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Sunl it surfaces of buil di ngs experi ence hi gher temperatures duri ng hours of sola r exposure 
than those experienced by unexposed surfaces. The solar radiation incident on building exteri
or surfaces may, in turn, affect the heati ng and cool i ng loads imposed on the bui 1 di ng' s 
HVAC system. An increase in surface temperature due to insolation increases heat gain during 
the summer and reduces heating loss during the winter. Since this is a counteracting influence 
with regard to energy usage, questions arise as to how annual HVAC energy requirements are 
changed when a surface's radiative properties are altered. 

The study reported here focused speci fi ca lly on changes in heati ng and cool i ng loads 
when the roof's solar absorptance was reduced from 0.8 to 0.3. Calculations were made using 
00E-2.1B for two different buildings at twenty different cities. A third building type was 
examined for five of the locations. 

The paper presents the calculated load changes in the form of bar graphs. The magnitude 
of the load changes is shown to be significantly influenced by the convective coefficient. 
For locations of high solar intensity and low heating requirements, use of roofs with low 
solar absorptance can represent meaningful energy savings. 

I NTROOUCTI ON 

Building surfaces exposed to the sun experience higher temperatures than do similar unexposed 
exterior surfaces. The resultant temperature of an exposed surface is affected by the solar 
intensity, radiative characteristics of the surface, wind speed, ambient temperature, 
surrounding objects, and the thermal properties of the associated building component. 

An increase ina bui 1 di ng' s surface temperature by i nsol ati on can increase heat ga i n 
during the summer or reduce heat loss during the winter. Accordingly, if the solar absorptance 
of a sunlit surface is lowered, the cooling load and heating load imposed on the building's 
HVAC system may be altered. Since the effects are counteracting, questions arise as to how 
HVAC load requirements are changed when a surface's radiative properties are altered. 

This study focused specifically on changes in a building's annual heating and cooling 
loads caused by reducing the solar absorptance of it's roof surface. The energy-saving poten
tial associated with roof construction and the need for further research has been established 
and reported (Robi n son 1981; Chang and Busch i ng 1983). The possi bil i ty of conservi ng energy 
by usi ng refl ecti ve materi a 1 s for the outermost roof 1 ayer represents one area of interest. 
In this work, the computer code 00E-2.1B was used to calculate HVAC load changes. 

Prior to presentation and discussion of results, some relevant background is outlined 
in the literature review and in related concepts. 

E.I. Griggs, Professor, Department of Mechanical Engineering, Tennessee Technological Univer
sity, and G.E. Courville, Program Manager, Building Thermal Envelope Systems and Materials 
(BTESM) Program, Oak Ridge National laboratory. 
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LITERATURE REVIEW 

Several workers have di scussed how roof surface temperature and/or heat transfer through 
a roof are affected by the radiative characteristic of the roof's surface. Quantifying these 
effects is dependent on reliable solar absorptance values for roof coverings. A brief review 
of works dealing with these considerations follows. 

Reported Solar Absorptance Val ues 

In discussing energy-conserving aspects of roof design, Probert and Thirst (1980) stated 
that summer heat gain can be reduced by judicious selection of roof color, which in the techni
cal context of this study is related to the roof's solar absorptance. Reported solar absorp
tanee values ranged from 0.45 for a "white" surface to 0.95 for a "black" surface. This 
range of solar absorptances agreed well with that given in the treatise on roofs by Baker 
(1980). 

Reagan and Ack1am (1979) observed that solar reflectance data for common building materi
als were rather sparse. Reflectance measurements were made on a variety of wall and roofing 
materials using their own probe reported to have an effective spectral range of 0.44 to 0.96 
microns,. The reported reflectance values for coated and built-up roof materials correspond 
1;oan.absorptance range from 0.25 to 0.88. 

;Talbert has also reported solar ref1 ectance and therma 1 emi ttance data for several types 
of,.roof surfaces. The correspondi ng absorptance values range from 0.285 to 0.942. 

Jnstudying buildings with DOE-2.1B, the solar absorptance of exterior surfaces is an 
l!'lp!ltparameter. Solar absorptance values given in the DOE-2.1B Reference Manual (DOE 1980) 
range from 0.02 to 0.98. 

's'u:i!fa<;e Temperature 

,,'Insulation and surface color are both considered important factors affecting roof membrane 
tenfP.E!~.ature. Rossiter and Mathey (1976) calculated steady-state surface temperatures of 
blil<ck .. ell = 0.9). gray (ex = 0.7). and white (ex = 0.5) roofs. Several thicknesses of roof 
i.~.sulation and three different therma 1 conducti vi ty values were used. The R-va 1 ues ranged 
f17QllrJ.25 hr·ft 2 ·F/Btu (0.22 m2 k/W) to infinity. The color distinction caused a 30 F (l5.5°C) 
diff;e.rence in predicted roof temperatures at the highest level of insulation. 

In a study of two contiguous buildings. Shuman (1980) compared heat flow through wet 
!!~~<lry insulated roof constructions; he also measured thermal effects associated with three 
.r()Of .... coverings. which included slag. white marble containing dark constituents of about 15%. 

<!1n4.:s1agcoated with an experimental water-paint of white portland cement with plasticizer. 
~onc:1Udil!g that roof reflectance should be considered in design. he emphasized the need for 
reli..~il'le reflectance data and the importance of an acceptab1 e servi ce 1 ife. 

, BakE!r (1980) stated that temperatures experienced by roofing materials during their 
'~e,rvi¢e J ife may well determi ne the success or fa il ure of a roof system. He reports that 
tll!lsurface temperature of a roof may reach 190 F (88°C) for a flat roof having an unob
~j;ru~tedview of the sky. Some simple formulae for estimating roof temperature during both 
da:y;and night operation are given in his book. 

. Keeton and Alumbaugh (1981) experimentally investigated thermal performance of built-up 
l"~.()fsusing three temperature-controlled buildings designed to accomodate testing of 8 ft 
x 8 ft (2.44 m x 2.44 m) panels. Tests encompassed surfacings classified as white. white 

}/ravel, gra~ gravel. aluminum gray, and black. They concluded that serious consideration 
sllou1<1 be gl v~n to changi ng the surfaci ng of a roof to ali ghter color as an a lternati ve 
~o.m~17e, expenslVe re-roofing when it is necessary to improve thermal resistance of an existing 
rooLto lower energy consumption. 

Ener9Y.Use Considerations 

. Since heat transfer through a roof depends on surface temperature. the infl uence of 
.5018;1'. absorptance on a sunlit surface temperature in turn affects the heat transfer. In 
cont~mpora:y methods for estimating air-conditioning cooling loads. such as the procedure 
outlJl'led. ~n ~he ASHRAE Handbook--Fundamenta 1 s (ASHRAE 1985), cal cul ation of loads depends 
on. speclf1cat1on of the color of exterior wall and roof surfaces. Color consideration is 
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typically discussed only in connection with cooling loads since traditional load calcula
tion schemes determine the maximum loads for purposes of sizing equipment. The maximum cooling 
load will include solar contribution; however, the maximum heating load will occur in the 
absence of solar exposure. As attention is directed more specifically to energy utilization, 
the impact of solar influences on both heating and cooling energy use needs to be evaluated. 

Attention has been given to the role that roof "color" has in altering energy requirements 
for the heating and cooling of buildings. In an extensive treatise on energy conservation, 
Dubin and Long (1978) presented nomographs for heat gain and heat loss. These nomographs 
facilitate comparing roof heat gain and loss for solar absorptance values of 0.8 to 0.3. 

In an assessment of the energy-saving potential of roofing research within the United 
States, Chang and Busching (1983) used Dubin's nomographs to estimate heat gains and losses 
for numerous locations. They noted that the annual heat loss through a roof with a surface 
absorptance of 0.8 is approximately 12% to 25% less than the annual heat loss through a similar 
roof with a surface absorptance of 0.3 and that the annual heat gain for a = 0.8 is approxi
mately two to four times that for a = 0.3. Surface solar absorptance of a low-slope roof 
was concluded to be an important factor affecting heat loss and gain. 

The i nfl uence of surface solar absorptance on heat transfer through opaque buil di ng 
elements was also addressed by Reagan and Acklam (1979). They discussed results of heat 
gain/loss calculations made for several residences in TUcson, Arizona. Comparative results 
for daily average heat gain were given for one residence; values of a for the roof of 0.75 
and 0.35 were used. One case corresponded to what they classified as a poorly insulated 
home; the other case was for what they termed a more modern, better insulated home. They 
conc 1 uded that changi ng the roof color from dark to 1 i ght reduces the roof heat ga i n of a 
typi ca 1 southwestern house duri ng the summer. For the cases whi ch they exami ned, it was 
stated that such a reduction has 1 ittle effect on the summer total house heat gain because 
the roof's contribution was only a small part of the total. 

Griffin (1980) outlined a scheme for estimating cooling-energy cost savings with the 
use of heat-reflective, aluminum asbestos-fibrated coatings instead of conventional black 
asbestos-fibrated coatings, on smooth-surfaced built-up bituminous membranes. His estimation 
scheme was based on use of the total equivalent Cooling Load Temperature Difference (CLTD) 
as described in the ASHRAE Handbook--1985 Fundamentals (ASHRAE 1985). Tabulated CLTD values 
were corrected by a color adjustment factor. For climates with long cooling seasons, Griffin 
reported that a savi ngs of 0.25 $/ft 2 (2.69 $/m2) in present 'worth can be achi eved over 20 
years; it was, however, noted that other climatic conditions tend to complicate the impact 
of changing a on heating energy consumption. 

Talbert summarized a brief study that focused on potential energy savings with buildings 
whose roofs are coated with aluminum flakes exhibiting high solar reflectance and low thermal 
emittance. The report includes estimated cooling energy savings that might be realized in 
Phoenix, Arizona, by use of the aluminum flakes. Estimates were made by two methods. The 
fi rst was based on the scheme reported by Gri ffi n (1980). The second was based on use of 
an average daily sol-air temperature and steady-state calculation. Noting that the methods 
were developed to determine design loads for equipment sizing, Talbert cautioned that predicted 
energy savings may not be very accurate. He suggested that a better method would be to utilize 
one of the more sophisticated computer models. 

RELATED CONCEPTS 

Certain concepts related to this study are discussed in this section. 

Thermal Radiation Considerations 

This work focused on the change in heat transfer through a roof caused by changing its 
solar absorptance. 

The radiative character of a surface is often discussed in terms of color. Color general
ly relates to the visible portion (0.35 - 0.7 ~) of the electromagnetic spectrum; hence, 
color may not adequately characterize the total thermal-radiation band. Radiative heat trans
fer between objects at low temperatures involves long-wavelength (>8 ~) radiation. The energy 
transmitted as solar radiation is concentrated in a band of shorter wavelengths. For example, 
modeling the sun as a blackbody emitter at 6000o K, 99.5% of the emitted energy lies between 
0.1 and 5 microns and 43.2% lies in the visible spectrum (0.35 to 0.7 ~). 
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When a material layer is exposed to radiant energy, a portion is reflected, a portion 
may be transmi tted and the rema i nder is absorbed. An energy accounti ng for radi ant energy 
of any wavelength leads to 

(1) 

Radi ati ve properti es of materi a 1 s are di recti ona 1 and spectra 11 y dependent; however, many 
engineering analyses are made using hemispherical values and involve opaque material layers, 
which means that none of the incident radiant energy is transmitted through the layer (i.e., 
t = 0). The absorption and reflection processes are treated as surface phenomena. In terms 
of hemispheri ca 1 properti es, the accounti ng of radi ant energy impi ngi ng upon an opaque layer 
is given by 

a+p=l. (2) 

According to Ki rchhoff' slaw, absorptance equals emi ttanceunder condi ti ons of therma 1 
equilibrium, but this equality is often assumed in engineering analyses of nonequilibrium 
situations. When this is done, a = £ and Equation 2 becomes 

£ = 1 - p. ( 3) 

E~lIuation 3 is not strictly valid for all real situations; however, data relating ex and £ 
for common roof coverings seem to be scarce. 

Sol:'Ai r Temperature 

The~ net heat transfer from the sun and other exterior surroundings to a roof's surface 
involvesabsorpti on of sola r energy, convecti ve exchange wi th the envi ronment, and an infrared 
raf;liiltive exchange with low-temperature surroundings. The sol-air temperature is defined 
as •• tbi! "hypothetical" air temperature that would result in the same net heat transfer to 
tnesUrface using a combined radiative and convective heat transfer coefficient. The sol-air 
tel)1~E!rature (ASHRAE 1985) is given by 

Tsa = Too + aG _ £6R (4) 
ho ho 

Nthoug~h the sol-air temperature is useful for illustrating the effect of solar loading, 
iti~s not an independent property of the cl imate because of its dependence on the parameters 
(x. s, ho and 6 R. 

J3undin~ Load Considerations 

• ~., Definition and Illustration of Terms. If a of a roof's surface is lowered, the energy 
'r~quire<! for cooling the contiguous building will most likely be reduced because the heat 
'gain~\'Iill be smaller fo 11 owi ng the reduct i on in surface temperature duri ng sun 1 it hours. 
,In.th,e winter, high surface temperatures may tend to impede heat loss through a roof. Hence, 
.uS,109 a reduced surface ex duri ng the wi nter may 1 i ke 1 y resul tin an increase in the energy 
requir:l!1~ents for heating. ~ Figure 1(a) illustrates the possibility of reducing annual cooling 
energy per unit roof area (ACE) by lowering the roof's a. Similarly, Figure l(b) shows the 
converse for the pass i bil ity of i ncreasi ng annua 1 heati ng energy per unit roof area (AHE) 
bY~lo~ering ex of the roof. A principal goal of this study was to assess changes in ACE and 
AHEdue to a discrete reduction in ex. For this purpose ACES denotes the magnitude of annual 
coaling energy savi ng and AHEP denotes the magnitude of annua 1 heati ng energy penalty, both 
based on unit roof area. With reference to Figure 1, ACES and AHEP are expressed by 

ACES ACE 1 ACE 2 

AHEP = AHE2 AHE 1. 

(5 ) 

(6) 

Both ACES and AHEP represent changes in annual energy requi rements due to a 1 oweri ng of a 
roof's (x. Both are defined in the positive sense. 

~ Ste~dY-State Calculation of Roof Heat Transfer Using Sol-Air Temperature. A steady-state 
calc~latlon. of roof heat transfer gives some insight into how changing a affects energy use. 
Conslder unl~ ar~a of a roof over a conditioned space, which for the purpose of this evaluation 
is~~ to, be mamtalned at a constant temperature, Ti, around the clock. Using sol-air tempera
ture, the net annual heat gain through the roof per unit area is given by 
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Net Annual Gain Per Unit Roof Area = fUo(Tsa - Ti)dt (7) 

where Uo represents the overall heat transfer coefficient for heat transfer between air at 
the sol-air temperature and inside at Ti. The integral is to be evaluated over one year. 
Specific separation of the net gain into ACE and AHE requires more detailed insight into 
hour-by-hour building operation. For example, heat gain through the roof may contribute 
to a cooling load or may reduce a heating load, depending on which mode prevails within the 
space at that time. 

The definition of sol-air temperature given in Equation 4 can be used in Equation 7. 
The net gain can then be evaluated for a large value of a and also for a lower value of a. 
An approximation for ACES + AHEP can be obtained by subtracting the net gain for the lower 
a from that corresponding to the higher a, assuming that £, ho , and ~R are unaffected by 
the changed a. The result is 

~a Uo G 
ACES + AHEP = f h dt. 

o 
(8) 

The left side of Equation 8 is written as the sum (ACES + AHEP) since the net reduction in 
energy ga in, represented by thi s sum, may be composed of both a savi ng in coo ling energy 
and a penalty in heating energy. If a particular location is characterized by essentially 
no annua I heati ng requi rement, such as southern Flori da, then the net reducti on is manifested 
almost totally in ACES. Conversely, should a particular location be characterized by 
essentially no cooling requirements, then the net reduction would be manifested almost totally 
in AHEP. 

If Uo and ho are assumed constant, the steady-state value given by Equation 8 may be 
expressed as 

~a Uo _ 
ACES + AHEP = (~)(365 GSD) (9) 

where GSD represents the average daily solar flux on a horizontal surface. The approximation 
of Equation 9 suggests that the net reduction in energy. gain (ACES + AHEP1, due to a reduction 
in a roof's solar absorptance by the amount ~a, should vary linearly with GSD. Also, with 
other pa rameters unchanged, an increase in ho causes a decrease in the sum (ACES+AHEP), an 
observation that illustrates the important role of the factors that control h such as wind 
velocity. 0 

While Equations 8 and 9 indicate steady-state behavior, the net effect for real building 
operation should be expected to differ quantitatively from that estimated by the steady-state 
calculations. Such features as structural energy storage, thermostat set points, HVAC equip
ment operating characteristics, the distinction between instantaneous heat transfer rates 
and coi I loads, the coup I ing between i nterna I loads and externa I loads, and other i nterre I ated 
effects serve to make the calculation of actual energy requirements a more formidable problem 
than that of making simple steady-state calculations. Division of the net reduction into 
sepa rate va I ues for ACES and AHEP for a rea I buil di ng operati ng ina I ocati on havi ng both 
significant heating and cooling loads is dependent on local climate, building type, and HVAC 
operation. ACES and AHEP values computed in this study using DOE-2.1B are presented and 
discussed in the next section. 

COMPUTATIONAL RESULTS 

All load-change computations made in this study correspond to a discrete reduction in the 
roof's a from 0.8 to 0.3. The study focused on two bui I di ngs; a few computati ons were a I so 
made for a third one. Twenty locations were used for many of the calculations; however, 
some runs were made for only fifteen locations. Prior to presentation of results, DOE-2.1B 
is briefly discussed along with some special considerations. 

DOE-2.1B 

DOE-2.1B is a computer code widely used for modeling buildings and their HVAC systems. 
It is a versatile code, which can simulate hour-by-hour performance throughout a year. It 
contains several subprograms, two of which are the LOADS program and the SYSTEMS program. 
In the LOADS program, hourly heat gains and losses through the building envelope components 
are first calculated separately. Weighting factors are then used to convert gains into loads. 
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In the calculation of heat gain s and losses through exterior walls and roofs, the effect 
of thermal storage can be included with use of thermal re sponse factors . All computations 
in LOADS are made for a fixed temperature within conditioned spaces . The SYSTEMS program 
uses the output of the LOADS Program , HVAC system charac t eri s tics , and room air weighting 
factors to determine hourly HVAC system coil loads . The SYSTEMS program modifies the LOADS 
outpu t to account for variable temperatures in each conditioned zone . 

The fle xi bil ity of DOE - 2 . 1B affords opportunity for comparing computed energy value s 
corresponding to a rather wide range of modeling options. For example , the output of LOADS 
corresponds to a fixed space temperature . On the other hand , the output of SYSTEMS (e . g., 
coil loads) takes into account different thermostat setpoint s for heating and cooling , schedul 
ing of HVAC operation, scheduling of various internal loading , and HVAC equipment specifica
tions . If the HVAC system capacity is not specified, DOE 2. 1B s i zes the equipment automatical 
ly from loads determined in the LOADS program . Thus, if a building- envelope parameter is 
changed between two runs , the change in computed loads may lead to a different size HVAC 
system for the second case than was determined for the fi rst case . The user, however, has 
the option of inputing HVAC equipment capacity . Comparisons of building energy use between 
two runs where the HVAC equipment has been s ized automatically would seem more appropriate 
for examining the effect of changing a building- envelope parameter in new building designs . 
Conversely, the effect of changing a building- envelope parameter for an existing building, 
for which the same HVAC equipment is to be used before and after the change, would seem best 
determined by specifying the same equipment capacities for both runs . 

Special Considerations for This Study 

Weather Data . DOE- 2. 1B is de s igned to receive climate- related variables from weather 
tapes . For this study Typical Metero10gica1 Year (TMY) weather tapes were used . Twenty 
locations were used for seve ral runs ; however, some cases involved only fifteen locations . 
Although selected partially on the basis of available TMY VlP.torr tapes, which had been con
figured for DOE-2 . 1B input , the locations were chosen to represent the range of heating and 
cooling requirements within the United States . Figure 2 shows cooling degree - days versus 
heating degree- days for more than 200 weather- reporting stations within the United States 
(Knapp et al. 1980) . The 20 selected locations, indicated by the heavier darkened circles, 
are representative of the full range of reporting stations . Table 1 lists these 20 locations 
together with va 1 ues for the cool i ng degree - days, heati ng degree- days , average da il y so 1 a r 
flu x , and average wind speed (Knapp et al. 1980 ; WERA 1980- 83) . 

Values of Solar Absorptance. Values of 0 . 8 and 0.3 were used for the roof's solar absorp
tance . These values were considered to represent practical limits on absorptance . These 
two values were also used in the work of Dubin and Long (1978) and that of Chang and Busching 
(1983) . 

Overall Heat Transfer Coefficient . With load- calculating methods s uch as those outlined 
in the ASHRAE Handbook (ASHRAE 1985), air- film coefficients on the inside and outside of 
a roof , hi and he respectively, are included with the roof resistance, R, in determining 
the overall thermal conductance, U. The expres sion is 

U 1 1 (10 ) 

U of Equation 10 is the traditional value used for steady- state heat transfer calculations 
with the outside- air- to - inside- air temperature difference. When calculating steady- state 
heat transfer using sol - air- to- inside- air temperature difference, the appropriate conductance 
is Uo ' which incorporates the combined exterior convective and radiative coefficient , ho . 
The expression is 

1 
TI' 

1 ( ll) 

The quantities R and hi , thu s U', r emain constant during a particular DOE- 2. 1B run . The 
exteri or surface energy balance incorporated within DOE - 211B util i zes ho ' whi ch varie s with 
external environmental conditions . Since ho varies , U' has been used to characteri ze the 
roof' s level of insulation . A surface roughness parameter is input in a DOE- 2. 18 run to 
specify which of six different ho- wind speed correlations is used . The one used for most 

1047 



calculations in this study corresponded to the most rough surface. A comparative case was 
run for the most smooth case. 

Building Simulations 

Three buildings, designated A, B, and C, were considered. Building A was selected to 
model a typical interior office module within a strip of contiguous identical units. Building 
B was specified to model an open-area repair shop or light manufacturing facility. Building 
C represented a multi zone office building. All three modeled single-story buildings having 
concrete slab floors and brick-faced, concrete-block walls. The flat roof construction was 
specified to be the same for all three buildings. Buildings A and B involved only one interior 
zone, and building C involved five interior zones. Building A had a suspended ceiling between 
the roof and the conditioned space, and the return air was directed through the unconditioned 
space between the ceil i ng and roof. The roof's inner surface for bui 1 di ngs Band C was 
directly contiguous to the conditioned space. Internal loads including people, lights, and 
equipment were 14.95 (47.14), 12.92 (40.75), and 14.22 (44.83) Btu/h'ft 2 (w/m2) for A, B, 
and C, respectively. Infiltration rates were 0.083 (0.422), 0.167 (0.848), and 0.058 (0.295) 
cfm/ft2 (L/s'm2) for A, B, and C, respectively. Thermostat setpoints of 12 F (22.2°C) for 
heating and 78 F (25.5°C) for cooling were used for all cases. 

Building A Results. Using TMY weather data for 20 locations, building A was first 
examined for U' set at 0.2 Btu/h·ft 2·F (1.135 w/m 2·k). U' is based on the combined resistance 
of the roof materi a 1 s and the i nsi de convecti ve a i r-fil m resi st.ance. For the roof constructi on 
consi dered, aU' of 0.2 Btu/h· fF· F (1. 135 w /m2. k) corresponded to an i nsul ati on thi ckness 
yielding an R value of 3.74 h·ft 2·F/Btu (0.659m2·k/w). The remainder of the resistance, 
1.26 h·fF·F/Btu (0.222 m2'k/w), was due to the aggregate, built-up roof membrane, steel 
deck, and interior air-film. For other U' values, the contribution due to aggregate, built-up 
roof membrane, steel deck, and i nteri or ai r-fil m rema i ned constant. The quoted U' va 1 ue 
was obtained by changing only the thickness of insulation. For two larger thicknesses of 
insulation, runs were made for 15 of the selected locations. DOE-2.1B was allowed to size 
the equipment automatically for all Building A runs. Changes in predicted cooling coil load, 
heating coil load, electrical energy required by the system fan, and the electrical energy 
requi red by the cool i ng system were recorded. For the lowest 1 eve 1 of i nsul ati on consi dered 
[U' = 0.2 Btu/h· ft 2. F (1.135 w/m2. k) l, changes in predi cted HVAC coil loads are depi cted 
by the bar -.9raph of Figure 3. Noting values listed in Table 1 of the daily mean global solar 
radiation, GSD, on a horizontal surface for e~ch of the locations, it is noted that (ACES 
+ AHEP) genera lly increases with an increase in GSD (see Fi gure 4). For the bui 1 di ng A cases 
examined, each predicted ACES value, is larger than the corresponding AHEP value indicat
ing that predicted energy savings during cooling exceed the energy-use penalty during heating. 
Economic savings depend, however, on the type of cooling and heating systems used and on 
the relative costs of heating and cooling energy, a practical concern discussed later. 

The sum (ACES + AHEP) decreases with an increase in the thickness of roof insulation. 
This is shown in Figure 5 for four of the locations. Figure 5(a) shows that the net reduction 
in energy gain, as realized at the coils, decreases with an increase in the thermal resistance. 
Figure 5(b) shows the excess of cooling energy savings over heating energy penalty for the 
same four locations. Similar behavior occurred for all locations examined. 

Building B Results. Building B was examined for several cases, designated as cases 
Bl, B2, B3, and B4. Case Bl involved operating conditions similar to those used for building 
A. Nighttime and weekend setback of the thermostats was used and DOE-2.1B was allowed to 
automatically size the HVAC system on the basis of loads computed in the LOADS subprogram. 
For fifteen locations and three different insulation levels, predicted changes in cooling 
coil load, heating coil load, electrical energy required by the system fan, and the electrical 
energy requi red by the cool i ng system were recorded. Fi gure 6 shows predi cted changes in 
HVAC coil loads for case Bl with U' of 0.2 Btu/h·ft 2·F (1.135 w/m2·k). Results for case 
Bl exhibit trends similar to those for building A. The computed sum (ACES + AHEP) increased 
near linearly with the average daily solar radiation, GSD. The decrease of the sum (ACES 
+ AHEP) with an increase in roof insulation thickness followed the same trend as for building 
A. The behavior was similar for all 15 locations examined. Since computed results for 
building A and for case Bl of building B illustrated similar dependence on insulation level, 
only a U' of 0.2 Btu/h·fF·F (1.135 w/m2·k) was used for subsequent runs (cases B2, B3, B4) 
where the effect of other parameters was examined. 

For case B2 ni ghttime and weekend setback of thermostats was used, but the HVAC system 
capacity was forced to be the same for the a = 0.3 run as that generated by DOE-2.1B for 
the a = 0.8 run. For 15 locations, predicted changes in cooling coil load, heating coil 

1048 



load, electrical energy required by the sy.stem fan: and the electrical energy required by 
the cool i ng system were recorded. The COlI load 1 ncrements, ACES and AHEP, are depi cted 
in Figure 7, where case Bl results are repeated to accomodate comparison between cases Bl 
and B2. The comparison shows that forcing the system capacity to be the same for both values 
of roof absorptance (case B2) changed the predicted ACES and AHEP magnitudes from those 
computed where the HVAC system capacity was allowed to be sized internally by DOE-2.1B. 
Changing the system capacity can influence the coil loads in two ways. First, operation 
with a larger unit would tend to keep the swing in space air temperature lower. Also, since 
ventilation air was included, changing system capacity will shift the coil load line slightly. 
While the distinction between results for cases Bl and B2 shown in Figure 7 are not extreme, 
it is evident that predicted energy savings and penalty (ACES + AHEP) are dependent on HVAC 
system specification. 

Case B3 involved a change in HVAC operating schedule. Internal loads (people, lights, 
and equipment) were scheduled only during the day for weekdays, but the HVAC system was 
scheduled to operate continuously. Nighttime and weekend setback were not employed. The 
HVAC system capacity was again forced to be the same for the" = 0.3 run as that generated 
by DOE-2.1B for the" = 0.8 run. For 20 locations, predicted changes in cooling coil load, 
heating coil load, electrical energy required by the system fan, and the electrical energy 
required by the cooling system were recorded. The predicted coil load increments (ACES and 
AHEP) are depi cted in Fi gure 8, where B2 results are repea ted for compa ri son. The results 
show that maintaining the space conditioned continuously causes an increase in both predicted 
ACES and. AHEP values. The increase can probably be explained by the fact that weekend 
operation is included and that the space was conditioned at night where some time-delayed 
energy transfer may also be included during a regular work day. 

The effect of solar loading on a roof's surface temperature is influenced by the exterior 
heat transfer coeffi ci ent. All of the previ ous 1 y di scussed computati ons were made usi ng 
correl ati on of ho with wi nd speed that corresponds to a rough surface. Case B4 runs were 
made with conditions being the same as for case B3 except for the ho correlation. The ho 
corrf)lation for a very smooth surface was used. For 20 locations, predicted changes in cooling 
coil load, heating coil load, electrical energy required by the system fan, and the electrical 
energy requi red by the cool i ng system were recorded. The coil load changes, ACES and AHEP, 
are shown in Fi gure 9 where B3 resul ts a re repeated for compari son. The compa ri son shows 
th.at using lower ho values increased both ACES and AHEP. The increase was as much as 60% 
in some cases. This contrast indicates the important role that the surface heat transfer 
coefficient plays in the surface energy balance. This also indicates how the energy balance 
on a sunlit roof is significantly affected by wind speed 

Building C Results. Calculations for the multizone office building, building C, were 
made for five locations. Continuous space conditioning, involving the same scheduling as 
that used for case B3, and system capacity matching were used. Predicted ACES and AHEP values 
for building C are shown in Figure 10 together with those for building A and cases Bl, B2, 
andB3 for building B. All cases shown in Figure 10 are for the common U' value of 0.2 
Btllll'1'ft2'F (1.135 w/m 2 ·k) and the same ho correlation, that being the one for a rough surface. 
ACES. and AHEP val ues of Figure 10 are 1 i sted in Table 2 together with estimates based on 
the report of Chang and Busching (1983). For the buildings examined in this study, the ACES 
and. AHEP values computed by DOE-2.1B are generally lower than values estimated by the data 
given by Chang and Busching (1983). Second, computed ACES and AHEP magnitudes for a particu
lar location and for buildings having identical roofs are affected by other parameters such 
a.s HVAC system operation 

Comparisons of Building Predictions to Steady-State Estimates 

An interesting comparison can be made between steady-state estimates of (ACES + AHEP) 
by Equation 9 and DOE-2.1B predictions for the examined buildings. The DOE-2.1B correlation 
of ho with wi nd speed for a rough surface was used wi th the mean wi nd speeds 1 i sted in Table 
1 to determine ho for the 20 locations. Th0 ho was used with a U' value of 0.2 Btu/h·ft 2 ·F 
(1.135 w/m2

• k) to cal cuI ate Uo. Values for GSO gi ven in Tabl e 1 were used. The results 
of calculating the steady-state estimate of (ACES + AHEP) by Equation 9 are tabulated in 
Table 3. DOE-2.1B results for building A and cases Bl, B2, and B3 for building B are listed 
also. The percentage difference, based on the steady-state estimate, is also given. For 
the range of cases considered, all steady-state estimates were higher than the corresponding 
results obtained with DOE-2.1B. The steady state predictions for the cases shown were higher 
by percentages that ranged from 39% to 74%. 
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Economic Considerations 

For investment considerations, coil load changes must be considered with respect to 
their ultimate impact on purchasing energy. The ACES and AHEP values computed in this study 
represent changes in annual cooling and heating coil requirements. Utilization efficiency 
from source to coil must be used to determine the resultant change in energy demand at the 
source. The change in cool i ng energy at the source is gi ven by ACES/S, where S denotes the 
effective annual coefficient of performance for the cooling system. Likewise, the change 
in heating energy at the source is given by (AHEP)/n, where n denotes the effective annual 
heating system efficiency. For example, if S = 2.5 and n = 0.7, ACES/AHEP would have to 
exceed 3.57 for a resultant savings in energy at the source. The distinction in energy cost 
for heating and cooling must be used to determine the economic impact. For economic 
considerations, savings associated with an investment that occur over an extended time and 
involve the time-value of money can be cast into present worth, which indicates what the 
predi cted savi ngs represent in today's money. The present worth of an investment represents 
the maximum expenditure today that can be made without the investment representing a loss. 
The present worth of a particular ACES and AHEP combination is given by 

PW = (ACES)(CEC)(PWF)c (AHEP)(HEC)(PWF)h 
S n 

(12) 

where CEC and HEC represent current cool ing energy cost and current heating energy cost, 
respectively. Also, (PWF)c and (PWF)h represent present-worth factors for cooling and heating, 
respectively. These present-worth factors depend on the life of the energy-saving modification 
(reduction of a here), the applicable discount rate, and the escalation rate for the respec
tive energy cost. 

Determination of the present worth of an investment by Equation 12 requires good insight 
or good speculation as to the life of the investment, the discount rate, and fuel escalation 
rates. Estimations can be made with the aid of published estimates for some of these. For 
example, uniform present-worth factors for ten DOE regions and averages for the United States 
are tabulated in a DOE life-cycle cost manual (DOE 1984). Also included are mid-1983 energy 
costs. 

Without taking the full step of estimating present-worth factors, an interesting 
comparison of estimated savings can be made by casting the computed results into current 
cost savings. For this comparison, natural gas was considered to be the heating fuel and 
the cooling system was considered to be electrically driven. Use was made of mid-1983 nation
al average costs of electrical energy and natural gas for the commercial sector (DOE 1984). 
Electrical savings were taken as the computed savings in electrical cooling energy plus the 
savings in HVAC fan energy. In doing this, the DOE-2.1B-generated HVAC system coefficient 
of p'erformance was automatically taken into account. An electrical energy cost of 18.24 
$/106 ·Btu (0.06226 $/kW·h) was used. Heating by natural gas was assumed with an efficiency 
of 70% and a fuel cost of 5.58 $/l06·Btu (0.01904 $/kW·h). Results of this cost evaluation 
are tabulated in Table 4. Largest savings occur for locations with large average daily solar 
radiation and characterized by large cooling requirements. All cases presented for comparison 
in Table 4 correspond to a roof U' value of 0.2 Btu/h·fF·F (1.135 w/m 2·k). Use of larger 
U' values will result in smaller savings and vice versa. For the range of cases compared 
here, it is noted that the upper bound on calculated current savings per square foot of roof 
area is of the order of the cost of one kW·hour of electrical energy. This observation, 
however, is based on a heating system efficiency of 70% and a ratio of electrical energy 
cost to heating energy cost of 3.27 to 1. 

CONCLUSIONS AND RECOMMENDATIONS 

Observations and Limitations 

Exact magnitudes of changes in heating and cooling energy that occur when a roof's solar 
absorptance is lowered are affected by bui 1 ding constructi on, HVAC system schedul ing and 
operation, thermal resistance of the roof, and local climatic conditions. The majority of 
ACES and AHEP compa ri sons depi cted in thi s work correspond to a roof U' value of 0.2 
Btu/h· ft 2. F (1. 135 w/m2. k). Suffi ci ent runs were made, however, to show that energy savi ngs 
are reduced as the thermal resistance of the roof increases. The savings follow the general 
trend of varying inversely with thermal resistance. 
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The sunlit-surface energy balance algorithm incorporated within DOE-2.1B accomodates 
user modification of the surface's solar absorptance, but the option for simultaneously alter
ing the infrared emittance is not available. When a roof's solar absorptance is lowered, 
it is likely that its infrared emittance will also be lowered. A reduced infrared emittance 
will affect longwavelength radiative transfer to the sky. This effect has not been quantified 
in this study. 

Calculations were made for a specific reduction in a of 0.5. This seems to represent 
a practi ca 1 upper 1 imi t on the change; however, 1 ittl e i nforma ti on is ava ila b le on the 1 ife 
of reflective materials and coatings. Dirt and other environmental influences can cause 
a reduction in the reflective properties .. Also, the influence of such factors as water pond
ing, snow, and roof-mounted equipment has not been reckoned with. 

The calculated results were shown to be strongly.dependent on the value used for the 
surface convective heat transfer coefficient. The rathersimr,listic m(,dels that are used 
in the computational algorithms need to be evaluated for real building situations. While 
the external heat transfer coefficient does not affect the total energy transfer significantly 
for a well-insulated roof, the need for .an accurate heat transfer coefficient is much more 
essential for accurate predict'ion of surface temperature and accurate quantifying of the 
changes in heat transfer due to changing surface properties. 

CONCLUSION 

Within the scope of this study which involved calculations based on decreasing a flat roof's 
solar absorptance from 0.8 to 0.3, the following conclusions are. offered: 

1. Energy savings can be realized, particularly for locations characterized by large 
mean daily global solar radiation and large building cooling requirements. 

2. Energy savings are distinctly less than steady-state estimates. 

3. For a roof having a thermal resistance of about 5 ft'·h·F/Btu (0.881 m'·k/w), the 
sa vi ng is of the order-of-magni tude of one ki lowatt-hour of e 1 ectri ca 1 energy per 
square foot of exposed roof area. 

4. Energy savings vary inversely with the magnitude of the roof's thermal resistance. 

5. Energy savings may be almost twice as large for a roof where the exterior heat trans
fer coeffident is governed by smooth-surface correlations as for one governed by 
the roof-surface correlation. 

6. Exact magnitudes of savings for the same building vary with HVAC sizing and operation
al schedule. 

7. Exact magnitudes of savings vary between buildings having identical roofs. 

RECOMMENDATIONS 

Based on conclusions and the noted limitations of this study, the following specific 
recommendations are given for further work: 

1. Examine the effect of a reduced infrared 'emittance simultaneously with a reduced 
solar absorptance on calculated ACES and AHEP values. 

2. Study how the radiative properties of a roof's surface change with environmental 
exposure. 

3. Investigate in more detail how the convective heat transfer coefficient on roofs 
varies with environmental parameters. 

4. Study the reduction in surface temperature swing associated with reflective roofs. 
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NOMENCLATURE 

ACES = Reduction in cooling energy per unit roof area following a discrete change in 
Ct. 

AHEP Increase in heati ng energy per unit roof a rea fo 11 owi ng a di screte change in 
Ct. 

COD Designates cooling degree-days 

CEC Cooling energy cost 

G = Incident solar radiation per unit roof area 

GSD = Mean daily solar radiation on a horizontal surface 

HOD = Designates heating degree-days 

he External film heat transfer coefficient due solely to convection 

HEC = Heating energy costs 

ho = he plus radiative coefficient 

PW = Present worth of an investment 

PWF Present worth factor 

Ti Conditioned space temperature 

T So l-a i r temperature sa 

Too Outside air temperature 

U = Overall heat transfer coefficient (outside air to inside air) 

U' Heat transfer coefficient (outside surface to inside air) 

Uo = Overall heat transfer coefficient (sol-air to inside air) 

V Annual mean wind speed 

Ct. Hemispherical surface absorptance 

B Cooling system coefficient of performance 

6R Difference between the energy emitted by a blackbody at Too and the longwave radia-
tion incident on a surface 

£ Infrared emittance 

n = Heating system efficiency 

p = Hemispherical surface reflectance 

T = Hemispherical transmittance 

Subscripts 

1, 2 High Ct., low Ct. 

c, h = Cooling, heating 

A Monochromatic value 
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TABLE I 
Climate-Related Data for 20 Locations Used in This Study 

Location 

Phoenix, AZ 
Bakersfield, CA 
El Paso, TX 
Albuquerque, NM 
Mi ami, FL 
San Antonio, TX 
Tampa, FL 
Augusta, GA 
Lake Charles, LA 
Memphis, TN 
Denver, CO 
St. Louis, MO 
Washington, DC 
Chicago, IL 
Indianapolis, IN 
Minneapolis, MN 
Minot, NO 
Syracuse, NY 
Portland, OR 
Seattle, WA 

COD 
F (OC) 

3506 (1948) 
2178 (1210) 
2097 (1165) 
1316 ( 731) 
4037 (2243) 
2993 (1663) 
3366 (1870) 
1994 (1108) 
2738 (1521) 
2029 (1127) 
625 ( 347) 

1474 ( 819) 
940 ( 522) 
923 ( 513) 
974 ( 541) 
585 ( 325) 
369 ( 205) 
551 ( 306) 
299 ( 166) 
128 ( 71) 

Sources: Knapp et al. 1980; WERA 1980-83) 

COD = Cooling Degree-Days 
HDD = Heating Degree-Days 
QSD = Mean Daily Solar Radiation 
V = t4ean Wi nd Speed 

HOD 
F (OC) 

1552 ( 862) 
2183 (1213) 
2677 (1487) 
4291 (2384) 

205 ( 114) 
1570 ( 872) 
716 ( 398) 

2547 (1415) 
1498 ( 832) 
3226 (1792) 
6016 (3342) 
4748 (2638) 
5009 (2783) 
6125 (3403) 
5576 (3098) 
8158 (4532) 
9407 (5226) 
6678 (371O) 
4792 (2662) 
5184 (2880) 

TABLE 2 

GSD 
Btu/day·ft2 
(MJ/day·m2 ) 

1869.4 (21.2) 
1749.2 (19.9) 
1899.7 (21.6) 
1827.5 (20.8) 
1472.9 (16.7) 
1499.0 (17.0) 
1492.1 (16. 9) 
1361.6 (15.5) 
1364.6 (15.5) 
1365.9 (15.5) 
1568.4 (17.8) 
1326.6 (15.1) 
1208.4 (13.7) 
1215.1 (13.8) 
1165.0 (13.2) 
1170.2 (13.3) 
1178.3 (13.4) 
1034.5 (II. 7) 
1066.8 (12.1) 
1052.7 (12.0) 

ACES and AHEP (Btu/ft2)* Predicted for a Flat Roof with U' of 0.2 
Btu/h·ft 2·F (1.135 w/m 2·k) When Its Solar Absorptance Is Reduced 
from 0.8 to 0.3 

Location 
Energy Chang and 
Change Busching (1983) A Bl B2 B3 

Phoenix, AHEP 1312 117 417 331 497 
Arizona ACES 10681 6520 5581 5181 6078 

Albuquerque, AHEP 1918 783 1903 1645 2271 
New Mexi co ACES 8245 3977 3116 2992 3544 

San Antoni 0, AHEP 931 157 426 348 594 
Texas ACES 9885 3581 3692 3260 3869 

Indianapolis, AHEP 2745 607 1176 864 1152 
Indiana ACES 5437 1778 1681 1557 2401 

Minot, AHEP 3636 916 1212 1217 1617 
North Dakota ACES 5112 1232 800 852 1170 

*Multiplication of tabular entries by (11.354) yields values in kJ/m2. 
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V 
mph 

(m/s) 

5.1 (2.3) 
6.9 (3.1) 
8.1 (3.6) 
9.4 (4.2) 
9.4 (4.2) 
9.4 (4.2) 
8.3 (3.7) 
6.7 (3.0) 
8.7 (3.9) 
8.9 (4.0) 

11.2 (5.0) 
9.6 (4.3) 
7.8 (3.5) 

10.7 (4.8) 
8.9 (4.0) 

10.1 (4.5) 
10.3 (4.6) 
10.1 (4.5) 
8.3 (3.7) 
8.7 (3.9) 

C 

487 
7000 

1834 
4834 

283 
3956 

656 
2315 

1001 
1676 



TABLE 3 
(ACES + AHEP) Comparisons between DOE-2.1B Predictions and Steady-State 
Estimates by Equation 9. Tabular entries for (ACES + AHEP) are in Btu/ft.* 

Location 

Phoeni x, AZ 
Bakersfield, CA 
El Paso, TX 
Albuquerque, NM 
Miami, FL 
San Antonio, TX 
Tampa, FL 
Augusta, GA 
Lake Charles, LA 
Memphis, TN 
Denver, CO 
St. Louis, MO 
Washington, DC 
Chicago, IL 
Indianapolis, IN 
Minneapolis, MN 
Minot, NO 
Syracuse, NY 
Portl and, OR 
Seattle, WA 

Eq. 9 

14796 
11718 
11544 
10090 
8132 
8276 
8929 
9280 
7924 
7816 
7686 
7223 
7518 
6147 
6667 
6158 
6118 
5444 
6384 
6113 

Building A 

6637 (55.1)** 
5668 (51.6) 
5361 (53.6) 
4760 (52.8) 
3918 (51.8) 
3738 (54.8) 
3858 (56.8) 
3503 (62.3) 
3396 (57.1) 
3472 (55.6) 
3604 (53.1) 
3186 (55.9) 
2958 (60.7) 
2579 (58.0) 
2385 (64.2) 
2312 (62.4) 
2148 (64.9) 
2015 (63.0) 
1995 (68.8) 
1573 (74.3) 

Case B1 

5998 (59.5)** 
5231 (55.4) 
5800 (49.8) 
5019 (50.3) 
4885 (39.9) 
4118 (50.2) 
4268 (52.2) 
3492 (62.4) 
4426 (44.2) 
5253 (32.8) 

3415 (54.6) 
2941 (52.2) 
2857 (57.1) 

2012 (67.1) 
2226 (59.1) 

Case B2 

5512 (62.8)** 
4763 (59.4) 
5017 (56.5) 
4637 (54.0) 
4165 (48.8) 
3608 (56.4) 
3767 (57.8) 
3775 (59.3) 
3680 (53.6) 
3961 (49.3) 

2996 (60.2) 
2430 (60.5) 
2421 (63.7) 

2069 (66.2) 
1877 (62.5) 

Case B3 

6575 (55.6)** 
5656 (51.7) 
6429 (44.3) 
5815 (42.4) 
6474 (20.4) 
4463 (46.1) 
5496 (38.4) 
4936 (46.8) 
5991 (24.4) 
5603 (28.3) 
4838 (37.1) 
4376 (39.4) 
4426 (41.1) 
3500 (43.1) 
3553 (46.7) 
3296 (46.5) 
2787 (54.4) 
2913 (46.5) 
2842 (55.5) 
2537 (58.5) 

*Multiplication of tabular values of (ACES + AHEP) by (11.354) yields values in kJ/m2. 
**Numbers enclosed in parentheses represent percent differences. 

TABLE 4 
Comparative Annual Cost Savings Resulting from Lowering a Roof's Solar 
Absorptance from 0.8 to 0.3. Values Are Based on Electrical Energy Cost 
of 18.24 l/106.Btu (0.06226 $/kW·h) and Heating with Natural Gas Costing 
5.58 $/10 'Btu (0.01904 $/kW·h) at an Efficiency of 70%.* All Cases Are 
for a Roof Having a U' of 0.2 Btu/h·ft 2·F (1.135 w/m 2·k). Entries are in 
¢/ft2.** 

Bldg. A Bldg. B Bl dg. B Bldg. B Bl dg. B 
Location Case B1 Case B2 Case B3 Case B4 

Phoeni x, AZ 5.72 6.75 3.79 3.37 5.37 
Bakersfield, CA 4.75 5.16 3.01 2.34 3.75 
El Paso, TX 4.43 5.56 2.80 2.06 3.32 
Albuquerque, NM 3.17 1. 75 0.64 0.43 0.87 
Mi ami, FL 3.25 4.16 2.66 3.54 5.48 
San Antonio, TX 2.86 3.51 2.13 . 1. 99 3.98 
Tampa, FL 3.12 3.50 2.28 2.62 3.95 
Augusta, GA 3.03 2.28 1.65 1. 63 2.99 
Lake Charles, LA 1.80 3.92 2.11 2.70 4.21 
Memphis, TN 2.28 3.32 1.63 1.66 2.59 
Denver, CO 1.80 -0.51 -0.55 
St. Louis, MO 1.89 0.85 1. 63 
Washington, DC 1. 25 1. 52 0.51 0.74 1. 10 
Chicago, IL 0.71 0.62 0.01 0.27 0.36 
Indianapolis, IN 0.90 1.17 0.24 0.60 0.93 
Minneapolis, MN 0.38 -0.11 -0.09 
Minot, NO 0.39 -0.55 -0.53 -0.52 -0.76 
Syracuse, NY 0.42 0.21 -0.14 0.08 0.13 
Portl and, OR 0.72 0.76 0.29 
Seattle, WA 0.34 -0.79 -1.04 

Bl dg. C 

3.96 

1. 59 

2.29 

0.94 

0.31 

*Cost values represent mid-1983 national averages for the commercial 
**Multiplication of entries by (0.1076) yields values in $/m2. 

sector (DOE 1984) . 
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Figure 5. Typical variation of (ACES + 

AHEP) and (ACES - AHEP) with 
roof's thermal resistance for 
building A 
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Figure 6. Predicted ACES dnd AHEP for 
building B (case B') and U' 
Btu/h.ft2• F (1.135 wlm2.k) 
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Figure 9. Comparison of predicted ACES 
and AHEP for cases B3 and B4 
of building B with U' = 0.2 
Btu/h'ft 2.F (1.135 w/m2.k) 
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Figure 10. Predicted ACES and AHEP 
dependence on building model 
for U' = 0.2 Btu/h.ft 2 .F 
(1.135 w/m2.k) 
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