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Abstract

The widely used methods to measure the solar reflectance of roofiegaisainclude ASTM standards
E903 (spectrometer), C1549 (reflectometer), and E1918 (pyranometer). Sta@@anasEs a
spectrometer with an integrating sphere to measure the solaaspefitictance of an area approximately
0.1 cnd. The solar spectral reflectance is then weighted with a quéatral irradiance to calculate the
solar reflectance. Standard C1549 uses a reflectometer to meassokatheflectance of an area
approximately 5 cf Both E903 and C1549 are best suited to measurement of the solar redle¢tanc
flat, homogeneous surfaces. Standard E1918 uses a pyranometer to measlae tbiectance of an
area approximately 10%rand is best applied to large surfaces that may also be rough and/or non-
uniform.

We describe a technique that uses a pyranometer to measure theflsotance of a uniform or
variegated sample with an area of approximately,lamd use this technique (referred to as E1918A) to
measure the solar reflectance of low- and high-profile tile asgsmBbr 10 large (10 7ntile assemblies
whose E1918 solar reflectances ranged from 0.10 to 0.50, the magnitude of teaachfteetween the
E1918A and E1918 measurements did not exceed 0.02 for unicolor assemblies, and diczddi.@3ce
for multicolor assemblies.
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1. Introduction

Roofs that have high solar reflectance (high ability to reflect suhligiat high thermal emittance (high
ability to radiate heat) tend to stay cool in the sun. Substituting aaufdor a noncool roof can decrease
cooling-electricity use, cooling-power demand, and required capacity of ceglimgment. Cool roofs
may slightly increase heating-energy consumption. By reducing heat flowHeoradf's surface to the
outside air, widespread installation of cool roofs can also lower thiel®ats temperature, slowing

ozone formation and increasing human comfort in summer (Akbari et al. 2001).

Many monitoring studies in California and Florida have demonstratechtitatising roof solar
reflectance to 0.60 from the range of 0.10 to 0.20 results in building cooling-eagigyssin excess of
20% (Akbari et al. 2005; Akbari 2003; Akbari et al. 2001; Akbari et29.7; Konopacki and Akbari
2001; Parker et al. 1998; Parker et al. 1995). Konopacki et al. (1997)tedtvatthe U.S. could save
more than $750 million (M) per year in net energy expenditure (cooling-energy Gogfssainus
heating-energy cost penalties). These cost savings account for odisettteeffect of cool roofs, and
would double once the values of indirect energy savings and smog reducticzobiimg of the ambient
air are included (Akbari et al. 2001).

To take advantage of these potential savings in energy and peak-demanahstiaions have
developed codes and standards for implementing cool roofs. For example, AStHdaErds 90.1-2004
(new commercial buildings) and 90.2-2007 (new residential buildings) offdit<fer installing roofs
with high solar reflectance (ASHRAE 2004, 2007). California’s currerar(2605) “Title 24" building
energy efficiency standards prescribe a minimum initial sol&ateihce of 0.70 and a minimum initial
thermal emittance of 0.75 for low-sloped roofs on nonresidential buildingssevitewhat lower thermal
emittance requirements for roofs of especially high solar refleetdrhe current Title 24 standards also
offer performance credits for the use of cool products on other typesfef(CEC 2005). The California
Energy Commission is currently considering the addition to Title 24 ofgp&se requirements for the
minimum solar reflectance and minimum thermal emittance fepst&nd low-sloped roofs on residential
buildings, as well as for steep-sloped roofs on nonresidential buildvkbar( et al. 2007; Wray et al.
2007).

California’s Title 24 requires that the solar reflectance aedhl emittance of roofing products be rated
by the Cool Roof Rating Council (CRRC). The CRRC currently accepts sfiestances measured by
via ASTM standards E903 (spectrometer), C1549 (reflectometer), arkft8 Epyranometer). ASTM
E903: Standard test method for solar absorptance, reflectance,resmitt@nce of materials using
integrating spheres (ASTM 1996) uses a spectrometer with anatitggsphere to measure the solar
spectral reflectance of an area approximately 02 The solar spectral reflectance is then weighted with
a solar spectral irradiance to calculate solar reflectancEMASL549: Standard test method for
determination of solar reflectance near ambient temperature usintabl@aolar reflectometer (ASTM
2002) uses a reflectometer to measure the solar reflectance of appr@dmately 5 cf E903 and
C1549 are each best applied to flat and homogenous surfaces. ASTM E1918dS&stadaethod for
measuring solar reflectance of horizontal and low-sloped surfacesfialthGASTM 1997) uses a
pyranometer to measure the solar reflectance of aHbem, and is best applied to large surfaces that
may also be rough and/or non-uniform.

Measuring the solar reflectance of a heterogenous flat surface évflgtigurface, such as that of a
fiberglass asphalt shingle) requires variations to those techniguesdappa uniform flat surface. In an
earlier study, we developed a statistical sampling method (“C1549M@igasure the solar reflectance
of a variegated and approximately flat surface via repeated applich ASTM standard C1549 (CRRC
2007). C1549MC, also called CRRC-1 Test Method#1, was adopted by the CRRCnielatigement
of the solar reflectance of fiberglass asphalt shingles and otherftaigsi-flat) variegated samples.
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The solar reflectance of a high-profile (curved) tile assemdiyeat be accurately measured with
C1549MC because (a) a reflectometer is not well-suited to measurirefléatance of a curved surface;
and (b) light reflected from a curved tile may be absorbed by a neighbdeingetireasing the reflectance
of the assembly. It is also difficult to replicate the same blend ofcobntained in a full tile assembly
when taking spot measurements with a reflectometer.

E1918 may be used if the target is at least 1brarea and roughly square or circular in shape. The
difficulty of transporting such large samples for the natural-exposuwathering required by the CRRC
makes the sample-size requirements of E1918 costly and inconvenient.

This study describes the development of “E1918A,” a variation on E1918, wieslaysranometer and
a pair of black and white masks to measure the solar reflectancarédeesas small as 1°rfAppendix

A). This permits the measurement of the solar reflectance of samptese areas are less than the 10 m
required by E1918, such as prototype shingle panels and tile assemblies.

The objective of this study is to validate the application of E1918A &&suring the solar reflectance of
high- and low-profile clay and concrete tile assemblies. We expect tiies el apply equally to other
flat and non-flat roofing materials, including fiberglass asplmétigdes, wood shakes, and tile-shaped
metal products.

2. E1918A Theory

Consider a target surface (denoted “t") of akeand solar reflectandg& whose surroundings (“s”) have
solar reflectanc&.. Both the target and its surroundings are illuminated by sunlight of haizont
irradiance (power per unit arela) We measure the reflected solar irradianiceident on the sensor of a
horizontal, downward-facing pyranometer when (1) the target is gxamtéred by a solar-opague white
mask of known (ASTM E903) solar reflectariRg (2) the target is exactly covered by a solar-opaque
black mask of known solar reflectariRg and (3) the target is uncovered. The irradiamgdg andl; are
related to the horizontal solar irradiarigeand the solar reflectancBs R, Ry, andR, by

I, =[FR, +(1-F)R]I, (1)
I, =[FR,+(1-F)R]I, 2)
and

l,=[FR +(1-F)R]I, 3)

whereF is the view factor (a.k.a. shape factor, configuration factor, ortrawlifactor) from the
pyranometer sensor to the target. Solving for the solar reflectatice tafrget yields

R =R,+3 2(R _R) @

I1_|2

The error in measurement of reflected irradianisanversely correlated to the view factgrhence, the
smallerA, the larger the measurement error. In our experiments, we usetatasgef approximately 1
m’. The measurement procedure is detailed in Appendix A.
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3. Experiment Design

We measured the solar reflectances of 14 clay and concrete $iasldies (Figure 1) via E1918 and
E1918A, and measured the solar reflectance of nominally represeritatorégs (Figure 2) via E903

All measurements were performed under the conditions prescribed by E19HLIt8&and E1918A
measurements were performed on a clear sunny day with no clouds and no haze (August 9, 2006, 10 a
4pm PDT) in Lathrop, CA (37.82N, 121.29W). The measurement procedure iscigtaiigpendix A.

Each reported value of E1918 or E1918A solar reflectance is an avethageeofonsecutive

measurements at the approximate center of the assembly.

Ten of the assemblies were squares about 3.3 m (10 ft) on a side (area)pfat@rare termed “large”;
the remaining four assemblies were squares about 2 m (6 ft) on a sideg amaned “small” (see Table
1). The 14 tile assemblies included

e one unicolor assembly of flat tiles (CRRCO01);

e 4 multicolor assemblies of flat tiles, each composed of either migltitiles or a mix of
monocolor tiles (CRRC02, CRRC07, CRRC08, CRRC09);

e 3 unicolor assemblies of curved tiles (CRRC03, CRRC05, CRRCO06); and

e 6 multicolor assemblies of curved tiles, each composed of either nudtides or a mix of
unicolor tiles (CRRC04, CRRC10, CRRC11, CRRC12, CRRC13, CRRC14).

Five months later, we received small (5 cm x 5 cm) tile chips (FiguteRjrnanufacturers supplied from
tiles nominally similar to those used to build the 14 assemblies showruire HigSome of these tile
chips visually differed from the tiles used on in the assemblies, asbéesm Table 1. Since we received
multiple tile chips for each assembly, each tile chip is labelddtivit number (01-14) of the assembly
that it represents, followed by a unique letter (a, b, c...). We measured thaiE®@3s-1.5 solar
reflectance at the center of each chip.

" The solar reflectances of the tile chips were aisasured via ASTM C1549. However, we omit the @l\lues
from the current report pending resolution of aaystic difference between C1549 and E903 measumsroéthe
solar reflectance of “cool colored” surfaces—ithgse whose near-infrared reflectances differ giisofrom their
visible reflectances. We will compare the C1540&E %1918, and/or E1918A solar reflectances ofreetiaof
samples in a later study.
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CRRCO03 - US Tile Terracotta

CRRCO1 - Gladding McBean Terracotta CRRCO02 - Gladding McBean #8 Mix

CRRCO04 - US Tile El Camino

O Sy

=/ &
CRRCO08 - Westile Paloma

CRRCO07 - Westile Grey Hawk

CRRC11 - Hanson Slurry

CRRC12 - Westile Pacific

CRRCA10 - Hanson Integrated Color

CRRC13 - Westile GreyHawk Slurry CRRC14 - MonierLifetile Rio Grande

Figure 1. Partial images of the 14 tile assemblies. The footprint of esamlaly was either about 3.3m x 3.3m (large samples) or about 2m x 2m
(small samples); see Table 1.
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crRCO3a RRCO3D
: . 2

CRRCO1a CRRCO1b CRRCO02a CRRC02b CRRCO02¢ CRRCO03a CRRCO3b

CRRCO04a CRRCO4b CRRCO04c CRRCO04d CRRCO04e

i

crRCO2C

- _

CRRCO04f CRRCO05a

crrcosb |

CRRCO6a ~ CRRCO7a CRRCO7b CRRCO7o " CRRC08a CRRCO8b CRRC08¢

CRRC10b

~ CRRC10a

CRRC09a " CRRC0%b CRRC09c CRRC09d

CRRC11c s By
8 c12a

" CRRC10b

CRRC12b CRRC12c ~ " CRRC13a

CRRC11b CRRC11c CRRC12a

CRRC13b CRRC14a CRRC14b CRRC14c

Figure 2. Images of the tile chips, each about 5 cm x 5 cm. Chip IRIRE€nominally representative of tile assembly CRRC
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4. Results

4.1. Comparison of E1918A and E1918 solar reflectances of large tile

assemblies

Figure 3 compares the E1918 and E1918A solar reflectances of the 10 langaliass&or the six

unicolor large assemblies, the absolute value of the differarsmdar reflectance measurements (E1918A
— E1918) does not exceed 0.02 (mean difference 0.01; RMS difference OrGhg fémr multicolor

large assemblies, the absolute value of the difference does retdex©3 (mean difference 0.00; RMS
difference 0.02). The multicolor assemblies tend to exhibit a greatarediti between E1918 and
E1918A reflectance because the color blend in the smalle?) @rea sampled by E1918A was not
necessarily identical to that in the larger (13) atea sampled by E1918.

The close agreement between the E1918 and E1918A solar reflectance meatsufer large assemblies
(within 0.02 for unicolor and 0.03 for multicolor) demonstrates that E1918A caretderuplace of
E1918 to measure the solar reflectance of samples as smalfgatont 10 ff).

0.6
¢ Unicolor /

§ 0.5 + o Multicolor 23
5 /
3 04 5
"d,__J /
‘E’ 0.3 *
a 5
< 0.2 ©
®
2 0.1
w
O-O I I I T T
0.0 0.1 0.2 0.3 04 0.5 0.6

E1918 solar reflectance
Figure 3. Comparison of the E1918 and E1918A solar reflectances of six umiedltour multicolor

large tile assemblies.

4.2. Comparison of E1918A tile-assembly solar reflectances to E903
tile-chip solar reflectances

We measured the solar reflectance of each tile chip via E903 (spetrprivhen we compared the
colors of the tile chips to those of the assembly tiles, we idahtfgen instances in which the color of
the chip varied slightly from that of the assembly tile, and threarioss in which the color of the chip
varied noticeably from that of the assembly tile (see Table 1).

Table 1 compares the E1918A solar reflectances of the tile assemoothe E903 solar reflectances of
the nominally representative tile chips. The solar reflectahoaicolor flat terra-cotta tile assembly
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CRRCO01 (0.32) is lower than those of its component tile chips (0.35-0.37réVmt certain whether
this difference results from the assembly geometry or from vargirotile manufacture.

The solar reflectances of single-color curved assemblies CRRCOZ@RBRnd CRRCO06 are 0.01, 0.06,
and 0.01 lower than those of their respective chips. Our preliminary snaflysflectance from curved
surfaces suggests that tile-to-tile reflection and subsequemptibs®f light can explain such
differences (Berdahl et al. 2007). More research is needed to develeghod to estimate the solar
reflectance of a tile assembly from that of its component tiles.

5. Discussion

For unicolor large assemblies, the solar reflectances medsye1918 and E1918A differed by less
than 0.02 (RMS difference 0.01). For multicolor large assemblies, tkienoma absolute difference
between the two measurements was about 0.03 (RMS difference Thejreater variations between
E1918 and E1918A observed for multicolor assemblies may indicate that fhardanof a multicolor
assembly sampled by E1918A was not always representative of thel@mir@assembly measured by
E1918. The close agreement between the E1918 and E1918A solar reflectaswremesats for large
assemblies (within 0.03) demonstrates that E1918A can be used in place of E191sute thessolar
reflectance of samples as small as’l m

Many of the flat tile chips were needed for E903 measurements were fratneiihe assembly tiles used
in the E1918 and E1918A trials. This introduces some uncertainty in our ceampafithe E918A solar
reflectance of each tile assembly to the E903 solar reflectancesofiinally representative tile chips.

We estimate that tile-to-tile reflection and absorption mayenth& solar reflectance of a unicolor curved
tile assembly about 10-15% lower than that of a truly representaivédichip. That is, if a unicolor flat
tile chip has a solar reflectance of 0.50, the solar reflectanceasfsembly of curved tiles made of the
same material may be only 0.42 to 0.45 (Berdahl et al. 2007). Further apélylsito-tile multiple
reflection and absorption is needed to estimate the reflectaacefissembly from the reflectances of
representative tile chips.

This study compared E1918A solar reflectance measurements fomldvuigi-profile clay and concrete
tile assemblies to those made by E1918. It validated E1918A by showing that in the absangaing
errors (e.g., those experienced with multicolor tile assemblies), E1918ésvagreed with CRRC-
approved E1918 values to within 0.02. Since the solar reflectance ofasesonbly is primarily of
function of the reflectance of the component roofing materials and the ggahtte assembly, we
expect these results will equally apply to other similar high-prafibéimg materials such as wood shakes
or shaped metal products.

We also compared solar reflectance measurements using E1918A and E191RBlatedi\EE1918A by
showing that it agreed with E1918 (CRRC accepted method) to within diffededefor low- and high-
profile clay and concrete tile assemblies.

6. Conclusion

A pyranometer-based method of measuring solar reflectance (“E1918A”") sigaatkto characterize the
solar reflectance of an approximately 1 surface. The surface can be uniform, variegated, flat, or
curved. For 10 large (109ntile assemblies ranging in solar reflectance from 0.10 to 0.50, theragnt
between the E1918A and E1918 measurements for unicolor assemblies was within (eGRatviar
multicolor assemblies was within 0.03. We conclude that E1918A can semeaksraative to E1918 for
measurement of the solar reflectance of low- and high-profile tigddees. Since the solar reflectance
of a roof assembly is primarily of function of the reflectance of the conmpoaefing materials and the
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geometry of the assembly, we expect these results will equally pgtiger similar high-profile roofing
materials such as wood shakes or shaped metal products.
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Table 1. Solar reflectances of tile assemblies and tile chips.tNéoassemblies were made of more than
one component tile. The solar reflectances of assemblies werarateasing E1918 and E1918A, while

the solar reflectances of tile chips were measured via E903.uhhigens in parentheses show the
maximum difference for three solar reflectance measurementstofileagssembly.

Tile Assembly Solar Reflectance Tile Chip Solar Reflectance
Code Description and size AssemblyE1918 E1918A Component| Code E9Q3
color/size
Gladding McBean Terracotta Chip Ola CRRCO1A 0.37
CRRCO1 3.3mx3.3m (10’ x 10" UL 0.32(0.00) | 0.32 (0.00) Chip 01b CRRCO01B 0.35
. . Chip 02a CRRCO02A 0.17
CRRC02 S?%"Q% '\?f'ff‘(afg ﬁglg’,';x ML |0.23(0.00) | 0.22 (0.01) | Chip 02b CRRCO2B | 0.35
' ' Chip 02c CRRCO02C 0.19
US Tile Terracotta Chip 03a CRRCO03A 0.31
CRRCO3 3.3mx3.3m (10’ x 10" UL 0.32(0.00) | 0.30(0.01) Chip 03b CRRCO03B 0.31
Chip 04a CRRCO04A 0.32
Chip 046" CRRCO04B | 0.10
US Tile EI Camino Chip 04c CRRCO04C 0.31
CRRCO4 |3 3 mx3.3m (10’ x 10)) ML 10.25(0.00) | 0.22(0.01) | i g CRRCO04D | 0.17
Chip 04e CRRCO4E 0.17
Chip 04f" CRRCO4F | 0.10
MCA Adobe White .
CRRCO05 3.3mx 3.3 m (10 x 10) U/L 0.50 (0.00) | 0.49 (0.01) Chip 05a CRRCO5A 0.55
MCA Adobe Black .
CRRCO06 33mx3.3m (10 x 10) U/L 0.10 (0.00) | 0.09 (0.00) Chip 06a CRRCO6A 0.10
Westile Gray Hawk Chip 07a CRRCO7A 0.38
CRRCO7 21mx17 ¥n (7.2' X 5.5) M/S 0.33 (0.00j 0.37 (0.01) | Chip 07b CRRCO07B 0.32
' ' ' ' Chip 07c CRRCO0O7C 0.37
Chip 08a CRRCO08A 0.27
Westile Paloma Chip 08b CRRCO08B 0.42
CRRCO8 21mx1.6m(7.2'x5.2) M/S 0.29 (0'013 0.28 (0.01) Chip 08c CRRCO08C 0.26
Chip 08d CRRCO08D 0.35
Chip 09a CRRCO09A | 0.16
MonierLifetile Desert Sage Chip 09b CRRCO09B 0.20
CRRCO9 13 3 m x3.3m (10' x 10)) ML~ 10.19(0.00) | 0.19(0.01) |~y gog CRRC09C | 0.16
Chip 09d CRRCO09D 0.17
Hanson Integrated Color Chip 10a CRRC10A 0.15
CRRC10 33mx3.3m (10 x 10) M/L 0.14 (0.00) | 0.14 (0.01) Chip 108" CRRC10B 011
Hanson Slurr Chip 11a CRRC11A 0.49
CRRC11 33mx3.3 my(10' X 10') M/L 0.36 (0.00) | 0.38 (0.02) |Chip11b CRRC11B 0.34
) ) Chip 11c CRRC11C 0.27
Westile Pacific Chip 12a CRRC12A | 0.49
CRRC12 1.8 mx1.8 m (6 x 6) M/S 0.38 (0.00} 0.43 (0.01) |Chip 12b CRRC12B 0.49
: ) Chip 12¢ CRRC12C | 0.48
Westile Gray Hawk Slurry Chip 13a CRRC13A 0.37
CRRC13 15 mx22m((5'x7.2) M/S 0.32 (O'Of) 0.34(0.02) Chip 13b CRRC13B 0.39
MonierLifetile Rio Grande Chip 142 CRRC14A 0.24
CRRC14 33mx3.3m (10 x 10) M/L 0.20 (0.00) | 0.22 (0.01) | Chip 14b CRRC14B 0.24
) ) Chip 14c CRRC14C 0.24

Notes: E1918 requires a sample size of at least 3 m x 3m (about 10’ by 10’). E1918 meatufeme
samples CRRC07, CRRC08, CRRC12, and CRRC13 are subject to significanterearsebof their
smaller size. For these samples, E1918A results are more reliatleicolor; M: Multicolor; L: Small
assembly L: Large assembly.
Slight visual variation between the color of the ‘tile chip’ and ttte@ tile used in the tile assembly.

*%*

assembly.
t+ The solar reflectance measured by E1918 characterizes both thessmalbly and its surroundings,
while the E1918A measurement characterized only the sample area.

11

Significant visual variation between the color of the ‘tile clapd the actual tile used in the tile
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APPENDIX A
E-1918A Procedure
(NOTE: THIS IS NOT AN ASTM STANDARD)

This pyranometer-based method for the measurement of solatarfle¢hereafter, “E1918A")
permits the measurement of the solar reflectance of a smakttarga of interest. The solar irradiance
(power per unit area; hereafter, simply “irradiance”) incidernthersensor of a horizontal, downward-
facing pyranometer is a weighted average of the sunlight reflectéw bgrgyet area and that reflected by
its surroundings (see Figure Al). E1918A determines the reflectancargeaadrea from three
consecutive measurements of reflected sunlight. In the first cortfigurdenoted by subscript 1, the
target area is exactly covered by a thin, solar-opaque white s\ifaeafter, “white mask”). In the
second configuration, denoted by subscript 2, the target area is exactidcbye thin, solar-opaque
black surface (hereafter, “black mask”). In the third configuration, @ermg subscript 3, the target area
is uncovered. The E1918A reflectance of the target area is themihete from the following equation:

[, -1
R=R+7 7 (R-R) EQAL
1 2

where
R is the calculated solar reflectance of the target area,

R, andR,, are the solar reflectances of the solar-opaque black and solar-opatpmagis measured via
ASTM E903, and
I1, 15, andl; are irradiances incident on the pyranometer sensor in configuratidnand 3.

As in ASTM Standard E1918, a pyranometer on a 1.5 m arm is extended over thefdiete
target area at a height of 0.5 m (Figure Al). The pyranometer @hagizontal) is faced upward to
measure global horizontal insolation; faced downward to measure the suefligttied in each of the
three configurations; and then faced upward to re-measure insolation.

Procedure

Align the stand such that the arm points toward the sun (the observeraksth that his
shadow falls at least 2m away from the center of the target ateag 3hall be no moving shadow within
2m of the center of the target area other than the minimal shadow d¢hstfyranometer and its stand.
The pyranometer shall be parallel to the surface where measuilisroentiucted.

1 Position the pyranometer over the center of the target area.

2 Obscure the target area with the black mask, and then obscure the dd&okith the white
mask. Note the white mask must exactly cover the black mask.

3 Face the pyranometer upward to measure incoming horizontal globatrsal@nce ().
Check the measured incoming radiation against standard solar tables.

4 Face the pyranometer downward. First, measure the reflectedsalence () incident on

the pyranometer sensor in configuration 1 (target exactly covered by ophij@enask). Next,
measure the reflected solar irradianggificident on the pyranometer sensor in configuration 2
(target exactly covered by opaque black mask). Finally, measureflgnted solar irradiances)|
incident on the pyranometer sensor in configuration 3 (target uncovered).

5 Face the pyranometer upward to re-measure incoming solaroadatihe second time (jj.
If |I" 4-1n] > 20 Wi, repeat steps 2 to 5.

6 All five pyranometer measurementg, (h, I», Is, I'n) shall be performed in a time interval not to
exceed 10 minutes. For each measurement, allow 30 seconds for the pyratwstabdize.

7 Calculate the solar reflectance of the target argaigihg Eq. Al.
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8 Repeat steps 2 to 7 two more times to obtain a total of three viRes o

9 If the range of the three values qfdRceeds 0.02 [i.e., max{R min (R) > 0.02], repeat steps
2-8.

Figure captions
Figure Al. A schematic of the pyranometer, pyranometer support, and masjeiditea.
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