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Measured Thermal and Moisture Performance of an Air Sealed and 
Insulated Attic with Porous Insulation 

 

Brennan D. Less, Lawrence Berkeley National Lab; Iain S. Walker; Jonathan Slack; 
Ronnen Levinson 

 
 

ABSTRACT 

Sealed and insulated attic construction can provide substantial HVAC energy savings in 
homes with space conditioning equipment in the attic. But these assemblies also come with 
moisture risks, largely due to condensation on cold sheathing surfaces, combined with no 
mechanism for subsequent moisture removal. Spray polyurethane foam has traditionally been 
used as both a sealant and insulation material, while also reducing moisture risk. As part of an 
effort to drastically lower the cost of this construction method, we have instrumented two 
occupied, test homes in the Fresno region of California’s Central Valley that have sealed and 
insulated attics using solely unfaced R38 fiberglass batt insulation. Our goals are to assess if the 
attics can be considered to be within conditioned space, and if moisture problems are apparent 
using this low-cost building strategy. We found that the sealed and insulated attic can be 
considered as conditioned space, due to the tight coupling of the occupied and attic zone air 
temperatures. We also found some evidence of moisture risk at the North ridge sheathing. 
Condensation was present for substantial periods of time, which was also associated with 
increased wood moisture content up to 25.9%. The monitored assembly is currently within the 
moisture acceptability criteria established in ASHRAE Standard 160, but it is not clear whether it 
will continue to be safe or fail in future winter seasons. Ongoing field observations and 
hygrothermal simulations will be used to more fully assess the long-term moisture risks 
throughout California.  

Introduction 

Thermal and moisture control have traditionally been imperfectly managed in residential 
attics through use of intentional ventilation openings (TenWolde & Rose 1999). Model building 
codes have long-required attic ventilation at either 1:150 or 1:300 (net-free vent area-to-attic 
floor area), depending on the vent locations. While better than unvented attics, traditional vented 
attics remain very hot in the summer and cold in the winter, making them one of the worst 
locations to place HVAC equipment and ducted distribution systems. Thermal losses from 
HVAC equipment due to conduction and duct leakage can increase a home’s heating and cooling 
loads by 10-50% (Less & Walker 2017). Nevertheless, the attic remains a common location for 
HVAC systems in slab-on-grade homes, and in 2-story homes with separate 2nd story equipment.  

Starting in the mid-1990s, high performance builders in hot-dry climates in the U.S. 
began to experiment with air sealing attics and placing insulation at the sloped roof surface, 
rather than on the flat ceiling (Rudd & Lstiburek 1996). Short-term testing showed that the attic 
was a semi-conditioned space, with temperatures very similar to the occupied volume (Rudd 
2005). This led to measurable short-term cooling and heating energy savings of 5-20% relative to 
similarly situated homes with vented attics (Rudd et al. 1999; Parker, Sonne & Sherwin 2002). 
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Subsequent fieldwork and simulations demonstrated that HVAC energy savings for sealed and 
insulated attics were strongly dependent on duct leakage, with greater savings relative to vented 
attic homes for systems with more leakage (Hendron et al. 2002; Rudd & Lstiburek 1998). Past 
work has shown that very little energy savings are available for homes with airtight (<5% 
leakage) and insulated duct systems. Yet, this construction method became popular amongst high 
performance builders, and tens of thousands have been built across U.S. climates.  

Almost as soon as sealed and insulated attics gained popularity, their potential to lead to 
moisture and mold problems became evident (Rudd 2005; Ueno & Lstiburek 2015). Two types 
of moisture issues have been demonstrated: (1) cold weather condensation on roof deck 
sheathing that is below the dew point temperature of the general attic air, and (2) warmer 
weather issues where the attic air volume itself is at high humidity levels, even approaching 
saturation, leading to condensation on supply air ducts, ceiling penetrations, etc. Most moisture 
research and model building code requirements have been directed towards reducing the risk of 
condensation on cold sheathing surfaces. These problems almost universally have been shown to 
manifest at the ridge of the roof on sheathing surfaces with a Northern orientation. The risk of 
condensation tends to increase as heating climates become more severe. Moisture sources in 
attics include attic sheathing and framing, moisture gains from the living space (e.g., cooking and 
bathing), and moisture infiltrating from outside through envelope leaks. Bulk rainwater intrusion 
can be of concern in some cases, as well.  
Moisture risk is managed in sealed and insulated attics in several ways: (1) controlling the 
temperature of the first condensing surface, (2) directly conditioning the attic volume, (3) 
reducing moisture levels in the occupied volume (through dehumidification, general ventilation 
and use of local exhaust fans), and (4) vapor diffusion venting at the roof peak. First condensing 
surface temperatures are controlled to be above the dew point temperature of the attic air by 
using air impermeable insulation applied either above the roof deck or in direct contact with the 
underside of the roof sheathing, as required in Section R806.5 of the International Residential 
Code (IRC) since 2009 (ICC 2012). The model code also requires a Class II vapor retarder (or 
coating) on any air impermeable insulation in zone 5-8. The 2016 California Residential Code 
(CRC) Chapter 8, Section R806.5 contains similar requirements. It adds that a Class I or II vapor 
retarder be installed on the attic-side of any air permeable insulation for condensation control1. 
As in the IRC, when using air permeable insulation, the CRC also requires air impermeable 
insulation above or below the roof sheathing, in accordance with Table 806.5. The IRC and CRC 
requirements for air impermeable insulation are reproduced in   

                                                 
1 The code language is not clear here, as it appears like this requirement (Number 4.1, Section R806.5) may apply 
only the CEC CZ 14 and 16. It is also unclear if this requires a vapor retarder in attics that also use air impermeable 
insulation against or above the roof sheathing. 
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Table 1. The most recent IRC in 2018 has added a requirement to supply conditioned air to 
sealed attics at 50 cfm per 1,000 ft2 of ceiling area. In climate zones 1-3, an optional path was 
added to use solely air permeable insulation (e.g., fiberglass or cellulose), provided that vapor 
diffusion vents are installed with more than 20 perms at the roof peak (1:600) (BASC 2018). The 
California building code does not include these new requirements and options.  
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Table 1 Air impermeable insulation requirements for sealed and insulated attics, Source: Table 
806.5 2012 IRC 

U.S. DOE Climate 
Zone 

CEC Climate 
Zone 

Minimum Air Impermeable 
Insulation R-Value 

2012 IECC Required 
Total R-Value of 
Ceiling 

2B and 3B tile roof only 6-15 tile roof only 0 30 
1, 2A, 2B, 3A-C 3-15 5 38 
4C 1-2 10 38 
4A-B 16 15 49 
5  20 49 
6  25 49 
7  30 49 
8  35 49 
 
Spray polyurethane foam (SPF) insulation has traditionally been used to seal and insulate attics, 
because it manages air leakage and can be used to meet the model code requirements detailed 
above, or to provide moisture safe design in jurisdictions that have not adopted the model codes. 
Many builders commonly insulate sealed attics to roughly R20 using this approach2. In fact, one 
California-based production homebuilder has insulated roughly 10,000 new homes in the state 
with R20 SPF insulation (Hoeschele et al 2015). But SPF is expensive insulation, particularly 
when targeting higher resistances between R30 and R49. SPF costs can be a factor of four or 
more than those for lower-cost insulation materials, like fiberglass or cellulose. Throughout the 
many mild and dry climates of California, a dramatically lower-cost assembly consisting only of 
fiberglass or cellulose (batts or blown) may be possible without undue moisture risk, potentially 
eliminating the costly air impermeable insulation requirements of the IRC. As outlined in  

                                                 
2 In California’s Title 24 energy code, the minimum ceiling or roof insulation is R22, and builders use the 
simulation-based performance compliance path to ensure that the whole house energy budget remains compliant.   
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Table 1, such assemblies are currently code compliant in CEC climate zones 6-15 (this depends 
on interpretation of requirement 4.1 in Section 806.5, a vapor retarder may be required on the 
attic-side of such fibrous insulation assemblies).  

On behalf of the California Energy Commission’s (CEC) Title 24 Building Energy Code 
(T24), we have monitored the thermal and moisture performance of two new sealed and 
insulated attics in the Fresno, CA region (CEC CZ 13; U.S. DOE CZ 3B) for more than a year. 
These attics were manually air sealed using canned foam sealant, and they were insulated solely 
with R38 fiberglass batts from Johns Manville, held against the roof sheathing by support wires. 
A partner CEC project is doing similar monitoring of the thermal and moisture performance of 
attics insulated with the Owens Corning netted and blown EcoTouch fiberglass insulation 
solution, which includes a low-perm netting to control vapor diffusion (Owens Corning 2015). 
This monitoring work will be paired with detailed hygrothermal simulations to extend our 
findings across California’s climate zones and new housing types, with the goal of developing 
guidance for the California codes that facilitates energy savings and provides robust moisture 
control. The main goals of the project are to: (1) assess the thermal conditions in the attic to 
determine if a sealed and insulated attic can be counted as “conditioned space”, (2) assess the 
moisture risk of this low-cost method to bring ducts in conditioned space, and (3) identify 
appropriate measures for reducing moisture risk. This paper will report the field monitoring 
results for one of the two test homes. 

Method 

Test Home Descriptions 

Two new slab-on-grade test homes with the ducts, air handler and gas furnace located 
inside sealed and insulated attics have been instrumented in the greater Fresno, CA region in 
collaboration with a regional homebuilder for whom this is a new construction strategy. 
Monitoring of the occupied homes began in Fresno in late summer of 2016 and in Clovis in mid-
June of 2017. Monitoring continues presently (as of Spring 2018). Results presented in this paper 
focus on the Fresno home, where more than one-year of data are available for analysis. The 
Fresno home exceeds California Title 24 energy performance requirements by 30%, while the 
Clovis home is designed as a zero-energy home.  

The Fresno home is a two-story residence with conditioned floor area (CFA) of 3,605 ft2, 
while the Clovis home is a smaller single-story residence with CFA of 2,146 ft2. Both homes 
have non-traditional geometries that complicate sealed and insulated attic construction, as well as 
monitoring and performance assessment. The single-story Clovis home is roughly a square that 
surrounds a small interior courtyard and has four attic volumes connected by modest pathways of 
1-2 ft2. The Fresno home is somewhat more traditional, with a basic L-shape and two main 
conditioned attic volumes—one with East-West orientation (and North-South oriented sloped 
roof surface) and another with North-South orientation (and East-West sloped roof orientations). 
Our results presented here focus on the larger of the two Fresno home attic volumes, with 
characteristic North/South orientations, namely because North oriented peak locations have been 
previously identified as the most likely to experience moisture accumulation and mold growth. 
Both homes have roofs sloped at 4:12 or 5:12 and are clad with medium-grey colored concrete 
roof tiles supported by horizontal battens (1.5” depth) with initial laboratory measured albedo of 
0.12. The attic volumes were sealed and insulated to bring them inside conditioned space in each 
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home using R38 unfaced fiberglass batt insulation held in place using wire supports. The 
insulated attic volume of the Fresno home is pictured in Figure 1. 

Construction and inspection challenges were noted in both homes. Visual inspections 
revealed that insulation was generally held tightly against the underside of the roof deck, though 
some isolated locations were found with the insulation sagging away from the OSB by ½-1” in 
the Fresno home. Coordination between HERS inspection, insulation sub and builder were 
required to address this. In the Clovis home, visual inspection revealed several locations where 
subsequent trades had disrupted the insulation around plumbing and HVAC roof vent 
penetrations, which were fixed. Vigilance was required by all trades working on the projects, 
even the building performance inspectors. For example, in the Clovis home, one of the 
conditioned attic volumes included a garage ceiling area of several hundred square feet, which 
was initially missed by the insulation crew and performance inspectors. Insulation was later 
installed on the garage ceiling to separate the conditioned attic from the unconditioned garage 
volume. Similar issues were noted at covered porch overhangs. These issues highlight the critical 
need for a design review of this attic construction method with all trades involved, including 
framing, insulation and mechanicals. Even the building performance provider assessing the work 
needed to ensure that their best-trained inspectors were treating these homes as “different” from 
standard code and program inspections. Design considerations also surfaced, for example in the 
Clovis home, once interior sheetrock was installed, the two of the four attic volumes were 
completely inaccessible for inspection or redial work, and the other two were only accessible 
from outside of conditioned space.     

 

 
Figure 1 Image of R38 unfaced fiberglass batts installed with wire supports in the Fresno test home main attic. 

Diagnostic Testing 

We performed detailed diagnostic testing of the building envelope in the Fresno home 
with multiple calibrated fans using methods similar to those described by Hult et al. (2012). 
Tests included total envelope leakage with the attic access open and then closed. Attic total 
leakage was measured with a duct blaster fan installed in one of the attic access hatches, while 
living space windows/doors were fully opened. Finally, two fans were used in parallel to control 
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the pressure difference across the ceiling to 0 Pascals (pa) while the house was ramped up and 
down between 0 and 50 pa of depressurization. This series of tests allowed us to disaggregate 
occupied zone leakage to outside (floor and walls only), sloped roof leakage to outside (insulated 
roof deck only), ceiling interface leakage, total attic leakage (sloped roof and ceiling) and total 
envelope leakage (floor, walls and sloped roof). Total leakage was also tested with one blower 
door fan with the attic access open and closed. The measured leakage areas are summarized in 
the diagram provided in Figure 2 and are discussed below. 

Overall, the total envelope leakage was 1,780 cfm50 (3.4 ACH50) with the attic access 
open and 1,668 cfm50 with the access closed (3.2 ACH50). The total attic leakage (1,581 cfm50) 
was similar to that of the total envelope, qualitatively achieving the goal of being a “sealed” attic. 
Of total envelope leakage to outside, the leakage area was split 37% vs. 63% between the sloped 
roof surfaces, and the wall and floor surfaces of the occupied zone. The ceiling interface made up 
48% of total occupied zone leakage (floor, walls and ceiling) and 61% of total attic leakage 
(sloped roof and ceiling). The ratio of floor and walls vs. ceiling interface was very similar to 
that measured in new California homes with vented attics (Proctor et al. 2011). Total duct 
leakage at -25pa was 84 cfm, while DeltaQ testing of duct leakage indicated a total leakage of 81 
cfm under operational conditions (44 cfm supply and 37 cfm return leakage).  

 
Figure 2 Summary of leakage areas derived from fan pressurization testing in the Fresno home. 

Monitoring and Sensor Packages 

Measurements in the sealed and insulated attic test homes included temperature, relative 
humidity, condensation, wood moisture content, heat flux, weather, solar irradiance and HVAC 
energy consumption (see Table 2).   
Table 2 Description of measurement parameters, sensors used and accuracy estimates. 

Parameter Method Accuracy/Calibration 
Temperature NTC Thermistor 10K OHM Bead Salt bath lab calibration, ± 0.1°C 
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Temperature Thermocouple, T-type, 28 gauge  
Relative Humidity Vaisala HMP110 Factory calibration, ± 1.5% RH 
Condensation SMT Condensation Sensor COND-

002-006 (dielectric capacitance 
sensing) 

Factory. NA. 

Wood Moisture Content Insulated moisture pins, resistance 
measurement by SMT-A2  

Moisture content estimated from temperature and 
resistance using Equation 2 from Boardman, Glass 
and Leblow (2017), model coefficients from full data 
set. 

Heat Flux Huskeflux HPF01 
 

Factory. ± 3 % (k = 2) 

Weather MetPak Weather Station; data 
acquisition by RaspberryPi 

Factory. Wind Speed: ±2% @12m/s; Wind 
Direction: ±3° @12m/s; Temperature: ±0.1°C; RH: 
±0.8% @ 23°C; Barometric Pressure: ±0.5hPa; Dew 
Point: ±0.15°C 

Solar Irradiance Eppley Precision Spectral 
Pyranometer (PSP) (Global 
Horizontal Irradiance) 

±3-4% 

HVAC Energy Watt Node (WNB-3D-240-P with 
Option HZ = 10); pulse counting by 
RaspberryPi 

± 0.5% 

 
Temperature sensors were arrayed at the eave, mid-span and ridge locations on the North- 

and South-facing roof pitches of the main attic volume. At each location, the temperature was 
measured at the attic air-insulation interface, mid-depth in the insulation, and at the insulation-
sheathing interface. For each orientation, at the mid-span location, additional temperature 
measurements were made on the sky facing and rear surfaces of the tile roof finish. A 
temperature stratification tree was set up in the attic air volume, with five measurement locations 
spanning from the sheetrock ceiling to just below the insulation at the roof ridge. Wood moisture 
probes were installed in the roof sheathing at each location (eave, mid-span and ridge) and 
orientation, as well as in the general attic framing. Relative humidity probes were installed mid-
height in the attic air volume and at the South insulation-sheathing interface at the roof ridge3. A 
separate stratification tree of HOBO T/RH data loggers was also installed to assess moisture 
gradients in the attic air. Surface condensation sensors were installed at the insulation-sheathing 
interface at the roof ridge for each orientation. The mid-span locations each had heat flux meters 
installed at the insulation-sheathing interface.     

Data acquisition was driven primarily by Agilent 34972A switching units, and 
secondarily by custom-programmed RaspberryPi computers used for pulse counting and for 
weather data acquisition. With the exception of the wood moisture probes, all measurements 
were on a 60-second time step. The remote equipment was connected to a server at LBNL over a 
Verizon cellular VPN tunnel hosted on a network of Cradlepoint routers (MBR1400v2 and 
MBR1200b). Data was pushed from the remote sites over this VPN network and were 
subsequently posted to a networked sMAP database for efficient storage, retrieval and online 
visualization. The database was updated hourly, in real-time. All data presented in this paper was 
retrieved as hourly averages from the sMAP database and were analyzed and plotted using R. 

                                                 
3 We report calculated North ridge sheathing RH in this work, as well. The South ridge sensor was used to calculate 
the humidity ratio of the air at the ridge, which was then translated to a surface RH using the measured North ridge 
surface temperature. This assumes the ridge air absolute humidity was well mixed between the two orientations.  
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Results 

Thermal Performance 

One primary project goal was to assess if the sealed and insulated attics using solely 
fiberglass batts could be considered conditioned space. We assessed this by examining 
temperature differences between the main attic air volume and the occupied zone for the 2017 
calendar year. There is substantial vertical temperature stratification in the attic air volume, yet 
as height increases in the attic, the volume represented by that temperature is drastically reduced. 
To account for this, we estimated a volume-weighted mean attic air temperature intended to 
represent the mean temperature of the air mass. This was done based on the height of each sensor 
in the stratification tree. These volume-weighted temperatures are used in the temperature 
difference results presented here. Due to strong diurnal trends, temperature differences are 
aggregated by hour of the day in Figure 3. The sealed and insulated Fresno attic was at most 
4.5°C warmer and 2.3°C colder than the occupied zone, averaging 0.8°C warmer annually. Daily 
average differences varied between 1.3°C colder and 3.2°C warmer, averaging 0.8°C warmer. 
These temperature differences are within the expected ranges for temperature variation between 
conditioned zones of a home. ACCA Manual RS, for example, requires maximum room-to-room 
temperature differences of 3.3°C in the cooling season (and mean differences of 1.1 to 1.7°C in 
heating and cooling) (CARB 2010). These measured temperature differences are aligned well 
with past measurements in sealed and insulated attics in California homes, which suggested that 
attics would almost never exceed the occupied zone by more than 5.5°C (Rudd 2005). Our 
results support inclusion of sealed and insulated attics using solely fiberglass batts as one of 
several methods of achieving Ducts in Conditioned Space in Title 24. 

 

 
Figure 3 Measured temperature differences between the volume-weighted attic air and occupied zone volumes, 
aggregated by hour of the day. Data restricted to the 2017 calendar year. 
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Moisture Performance 

Moisture performance of the sealed and insulated Fresno attic was assessed using 
measurements of relative humidity, condensation, wood moisture content (WMC) and estimates 
of the Mold Index (based on measured temperature and RH). These measurements confirmed our 
expectation (based on our review of the literature, Less et al. 2016) that moisture issues would 
present themselves at the North-oriented roof ridge sheathing location and that all other locations 
would be dry. At the North ridge sheathing, we measured heating season surface RH in the 65-
99% range, liquid condensation present for 23 to 43% of annual hours, wood moisture content 
reaching a maximum of 25.9%, and a mold index estimate that has thus far peaked at 2.0. These 
measurement results are further discussed and illustrated below.        

Daily average relative humidity in the Fresno home living zone (red), attic air (purple), 
attic South and North ridge sheathing (blue and green) and outside air (orange) are shown in 
Figure 4. We see that living zone and attic air RH were very similar throughout the monitoring 
period, with little variation by season. The attic ridge sheathing locations on the other hand were 
closely coupled with outdoor air RH and were characterized by strong seasonal trends, with the 
winter periods having daily average RH in the 65 - 99% range. RH was substantially higher at 
the North ridge sheathing location due to colder surface temperatures. These high RH winter 
periods pose a risk for condensation and moisture accumulation. 

 
Figure 4 Daily mean relative humidity in the Fresno test home attic South and North ridges, attic air volume, living 
zone and outside air. October 2016 through April 2018. 

Of six measurement locations, condensation was detected solely at the North ridge 
sheathing in the Fresno attic. The condensation sensor results are plotted for the North ridge 
sheathing along with the hourly average sheathing surface temperature and RH at that location in 
Figure 5. Daily mean RH and temperature values are shown using bold lines. Any condensation 
values exceeding 0 indicate that some water is present on the surface. We see that the 
condensation sensor responds at times when air at the ridge reaches saturation. Large jumps in 
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condensation occurred when daily mean surface RH was near saturation (i.e., >99%), caused by 
cold sheathing temperatures on cloudless winter nights. Condensation was recorded for 5,487 out 
of 13,026 total hours monitored (43% of all hours from October 2016 to April 2018). This is 
somewhat misleading because this period includes roughly 2 winters and only 1 summer. When 
applied over a rolling annual period, on average 30% of annual hours showed condensation 
present at some level (varying from 23% to 43%). We believe this sensor has experienced drift 
that has erroneously led to increasing fractions of the year with measured condensation, while 
other measurements suggest less moisture risk in the winter of 2017/18 vs. 2016/17 (see 
Discussion section). It must also be noted that the dielectric condensation sensors are much more 
sensitive than traditional leaf-wetness resistance devices, as they identify condensed moisture on 
the microscopic level, not when the surface is fully wetted. 

 
Figure 5 Calculated Northern ridge sheathing relative humidity (blue), surface temperature (green) and condensation 
(red). Hourly RH values are plotted with daily means highlighted using bold lines. October 2016 to April 2018. 

Daily average wood moisture content is pictured for the Fresno sealed and insulated attic 
test home for 13 locations throughout the attic in Figure 6. As noted above, the North ridge 
location (red line) reached a maximum hourly value of 25.9% WMC. This is a level of concern, 
but we do not expect wood deterioration <30%. Also worth noting, these measurements 
represent the surface of the wood, not its core. Moisture pins that were insulated to capture 
WMC below the surface (labeled as “Depth2” and “Depth1” in Figure 6) remained consistently 
dry (i.e., <10% WMC). As expected, the North ridge sheathing transient peak levels above 20% 
WMC coincided with condensation events occurring during especially cold weather, from mid-
December to January. All wood rapidly dried to around 5% WMC in the summer months. It is 
notable how the second monitored winter showed much lower WMC in the North ridge location, 
with a maximum of roughly 18% WMC. Lower WMC in the second winter post-construction is 
consistent with typical drying trends in newly built homes, as well as with the milder and drier 
outdoor climatic conditions for the winter of 2017/18 vs. 2016/17 (see Discussion section).  
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Figure 6 Daily average wood moisture content from the Fresno sealed attic home. October 2016 to April 2018. 

The mold index calculation in ASHRAE Standard 160 is the current consensus standard 
method used for determining the acceptable moisture performance of construction assemblies. 
The mold index uses measured temperature, relative humidity and material risk class to assess 
the potential for mold growth on building surfaces. It includes effects of cyclic wetting and 
drying, temperature dependency, etc. It represents a much more sophisticated assessment of 
mold growth potential than the prior Standard 160 method, which required that 30-day running 
average surface RH be below 80% when the surface is between 5 and 40°C. A mold index value 
above 3.0 constitutes failure (though some mold is visible under microscope at a level of 1.0), 
and hygrothermal simulation assessments must include 3-years of performance.  

The estimated hourly mold index for the North ridge sheathing, South ridge sheathing 
and bulk attic framing are plotted in Figure 7. Again, the North ridge location is the only one 
with significant mold index activity, ratcheting upwards each winter, followed by reductions 
during spring and summer. The peak mold index value thus far is 2.0. It is hard to say how much 
more this will increase over the coming years. The mold index often stabilizes after a few years, 
though our monitoring suggests it could stabilize above or below 3.0.       
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Figure 7 Mold index calculations from the Fresno sealed attic home. October 2016 to April 2018. 

Discussion and Conclusion 

We observe drift in the condensation sensor that appears to increase the fraction of 
condensation hours. On a rolling basis, the fraction of annual hours with condensation increased 
continuously over the monitoring period, eventually doubling from 23% to 43%. Yet, the 
2016/17 winter was one of the wettest in decades in CA, while the 2017/18 winter rainfall was 
roughly half of average. Consistent with this, our other measurements do not support the 
doubling of condensation. Wood moisture measurements at the Northern ridge sheathing location 
suggest much lower WMC during winter 2017/18, peaking around 18% vs. 25% WMC. In fact, 
the 2017/18 winter conditions were drier overall, with lower average outdoor vapor pressure 
(942 vs. 1,061 pa), lower outdoor RH (68% vs. 74%), and lower living space RH (41% vs. 47%). 
Mean RH at the Northern ridge sheathing was 79% each winter, but the 2017/18 winter spent 6% 
fewer hours above 98% RH. These measurements suggest that condensation was likely similar or 
less in the winter of 2017/18 vs. 2016/17 (i.e., ≤ 23% of hours).    

Our field monitoring has shown that on average the sealed and insulated attic in the 
Fresno test home is 0.8°C warmer than the occupied living zone, and at most 4.5°C warmer and 
2.3°C colder. These measurements confirm that sealed and insulated attics using batt insulation 
can be accounted for as conditioned space in energy calculations. At the same time, our moisture 
measurements do raise some concerns for this construction method. In a very wet and relatively 
cold winter (2016/17), the North-oriented ridge sheathing reached 25.9% WMC, and this same 
location had some measurable amount of liquid water present on the OSB for substantial 
fractions of annual hours. The following year had less rain, substantially lower wood WMC, but 
similar air RH. Some condensation is expected, even in vented attics, and transient high WMC 
values are not necessarily cause for alarm. The calculated mold index is currently at an 
acceptable level, but it is not clear whether it will level-off safely or increase to a point of 
concern. Furthermore, the ASHRAE 160 mold index is an imperfect measure of mold risk 
(Vereecken & Roels 2012), so it is not advisable to be just barely under the threshold of failure. 
We also note that the Fresno home is a relatively large home and has a fairly low occupancy rate, 
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which should make the interior moisture load on this attic lower than would be expected in many 
new homes with greater occupancy rates. Further observation in the Fresno home, comparison to 
measurements in the Clovis home and to hygrothermal simulation outputs will inform our overall 
moisture risk and mitigation assessment for the state of California. This work will include the 
impacts of climate zone, airtightness, duct leakage, IAQ fan sizing, internal moisture gains, etc., 
along with assessments of some of the mitigation measures contained in the model codes.    

We also note some design, implementation and inspection issues with sealed and 
insulated attics. Some concerns apply to all such assemblies, independent of insulation type. For 
example, the need for careful design review and planning is universal. The failure that we 
observed to insulate the large garage ceiling that abutted the sealed attic in the Clovis home 
could occur in a home insulated with SPF, fiberglass or cellulose. Similarly, all sealed and 
insulated attic volumes should be accessible for inspection and potential remedial work. Other 
issues relate specifically to the use of unfaced fiberglass batts, such as the quality control 
required to ensure that they are installed and remain in direct contact with the underside of the 
roof sheathing. Finally, all insulation methods can be disrupted by other trades, but fiberglass 
batts hung in place may be uniquely susceptible to accidental disruption by plumbing and HVAC 
venting and other activities in the attic, because of their ability to fall down, sag, etc.         

References 

BASC. (2018). Controlling Moisture in Unvented Attics - Code Compliance Brief | Building 
America Solution Center. Retrieved March 22, 2018, from https://basc.pnnl.gov/code-
compliance/controlling-moisture-unvented-attics-code-compliance-brief 

CARB. (2010, August 31). Designing Forced-Air HVAC Systems. Consortium for Advanced 
Residential Buildings (CARB). Retrieved from 
https://www1.eere.energy.gov/buildings/publications/pdfs/building_america/forced_air_hvac
_guide.pdf 

Hendron, R., Anderson, R., Reeves, P., & Hancock, E. (2002). Thermal Performance of 
Unvented Attics in Hot-Dry Climates (No. NREL/TP-550-30839). Golden, CO: National 
Renewable Energy Laboratory. Retrieved from http://www.nrel.gov/docs/fy02osti/30839.pdf 

Hoeschele, M., Weitzel, E., German, A., & Chitwood, R. (2015). Evaluation of Ducts in 
Conditioned Space for New California Homes (No. ET13PGE1062). Pacific Gas and Electric 
Co. Retrieved from https://www.etcc-ca.com/reports/evaluation-ducts-conditioned-space-
new-california-homes?dl=1521753309 

Hult, E. L., Dickerhoff, D., & Price, P. (2012). Measurement Methods to Determine Air Leakage 
Between Adjacent Zones (No. LBNL-5887E). Berkeley, CA: Lawrence Berkeley National 
Lab. Retrieved from https://homes.lbl.gov/sites/all/files/lbnl-5887e.pdf 

ICC. (2012). International Energy Conservation Code. International Code Council. 

Less, B., Walker, I., & Levinson, R. (2016). A Literature Review of Sealed and Insulated 
Attics—Thermal, Moisture and Energy Performance (No. LBNL--1006493). 
https://doi.org/10.2172/1340304 

1-14 ©2018 ACEEE Summer Study on Energy Efficiency in Buildings



Owens Corning. (2015). ProPink High Performance Conditioned Attic System. Owens Corning. 
Retrieved from http://www2.owenscorning.com/literature/pdfs/HPCA Installation 
Instructions.pdf 

 Parker, D., Sonne, J., & Sherwin, J. (2002). Comparative Evaluation of the Impact of Roofing 
Systems on Residential Cooling Energy Demand in Florida (pp. 219–234). Presented at the 
ACEEE Summer Study on Energy Efficiency in Buildings, Pacific Grove, CA: American 
Council for an Energy-Efficient Economy. Retrieved from 
http://www.fsec.ucf.edu/en/publications/html/FSEC-CR-1220-00-es/roofing.pdf 

Proctor, J., Chitwood, R., & Wilcox, B. (2011). Efficiency Characteristics and Opportunities for 
New California Homes (ECO) (Final Project Report No. CEC-500-2012-062). Sacramento, 
CA: California Energy Commission, PIER Energy-Related Environmental Research 
Program. Retrieved from http://www.energy.ca.gov/2012publications/CEC-500-2012-
062/CEC-500-2012-062.pdf 

Rudd, A. (2005). Field Performance of Unvented Cathedralized (UC) Attics in the USA. Journal 
of Building Physics, 29(2), 145–169. https://doi.org/10.1177/1744259105057695 

Rudd, A., & Lstiburek, J. (1996). Measurement of Attic Temperatures and Cooling Energy Use 
in Vented and Sealed Attics in Las Vegas, Nevada (No. RR-9701). Building Science 
Corporation. Retrieved from http://buildingscience.com/documents/reports/rr-9701-
measurement-of-attic-temperatures-and-cooling-energy-use-in-vented-and-sealed-attics-in-
las-vegas-nevada/view 

Rudd, A., & Lstiburek, J. (1998). Vented and Sealed Attics in Hot Climates. ASHRAE 
Transactions, 104(2). Retrieved from https://buildingscience.com/documents/reports/rr-9801-
vented-and-sealed-attics-in-hot-climates/view 

Rudd, A., Ueno, K., & Lstiburek, J. (1999). Unvented-cathedralized attics: Where we’ve been 
and where we’re going (No. RR-9904). Building Science Corporation. Retrieved from 
http://buildingscience.com/documents/reports/rr-9904-unvented-cathedralized-attics-where-
we-ve-been-and-where-we-re-going/view 

TenWolde, A., & Rose, W. B. (1999). Issues Related to Venting of Attics and Cathedral 
Ceilings. ASHRAE Transactions, 105(1). Retrieved from 
http://www.aivc.org/sites/default/files/airbase_11919.pdf 

Ueno, K., & Lstiburek, J. (2015). Field Testing Unvented Roofs with Asphalt Shingles in Cold 
and Hot-Humid Climates (Building America Report No. BA-1409). Westford, MA: Building 
Science Corporation. Retrieved from http://buildingscience.com/documents/ba-1409-field-
testing-unvented-roofs-asphalt-shingles-cold-and-hot-humid-climates 

Vereecken, E., & Roels, S. (2012). Review of mould prediction models and their influence on 
mould risk evaluation. Building and Environment, 51, 296–310. 
https://doi.org/10.1016/j.buildenv.2011.11.003 

 

©2018 ACEEE Summer Study on Energy Efficiency in Buildings 1-15



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




