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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain conect information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any wananty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



Figure 2. Spectral reflectance of black acrylic paint and the same paint covered with XIR selective coating. 
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Table 1. Base-case U.S. air-conditioning use and 
savings potential of cool suifaces. We estimate that 

13% of air conditioning is avoided by 2015. 

1995 2015 
Year Base Case Base Case Savings' 

I. Electricity (BkWh) 440 540 

2. $(Utility + Customer) cos(' $44 B $54 B 

3. CO,(MtC") 110 

'Assuming I kWh costs 10 cents in 1994 dollars 
*MtC = million metric tons of carbon 

135 

70 

$7 B 

18 

'Potential savings in 20 years when roof resurfacing is completed 

The effect of temperature on smog is also very significant. 
At low maximum daily temperatures (below 22°C), the max
imum concentration of ozone is below the California stan
dard of 90 parts per billion (ppb); at high temperatures 
(above 35°C) practically all days are smoggy. We have 
simulated the impact of urban-wide cooling in Los Angeles 
on smog; the results show a significant reduction in ozone 
concentration (Taha 1995a,b). The simulations predict a 
reduction in population-weighted smog (ozone) of 10-20%. 

ASTM STANDARDS 

Table I describes potential savings from increased solar 
reflectance. However, achieving this potential is conditional 
on implementing the changes in surface properties. An 
important step in initiating an effective program in this area 
is to work with ASTM and the industry to create test proce
dures, ratings, and labels for cool materials. A subcommittee 
of£06, £06.42, on Cool Construction Materials, was formed 
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as part of a national plan to exploit cool construction technol
ogy and materials. 

In 1994, a group of industry representatives, including sev
eral ASTM members, from the public and private sectors 
attended two workshops on cool construction materials. The 
group formed the National Committee for the Planning of 
the Cool Construction Materials Program. One of the major 
tasks in this National Plan is to develop performance data 
and standard procedures for evaluation of cool construction 
materials. Subcommittee E06.42 was formed as the vehicle 
to develop standard practices for measuring, rating, and 
labeling cool construction materials. 

Standards for Measuring Solar Reflectance 
and Infrared Emittance 

The ASTM E06 subcommittee believes that two existing 
ASTM standards "E 903-Test Method for Solar Absorp
tance, Reflectance, and Transmittance of Materials Using 
Integrating Spheres" and "E 408-Test Methods for Total 
Normal Emittance of Surfaces Using Inspection-Meter Tech
niques'' meet the present needs for laboratory measurement 
of these properties. The subcommittee has determined that 
these two optical properties also need to be measured in the 
field. In response to the lack of standards for field measure
ments of solar reflectance, the subcommittee has drafted a 
test method for measuring solar reflectance of horizontal 
and low-sloped surfaces. The subcommittee has not yet pro
posed a method to measure infrared emittance in the field. 

The draft test method covers the measurement of solar 
reflectance of various horizontal and low-sloped urban sur
faces, materials, and natural surfaces in the field, using a 
pyranometer. The method is intended for use when the sun 
angle to the normal from a surface is less than 45 degrees. 
The test method applies to large (circles at least four meters 
in diameter or squares four meters per side), homogeneous, 
low-sloped, dry surfaces, such as roofs, streets, and parking 
lots. A pyranometer is used to measure incoming and 
reflected solar radiation for a uniform flat surface. The solar 
reflectance is the ratio of the reflected radiation to the incom
ing radiation. 

A precision pyranometer (such as Eppley PSP Pyrano
meter1), sensitive to radiant energy in the 280-2800 nm band 
is recommended. A typical PSP yields a linear output of 
±0.5% between 0 and ± 1400 W m- 2and a response time 
of one second. Other suitable pyranometers are discussed 
in Zerlaut ( 1989). The double-dome design of the PSP mini
mizes the effect of internal convection which changes as the 
pyranometer is tilted at different angles. For this reason, the 
PSP is especially suitable for this test, since measurement 
of solar reflectance requires the apparatus to alternatively 
face up and down. Most pyranometers are precalibrated 

1.4 - Akbari, Levinson and Berdahl 

by manufacturers. It is a good practice to recalibrate the 
pyranometer as specified by the manufacturer (typically once 
every year or two years). Recalibration is done by the manu
facturer of the pyranometer. 

The analog output from the pyranometer is converted· to 
digital output with a readout meter (such as EPLAB Model 
455 Instantaneous Solar Radiation Meter) that has. an accu
racy of better than ±0.5% and a resolution of I W m- 2

• 

The meter shall be scaled to the sensitivity of the specific 
PSP by the manufacturer of the pyranometer. Alternatively, 
a precision voltmeter can be used. 

The pyranometer is mounted on an arm and a stand that 
places the sensor at a height of 50 em above the surface to 
minimize the effect of the shadow on measured reflected 
radiation. The arm and stand shall be strong, cast the smallest 
possible shadow, and allow the pyranometer to be turned 
upward and downward easily. 

The measurements should be done in conditions where the 
angle of the sun to the normal from the surface of interest 
is less than 45 degrees. For fiat and low-sloped surfaces, 
this limits the test between 9 a.m. and 3 p.m. local standard 
time; this is when solar radiation is at least 70% of the value 
obtained at solar noon for that day. In winter months (when 
solar angle is low), the test should be performed between 
I 0 a.m. and 2 p.m. 

Cloud cover and haze significantly affect the measurements. 
The tests shall be conducted on a clear sunny day with no 
cloud cover or haze during the individual measurements. 
The following criteria shall be used to establish the suitability 
of the measurement conditions: 

• Haze: As long as the solar disk is visible and solar flux 
is not changing rapidly during the test, the measurements 
can be performed with reasonable accuracy. 

• Clouds: The impact of clouds close to the sun is larger 
than clouds on the horizon. It is important to make the 
measurements with stable solar conditions. The best 
way of determining stability is to make se.veral measure
ments (each performed within a two-minute period) and 
making sure that the calculated solar reflectance is 
repeatable within I% during the measurement period. 

The repeatability of the measured solar reflectance using the 
pyranometer is within ± I%. The solar reflectance of most 
exterior surfaces, however, is inherently variable due to vari
ations in the materials, weathering conditions, and a broad 
range of environmental contaminants. To adequately repre
sent the solar reflectance of these surfaces, a minimum of 
three measurements from widely spaced areas (locations 
separated by more than 10 times the height of the sensor 



above the surface being measured) must be collected, and 
the detailed condition (surface condition, location, and sur
rounding objects) of each sample must be recorded. 

Standards for Calculating Solar Reflectance 
Index 

Another activity of the subcommittee includes developing 
a Standard Practice for Calculating Solar Reflectance Index 
of Horizontal and Low-Sloped Surfaces. It is the objective 
of this standard to define a Solar Reflectance Index (SRI) 
which measures the relative steady-state temperature of a 
surface with respect to a standard white surface (SRI = 
100) and standard black surface (SRI 0) under standard 
solar and ambient conditions. 

The steady-state temperature (SST) of a surface under the 
sun is strongly correlated to solar the reflectance and the 
infrared emittance of the surface. Typically, the SST of dark 
surfaces (with low solar reflectance) is higher than light
colored surfaces (with high solar reflectance). Similarly, sur
faces with low infrared emittance have higher SSTs than 
surfaces with high infrared emittance. The procedure recom
mended in this standard will allow a direct comparison of 
SST of surfaces under the sun. For a dry surface under 
the sun and perfectly insulated underneath, the steady-state 
surface temperature can be approximated by 

(1) 

where, 

a =solar reflectance 
I =solar flux, Wm2 

e =infrared emittance 
u =Stefan Boltzmann constant, 5.67 I o-x Wm -2K - 4 

T, =steady-state surface temperature, K 
Tsky = sky temperature, K 
h, =convective coefficient, Wm- 2K- 1 

T, =air temperature, K. 

For the purpose of this calculation, the following definitions 
are made: 

• Standard Solar and Ambient Conditions-a solar flux 
of 1000 wm- 2

, ambient air temperature of 3IOK, con
vective coefficient of 12 W m- 2 K- 1, and apparent sky 
temperature of 300K. 

• Steady-state Surface Temperature (T,)-the tempera
ture of the surface, in K, under the standard solar and 
ambient conditions. The surface temperature T, (°C) = 
T, (K) - 273. 

• Reference Black Surface Temperature (Tb)-the steady
state temperature of a black surface with solar reflect
ance of 0.05 and infrared emittance of 0.9, under the 
standard solar and ambient conditions. 

• Reference White Surface Temperature (T w)-the 
steady-state temperature of a white surface with solar 
reflectance of 0.80 and infrared emittance of 0.9, under 
the standard solar and ambient conditions. 

• Sky Temperature (T,.l)-the temperature of a black 
body that would radiate the same power in the thermal 
infrared spectnim (5 to 40 nm) toward the earth as does 
the sky. 

Under the standard solar and ambient conditions, the steady
state temperature for the black and ·white reference surfaces 
is 355.61K (82.6°C} and 317.76K (44.rC}, respectively. 
Given the solar reflectance and infrared emittance of a sur
face, Eq. 1 needs to be solved iteratively for surface tempera
ture. Alternatively, for the defined standard conditions, one 
can use the following equation or Fig. 3 to estimate the 
surface temperature. 

T,(K) = 310.04 + 82.49a - 2.82<T (2) 
- 54.33au + 2l.72au2 

where, 
a = solar absorptance = 1 - a 

Surface temperatures estimated by Eq. 2 or Fig. 3 are accu
rate within IK compared to the iterative solution of Eq. I. 

A Solar Reflectance Index (SRI) can be defined as 

(3) 

Under the defined standard solar and ambient conditions, 
Eq. 3 reduces to 

SRI = 218 - 2.64T,( 0 C} (4) 

Determination of solar reflectance and infrared emittance, 
and subsequent calculation of the relative temperattire of the 
surfaces with respect to black and white reference tempera
tures (defined as Solar Reflectance Index, SRI) will help 
designers and consumers to choose the proper materials for 
their buildings and communities. The method described here 
gives the SRI of surfaces based on measured solar reflectan
ces and infrared emittances of the surfaces. Figure I. also 
shows the calculated SRI for test samples. 
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Figure 3. A graphical approach in obtaining steady-state temperature of a surface from its solar reflectance and infrare, 
emittance, under the defined standard environmental conditions. 
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Sensitivity of SRI to Variation in 
Environmental Conditions 

The SRI of a test surface varies with two material properties, 
solar reflectance and infrared emittance, and six environmen
tal conditions, insolation, convection coefficient, roof ther
mal resistance (including inside convection coefficient), air 
temperature, sky temperature, and inside air temperature. 
(Eq. I does not show the conductive coupling to the building 
interior.) While a full analysis of the sensitivity of SRI to 
these eight parameters is outside the scope of this paper, the 
following guidelines may be useful to the practitioner. 

SRI is an excellent predictor of solar reflectance for materials 
with high infrared emittance, i.e. non-metals, and is generally 
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insensitive to variations in convection coefficients for these 
materials (Figure 4). 

For surfaces with infrared emittance greater than 0.8, SRI 
is generally insensitive to roof thermal resistance because a 
roofs thermal conductance (the reciprocal of thermal resis
tance) is typically an order of magnitude smaller than the 
outside coefficients of convective and radiative heat transfer. 

For surfaces with infrared emittance greater than 0.8, SRI 
is insensitive to choice of sky temperature, ambient tempera
ture, and inside temperature. 

For unoxidized metallic surfaces that are characterized with 
low infrared emittance, the SRI calculated by the above 
procedure varies significantly with the choice of outside 

r 



Figure 4. Calculated SRI error with variation in convection 
coefficient and solar reflectance of a surface with an infrared 
emittance of 0.9. These errors are small compared to the 
0-100 index range. 
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convection coefficient, ambient temperature, and sky tem
perature. Hence, this procedure is not recommended for 
metallic surfaces. 

DATA BASE FOR COOL 
CONSTRUCTIONS MATERIALS 

Solar reflectance values are found in the literature for a few 
building materials, but the available information is quite 
limited. Manufacturers, if they measure reflectance at all, 
often measure the visible reflectance. However, at least half 
of the energy content of sunlight is in the near infrared and 
ultraviolet portions of the spectrum. The best procedure for 
measuring solar reflectance in the laboratory is the use of 
a spectrometer to measure the monochromatic reflectance 
across the solar spectrum, as is shown for some white roof 
coatings in Figure 5. Then a standard solar spectrum is used 
as a weighting function to compute the overall fraction of 
solar energy reflected under typical atmospheric conditions. 
In our laboratory, we perform these measurements with a 
Perkin-Elmer Lambda 19 UV-VIS-NIR spectrometer fitted 
with a Labsphere integrating sphere. 

Infrared emittance values for building materials have not 
been widely measured. A common strategy for non-metals 
and metals with opaque coatings is to assume the emittance 

is independent of wavelength and equal to 0.9, as is often 
the case. However, measurements are needed to see how 
generally this rule of thumb is applicable. Bare metal sur
faces and aluminum-pigmented coatings are known to have 
lower emittances, which also vary with wavelength in the 
thermal infrared range. We have recently completed the 
setup of a new instrument, a Spectral Emissometer, which 
permits the determi~ation of spectral emittance from 5 to 
40 micrometers wavelength. It consists of a Bruker Instru
ments IFS 28 Fourier Transform InfraRed (FTIR) spectrom
eter, fitted with an external port and an external chamber 
for housing the heated sample under test. 

We are in the process of developing a national database on 
cool materials that will be published in paper and electronic 
forms. It will include tabulations of solar reflectance and 
infrared emittance of building materials and lists of manufac
turers. It will be accompanied by analyses that interpret the 
data and provide advice for its use. In-house measurements 
of solar reflectance and infrared emittance will be used to 
provide data not otherwise available and to allow us to 
evaluate the data we are able to obtain from other sources. 

SUMMARY 

The technical issues relating to development of two ASTM 
standards addressing the measurement of the solar reflect
ance of the horizontal surfaces in the field and translating 
the results into a comparative index have been discussed. 
Two existing ASTM standards ''E 903 - Test Method 
for Solar Absorptance, Reflectance, and Transmittance of 
Materials Using Integrating Spheres" and "E 408 - Test 
Methods for Total Normal Emittance of Surfaces Using 
Inspection-Meter Techniques" meet the present needs for 
laboratory measurement of solar reflectance and infrared , 
emittance of surfaces. We are developing a database for 
solar reflectance and infrared emittance of building and pav
ing materials. 

The measured solar reflectance and infrared emittance of 
surfaces are used .to calculate a solar reflectance index as 
defined by a proposed standard practice. SRI is a measure 
of the relative steady-state temperature of a surface with 
respect to a standard white surface (SRI = 100) and a 
standard black surface (SRI = 0) under defined standard 
solar and ambient conditions. Our sensitivity analyses indi
cate that SRI is an excellent predictor of relative surface 
temperature for materials with high infrared emittance, i.e. 
non-metals, and is generally insensitive to variations in 
convection coefficients, ambient temperature: and sky 
temperature. 
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Figure 5. Spectral reflectance of seven white roof coatings. Also shown is the shape of the solar spectrum (lower curve), 
which indicates how the solar energy is distributed over wavelength. The overall solar reflectance of these materials are: 
Toughkote, 0.85; Acryshield, 0.83; TriLastic, 0.83; Guardkote, 0. 74; MCI, 0.80; and Triangle No. 7, 0.84. These values are 
"typical for high-quality roof coatings. 
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