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ABSTRACT
A field-monitoring study was imple-

mented to measure the impacts and ben-
efits of membrane color (white, grey, and 
black) and insulation strategy on the perfor-
mance of conventional roofing assemblies. 
The same roof membrane cap sheet type 
with three different surface granule colors 
was placed over three different conventional 
insulation strategies, creating a total of nine 
unique roofing assemblies (16 squares in 
size) on the same building. The thicknesses 
of the different insulation products were 
varied to achieve approximately the same 
thermal resistance (R-value) for each of the 
nine roof assemblies. Sensors were installed 
to measure temperature, relative humidity, 
moisture content, and heat flux at various 
points within each of the roof assemblies. 
Displacement sensors were also installed 
to measure the dimensional stability of 
the insulation. In addition, webcam photos 
were captured to study the impact of night 
sky cooling, wetting/frost, and other differ-
ences among the assemblies. To comple-
ment the field investigation of this study, 
the effective R-values of the insulation 
products were measured in the laboratory 
following ASTM C518 protocols. 

Presented in this paper are findings 
from the study and the highlights of the 
impacts of the insulation strategy on the 
thermal behavior, dimensional movement, 
and moisture movement for these conven-
tional roofing assemblies. In-situ R-values 
and net energy transfer for each of the 
roofing assemblies are discussed in combi-
nation with comfort and performance impli-
cations. The study also provides insight 
into the performance of various insulation 
and mixed-insulation assemblies that take 
advantage of optimum temperatures and 
highlights the potential benefits of each 
assembly. 

BACKGROUND
Conventionally insulated roofs (i.e., 

roofs with exposed roofing membrane on 
top of the roof insulation and structure) 
make up the majority of low-slope roofing 
assemblies across North America. These 
types of roof assemblies are preferred in 
many applications instead of protected 
membrane roofs (inverted roofs) or interior 
insulated roofs (vented or unvented) due to 
a combination of factors, including familiar-
ity, relative ease of construction, adequate 
durability and lifespan, availability of roof-
ing materials, and economics. 

Several different types of roofing mem-
branes are commonly used in conventional 
roofs, including two-ply membranes (SBS, 
APP), single-ply membranes (EPDM, PVC, 
TPO), multi-ply built-up asphalt/tar (BUR), 
and liquid membranes (urethanes, poly-
ureas, and other chemistries). Conventional 
roof membrane preference is based on 
expected in-service temperatures, building 
type and use, local trades, product famil-
iarity and availability, and past material 
performance. Membrane colors from dark to 
light will be chosen based on product avail-
ability, aesthetics, building type/use, ener-
gy efficiency, and standard practice, which 
varies from southern to northern latitudes. 

Lighter, more reflective membrane col-
ors or finishes are common in the south-
ern U.S. where required by energy code 
(ASHRAE 90.1), though with LEED® proj-
ects and some other energy rating pro-
grams, light or white-colored roofs are often 
used regardless of geography. 

In northern climates, the benefit of 
using white membrane roofs to achieve 
air-conditioning energy savings is typically 
small and can be negatively offset by higher 
wintertime heating loads (DOE Cool Roof 
Calculator 2013, Roof Savings Calculator 
2013). In addition, studies and investiga-
tions by the authors and others (Rose 2007, 
Bludau et al., 2008) have demonstrated 

moisture issues when employing reflec-
tive white roof membranes (versus solar-
absorptive dark colors) within certain roof 
assemblies in North America. 

One objective of this research study is 
to investigate the thermal differences and 
resulting net heat flux through conventional 
roof assemblies with exposed membranes 
(in this case, two-ply SBS) of different cap 
sheet colors and, thus, solar absorptivity in 
the Pacific Northwest. These findings will be 
used to calibrate energy and hygrothermal 
models to extrapolate the findings to other 
climate zones.

The thermal insulation used within new 
conventional roofing assemblies typically 
consists of rigid polyisocyanurate (polyiso, 
R-5 to R-6/in.), expanded polystyrene (EPS, 
R-4 to R-4.5/in.), or rigid stone wool1/min-
eral wool (R-3.7 to R-4.3/in.). Wood fiber-
board, rigid fiberglass, extruded polystyrene 
(XPS), and spray polyurethane foam (SPF) 
insulations are also used in some applica-
tions; but these additional insulation types 
are less common in conventional roofs. 

It is also becoming common for many 
designers and roofers to use a combination 
of insulation layers within conventional 
roofs, thus blending the positive attributes 
of each insulation type in “hybrid systems.” 
An example of a hybrid system would be 
using polyiso over tapered EPS (as EPS 
taper packages tend to be more economical 
than polyiso), or the use of rigid stone wool 
over polyiso, as investigated in this study. 
In this hybrid system, the stone wool is 
used on top of the polyiso, as it is gener-
ally more dimensionally stable than polyiso 
(diurnal movement and long-term shrink-
age), which reduces exposed membrane 
stresses and keeps the lower polyiso insu-
lation layer within a tighter temperature 
range close to the interior temperature. This 
also results in conditions that optimize the 
apparent R-value of the polyiso insulation. 
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FIELD MONITORING PROGRAM
A large-scale field monitoring study was 

implemented in the Lower Mainland of 
British Columbia with the intent of mea-
suring the impacts and benefits of roof 
membrane color and insulation strategy on 
the thermal, hygrothermal, and long-term 
behavior and performance of conventional 
roofing assemblies. 

The roofing variables consist of three 
different two-ply SBS membrane cap sheet 
colors placed over three different conven-
tional insulation strategies (polyiso, stone 
wool, and a hybrid of both), creating a total 
of nine unique roofing assemblies to study 
(each 16 square, 1,600 sq. ft. in size) on the 
same building. The thickness of each insu-
lation combination was varied to achieve 
approximately the same effective R-value in 
each assembly. 

A combination of sensors were installed 
within each of the nine roof assemblies to 
measure various material temperatures, 
relative humidity (RH), moisture content, 
heat flux, and dimensional stability of the 
insulation over the course of several years. 
Interior and exterior conditions were also 
monitored, along with a weather station 
and a number of direct and reflected solar 
radiation sensors (pyranometers). In addi-
tion, a camera was set up to automatically 
capture photos of the roof surfaces to study 
the impact of night sky cooling, wetting/
frost, white membrane soiling, and other 
differences between the assemblies. Finally, 
the apparent R-values of the insulation 
products were measured in the laboratory 

to allow for comparison with the in-situ 
values calculated using the embedded heat 
flux and temperature sensors.

The primary goals of the monitoring 
program are to improve roofing industry 
understanding in the following areas: 

• Difference in R-value of the three 
insulated roof combinations (stone 
wool, polyiso, hybrid), both initially 
and long-term due to aging of the 
insulation

• Heat flow through each insulation 
and membrane color combination 
under a range of exterior and inte-
rior conditions (i.e., summer cooling 
vs. winter heating)

• Membrane surface temperature, 
interior surface temperature, and 
thermal comfort benefits of light-
colored vs. dark-colored SBS mem-
brane cap sheets 

• Impact of long-term aging and soil-
ing of reflective white SBS mem-
branes on roof assembly tempera-
tures and heat flow 

• Dimensional stability and movement 
of polyiso, stone wool, and hybrid 
roof assemblies 

• Impact of insulation moisture levels 
(if present) on heat flow and tem-
peratures within roof 

• Impact of solar radiation and night 
sky cooling on light and dark mem-
brane colors with different solar 
absorptivity and emissivity proper-
ties

STUDY BUILDING
The study building is an industrial build-

ing located in Chilliwack within the Lower 
Mainland of British Columbia, Canada. The 
climate within Chilliwack is similar to the 
larger metropolis of Vancouver, though, as 
it is more inland, it gets hotter in the sum-
mer and colder in the winter. The average 
annual temperature at the Chilliwack air-
port, located approximately 1 km (0.6 miles) 
from the site, is 10.5°C (50.9°F), with the 
average July temperature of 18.5°C (65.3°F) 
and January temperature of 2.2°C (36.0°F). 
(Environment Canada 2013)

The building was selected because it 
provided a single, large, uninterrupted test 
area for the roof monitoring; the construc-
tion schedule coincided with the research 
study; and the building owners were will-
ing to have a number of alternate roof 
assemblies installed on their building. Prior 
monitoring of an adjacent building that 
housed similar industrial equipment ascer-
tained that the interior conditions in the 
new building would be, on average, between 
20°C (68°F) and 25°C (77°F) year-round. A 
sketch of the building is presented in Figure 
1 showing the three different membrane 
colors and three insulation combinations as 
discussed in the following section. 

As shown, a total of nine unique roof 
assemblies, each 40 x 40 ft. in area (16 
square) were constructed and monitored at 
the west part of the building. The adjacent 
section of the roof along the east side is 
insulated with stone wool but is not moni-
tored or included within the study. 

ROOF ASSEMBLIES
Each roof assembly consists of a two-ply 

torch-on SBS cap (white, gray, or black) and 
base sheet over asphalt protection board, 
insulation layers (as indicated), reinforced 
air/vapor barrier membrane, and metal 
Q-deck over open-web steel joists. The air/
vapor barrier membrane between the metal 
deck flutes, though, has been designed and 
tested by the manufacturer to do so with-
out sagging in this application. The use of 
a continuous rigid gypsum board over the 
deck flutes is generally more common with 
standard membranes in this application. 

The asphalt protection board and insu-
lation layers are structurally adhered both 
together and to the air/vapor barrier mem-
brane using a low-rise, two-part urethane 
adhesive, negating the need for mechanical 
fasteners in the assembly. The top sur-
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Figure 1 – Study building and layout of roof membrane cap sheet color and 
insulation strategy.



face of the stone wool contains an integral 
asphalt-impregnated surface and does not 
require an additional overlay protection 
board. 

The three SBS cap sheet colors include 
standard black, gray, and white (LEED®-
compliant SRI cap). The thickness of each 
insulation combination was varied to 
achieve approximately the same apparent 
R-value of R-21.5 at standard test condi-
tions of 23.9°C (75°F). Samples of insula-
tion were taken from the site for laboratory 
testing (covered later in this paper). These 
three insulation combinations are shown in 
Figures 2 through 4, along with the appar-
ent R-value of the insulation, insulation 
weight, and total insulation heat capacity. 
Figure 5 shows the membrane cap sheet 
colors. The Solar Reflective Index (SRI), the 
reflectance, and emittance for each cap 
sheet type are also listed. The insulation 
thickness transitions (3.5 in., 5.75 in., and 
4.5 in.) between the three different insula-
tion strategies were made using a few feet of 
tapered insulation, well away from sensors 
and monitoring equipment. 

All three assemblies have an initial cal-
culated apparent R-value of between R-21.3 
and R-21.5, though, as covered later, this 
R-value varies with insulation temperature 
and—in the case of polyiso—decreases with 
long-term aging. 

MONITORING PROGRAM 
AND SENSORS 

The monitoring program utilizes a range 
of sensors installed within the same key 
comparative locations within each roof 
assembly. The sensor wires are run through 
common holes within the metal Q-deck and 
connected to data loggers for transmission 
to the Internet to allow for data download 
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Figure 2 – Polyiso roof assembly (3.5-in. polyiso, R-21.5). Weight: 4.6 kg/m2, heat 
capacity: 6.75 kJ/K/m2.

Figure 3 – Stone wool roof assembly (5.75-in. stone wool, R-21.4). Weight: 26.7 kg/
m2, heat capacity: 22.7 kJ/K/m2.

Figure 4 – Hybrid roof assembly (2.5-in. stone wool over 2-in. polyiso, R-21.3). 
Weight: 14.3 kg/m2, heat capacity: 13.7 kJ/K/m2.

Figure 5 – Membrane cap sheet colors (reflective white, gray, and black.) Shown on left in lab (unsoiled and new) and right in 
field shortly after installation.



and real-time monitoring/analysis. The sensors were installed 
within each assembly for the following purposes (Not all of the sen-
sor data are covered at this time within this paper.):

• Temperature of the following using thermistors: exterior 
air temperature, cap sheet (between cap and base sheet 
to be protected from torch and weather), top of insulation 
layer at base sheet interface (redundant in 
case of overtorched cap sensor), bottom of 
insulation layer at air/vapor barrier, inte-
rior surface of metal deck, and air located 3 
ft. below the metal deck. Used to compare 
thermal performance, energy flows, and 
thermal comfort implications. 

• Relative humidity at air/vapor barrier inter-
face below the insulation to observe pres-
ence and movement of moisture. RH sen-
sors not installed below membrane due to 
conditions that would rapidly damage the 
electronics. 

• Moisture detection tape at air/vapor barrier 
interface below insulation to supplement 
the RH sensors and provide baseline data 
for conventional roof monitoring systems. 
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Figure 6 – Displacement sensor mounted in fiberglass tube 
within insulation core prior to setting of insulation board.

Figure 7 – Moisture detection tape (left) and 
RH sensor (right) above air/vapour barrier 

below insulation. Note also the ribbons of adhesive.

Figure 8 – Top of insulation 
surface temperature, below 

asphalt protection board sheet.



• Heat flux using calibrated heat flux 
sensors sandwiched between insula-
tion layers to measure net heat flow 
through each assembly. Using the 
heat flux measurements and sur-
face temperatures, one can calculate 
the approximate effective R-value for 
each assembly under steady state 
conditions. 

• Differential movement between 
selected 4- x 4-ft. insulation boards, 
top and bottom layers of insulation 
in both directions, to understand 
short- and long-term movement of 
polyiso and stone wool insulation 
boards in an adhered system. 

• Solar radiation and reflected solar 
radiation to measure relative loss 
in reflectance (soiling) of white SBS 
membrane over time.

• Weather station to monitor exterior 

conditions, and automatic camera to 
photo-document roof surface condi-
tions and observe long-term soiling 
patterns. 

Figures 6 through 11 show typical 
installation details for several of the sensors 
installed in July and August 2012. 
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Figure 9 – Heat flux sensor 
between layers of insulation.

Figure 10 – Reflected solar 
radiation sensors (three in 
total) located at gray and 
white roof (two locations).

Figure 11 – Interior view 
of data logger and two 

interior temperature 
sensors (metal deck). 

Deck flutes run in north-
south direction.



LABORATORY TESTING OF 
INSULATION R-VALUES

In conjunction with the field 
monitoring program, material 
testing of the thermal resistance 
(R-values) of the roofing insula-
tion (polyiso and stone wool) 
was undertaken on representa-
tive batch samples of the insu-
lation products installed within 
the test roofs. This information 
is used to support the field 
monitoring data. ASTM C518 
thermal-transmission material 
testing was performed to quan-
tify the effective R-values of the 
polyiso and stone wool insulation products 
when installed within the roofs. Testing 
was performed at mean temperatures of 
-3.9°, 4.4°, 23.9°, and 43.3°C (25°, 40°, 75°, 
and 110°F) and a temperature difference of 
27.8°C (50°F). Follow-up tests are planned 
at the end of the study to further quantify 
the impact of age on the apparent conduc-
tivities. In the interim, samples of a four-
year-old polyiso insulation board (of same 
brand and manufacturer and aged within 
the lab) collected from a previous research 
study by the authors were included with the 
test results for comparison. 

The measurement of the apparent2 
R-value of polyiso insulation by others, 
including the National Roofing Contractors 
Association (Graham 2010, NRCA 2011) 

and Building Science Corporation (BSC 
2013a) has shown a strong relationship 
between the mean insulation temperature 
and apparent R-value, in addition to aging 
factors. The variation in R-value is thought 
to be primarily attributable to vaporiza-
tion and condensation of the blowing gases 
within the closed-cell polyiso foam. Highest 
apparent R-values with polyiso are near 
room temperature at 23.9°C (75°F), with 
degrading performance at lower and higher 
temperatures where, unfortunately, the heat 
loss or gain is the greatest. The phenom-
enon of varying R-value with temperature 
and other insulation properties has recently 
caught the roofing industry’s attention, 
though it has been known for most insula-
tion products for some time (Shirtliffe 1972). 

Figure 12 presents the apparent R-value 
per inch as determined by ASTM C518 test-
ing from six polyiso and three rigid stone 
wool samples used in this study that were 
removed from site and two months old when 
tested. In addition, the four-year-old sample 
of the same brand of polyiso is shown for 
comparison. The results agree well with the 
BSC and NRCA test results for the polyiso 
samples and from published data for the 
rigid stone wool (mineral fiber). For the 
aged   R-value, long-term thermal resistance 
(LTTR) testing following CAN/ULC-S770-
09 and ASTM C1303-11 procedures as 
incorporated in ASTM C1289-11A was not 
performed, although the actual aging effects 
are being monitored as part of this study. 

Both polyiso and stone wool exhibit a 
strong temperature-dependent 
thermal conductivity, though 
they behave differently at 
cold and hot temperatures. 
Insulation materials such as 
stone wool, which do not rely 
on blowing agents for insula-
tion performance, show a lin-
ear relationship between tem-
perature and thermal perfor-
mance. Beginning at standard 
conditions (23.9°C/75°F), the 
performance thermal resis-
tance of stone wool increas-
es with colder temperatures,   
whereas the performance of 
polyiso decreases under both 
cold and hot conditions. 

As an example, if the roof-
ing insulation is at a mean 
temperature of 0°C (e.g., 
interior, 20°C and exterior, 
-20°C), the stone wool pro-
vides approximately R-4/in.; 
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Figure 12 – Apparent R-value per inch vs. mean temperature for polyiso and stone wool 
insulation.

Figure 13 – Apparent R-values for study building roof assemblies based on roof membrane 
surface temperature over a range of -10°C to 75°C (14°F to 167°F). Note that extrapolation 
beyond this range may not be valid.



while the polyiso would provide anywhere 
from R-4.5 to R-5.8/in., depending on its 
age and other factors. At a mean tempera-
ture of 20°C (68°F), the stone wool is less 
at R-3.7/in., while the polyiso is optimal at 
R-5.5 to R-6.3/in. (depending on age). The 
range in stone wool performance between 
boards is relatively consistent (no minimum 
or maximum shown), whereas a range of 
R-0.5 to R-1.0/in. was observed with the 
polyiso boards, largely due to varying foam 
density from 3.0 to 3.4 pcf (albeit cut from 
the same 4- x 8-ft. sheet). 

These laboratory measurements of effec-
tive R-value/in. for each insulation can then 
be applied to the three roofing assemblies 
from this project, including stone wool (5.75 
in. stone wool, R-21.4), hybrid (2.5 in. stone 
wool over 2 in. polyiso, R-21.5), and polyiso 
(3.5 in. polyiso, R-21.3) to determine the 
apparent R-value of the whole roof assem-
bly. Figure 13 provides R-values for each 
assembly based only on the roof membrane 
surface temperature and a typical indoor 
condition of 21°C (70°F). The impact of 
polyiso aging is predicted with the matching 
color dashed lines for both the hybrid and 
polyiso assemblies.

This finding demonstrates the sensitiv-
ity of the thermal resistance of the polyiso 
roofing assembly when exposed to either 
extreme cold or hot outdoor temperatures. 
A roof constructed with 3.5 in. of polyi-
so may have a code-acceptable calculated 
R-value of R-21.3 but, when exposed to 
cold (-10°C or 14°F), would drop to R-20 or 
as low as R-16.5, depending on its age, and 
when exposed to hot (75°C or 167°F mem-
brane surface) temperatures, would drop 
to R-16.5 or as low as R-14.0, depending 
on its age. This is an impor-
tant consideration to be made 
when sizing mechanical equip-
ment in new buildings and will 
likely increase the actual ener-
gy consumption within build-
ings constructed with polyiso- 
insulated roofs in both cold and 
hot climates. 

In the hybrid assembly (4.5 
in. thick), the use of a layer of 
stone wool insulation (in this 
case, equivalent to approxi-
mately 45% of the assembly 
R-value) over the top of the poly-
iso significantly improves the 
effective R-value of the polyiso, 
as it keeps it near optimum 

temperatures (which are similar to typi-
cal interior temperatures) and, therefore, 
results in a better assembly R-value in cold 
and hot conditions. 

The roof assembly insulated entirely 
with stone wool insulation (thickest at 5.75 
in.) will have a more stable R-value (increas-
ing at colder temperatures but decreasing at 
hot temperatures from calculated R-value) 
and is not susceptible to a loss of R-value 
with age. 

FIELD MONITORING RESULTS
This paper presents selected results for 

the first ten months of the field monitoring 
program with a focus on the differences in 
thermal behavior among the three differ-
ent insulation strategies. To compare the 
insulation assemblies, the measured heat 
flux data—along with cap surface tempera-
ture and interior surface temperatures—are 
compared for each assembly. Of interest are 
key behavioral differences between the poly-
iso and stone wool due to varying apparent 
R-value and different heat capacities. 

HEAT FLOW AND 
THERMAL DIFFERENCES

Heat flux data measures the hourly 
transfer of heat energy across each assem-
bly from interior to exterior. A positive value 
indicates that heat flow is upwards (i.e., 
at night and when interior is warmer than 
exterior membrane surface temperature), 
and a negative value indicates that heat 
flow is inwards (i.e., membrane heated 
above interior temperature by solar radia-
tion). Unfortunately, due to issues with the 
logging of the heat flux data at some of the 
locations prior to February 2013, data is 

currently only available from spring through 
summer.

Based on the monitoring to date, we 
have found subtle differences in the heat 
flux and interior and exterior surface tem-
peratures. First, we have observed a ther-
mal lag within the stone wool compared 
to the polyiso insulation. This shows up 
in dampened heat flux measurements and 
by reduced cap sheet surface temperatures 
and lower interior surface temperatures. 
This lag in temperatures can be beneficial 
from a thermal-comfort and energy effi-
ciency standpoint. The reduction in peak 
membrane temperature also likely reduces 
the rate of deterioration of the membrane. 
This thermal lag effect, seen mostly dur-
ing solar heating of the roof membranes, 
appears to be the result of the difference in 
heat capacity between the types of insula-
tion (6.75 kJ/K/m2 for polyiso, 13.7 kJ/K/
m2 for hybrid, and 22.7 kJ/K/m2 for stone 
wool) and is likely impacted by the temper-
ature-dependant polyiso R-value. Latent 
energy from moisture movement through 
the stone wool insulation may also be a fac-
tor. The hybrid assembly falls between the 
polyiso and stone wool, though it does have 
some unique behavior as a result of the 
interaction of the two insulation products, 
requiring further investigation. 

Figure 143 presents the hourly heat flux 
measurements for one of the hottest days 
during the monitoring period, when exterior 
air temperatures at the site exceeded 34°C 
(93°F). The results are similar for other days 
when the roofs are exposed to solar radia-
tion, even during the wintertime. As expect-
ed, there is a large difference in the heat 
flux between the black and white cap sheets 
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Figure 14 – Comparison of heat flux between white and black cap sheet for three insulation 
strategies.



by approximately 50% at peak conditions, 
but there are also significant differences 
between the polyiso and stone wool insula-
tion arrangements. The heat flow through 
the stone wool compared to the 
polyiso in these cases is approx-
imately 28% less for the black 
and 33% less for the white and 
is offset by a few hours. Gray-
colored membrane data is not 
shown here for clarity purposes, 
but it falls between the white 
and black findings. 

Figure 15 presents the inte-
grated average daily energy 
transfer for four selected two-
day periods from late winter 
through spring and early sum-
mer. These periods were select-
ed as data were complete and to 
be representative of typical con-
ditions for this climate. Average 
exterior temperature and solar 
radiation intensity during those 
periods are summarized within 
the figure. Here, the net dif-
ferences between the polyiso, 
hybrid, and stone wool assem-
blies are shown. Differences 
are more dramatic during the 
warmer months, when exposure 
to more solar radiation is great-
er, and indicate less net heat 
flow through the stone wool 
assembly versus the polyiso. 
The hybrid assembly has slight-
ly higher heat flow through 
it than the polyiso assembly, 
which is interesting, consider-
ing the previous finding. 

During the colder winter 

months, the differences among the insu-
lation strategies are less clear, and fur-
ther analysis of additional wintertime data 
is needed before any conclusions can be 

made. Due to the minimal heat-flux 
readings during the winter (<5 W/
m2) that result from a fairly well-
insulated roof assembly, the results 
may be affected by the resolution 
of the heat-flux sensor technology 
generally available and used in this 
study. More accurate heat-flux sen-
sors will be considered for installa-
tion in later phases of this study to 
improve the wintertime results. 

Roof surface temperatures for 
the membrane cap sheet and inte-
rior metal deck are presented for 
the June 30 to July 1 time period 
in Figures 16 and 17. Here, the dif-
ference in peak temperatures and 

thermal lag is demonstrated between the 
stone wool and polyiso insulation strategies. 

As shown within both figures, the use 
of stone wool insulation versus polyiso 
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Figure 16 – Roof membrane cap surface temperatures for white and black cap sheet for three 
insulation strategies – June 30, 2013.

Figure 17 – Interior metal deck surface temperatures for white and black cap sheet for three 
insulation strategies – June 30, 2013.

Figure 15 – Average daily energy transfer for selected dates through white and black cap 
sheet for three insulation strategies.



reduces peak membrane temperatures by 
between 2° and 6°C (4° and 11°F). It also 
reduces the peak interior surface tempera-
ture by up to 2°C (4°F) and shifts the peak 
by one to two hours, a benefit for both ther-
mal comfort and cooling energy. By analyz-
ing both figures, one can also compare the 
lag in peak temperatures between the mem-
brane cap (approximately 1:00 p.m.) and 
interior surfaces (approximately 5:00 p.m.) 
of these roof assemblies.

INSULATION MOVEMENT 
AND SHRINKAGE

The movement between the 4- x 4-ft. 
insulation boards was monitored using dis-
placement sensors installed into the core of 
selected insulation boards in both the north-
south (parallel to adhesive) and east-west 
(perpendicular to adhesive) directions of 
the black and white membrane roof assem-
blies. Previous research by the authors 
and by several others has found that in-
service polyiso insulation may shrink over 
time and will expand and contract on a 
daily basis with temperature. Stone wool is 
relatively dimensionally stable and neither 
shrinks nor moves significantly with tem-
perature change. The open-web steel joist 
roof assembly with metal deck will move 
under influence of temperature and may 
also affect the movement of the insulation 
boards as it bows and flexes. Movement of 
the roof membrane under thermal cycling 
may also distribute movement to the insula-
tion boards and be recorded by the displace-
ment sensors. 

Figure 18 presents the monitoring results 
to date, showing the displacement of the 
lower and upper insulation layers in the 
east-west and north-south orientations for 
the white and black stone wool and polyiso 

roofs. Within the plots, a negative reading 
means the displacement sensor pin has 
extended, which indicates that the moni-
tored insulation panels have moved apart. 
This could result from shifting of the panels, 
thermal contraction, or long-term shrinkage.

The monitoring to date shows that the 
lower layer of insulation expands/contracts 
very little on a daily basis, as would be 
expected. A small amount of shrinkage (less 
than 0.5 mm) appears to have occurred in 
the lower polyiso boards in both directions 
of restraint. Movement within the polyiso 
and stone wool on a diurnal basis is less 
than 1 mm and lower under a white mem-
brane compared to a black membrane. The 
upper layer of insulation moves more than 
the lower layer—likely because it is exposed 
to greater daily, monthly, and annual tem-
perature swings. The upper layer of polyiso 
appears to have shrunk slightly more than 
the lower sheet by up to 1 mm to date. 
Interestingly, some of the largest diurnal 
changes occurred within the stone wool 
insulation; upon closer review of this data, 
though, peak movements occurred incon-
sistently and not permanently. Further 
monitoring is needed to confirm the cause 
of the movements that occurred in the black 
stone wool roof in April but is no longer 
occurring to the same extent.

RELATIVE HUMIDITY AND 
VAPOR MOVEMENT

The RH level and liquid moisture level 
(measured using a moisture detection tape) 
within each roof assembly were monitored 
to assess the impact of built-in construction 
moisture within each assembly. As the roofs 
were constructed under ideal conditions 
during the dry summer months, no materi-
als were wetted during construction, and 

RH levels were initially very low. Monitoring 
over the past ten months, starting in the 
fall, demonstrates that while conditions 
within the insulation layers started off dry 
(average 40% RH), conditions in the first 
spring to summer have led to elevated RH 
levels within the insulation, which increase 
up to 100% (condensation) on the surface of 
the vapor barrier. This is particularly appar-
ent on a diurnal basis within the stone wool 
insulation assemblies (more so for the black 
vs. the white membrane) where moisture 
freely moves up and down through the insu-
lation under the influence of solar radiation 
and is able to redistribute from other areas 
of the roof. Moisture is not able to move as 
freely within the polyiso, as it is more resis-
tant to vapor flow, resulting in more stable 
RH levels below the insulation. Liquid water 
has not yet been detected by the moisture 
detection tape, though the stone wool with 
black cap sheet assembly is indicating 
higher vapor accumulation (as expected 
with higher membrane temperature and 
greater inward vapor drive). These findings 
are demonstrated by RH measurements at 
the bottom of the insulation within Figure 
19 for the ten-month monitoring period and 
in detail on a daily (short-term) basis from 
June 30 to July 2 in Figure 20. 

At this point, this small amount of 
moisture is not a concern to the long-term 
performance of the assembly, because it is 
really a redistribution of moisture that was 
in the assembly at the time of construction. 
The presence of moisture affects the trans-
fer of heat flow by thermal conductance 
and latent heat flow in porous insulations 
(Hedlin 1987) and will be further investi-
gated for each roof assembly as part of this 
research study. 
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Figure 18 – Insulation displacement for stone wool and polyiso roofs (black and white membrane) at lower layer and upper 
layer of insulation in east-west and north-south orientations. Note: A negative reading indicates that the monitored insulation 
panels have moved apart. This could result from shifting of the panels, thermal contraction, or long-term shrinkage.



CONCLUSIONS AND 
RECOMMENDATIONS

This large-scale field-monitoring study 
was implemented with the intent of mea-
suring the impacts and benefits of roof 
membrane color and insulation strategy on 
the thermal, hygrothermal, and long-term 
behavior and performance of conventional 
roofing assemblies. At the study building 
in the Lower Mainland of British Columbia, 
Canada, three different two-ply SBS mem-
brane cap sheet colors (white, gray, and 
black) were placed over three different con-
ventional insulation strategies (polyiso, 
stone wool, and a hybrid combination of 
both), creating a total of nine unique con-
ventional roofing assemblies. Sensors were 
installed within each of the roof assemblies 
to measure material and surface tempera-
tures, RH, moisture content, heat flux, and 

dimensional stability of the insulation.
As part of the study, thermal resistance 

testing of the polyiso and stone wool insu-
lation was performed using ASTM C518 
procedures. The insulation products were 
tested at a range of in-service temperatures, 
and a relationship between R-value and 
temperature was developed. The results 
were then applied to the three insulated 
assemblies monitored within this study 
to determine in-service apparent R-values 
based on exterior membrane temperature. 
The findings show that the stone wool and 
hybrid roofs will maintain R-values close to 
calculated values, whereas the R-value in 
the roof with polyiso will drop a fair amount 
when exposed to either extreme of cold or 
hot outdoor (and solar radiation-induced) 
temperatures. This is an important consid-
eration when designing roof assemblies.

The heat flow and tem-
perature field measurements 
show a difference in behavior 
among the polyiso, stone wool, 
and hybrid insulation strate-
gies. Stone wool has a heat 
capacity approximately 3.4 
times higher than polyiso for 
the same-design R-value, which 
likely affects peak temperatures 
of the membrane and interior 
and offsets the peak load (ther-
mal lag effects). In short, higher 
heat capacity of the stone wool 
insulation reduces the peak 
membrane temperature, which 
is positive to the longevity of 
the membrane, and reduces 
the peak interior temperature, 
which is typically a positive 
for the occupants. In addition, 
stone wool has a more stable 
R-value than polyiso, so it insu-
lates better when exposed to 
larger temperature differences, 
as experienced during testing. 

Movement of the insula-
tion boards is being monitored 
using displacement sensors 
between insulation boards in 
the north-south and east-west 
directions. To date, a small 
amount of shrinkage (<1 mm in 
1220 mm, or 0.08 percent) has 
been observed between polyi-
so boards, and diurnal move-
ment of both polyiso and stone 
wool insulation boards is less 

than 0.08 percent under peak temperature 
cycles. In the case of the polyiso, these val-
ues are lower than initially expected, based 
on our experience with polyiso and previous 
monitoring. 

While RH and water vapor levels within 
each of the roof assemblies started off low 
after installation in late summer, RH levels 
have increased during the first full sum-
mer. Water vapor moves within the stone 
wool insulation more readily than within 
the polyiso insulation, resulting in greater 
accumulations during periods of high and 
low temperature. This means that with 
stone wool insulation, there is the potential 
for more water vapor redistribution with the 
roof system in the event of a leak. 

This study provides insight into the 
behavior of differently insulated convention-
al roof assemblies with light-to-dark roofing 
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Figure 20 – Hourly RH levels below insulation demonstrating the diurnal influence of 
solar radiation on stone wool-, hybrid-, and polyiso-insulated assemblies (white vs. black 
membrane), June 30 and July 1, 2013.

Figure 19 – RH below insulation, sorted from highest to lowest RH levels – September 15, 
2012, through July 3, 2013.



membranes. The study is ongoing and will 
continue for the next few years. 
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FOOTNOTES
1. Stone wool is the same material as 

mineral wool/mineral fiber but has a 
higher fiber density (typically above 
10 pounds per cubic foot) and is 
intended for roofing rather than wall 
applications. 

2. Apparent R-value is the actual ther-
mal resistance of the insulation, 
which varies with temperature and 
due to other factors, such as age. 

3. In all of the subsequent plots within 
the legend code, “W” refers to the 
white roof membrane, “G” for gray, 
and “B” for black. ISO refers to the 
polyiso insulation, ISO-SW refers to 
the hybrid (stone wool over polyiso), 
and SW refers to the stone wool. The 
nine different test areas are defined 
in short form using a combination of 
these letters.

S y m p o S i u m  o n  B u i l d i n g  E n v E l o p E  T E c h n o l o g y  •  n o v E m B E r  2 0 1 3   d E l l  A n d  F i n c h   •   1 0 7




