4 The Hybrid Approach
An alternative tausing one ofhe insulation strategiedescribed abovésto combine two or more
strategies in dybrid approachSome common hybrid approaches include:

1) Interior insulation combined with interstitial insulatigifrigurel4)- The benefit of this approach
compared to an intericonly strategy is that it provides me thermal resistance per unit
thickness. It also provides reduced thermal bridging compared to interstitial insulation alone.
The main drawbacks of this method are that it does not reduce-welather condensation
potential by warming the sheathing atiidmay reduce or eliminate drying to the interior,
depending on the properties of the interior insulation.

2) Exterior insulation combined with interstitial insulatidrigurel5)- Themain benefit of this
approach compared to an exterianly strategy is that it provides more thermal resistance per
wallthickness. It also provides reduced thermal bridging and reducedvweddher
condensation potentibcompared to interstitial insulation alone. If the proper ratio of
interstitial to exterior insulation is used, the sheathing will remain above the dew point
temperature of exfiltrating air, reducing the condensation accumulation within the wall during
winter months. A dew point analysis may be required to determine the appropriate ratio for a
given climate. The main drawback of this method is that it may reduce or eliminate drying to
the exterior, depending on the properties of the exterior insulation.

3) Insulated concrete form (ICF) watl$CF wallsitilize insulation onboth interior andexterior of a
poured concrete wall. Utilizing formwork made of an insulating material (typically expanded
polystyrene), the forming and insulating can be accomplished in one step. The result is a solid

38



concrete wall with 24 inches of insulation on both the inier and theexterior Figurel9).

Benefits of ICF walls include the strength and sound attenuation of a solid concrete wall and
minimal thermal bridgng. The high thermal mass of the wallsymaéso provide a benefit to heat
loss/gain in climates with large diurnal variations in temperature. Drawbacks include high cost
and low thermal resistance per thickness. Because the concrete core has \ethdital
resistance, thick layers of insulation must be applied to the interior and/or exterior to create a
superinsulated wall system.

Cast-in-place concrete
core

ICF inner and outer ~
faces (typically EPS)

Taped and painted
'/;" gypsum board as
interior finish

Figurel9- ICF wall system (Straube and Smegal, 2009)
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3 Review of the Literature

3.1 The History of Exterior Insulation  Strategies

3.1.1 Introduction

Before the time of wood framed buildings, mass wall systems of stone, sod, logs, earth, snow or other
local materials were used to create shelter. These buildings were small and trstructlires were

thick, had significant thermal mass and some thermal resistance. The expectations for occupant
comfort were low and these types of mass wall systems provided enough shelter for survival, even in
cold climates. Starting in the miBO0Os, vood framing techniques began to take over residential
construction in North America. With these light framing techniques, much of the thermal mass and
thermal resistance of the wall system was lost. Although some examples of seasonal exterior insulation
strategies have been recorded (involving the temporary use of straw or snow piled up on the exterior
walls of the building), the application of insulation to wood framed walls has primarily involved
insulation within the walls, between the framing membeBespite some major limitations, this

approach has been the standard practice in residential construction in North Americeeid0 years.

3.1.2 National Research Council of Canada (NRC)

In 1960, the National Research Council of Canada began publishing short papers on building science
topics, titledaCanadian Building Digest&CBD) The topicgiscussedn this seriecovernearlyevery
aspect of design and construction in Canadae® digests include some the earliest discussions of the
benefits of exterior insulation strategies.

Insulation on the exterior of the building structure wiirst discussed in the context of building science

in CBD#1@ dThermal insulation in dwelling¢Ball, 1961). In this article, the authdescribes the

primary purpose for adding insulation is reducing overall heat flow, however it is also important that the
thermal resistance is uniform to avoigriations in surface temperatures, as these variagican result

in condensation and frost formation This articlegoes on teexplain that the best way to achieve a

uniform thermal layer is to apply insulatido the buildingdin a manner similar to that of clothing on a
person. In this way the insulation would be continuous over the building and its structure would be
LINEGSOGSR FTNRY (GKS SEGNBYSa 2 FThdiSseslSdobicledaMtB o062 G K &
thermal bridgesare further discusseth CB}#44 ¢ drhermal Bridges in Building@rown and Wilson,

1963) The effects of thermal bridging on thermal and moisture performance are discussed, along with
several methods toeduce theseeffects The use of continuousxterior insulationis presented ashe

dideal solutior to the problem of thermal bridging

In CBD #5@Principles Applied to an Insulated Masonry \&/@Hutcheon, 1964 ) typical commercial

wall assemblyis described. It isomposed of a structure @oncrete masonry units (CMUs) and steel
beams/columns, with stone cladding attached to the exterior of the CMUs with a system of ties, steel
ledge supports and a full mortar bed between the stone cladding and CMUs. Insulation is applied to the
interior ofthe CMUs with a plaster finish interior to that. The author goes on to describe the
temperature profile through this wall system in winter and sumrmenditions Figure20). Inthis
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assembly, the cladding and structural components of the buildjoghroughextreme temperature

variations throughout the year. This can lead to temperature movement crathe @MU wall and

stone cladding. These cracks can allow rain water to enter from the exterior and warm humid air to leak
from the interior and condense on cold structural elements.
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Figure20- Temperatire profile through ypical | Figure21- Temperature profile through exterior
CMU wall assembliHutcheon, 1964) insulated CMU wall (Hutcheon, 1964)

This moisture within the wall assembly can lead to many durability issues including freeze/thaw
degraddion of masonry elements, corrosion of ties, ledges, beams and other steel elements and water
staining of cladding and/or interior finishes. This wall assembly is also effected by thermal bridging at
slabs, cross walls, steel beams and windows (whiclats@ehed to the CMUs), which will greatly reduce
the effectiveness of the insulation.

The author then describes an improved wall design with insulation layer on the exterior of the CMU
structural wall. Exterior to this is an air space and then the sttaddling, with open joints that allow

for expansion and contraction and facilitate drainage and ventilakogufe21). Moving the insulation
layer to the exterior ofhe CMUs, greatly reduces the seasonal temperature variation of the structural
elements of the assembly, reducing the risk of temperature movement cracks. The exterior insulation
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also keeps the structural elements of the assembly above the dew poinxfitdteating air, eliminates
freeze/thaw risk at the CMU wall and greatly reduces thermal bridging in the assembly.

The article concludes by mentioning that atditional benefitto the exterior-insulaied designis that it
allows for continuous air andapor control layers exterior to the structural elements of the building.

3.1.3 PERSIST

While the research and analysisiHill(1961), Latta and Garden (1968rown and Wilson (1963),

Hutcheon (1964), and others at the NRC represent a huge step in the development of durable, exterior
insulated wall systems, the application of this knowledge by practitioners took some time. One of the

first groups to put thesefinciples into application (and document the process), was the Building

Sciences branch of the Alberta Public Works Department. They began applying these principles to
Alberta Government Buildings starting in the rl®80s (Makepeace and Dennis, 1998he name that

they gave to this design approach was the Pressure Equalized Rain Screen Insulated Structure Technique
(PERSIST).

The PERSIST design approach considers a wall assembly as a series of planes, each with a specific
function. These planes asgranged to maximize their effectiveness and to assure the durability of the
assembly. First, the structure is designed to maintain simple, continuous planes from foundation to
roof. Next, the air/vapour/rain barrier is applied in a continuous plandtoexterior of the structure.

The air/vapour/rain barriem this approachs a fully adhered bituminous membrane that is

continuously supported by the structure and is flexible where movement may occur and is sealed at all
penetrations. Exterior to thisembrane is the insulation layer, which is continuous and fastened tightly
against the air/rain/vapour barrier. Exterior to the insulation layer is the cladding layer, which includes
an air gap to the insulation layer, for drainage and air movements |lapér sheds bulk water, drains

any water that penetrates through the cladding and protects the structure from U.V. exposure. The
cladding is attached to the structure with minimal penetration through the insulation and
air/vapour/rain barrier layers.

Makepeace and Dennis (18Pused a computer simulation tool (EMPTIED) to demonstrate the potential
effects that the PERSIST method would have on air leakage condensation potential. For this study, three
wall systems were compared; a PERSIST wall with all insulg&ri0pn theexterior of the structure,

a modified PERSIST wall wRBI 3.2 (R8) on the exterior and RSI 2.:1R) batt insulation added to

the space between the framing members and a standard wall desigromigtRSI 2.1 (R2) batt

insulation between the framipmembers. Three interior humidity levels were studied (10%, 25% and
50%) along with 5 air leakage conditions (leakage areas of 0.0, 0.1, 1.0. 5.0 and?l6)crihe

climate for Edmonton was used for the simulation. As sedfigare22, significant moisture

accumulation was predicted for the standard wall unded- andhigh RHonditionsand higher air

leakage The modified PERSIST wall showed moisture acatiorubnly under the 50% RH condition

and the higher air leakage rateshile the true PERSIST wall showed no moisture accumulation over any
of these conditions.
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Figure22 - Moisture accumulation results from computer simtidgn (Makepeace and Dennis ,189

The PERSIST technique was successfully applied to commercial building throughout the 1980s and 90s,
K26SOSNI AUQA FLILX AOFoAfAGE (2 NBaARSYy(OAlLf O2yailNYz
(2000 studied thidfrom a cost perspective. This study showed that damage due to water penetration is

a serious financial issue in residential construction and can also have potential health effects. The most
important benefit of applying the PERSIST method to residemttiatruction is the reduced risk of

damage due to water accumulation, however there could be other benefits including decreased heating
energy requirements, comfort and health improvements and benefits for construction sequencing.

Detail drawings (as saan Figure23through Figure25) were developed to demonstrate that the

PERSIST concepts could be applied to residential construction and to develop cost estimates. The wall
system included a standard wood stud structure with no insulation between the framing members and
typical exterior sheathing. Exterior to this is a fullhered membrane which acts as the air, vapour and
water barrier. A layer of foam board insulation is then applied continuously over the structural

elements of the house including the rim joist and window/door headers. Vertical strapping is used to
hold the insulation tight to the membrane and to create an air gap behind the siding. Siding is attached
directly to this strapping. The detail drawings for the roof were very similar to wall details with a wood
stud structure with typical roof sheathing andwdly adhered membrane. Exterior to this was a layer of
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foam board insulation. In order to specify typical asphalt shingles, a second roof structure was built on
top of the insulation layer, with vertical strappiagda second layer of roof sheathing.

Based on these details, the initial construction cost premium for a typical 1500 sq. ft. house in 1999 was
estimated to be $4257, or 2.7% of the total construction cost. The authors felt that this cost premium
was easily justified when considering thestoof water damage repairs and the energy benefits of the
method.
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Figure23- Typical PERSIST Figure24 - PERSIST residentiag Figure25- PERSIST residential
residential wall section detail framing to foundation detail roof and roof section detalil

(Makepeace and Dennis, 189 (Makepeace and Dennis, 189 | (Makepeace and Dennis 189

3.1.4 The REMOTE Wall System
In 2002, researchers at the Cold GimHousing Research Center (CCHRC) in Fairbanks, Alaska began to

study the application of PERSIST techniques to residential construction (Maxwell 2005). The goal was to
apply the principles behind the PERSIST method to cold climate residential coantrinct cost
STFFSOGADBS YI yySNW ¢CKS NBadzZ# & 2F (GKAa addzRRe gl &
Residential Exterior Membrane Outside Insulation Technique. As a cost savings measure, the system
pairs the PERSIST wall with a ventilated joaldf designkigure26). The fully adhered membrane of

the wall system is sealed to the ceiling plane air/vapour barrier (6 mil poly) which is behind the ceiling
drywall. The other important change from the PERSIST approach is the inclusion of insulation between
the framing members.
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Figure26- Typical wall/roof detail for REMOTE system (Maxwell, 2005)

In a small scale experiment, a house built with this system was compared to an identical house,
built using standard construction techniques. The REMOTE test house showed a significant
decrease in condensation potential compared to standard constructiowever some

condensation could occur under conditions of higher interior humidity (35% or higher). A
direct comparison of the REMOTE house to the standard house also showed increased air
tightness from 2 ACH50 in the standard house to .4 ACH50 irBM©ORE house. This
improvement demonstrated the effectiveness of the externally applied fully adhered membrane
as an air barrier. Construction costs were also studied. The REMOTE house cost approximately
$ .85 more per square foot of heated floor spaceapproximately $1275 for a typical 1566.

ft. housein 20(b. The authors also looked at this as a percentage of the wall system materials
cost and found that the REMOTE wall system cost3E6 more than the standard wall system
used in Alaska at thairhe.

3.1.5 The Perfect Wall
¢CKS dat SNFSOG 21tté¢ t10St gla FTANARG dzaSR o6& [ad
by the researchers at the NRC, the Perfect Wall concept was developed as a conceptual teaching
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