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PREFACE

The California Energy Commission Energy Research and Development Division supports
public interest energy research and development that will help improve the quality of life in
California by bringing environmentally safe, affordable, and reliable energy services and
products to the marketplace.

The Energy Research and Development Division conducts public interest research,
development, and demonstration (RD&D) projects to benefit California.

The Energy Research and Development Division strives to conduct the most promising public
interest energy research by partnering with RD&D entities, including individuals, businesses,
utilities, and public or private research institutions.

Energy Research and Development Division funding efforts are focused on the following
RD&D program areas:

e Buildings End-Use Energy Efficiency

e Energy Innovations Small Grants

¢ Energy-Related Environmental Research

e Energy Systems Integration

¢ Environmentally Preferred Advanced Generation

e Industrial/Agricultural/Water End-Use Energy Efficiency
¢ Renewable Energy Technologies

e Transportation

Reflectometer Measurement of Roofing Aggregate Albedo is the final report for the project of the
same name (contract number 500 - 10 - 052) conducted by Lawrence Berkeley National
Laboratory. The information from this project contributes to Energy Research and Development
Division’s Buildings End-Use Energy Efficiency Program.

For more information about the Energy Research and Development Division, please visit the
Energy Commission’s website at www.energy.ca.gov/research/ or contact the Energy
Commission at 916-327-1551.
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ABSTRACT

Many United States and international energy standards, codes, and programs, including 2013
California Title 24 and the 2010 California Green Building Standards Code, reference the Cool
Roof Rating Council's Product Rating Program CRRC-1 for initial and aged values of the solar
reflectance (albedo) and thermal emittance of roofing products. The CRRC-1 process works well
for roofing products that can be represented by an easily measured and transported coupon,
such as single-ply membranes, cap sheets, clay and concrete tiles, asphalt shingles, metal
products, wood shingles, and field-applied coatings (on substrate), but not for roofing
aggregate —loose rock covering the surface of the roof to provide ultraviolet protection, ballast,
thermal mass, and/or high albedo.

A solar reflectometer is commonly used to determine the albedo of roofing products. This study
evaluates three new methods for solar reflectometer measurement of the albedo of the irregular
surface of a bed of roofing aggregate. Method A determines the albedo of an aggregate bed by
averaging many reflectometer readings of a small sample of aggregate. Method B relates the
albedo of the aggregate bed to reflectometer measurements of the albedo of an opaquely thick
pile of finely crushed aggregate. Method C relates the albedo of the aggregate bed to
reflectometer measurements of the albedo of a faux roofing shingle surfaced with finely crushed
aggregate. When applied to the 17 specimens tested in this study, Method A worked well for all
but the largest aggregates; Methods B and C worked well for all aggregates. The absolute mean
error of each method was less than 0.01, and the root mean square error of each method did not
exceed 0.021.

Keywords: albedo; roofing aggregate; solar reflectometer; pyranometer; CRRC-1

Please use the following citation for this report:

Levinson, Ronnen; Sharon Chen; Paul Berdahl; Pablo Rosado; Louis Medina. (Lawrence
Berkeley National Laboratory). 2014. Reflectometer Measurement of Roofing Aggregate
Albedo. California Energy Commission. Publication number: CEC-500-2014-110.
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EXECUTIVE SUMMARY

Introduction

Many United States and international energy standards, codes, and programs, including 2013
California Title 24 and the 2010 California Green Building Standards Code, reference the Cool
Roof Rating Council's Product Rating Program, CRRC-1, for initial and aged values of the solar
reflectance (albedo) and thermal emittance of roofing products. The CRRC-1 process works well
for roofing products that can be represented by an easily measured and transported coupon,
such as single-ply membranes, cap sheets, clay and concrete tiles, asphalt shingles, metal
products, wood shingles, and field-applied coatings (on substrate), but not for roofing
aggregate —loose rock covering the surface of the roof to provide ultraviolet-protection, ballast,
thermal mass, and/or high albedo.

Project Purpose

A solar reflectometer is commonly used to determine the albedo of roofing products. This study
evaluates three new methods for solar reflectometer measurement of the albedo of the irregular
surface of a bed of roofing aggregate. Specifically, it explores whether it is possible to (A)
accurately measure the albedo of an aggregate bed by averaging many solar reflectometer
measurements; (B) relate the albedo of an aggregate bed to reflectometer measurements of the
albedo of an opaquely thick pile of finely crushed aggregate; and/or (C) prepare a durable
coupon of finely crushed aggregate bound to a substrate whose albedo can be related to that of
the aggregate bed. These reflectometer methods would serve generally as techniques for
laboratory measurement of roofing aggregate albedo, and specifically to evaluate albedo within
the context of a roofing product rating program.

Project Results

When applied to the 17 specimens tested in this study, Method A worked well for all but the
largest aggregates; Methods B and C worked well for all aggregates. The absolute mean error of
each method was less than 0.01, and the root mean square error of each method did not exceed
0.021. Complete results may be found in APPENDIX A: Reflectometer Measurement of Roofing
Aggregate Albedo.

Within the context of the CRRC-1 product rating program referenced by 2013 California Title 24
and the 2010 California Green Building Standards Code, Method A is practical only if test farms
are permitted to operate as test labs. Method C is compatible with the existing program, since
coupons can be exposed at the test farm but measured at the test lab. Method B is not
recommended since it is suited only to determination of initial albedo.

While these methods do not address measurement of the thermal emittance of roofing
aggregate, we expect all roofing aggregate, clean or soiled, to have high thermal emittance. The
role of the CRRC is to report measured values. However, it would be reasonable for 2013
California Title 24 and the 2010 California Green Building Standards Code to assign a default
thermal emittance of 0.9 to roofing aggregate in the absence of a measured value.



Project Benefits

The project has developed three reflectometer-based methods (A, B, C) that can be used to
measure the albedo of roofing aggregate. Of these, Methods A and C could be incorporated into
the CRRC-1 product rating program. Availability of CRRC-approved ratings for roofing
aggregate albedo will permit accurate evaluation of the aggregate roofing for Title 24
performance compliance.



CHAPTER 1:
Introduction

Many United States (U.S.) and international energy standards, codes, and programs, including
2013 California Title 24 and the 2010 California Green Building Standards Code, reference the
Cool Roof Rating Council's (CRRC) Product Rating Program, CRRC-1, for initial and aged
values of the solar reflectance (albedo) and thermal emittance of roofing products. The CRRC-1
process works well for roofing products that can be represented by an easily measured and
transported coupon, such as single-ply membranes, cap sheets, clay and concrete tiles, asphalt
shingles, metal products, wood shingles, and field-applied coatings (on substrate), but not for
roofing aggregate —loose rock covering the surface of the roof to provide ultraviolet (UV)-
protection, ballast, thermal mass, and/or high albedo.

This chapter summarizes the study, and presents some conclusions and recommendations. The
complete study may be found in APPENDIX A: Reflectometer Measurement of Roofing
Aggregate Albedo.

1.1 Approach and Goals

Roofing product albedo is often determined with a solar reflectometer. This laboratory
instrument can measure the albedo of a flat surface following American Society for Testing and
Materials (ASTM) C1549-09 (Standard Test Method for Determination of Solar Reflectance Near
Ambient Temperature Using a Portable Solar Reflectometer). However, if the surface is
irregular, with a roughness scale comparable to the diameter of the reflectometer’s sample port,
displacement of the surface from the port can reduce sample illumination. This can lead the
instrument to underestimate the albedo of the surface. A layer of roofing aggregate tends to
form an irregular surface that can be displaced from a reflectometer port.

This study explores whether it is possible to (A) accurately measure the albedo of an aggregate
bed by averaging many solar reflectometer measurements; (B) relate the albedo of an aggregate
bed to reflectometer measurements of the albedo of an opaquely thick pile of finely crushed
aggregate; and/or (C) prepare a durable coupon of finely crushed aggregate bound to a
substrate whose albedo can be related to that of the aggregate bed. These reflectometer methods
would serve generally as techniques for laboratory measurement of roofing aggregate albedo,
and specifically to evaluate albedo within the context of a roofing product rating program.

We prepared 17 large beds of different specimens of roofing aggregate. After measuring the
albedo of each bed with an albedometer (ASTM E1918-06: Standard Test Method for Measuring
Solar Reflectance of Horizontal and Low-Sloped Surfaces in the Field), we collected a sample of
the aggregate and crushed some of the sample to fine granules. Following method C1549, we
used a solar reflectometer to measure the albedos of opaque piles of aggregate and opaque piles
of granules. We adhered granules to metal substrates to produce faux shingles, and then
measured the albedo of each shingle with the solar reflectometer. OFigure 1 shows an aggregate
bed, opaque granule pile, and shingle prepared from white ballast.



We gauged shingle durability by measuring granule retention after each shingle was exposed to
cycles of heat, moisture, and ultraviolet radiation in a weatherometer.

Figure 1: Aggregate bed, opaque granule pile, and shingle prepared from white ballast.
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1.2 Outcomes

By comparing albedometer measurement of aggregate bed albedo to reflectometer
measurements of aggregate pile, granule pile, and faux shingle albedo, we have developed and
demonstrated three methods that can be used to determine the albedo of roofing aggregate with
a solar reflectometer. Reflectance measurement is simple in each case, but the methods vary in
complexity of sample preparation, and in the durability and transportability of the sample.

Method A measures the initial and aged albedos of a small aggregate pile; aggregate bed albedo
equals aggregate pile albedo. For the 17 specimens test in this study, this method predicted
aggregate bed albedo with a mean error of 0.006 and an RMS error of 0.021.

Method B measures the initial albedo of an opaque pile of finely crushed aggregate. Aggregate
bed albedo is computed from one curve fit for non-white aggregate, and another for white
aggregate. For the 14 non-white aggregate tested in this study, this method predicted aggregate
bed albedo with zero mean error and an RMS error of 0.015. For the 3 white aggregates tested in



this study, mean error was -0.006 and RMS error was 0.021. The method requires preparation of
granules.

Method C creates faux shingles from aggregate crushed to the size of conventional roofing
granules. Aggregate bed albedo is computed from a series of curve fits. For the 17 specimens
tested in this study, this method predicted aggregate bed albedo with a mean error of -0.002 and
an RMS error of 0.019 as depicted in Figure 2. This method requires preparation of both
granules and faux shingles.

Figure 2: Aggregate bed albedos predicted from shingle albedo (red circles) closely matches
those measured via pyranometer method E1918 (green squares).
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1.3 Conclusions

When applied to the 17 specimens tested in this study, Method A worked well for all but the
largest aggregates; Methods B and C worked well for all aggregates. The absolute mean error of
each method was less than 0.01, and the RMS error of each method did not exceed 0.021.



1.4 Recommendations

Within the context of the CRRC-1 product rating program referenced by 2013 California Title 24
and the 2010 California Green Building Standards Code, Method A is practical only if test farms
are permitted to operate as test labs. Method C is compatible with the existing program, since
coupons can be exposed at the test farm but measured at the test lab. Method B is not
recommended since it is suited only to determination of initial albedo. The authors will propose
Methods A and C to the CRRC for potential incorporation within the CRRC-1 product rating
program.

While these methods do not address measurement of the thermal emittance of roofing
aggregate, we expect all roofing aggregate, clean or soiled, to have high thermal emittance. The
role of the CRRC is to report measured values. However, it would be reasonable for 2013
California Title 24 and the 2010 California Green Building Standards Code to assign a default
thermal emittance of 0.9 to roofing aggregate in the absence of a measured value. We
recommend that Commission staff consider this option.

1.5 Benefits to California

The project has developed three reflectometer-based methods (A, B, C) that can be used to
measure the albedo of roofing aggregate. Of these, Methods A and C could be incorporated into
the CRRC-1 product rating program. Availability of CRRC-approved ratings for roofing
aggregate albedo will permit accurate evaluation of the aggregate roofing for Title 24
performance compliance.
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Term Definition

ASTM American Society for Testing and Materials
CRRC Cool Roof Rating Council

Energy California Energy Commission

Commission

PIER Public Interest Energy Research

RD&D Research, Development, and Demonstration
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SSR G1 Air mass 1 global horizontal solar reflectance output of the solar reflectometer
u.S. United States

uv Ultraviolet
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Abstract

A solar reflectometer is commonly used to determine the albedo of roofing products. This study
validates against pyranometer measurements of albedo three new methods for solar
reflectometer measurement of the albedo of the irregular surface presented by a bed of
roofing aggregate. Method A determines the albedo of an aggregate bed by averaging many
reflectometer readings of a small sample of aggregate. Method B relates the albedo of the
aggregate bed to reflectometer measurements of the albedo of an opaquely thick pile of finely
crushed aggregate. Method C relates the albedo of the aggregate bed to reflectometer
measurements of the albedo of a faux roofing shingle surfaced with finely crushed aggregate.
When applied to the 17 specimens tested in this study, Method A worked well for all but the
largest aggregates; Methods B and C worked well for all aggregates. The absolute mean error of
each method was less than 0.01, and the RMS error of each method did not exceed 0.021.

As an ancillary note, we find that beds of mineral particles have albedos that decrease with
increasing particle size, up to sizes at which the particles become opaque to sunlight.

Keywords

albedo; roofing aggregate; solar reflectometer; pyranometer

1 Introduction

Modern building energy efficiency standards prescribe or credit the use of solar-reflective
"cool" roofs in warm climates to save energy (Akbari & Levinson 2008). Decades of progress in
cool roof science, technology and policy have been summarized in reviews of cool roof
materials (Santamouris et al. 2011), energy savings (Akbari & Konopacki 2005; Levinson et al.
2005), urban heat island mitigation (Santamouris 2012; Navigant 2009), global cooling (Akbari
et al. 2012), standards (Akbari & Levinson 2008), weathering (Berdahl et al. 2008); and albedo
measurement (Levinson et al. 2010a,b; Akbari et al. 2008).
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Roofing product albedo is often determined with a solar reflectometer. This laboratory
instrument can measure the albedo of a flat surface following ASTM C1549-09 (Standard Test
Method for Determination of Solar Reflectance Near Ambient Temperature Using a Portable
Solar Reflectometer) (ASTM 2009). However, if the surface is irregular, with a roughness scale
comparable to the diameter of the reflectometer’s sample port, displacement of the surface
from the port can reduce sample illumination. This can lead the instrument to underestimate
the albedo of the surface. For example, Moore (2008) found that displacing a diffuse white tile
7 mm from the 2.5 cm diameter port of a reflectometer reduced its measured albedo by 25%
(to 0.63 from 0.85).

One popular roofing material is aggregate, or rock applied to a roof to provide ballast, thermal
mass, and protection from the sun. A layer of roofing aggregate (particle size about 1 — 4 cm)
tends to form an irregular surface that can be displaced from a reflectometer port. Two prior
studies in which a reflectometer was used to measure the albedo of aggregate either masked
the port to make its opening smaller than the face of the rock (Levinson and Akbari 2002), or
finely crushed the rock to make its particle size much smaller than the diameter of the port
(Marceau and VanGeem 2007). In neither case was an attempt made to relate the measured
albedo to that of a layer of the original aggregate. A review of published literature and a
discussion with the manufacturer of a widely used solar reflectometer (Moore 2013) have
turned up no prior studies of the accuracy with which a reflectometer can be used to measure
the albedo of a bed of roofing aggregate, or the albedo of a comparable surface.

As is well known, the reflectance of a rough surface is less than that of a smooth, flat surface of
the same composition. The underlying reason is that a photon reflected by a smooth, flat
surface will escape, whereas a photon reflected by a rough surface may return. Aida (1982)
used a pyranometer to compare the albedo of an array of concrete cubes to that of a flat
horizontal surface of the same composition. He found that the midday albedo of the flat surface
was 0.43 in winter and 0.38 in summer, the difference being attributable to the higher solar
altitude in summer. The midday albedo of the cube array was about 0.28, both summer and
winter, exhibiting loss of albedo due to roughness. More recently, Fortuniak (2008) investigated
analytically the reflectance of an urban canyon, assuming that the angular distribution of
reflectance was perfectly diffuse (Lambertian). For a linear canyon of surface albedo 0.40, with
height equal to width, albedo ranged from about 0.18 to 0.22, varying with solar altitude and
azimuth. Here again, the surface roughness caused a substantial reduction in albedo.

Matthias et al. (2000) investigated how roughness affects the albedo of soil. They found that a
smooth soil layer (“seedbed”) had an albedo that increased slightly at low solar altitude.
Averaging over sun angles, they found that increases in surface roughness always yield lower
albedos. For the most reflective soil studied, rough plowing reduced albedo to 0.21 (plowed)
from 0.28 (smooth).

In the past, pyranometer measurements have been the only technique for determining the
albedo of aggregate-covered surfaces. One pioneering study was that of Reagan and Acklam
(1979), who used a silicon pyranometer to determine the solar reflectances of roofs with
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various types of aggregate. The use of a silicon detector does limit accuracy since it misses the
roughly 25% of solar energy incident at wavelengths longer than 1.1 micrometers. Another
concern is that the minerals used for aggregate have natural variations in composition. Thus,
sample-specific measurements are required if confidence is needed in estimation of albedo.

Reagan and Acklam asserted that a rough estimate of solar albedo can be made by evaluating
visual brightness. For many materials this is a reasonable procedure, although for spectrally
selective materials large errors are possible. Despite the obstacles faced by Reagan and Acklam,
their 70+ tabulated albedo values for various roofing types are in good general agreement—
where comparison is possible—with more modern spectrometer-based measurements of non-
aggregate roofing made by Parker et al. (2000) and by Berdahl and Bretz (1997).

Unlike overall measurements of aggregate albedo, spectral measurements of the reflectance of
minerals are fairly plentiful (Touloukian et al. 1972; Clark et al. 2007). These measurements,
taken together with an evaluation of visual brightness, offer a rough means for estimating the
albedo of an aggregate-covered surface.

A solar reflectometer offers several potential advantages over a pyranometer for measurement
of the albedo of a layer of roofing aggregate. First, the area of the sample tested in
reflectometer method C1549—typically 25 to 1000 cm?, depending on surface uniformity and
the need for random sampling—can be several orders of magnitude smaller than the minimum
4 m diameter target required by pyranometer method ASTM E1918-06 (Standard Test Method
for Measuring Solar Reflectance of Horizontal and Low-Sloped Surfaces in the Field) (ASTM
2006). The large diameter is needed to properly fill the pyranometer’s field of view. Second, a
reflectometer provides its own light source, permitting use indoors or outdoors, without regard
to solar position or sky condition. Third, this internal light source is regulated and consistent in
spectrum and geometry, avoiding the variabilities in spectral power distribution and incidence
angle associated with use of a natural light source (Levinson et al. 2010a,b).

This study explores whether it is possible to (A) accurately measure the albedo of an aggregate
bed by averaging many solar reflectometer measurements; (B) relate the albedo of an
aggregate bed to reflectometer measurements of the albedo of an opaquely thick pile of finely
crushed aggregate; and/or (C) prepare a durable coupon of finely crushed aggregate bound to a
substrate whose albedo can be related to that of the aggregate bed. These reflectometer
methods would serve generally as techniques for laboratory measurement of roofing aggregate
albedo, and specifically to evaluate albedo within the context of a roofing product rating
program (Appendix A). Such ratings are referenced in building energy standards, green building
codes, and energy efficiency incentive programs used around the world.

2 Experiment

2.1 Terminology: bed, pile, faux shingle, and opacity

In this manuscript, an aggregate "bed" is a layer of aggregate applied at a rate (mass/area)
consistent with typical roofing practices and large enough for E1918 measurement of albedo (at
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least 4 m in diameter, or 4 m on a side). A "pile" is a layer of rock in a shallow container, such as
a petri dish or cardboard box. A granule is finely crushed rock, about 1 mm in diameter. A “faux
shingle” is a monolayer of granules adhered to a metal substrate.

"Opaque" means opaque to sunlight. A pile is considered opaquely thick when its albedo is
independent of that of its substrate. Adding more rock should not change the albedo of an
opaque pile.

2.2 Overview

We prepared 17 large beds of different specimens of roofing aggregate. After measuring the
albedo of each bed with an albedometer (method E1918), we collected a sample of the
aggregate and crushed some of the sample to fine granules. Following method C1549, we used
a solar reflectometer to measure the albedos of opaque piles of aggregate and opaque piles of
granules. We adhered granules to metal substrates to produce faux shingles, then measured
the albedo of each shingle with the solar reflectometer. We gauged shingle durability by
measuring granule retention after each shingle was exposed to cycles of heat, moisture, and
ultraviolet radiation in a weatherometer.

We further explored the variation of albedo with particle size by testing opaque piles of mono-
size steel spheres, mono-sized white plastic spheres, and sieved crushed rock.

2.3 E1918 pyranometer measurement of aggregate bed albedo

In July 2012, we prepared 7.6 m x 7.6 m (25' x 25') beds of 17 different roofing aggregates on a
recently sealed (newly black) asphalt concrete pavement at an aggregate plant in Riverside, CA
(Table 1; Figure 1).

On July 16 between 10:11 and 16:01 local daylight time, we measured the albedo of each bed
following standard E1918. Specifically, we centered a Kipp-Zonen CMAG6 first class albedometer
(an instrument that integrates two Kipp-Zonen CMP6 first-class pyranometers back to back)
over each bed, leveling the pyranometers and placing the lower sensor 50 cm above the bed.
The albedometer's support arm was aimed toward the sun to reduce shadow error (ESM Figure
B-1). Albedo was computed as the ratio of reflected sunlight (upflux) to incident sunlight
(downflux). We performed three trials at the center of each bed within about three minutes,
and verified that the span (max — min) of the three albedos did not exceed 0.01. The sky was
clear, and the solar altitude over the course of the 17 tests ranged from 48° to 67°, ensuring
that the angle between the solar beam and the normal to the horizontal bed was always less
than 45°. Manufacturing operations were suspended this day to minimize airborne dust.

2.4 C1549 reflectometer measurement of aggregate pile albedo

We prepared an opaque, level pile of each aggregate in a shallow box, 15 cm x 15 cm x 1.3 cm
(6" x 6" x 0.5") (Figure 3). Using solar reflectance output "G1" of a Devices & Services Solar
Spectrum Reflectometer (SSR), version 6, we measured the air mass one global horizontal
(AM1GH) solar reflectance of each 2.5 cm x 2.5 (1" x 1") cell in a 5" x 5" grid centered within
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the pile. That is, the instrument has a 1" sample port, and we measured reflectance at 25 non-
overlapping spots centered at integer inch coordinates ranging from (1, 1) to (5, 5). This offered
a 1.3 cm (0.5") buffer around the tested area to guard against edge effects.

To establish a consistent and repeatable technique, the port was kept horizontal during all
measurements, lightly touching the surface. The AM1GH (air mass 1 global horizontal, "G1")
output of the reflectometer was selected because the shape of its spectral response is most
consistent with that of global horizontal solar spectral irradiance (Levinson et al. 2010a,b).

2.5 Preparation of granules (finely crushed rock)

Randomly selected samples of aggregate were selected from each bed. A custom-built roll
crusher (ESM Figure B-2a) was employed to reduce some of the sampled aggregate to very fine
rock (granules) that could be used to surface faux shingles. After passing through the crusher
rolls (ESM Figure B-2b), the rock was sized with a mechanically agitated sieve stack (U.S. mesh
sizes 8, 12, 16, 20, 30, 40, and pan) (ESM Figure B-2c). The sorted particles were combined with
mass fractions typical of #11 granules (ESM Figure B-2d; Table 2). Such granules have a mass
median diameter (MMD, a.k.a. Dsg) of about 1.3 mm, and are commonly used to surface roofing
products, including asphalt shingles, stone-coated metal, and cap sheets. We retained samples
of the original aggregate, unsorted crushed rock, and granules for laboratory testing (Figure 2).

Aggregate 02 (arctic white granules) was neither crushed nor sieved, since it was already at size
#11. That is, 02 aggregate and 02 granules are the same.

2.6 C1549 reflectometer measurement of granule pile albedo

A level pile of each specimen's granules was prepared in a 9 cm diameter metal dish, first with a
black substrate of albedo 0.05, and then with a white substrate of albedo 0.69. Its AM1GH
albedo was measured with the reflectometer at five overlapping spots within each pile. Granule
pile height was gradually increased from a monolayer (one granule high) until the pile's albedo
over white matched that over black, and ceased to change with height. Granule piles became
opaque at heights ranging from about 1 to 5 mm, or about 1 to 6 monolayers (Table 3). Pile
heights in mm and monolayers were calculated from pile mass using the measured bulk density
of the granules and the measured mass per unit area of a granule monolayer, respectively.

Once opaque pile heights were established, five opaque granule piles, each in a 7 cm diameter
clear petri dish, were prepared for each specimen. Opaque granule pile albedo was calculated
as the mean of 4 non-overlapping measurements in each of the five piles, thereby averaging 20
non-overlapping readings.

2.7 Exploration of albedo variation with particle size

To better understand the relationship between aggregate bed albedo and granule pile albedo,
we used the reflectometer to measure the AM1GH albedos of various materials as a function of
particle size. Each measurement was performed on an opaque pile of single-size or closely sized
particles.
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The first materials tested were opaque E52100 alloy steel spheres, manufactured at diameters
of 3/32", 5/36", 6/32", and 8/32" (2.4 — 6.4 mm). These were followed by translucent Delrin
acetal white resin (plastic) spheres, manufactured at diameters of 3/32", 4/32", 5/32", 6/32",
7/32", and 8/32" (2.4 — 6.4 mm). We also tested an opaque block of the white resin, a powder
grated from the white resin (MMD 0.36 mm), and a single 50 mm diameter E52100 alloy steel
sphere.

Next, we sieved crushed samples of specimens 03 (white ballast), 13 (beige rock), and 16
(brown rock) into 12 different size bins with mean particle sizes ranging from 0.08 mm to 5.6
mm, and tested each size. Finally, we sieved and weighed the 01 (natural white rock), 02 (arctic
white granules), and 03 (white ballast) aggregate and granules to determine the MMD of each
(ESM Figure B-3).

2.8 Preparation and C1549 reflectometer measurement of faux shingles

Faux shingles were prepared by binding granules to 10 cm x 15 cm chromated aluminum panels
with a weatherproof white acrylic adhesive used in the manufacture of stone-coated metal
roofing products. (Preliminary accelerated aging tests demonstrated that not all acrylics are
equally durable. For example, an acrylic artist paint delaminated spectacularly in the
weatherometer.) Since white granules were found to be more substantially transparent than
dark granules (see Table 3), we used a white version of the adhesive (available in both white
and dark brown) for all specimens to help match the albedo of the shingle to the albedo of an
opaque granule pile.

To conserve our granule supply, each faux shingle was made 10 cm x 6 cm, covering slightly less
than half a panel. Shingles can of course be made larger.

White adhesive (Gerard Roofing Technologies basecoat) was applied to the panel at a wet film
thickness (WFT) of 0.64 mm (25 mils). Granules were dropped over the wet adhesive at a
thickness of 2 — 3 monolayers, and pressed with a stainless steel rolling pin. The shingle was
then turned over and shaken to release any loose granules. The drop, press, turn, and shake
process was repeated until the shingle was well covered by a monolayer of granules. Each
shingle was cured at room temperature for 6 to 12 days.

Note that at a WFT of 0.64 mm (25 mils), the white acrylic was highly reflective (dry albedo
0.79) and very near its opaque dry albedo of 0.80. When made thicker, the adhesive layer
tended to absorb granules.

AM1GH albedo was measured with the reflectometer at six slightly overlapping spots on each
faux shingle.

2.9 Faux shingle durability testing

We tested shingle durability by measuring granule retention after each shingle was exposed to
cycles of heat, moisture, and ultraviolet radiation in a weatherometer. Specifically, we prepared
six faux shingles: (A) specimen 03 (white ballast) on brown adhesive; (B, C) two samples of
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specimen 03 on white adhesive; (D) specimen 10 (red cinder) on white adhesive; (E) specimen
16 (brown) on brown adhesive; and (F) specimen 16 on white adhesive. We used both white
and brown adhesives to better detect missing granules.

We determined the initial mass of granules on each shingle by subtracting the substrate and
adhesive masses from the total mass, and measured granule loss by subtracting shingle mass
after exposure from initial shingle mass. Fraction of granule mass retained is then 1 — granule
loss / initial granule mass.

Shingles were exposed for 60 days in a Q-Lab QUV weatherometer running ASTM G154 cycle 1,
which consists of 8 h of UV radiation (0.89 W/m? @ 340 nm) at 60 °C, followed by 4 h of water
condensation at 50 °C (ASTM 2012b). Samples were briefly removed about once every five days
to be dried and weighed.

3 Results

Table 4 summarizes the aggregate bed, opaque aggregate pile, opaque granule pile, and faux
shingle albedos of each specimen.

3.1 Aggregate bed albedo versus aggregate pile albedo (Method A)

The E1918 albedo of an aggregate bed, R,, is well predicted by the reflectometer AM1GH
albedo of an opaque aggregate pile, R, (Figure 4). This suggests the simple relationship
R, =Rap (1)

with mean error 0.006 and RMS error 0.021 (Table 5). For the largest aggregate (sample 03),
errors are greater.

3.2 Aggregate bed albedo versus granule pile albedo (Method B)

Each aggregate bed was typically less reflective than its corresponding granule pile, except
when the aggregate was black (specimen 11) or already at #11 size (specimen 02) (Figure 5).
Specimen 02 (arctic white granules) is obviously a special case, since the 02 granules and
aggregate are identical. The 02 albedos match closely, as expected.

For non-white specimens (04 — 17), the aggregate bed albedo R, and granule pile albedo R; are
well related by the power law

R = 0.723Rg0‘899 (non-white rock) (2)

with mean error zero and RMS error 0.015 (Figure 6; Table 5). However, no monotonic curve
could pass through both the point for specimen 01 (natural white rock, MMD 7 cm) and the
point for the much larger 03 (white ballast, MMD 34 cm) in Figure 5. This is expected, since
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white aggregate can transmit some sunlight, especially in the near-infrared spectrum.! Light
transmitted through rock is partially backscattered (reflected) as it passes from a medium of
high real refractive index (about 1.6) to air (real refractive index 1). Larger aggregate transmits
less light to the reflective rock-air interface.

This phenomenon can be seen in ESM Figure B-4, which explores the variation with particle size
of the albedos of opaque piles of steel spheres and opaque piles of white plastic spheres. Each
steel sphere is opaque, while each plastic sphere is translucent. The albedos of the white plastic
sphere piles decrease with sphere size, while those of the steel sphere piles do not.

Figure 7 shows the variation with size of the albedos of opaque piles of narrowly sized (sieved)
particles of specimens 03 (white ballast), 13 (beige rock), and 16 (brown rock). In each case,
albedo generally decreased with size for particles smaller than 1 mm. This may explain some of
the scatter about the fit in Figure 6; that is, variations in the actual particle size distribution
(PSD) in a nominally #11 granule pile could raise or lower the pile's albedo.

In all three cases, particles in the #11 size range (0.43 — 2.4 mm) were on average more
reflective than larger particles (2.9 - 5.6 mm). However, while the albedos of the non-white
specimens (13, 16) stabilized at sizes exceeding the #11 range (> 2.4 mm), those of the white
specimen (01) continued to decrease. This suggests that for white rock, the relationship
between R, and R; must consider the aggregate MMD d, and the granule MMD d,. Figure 8
shows that for specimen 03 particles at least 1 mm in diameter, the relationship between the
albedo of an opaque pile of size d particles and the albedo of an opaque pile of granules is
approximately linear-log:

R(d)=R, -0.173 log,,(d/d,). (white rock — marble) (3)

The granule MMD d; of each of the three white specimens (01 — 03) is about 1.3 mm, while the
aggregate MMD d, of specimens 01 and 03 are about 7 mm and 34 mm, respectively (ESM
Figure B-5). Using specimen-specific values of d,, dg, and R, R(d.) closely matches R, for all
three white specimens (Figure 9). Hence, for white rock, we relate aggregate bed albedo to
opaque granule pile albedo via Eq. (3), such that

R, =R, -0.173 log,,(d,/d,). (white rock —marble) (4)
This relationship has mean error 0.006 and RMS error 0.021 (Table 5).

3.3 Granule pile albedo versus faux shingle albedo

Granule pile albedo Rg is well related to faux shingle albedo Rs (with white adhesive) by the
second-order polynomial

R, =0.190 R? +0.898 R, (5)

! Using a Perkin-ElImer Lambda 900 UV-VIS-NIR spectrometer with an integrating sphere to measure solar spectral
transmittance according to ASTM Standard E903-12 (ASTM 2012a), and assuming an air mass one global horizontal
solar spectral irradiance (Levinson et al. 2010a,b), the solar transmittance of 01 aggregate (natural white rock %")
was found to be 0.13 at a thickness of 2.5 mm, and 0.07 at a thicknesses of 5.5 mm.
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with mean error -0.001 and RMS error 0.014 (Figure 10; Table 5).
3.4 Aggregate bed albedo versus faux shingle albedo (Method C)

We computed aggregate bed albedo R, from faux shingle albedo R, by applying Eq. (5) to R to
obtain Rg, then calculating R, from Rg by applying either Eq. (4) for white rock or Eq. (2) for non-
white rock. Figure 11 compares predicted and measured aggregate bed albedos. This two-step
computation yields a mean error of -0.002 and an RMS error of 0.019.

3.5 Faux shingle durability

After 60 days of weatherometer exposure, five of six faux shingles retained over 97.5% of their
granule mass, while one retained only 95.5% (Figure 12). Some of granule loss resulted from
removing and reinstalling the shingles nine times over the course of the 60 day trial. For
example, the before-and-after images in ESM Figure B-6 show that shingle E (95.5% retention)
lost many granules near its unexposed right edge, where the shingle was clamped into the
weatherometer. Note that shingle B began exposure 4 days after the others.

4 Discussion

4.1 Comparison of three reflectometer methods

Methods A, B and C exhibited similar mean and RMS errors in prediction of aggregate bed
albedo. Method A (reflectometer measurement of bed albedo) works well for smaller
aggregate, but is not ideal for very large aggregate, such as specimens 03 (white ballast) and 08
(granite ballast), because the light-reflecting surface is often far from the reflectometer port.
Method B (reflectometer measurement of granule pile albedo) is suitable for both small and
large albedo, but a loose granule pile may not endure outdoor exposure. Method C
(reflectometer measurement of faux shingle albedo) yields a durable, transportable, exposable,
and readily measurable sample, but entails the production of faux shingles.

Methods B and C require the use of curves fits to relate aggregate bed albedo to the
reflectometer measurements of granule pile or faux shingle albedo. Method C also assumes
that soiling of the granules on a faux shingle is comparable to soiling of an aggregate bed. When
using either Method A or Method C to determine aged albedo, we recommend exposing the
sample (aggregate pile or faux shingle) at a slope comparable to that of an aggregate roof.

4.2 Effect of particle size on the albedo of crushed rock

The data presented in Figure 7 indicate that the reflectance of an opaque pile of crushed rock
diminishes with increasing particle size. Why should that be the case? Two piles of the same
crushed rock that are geometrically similar, but with differing particle size, should have the
same reflectance if the reflectance is purely a surface property. After all, any photon path
leading to absorptance or reflectance for one pile has a corresponding trajectory in the other
pile. (Here we assume that diffraction by very small rough structures is the same in both cases.)
Since we expect the albedo to be independent of particle size, we believe that the observed

9/37



In press at Solar Energy

decrease of albedo with increasing particle size is due to diminishing translucency of the
crushed rock. (Larger aggregate transmits less light to the reflective rock-air interface, as
remarked in Section 3.2). Some information about the opacity each of the 17 tested specimens
as #11 granules is available in Table 3.

5 Summary

By comparing albedometer measurement of aggregate bed albedo to reflectometer
measurements of aggregate pile, granule pile, and faux shingle albedo, we have developed and
demonstrated three methods that can be used to determine the albedo of roofing aggregate
with a solar reflectometer. Reflectance measurement is simple in each case, but the methods
vary in complexity of sample preparation, and in the durability and transportability of the
sample.

Method A measures the initial and aged albedos of a small aggregate pile; aggregate bed
albedo equals aggregate pile albedo. For the 17 specimens test in this study, this method
predicted aggregate bed albedo with a mean error of 0.006 and an RMS error of 0.021.

Method B measures the initial albedo of an opaque pile of finely crushed aggregate. Aggregate
bed albedo is computed from one curve fit for non-white aggregate, and another for white
aggregate. For the 14 non-white aggregate tested in this study, this method predicted
aggregate bed albedo with zero mean error and an RMS error of 0.015. For the 3 white
aggregates tested in this study, mean error was -0.006 and RMS error was 0.021. The method
requires preparation of granules.

Method C creates faux shingles from aggregate crushed to the size of conventional roofing
granules. Aggregate bed albedo is computed from a series of curve fits. For the 17 specimens
test in this study, this method predicted aggregate bed albedo with a mean error of -0.002 and
an RMS error of 0.019. This method requires preparation of both granules and faux shingles.

Acknowledgements

This work was supported by the California Energy Commission (CEC) through its Public Interest
Energy Research Program (PIER), and by the Cool Roof Rating Council. It was also supported by
the Assistant Secretary for Energy Efficiency and Renewable Energy, Office of Building
Technology, State, and Community Programs, of the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231. We wish to thank Harold Newman and Amber Dobson, A-1 Grit; and
Payam Bozorgchami and Chris Scruton, California Energy Commission; and Jordan Woods,
Lawrence Berkeley National Laboratory. We also thank Randy Nettleton of Gerard Roofing
Technologies, who provided the white acrylic coating used as an adhesive to fabricate durable
faux shingles.

10/37



In press at Solar Energy

References

Aida M. 1982. Urban albedo as a function of the urban structure — a model experiment.
Boundary Layer Meteorology 23, 405-413.

Akbari H, Konopacki S. 2005. Calculating energy-saving potentials of heat-island reduction
strategies. Energy Policy 33, 721-756.

Akbari H, Levinson R. 2008. Evolution of cool roof standards in the United States. Advances in
Building Energy Research 2, 1-32.

Akbari H, Levinson R, Stern S. 2008. Procedure for measuring the solar reflectance of flat or
curved roofing assemblies. Solar Energy 82, 648-655.

Akbari H, Matthews HD, Seto D. 2012. The long-term effect of increasing the albedo of urban
areas. Environmental Research Letters 7(2), 024004.

ANSI/CRRC. 2012. ASNI/CRRC-1-2012 Standard. American National Standards Institute / Cool
Roof Rating Council. http://coolroofs.org/product-rating/ansi-crrc-1-standard

ASHRAE. 2007. ASHRAE Standard 90.2-2007: Energy Efficient Design of Low-Rise Residential
Buildings. American Society of Heating, Refrigerating and Air-Conditioning Engineers, Atlanta,
GA.

ASHRAE. 2010. ASHRAE Standard 90.1-2010: Energy Standard for Buildings Except Low-Rise
Residential Buildings. American Society of Heating, Refrigerating and Air-Conditioning
Engineers, Atlanta, GA.

ASTM. 2006. ASTM E1918-06: Standard Test Method for Measuring Solar Reflectance of
Horizontal and Low-Sloped Surfaces in the Field. American Society for Testing and Materials,
West Conshohocken, PA.

ASTM. 2009. ASTM C1549-09: Standard Test Method for Determination of Solar Reflectance
Near Ambient Temperature Using a Portable Solar Reflectometer. American Society for Testing
and Materials, West Conshohocken, PA.

ASTM. 2012a. ASTM E903-12: Standard Test Method for Solar Absorptance, Reflectance, and
Transmittance of Materials Using Integrating Spheres. American Society for Testing and
Materials, West Conshohocken, PA.

ASTM. 2012b. ASTM G154-12a: Standard Practice for Operating Fluorescent Ultraviolet (UV)
Lamp Apparatus for Exposure of Nonmetallic Materials. American Society for Testing and
Materials, West Conshohocken, PA.

Berdahl P, Bretz SE. 1997. Preliminary survey of the solar reflectance of cool roofing materials.
Energy and Buildings 25, 149-158.

11/37



In press at Solar Energy

Berdahl P, Akbari H, Levinson R, Miller WA. 2008. Weathering of roofing materials—An
overview. Construction and Building Materials 22(4), 423-433.

CBSC. 2010. 2010 California Green Building Standards Code (Title 24, Part 11). California
Building Standards Commission, Sacamento, CA.

CEC. 2012. 2013 Building Energy Efficiency Standard (Title 24, Part 6). CEC-400-2012-004-CMF,
May. California Energy Commission, Sacramento, CA.

Clark RN, Swayze GA, Wise R, Livo E, Hoefen T, Kokaly R, Sutley SJ. 2007. USGS digital spectral
library splibO6a: U.S. Geological Survey, Digital Data Series 231,
http://speclab.cr.usgs.gov/spectral.lib06

CRRC. 2010. Know What's Cool: Cool Roof Rating Council and Other Cool Roof Codes and
Programs. Cool Roof Rating Council, Oakland, CA. February.
http://coolroofs.org/documents/Cool Roof Ratings Codes and Programs021710.pdf

CRRC. 2012. CRRC Product Rating Program CRRC-1, October. Cool Roof Rating Council, Oakland,
CA. http://www.coolroofs.org/documents/CRRC-1 Program Manual 100412.pdf

CRRC. 2013a. ANSI, Codes & Programs Update. Presentation at Cool Roofing Rating Council
2013 Annual Membership Meeting, June.

http://coolroofs.org/documents/2013 Membership Meeting-

ANSI and Codes Programs Update.pdf

CRRC. 2013b. CRRC Rated Product Directory. Cool Roof Rating Council, Oakland, CA.
http://coolroofs.org/products/results

EPA. 2013. Energy Star. United States Environmental Protection Agency. http://energystar.gov

Fortuniak, K. 2008. Numerical estimation of the effective albedo of an urban canyon. Theor.
Appl. Climatol. 91, 245-258.

GBC. 2013. LEED 2009 Green Building Rating System for New Construction and Major
Renovations (updated April 2013). US Green Building Council Leadership in Energy and
Environmental Design. http://www.usgbc.org/

ICC. 2012a. 2012 International Energy Conservation Code. International Code Council.
http://iccsafe.org

ICC. 2012b. 2012 International Green Construction Code. International Code Council.
http://iccsafe.org

Incropera FP, De Witt DP. 1985. Fundamentals of Mass and Heat Transfer, second edition. John
Wiley & Sons.

12/37



In press at Solar Energy

Levinson R, Akbari H. 2002. Effects of composition and exposure on the solar reflectance of
portland cement concrete. Cement and Concrete Research 32, 1679-1698.

Levinson R, Akbari H, Konopacki S, Bretz S. 2005. Inclusion of cool roofs in nonresidential Title
24 prescriptive requirements. Energy Policy 33, 151-170.

Levinson R, Akbari H, Berdahl P. 2010a. Measuring solar reflectance—Part |: defining a metric
that accurately predicts solar heat gain. Solar Energy 84, 1717-1744.

Levinson R, Akbari H, Berdahl P. 2010b. Measuring solar reflectance—Part II: review of practical
methods. Solar Energy 84, 1745-1759.

Marceau ML, VanGeen MG. 2007. Solar reflectance of concretes for LEED sustainable sites
credit: heat island effect. PCA R&D Serial No. 2982, Portland Cement Association, Skokie, IL.

Matthias AD, Fimbres A, Sano EE, Post DF, Accioly L, Batchily AK, Ferreira LG. 2000. Surface
roughness effects on soil albedo. Soil Sci. Soc. Am. J. 64, 1035-1041.

Moore C. 2008. Model SSR-ER — Solar reflectance measurements of irregular surfaces.
Technical note 08-1, Devices & Services, Dallas, TX.
http://devicesandservices.com/TechNotes/TN08-1.pdf

Moore C. 2013. Personal communication with Charlie Moore, Devices & Services, Dallas, TX.
August 22.

Parker DS, Mcllvaine JER, Barkaszi SF, Beal DJ, Anello MT. 2000. Laboratory testing of
reflectance properties of roofing materials. Report No. FSEC-CR-670-00. Florida Solar Energy
Center, Cocoa, FL. http://www.fsec.ucf.edu/en/publications/html|/FSEC-CR-670-00

Reagan JA, Acklam DM. 1979. Solar reflectivity of common building materials and its influence
on the heat gain of typical southwestern USA residences. Energy and Buildings 2, 237-248.

Santamouris M, Synnefa A, Karlessi T. 2011. Using advanced cool materials in the urban built
environment to mitigate heat islands and improve thermal comfort conditions, Solar Energy 85,
3085-3102.

Touloukian, Y. S. and D. P. DeWitt, 1972. Thermophysical properties of matter, New York, IFI
Plenum, Vol. 8, Thermal radiative properties — nonmetallic solids.

3M. 2009. Wausau #11 grade roofing granule data sheet. 3M Industrial Mineral Products,
Wausau, WI. http://tinyurl.com/gfnrh5f

Wentworth CK. 1922. A scale of grade and class terms for clastic sediments. Journal of Geology
30, 377-392.

13/37



In press at Solar Energy

A. Appendix: Use of reflectometer methods for measurement of
roofing aggregate albedo in an internationally referenced roofing
product rating program

Many U.S. and international building energy standards and codes, such as ASHRAE 90.1-2010
(ASHRAE 2010), ASHRAE 90.2-2007 (ASHRAE 2007), the 2012 International Energy Conservation
Code (ICC 2012a), and 2013 California Title 24 (CEC 2012); green building codes, such as the
2012 International Green Construction Code (ICC 2012b) and the 2010 California Green Building
Standards Code (CBSC 2010); and energy efficiency incentive systems, such as the US Green
Building Council's 2009 Leadership in Energy and Environmental Design program (GBC 2013)
and the U.S. Environmental Protection Agency's Energy Star program (EPA 2013), reference the
Cool Roof Rating Council's Product Rating Program CRRC-1 (CRRC 2012; ANSI/CRRC 2012) for
initial and aged values of the solar reflectance (albedo) and thermal emittance of roofing
products (CRRC 2010, 2013a). In CRRC-1, the roofing manufacturer sends nine small product
coupons, each about 10 cm x 15 cm, to a CRRC-accredited independent test laboratory. After
measuring initial solar reflectance and thermal emittance, the test lab forwards three coupons
to each of three CRRC-accredited test farms: one in Florida (hot and humid), one in Arizona (hot
and dry), and one in Ohio (temperate but polluted). Following three years of natural exposure,
the test farms return the coupons to the test labs for measurement of aged solar reflectance
and thermal emittance. CRRC-1 does not permit a test lab to serve as a test farm, nor a test
farm to serve as a test lab.

The CRRC-1 process works well for roofing products that can be represented by an easily
measured and transported coupon, such as single-ply membranes, cap sheets, clay and
concrete tiles, asphalt shingles, metal products, wood shingles, and field-applied coatings (on
substrate). However, rating roofing aggregate—loose rock covering the surface of the roof to
provide UV-protection, ballast, thermal mass, and/or high albedo—presents several challenges.
First, since an aggregate bed exposed at a test farm cannot be returned to a distant test lab
without mixing the rocks and altering its surface, test lab staff would have to visit each of the
three test farms for in-situ measurement of aged radiative properties. This circuit could require
a 9,000 km round trip. Second, it has not yet been demonstrated that a solar reflectometer, the
laboratory instrument which as of June 2013 has been used to measure the initial and aged
solar reflectances of 99.9% of the products in CRRC's rated products directory (CRRC 2013b),
can accurately measure the solar reflectance of a rough bed of roofing aggregate. Therefore,
the test lab would have to measure the albedo of the aggregate bed with a pyranometer in
accordance with ASTM E1918. E1918 requires a target at least 4 m in diameter or 4 m on a side.
At a typical application rate of 20 kg/m2 (400 Ib per 100 ft?), preparing one 4 m x 4 m bed at
each of the three test farms would require cross-country delivery of nearly a metric ton of rock.
Third, E1918 requires a clear sky and a solar altitude of at least 45°, conditions that can be
difficult to meet in winter (or in any climate prone to clouds, smog, or precipitation).

By permitting the use of a weather-independent laboratory instrument that can test samples
orders of magnitude smaller than those required by E1918, the development and validation of
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reflectometer test methods facilitates the rating of roofing aggregate albedo within CRRC-1,
thereby meeting the needs of the energy standards, codes, and programs.

Method A would make the determination of the initial and aged albedos of roofing aggregate
under CRRC-1 quite straightforward. Small quantities of aggregate sufficient to make three
aggregate piles, each at least 15 cm x 15 cm, would be sent to each of the three test farms. The
initial and aged albedos of each pile would be determined in-situ by measuring spatial mean
AM1GH albedo with version 6 of the reflectometer. To make this process economical, the CRRC
would have to permit at least one test farm at each of the three CRRC exposure sites to operate
as a test lab.

Method B could be used to measure the initial albedo, but not the aged albedo, of roofing
aggregate. Hence, it would not be an ideal choice for CRRC-1.

Method C involves preparation of faux shingles, but does not require test farms to serve as test
labs. Either the aggregate manufacturer or the test lab could produce the #11 granules. The test
lab would then make nine faux shingles, measure the spatial mean AM1GH albedo of each
shingle with version 6 of the reflectometer, compute the aggregate bed's albedo following the
two-step calculation detailed in section 3.4, and report this value as the initial albedo of the
roofing aggregate. The faux shingles would be sent to the test farms for three years of natural
exposure, then returned to the test lab. The test lab would again measure the albedo of the
faux shingles, compute the aggregate bed's albedo following the two-step calculation detailed
in section 3.4, and report this value as the aged albedo of the roofing aggregate.

Thus, within the context of the CRRC-1 product rating program, Method A is practical only if
test farms are permitted to operate as test labs. Method C is compatible with the existing
program, since coupons can be exposed at the test farm but measured at the test lab. Method
B is not recommended since it is suited only to determination of initial albedo.

While these methods do not address measurement of the thermal emittance of roofing
aggregate, we expect all roofing aggregate, clean or soiled, to have high thermal emittance.’
The role of the CRRC is to report measured values. However, it would be reasonable for a
building energy standard, green building code, or energy efficiency program to assign a default
thermal emittance of 0.9 to roofing aggregate in the absence of a measured value.

? Table A.11 of the text by Incropera and DeWitt (1985) reports that the hemispherical thermal emittance of rock is
typically 0.88 - 0.95. It does not specify whether this rock is solid or crushed. However, a bed of aggregate will be
rougher than the solid rock from which the aggregate is crushed, and roughness increases absorptance; hence, the
thermal absorptance of an aggregate bed will exceed that of its solid rock source. Since thermal emittance equals
thermal absorptance (Kirchhoff's law), increasing thermal absorptance increases thermal emittance. This suggests
that the thermal emittance of a bed of unsoiled aggregate should be not less than 0.88 - 0.95, and we assume that
roughness will make it at least 0.90.
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In press at Solar Energy

Table 2. Particle size distribution for #11 granules (3M 2009).

Mass fraction retained Typical (%)
U.S. sieve number | Nominal opening (mm) | specification (%)
8 2.36 0-0.1 NA
12 1.70 4-10 NA
16 1.18 NA 30-50
20 0.85 NA 20-40
30 0.60 NA 10-30
40 0.425 0-2 NA
Table 3. Minimum granule pile height needed to attain solar opacity.
Specimen | Description Monolayers Millimeters
01 natural white rock %" 6 4.0
02 arctic white granules #11 6 5.0
03 white ballast 5 4.0
04 crushed granite #3 2 1.7
05 crushed granite #4 2 1.7
06 crushed granite #4/5 2 1.9
07 crushed granite #5 2 1.8
08 granite ballast 1.5" 1 0.9
09 crushed granite %" 1 0.8
10 red cinder 1 1.0
11 black cinder 1 1.0
12 midway green rock 2 1.8
13 beige rock 2 1.8
14 dusty rose rock 2 1.7
15 crushed brick 1 1.0
16 brown rock 2 1.7
17 Navajo blend gravel 2 1.6
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In press at Solar Energy

Table 5. Error (prediction minus observation) when applying fitted curves to estimate aggregate
bed albedo R, from aggregate pile albedo R,, (Method A); non-white R, from granule pile
albedo Ry (Method B for non-white specimens); white R, from R,, aggregate MMD d,, and
granule MMD d, (Method B for white specimens); Ry from shingle albedo Rs; or R, from R
(Method C).

Method A Method B Method C
Specimen | Description Eq. (1): Eqg. (2): Eq. (4): Eq. (5): Section
R, = f(Ra) R, =f(Ry), R, =f(R, d, dp), R, =f(R,) | 3.4
non-white white specimens R, = f(RJ)
specimens

01 natural white rock %" -0.006 -0.016 0.017 0.001
02 Zrlclt'c white granules | o2 0.004 0.015 | 0.018
03 white ballast -0.046 -0.004 -0.037 -0.041
04 crushed granite #3 -0.003 0.023 -0.007 0.018
05 crushed granite #4 0.000 0.004 -0.005 0.000
06 crushed granite #4/5 0.010 -0.006 0.005 -0.002
07 crushed granite #5 0.023 -0.004 0.002 -0.002
08 granite ballast 1.5" -0.028 -0.009 0.006 -0.005
09 crushed granite %" 0.033 -0.010 -0.018 -0.025
10 red cinder -0.004 0.000 0.008 0.006
11 black cinder 0.001 0.002 0.004 0.005
12 midway green rock 0.030 0.020 -0.001 0.019
13 beige rock 0.020 0.005 0.023 0.021
14 dusty rose rock 0.009 -0.029 -0.012 -0.039
15 crushed brick 0.021 -0.020 0.001 -0.019
16 brown rock 0.017 -0.004 0.002 -0.003
17 Navajo blend gravel 0.023 0.026 -0.015 0.014
mean 0.006 0.000 -0.006 -0.001 -0.002
RMS 0.021 0.015 0.010 0.014 0.019
min -0.046 -0.029 -0.016 -0.037 -0.041
max 0.033 0.026 0.004 0.023 0.021
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Figures

01: natural white rock %" 02: arctic white granules #11 03: white ballast

04: crushed granite #3 05: crushed granite #4 06: crushed granite #4/5

07: crushed granite #5 08: granite ballast 1.5” 09: crushed granite %"

10: red cinder 11: black cinder 12: midway green rock

13: beige rock 14: dusty rose rock 15: crushed brick

e e—

16: brown rock 17: Navajo blend gravel

Figure 1. Images of 7.6 m x 7.6 m (25' x 25') aggregate beds on fresh blacktop.
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Figure 2. Aggregate bed, opaque granule pile, and shingle prepared from specimen 03 (white
ballast, 2" thru 3%").
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(b)

Figure 3. Opaque piles of (a) 01 aggregate (natural white rock, MMD 7 cm) and (b) 03 aggregate
(white ballast, MMD 34 cm) in a shallow box 15 cm x 15cm x 1.3 cm (6" x 6" x 0.5"). Red
dashed circles indicate the size of the reflectometer's 25 mm (1") diameter port.
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Figure 4. The E1918 albedo of an aggregate bed closely tracks the reflectometer G1 albedo of
an opaque aggregate pile. Thin black bars mark * one standard deviation.

23/37



In press at Solar Energy

1.0 - %

- ' d
| owhit i bl y=x .

s 09 - white specimens (marble) -

2 1 ® non-white specimens 7

o 0.8 - P

© ] 02 4

o 0.7 - ,o’

o P

2 0.6 .o

% ] L7 A og
. e

"'6 0.5 ; ,,/

3 0.4 - 2

Qo - <13

e 0.3 ] ,16_ e

@ VO - _ 072805

0 7 e 4
] 14,

> 027 ogd 1512

- ] /l.'17

w 0.1 1 .7 10
:/‘

O_O rrtrrrrrrrrrrrrrrrrrrrrr|rrrrrrrrrrrrrrrr 1111

0.0 01 0.2 0.3 04 05 066 0.7 08 09 1.0
SSR G1 albedo of opaque granule pile
Figure 5. The albedo of each aggregate bed was typically lower than that of an opaque pile of

granules crushed from that aggregate, except when the aggregate was black (specimen 11) or
already at granule size (specimen 02).
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Figure 6. For non-white specimens, the indicated power law relates the albedo of the aggregate
bed to that of the opaque granule pile.
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Figure 7. The albedos of opaque piles of narrowly sized (sieved) particles of specimens 03
(white ballast), 13 (beige rock), and 16 (brown rock) decreased with size. The jump in the 03

curve at a particle size of 0.6 mm is due to the grain size. The larger particles are polycrystalline,
whereas the smaller particles are mostly single crystals.
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Figure 8. The albedo of an opaque pile of white specimen 03 decreased with logarithm of
particle size as particle size increased from #11 (Dso=1.2 mm) to uncrushed aggregate (Dsp=34
mm). Size labels refer to Wentworth grade scale (Wentworth 1922).
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Figure 9. The linear-log relationship between albedo R and particle size d (solid lines) developed

for white specimen 03 well predicts the measured albedos of aggregate beds (hollow circles)
and opaque granule piles (solid diamonds) of all three white specimens (01, 02, 03).
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Figure 10. A second-order polynomial relates the albedo of an opaque granule pile to that of a
mock shingle (aluminum substrate + white adhesive + granules).
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Figure 11. Aggregate bed albedos predicted from shingle albedo (red circles) closely matches
those measured via E1918 (green squares).
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Granule mass retention (%)

white granules
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--8-- A: 03 white ballast on brown adhesive
== -- B: 03 white ballast on white adhesive
--8-- C: 03 white ballast on white adhesive

non-white granules

—&— D: 10 red cinder on white adhesive
—&— E: 16 brown rock on brown adhesive
—=— F: 16 brown rock on white adhesive

o

10 20 30

40 50 60

Days of accelerated aging

Figure 12. After 60 days of accelerated aging in a weatherometer (ASTM G154 cycle 1), five of
six faux shingles retained over 97.5% of their granules, while one retained only 95.5%.
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B. Electronic supplementary material (ESM)

ESM Figure B-1. First-class albedometer (back-to-back first-class pyranometers) on stand, 50 cm
above the center of an aggregate bed.
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ESM Figure B-2. Aggregate was reduced to #11 granules with a custom-made aggregate roll
crusher [a]. After passing through the rolls [b], the crushed rock was mechanically shaken in a
sieve stack [c]. The sieved particles were weighed and combined in mass fractions suitable to
produce #11 size distribution [d].
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ESM Figure B-3. Granule particle size distribution was measured with a small conventional sieve
set (background), while aggregate size distribution was measured by passing rocks though a
series of 10 square holes in a plastic mat with side lengths descending from 50 mm to 5 mm
(foreground).
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ESM Figure B-4. The reflectometer G1 albedo of an opaque pile of white plastic (resin) sphere
diminishes as the spheres grow larger, while that of an opaque pile of steel spheres essentially
constant. Shown for comparison are the reflectometer G1 albedos of a pile of powder grated
from the resin, an opaque block of resin, and a 50 mm diameter steel sphere (approximately
flat, to the reflectometer), all opaque.
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(b)

ESM Figure B-5. Mesh sieve measurement of particle size distribution indicates that (a) granules
01, 02, and 03 each have a mass median diameter Dsq of about 1.3 mm, while (b) aggregates 01
and 03 have mass median diameters of 7.2 and 34 mm, respectively.
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Faux shingle Initial After 60 days of accelerated
aging
A
03 white ballast on brown
adhesive

B = _— =
03 white ballast on white adhesive | ==
03 white ballast on white adhesive | —
D _‘——__.
10 red cinder on white adhesive | o

E
16 brown rock on brown adhesive

F
16 brown rock on white adhesive

ESM Figure B-6. Faux shingles before and after 60 days of weatherometer exposure. Regions
outside the dashed boxes were not exposed.
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