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Summary
. |
Guidefor Estimating Differencesin Building Heating

and Cooling Energy Dueto Changesin
Solar Reflectance of a L ow-Sloped Roof

Anincreaseinroof solar reflectancer esultsinasavingof building coolingenergy and an
increase in building heating ener gy. Thisguide provides dataand cd culation proceduresfor
esimating the changein HVAC energy and resultant cost savings assodated with changing the solar
reflectance of low-doped roofs. A brief consderation of exterior surface mass showsthat the annud
energy and cost savings are smdl compared to the effect of changing roof solar reflectance.

This guide can be used to perform different types of savings esimates related to changing roof solar
reflectance, induding: savings for achangeto ahigher roof solar reflectance, comparison of savingsfor
two different products, and estimating changes in savings due to degradetion of reflectance

Inmost instances, thecooling cost savingsassociated with achangetoawhiter oof surface
(onewith higher solar r eflectance) exceed theheating cost penalty. Thssoudnatbecordrued
as ablanket endorsement of high solar reflectanceroofs. Many factors beyond the scope of thisguide
should be conddered. Roof maintenance codts, roof life, dirt accumulation, and different materia costs
aeexamples

Anincreasein solar reflectancewill decr easethepeak daytimetemper atur esof ar oof.
Black surfaces routindy exceed 160E F on summer days. Under amilar conditions flat white surfaces
reach 135EF and glazed white surfaces sddom go above 120EF.

The important parameters to consder when evauating the tota energy impact of a change in roof
sola reflectance are: inaulaion R-vaue, dimae, solar radiation, building use and type, and the
efidendesaf heating and cooling equipment. For example thefuel cost savingsfor achangeto
awhiteroof surface decrease shar ply with increasesin the amount of roof insulation.

Roof surface aging generdly decreases the solar reflectance of a white coating or membrane and
increases the solar reflectance of an origindly black one. Thus, the decreased effectiveness of an aged
white surface compared to a black surface is underestimated if the Smultaneous aging of the black
surface is not taken into account.

Adding mass—for example, pavers or balas—to the surface of aroof lowers the pesk daytime
membrane temperatures 10-20EF compared to a bare black membrane.
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In the summer, high solar reflectance helps keep the heat from the
sun away from the building during the day (a), and high infrared

emittance helps radiate heat away from the roof both day and night (b).

In the winter, low solar reflectance helps to trap heat from the sun during
the day (a), and low infrared emittance reduces heat radiated from the
roof both day and night (b).
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Guidefor Estimating Differencesin Building
Heating and Cooling Energy Dueto Changesin
Solar Reflectance of a L ow-Soped Roof

PURPOSE

This guidebook describes a procedure that can be used to estimate changes in heating and cooling
costs and the net energy codt difference for a building as a result of changing roof “color,” or more
technically roof solar reflectance.

The cogt of heating and cooling abuilding is affected by roof color. A higher roof solar reflectance
reduces the solar energy absorbed by the roof and therefore usualy provides a reduction in the cost
of ar conditioning, while causing heating coststoincrease. If the difference between reduced cooling
costs and increased heeting costsis Sgnificant, it can affect the choice of membrane for anew roof or
a re-roofed building. This guidebook helps the user estimate this energy cost difference for his
particular roof. It aso describes how variousfactorsinfluence potentia energy savingsand actua roof
surface temperatures for different solar reflectances.

The guidebook is intended to be used by building owners, roofing contractors, or other interested
individuals who wish to evaluate the energy cost impacts of different roof solar reflectances.

LIMITATIONS
The principa purpose of this document is to answer the question:

What is the net impact of increasing the solar reflectance of a
roof on the energy use of a particular building?

It is intended to shed quantitative indgght and aid in decison making; it is not intended to provide
answers with scientific precison. The heating and cooling factors provided in this document are based
on computer smulations of annua building energy use withtypical meterologica year weether dataas
input. These smulations kept some va ues as congtants which would normally vary throughout the year
asthewesather changes. Also, somefactorsthat would affect energy use were not included so that the
procedure presented here could be kept smple. Accordingly, the following limitations are noted:

1. Theroof'sreflectance of solar energy throughout the year is characterized by asinglevaue of solar
reflectance and the reflection of sunlight is the same from dl parts of the roof for dl seasons.

2. Theroof isdry. Any effect due to the presence of accumulated water as aliquid, frost, or snow
is not treated.
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3. Theroof istotaly exposed to the Sky. No externa shading such astrees or other structureswas
considered.

4. Theinfrared emittance is assumed to be the same for dl surfaces.

5. Reference to aroof in this document indicates a near-flat roof. The construction consists of a
meta deck, insulation, and an exterior waterproof covering. Pitched roofsand roofsover attic spaces
are not covered. Cases presented do include that of a suspended ceiling below the roof assembly.

6. Changing roof reflectance can affect the energy use of a building and can dso affect the sze of
heating or cooling equipment needed. A change in energy use or a change in equipment size can
possibly lead to cost savings. Cost savings from a change in energy use could benefit both existing
buildings and new building designs, while acost savingsfrom achangein equipment szewould typicaly
benefit new building desgns. The savings evauated here pertain only to the savings from changesin
heeting and cooling energy use, and potentia equipment cost benefits would have to be evauated

separately.

A multitude of interrelated factors affect building energy use. Definition of periods of heating and
cooling are determined by coupling of these factors. Corrdlations of computed results for sdected
conditions, such asthose presented, are useful to show trendsand hel p quantify effects; however, they
cannot and should not be interpreted as exactly matching every unique setting.

This document is intended to provide a sraightforward aid to users in estimating the energy
conservation potentid offered by use of reflectiveroofs. The dataprovided are based on computations
usng a widely accepted smulation code (DOE-2.1B) which has been corroborated by some
experimental measurements. However, many cong derations emerge when gpplying the technology of
higher reflectance roof surfaces, and the procedure presented in this document is not intended to imply
that analysis of changesin energy use from gpplication of this technology is smple.
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Section 1

ROOF REFLECTANCE AND ITSSIGNIFICANCE

It is common experience that some sunlit objects become hotter than others. Thisistrue for roofs.
It is possible that one could comfortably touch one roof yet find the touch of another most
uncomfortable under otherwiseidentica climatic conditions. Just how hot aroof gets depends on many
factors and amgor oneis the roof surface solar reflectance.

Some roofs reflect the sun's rays better than others and hence do not get as hot. Highly reflective
surfaces are often thought of as being “white.” Dark-colored roofs, which generaly have low
reflectances, are typicaly much hotter than white roofs during daytime hours and can easily reach
temperatures of 165EF during clear, sunny conditions.

Roof solar reflectance affects daytime roof surface temperature and hence impacts building hesting
and cooling costs. The biggest temperature effect occurs during the day, when the sun heats the roof
and increasesthe heat flow into the building. Heet flow into abuilding isan asset when building heating
is needed and a liability when building cooling is needed. Hence, roof reflectance can effect energy
savings by impacting hesting and cooling energy requirements. In terms of energy needs, a white
(highly-reflective) roof is preferred during sunlit hourswhen building cooling is needed and ablack one
is preferred during sunlit hourswhen building heeting isneeded. Thus, thereisacounteracting influence
of roof solar reflectance (color) on abuilding's heating and cooling energy requirementsin many parts
of the country.

The prevaence of asphdltic materidsin built-up roofs meansthat many existing low-doped roofsare
black and have alow solar reflectance. Aggregate surfacing can increase theroof'sreflectance. Roofs
are dso congdructed using painted and unpainted meta roofs. Single-ply membranes are becoming
more commonplace as aroof covering. Withboth painted roofs and membranes, arange of colorsis
available. Since low-doped roofs conditute a significant portion of the overal therma envelope of
low-rise buildings and with the many available optionsfor roof color, changing roof reflectanceis now
aviable option for reducing the energy costs of many buildings.

The most notable examples of reduced energy costs come from replacing black roofs by white roofs
on buildings with high air conditioning loads. The prospects of reduced energy costs, dong with the
lower surface temperatures of white membranes, have been instrumenta in creeting a strong demand
for high reflectance, white membranes. In generd, white systems are more expensive. The cost
differentid is unique for a given stuation and must be known by the decison maker. Thus, it is
necessary to dso provide adecision maker with agood estimate of the cost savings that will result for
different reflectance options.
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DARKER ROOFS
MEAN HIGHER

SUMMER ROOF
TEMPERATURES

IN SUMMER, A DARKER ROOF
CAN IMPOSE A HIGHER COOLING LOAD
ON BUILDING COOLING SYSTEMS
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Section 2

FACTORSINFLUENCING SURFACE
TEMPERATURES OF LOW-SLOPED ROOFS

The solar reflectance of aroof membrane plays a key role in determining the daytime temperature
of aroof. On abright summer day the temperature of a black membrane can easily exceed 160EF
while it can be as low as 100EF for a smilar roof with a smooth white membrane under identical
conditions. While little direct evidence exigts to suggest that roofs with high solar reflectance and
resultant lower daytime temperature pesks have alonger life because of the lower temperatures, it is
generdly fdt that higher temperatures will accelerate deterioration and should be avoided.

Computers can accurately predict roof surface temperatureswhen the characteritics of theroof and
the environmental conditions are known. While this degree of detail is not usudly required, it is
worthwhile to describe the factors that most significantly affect roof surface temperature.  Those
discussed are:

Roof surface color and texture
Solar intensity
Sky conditions
Roof insulation
Roof surface infrared emittance
Roof surface mass

ROOF SURFACE COLOR AND

Hours (1000's) TEXTURE
°f It is well known that a dark colored
5H —4 membrane absorbs more solar energy than a
4L light colored one. One property that
O whie | Charecterizes this effect is the “solar
N reflectance.” If incident solar energy is totally
24 absorbed the surface has a reflectance of zero
i v and if itistotally reflected it has areflectance of
-z one. All materids have vaues somewhere
0 [ | [ between zero and one. The solar reflectance
0t040  40-90  90-140  140-190 of seved common materids is given in

Roof Temperature Range (F)

Appendix B. Colorisafairly good indicator of

Figure 1 — Distribution of hourly solar reflectance. D_6fk SJrfECEShaVF’.’IOWSJIa

temperatures for dark and light roofs. reflectance and light surfaces high solar

At asite in east Tennessee, one half of atest panel was  reflectance.  Texture dso is dignificat in
covered with ablack EPDM membrane and the other half ‘s

with awhite EPDM membrane. The panel was insulated to determi nmg. the solar .reﬂedance of & surface

R-75. The figure shows that, for 7824 hourly Generdly, light reflecting from arough surface

measurements within the period of March 1986 to March  has a better chance of striking the surface a
1987, the white membrane had more hours at moderate

temperatures and no hours at 140-190EF.
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second time—and therefore  being
absorbed—than light from a smooth
surface. Thus, other things being equd,
a rough surface will have a lower solar
reflectance and therefore will bewarmer
insunlight than asmooth surface. Aging,
gther from chemicd changes in a
membrane or from dirt or contaminants
in the air, usudly tends to drive roof
surfaces toward the color gray. Thus,
intidly white roofs with high solar
reflectance tend toward lower
reflectances and higher temperatures
while initidly black roofs with low solar
reflectance tend toward a higher
reflectance and lower temperatures.

SOLAR INTENSITY

The sun is the primary energy source
for aroof surface that is heated above
the ambient ar temperature. The
amount of useful sunlight varieswithtime
of year, and with location and loca
wegther peculiaities  In gened,
southern Stes and mountainous regions
have more useful sun and therefore
higher roof temperatures. In many
instances, however, loca high cloud
cover or high humidity absorb solar
radiation and Sgnificantly reduce the
amount of useful sunlight. For example,
February useful sunlight in New Orleans,
LA, on the Gulf coast is about the same
asinLaramie, WY, and inthe summer it
isactudly about 30 percent less. Thisis
due to the high water vapor content of
the air dong the Gulf Coast compared to
the clear mountain sky of the Rocky
Mountain area

-11-
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Figure 2 — Comparison of surface temperatures for
white and black roof membranes, July 15-21, 1986.
The difference between the peak temperatures of white and black
membranes during typical hot summer conditionsis pronounced,
as shown above. These temperature measurements are from the

datasummarized in Fig. 1.

Daily Solar Intensity (kBtu/sq ft) f. Boston

2.5¢£ [] New Orleans
Il Cheyenne
|:| Seattle

2.0

1.5t

1.0

0.5

0.0

Mar Jun Sep Dec
Month

Figure 3 — Comparison of solar intensity.
The data on average solar energy for each month for the 4 cities
show that differences during the summer are not as different as
might be expected for climatesthat are noticeably different. Lower
winter solar energy in some climates means that increases in

heating energy usefor buildings with white membranes would be
smaller.
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SKY CONDITIONS (Wind, Rain, Clouds)

During awarm summer day the sun can cause the temperature on a dark roof to reach 160EF to
180EF when the air temperatureisonly 80EF to 90EF. Since the roof is not very massve and cannot

Temperature (°F)
190

90 I I I I ]
0 20 40 60 80 100
WIND SPEED (MPH)

Figure 4 — Effect of wind.

The effect of wind speed on maximum membrane
temperature is shown in thisfigure for ablack roof.
These results were obtained by simulation using
weather conditions taken from the same data shownin
Fig. 1 for a week in May 1986. The maximum air
temperatures during this week were 80-85EF, and the
solar energy peaks were 300-320 Btu/hr-ft2,

Temperature (°F)

180
1704 ’
160
( )\

150 — el = 0.1 |
140 L —— Refl. = 0.7 }
130
120
1104 .
100 ) ) ) ) ) ) ) 1

0 2 4 6 8 10 12 14 16

R-VALUE

Figure 5 — Effect of R-value.
Using the same data as shown in Fig. 4, the effect
of changes in R-value on maximum membrane
temperature for a black membrane were modeled
and are shown for two values of reflectance.

store much heat, events such as a quick shower, a
cool wind, or even a large cloud can lead to
reductionsin roof temperatures. Exact caculation
of the effects of these rapid changes on particular
roofs aredifficult to carry out because they are such
irregular phenomena.  The chart to the left shows
the approximate effect of wind. For a black
built-up roof the maximum pesk temperature during
a week of hot summer westher can be 5-10EF
lower when the wind increases from 0 to 10 mph,
and 25-30EF lower in a20 mph wind. Note that
for a high-solar-reflectance white roof, the initial
difference between surface temperature and air
temperature isreduced. Therefore, the magnitude
of rapid temperature changes caused by sky
conditions will be much less severe for awhite roof
than for ablack roof.

ROOF INSULATION

Other things being equa a roof with more
insulation will have less heat carried from the roof
into a building on a sunny day than aroof with less
insulation and this should cause it to have a higher
surface temperature. The magnitude of the surface
temperature depends upon the amount of insulation.
Ascan be seeninFHg. 5, after even asmal amount
of insulation has been added to a roof, further
increases have little effect on the temperature. The
reason is that the surface temperature depends
upon the net exchange of energy between the roof
surface and the outdoor and indoor environments.
As the amount of roof insulation is increased, the
surface becomes more shidded from energy
exchange with theindoor environment (conditioned
space), and the surface temperatureis controlled by
externd influences such as solar energy, wind, rain,
and outdoor air temperature. Note, however, that
insulation increases dill have animpact onfud hills
That is, if the insulation is doubled, the pesk
daytime surface temperature may only decrease a
few degrees, but the heat loss or gain (and costsfor
resulting heeting or cooling energy) will ill be
gpproximately halved.
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ROOF SURFACE INFRARED EMITTANCE

A roof surface radiates infrared energy to
the sky and the surroundings. During the day
incident solar energy more than makes up for - o
this infrared radiation, and a roof can be T8e0njperature Difference (°F)

heated well abovetheambient ar temperature. 70 I WHITE| | GRAY | S
During the evening, however, with no solar 60 i\ b\ ;'ri;
radiation, the loss of radiant energy tothesky ~ 50..... o] ; j
can cool a roof below the ambient ar  40].bi. il -
temperature. Evening surface temperatures 30 i >\ " =
20EF below air temperatures on dlear, low 20 i,"\* friflpe e IA\E
humicity nights are common for well insulated 19 I ATA /'\‘ AR

roofs. While radiant cooling of a roof will _18 T o O g

increase the nighttime heet loss, the effect is

not indluded in the calculations of this manual 012012012012012012 012

because most roofing materials have about the Hour

m‘mraed r;ad!etlonpropeytlese/er]though Figure 6 — Effect of infrared emittance.
their solar radiation properties can be quite  The effect of infrared emittance at night can be seen in
different. this figure. Solar energy heats the roof to significant

temperature differences between the roof surface and
ambient air during theday, but thetemperaturedifference

ROOF SURFACE MASS is often negative at night-indicating that the roof is

cooled below theair temperature. Thenight cooling effect
) is shown to be nearly identical for white and gray roofs.
Whenmassisadded to the surface of aroof, The dataare for the week of August 2, 1988.

such as with paver blocks or gravel balag, it
acts as athermd flywhed. Its effect on roof o
temperatures is to smooth out the variations 1 emperature (°F)
fromday to night. Thisresultsin lower pesk 180
temperatures thanwould befoundwithabare 1702
roof.  Figure 7 shows peck membrane jeo | mma_ e
temperatures calculated for roofswith various 150

amounts of surface mass. This figure shows
that peak membrane temperature is reduced 140 —R2 )
as the amount of surface massincreases and =~ 130 -rmvcncced 7 R
added surface mass has a subgtantidly larger ™ 120 O N
effect than the effect of changes in roof 149
insulation leve. 100

90

1T 1T 1T 1T T T T 11
0 2 4 6 8 101214 16 18 20

SURFACE MASS (PSF)

Figure 7 — Effect of surface mass.
Using the same dataasin Figs. 4 and 5, the effect of
surface mass on peak membrane temperature during a
week was modeled, and the results are shown here.
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Section 3
]

FACTORSTHAT AFFECT THE
ENERGY SAVINGSAVAILABLE FROM
CHANGING ROOF SOLAR REFLECTANCE

The energy savings achievable by changing roof reflectance is predominantly influenced by:

R-value of roof insulation
Climate
Building type and use
Roof surface property changes

Each of these factors have varying degrees of influence on the potentid for energy cost reductions
resulting from reflectance change. The effect of surface mass (e.g., ballast) is discussed in Appendix
E

R-VALUE OF ROOF INSULATION

The amount of roof insulationisamgor factor influencing the energy savings potertidly availablefrom
achange in roof reflectance. If aroof iswdl insulated, little heet is trangported between the roof
surface and the building interior. Thus, athough a change in roof reflectance changesthe roof surface

temperature, the building energy usewill experience

little impact.

Net energy savings (kBtu/sq ft/yr)
%g : The influence of insulation on the savings from
16 | changes in roof reflectance is shown in Fig. 8.
13 1 Reflectance change will reduce energy costs the
13 1 Phoenix most for lower roof insulation levels. In cooling
% . dominated climates, reductionsin energy savingscan
9 | aso be significant for higher levels of roof insulation.

§ E Albuquerque
§ :Washington, D.C. CL I M AT E

3 ] mneapors Climate has a strong influence on both bilding
S energy use and on the resulting energy savings
2 4 8 16 avalable from changing roof reflectance. Since
Insulation R-value dimateoften dicatesthe size of theenergy hill, it dso

. affectsthe sze of potentid savings from reflectance
Figure 8 — Effect of R-value on net energy .
savings for an increase of 0.5 in roof Chmge- OUtdOOf temperatures, solar radiation, and
reflectance. _ wind speed are Sgnificant climate factors.
The effect of R-value on the net energy savings
(cooling savings minus heating penalty) dueto
changing roof reflectance is dramatic. These impacts
are shown here for four diverse climates.
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Increasing roof reflectance results in a

reduced summer cooling load and an PHOENIX

increased winter hesting load. Sincethereis EL PASO e ——

a tradeoff, an increase in roof reflectanceis ~ ABVIERQVE L MI=——
typicaly most beneficid in hot dimateswhere LAKE CHARLES Y —

cooling load dominates most of the the year. CHARL PToR

Climate effects on energy savings from DENVER
reflectance changeisillugtrated in Fig. 9. This WASHINGTON Wl Heating
figure shows that potential savings are SYRACUSE —— D Cooling
grestest in cooling season  dominated MINOT = .
climates. For the building configurations and 6 202468101214
climates examined for this work, the Change in heating and cooling energy use

reduction in cooling load aways exceeded (kBtu/sq ft-yr)

the increasein heating load, butthedidinction  Figure 9 — Climate effect on energy savings for a
was smndl in nothern dimates. This trend change of 0.5 in roof reflectance.

does not imply that white is aways better Theseresults are for aroof R-value of 4.

than black, because the benefits of savings

must be compared to the relative cogts of the white and black materias.

BUILDING TYPE AND USE

Different buildings use differing amounts of energy and, therefore, will benefit differently from roof
reflectance change. Energy intensive buildings such asoffice or retail buildings often havelargeinterna
loads which extend the buildings cooling season.  These building types could benefit even more from
increasing roof reflectance snce energy savings are most sgnificant in cooling dominated climates.

In high-rise buildings, the roof makes up a
gmall portion of the above-ground building
sdl. Although savings can judify a

reflectance change for these buildings, the 100
megnitude of savings will be smdl in

comparison to the buildings tota energy hill. ” 10

In low-rise buildings, however, the roof area 00 10 story] —
can easily compose from 50 to 75% of the 100 ] 100 i
above-ground shell. Thus, theroof canbea  RooF = 70% OF SHELL ooy~ 20% OF SHELL

magjor contributor to energy lossesand gains,

and savings from roof reflectance change may Figure 10 — Comparison of relative roof area.
s J A savings will result for both buildings for a given roof

significantly reduce the buildingstotal energy  refiectance change, but the relative savings for alow-rise
bill (Fig. 10). building will be larger.

ROOF SURFACE PROPERTY CHANGES

The solar reflectance of a roof changes over time, thus changing the performance of the roof as
origndly installed. ORNL experience has shown that a black asphatic surface becomes more
reflective and that a white roof surface tends to become less reflective. This change is likely due to
surface contamination, chemical reactions, and other factors. These changes can be ether beneficia
or detrimentd to a building's energy demands.
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Reflectance Quantifying the change in aroof's reflectance
1 during its life can be very difficult. If this
change can be quantified, then this guide
WHITE ROOF provides amethod for evauating its impact on
energy use. If auser wishesto make estimates
of the degradation of roof reflectance, thisguide
canaso be used to study energy useimpacts of
arange of estimated changesin reflectance.

BLACK ROOF

Time

Figure 11 — Effects of weathering.
Weathering tends to reduce the reflectance of alight roof
and increase the reflectance of adark roof.
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Section 4

EVALUATING ENERGY COST SAVINGS FROM

A CHANGE IN ROOF REFLECTANCE

This guide provides a method for the user to estimate the cost savings from a change in roof
reflectance. Steps to estimating these savings include:

Sdection of building type and climate data

Determingtion of roof insulation R-vaue

Determination of loca energy costs and HVAC system efficiencies
Determination of the change in roof reflectance

Sdection of the heating and cooling factors

Completing the savings worksheet to estimate annual energy and cost ($) savings

DATA REQUIREMENTS

Selection of Building Type and Climate Data

A building type, Ia, Ib, lla, 1lb, or 111 should be sdlected that best represents the building being
evauated. The building types are:

A building witha celling plenum space (typically used for concealing HVAC duct and related
equipment between the celling and the roof)

a Norma activity, e.g., norma occupancy and equipment |oads

b High activity, eg., high occupancy or high equipment loads

A building without a ceiling plenum
a low activity and loads, e.g., a conditioned storage area
b high ectivity and loads, eg., aretall area

Energy intengive buildings or spaces (with or without a celling plenum), i.e,, buildings which
normaly consume large amounts of energy per square foot such as:

restaurant areas with high cooking loads

office building areas with high equipment loads

industria building areas with high equipment loads

some hospita areas, and potentialy other buildings.

AONE

The building choice determines which of the sets of Cooling/Hegting Factorstables (or figures) listed
in Appendix D should be used.
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Based on smulaion results, these five building
categories should represent most  buildings
reasonably wel for an evauation of energy

INSULATION R-VALUES*

. Insulation R/inch (nomind)
savings related to roof reflectance change (see Type (hr-fFt2—EF/Btu-in)
Appendix F).

Fiberglass 4.0
The appropriate climate data, heating and Expanded polystyrene 3.8
cooling degree days and solar radiation values, Extruded polystyrene 5.0
can be sdected from Appendix A. If the | Phenolic 8.3
particular ity of interest isnot listed, detafortne |  |S0cyanurate 5.8-7.2
nearest city listed would be appropriate provided Eletrﬁgoard %g

that adrameatic difference does not exist between
climates. Solar radiation detalisted in Appendix : - g

A do not consider the effects of water, snow, or | SFor homogenousinsulation, thetotd Revalue
shading on the annud global radiation received
by a roof. The presence of snow tends to
increase the benefits of a higher roof solar
reflectance relative to a lower solar reflectance.
Rain and shading tend to decrease the benefits.
(See Interpreting Results discussion at the end of
this section.)

Totd R = R/inch x thickness
(inches)

*The R/inch vdues vay for different
manufecturers.  Actud  vdues should be
obtained from manufacturer literature or the
Roofing Materids Guide published by the

Determination of Roof Insulation R-Value NRCA (seefootnote below).

The R-value required is the vaue for the roof
insulation only since in most cases, insulation R-vaue dominates the total R-value of aroof. Typicd
R-vaues of common roofing materialsare provided inthesdebar. Thesevauesareonaper inchbass
and therefore must be multiplied by the insulation thickness if the table is used. Various sources are
availableif amore detailed list of roofing materiasisneeded. The NRCA Roofing Materials Guide
is a suggested source. If the roof has multiple layers of insulation, the total R-vaue is the sum of
individua R-valuesfor each layer, i.e, R (totd) = R1+ R2 + ..., etc.

Determination of Local Energy Costs and HVAC System Efficiencies

The energy cost savingsthat result from achangein roof reflectance will vary with locad energy rates.
Doubling the local cost for energy would double the estimate of savings. Thus, savings will be
dependent on local per unit energy costs and any reduction in demand-related charges. Savings
edimated using this guide include demand-related savings if energy costsin Appendix B are used. If
locd energy costs are used and demand reductions are not accounted for, savings estimates generated
using this guide will be conservative.

If aparticular building usesdifferent fue typesfor summer cooling and winter hesting, such aseectric
cooling and gas heeting, increasing roof reflectance may be desirable even in an areawhere thereisa
subgtantia heating season.  This could occur if the cogt per unit of energy is Sgnificantly less for the

'Roofing Materials Guide (semiannud). National Roofing Contractors Association, Sect. 3,
Rosemont, Illinois
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heating fud (e.g., gas) than for the cooling fud (e.g., eectricity), thus reducing the heeting pendty
relative to the cooling dollars saved as aresult of increasing roof reflectance. If thereis a substantia
difference between cooling and hesating fues, abuilding in adimate thet is not dominated sgnificantly
by the heating or cooling season may Hill produce substantial savings from roof reflectance change.

Energy costs should be obtained fromlocd utilities. For eectricity, the average cost per kwWh should
be obtained for the particular building size. This number is an average kWh cost based on standard
kWh cost and typica demand costsfor the particular building Sze. For rough approximations, average
per unit energy costs can be taken from Appendix B. Note that these costs are for 1985 and may not
be appropriate as listed. If these vaues are dightly out of date, an estimated escdation (a percent
increase) could be applied to approximate current vaues. Cost histories may need to be examined
here since projecting energy cost increases over long periods can lead to maor errors.

Heeting and cooling (HVAC) system operationa costs are based on the amount of energy consumed
by the heating or cooling system, but the increase in heating and decrease in cooling energy computed
here represent what the HVAC system must add or remove from the building space. The energy
added to or removed from the building space divided by the energy consumed by the HVAC system
may be called the efficiency (hesting) or COP (cooling). Efficienciesand COPscan haveawiderange
of vaues, depending on the type, age, condition, and size of the HVAC equipment. The efficiencies
or COPsfor the building systems being eva uated should be obtained from actud data on the systems
if possible. If these are not available, using acooling COP of 1.7 for older unitary (cooling) equipment
or 2.2 for newer unitary equipment and a heating system efficiency of 75% for foss| fud sysems or
190% for heat pumps is recommended.

Determination of the Change in Roof Reflectance

The change in roof reflectance to be examined is determined based on manufacturer's data, values
from Appendix C, or other estimates. Changesin surfaceinfrared emittance are not considered inthis
guide for evauating savings. This is done since surface infrared emittance has little dependence on
surface color (solar reflectance).

Sdlection of the Heating and Cooling Factors

Heating and cooling energy factors can be selected from Appendix D. Using the appropriatetable,
these factors should be determined based on hegating degree days, cooling degree days, and insulation
R-value. Heating and cooling energy factors were developed using the computer-based building
energy use smulation program DOE-2.1B (see Appendix F). This program incorporates a dynamic
mode which smulates building performance on an hourly basis. The program accountsfor dominant
factorsthat influence the energy use of abuilding induding building congtruction, building mass HVAC
systems, westher, internal loads, and operationd schedules. The variations found in these factors for
different buildings resulted in the generdized building types of this guide.
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COMPLETING THE SAVINGSWORKSHEET

The savings worksheet for calculating energy cost savings as a result of roof reflectance change is
shown on the next page. The worksheet should be completed as follows:

Ste Information

Enter the selected building type.
Enter the building location and corresponding climate data (the solar radiation vaueis entered in box

[1] of Cdculation of Estimated Energy Savings).
Enter the roof's insulation R-vaue and its surface area (surface area is entered in box [2] of
Cdculation of Estimated Energy Savings).

Cost of Energy for Heating and Cooling
A-B. Enter HVAC system performance data, COP and efficiency.
C-D. Enter energy costs by typein ¥million Btu's
(1 therm = 0.1 million Btu and 293 kWh or 7.15 gd. of #2 oil = 1 million Btu).
E-F. Cdculate cooling and hegting energy costs.
Calculation of Estimated Energy Savings
3. Enter the proposed change in roof reflectance.
4-5. Enter the gppropriate heating and cooling factors from Appendix D.
6-7. Cdculate estimated changes in heeting and cooling energy.

Annual Cost Savings Estimate

8-10. Cdculate estimated cooling cost reduction, hesting cost increase, and net annuad savings in
dollars.
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ENERGY SAVINGS ESTIMATES FOR HIGHER ROOF SOLAR REFLECTANCE

WORKSHEET
SITE INFORMATION
Buikding Typa: Cooling Degree Days
Localion; Heating Degros Daya 3
Focf Insulation R-value (r-"2-°F/Btu): ____ Solar Radiation *
Apparbc b
COST OF ENERGY FOR HEATING AND COOLING
® ®
COCILING HEATING COOUNG HEATING COOLING HEATING
SYSTEM SYSTEM FUEL FUEL ENERGY ENERGY
coP EFFICIENCY COST COST COSsT COST
=} {$/10" Biu) {§/40" Biuy 5107 Bhu) 10* Bruj
[Cctal] [[CBIx100]
-n""-;-awu- mAacien] try Lmar -p-i;dw_mkp.'ﬁ_opaldht;rwulmﬂ

For calculation of enargy coats:  slectrichty — $10% Bu = ¢/kWh x 283

natural gas — $/10° Btu = ($Mtherm or $/OCF) x 10

CALCULATION OF ESTIMATED ENERGY SAVINGS

©_ & &

@O & &

#2 fual all - $10% Btu = $/gal x 7.15

@

SOLAR ROOF CHAMGE COOLNG HEATING DECREASE INCREASE
RADHATION AREA, I~ EMERGY ENERGY INCODLNG | BN HEATING
(Bnuf/day) (i3] AEFLEC- FASTOR FACTOR ENERGY ENERGY

TANGE e uam FOPBt )
fx2xd 1x2xd
x 4/ 10 ( xs].rm"’]
Ao & pacifiat fry umar  pasiiad By L AL, D R O

ANNUAL COST SAVINGS ESTIMATE

COOLNG

REDUCTION

axkE

HEATING

INCREASE

¥FrF

®

NET
COsT
SAVINGS
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EXAMPLE: Roof Reflectance Change for an Office Building

A smdl office building in Albuquerque has 5,000 square feet of low-doped roof. Re-roofing is
being planned and use of alight-colored membrane having an estimated solar reflectance of 0.7 is
being considered as opposed to adark membrane with an estimated solar reflectance of 0.2. The
lighter membranewill cost 20 cents more per q. ft. ($1000 added). Theinsulation R-vaue of the
new roof will be 4 ft<M”~>2<D>-hr-<198>F/Btu. The building is eectricaly cooled and gas
heated. The building has a celling plenum used to conced ar distribution ducts.

Part A. Will energy cost savingsfrom thelight-colored membrane pay back it'sadded cost within
fiveyears?

Solution

The building has aceiling plenum and isnot an intensve energy user. Thus, building Type lamost
nearly maiches this building. Instead of obtaining current local energy codts, the user decides to
use the energy cost rates provided in Appendix B as gpproximéations. The estimated change in
solar reflectanceis 0.7 - 0.2=0.5. Theworksheet iscompleted as shown on the opposing page.

Conclusions

Theroof reflectance change reduces energy use by 26.9 MBtu/year providing anet annua energy
cost savings of gpproximately $644/year. Payback of the additiona expense of thelight membrane
will occur in 1.6 years ($1000 / $644). Although Albuquerque has a heating-season dominated
year, savings from increasing roof reflectance are till substantial, and the payback period is less
than five years.

Part B. Assume that the roof insulation for this building was R-8 instead of R-4 asiin Part A
above. Will the energy cost savings from the light-colored membrane il pay back within five
years?

Solution

The new values needed in Part A asaresult of theincreased R-vaue of theroof are;
R-Vaue=8
Cooling Factor =5.2 (Appendix D)
Heating Factor = 1.25 (Appendix D)

Conclusions
Changing these vaues on the worksheet resultsin asavings of $410 asaresult of the reflectance

change. Payback of the additional expense of the light membrane occurs in 2.5 years ($1000 /
$410 = 2.5). The payback occurs within five yearsfor aroof R-vaue of 8 aswell.
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ENERGY SAVINGS ESTIMATES FOR HIQHER ROOF SOLAR REFLECTANCE
WORKSHEET
- |
SITE INFORMATION '

Bukding Type: 1.4 = OFFiee  CoolingDegreobays 1316

Locatlon: 431144&“##;*.4& Moating Degree Days 4 541
Roof Insulation A-valus (he-*-"F/Bsy): & Solar Radlation { S 2 &
Appmria A

COST OF ENERGY FOR HEATING AND COOLING

© ® ® ®

cooUNG HEATING COOLING HEATING COOLING HEATHG
SYETEM SYSTEM FUEL FUEL ENERGY ENERGY
coP EFFICIENCY COST COsT COBT COsST
% 510° Biu) 8510% Biu) 310" B} 510° Btu)
[C /s A] [fo s x100]
1T | 7% [3iillesy]| A 7[ws) JZ-8 | &.27
apwcilac by vear mpeciied by tmar  specified by userorbpp. B speciled by user or hpe B

For calculation of enargy costs:  alectrichy — $10% By = ¢acwh x 293
natural gas — $/10° Bu = {Sahermor $/CCF) x 10 #2 fuel off — $/10° Blu = $/gal X 7.15

CALCULATION OF ESTIMATED ENERGY SAVINGS

© & & ©.O & O

SOLAR ROOF CHANGE COOUNG HEATING DECREASE MCREASE
AALHATION AREA IN EHERGY ENMERGY iN COOUNG IN HEATING
(Bt ) HEY) REFLEC FACTOR FALTOR ENERGY ENERGY

TAHCE 119 Brusyr) {10 Etuiw)
xzgnl (1x2a3
( n-ﬁnu"] x M/
1229 | 5,000 | 0.5 2.3 | 2.4 | 37.9 | 1.8
Ao A, [T e ) e — T App. O App D

ANNHUAL COST SAVINGS ESTIMATE

Q) ®

COOUNG HEATING ' MNET

COST COBT OrgT
REDLUCTION INCREASE — SAVINGS

$YF x o L |

ExE TuF 5-8

712 ] 613
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EXAMPL E: Roof Reflectance Changefor Industrial and Retail Buildings

A supplier has suggested that he can coat smooth-surfaced roofs with a highly-reflective coating
that will have attractive savings. The supplier clams the coating can be applied for atota cost of
20 cents/ 5q. ft. and will increase the solar reflectance of a black roof by 0.6.

Theowner of amanufacturing and retailing businessisinterested in the product. The specifications
of the owner's buildings are:

Case 1. Indugtrid manufacturing building located in Minnegpalis, Minn.
The building has 7,000 sg. ft. of roof insulated to R-8 and
does not have a celling plenum.

Case 2. Retall sdesbuilding located in Ddlas, Texas. The building
has 10,000 . ft. of roof insulated to R-8 and hasa
caling plenum.

Both buildings are eectricaly cooled and gas heated. If the owner requires a payback on the
investment of two years, will the coating be acceptable to the owner if it can perform as claimed?

Solution: Case 1

The building is for industria manufacturing and has extensve machinery. The building is best
described by Building TypeIll. The coating will cost $1400 ($0.20/sg. ft. x 7,000 sq. ft.). The
worksheet is completed as shown on the opposing page.

Conclusion: Case 1

Using the heating and cooling costs provided in Appendix B, the roof reflectance change reduces
the net annud energy cost for the building by approximatdy $285. The payback is subgtantialy
longer than the two years required by the owner ($1400 / $285 = 4.9 years).

Solution: Case 2

The building has a celling plenum, is operated 7 days per week, and has large cooling loads due

to extensvelighting. Thebuilding isbest described by Building Typelb. Per Appendix B, average
energy costs are 9.9 centgkWh for eectricity and 54 centsCCF for gas. The appropriate
worksheet data for this building is enclosed in parentheses on the opposing worksheet for
comparison to Casell.

Conclusions: Case 2 and Comparison

Using the heating and cooling costs provided in Appendix B, the roof reflectance change reduces
the net annual energy cost for the Case 2 building by approximately $1175. The coating will cost
$2000 ($0.20/sg. ft. x 10,000 50. ft.). If theroof'sreflectanceisincreased by 0.6, the energy cost
savings will easily meet the owners requirement of investment payback within two years ( $2000
/$1175=1.7) if locd energy costsare comparable to those used from Appendix B. Although the
building types are different, the difference in climate is the main reason for the dramatic savings
difference between Cases 1 and 2.
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ENEAGY SAYINGS ESTIMATES FOR HIGHER ROOF SOLAR REFLECTANCE

WORKSHEET

SITE INFORMATICN -
ustvi'a | &f'n' l)

Building Type: Cooling Degres Days 585 | .ﬁﬁ-‘l’)

Elu_ulalﬁ_(&ﬂﬁ) Heating Degroe Days Z18% (7 246)

Roof Insulation R-value (r-f22F/Bty): £  Solar Radiation jfffﬁ-isi)

COST OF ENERGY FOR HEATING AND COOLING

® © ® ® ®

COOLING . HEATING COOLING HEATING COOLNG HEATING
SYSTEM . SYSTEM FUEL FUEL ENERGY ENERGY
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[CF A] [ /8)x100]
1.7 75 1.8 (21.0) |60 <A | 1.6 (7} 8.1 [7.2) |
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For calculation of energy costs:  eloctricity — $/10° Btu = e/kWh x 2.93
natural gas - $10° Bri — ($Aherm or $/CCF) x 10 #2 fuel o - $/10° Bru = $igal x 7.15

CALCULATION OF ESTIMATED ENERGY SAVINGS
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INTERPRETING RESULTS

The information included in this document provides amethod for estimating the savingsfor achange
in roof solar reflectance and shows that savings decrease with increased roof insulation R-vaue.
However, thefactors provided here do not account for changesin heeting or cooling energy use caused
by changes in R-vaue of roof insulation. The factors do account for the interactive effect of roof
insulaion R-vaue on potentia savings from a change in roof solar reflectance. Therefore, the data
presented here cannot be used to eva uate effects of insulation R-vaue on energy use or costs, and the
user can only evauate impactsfrom solar reflectance given aroof insulation R-vaue asagarting point.

In terms of dollar savings, increasing roof reflectance may or may not be cost effective. A podtive
dollar savingsindicates reduced energy costsfrom thereflectanceincrease. A negative result indicates
anincreasein energy cogts and thusapenaty for theincreasein roof reflectance. Usersmust evauate
the benefits of the cost savings and the cogts of achieving the increased roof reflectance to determine
whether an investment in the increased reflectance is attractive.

Because the effects of snow, rain, and shading are not explicitly addressed in the heating and cooling
factors or in the solar radiation data, some adjustments to the estimates of changes in heating and
cooling energy due to increased roof reflectance may be required if snow, rain, or shading arejudged
to have asignificant impact. Snow tends to increase benefits, and thus the savings estimates will be
more consarvative if snow isignored. Rain will have an impact on savings, but if most of the daytime
hours during the cooling season do not have rainfdl, the effects of rain can usudly be ignored.
Sgnificant shading on the roof (more than 10% shaded for most of the middle six hours of the day) by
trees, buildings, or other causes must be consdered, and the judgment of a professiond is probably
required to make an estimate of the impacts of sgnificant shading.
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Appendix A
WEATHER DATA

(Data are from Knapp et a, 1980—see Bibliography. More specific data
may be obtained from NOAA, Asheville, NC, a utility, or alocd universty.)

Annual Annual Annual
Cooling Heating Average Solar

Degree Degree Radiation

Days Days (avg,
(65Base) (65 Base) total daily,
Btu/ft2-day)

ALABAMA Long Beach 985 1606 1597.7
Birmingham 1928 2844 13447 Los Angeles 614 1818 1593.8
Mobile 2576 1683  1384.7 Mount Shasta 284 5890 1491
Montgomery 2237 2268  1387.9 Needles 4235 1427 1861

Oakland 128 2909  1535.2

ALASKA Red Bluff 1903 2687  1581.1
Annette 13 7052 794.6 Sacramento 1157 2842 1642.9
Barrow 0 20264 595 San Diego 722 1507 1598
Bethel 0 13203 7324 San Francisco 108 3042 155238
Bettles 16 15925 7654 SantaMaria 83 3053  1607.9
Big Delta 32 13698 8115
Fairbanks 50 14342 7678 COLORADO
Gulkana 9 13936  832.2 Colorado Springs 461 6473 1594.1
Homer 0 10363  837.6 Denver 625 6016 1568.4
Juneau 0 9005 682.7 Eagle 117 8426  1594.3
King Salmon 0 11584  793.9 Grand Junction 1139 5603  1658.7
Kodiak 0 8860 796.7 Pueblo 981 5393  1622.7
Kotzebue 0 16038  744.8
McGrath 13 14486 7335 CONNECTICUT
Nome 0 14324 7376 Hartford 583 6349  1058.3
Summit 0 14368  761.3
Y akutat 0 9533 663.9 DELAWARE

Wilmington 992 4939  1207.7

ARIZONA
Phoenix 3506 1552  1869.4 DISTRICT OF COLUMBIA
Prescott 882 4455 18133 Washington 940 5009 1208.4
Tucson 2813 1751 18723
Winslow 1202 4732 1801.9 FLORIDA
Yuma 4194 1010 19237 Apalachicola 2662 1361 1473.8

Daytona Beach 2918 902 1458.1

ARKANSAS Jacksonville 2596 1327 1438.2
Fort Smith 2021 3335  1404.1 Miami 4037 205 1472.9
Little Rock 1924 3353 14044 Orlando 3226 733 1486.7

Tallahassee 2561 1562 14326

CALIFORNIA Tampa 3366 716 1492.1
Bakersfield 2178 2183  1749.2 West Palm Beach 3785 299 1438.1
Daggett 2729 2201 184238
Fresno 1670 2650 17108
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GEORGIA
Atlanta
Augusta
Macon
Savannah

HAWAII
Hilo
Honolulu
Lihue

IDAHO
Boise
Lewiston
Pocatello

ILLINOIS
Chicago
Moline
Springfield

INDIANA
Evansville
Fort Wayne
Indianapolis
South Bend

IOWA
Burlington
Des Moines
Mason City
Sioux City

KANSAS
Dodge City
Goodland
Topeka
Wichita

KENTUCKY
Lexington
Louisville

LOUISIANA
Baton Rouge
Lake Charles
New Orleans
Shreveport

MAINE
Caribou
Portland

1588
1994
2293
2317

3065
4221
3719

713
657
436

923
893
1116

1363
747
974
695

994
927
580
931

1409
923
1361
1672

1197
1267

2585
2738
2705
2538

128
252

3094
2547
2239
1951

(el e]

5832
5463
7061

6125
6394
5557

4628
6208
5576
6462

6149
6709
7900
6952

5045
6118
5242
4685

4729
4644

1669
1498
1463
2165

9632
7497
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1345.3
1361.6
1379.2
1364.5

1385.1
1638.7
1524.2

1495.5
1210.1
1529.2

12151
1223.6
1301.5

1261.8
11227
1165
1138

1306
1311.8
1288.5
1310.2

1560.2
1528.6
1384.8
1502.3

1219.4
1215.7

1378.5
1364.6
1437
1426.1

1063.1
1050.6

MARYLAND
Baltimore

MASSACHUSETTS
Boston

MICHIGAN
Alpena
Detroit
Flint
Grand Rapids
Sault Ste. Marie
Traverse City

MINNESOTA
Duluth
International Falls
Minneapolis/

St. Paul
Rochester

MISSISSI PPI
Jackson
Meridian

MISSOURI
Columbia
Kansas City
Springfield
St. Louis

MONTANA
Billings
Cut Bank
Dillon
Glasgow
Great Falls
Helena
Lewistown
Miles City
Missoula

NEBRASKA
Grand Island
North Omaha
North Platte
Scottsbluff

NEVADA
Elko
Ely
Las Vegas
Lovelock

1107

661

207
742
437
574
139
374

175
175

585
473

2320
2230

1269
1283
1381
1474

497
139
198
437
338
256
254
751
187

1035
949
801
666

342
207
2945
684

4729

5620

8518
6228
7040
6800
9193
7697

9756
10546

8158
8226

2299
2387

5081
5357
4568
4748

7265
9032
8354
8968
7652
8190
8586
7888
7931

6424
6601
6743
6773

7483
7814
2601
5989

1215

1104.7

1086.1
1120
1075.1
1135.3
1041.9
1083.2

1064.3
1088.2

1170.2
1156.1

1408.6
1369.9

1327.6
1340
1362.1
1326.6

1324.7
1237.6
1369.6
1217.8
1262.3
1262.4
1240.2
1299.7
1168.5

1405
1320.5
1444.6
1424.7

1625.5
1672.3
1864.2
1790.5



Reno
Tonopah
Winnemucca

NEW HAMPSHIRE

Concord

NEW JERSEY
Newark

NEW MEXICO
Albuquerque
Clayton
Farmington
Roswell
Truth or

Consequences
Tucumcari
Zuni

NEW YORK
Albany
Binghamton
Buffalo
M assena
New York City

(Central Park)
New York City
(LaGuardia)

Rochester
Syracuse

NORTH CAROLINA

Asheville

Cape Hatteras
Charlotte
Greensboro
Raleigh/Durham

NORTH DAKOTA
Bismarck
Fargo
Minot

OHIO
Akron/Canton
Cincinnati

(Covington,KY)
Cleveland
Columbus
Dayton
Toledo
Y oungstown

328
630
407

347

1022

1316
767
749

1559

1557
1355
472

572
369
436
342

1067

1048
531
551

871
1550
1595
1341
1393

486
472
369

6223

1080
612
808
936
684
517

6021
5899
6628

7358

5033

4291
5211
5711
3695

3391
4046
5814

6887
7285
6926
8237

4847

4909
6718
6678

4235
2731
3217
3825
3514

9043
9270
9407

634

5069
6152
5701
5639
6381
6426
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1760.7
1845.5
1647.6

1053

1165.3

1827.5

1669.8

1766.3
1810

1859.9
1723.5
1744

1065.8
995.6
1034.3
1041.7

1098.9

11714
1043
1034.5

1311.9
1375
1344.4
1343.3
1295.5

1248.4
1203.4
1178.3

1110.5

1158.5
1090.6
1122.9
1160.8
1133
1045.2

OKLAHOMA
Oklahoma City
Tulsa

OREGON
Astoria
Burns
Medford
North Bend
Pendleton
Portland
Redmond
Salem

PACIFIC ISLANDS

Koror Island
Kwajalein Island
Wake Island

PENNSYLVANIA

Allentown

Erie

Harrisburg

Philadelphia

Pittsburgh

Wilkes-Barre/
Scranton

PUERTO RICO
San Juan

RHODE ISLAND
Providence

SOUTH CAROLINA

Charleston

Columbia

Greenville/
Spartanburg

SOUTH DAKOTA
Huron
Pierre
Rapid City
Sioux Falls

TENNESSEE
Chattanooga
Knoxville
Memphis
Nashville

1876
1948

13
288
562

655
299
169
230

6007
6163
5454

770
373
1024
1103
646

607

4981

531

2077
2086

1571

711
857
6661
718

1634
1568
2029
1694

3694
3679

5294
7211
4928
4687
5240
4792
6642
4851

o o

5827
6851
5224
4864
5929

6277

5971

2146
2597

3163

8053
7677
7322
7837

3505
3478
3226
3695

1461.3
1373.3

1000.2
1389.9
1352.9
1219.2
1259.1
1066.8
1383.4
1127.2

1503.9
1620.5
1720.1

1138.9
1058.7
1149.8
1168.7
1068.9

1086.4

1639.6

1112.2

1345.1
1380.4

1346.6

1276.1
1349.2
1341.3
1290.1

1245.1
12734
1365.9
1269.7
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TEXAS VIRGINIA
Abilene 2466 2610 1554.3 Norfolk 1440 3487 1325.2
Amarillo 1433 4181  1659.2 Richmond 1352 3938 1248
Austin 2907 1737  1476.4 Roanoke 1030 4306 1269.5
Brownsville 3874 650 15479
Corpus Christi 3474 929 1520.5 WASHINGTON
Dallas 2754 2290 1468.1 Olympia 101 5530 1001.1
Del Rio 3362 1523  1515.9 Seattle/Tacoma 128 5184  1052.7
El Paso 2097 2677  1899.7 Spokane 387 6835 1223.8
Fort Worth 2587 2381 14749 Yakima 479 6008 1281.2
Houston 2889 1433 13511
Laredo 4136 875 1550.5 WEST VIRGINIA
Lubbock 1647 3544 1766 Charleston 1055 4590 1123.3
Lufkin 2592 1939  1438.8 Huntington 1098 4622 1176.2
Midland/Odessa 2250 2621  1802.4
Port Arthur 2797 1517  1404.4 WISCONSIN
San Angelo 2702 2239 15679 Eau Claire 459 8388 1132.3
San Antonio 2993 1570 1499 Green Bay 385 8096 1142.5
Sherman 2336 2864 14411 LaCrosse 695 7416 1160.6
Waco 2862 2057  1467.1 Madison 459 7729 1190.9
WichitaFalls 2610 2903  1520.2 Milwaukee 450 7443 1191.2
UTAH WYOMING
Bryce Canyon 40 9131 17395 Casper 457 7555 1564.7
Cedar City 614 6136 17428 Cheyenne 326 7254  1490.7
Salt Lake City 927 5981  1603.1 Rock Springs 227 8410 1635
Sheridan 445 7708 1330.1
VERMONT

Burlington 396 7875  1020.7
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Appendix B
ENERGY COSTSFOR SPECIFIC CITIES (1985)

Loca energy costs should be used for the caculationsin this manual. The data here are for
illugtrative use in the examples or for quick estimates that will be verified later.

SMALL COMMERCIAL ELECTRICITY Cost Per kWh
(cents/kWh)

Cooling Heating
Albuquerque, New Mexico
Small Commercial Basic Electricity Without Demand 9.295 7471
Small Commercial Time-of-use With Demand 10.884 8424

Atlanta, Georgia
Small Commercia Basic Electricity Without Demand 10.723 10577

Birmingham, Alabama
Small Commercia Basic Electricity With Demand 8.464 8191

Boston, M assachusetts
Small Commercia Basic Electricity With Demand 14.09 12.872
Small Commercial Time-of-use With Demand 16.184 14.454

Chicago, Illinois

Small Commercia Basic Electricity With Demand 11.233 10.104
Dallas, Texas
Small Commercia Basic Electricity With Demand 9.899 9.545

Denver, Colorado
Small Commercia Basic Electricity With Demand 8.37 8.9

Detroit, Michigan
Small Commercia Basic Electricity Without Demand 9.016 8.891

Kansas City, Missouri
Small Commercia Basic Electricity With Demand 8.212 8212

LosAngeles, California
Small Commercia Basic Electricity With Demand 7.381 7.381
Small Commercia Time-of-use With Demand 8.844 9917

L ouisville, Kentucky
Small Commercial Basic Electricity Without Demand 7.74 6.47

Minneapalis, Minnesota
Small Commercia Basic Electricity With Demand 6.762 5.909
Small Commercial Time-of-use With Demand 5.85 5.767


http://www.inspectapedia.com/Energy/Roof_Color.htm

—-35-—

New York, New York

Small Commercial Basic Electricity Without Demand 21.175 18.013
Philadelphia, Pennsylvania
Small Commercial Basic Electricity Without Demand 12.118 10.046
San Francisco, California
Small Commercial Basic Electricity Without Demand 4574 7.807
Small Commercia Basic Electricity With Demand 7472 7472
Small Commercial Time-of-use Without Demand 8.358 858
Small Commercia Time-of-use With Demand 7924 792
Seattle, Washington
Small Commercia Basic Electricity With Demand 218 232
Tulsa, Oklahoma
Small Commercial Basic Electricity Without Demand 4277 4485
Washington, D. C.
Small Commercial Basic Electricity Without Demand 10451 8277
Small Commercia Basic Electricity With Demand 11.063 8.753
SMALL COMMERCIAL NATURAL GAS Cost Per CCF
($CCF)
Cooling Heating
Albuquerque, New Mexico $0.50 $0.47
Atlanta, Georgia $0.59 $0.61
Birmingham, Alabama $0.56 $0.56
Boston, Massachusetts $0.68 $0.70
Chicago, Illinois $0.51 $0.55
Dallas, Texas $0.49 $0.54
Denver, Colorado $0.44 $0.44
Detroit, Michigan $0.61 $0.65
Kansas City, Missouri $0.48 $0.50
Los Angeles, California $0.80 $0.80
Louisville, Kentucky $0.47 $0.47
Minneapolis, Minnesota $0.61 $0.61
New York, New York $1.04 $1.01
Philadel phia, Pennsylvania $0.73 $0.67
San Francisco, California $0.67 $0.67
Seattle, Washington $0.68 $0.65
Tulsa, Oklahoma $0.50 $0.48
Washington, D. C. $0.77 $0.81
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Appendix C
REFERENCE REFLECTANCES

Thereflectance va uesligted here areillugtrative of typical rangesand were obtained from the sources
indicated (see Bibliography). Reflectance values for a specific product that are known or can be

measured should be used when available.

COLOR CLASSIFICATION FOR
OPAQUE BUILDING MATERIALS
(from Reagan and Acklam, 1979)

Surface Color Code

Reflectance
Vey light 0.75
Light 0.65
Medium 0.45
Dark 0.25
Very dark 0.10

Vey light:

Smooth building materia surfaces covered
with afresh or clean stark white paint or coating

Light:
Masonry, textured, rough wood, or gravel
(roof) surfaces covered with a white paint or

coating

Medium:
Off-white, cream, buff or other light colored
brick,concrete block, or painted surfaces and
white-chip marble covered roofs

Dark:

Brown, red or other dark colored brick,
concrete block, painted or natural wool wallsand
roofs with gravd, red tile, stone, or tan to brown
shingles

Very dark:
Dark brown, dark green or other very dark
colored painted, coated, or shingled surfaces

GENERAL SURFACES
Surface Color Or Material
(from Probert and Thirgt, 1980)
Black
Dak Grey
Light Grey
White
Copper-tarnished
Copper-oxidized
(from Baker, 1980)
Copper
Aluminum
Gdvanized Iron
Asbestos-Cement
Smooth-surface Asphalt
Grey Grave
White Gravel
Concrete Paving

Reflectance

0.05
0.15-.20
0.35
0.55
0.20
0.35

0.35
0.40
0.10
0.20
0.07
0.25
0.50
0.35
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COATED AND BUILT-UP ROOFS SAMPLES OF MATERIALSUSED ON
(from Reagan and Acklam, 1979) ROOFS
Description Reflectance Description Reflectance
Peagravel covered (from Coursey)
Dark blend 0.12 White hypaon 0.780
Medium blend 0.24 (from Tabert)
Light blend 0.34 Trocd SMA (PVC base) 0.285
White coated 0.65 Derbigum HPS
Crushed used brick, red, covered 0.34 (Modified Bitumen) 0.580
White marble chips covered 0.49 Sure Sedl, Design A (EPDM) 0.124
Flexstone or minerd chip roof SPM System (EPDM) 0.108
type, white 0.26 Awaplan Regular (Modified Bit)  0.067
Polyurethane foam, Awagplan Welding
white coated 0.70 (Modified Bit.) 0.244
Same with tan coating 0.41 SPM 60 (EPDM) 0.076
Siver, duminum painted Aluminum Fber Coating, 1.5# 0.530
tar paper 0.51 Aluminum Fiber Coating, 3.0# 0.364
Tarpaper, “weathered" 0.41 Rolled Aluminum Hake 0.695
Unrolled Aluminum Hake 0.584
Rolled Coated Aluminum Flake 0.542
Unrolled Coated Aluminum
Flake 0.536
Pain Steep Agphdt 0.156

Gravel Coated Asphalt 0.234
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The cooling and hesting factors are given in this gppendix for the five building types(la, Ib, I1a, 11b,
1) listed in Section 4 (dso see Appendix F). The same data are given firg in tabular form and then
repeated graphicaly. The vauesare developed from smulations of the buildings usng the DOE-2.1B
computer code. Annud heating and cooling energies were calculated for different solar reflectances
and fixed roof insulation. Calculationswere made for aminimum of 12 locations. Heating and cooling
factors were derived by dividing the heating and cooling energy values by roof areaand average daily
solar flux. Curve fits were made of these factors, and the data presented here are from the fitted

Curves.,
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Appendix D

CDD = Cooling Degree Days
HDD = Hesting Degree Days

COOLING FACTORSFOR BLDG. la

CDD R=2

350
550
750
950

1150
1350
1550
1750

1950
2150
2350
2550

2750
2950
3150

3750
3950
4150

6.53
8.33
9.48
10.36

11.08
1171
12.26
12.75

13.20
13.62
14.00
14.36

14.70
15.02
15.33
15.62

15.90
16.16
16.42
16.67

16.90

R=4
417
5.93
6.80
7.42

791
8.31
8.67
8.98

9.26
951
9.75
9.97

10.17
10.37
10.55
10.72

10.89
11.04
1119
1134

1148

R=8
2.56
3.74
4.30
4.69

4.99
5.25
5.47
5.66

5.84
6.00
6.15
6.28

6.41
6.53
6.64
6.75

6.85
6.95
7.04
7.13

7.22

R=16
145
2.10
241
2.62

2.79
293
3.05
3.16

3.25
3.34
3.42
3.49

3.56
3.63
3.69
3.75

3.81
3.86
391
3.96

4.00

HEATING FACTORSFOR BLDG. la

HDD
0
400
800
1200

1600
2000
2400
2800

3200

9200

R=2
0.00
0.36
0.72
1.06

1.39
171
2.02
2.32

261
2.89
3.15
341

3.65
3.88
411
4.32

4.52
4.71
4.89
5.06

521
5.36
5.50
5.62

R=4
0.00
0.23
0.45
0.67

0.88
1.08
128
147

1.66
184
2.02
2.19

2.35
251
2.66
281

2.95
3.08
321
3.34

345
3.56
3.67
3.77

R=8
0.00
0.12
0.24
0.36

0.48
0.59
0.70
0.81

0.92
1.02
112
122

132
141
150
159

1.68
1.76
184
1.92

2.00
2.07
214
221

COOLING AND HEATING FACTORS

R=16
0.00
0.06
0.12
0.18

0.24
0.29
0.35
0.40

0.46
0.51
0.56
0.61

0.66
0.71
0.76
0.81

0.86
0.90
0.95
0.99

1.03
1.08
112
116
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COOLING FACTORSFORBLDG.Ib  HEATING FACTORSFOR BLDG. Ib

CDD R=2 R=4 R=8 R=16 HDD R=2 R=4 R=8 R=16
350 997 663 378 202 0O 000 000 000 000
550 1217 805 464 249 400 027 000 000 0.00
750 1367 902 523 281 800 05 000 000 0.00
950 1482 9.7/ 568 3.06 1200 087 000 0.00 0.00

1150 1575 1037 6.04 3.26 1600 120 016 000 0.00

1350 1652 1087 634 343 2000 154 027 000 0.00

1550 1719 1130 6.60 357 2400 189 040 000 0.00

1750 17.78 1169 6.83 3.70 2800 224 055 000 0.00

1950 1831 1202 7.04 381 3200 261 072 013 0.00

2150 1878 1233 722 391 3600 297 09 017 0.02

2350 1921 1261 7.39 4.00 4000 333 108 022 002

2550 1961 1287 755 4.09 4400 368 128 027 003

2750 1997 1310 769 417 4800 402 147 032 004

2050 2032 1333 7.82 424 5200 435 167 037 005

3150 2063 1353 795 431 5600 467 18 043 006

3350 2093 1372 806 4.37 6000 496 204 049 007

3550 2121 1391 817 443 6400 524 221 055 0.08

3750 2148 1408 828 4.49 6800 549 236 060 0.09

3950 21.73 1424 838 4H%4 7200 571 250 066 011

4150 21.97 1440 847 459 7600 590 262 072 013

4350 2220 1455 856 4.64 8000 605 272 077 014

8400 617 278 082 016
8800 625 282 087 018
9200 628 283 092 020
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COOLING FACTORSFORBLDG. Ila HEATING FACTORSFOR BLDG. Ila

CDD R=2 R=4 R=8 R=16 HDD R=2 R=4 R=8 R=16
350 962 601 334 176 0 000 000 000 000
550 1092 690 393 209 400 083 050 028 017
750 1216 773 449 240 800 165 098 054 033
950 1332 851 500 269 1200 247 143 079 048

1150 1440 924 547 295 1600 329 18 102 0.62

1350 1541 992 589 318 2000 410 226 124 075

1550 16.34 1055 6.27 340 2400 491 263 145 087

1750 1720 1113 661 359 2800 571 299 165 0.99

1950 1798 1165 690 375 3200 651 331 183 109

2150 1869 1213 715 3.89 3600 731 361 199 118

2350 1932 1255 736 401 4000 810 389 215 127

2550 1988 1292 753 411 4400 889 414 229 134

2750 2036 1324 765 418 4800 967 436 241 141

2050 20.77 1351 7.73 422 5200 1045 45 252 147

3150 2110 1372 7.76 425 5600 1123 474 262 151

3350 21.36 1389 7.75 425 6000 1200 489 271 155

3550 2154 1400 7.70 422 6400 1276 501 278 158

3750 2165 1406 761 417 6800 1353 511 284 160

3950 21.68 1407 747 410 7200 1429 518 288 161

4150 2163 1403 729 401 7600 1504 523 291 161

4350 2152 1394 706 3.89 8000 1579 526 293 160

8400 1654 525 293 158
8800 1728 523 292 155
9200 1802 518 290 151

900 1876 510 286 146



41—

COOLING FACTORSFORBLDG.IIb HEATING FACTORSFOR BLDG. I1b

CDD R=2 R=4 R=8 R=16 HDD R=2 R=4 R=8 R=16
350 1022 630 358 200 0 000 000 000 000
550 1301 811 460 255 200 010 0.02 0.00 0.00
750 1493 934 530 292 400 019 004 000 0.00
950 1639 1029 583 321 600 029 006 0.00 0.00
1150 1757 1105 626 344 800 038 009 001 0.00
1350 1857 1169 6.62 3.63 1000 048 012 001 0.00
1550 1942 1224 693 3.80 1200 057 015 002 0.00
1750 2017 1272 720 395 1400 067 019 003 0.00
1950 20.84 1316 745 4.08 1600 0.76 022 005 001
2150 2144 1354 767 420 1800 085 026 006 0.01
2350 2199 1390 787 430 2000 095 030 008 0.02
2550 2250 1423 805 440 2200 104 035 010 003
2750 2297 1453 822 449 2400 113 039 012 004
2050 2340 1481 838 458 2600 122 044 014 005
3150 2381 1507 852 4.66 2800 131 048 016 006
3350 2419 1531 866 473 3000 141 053 019 0.07
3550 2455 1555 879 4.80 3200 150 058 021 0.09
3750 2488 1576 892 4.87 3400 159 063 024 010
3950 2521 1597 903 493 3600 168 068 027 011
4150 2551 1617 914 499 3800 176 073 029 013
4350 2580 1636 925 505 4000 185 078 032 014
4200 194 016 035 084
4400 203 017 038 089
4600 212 019 040 094
4800 220 099 043 020
5000 229 104 046 022
5200 238 110 049 023
5400 246 115 052 025
5600 255 120 054 0.26
5800 263 125 057 028
6000 272 130 059 029
6200 280 134 062 030
6400 289 139 064 032
6600 297 144 066 033
6800 305 148 069 034
7000 313 152 071 035
7200 322 15 072 036
7400 330 160 074 037
7600 338 164 076 038
7800 346 167 077 039
8000 354 170 078 0.39
8200 362 173 079 040
8400 370 176 080 040
800 378 178 080 041
8800 386 180 080 041
9000 394 182 080 041
9200 401 184 080 041
9400 409 18 079 040
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COOLING FACTORSFOR BLDG. |11
CDD R=2

350
550
750
950

1150
1350
1550
1750

1950
2150
2350
2550

2750
2950
3150

3750
3950
4150

4250

11.00
13.83
15.38
16.50

17.38
18.13
18.77
19.34

19.85
20.31
20.74
2114

2151
21.85
22.18
22.49

22.79
23.07
23.34
2359

23.72

ALL HEATING FACTORSFOR BUILDING Il

R=4
7.06
8.78
9.72
10.39

10.93
11.37
11.75
12.09

12.40
12.68
12.93
1317

13.39
13.59
13.79
13.97

14.15
1431
14.47
14.62

14.70

R=8

3.93
4.92
5.46
5.85

6.16
6.42
6.64
6.84

7.02
7.18
7.33
147

7.60
7.72
7.83
7.94

8.04
8.14
8.23
8.32

8.36

R=16
2.08
261
2.90
311

3.28
3.42
354
3.65

3.74
3.83
391
3.98

4.05
4.12
4.18
4.24

4.29
4.34
4.39
4.44

4.46

0.
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Cooling factors (Bldg. la)
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Cooling factors (Bldg. Ib)
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Cooling factors (Bldg. l1a)
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Cooling factors (Bldg. IIb)
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Cooling factors (Bldg. IlI)
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Appendix E
ENERGY SAVINGSAVAILABLE FROM
CHANGING ROOF SURFACE MASS

Heat Gain (kBtu/sq ft)

' —_— R2
0.6 — R-16
0.4
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0.0

0246 8101214161820
SURFACE MASS, PSF

Figure E-1 — Effect of surface mass on
heat gain.
Using data for the same week in May as shown in
Fig. 4, theimpacts of surface masson heat gain
during hot weather is shown.

Heat Loss (kBtu/sq ft)
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Figure E-2 — Effect of surface mass on
heat loss.

The impact of roof surface mass on heat loss at night

during the same week in May as above are shown in
thisfigure.

Mass is sometimes added to the surface of
aroof to act asabdlast for holding the
membranein place. Themassaso hasan
influence on the temperatures experienced by
the roof and on the amount of heet that flows
through the roof. Surface mass can act asa
thermd flywhed by storing up heat during one
part of the day and then rdleasing it during
another part of the day.

As an example, congder aroof with no
surface mass during a spring day that iswarm
during the daytime hours and cool during the
nighttime hours. During the daytime, the sun
shines on the roof and drives hest into the
building, while during the night hesat flows out
of the building because of the cool outdoor
ar. Now, if surface massis added to the
roof, part of the heat from the sun is stored in
the surface mass and does not pass through
the roof into the building. Thusthe surface
meass reduces the amount of heat gained
through the roof during the daytime hours.
During the nighttime hours, the massis il
somewhat warm because of its stored heat
and thus acts to reduce the amount of hegat
that islogt from the roof during the nighttime
hours.

Figures E-1 and E-2 show the total hest
gains and losses calculated for roofs using
wesether data from aweek in May in Oak
Ridge, Tennessee. During thisweek, heat
would flow into the building during the day
(heat gains) and would flow out of the
building during the night (heat losses). Adding
meass to the surface would result in decreases
in both the heat gains and heat |osses, with the
decreases being greater for greater amounts
of mass. Massis often added as ballast for
sngle ply roof sysems. Sometypica bdlast
densties are 10 pdf for loose-laid stones and
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18-25 psf for paving blocks. The graphs
show the changesin heat gains and losses
due to mass at both low and high levels of
insulation. Generally spesking, the effects
of surface mass are consderably smaler
than the effect of changing theinsulation
level. Whether or not these changes in heat
gains and losses show up as energy savings
depends upon the heat gain and loss picture
for therest of the building and the method
of operaing the heating and cooling
equipment.

Two examples of energy changes due to
roof surface mass are given in Figures E-3
and E-4. Figure E-3 shows the cooling
energy for abuilding in Phoenix, where
cooling loads are high and heating loads are
smal. The graph shows the effect of mass
a both ahigh and alow leve of surface
reflectance. This shows that the effects of
surface mass on annud cooling energy is
relatively smal compared with the effect of
changing the surface reflectance. Figure
F-4 shows the heating energy for a building
in Minot, N.D., where heating loads are
high and cooling loads are small. For this
case, the energy change due to surface
massis dill reaively amdl, but is not as
much different from the effect of surface
reflectance as it was for Phoenix. In
generd, when heeting or cooling energies
are sgnificant, the changes due to surface
meass are usualy less than afew percent.
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Annual cooling energy (kBtu/sq.ft.)
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Figure E-3 — Effect of surface mass on cooling
energy (Phoenix, AZ).
Thisfigure demonstrates that, although surface mass
can have some impact on heat gain for buildings, the
overall effect for awhole year istypically small
compared to the effect of changing reflectance. The
roof R-valueis R-2, and the case with massisfor 20
PSF.

Annual heating energy (kBtu/sq.ft.)
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Figure E-4 — Effect of surface mass on
heating energy (Minot, ND).

The effect of surface mass on heating energy is
shown in thisfigure for abuilding in Minot, ND. The
effect on heating energy is small compared to total
loadsin aclimate with significant heating
requirements. The roof R-valueis R-2, and the case
with massisfor 20 PSF.
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Appendix F
NOTESON THE DEVELOPMENT
OF THISGUIDE

Cdculations have been made of the decrease in energy required to cool a building and the
incresse in energy required to heat a building when the roof's solar reflectance is changed. The
DOE 2.1B smulation program was used to make multiple smulations for five building
configurations, and the results are summarized in this document to help others estimate the
impact of increasing roof reflectance on cooling and heeting costs. Descriptions of the cases
follow. First a steady-dtate based overview is presented that illustrates the problem and why
more detailed computations are necessary.

STEADY-STATE BASED OVERVIEW

A building collects solar energy when it is exposed to the sun. The amount of solar energy
available varies with location and is affected by aimospheric conditions, particularly cloud
cover. The portion of available solar energy which ultimatdy ends up ingde a building depends
on many factors. A principd part of a building envelope which sees the sun istheroof. This
document focuses on how an increase in the solar reflectance of alow dope roof affects that
portion of available solar energy which ends up insgde the building. Heat entering a building
during hours of cooling is a pendty since it increases the amount of heat which must be
removed by the cooling system. Heet which enters the building when hegting is needed is
beneficia, since it reduces the amount the heating system has to provide. Some of the heat
entering a building through the roof due to solar effects may occur & times when neither
cooling or heating is required, and consequently this energy is neither acooling pendty nor a
heeting benefit. Thus, it becomes necessary to determine the heet gain that occurs during times
of operation of the cooling and heating systems to make any judgement about the annual
influence of solar heet gain through alow dope roof.

A ample estimate of the heat entering a building through alow dope roof can be made using
a steady-state ca culation. Suppose a building is conditioned continuoudy with the thermostat
kept at the same setting throughout the year. The annua summation of heet which enters the
building through the roof can be calculated by the steady-gtate equation two times, first for the
case of aroof that reflects none of the incoming solar energy and secondly for the case of a
roof that reflects al of the incoming solar energy. This scenario provides an upper limit on the
effect of changing the roof's reflectance. The difference between these two summationsisthe
maximum paossible amount of heat which enters the building through the roof due to solar
effects. Cdculations via this steady-state scenario can be made, but redl roofs do not operate
in a Seady-state mode. It is not feasible to achieve a change in roof solar reflectance from zero
to unity. Theinteriors of buildings are not typically kept a afixed thermostat set point
throughout the year. Therefore, while the steedy-state computations provide some ingght
regarding effects and limiting vaues, they do not account for redl building effects and do not
provide any insght into how to separate the annua summation into portions occurring during
times of building cooling and heating. Consequently, evauation of the impact of increasing a
low doped roof's solar reflectance on building energy use requires that a more sophisticated
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andysis be made. Thisiswhy the DOE 2.1B program was used to make the caculations
summarized in this document.

COMPUTATIONAL METHODOLOGY

DOE 2.1B was used in making calculaionsin order to take into account redl building effects
and HVAC system operating effects. DOE 2.1B isaversatile, widely used code for modeling
acomplete building and its HVAC systems. Hour by hour performance is smulated for a
user-specified period which can be up to one year in length. Hourly vaues of key climatic
variables are required in an gppropriately formaited datafile asinput to run the
program.Typical meteorological year (TMY) westher data files were used for al locations
included in the caculations summarized here. The files included available solar energy vaues
for the locations.

DOE 2.1B is structured with several subprograms. Two of these are named LOADS and
SYSTEMS. The LOADS subprogram caculates hourly heat gains and heset losses for each
component of the building envelope. Gains from specified interna heat sources such aslights,
equipment, and people are aso included. Space weighting factors are used to convert the
predicted gainsinto loads. All calculationsin the LOADS subprogram are made on the basis
of afixed, user-specified insde temperature for each conditioned space within the building.
The SY STEM S subprogram uses the output of the LOADS subprogram, user-specified
HVAC system(s), operating schedules, and thermostat set points for conditioned zones to
determine hourly values of heat which the cooling coil must remove during periods of cooling
and the hesting coil must provide during hours when heating is needed. Accumulative sums
over the smulation period for each of these quantities are stored and reported as specified.
The energy quantities used for the results of this effort were based on the annua summations of
the cooling energy that must be removed by the cooling system and of the heating energy that
must be added by the heating system.

The scheme was to run the code for a particular building and roof R-value for different
vaues of the roof's solar reflectance. After severd smulation runs, it was observed that the
annua cooling energy and the annua heating energy reported by the program varied linearly
with the roof's solar reflectance. Thisisakey fact used in presenting the results. This
relationship permits use of the results for different increments of solar reflectance and thereby
accommodates more universal gpplication than if only one particular change in the roof's solar
reflectance were valid. This aso means that aging effects can be accommodated if good
estimates of how aging aters aroof's solar reflectance can be obtained.

The decrease in annua cooling energy divided by the product of the increase in roof solar
reflectance and average daily solar radiation for the location is referred to herein as the cooling
factor. Similarly, theincrease in annua heating energy divided by the product of the increase in
roof solar reflectance and average daily solar radiation for the location is referred to herein as
the heating factor.

Use of these results reduces basicdlly to determining the cooling factor and heating factor for
specific locations. These factors are multiplied by the average daily solar radiation listed in
Appendix A and the estimated increase in the roof's solar reflectance. The result of these two
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computetions yidds, respectively, the cooling energy savings and hegting energy pendties for
the building and location examined.

CASES EXAMINED

As discussed in relation to the steady-state scenario, reduction in the annud heet flow into a
building through the roof caused by increasing its solar reflectance depends on loceation, roof
congtruction and the magnitude of reflectance increase. The crucid issue is how the reduction
in annud hedt is divided into a heating pendty and a cooling benefit. All factorsthat play arole
in determining when a building needs hesting and when it needs cooling are influentid in
esteblishing this divison.

In an attempt to cover selected practical Situations, five building cases were smulated using
DOE 2.1B. It was found &fter someinitid caculations that building Sze did not sgnificantly
affect the results when other conditions were unchanged. Whether or not the building had a
plenum space between the conditioned space and the roof and operating schedule and internal
loading did influence the computed results. Summary descriptions of the five cases used to
generate results for this document are given below.

For al the cases examined, the thermogtat settings for cooling and hesting were, respectively,
78EF and 72EF. Setback values were 84EF and 63EF for cooling and heating, respectively.

Building la:
The building for this case was 25 ft by 60 ft by 10 ft tall, providing afloor area of 1500
g ft. The load schedule smulated office operation for weekdays only. Occupancy, lights, and
equipment were specified for weekdays only. Peak loading included 10 people and 3 W/sq ft
for lights and equipment combined. Thermostat setback was used for nighttime and weekends.
A suspended ceiling was included with the space between the roof and the suspended celling
sarving as a plenum.

Building Ib:

The building for this case was atwo-gtory structure which smulated aretall sorein a
shopping mal. The building was not exactly rectangular. Gross floor area was 164,200 5] ft.
The average floor-to-floor height was 19 ft. The exposed roof areawas 76,240 sq ft. Peak
loading on the firgt floor included 1102 people and 4.26 W/sq ft for lighting. Pesk loading on
the second floor included 906 people, 4.26 W/sq ft for lights, and 10 kW for equipment.
There was a plenum between the conditioned top floor and the roof. A nighttime thermostat
was used, but the building operated seven days a week.

Building lla:
The building for this case consisted of two spaces. The large part was 120 ft by 322 ft by
24 ft tal. An adjacent office building was 32 ft by 66 ft by 12 ft tall. The combination hasa
gross area of 40,752 5q ft. The load schedule smulated a conditioned warehouse or light
assembly plant. Occupancy, lights, and equipment were scheduled for weekdays and for
Saturday morning in the office. Peak loading in the office included 16 people and combined
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5.36 W/ ft for lights and equipment. Peak loading in the large building was less with 20
people and a combined 0.9 W/gq ft for lights and equipment. Nighttime and weekend
thermogtat setback was used. The smulation did not include a plenum.

Building I1b:

The same building used for Building lawas used in this case except the plenum was
removed, interna loading was increased and operating time was extended. Loading schedule
smulated office operation throughout the week and half a day on Saturday. No thermostat
setback was used. Peak |oading included 15 people and a combined 12.5 W/sq ft for
equipment and lights.

Building I11:

The same building used for Building I1b was used in this case except internd loading and
operating schedule were increased more. Loading schedule smulated a restaurant or fastfood
operation. Peak |oading included 30 people, 2.5 W/ ft for lights and 50 W/sq ft for
equipment. Occupancy, lights and equipment were scheduled for operation throughout the day
and into late evening for every day of the week. No thermostat setback was used.

The five cases described above encompass buildings of different Sze, buildings with and
without plenums, different schedules, and arange of internd loading. A few computations were
mede for Building lawith the plenum removed. The results agreed dmost exactly with
computations made for Building llafor the same locations and same roof R-vaue.
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