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ABSTRACT

Solar radiation absorption and reflection on roof surfaces
affects heating and cooling energy demand. Prior studies of
energy costs associated with the long-term trend toward using
highly reflective roof membranes, (i.e., “cool roofs”) are reviewed
and shown to have conflicting results in terms of the impact on
heating costs. Also, the guidance for membrane reflectivity selec-
tion for building designers in terms of climate zone and/or heating
and cooling degree days has not been clear. In this paper, both
2015 energy costs and insulation codes by state have been used
to model the impact of cool roofs on building energy demand.
Assuming natural gas as a heating energy source and electric air-
conditioning, then the modeled cool roofs are shown to provide a
net cost savings across all cities studied, even when long-term
membrane reflectivity values are considered. When electric
demand charges are factored in, there is little correlation between
the magnitude of savings and location climate.

INTRODUCTION

Reflective roof membranes, otherwise known as cool roofs,
account for greater than 50% of roof surfaces installed onto indus-
trial and low-slope commercial buildings each year. Such reflec-
tive roofs have the potential for decreasing cooling energy
consumption by lowering roof temperatures (Freund et al. 2006;
Ennis and Desjarlais 2009; Gaffin et al. 2010; Graveline 2013).
The reduced heat flux can result in both lowered total energy use
and peak demand—the latter associated with electric demand
charges (Hoff 2015).

While cool roof effects during summer seasons appear to be
well established, there are potential trade-offs during the winter
months because of reduced heat flux into the building. Poten-
tially, summer cooling energy savings need to be balanced against

winter heating penalties. Surprisingly, there does not seem to be
a consensus amongst roofing material manufacturers, building
design professionals, or other industry professionals as to
whether cool roofs provide savings across the United States or
only in certain regions (Ibrahim 2009, Ibrahim 2013, Graveline
2013). These analyses are frequently used to drive building codes
and associated material choices. Notably, the Denver City Coun-
cil recently accepted many of the International Code Council’s
(ICC’s) 2015 model codes but rejected those calling for the use of
highly reflective roof materials (Hart 2016).

The aim of this paper is to examine the winter versus summer
energy costs associated with cool roofs across a range of cities in
the United States using modeling tools. Recent energy cost data,
specific to each region has been used along with recent Interna-
tional Energy Conservation Code (IECC) roof insulation require-
ments. Previous studies are reviewed and the modeling
methodology used in this paper, with its prior validation, is
described.

PRIOR STUDIES

The role of thermal insulation to control heat flux in and out
of buildings has been understood, at least intuitively, for millen-
nia. For example, white reflective building coatings have been
employed in Mediterranean and equatorial cultures to reduce
summer heat loads for hundreds, possibly thousands, of years.
Previous studies based on both model analyses and field surveys
are discussed in the following subsections.

Model-Based Analyses

Formal studies on roof reflectance and building energy use
have consistently shown that higher reflectance membranes result
in lowered cooling energy use for southern climates (Akbari 1998,
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Akbari et al. 1998). Also, data derived from heat flux data through
roof systems were found to closely match that measured in build-
ings, and the reduced heat load due to higher reflectance roof
coverings found to lower cooling costs (Akridge 1998; Parker et al.
1998). However, these studies focused on southern locations
where, by any measure, cooling costs far outweigh heating costs.

An analysis of energy costs associated with membrane reflec-
tance as well as various insulation level choices was done for West
Virginia locations using the Department of Energy’s cool roofing
calculator, CoolCalc (Matter 2008). This analysis, which has been
widely promulgated, was claimed to show that highly reflective
membranes actually increase energy costs. The study suggests that
cool roof decisions should be based on a comparison of heating
degree days (HDD) versus cooling degree days (CDD). If HDD
are larger than CDD, the study suggests that cool roofs do not
provide savings. Unfortunately, information about the energy type
and cost assumptions used in Matter’s analysis were not disclosed.

HDDs and CDDs are a measure of how much (in degrees)
and for how long (in days) average outside air temperature differs
from a specific base temperature, typically 65°F (18°C). The
proposal that roof reflectivity decisions should be based on an
HDD versus CDD basis (i.e., that cool roofs provide a benefit only
if cooling days dominate) was also proposed by Ibrahim (2009). In
this paper, it was disclosed that the analysis used electricity as the
energy source for heating.

A detailed analysis of cool-roof-based energy savings for
nine major U.S. cities suggested that cities with very large CDDs
would benefit from cool roofs while those with high HDDs would
benefit from darker, more absorptive roofs (Mellott et al. 2013).
This result was obtained using a beta version of the Oak Ridge
National Laboratory’s (ORNL’s) Roof Savings Calculator, which
used a whole-building approach. However, a comparison of the
data using CoolCalc shifted the results to suggest that more cities
would benefit from cool roofs. The Roof Savings Calculator
remains as a beta version on the ORNL site.

Using CoolCalc, an examination of the benefits and trade-
offs of insulation levels and reflectance showed that energy cost
savings were achieved with cool roofs in both southern and north-
ern cities (Xing and Taylor 2009). In this study, carried out using
regional energy costs, the northernmost city, Chicago, had
savings, albeit at a small level. Similarly, increasing insulation
levels reduced the magnitude of energy savings, but did not change
a savings to a cost.

Hosseini and Akbari (2015) modeled the behavior of a range
of buildings in four cold-climate cities in North America: Anchor-
age, AK; Milwaukee, WI; Montreal, QC; and Toronto, ON. They
found net annual energy cost savings for cool roof use for all four
cities.

Modeling results must always be validated with experimental
or real world data. The following subsection is a summary of avail-
able field surveys.

Field Surveys

Konopacki and Akbari (2001) studied rooftop temperatures
and energy costs of a retail store in Austin, TX, before and after

switching a black membrane to a white membrane. The average
summertime roof surface temperature decreased from 168°F to
126°F (75.5°C to 52.2°C) and significant overall and peak energy
costs savings were achieved. Because the membrane installation
costs were nearly identical, the payback was essentially instanta-
neous.

Fenner et al. (2014) described the experience of a major
national retailer after instituting cool roof use. Energy cost savings
associated with cool roofs were experienced across the entire
national store portfolio. It was noted that even in northern climates
overall cooling costs exceeded heating costs in all of the retail
outlets. In the few instances of using dark roofs in northern areas
within the portfolio, no reduction in heating energy was noted.

Fischer (2013) reported heat flux measurements and energy
costs associated with a multiwing correctional facility in New
York. Building sections roofed with dark colored membrane
showed significantly more summer heat flux into the building as
compared to sections roofed with a cool roof, all having the same
insulation level. During the winter months, the dark roof showed
slightly less heat loss versus the reflective membrane. However, an
energy cost analysis was not truly possible because only the cool
roof section had air-conditioning and the absorptive roof section
did not.

Gaffin et al. (2012) evaluated the multi-year albedo and
surface temperatures of a range of reflective roof surfaces within
New York City. The results showed that dark roof surfaces were
notably warmer during summer months and that temperatures
were almost equivalent during winter months. The authors noted
that while the reflective roofs generally maintained EPA
ENERGY STAR® Reflective Roof standards over a three year
time frame, some maintenance was required after storm events
that deposited dirt and debris on the surfaces.

Field studies of the impact of reflective roofs on building
energy costs appear to be limited in number. It could be that side
by side comparisons are difficult, given the variability of building
designs. Also, when converting a roof from one type to another the
associated energy costs are temporal and other parts of the roof
system, such as insulation quantity, can be changed at the same
time. For these reasons, models remain as a primary tool to exam-
ine reflectivity impacts on energy costs. The following discussion
examines common modeling tools and their validation.

HEAT FLUX MODELS

In the United States, models were initially used to quantify
energy flux in and out of the building envelope. PROPOR (Prop-
erties, Oak Ridge) was an early example and was used for param-
eter estimation of thermal conductivity and heat capacity of
building components using temperatures and heat fluxes as inputs
(Courville and Beck 1987). The STAR (Simplified Transient
Analysis of Roofs) model, developed by Wilkes (1989), simulates
heat flow in multilayer roof systems and includes the effects of
solar radiation, infrared radiation, and outdoor temperature.
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CoolCalc

Petrie et al. (2001, 2004) used the STAR model as the basis
of the energy calculator tool known as CoolCalc, published by
ORNL. The tool was developed to provide estimated energy cost
differences associated with changing reflectivity and emissivity
properties for a roofing membranes and thermal insulation values.
Subsequently, a modified version, CoolCalcPeak, was published
that calculated savings when demand charges were factored in.
Demand charges are a cost per kilowatt at the highest level of
demand during a billing period and are added to the total kilowatt
per hour usage level in that period. The tool also enables the
savings associated with increasing insulation levels to be calcu-
lated. The tools incorporate climate data for 263 U.S. cities.

CoolCalc and CoolCalcPeak do not assume building geom-
etry. They simply calculate energy loads on a building based on
roof design (reflectance, emissivity, and insulation values) and
local climate factors. Those energy loads might be a large percent-
age of the total, for a wide, low building, or a small percentage for
a tall, narrow building. These calculators estimate energy loads
based on the roof alone.

Validation of CoolCalc

Desjarlais et al. (2008) used STAR, the underlying model, to
calculate the energy loads of a range of roofs and then compare
them to test a roof’s measured values. Their data was shown for a
range of roofs, including ballasted systems, relative to a white TPO
roof. In general, the modeled data agrees well with the measured
heat flows. However, in the case of EPDM, they found the
measured heat flux to be significantly lower than was predicted.
Since EPDM is frequently used as the “comparison membrane” in
cool roof calculations, this suggests that CoolCalc might overes-
timate savings. The error could be as large as around 20%, based
on data shown.

Freund et al. (2006) simulated the effect of roof reflectance on
energy costs in Minneapolis, MN, and Denver, CO. This study is
notable in that it did not use CoolCalc or any other STAR variant,
but used TRNSYS, a transient systems simulation program devel-
oped by the University of Wisconsin (Klein et al. 2017). The work
was based on a hypothetical large, single-story, retail store (i.e.,
“big box”), and factored in door and window areas, wall insulation
values, internal energy gains (including people), and detailed local
weather factors. The latter included snow load on the building
roof. The conclusion was that the building would experience
energy savings in both Denver, CO, and Minneapolis, MN, with a
white roof as compared to a dark roof. The savings were reduced
with more insulation, but there was no evidence of a heating
penalty caused by white roofing. This study therefore suggests that
CoolCalc, which shows a similar result, is indeed valid.

METHODS / ANALYSIS INPUTS

Utility Costs

According to the Department of Energy Buildings Energy
Data Book (DOE 2011), electricity is used to supply less than 20%
of space heating energy demand for commercial buildings. There-

fore, natural gas was the assumed heat source, with costs based on
the annual average by state for commercial customers using 2015
U.S. Energy Information Administration (EIA) data. Electric
costs were based on EIA commercial customer data by state for
May 2015—the latest data available. 

Demand charges were obtained per utility for each city being
studied from a Utility Rate Database for which rates are checked
and updated annually by the National Renewable Energy Labora-
tory (NREL) in partnership with Illinois State University’s Insti-
tute for Regulatory Policy Studies. In cases where multitiered
demand charges were cited, they were averaged across the appli-
cable months to provide the single input required by CoolCal-
cPeak. 

Although this study is necessarily limited to the use of the
most recent published energy cost information, projections to
2040 do not suggest large changes. The Annual Energy Outlook
for 2017 from the U.S. Energy Information Administration proj-
ects gas costs rising from $8 to $12 per thousand cubic feet ($28.25
to $42.38 per hundred cubic meter) between 2016 and 2040. Simi-
larly, electric costs were projected to increase from $0.105 to
$0.115 per kWh across the same period (EIA 2017).

Roof System

The CoolCalc calculators compare energy costs relative to a
nominally nonreflective roof membrane. Two scenarios were
used: an initial solar reflectance of 76 and emittance 90 and a three
year aged reflectance of 68 and emittance 83, these representing
long term roof performance. This would be typical of a thermo-
plastic polyolefin membrane (TPO). 

An insulation R-value was selected according to the 2015
International Energy Code per state (ICC 2014). An exception was
made for Fargo, ND, where the Code is R-35 (RSI 6.16). However,
CoolCalc only allows a maximum of R-32 (RSI 5.64), because it
has not been updated for R-values any higher. The maximum
value of R-32 (RSI 5.64) was therefore used for Fargo, ND.

Heating and Cooling Efficiencies

Building air-conditioning coefficient of performance (COP)
was set as 2.0 and the natural gas heating efficiency was set as 0.7
(i.e., both at mid range). These values are recommended within the
CoolCalc model as being typical for existing buildings. Re-roof-
ing accounts for approximately 80% of commercial roof installa-
tions (National Contractor 2016). Therefore, roofing reflectivity
comparisons based on average heating and cooling efficiencies are
appropriate.

Climate Data

The CoolCalc calculators report the HDD and CDD data on
which the calculations are based. Energy savings were scaled by
the ratio between those historical values and data reported specif-
ically for 2015 by AccuWeather. A total of 18 U.S. cities were
included in the analysis, selected on the basis of size and avail-
ability of all the required input data, as shown in Table 1.
90 ASHRAE Transactions
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RESULTS AND DISCUSSION

The CoolCalc tools provide energy savings data on a floor
area; this was scaled to a 125,000 ft2(11,613 m2) building,
which is representative of a typical big box retail store. 

The annual cost savings, calculated without peak demand
charges, as a function of climate zone are shown in Figure 1.

The data suggest that energy savings are obtained climate
zones 1 through 7, so long as air-conditioning is used. It is
worth noting that the northernmost city included was Fargo,

ND. There is a significant spread of data within some of the
climate zones, which could not be correlated with known
factors such as climate zone sub-type (e.g., Zone 3A versus
Zone 3B). Therefore, the savings were also compared to the
(HDD – CDD) values, as shown in Figure 2.

In cases where HDD – CDD is positive, heating domi-
nates, and when they are negative, cooling dominates. The
data strongly suggest that the energy cost associated with
mitigating heat flux into a building during summer months
(i.e., via air conditioning) is always greater than the cost of

Figure 1 Annualized costs savings obtained for 18 cities as a function of climate zone based on a 125,000 ft2 (11,613 m2)
roof with the circles indicating the initial reflectance and emittance values and the triangles indicating aged reflec-
tance and emittance values.

Figure 2 Energy savings for 18 cities as a function of HDD – CDD values with the circles indicating the initial reflectance
and emittance values and the triangles indicating aged reflectance and emittance values. 
92 ASHRAE Transactions
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replacing the heat lost through the roof system during winter
months. If absorptive roofs are selected whenever HDD is
larger than CDD, then the savings identified across 13 cities
in this analysis would be lost. This finding is significantly
different to that of Mellott et al. (2013), who used a different
calculator than the one used in this paper. They did note a
difference between results when comparing their data with
that from CoolCalc. This suggests that work remains to be
done to validate the various models and calculators that are
in use within the industry.

When demand charges are included in the analysis, the
savings versus HDD – CDD increase significantly as shown in
Figure 3. However, the relationship between HDD – CDD and
savings was very weak and a linear correlation was essentially
meaningless.

The inclusion of demand charges in the analysis appears
to remove any climate zone considerations into energy savings
achieved with cool roofs. This strongly suggests that if a cool
roof is being considered for energy cost savings, an analysis
should be done regardless of geographic location.

Effect of Membrane Aging

The data discussed so far has shown both the savings
associated with as supplied membrane (i.e., new) and aged
membrane. Comparing the savings obtained at the three-year
point as a percentage of original is shown as a function of
HDD – CDD in Figure 4.

The average savings across all cities was 85.4%. The
three-year-old reflectance and emittance values represent a

long-term expectation of performance. This suggests that,
regardless of location and energy costs, the aged membrane
reflectivity will result in savings around 85.4% as compared to
the original installation. 

CONCLUSION

For every examined city, spanning climate zones 1
through 7, modeling predicts energy savings will be achieved
by converting from a dark, absorptive roof membrane to a
highly reflective cool roof. When calculated using three-year-
old reflectance values (which assume some dirt buildup on the
membrane), the savings were at 85% of the original across all
locations and associated energy costs. The work strongly
suggests that, regardless of location and local climate, cool
roofing will result in building space heating and cooling
energy savings providing that buildings are heated with natu-
ral gas and cooled by electric air conditioning.

Previously published correlations of energy savings with
HDDs and CDDs, for example those by Ibrahim (2009) and
Mellot et al. (2013), have not been validated. In fact, once
demand charges are factored in, there appears to be little
correlation between energy savings and local climate. This
suggests that a building designer should model energy costs
versus roof reflectivity on a case-by-case basis but can always
expect some level of savings.

This study used 2015 energy cost data, the latest year for
which such data are available on a state-by-state basis. The
potential impact of long-term energy cost trends was beyond
the scope of this work. However, it was noted that projections

Figure 3 Energy savings, including demand charges for 18 cities as a function of (HDD - CDD) values with the circles indi-
cating the initial reflectance and emittance values and the triangles indicating aged reflectance and emittance
values. 
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to 2040 suggest modest increases for both electric and gas
costs. Such an eventuality would result in the broad conclu-
sions reached in this paper remaining valid. Future work could
consider presenting data in terms of energy units saved to
avoid being locked into a specific temporal cost model.

The calculated energy savings achieved with cool roofs
can be regarded as being conservative because the latest high
levels of insulation are assumed.

When aged reflectance and emittance values for cool
roofs are factored in, energy savings remain at 85% of the
initial installed values. This would suggest that energy cost
savings achieved with cool roofs will remain, albeit slightly
reduced, throughout the life expectancy of the roof.

Definitive validation of the data provided here would
require side-by-side comparison of energy costs for buildings
that only varied by roof reflectance. However, the work of
Fenner et al. (2014) is indicative of the value of converting
absorptive roofing to highly reflective materials. Also, in
comparing the results here with those of previous studies, it is
clear there is a need to understand differences between the
various models and calculators in use within the industry.
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