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Chapter 1

INTRODUCTION

Available enerzy, inexpensive in the pasty is becoming
increasingly scarce and expensivee Projections of national
energy consumption established by the Us Se Geolozical
Survey indicate that domestic reserves of both natural gas
and petroleum will be exhausted by the year 2000.{(1) The
shortage of natural zas experienced by the eastern half of
the United States during the first few months of 1977
further dramatized the fact that fossil fueis are fast
disappearinge The economic law of supply and demand is
forcing the cost of enerzy to increment at an ever—
accelerating ratee As a result of the rapid increase in the
cost of energy there has eamerged a new public awareness of
the necessity for efficient energy utilizatione Considering
that 18% of the total energy demand of the United States is
used for space heating of buildiongs, future architectural
design should be more responsive to the increasing cost of

energye(2) This is in sharp contrast to present trends in

(1) Patrick Binns, "State Legislative Incentives for
Solar Energy Implementation," industrialization Forumy, Vol
T9 Noe 23 (1976) pe 3»

{2) NBS Technical Options for Energy Conservation in
Buildings ,Institute for Applied Technoloczy, NBS Technical
Note 789, (July 1973) pe 25.




architectural design as typified by the World Trade Center
in New York which consumes enough electricity to power a
city having a population of 100,000 residents.(3) The
architectural profession is in a unigue position to have a
ma jor impact upon decreasing the rate of national energy
consumptiones It has been estimated thaty, "The decisions
made by architects and enzineers can reduce energy
expendi tures in our buildianss by 50 percent with no penal ty

to the gqguality of life in our buildings."(4) This is

eguivalent to a decrease in total awnational enercgcy
consumption of more than 10% when all buildings are
included.

Review of Literature

Historically, windows  have a special role in
architecture. With the development of electric 1lighting
this role of the window as a tool feor creating space lost
its prominent positione The availability of inexpensive
energy seemed to hasten the end oi the dependence upon

windows for lighte. With the advent of the energy crisis of

{3) Robert Ge Ramsey,"Enerzyy, Environment, Manasement
and Systems," Industrialization Forums Vole 7y Noe 2-3
(1876) pe 27 .

(4) Richard Ge Stein, MArchi tecture and Energy,"
Architectural Forum sVole. 138y, Noe 1 (July—August 1373) p.
53




the 1970's the window begzan to regain the lost position it
once enjoyede

Iin addition to admitting daylight, which helps to
conserve electric eneryy, the windows role in coliecting
solar energy has also besen recoznized, This has resulted in
a transformation of the interior built environment into a
low temperature solar collectors. Such technology is far
from newe To quote Je We Grififith, former President of the
Il1luminating Engineering Society, gtilization of solar
enerzgy as « e » e heat through windows is one of the oldest
and most common uses of a natural resources"(35)

In recent years, the use of windows has been restrained
because of the mistaken belief that they were eneraoy
loserse. For exampley, studies conducted by Ansony Kennedy
and Spencer in Melbourne, Australia indicate that the life—
cycle cost {the amortized equivalent of running and
maintenance costs plus the initial cost) of the building may
be decreased by the reduction of heat gain associated with
the windowse.(6) This approach fails to recognize solar heat

gain in the winter in the design analysis of window sizes,

{(35) Je We Griffith, "Resource Optimization Calls for
Analysis Based on Life—-Cycle Cost," Professional Engineer ,
Vols 45, Noe 6 (June 1875) pe. 40.

(6) Mo Ansonys"Effect of Envelope Design on Cost
Performance of Office Buildings," National Bureau of

Standards Special Publication 361 4 Vole 1 (March 1972) ppe.
395406«




orientation and glazing material which <can be jui te
substantial and can result in substantial energy savings.(7)
Even though windows wmay be enerzy losers in the winter when
the sun is not shining (or on north facing walls) the total
annual effect of properly used windows can often be a net
annual increase of heat from the sune. “"Proper desig of
the total effect of windows can conserve nonreplaceable
energy in most buildings."(8) Research sponsored by the
American Physical Society shows that "A substantial amount
of beneficial heat can be gained ftrom solar transmission
through architectural windows."(Y) Furthermore, their
research shows that when these windows were evaluated by
lLife—cycle costing models, in a wmanner similiar to that
utilized by the Anson study, "The incremental capital costs
necessary to make some windows better in conserving net
energy than insulated walls are not high."{10)

While a number of analytical models have been developed
to determine the heat gain through the building envelope or

to establish the life-cycle cost of the building wall

(7) Peter Bruberry, "Conserving Energy in Buildings,"
The Architecis Journel, Vole 11 (September 1374) pe. 626,

(B) Je We Griffith, "Resource COptimization Calls for
Analysis Based on Life—Cycle Costy," Professional Engineer ,
Vole 45y Noe 6 (June 1975) pe 40.

(9) Se Me Bermany, et aly Energy Conservation and Window
Systems (National Physical Society, 1875), pe 47.

(10) Ibide



componentsy no comprehensive model of sophistication exists
which combines these aspects of hneat #ain and coste. For
exampley, the system fTor determining heat gain developed by
the National Bureau of Standards, and referred to as
National Bureau of Standards Load Determination (N3SLD), was
referred to as the most extensive system of its type at the
Energy Research and Development Administration {EXDA)
Conference and Workshop on Passive Solar Heating in May
1976 Yet this system, while it takes into account shading
fins and overhangs, fails to include items such as the area
of a window that is shaded from direct solar radiation by
the window frame itself.(11)

Economic models, such as the life—cycle cost model
published by the Brick Institute of America, have their
limitations.{(12) While this model interrelates climatic
analysis, energy consumption and initial cost of building
envelope components it Tails to inciude any comprehensive
heat gain calculationse. There is neither a simulation of
insolation nor allowance for shading factors, This error
becomes apparent when one considers the cost—benefit ratio

of a shading device consisting of a horizontal louvers. This

{11) Institute for Applied Technoclogy, NBSLD, The
Computer Program for Heatinz and Coovlinz Loads in Buildings,

{Washinzton: Ue Se Gowvernment Printing Office, 1876) pps
29a—45a.

{12) Brick Institute of America, Hgltimate Cost of
Building Walls, " {(January 1972) pp. 10-15.



type of shadinz device would place the window in shadow
during the summer months when the altitude of the sun is
highy but would allow penetration of direct insolation
during the winter mon thse Another important aspect which
this model fails to consider is orientation which, if used
advantageously, can result in an infinite cost—benefit ratio
Usince the layouts which sive economy in energy can also
satisfy the other planning requirements."(13)

Since it is clear that windows can contribute to the
conservation of energy when properly used (and when properly
evaluated) what is needed is a model by which the heat gain
associated with the thermal performance of windows <can be
determined with respect to its impact upon the life—-cycle
energy consumption cost of the buildinge Through the
utilization of such a model each window assembly could be
tailored to the specific latitude and orientation

influencing the selection of alternative glazing typese

Scope of Study

The study to be undertaken will lead to the development
of a static life—-cycle cost modely which if implemented as a
computer simulation could be used in the selection of

fenestration glazing materiale The model is to be based

({13) Peter Burberry, "Conserving Energy in Buildings,"
The Architects Journel Vole. 11 (September 1974) p. 626.




upon thermal characteristics of the glazing material in
relation to the building space heating regquirementse.
Potential effect of shading devices will not be inciudeds.
Evaluation will be made only between .alternative
fenestration materials, where all other bulilding design
characteristics (size and number of fenestration openings,
wall composition, wall orientationy mechanical eguipment,
etce) wiil Dbe held constante. Selection of alternative
glazing materials will be based upon optimum life—-cycle
coste A case study will be conducted to evaluate two
alternative zlazinz materials for the purpose of testing

equations used in the static life—-cycle cost model.



Chapter 11

SOLAR HEAT GAIN TIURCOUGH WINDOWS

Heat gain entering a building from the exterior
envirconment is composed of a number of components includinz
i) heat conducted through solid wall components and glazed
wall openings, 2) re—radiation of heat absorbed by solid
wall components and glazed wall openings, 3) infiltration
of warm air {during summer months) through solid wall
components and around fenestrationsy, and 4) solar radiation
transmitted througzh glazed wall openingsSe of these
components which constitute heat gain, direct solar
radiation through glazed surfaces often constitutes the
major proportion of the total heat Zain which enters a
buildinge.{14) Since insolation through windows can exert
such an impact upon the thermal guantity of an interior

environment, insclation should be considered in the design

of a buildinge Heat zZain attributed to insolation can
influence many basic design decisions, including the
following? A) the guantity and type of glass used, B)

whether the glass used should be shadedy, C) the orientation

of the glass, and d) the selection of the building heating

({14) Ye Ye Yuvshinov, "Method for Determining Total
Heat Gain from Direct Solar Radiation Entering Structure,"
Gelio‘tekhnika., Vole 9' Noe 4 (1873) Pe 113

——-



and cooling systems.{(15)

Solar heat zain through glass consists of the summation
of a) radiation transmitted through the glass, which |is
modified by the angle at which the solar beam strikes the
glass surfacey, and b) the avdsorption factor of the glass, a
portion of which is re—-radiated to the interior.{1&) Before
this heat gain can be determinedy, however, it is first
necessary to establish the amount and direction of solar

energy impinging upon the glass.{(17)

Nature of Insolation

The amount of insolation upon any surface is a function
of 1) the intensity of the solar beam which impinges upon
the surface, 2) the angle of incidence of that beam,y, 3)
the amount of diffuse radiation from the sky incident upon
that surface, and 4) the radiation reflected from the

ground and other adjacent surfaces.

{15) Ibide.

{16) Pe. Petherbridge, N"Transmission Characteristics of
Window Glasses and Sun Controls,? Sunlight in Buildings, Re
Ge Hopkinson {Rotterdam: Bouwcentrum International, 1867)
ppe A1837-150.

(17) A. ©Ge Loudon, "The Interpretation of Solar
Radiation Measurements for Building Problems," Supnlight in
Buildings, Ra Gs Hopkinson {Rotterdam? Bouwcentrum

International, 1567) pe. 111.



Direct Radiatione The intensity of the solar beam is
dependent upon a number of astronomical and climatic

variables which incliude, 1) the declination of the earth,
defined as the angle between the solar beam and the
equitoriai plane, 2) the altitude of the suny which is the
angle between the solar beam and the horizon and dependent
upon the declination, latitude and time, and 3) t he
pollution, water vapor and dus t content of the
atmospherees(18) These variables act to modify the solar
constant {the intensity of solar radiation beyond the
atmosphere measured normal to the solar beam) as follows:
As the earth revolves about the sun its declination changese
This is due to the tilt of the earth relative to the earth's
orbital piane {a plane which touches all of the points made
by the earth as it revolves about the sun)e This tilt
{which eguals 23.45 degrees) causes the changing Seasons and
determines the distance the solar beam must travel through
the atmospheree. For example, from September 21 to March 22
the rays of the sun are normal to the earth's surface at
sSome point in the southern hemisphere., This causes the
angle of attack of the sun's rays in the northern hemisphere
to have a lower angle of incidemnce into the atmospheres.

Therefore,y, those rays must travel a greater distance through

(18) Je 1o Yellot, "Calculation of Solar Heat Gain
Through Single Glass," Solar Energyy Vole 7, Noe. 4 (1263) p.
173




the atmosphere, resulting in greater absorption and
dispersion of radiationy decreased radiation striking the
carth at that latitude, decreased temperature of t he
atmosphere, and the occurrence of the seasons of autumn and
winter in the northern hemispheree. (Figure 1)

Solar altitude (as earlier stated) is a function of the
declinationy, the time, expressed as the hour angley, and the
iatitudes Solar altitude may be expressed by the following

egquation?

SIN ALTITUDE = (COS LATITUDE x COS BECLINATION x COS (HOUR

ANGLE) + SIN LATITUDE x SIN DECLINATION)

Subsequent equations in this document are expressed in APL
notatione APL, (the acronym for A Programming Language) is
a means for describing procésses of manipulating either
alphabetic or numeric datae APL. notation will be used
because of its ability to describe mathematical operations
with less ambiguity than conventional algebraic notatione.
While APL notation is alzebraic in origin some operators
will be unfamiliar to the readere. Explanations of these
operators can be found in Appendix A. The APL equivalent to

the above alegbraic equation is given below.
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(189) Js Le Threlkeld, Thermal Environmental Engineering
(Englewood Cliffs: Printice—Hally Incey 1962) pe. 313




il

ALTITUDE « ARCSIN ({(C0DOS LATITUDE) x (COS DECLINATION) x
{COS HA)) + (SIN LATITUDE) x (SIN DECLINATION)))

2 (ED. 1)

where,

SIN X =1 0 X x O % 180
ARCSIN X = {T1L 0 X ) x ( 180 2 o1 )

COS X = 2 0 X x O & 180

and where; HA is the hour angle in degrees between the solar
beam and the location of the sun at 12100 (solar noon);
ALTITUDE equals the angle in degrees between the solar beam
and the horizon for the hour being considered; DECLINATION
eguals the declination of the earth for the day under
consideration in degrees,y, and LATITUDE is the latitude of
the location under consideration expressed in degreess
{Figure 2)

As the solar beam passes through the atmosphere it is
scattered, and otherwise dimenished through absorption, by
poliutants, dust and water vapore That radiation which has
been scattered wiil eventually reach the surface of 1t he
earth as diiffuse radiatione. The intensity of the sclar beam
reaching the earth is dimenished by a factor known as the
atmospheric extinction coefficients This factor is a result

of the length of the solar path through the air mass and is
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expressed as a ratio of the actual distance of the solar
path to the minimum possible distance of the solar path at
sea levels, {Figure 3)

Since the intensity of the solar beam is measured
normal to its path it is necessary to multiply the value of
the incident radiation by the cosine of its angle of
incidence into the atmosphere and a line normal to the
earth's surfacees This cosine correction is necessary to
determine the intensity of the radiation perpeadicular to
the surface (the vertical component of the radiation)e.
Thereforey, gziven the atmospheric extinction coefficient and
the apparent radiation, {the intensity normal to the solar
beam at the earth's surface) the direct solar radiation
striking normal to the earth's surface expressed in BTU per
hour per sguare foot (DIRECT) can be calculated from the

following egquations

DIRECT « APPARENT % % ( EXTINCTION % SIN ALTITUDE )

(EQe 2)

wherey; APPARENT eguals the apparent radiation in BTU per
{hour) (sguare foot)y, and EXTINCTION eguals the atmospheric

extinction coefficiente(21) While mathematical relationships

(21) American Society of Heating, Refrigerating and Air

Conditioning Engineers, Guide and Data 3Sook, 1972y pPpe
386—-394.
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(22) Pudolph Geiger, The Climate Near the Ground
(Cambridge: Harvard University Press, 1975) p. 346.




can be determined among direct radiation, diffuse radiation,
apparent radiation and extinction resulting from air mass,
these relationships are generally regarded as theoreticale.
Insufficient data exists to allow the determination of

values of insolation on a totally theoretical basise 1t is

for this reason that desizn data for heat transfer
calculations is wusually based upon empirical forumlae
consisting of Ngtatistical summaries of observed

radiation."(23)

Calculation of Cloudy Day Radiatione Calculation techniques

discussed thus far have dealt with only the amount of
radiation on horizontal surfaces for cloudless conditionse
It is necessary to modify these cloudless conditions by a
correcfion factor to establish conditions ffor a cloudy sSkye
Kimura and Stephenson have developed a comprehensive method
for modifying the guantity of incident solar radiation with
respect to the cloud cover data and cloud typee. 1t is
this methodology wnich has been incorporated
into the National of Standards Load
Determination {NBSLD) computer program for

calculating heating and cooling loads in

{(23) Re Je Coley "The Longwave Radiative Environment
Around Buildings,”" Building and Eavironment, Vol. 11 ([1976)
Pe S5e




buildinzss {24) Although this techniquey, which was developed
from the amalysis of Canadian weather data, is probably the
most advanced available, the technique is based upon data
which is generally not obtainable from the National Weather
Service., An alternative method to that developed by EKEimura
and Stephenson utilizes only the percent possible sunshine
{PPS), which is available from any weather statione This
me thody, proposed by Sigmund Fritz and based upon earlier
work by Angstrom, sugzests that a correction facter for
radiation on horizontal surfaces can be determined by the

equation

PPSCORRECT +« 35 + .61 x PPS

{(EQe 3)

where percent possible sunshine (PPS) is calculated by the

eguation

PPS « (CLOUDLESS %+ POSSIBLE) x 1900

{E0. 4)

wherey, CLOUDLESS equals the number of hours of radiation

received per day durinz cloudless conditions; and POSSIBLE

{24) Institute for Applied Technology, NBSLD, The

Computer Program for Heating and Cooling Loads in Buildings,
{Washington: Us. S. Government Printing Officey, 1976) pe 15a.




eguals the number of hours of radiation which could be
received per daye Additional research by Ds We Barnes while
at Ne Ce State University suggzestis that the coefficients
used in the Fritz equation {(EQs 3) should equal unity.{25)
Based upon these combined research efforts the cloud cover

correction factor can be calculated by

BPSCORRECT « 235 + .65 x (PPS % 100)

{EQ. S5)

As was demonstrated, througzh the use of cosine correction,
insolation is subject to application of vector additione it
is therefore possible to utilize those same principles to
determine the isolation upon any surface at any angle from

the horizontal and at any orientatione.

Angle of Incidence of Solar Beame In order to determine the
amount of insolation impinging wupon surfaces other than
horizontal it is necessary to determine the azimuth of the
sun at the point under consideration. The soliar azimuth,

defined as the angular distance in the horizontal plane

{25) Sigmund Fritz, WAverage Solar Kadiation in the
United States,” Heating and Ventilating, Vole 46 (July,
1949) pPe 61; see also, Donald We Barnes, "A Method for
Estimating Total Solar Radiation for Average Conditions”
{unpublished working paper, North Carolina State University
at Raleligh, 1974) pe 2.




between the north-south axis and the location of the sun, in

degrees, can be determined by the following eguation:

AZIMUTH <« ARCSIN (((COS DECLINATION) x SIN HA ) & COS
LATITUDE )

(EQ. 6)

This eguation can also be used to determine the angle
of attack for vertical surfaces facing due southe For
vertical surfaces which have wall azimuths (defined as the
angle between the north—south axis and a line normal to the
surface of the wall) other than zero degrees it is necessary
to determine the location of the surface under consideration
relative to the position of the Siuns This locationy
(described by the wall—-solar azimuth) equals the angle, in
the horizontal planey, between the location of the sun and a
line normal to the surface of the walle {Refer to Fige 2.)
The wall—solar azimuath for walls which have a heading less
than 130 degrees can be numerically determined by the

eguation

WSAZIMUTH « AZIMUTH + WAZIMUTH

{EQ. TA)

during the morning hours, and



WSAZIMUTH « AZIMUTH — WAZIMUTH

(EQe 7B)

during the afternoon hours, where WSAZIMUTH equals the wall-
solar azimuth; AZIMUTH equals the solar azimuth in degrees,
and WAZIMUTH equals the wall azimuth in degreese. For walls
which have a heading greater than 180 degrees the equations

are reversed such that

WSAZIMUTH « AZIMUTH — WAZIMUTH

(EQ. 8A)

during the morning hours, and

WSAZIMUTH <« AZIMUTH + WAZIMUTH

(EQ. 8B)

during the afternocon hours.(26)
Given the wall-solar azimuth and the solar altitude it
is now possible to deterine the angle of incidence from the

equation

(26) American Society of Heating, Refrigerating and Air
Conditioning Engineers, Guide and Pata Book, 1972, pe. 393



INCIDENT « ARCCOS ((COS WSAZIMUTH) x COS ALTITUDE)

{EQe 9)

where,

ARCCOS X = (T2 0 X) x (180 = 01)

For surfaces which are inclined, EQe 9 must be expanded to
include the inclination angle (SIGHA) where SIGMA is the
angle between horizontal and the surfacey, and expressed in

degreeses Thereforey INCIDENT may be redefined such that

INCIDENT < ARCCOS (((COS ALTITUDE) x (COS WSAZIMUTH) x (SIN
SIGMA)) + (SIN ALTITUDE) x (COS SIGMA))

(EQe 10)

Applying this value to EQe. 2, along with a cloud cover
correction factory it is now possible to determine the
intensity of direct radiation upon any surface in BETU per

hour per square foot [(ALLDIRECT) from

ALLDIRECT +« PPSCORRECT x DIRECT x COS INCIDENT

(EQ. 11)

This value may be applied to any glazed fenestration, at any

angle and orientation, for the determination of solar heat



gain attributed to direct radiation through windowse (27)

Diffuse Radiaticnes Research conducted by Stephenson
indicates that diffuse radiation incident upon horizontal
surfaces can be deduced from the ratio of total observed
radiation f£rom the sky wvault to the incident radiation
normal to the path of the incident raye. it can also be
concluded from Stephenson's research that this ratioc
(CRATIO) is directly proportional to the atmospheric
extinction coefficiente. This is a result of the
proportionality between the scattering of the incident ray
to the length of the solar path through the air masse Based
upon Stepheanson's findings it is possible to determine the
quantity of diffuse radiation falling upon horizontal
surfaces (DIFFUSE) expressed in BTU per hour per sSguare

foote.{28) This may be expressed hy

DIFFUSE <« CRATIO x DIRECT

Research conducted by Threlkeld substantiates Stephenson's

findings and advances the premise to include a methodology

which can be used to determine the amount of diffuse solar

(27) Ds Ge Stephenson, "Egquations for Solar Heat Gain
Through Windows," Solar Energy, Vole 9y Noe. 2 (1965) pe 85.

(28) Ibidy pe 82



radiation falling upon any surface. (29) Assuming that
diffuse radiation is effected equally by a cloudy condition
as is direct radiation, a cloud cover correction factor may
also be includedes Using Threlkeld's eguation the diffuse
radiation which falls upon any surface can be determined

from

DIFFUSE <« DIRECT x CRATIO x CORRECTION x PPSCORRECT

{EQ. 12)

where,

CORRECTION « +45

when,

COS INCIDENT < ~0.02

ory

CORRECTION « (055 + 06437 x COS INCIDENT) + (0.313 Cc0S2

INCIDENT)

(29) Je Le Threlkeld, "Solar Irradiation of Surfaces on
Clear Days," Transactions, American Society of Heatinz and
Air Conditioning Engineers, Vol. 64 (1858) p. 45.




when,

COS INCIDENT > ~0.02

and where,

C0S2 X = (2 O X x O % 180) * 2

A terse APL expression for this conditional eguation is as

follows:

DIFFUSE « DIRECT x CRATIO x PPSCORRECT x ({ 055 + 0437 x

COS2 INCIDENT)) 0«45 [ 1 + 0.02 2 COS INCIDENT ]

(EQe 12A4)

This egquation may be applied to any glazed surfacey at any

anzle and orientation, for the determination of solar heat

gain attributed to diffuse solar radiatione

Reflected Fadiatione Radiation reflected upon glazed

surfaces from other buildings, the ground, etcesy can account
for a sizeable thermal load upon the buiilding, but
insufficient data exists to properly analyze this component
with respect to building designe For example, the albedo
(average percentaze reflection) for wurban areas ranges froa

15 to 25 percent, increasing exponentially for horizontal



surfaces as the elevation of the sun decreasesy but the
complexities of calculatinz the effect uvpon the thermal load
of adjacent buildings has not been adeguately developed. (30)
Presently, most technigues which take into account reflected
radiation utilize only an average value for the reflected
component which neglects the directional aspect of t he
radiatione. While it may be appropriate to use such
techniques for the calculation of radiation at a peocint on
horizontal surfaces (ie. eey the zZround or roof) this is not
well suited for the determination of radiation incident upon
vertical surfaces since there is no allowance for the
directional component of the radiation <from the ground to
the windowe (31)

The amount of insolation falling upon either inclined
or vertical glazed surfaces, as previously stated, is egual
to the summation of, 1) the intensity of the solar beam
{corrected for its anzle of incidence), 2) the amount of
diffuse radiation from the sky incident upon the surface,
and 3) the reflected radiation from the ground and adjacent
surfacess. Therefore, based upon the equations previously

describedy, and neglecting the reflected radiation component,

{30) Rudolph Geigery, The Climate Near the Ground
{Cambridge: Harvard University Press, 1975) pps 14-17.

{31) P. S. Scanesy, "Climatic Design Data for use in
Thermal Calculation of Buildings—Estimated Clear Sky Solar
Radiation versus Measured Solar Radiation," Building
Sciencey Vole 9 (1574) pe 221-223.



TOTALRADIATION « ALLDIRECT + DIFFUSE

(EQe 13)

where, TOTALRADIATION equals the total radiation falling

upon any surface expressed in BTU per hour per sguare footes

Principles of Heat Transfer

Heat transfer between thermodynamic systems (a region
defined as a point of reference for the analysis of energzgy
flows) may occur through the means of conductiony
canvection, or radiations(32) Whatever the means of
transfer, thermal energy can neither be created nor
destroyede. This "conservation of energy"™ can be stated
algebraically as "{ ENERGY IN) - (ENERGY OUT) = (CHANGE 1IN
ENERGY STORED)" and is generally referred to as the first

law of thermodynamicse (33)

Conductions Based upon the first law of thermodynamics,

conduction may be defined as the flow of energy in the form
of heat aross system boundaries, and is a result of a change

in temperature between the two systems as the heat tries to

(32) Je Le Threlkeld, Therwal Environmental Engineering
(Englewood Cliffs: Printice—Hall, 1962) pe. 21e.

(33) We Ces Reynolds, Energy from Man to Nature (New
York: McGrav—Hill, 1974) Da e




flow to a cooler regione(34) This flow from hot to cold is
an attempt by the energy to achieve a state of euntropy,
which may be defined as a measure of the kXinetic energy
within a thermodynamic system distributed such that it is
unavailable for conversion into WOTrKe Entropyy
characterized as a randomness of a thermodynamic system,y, is
inversely proportional to the ability of a thermodynamic
system to do useful work. This state of disorder is
commonly referred to as the second iaw of
thermodynamicse (35)

Conduction in BTU per hour can be guantified by the
"heat—conduction—rate equation," or Fourier'!s lawy, and is

defined as

CONDUCTION <« (CONDUCTIVITY x AREA x (TEMP1 — TEMP2)) £
DISTANCE

(EQe 14)

where CONDUCTIVITY eguals thermal conductivity of the
material under consideration expressed in BTU per { hour)
{square foot) (degree Fahrenheit), AKEA equals the area in

square feet of the material under investigation normal to

(34) Je Le Threlkeld, Thermal Environmental Engineering
{Engzlewood Cliffs: Printice—Hally Incey 1962) pe. 21.

(35) Charles Kittley, Thermal Physics (New York: John
He Wiley & SOHS, Inc., 1969) PP 46—47




the direction of heat flowy TEMP1 - TEMP2 egquals the
difference in degrees Fahrenheit between the surfaces, and;
DISTANCE eguals the distance between the surfaces in

feet. (36)

Convectione The transmission of thermal energy can be

accomplished wvia convection throuzh a liguid or a gase.
Convective heat transfer occurs by fTirst increasing the
internal energy (the summation of the kinetic energy within
molecular particles) of the convective medium (referred to
as a "yorking fluid") and then transmitting the change in
internal energy through the working fluid wvia conductione
In this energy transfer the working fluid becomes a "fluid
transport of internal energy."

Convective heat transfer (CONVECTION) in BTU per hour

can be calculated from the followinzg eguation?

CONVECTION « CONVECTIVITY x AREA x (TEMP1 — TEMP2)

(EQe 15)

where;, CONVECTIVITY equals the convective heat transfer
coefficient expressed in BTU per (hour) (sgquare foot)

(degree Fahrenheit)y, AREA equals the cross—sectional area in

(36) We Co Reynolds, Enerzy from Nature to Man, {(New
York: McGraw—Hill, 1974) pe 77




square feet of the convective medium (working fluid) normal
to the direction of heat flow, and (TEMPl - TEMP2) eguals
the difference in degrees Fahrenheit between points in the

convective mediume.{37)

Radiatione Radiation is the transier of thermal energy
between two bodies by electromagznetic waves passinzg through
low density gases, ligquids or other separating medias This
thermal transfer is a result of a temperature differential
between the two bodiess (28)

The amount of radiation transmitted from an object in

BTU per hour (RADIATION) can be determined from the eguation

RADIATION « EMISSIVITY x SBCONSTANT x AREA x (TEMP1%*4 -—

TEMP2%4)

(EQe 18)

where EMISSIVITY equals the radiative gproperty of the
surface per unit of time, (expressed as the ratio of the
amount of heat radiated by the material per unit time to the
amount of heat radiated by a blackbody {an idealized body

which emits the maximum amount of radiation which it can

{37) Ibidey pPpe 77-79

(38) Jo Ls Threlkeld, Thermal Environmental Engineering
({Englewood Cliffs: Printice—lally Incey 1962) pe 23




absorb) of egual configuration and surface area per unit of
time) SBCONSTANT eguals the Stephan—Boltzmann constant
(tased upon the Stephan—Boltzmann Law which states that "the
temperature dependence of the radiant enerzy density equals
its absolute temperature raised to the fourth power”) and
equal to 1«72 E ~ 9 BTU per (hour) {square foot) (degree
Rankine)y AREA equals the surface area of the radiative body
in sguare feet, TEMP1 equals the temperature of the
radiative body in degrees Rankine, and TEMP2 equals the
temperature of the surround, to which the radiation is

emitted, in degrees Rankines.(39)

Heat Transfer Through Glazing

The discussion thus far has described 1) a means for
determining incident radiation upon glazing and 2) basic
information necessary to understand the thermodynamic
principles of heat transfer between materialse. With this
base of information it is now possible to examine the
intricacies specifically associated with heat transfer

through glazinge

(39) Charles Kittle, Thermal Physics (New York: John
He Wiley & Sons, Incey 1969) pe. 258; see also We Co
Reynoldsy Energy from Nature 1o Man (New York: McGraw-Hill,
‘.974) P B2




Solar Heat Gain Through Single Glazinge Whenever direct

solar radiation strikes a surface of an glazed opening one
portion of the solar beam is reflected by the glass,y one
portion of the radiation is absorbed by the glass, and still
another portion of the radiation is allowed to pass directly
throﬁgh the glasse. These properties of the glazing are a
result of 1) the composition of the glass, 2) the surface
treatment {(or finish) of the glass (ee Ze vacuum deposition)
and 3) the angle of incidence which the sSolar beam strikes
the surfacee. The solar—-optical properties of zlass
{transmission, absorption, and reflection) are determined
for each glass sample by empirical methods usinzg a TRA-Scope
(a type of modified pyrhelicmeter) and the sun at solar
noons Studies wusing a TRA-Scope have shown that the
summation of 1) radiation reflected <from the sample, 2)
radiation transmitted through the sample,y, and 3) radiation
absorbed by the sample equals the incident solar radiation
striking the glass samples Thereforey, the properties of the
g2lass can be described as a ratio of the guantity of
radiation reflected, transmitted, or absorbed to the
quantity of radiation striking the surface of the gzlass for
a given angle of incidences Hence, the coefficients of
absorption, transmission and reflection wmust equal unitys
Therefore, given the amount of sSolar radiation which strikes
the surface of the glass, (ALLDIRECT) and the solar—optical

properties of the glass for the given angle of incidence



where TRANSMISSIVITY egquals the coefficient of transmissions
ABSORPTIVITY equals the coefficient of absorption, and

REFLECTIVITY egquals the coefficient of reflectiony, then

REFLECTED <« REFLECTIVITY x ALLDIRECT

(EQe 17)
ABSORBED <« ABSORPTIVITY x ALLDIRECT

(EQe 18)
TRANSMITTED « TRANSMISSIVITY x ALLDIRECT

where REFLECTED eguals the amount of radiation reflected by
the glass in BTU per hour per sguare foot; ABSORBED equals
the amount of radiation absorbed by the glass in BTU per
hour per sguare footy, and TRANSMIT?ED egquals the amount of
radiation transmitted through the glass in BTU per hour per
square foot. Table 1 provides an indication of the solar—
optical properties for generic types of glass where the

angle of incidence equals 30 degrees.{(40)

(40) Je 1. Yelloty, "Calculation of Solar Heat Gain
Through Single Glass," Solar Energysy Vole 7y Noe 4 (1363) pe.
167



Table 1. Solar-Optical Properties for Selected Glass Typese.
{Incident angle eqguals 30 dezreess)

Glass Type Transmissivity Absorptivity Reflectivity
Clear
Common glass 0.87 005 V.08

Borosilicate

Plate D« 86 0.07 0.07
Soda=Lime
Plate 0.76 0419 007
Heat—-Absorbing
Gray Plate D.44 Va51 3«05
Bronze Plate De4d7 0.48 0«05

Selective—-Reflecting

SRG—-38:33 033 D053 0.14
SRG—24:238 De23 De53 0e19
SRG—-35: 26 De26 D56 D18

Laminated Reflecting

"Gold" De 38 Oe34 De24
"infra—-red" O.12 0«38 050
N"Sjlver™ 005 0«33 063

NOTE?S All glass types are nominally 1/4 inch thicks Ra tios
for Selective—Reflecting glass refer to Visible
Transmittance 3 Solar Transmittancee. Values given are for
average spectral transmi ttance between the waveleangths of
D23 and 2.0 micronse.

(41) Ibldo, Pe 173.



While the determination of solar radiatiocn
reflected DYy or transmitted throuzhy glazing is
dependent only upon the solar-optical properties
of the glazing material, the portion of the
absorbed insolation re—radiated to the interior
of the building is atfected by a number of
variablese. These variables inciudey 1) the convective
heat transfer coefficient for the ianer and
outer sur faces of the zlass, 2) the heat
transfer coefficient of the glass, and J) the inner
and outer temperatures of the zlasse This
problem is further complicated since the heat
from solar radiation absorbed within the zlass
can also be re—radiated to the exterior
environments. Applying the first law of
thermodynamics to this system produces t he
algebraic egquation
{ALLDIRECT x ABSORPTIVITY) = ({HEATIN + HEATOUT) +

{HEATSTOR2 — HEATSTOR1))

(EQe 20)

where HEATIN eguals the heat transmitted to the
interior by convection and radiation, HEATOUT equals
the heat transmitted to the exterior by

convection and radiation, and {HEATSTOR2 — HEATSTOR1)
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eguals the change in the amount of heat stored within
the glass.(Figure 4) Assuwming that the condition is steady
state, (the heat transfer acts continuously) then the amount
of energy stored equals zZero.(42)

In order to determine the amount of heat transfered to
the building interior by conducticon and re—radiation, the
interior temperature of the glass surface aust first be
calculated (refer to equations 15 and 16) » Studies
conducted by John Yellot of the Solar Energy Laboratory at
Arizona State University have shown that the inner
temperature of the glass can be determined theoretically by
applying the first law of thermodynamics assuming that 1)
the heat transfer to the interior is steady state, and 2)
there is no temperature differential across the glazinge.

Applying these constraints to EQ. 20y Yellot concluded
that the heat gain contribution by re—radiation and
convection resulting from the absorption of direct radiation

(RADCONVECT) can be determined by the eguation

RADCONVECT « U x ({ABSORBED %+ RADCONOUT) + {TEMPOUT -

TEMPIN))

{EQ. 21)

(42) Je 1o Yellot, "Calcuilation of Solar Heat Gain
Through Single Glass," Solar Energysy Vole 7, No. 4 (1963) pe.
167«
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Fige 4e Single Gliass Heat SBalances

(43) J« Re Waters, "Solar Heat Gain Through Unshaded
Glass," Sunlight in Buildings, Re Ge Hopkinson (Rotterdam:
Bouwcentrum International, 1967) pe. 170.
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where; RADCONOUT is the combined coefficient of radiative
and convective heat transfer for the surface of the gzlass
expressed in BTU per (hour) (degree Fahrenheit); TEMPOUT
egquals the temperature, in degrees Fahrenheit, of the
exterior environment; TEMPIN equals the air temperature, in
degrees Fahrenheit, of the interior environment; and U
equals the combined heat transfer coefficient for the zlass
and air films, expressed in BTU per degree Fahrenhei te
Before EQ. 21 can be caliculated, a number of intermediate
values must be either selected from tables, or calculated
from other egquationse Specifically, the wvalues to be
ascertained <consist of the following: 1) the combined
coefficient of radiative and convective heat transfer of the
glass (RADCONOUT); 2) the average temperature of the glass
in degrees Fanhrenheit (MEANGLASSTEMP); 3) the emissivity of
the glass (EMISSIVITY); 4) the combined coefficient of
radiative and convective heat transfer for the inner surface
of the zlass expressed in BTU per (hour) {degree
Fahrenheit); and 5) the combined heat transfer coefficient
for the glass and air filams (U).

RADCONOUT, the combined coefficient of heat +transfer
for the outer surface of the glassy is based upon equations
for forced convection and equations for radiation to a
"plack" environmente RADCONOUT is a function of the outside
air film's thermal resistancey which in turn is a result of

the wind speed blowing across the glasse



RADCONOUT is generally not affected by the orientation of
building in relation to the direction of the winde The
value generally accepted for heat gain calculation for
buildings is egual to 4,0 BTU per degree Fahrenheit. This
value is acceptable for wind speeds from 4 to % miles per
hour.

The average temperature of glassy in degrees Fahrenheit

{ MEANGLASSTEMP)y can be calculated by the equation

MEANGLASSTEMP « ((TEMPIN + TEMPOUT) + (EMISSIVITY x
ALLDIRECT) % RADCONOUT) 22

(EQe 21.1)

wherey, EMISSIVITY is equal to the absorptivity of the glasse
This phenomenon is generally referred to as Kirchoff's Lawe
RADCONIN is the combined coefficient of heat transfer
for the inner surface of the glass expressed in BTU per
{hour) {(degree Fahrenheit)e RADCONIN is calculated by the

equation

RADCONIN <« {027 x ((MEANGLASSTEMP — TEMPIN) * 0.25)) +
(EMISSIVITY x (({(0.17123 x (((460 + MEANGLASSTEMP) * 100) =
4)) - (017123 x (((460 + TEMPIN) = 100) % 4))) =
( MEANGLASSTEMP — TEMPIN)))

(EQe 21.2)



where the expression used to produce the terms

017123 x (( (460 + TEMPIN) % 100) * 4)

and'

017123 x ({ (460 + TEMPIN) % 100) * 4)

is the Stephan—Boltzmann equation to determine the radiative
power of a blackbodye

U equals the combined heat transfer coefficient of the
glass and air fiims expressed in BTU per degree Fahrennheit.
Since the thermal resistance offered by the glass is
negligible (in comparison to the inner and outer air surface

films) U is calculated by the egquation

U « {(RADCONIN x RADCONOUT) % (RADCONIN + RADCONOUT)

{EQe 21.3)

By first calculating these intermediate values it is
possible to determine the heat gain comtribution by re-—
radiation and convection resulting from the absorntion of

direction radiation (RADCONVECT) from EQe. 21.(44) Therefore,

(44) Je 1s Yellot, "Calculation of Solar Heat Gain
Through Single Glass," Solar Energy, Vole 7, Noes 4 (1263) pe
170.




ziven the amount of heat transfer resulting from the
thermal absorptivity of the zlass {convection and re-—
radiation) the total rate of heat transfer from direct
radiation passing through single glazing can be determined

from

DIRECTGAIN <« TRANSMITTED + RADCONVECT

(EQe 22)

Additional research by Yellot has shown that the heat
gain contribution by re—radiation and convection of absorbed
diffuse radiation (DIFRADCON) can be determined by using EQ.
21y with the exception that ABSORBED has been replaced by

the constant DIFABSORB, which is equal to

DIFABSORB « ABSORPTIVITY60 x DIFFUSE

(EQe. 23)

where ABSORBTIVITYS0 equals the coefficient of absorption
for glass when the angle of incidence is egqual to sixty
degreese. Substituting DIFABSORB for ABSORBED in EUe. 21 the

following equation is obtained:

DIFRADCON +« U x ((DIFABSORB % RADCONOUT) + (TEMPOUT -
TEMPIN))

(EQ. 24)



Combining the thermal contribution by diffuse radiation

(DIFRADCON) to EQe 22 provides

TOTALGAIN « DIRECTGAIN + DIFRADCON

(EQe 25)

where TOTALGAIN is egqual to the total heat gain through

single glazing from diffuse and direct radiation components

and expressed in BTU per sqguare foot of glasse.(453)

Solar Heat Gain Through Double Glazinge. The process for

calculating solar heat gain through double glazing is
similiar to that used for single glazingy, with the exception
that it is necessary to determine the rate of heat transfer
by convection and radiation across the air space separating

the two planes of glasse.(46) (Figure 5)

Air space heat transfer coefficients. The rate of heat f1low

by convection and radiation across an air space is dependent
upon 1) the temperature difference across the air space

(which in turn is dependent upon the surrounding air

(45’ Ibido’ Poe 1689

{(46) J+ Re Waters, "Solar Heat Gain Through Unshaded
Glass," Sunlight in Buildings, Re G. Hopkinson (Rotterdam:
Boucentrum Interanational, 1367) p. 173.
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temperatures), 2) the convective heat transfer coefficient
of the inner surfaces facing the enclosed building space,
and 3J3) the emissivities of the surfaces facing the air
sSpaces (Refer to equations 15 and 16¢)(48) The combined
neat transfer coefficient for convection and radiation
between glazed surfaces (INTERCONSTANT) is given in Table 2.
It is important to note that these values apply only for
double glazed units which have a reflective coating. For
insulating glass without a reflective coating the value of
INTERCONSTANT equals 1.3 BTU per (hour) (square foot)
{degree Fahrenheit)e.

In order to utlize Table 2 it is first necessary to
calculate the mean air space temperature for double glazing,
the air temperature difference and the effective emissivity
for the airspaces The mean air space temperature in degrees

Fahrenheit (MEANGLASSTEMP) is determined by the equation

MEANGLASSTEMP <« (TEMPIN + TEMPOUT + (ABSORPTIVITY x

ALLDIRECT) % RADCONOUT) 32

(EQe. 26)

The temperature difference of the surrcunding air in degrees

(48) Fe Wa Hutchinson, "Convective Resistances of Air
Spaces Located in Walls, Floor, or Ceiling," Air
Conditioning, Heating, and Ventilating, (February, 1963) pe.
57




Fahrenheit (TEMPDIFF) is calculated by

TEMPDIFF «~ TEMPOUT - TEMPIN

(EQe 27)

As in the case for single zlazing these eguations apply only
when the temperature gradient across each plane of zlass
composing the double zlass assembly equals zeros.(49) The
combined effective emissivity for the air space

(EEMISSIVITY) is calculated by using the eguation

EEMISSIVITY « % (( % EMIS2) + % EMIS1) -1

(EQe 28)

where EMIS]1 and EMIS2 are the emissivities for the inner and
outer surfaces facing the air spaces(50) Since Kirchoff's
Law states that the emissivity of a glass surface is egqual

to its absorptivity, EQes 28 may be altered such that

EEMISSIVITY « % (( %+ ABSORPTIVITY) + (% ABSORPTIVITY2) — 1)

(EQe 29)

(49) Je 1Ie Yelloty, "Calculation of Solar Heat Gain
Through Single Glass," Solar Energyy, Vole 75 Noe 4 {(1863) pe
170.

(50) American Society of Heating, Refrigerating and Air
Conditioning Engineers, Guide and Data Hook, 19572, pe. 3896.
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where ABSORBTIVITY and ABSORBTIVITY2 are values obtained
from Table 1 for the absorption coefficients for the two air
space surfaces.(51) Using these values for the mean air
space temperature, the air temperature difference, and the
effective emissivity of the air spacey the proper
coefficient of heat transfer for the appropriate air space

thickness can be selected from Table 2.

Heat transfer rate calculationse As direct radiation

strikes a double glazed surface the transmission of heat
through the first layer of glass 1is identical to the heat
transfer calculated for a single piece of glasse. Therefore,
it is only necessary to expand eguations 21 and 22 +to
account for the effect of the second layer of gzlass and the
air space contained by the double glass assembly upon the
heat flow through the first layer of glazinge If the inner
layer of glass Is isolated as a thermodynamic system, its
inward heat flows consists of 1) the radiation transmitted
through the outer layer of glass and, 2) the re—radiated
portion of the absorbed thermal component of the outer layer
of glasse. This re—radiated component is in turn modified by
a) the combined heat transfer component across the air space

{INTERCONSTANT), b) +the external coefficient of convective

(51) Je Le Threlkeld, Thermal Environmental Engineering
(Englewood Heights: Printice—Hally Incey 1862) pe. 25




Table 2. Air Space Heat Transfer Coefficients
(INTERCONSTANT) expressed in BTU per (hour)
{square foot) (dezree Fahrenheit)e.
Air Space Thickness Equals U.500 inchese
Mean Air
Air Space TempDe
Temperature Diffe
Degrees Fe F deg. Effective Emissivity (EEMISIVITY)
0050 0100 0200 0.400 0820
50 0430 Dedbh5 D.536 Deh79 D979
70 De449 DedB4 De 556 0«699 0999
90 0467 0503 Je574 0717 1.019
30 30 Dad22 Ded62 Ue543 V704 1.043
50 De440 D480 Da561 0723 1.062
70 0457 De458 0579 De741 1. 081
80 D.473 De514 D595 De753 1.098
50 30 0435 De481 D572 0754 1.136
50 D451 D497 D588 077D 1153
70 De 467 De512 D603 0786 1.1689
90 De 481 0527 De613 D.301 1.186
90 30 De 467 De524 Je628 e R66 1.345
50 Ded4T73 D536 Ve650 0373 1.358
70 D.491 De548 Q663 0891 1L.372
80 De503 De560 Oeb75 0904 1.386
110 30 De4856 D548 De076 0330 1.463
50 D495 De560 0637 U.941 1.475
70 0507 Je571 Oe 698 0953 1.487
30 De517 De581 07089 o964 1.500




Table 2. (continued)

Air S

(INTERCONSTANT) e
{square foot) {(deuree Fahrenheit).

pace Heat Transfer

xpressed

in BTU

Air Space Thickness eguals 0375 inchese.

Coefficients

per

{hour)

Mean Air
Air Space Tempe
Temperature Diffe.
Degrees Fe. F dege Effective Emissivity (EEMISIVITY)
0050 04100 0200 0400 U820
10 30 D508 Je544 D615 0.757 1.056
350 0520 De556 De627 D770 1.069
70 0533 D.568 Qe6490 D733 1.083
S0 D545 0581 D652 0.796 1.097
30 30 De328 0568 D649 0810 1.149
50 0538 0578 0+.658 0821 1.160
70 Je 549 D598 0670 0.832 1.172
80 D559 D600 De681 D844 1.185
50 30 05483 0e594 De 685 D« 866 1.248
50 0556 V602 0693 0875 1257
70 Je565 U611 0702 0« 355 1.268
90 D574 D620 De712 0895 1.279
90 30 0592 06485 0763 0991 1.470G
50 0597 e 654 D768 0.997 1.476
70 De 503 D661 De775 1.004 1.484
80 De610 De668 0782 1.012 1.494
110 30 De618 De681 D808 1.062 1.595
50 0e621 D685 De812 1.066 1.600
70 D527 D680 Ue&17 1.072 1.607
950 D632 D696 0.824 1.079 1.615




Table 2. {continued)

Air S

(INTERCONSTANT) e
{degree Fahrenheit)e.

{sgquare foot)

pace Heat Transfer

xpressed

in BTU

Air Space Thickness equals 0250 inchese.

Coefficients

per

(hour)

Mean Air
Air Space Tempe
Tempera ture Diffe
Degrees F, F dege Effective Emissivity (EEMISIVITY)
0050 0160 0200 D400 D.820
10 10 0731 0.767 D838 0330 1.279
50 0733 De768 D840 D983 1.282
90 De742 0.778 D850 0.993 1.294
30 10 0e762 De802 0883 1.044 1.383
50 0+784 U304 0s 885 1.047 1.386
90 07790 De811 Ue892 1.054 1.396
50 10 D791 UeB36 U927 1.109 1.491
50 De784 0.839 0931 1-113 1.495
90 0798 D.844 0835 1.118 1.503
90 10 Je343 0504 1.020 1.243 1.727
50 De 858 De915 1.029 1.257 1737
890 De 359 0917 1.031 1.2561 1742
110 10 0. 381 Je9245 1.072 1.325 1.858
50 0.354 6958 1.085 1.339 1.873
80 DeBYS 0958 1.08¢6 1.341 1.878




Table 2. {continued)
{ INTERCONSTANT)
{square foot)

Air S5

pace Heat Transfer Coefficients
in BTU ner
{degree Fahrenheit)e.

expressed

Air Space Thickness equals U.1233 inchese.

(nhour)

Mean Air
Air Space Tempes
Temperature Diff.
Degrees F. F dege Effective Emissivity (EEMISIVITY)
0050 01060 0200 0400 U820
10 10 0.948 J.984 1.005 1.197 1.146
50 0.961 0.997 1.065 1.211 1.5190
90 D962 0898 1.068 1.213 1.514
30 10 0.982 1.022 1.103 1.264 1.602
50 1,002 1.042 1.123 1.28S5 1.624
80 1.002 1042 1.124 1.286 1.627
50 10 1.012 1.057 1,148 1.330 1712
50 1.041 1.087 1.178 1.360 1.742
80 1.041 1,087 1175 1.361 1.746
90 1u 1.070 1.127 1.241 1.469 1.948
50 1e122 1.179 1.293 1.522 2.001
20 1.123 1.180 1.295 1524 2.006
110 10 1.101 1.165 1.292 1.545 2.078
50 1.167 1.230 1.358 1.612 22146
90 1. 169 1.233 1.360 1.616 2152

{52) American Socciety of Heating,
Conditioning Engineers,

Refrigerating and Air

19721 Pe

350
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and radiative heat transfery, and c) the heat transfer
coefficient (U wvalue) for the inner layer of glasse
Combining these factors with the result of the re—-radiation
of the outer layer of zlass produces the following eguation
for determining the rate of convective heat transfer through

double glazing (RADCONVECT2):

RADCONVECT?2 - RADCONVECT + u X ABSORPTIVITY2 x
TRANSMISSIVITY x (% RADCONOUT) + INTERCONSTANT

(EQ. 30)

where ABSORPTIVITY2 is the coefficient of absorption for the
inner layer of glassy and TRANSMISSIVITY is the coefficient
of transmission for the outer layer of glasse. Assuming that
the outer and inner layers of glass are identical EQ. 30 can

be stated as

RADCONVECT2 « U x (ABSORPTIVITY x ALLDIRECT % RADCONOUT) +
{(({ABSORPTIVITY2 x TRANSMISSIVITY x ALLDIRECT) x ((2
RADCONOUT) + % INTERCONSTANT)) + (TEMPOUT — TEMPIN)

(EQ. 21)

Heat gain from direct transmission through double
glazing is dependent upon the transmissivities of both
layers of glass as the outer layer acts as a filter

decreasing the amount of radiation impinging upon the inner



layer of zlasse The solar heat gain contribution by direct
transmission through double glazing (DIRECT2) is given by

the eguation

DIRECT2 <« ALLDIRECT x TRANSMISSIVITY x TRANSMISSIVITY2

(EQe 32)

where TRANSMISSIVITY and TRANSMISSIVITY2 are the
coefficients of transmission for the outer and inner layers
of glass, respectively.(53) Based upon equations 31 and 32,
the total heat transfer from direct radiation through double
glazing (DIRECTGAIN2) in BTU per (hour) {sgquare foot) is

given by the equation

DIRECTGAIN2 <« DIRECT2 + RADCONVECT2

(EQs 33)

The preceding material has described a number of
similiarities between the calculation technigues for the
determination of the direct solar heat gain comaponent for
Singie and double glazinge

If an equitable comparison of thermal performance is to
be made of single glazing relative to double glazinzg (one

objective of this paper), it is important to compare only

(53) I‘bid" Pe 395 .



thermal gualities which can be determined for both
conditionse. Hencey coaparison of thermal performance
between alternative glazing types is limited only to direct
radiations However, there is no basis for the assumption
that the diffuse solar heat gain component for double
zlazing can be calculated in a similiar manner to that used
for single glazinge Research conducted thus far has failed
to provide a satisfactory technique for calculating 1t he

diffuse solar heat gain couaponent through double glazing.

Sclar Control Devices.

A great amount of research has been conducted in an
effort to determine the 2ffect of external shading devices
upon windows and window systemse. The inclusion of a
discussion of their calculated effect is beyond the scope of
this paper, {(limited to a selection methodology for
alternative glazing types) e However, a discussion of
shading devices included within the glazing itself is
appropriate and necessarye

Considerable research has been undertaken in the Soviet

Union to determine the effects of a shading device placed

between the layers of double glazinge. In this research,
Ershovy Gultkarov, and Tsipenyuk, have attempted to
establish the heat flow rate for a window assembly
containing an internal shading device by mathematical

modeling based upon the first law of thermodynamicses Unlike



research conducted by individuals such as Stephenson,
Barnesy or Yellot, the research by Ersov, ete ale is yet to
be substantiated by empirical studye For this reasony the
methodlogy developed by this Soviet team of researchers must
be viewed as a yvet untested methodology.{54)

Chapter 2 has sought to provide a background of
information on the determinants and modifiers of solar
radiation, and the calculation techniques necessary to
determine the rate of heat transfer through alternative
types of window glazinge With this information it is
possible to determine the heat load contribution by
alternative types of windows upon the interior building
environmentes

It is possibley therefore, to determine the rate of
heat transfer through alternative window glazinge The value
of this process to the designer is to provide a basis for
the evaluation of alternative glazing materials which will
make possible 13 energy conservative building design, and
2) reduced building operating costs which can be evaluated

over the anticipated life of the buildinge

(54) As Ve Ershovy "Calculation of Heat Transfer by
Convection and Long—Wave Thermal Radiation from a Window
with a Screen—Type Sunshield," Gelioteckhnikay Vole 73 Noeo 2
(1971) pe 57



Chapter II1

LIFE-CYCLE COSTING

Economic analyscan be is a very powerful des ign tool
because 1) it provides an obJjective basis for the
evaluation of alternative design solutions, 2) allows
unlike items to be compared, and 2) provides a common set
of units for otherwise irreconcilable units, such as degrees
Fahrenheit, decibels, and footlamberts.(55) In economic
analysis only one goal exists——cost optimizatione Applied
to the design process this usually consists of developing a
number of alternative design solutions and applying the
Njife-cycle cost concept.”

Life—-cycle cost analysis is a technigue which considers
all relevant costs over the l1life of each alternative designes
This is accomplished by performing the following steps: 1)
Identify relavant cost items for each alternativee. Such
items may include the initial cost, annual maintenance
costs, replacement costs {as in the case of building
subsystems), running costs (heating, lighting, taxes, and

insurance) and the salvage value for each alternativee 2)

{55) Peter Manning, "lLighting in Relation to Other
Components of the Total Environment," Transactions of the

Illuminating Engineering Society of Great Britain, No. 3
(1968) pe 159.




Forecast the amount of each of these costs and when they
will occur during the expected life of each design solutione
3) Discount (or amortize) these costs to their present
valuees(56)

Discounting of these cash flows is accomplished through
the use of interest rate factors in accordance with +the
investor's opportunity rate, where the opportunity rate is
equal to the percentage which an individualy corporation, or
other enterprise will accept as the lowest rate of return on
an investment. (This is not to be confused with the
interest rate which is charged a borrowers When utilizing
life—cycle cost techniques, the cost for borrowing money, as
it is in the case of depreciationy, is charged as an aannual
coste) The opportuni ty rate for larger corporations is
zgenerally 10% or greater since the firm can invest in
federal bonds, which is a low—risk investment paying ten
percent interest; hence the minimum opportunity rate might
be considered as 10%. The firm has the option to invest in
itself {in the form of capital expansion or increased
operating capital)y, or to invest outside the corpoeration

through the purchase of stocks or bonds in other

{(56) As Js Dell'isola, "Inside Value Engineering: An
Expert?'s View," Actual Specifying Engineer (April 1573) pe.
82y see alsoy Rosalie Te Ruegg, Solar Heating and Cooling in
Buildings: Methods o©of Economic Evaluation, Institute for
Applied Technology, NBS Report Noe NBSIR 75-712 (July 1975)
Pe 4.




organizationse. Either of which may provide an investment
rate higher than 10%.(57) 4) Now compare the various
alternative designs based on their life-cycle cost,

Four basic concepts remain paramount whenever an
economic analysis, and particularly a life-cycle cost
analysis is undertaken:

1) Any economic analysis used to compare or contrast
design alternatives is a relative analysise. To avoid the
misleading tendency of building clients to think only in
terms of real or immediate dollar valuesy, LCC provides an
opportunity for comparison of alternative design solutions
on an economic basise However, the bases used for this
comparison cannot be considered as absolute——over a period
of yeats the parameters may changee. The comparative figures
are only simulations used to provide some immediate
indicators. (58)

2) Iin the development of any 1life—-cycle cost analysis
only those gquantities which are not common to alternative
designs need to be included in the models Since the models
are evaluated for their relative ultimate cost differences,

constants may be omitted. For example, if two alternatives

(57) Je We Griffithy and Bs Je Keelyy Life-Cycle Cosit—
Benefit Analysis (K—-G Associates, 1576) pe. 1B-8.

(583) De Ps Hayworthy, "The Principles of Life-Cycle
Costing," Industrialization Forumy, Vols 6y Noe 3—4 (1975) pe
14.
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are to be compared in which a) the maintenance costs for the
two alternatives (on an ananual basis) would be identical and
b) the life-cycles for the two alternatives are of eqgual
durationy then maintenance costs need not be made a factor
to be included in the economic models{33)

3) The life—cycle cost process must be utilized in a
consistent manner for all alternatives analyzed. Each
al ternative must consist of the same variables to be
analyzed——only the values may changee For example——if the
annual maintenance costis for one alternatives is known, but
there is Insufficient information available on the annual
maintenance costs for the other, then it is not accurate to
include the known maintenance costs for the one alternative
and omit any maintenance costs for the other. (560)

4) In developing life—cycle cost models, inflation is
generally not included as a factore The decision to ignore
inflation is based upon the assumption that as the buying
power of a dollar decreases over time, there will also be
more dollars on hand with which to make purchasese. (This
can be likened to am annual waszse increase to compensate for

the annual increase in the cost of livinge) While this

(58) Je ¥e Griffith, and Be Js Keely, Life—Cycle Cost—-
Benefit Analysis (K-G Associates, 1976) pe. 18-5.

{60) D. Ps Hayworthy, "The Principles of Life-Cycle
Costing," Industrialization Forum, Vol. 64 Noe« 3—4 {15735) pe
14.
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assumption about inflation has not proven to be entirely
truey life—-cycle cost models based upon this assumption are

satisfactory for relative cost analyses.(61)

Compound Iinteresti Factors

In the development of mathematical models to represent
anticipated cash flow over a given period of time (or over
the life of a design alternative) it is necessary to use one
or more of six basic interest rate formulas to evaluate
these costis. These interest rate formulas are used to
calculate compound interest factors, which when multiplied
by a sum {or sums) of money will act to move the value of
that sum backward or forward in time. This conversion of
worth is periformed so that alternative cash flow systewms may
be compared with other cost alternatives on an eguivalent
hasisSe These six compound interest factors (and their
corresponding interest rate formulas to be discussed in this
section) consist of the following:d 1) sinzle compound
amount factor (SCA), 2) single present worth factor (SPW),
3) uniform compound amount factor (uca), 4) uniform
sinking fund factor (USF), 5) uniform capital recovery
factor (UCR), and 6) uniform present worth factor (UPW).

Graphic examples of the use of these compound interest

{61) Je We Griffithy, and Bse Je Keely, Life-Cycle Cost—
Benefit Anaiysis (K-G Associates, 1976) pe. 18B—8.




factors and their use is illustrated in figure 6.{(62) In
addition, the following notation will be used throughout
this chapter? OPRATE egquals the interest rate per period
earned from hoiding an asset; PRESENT equals the present
value in dollars of an asset; FUTURE equals the future, or
terminal wvalue of an asset in dollars; YEARS equals the
number of time periods for which the investment lasts, and
ANNUAL equals the value of an annuity {series of equal

annual payments) .

Single Compound Amount Factor. The single compound amount

factor (SCA) is used to convert the single present value of
an asset in dollars (PRESENT) to the future worth (FUTURE)
when given the number of years into the future the wvalue is
to be determined, and the annual opportunity rate of the
investore. The interest rate formula used to perform this
operation is derived as followse. {Although interest periods
could be more frequent than annual, as in the case of
continuous compoundingz, the relative difference between
annual and continuous compounding is so swmall that for most
practical applications annual compounding can be useds)

If a sum of wmoney (PRESENT) is invested at a gziven

{62) Paul T. Norton, Handbook of Industrial Engineering
and Management, eds We Gs Ireson and Ee Ls Grant (Englewood
Cliffs: Printice—Hall Incey 1571) pe 127



P = Pregent Worth or Principal
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F = Future Worth Y vesrs from Today

Y = Years A = Uniform End of Year Sums for Y vears
Civen F to find P P = P(SPW) Given A to find P P = A(UPW)
SINGLE PRESENT WORTH PACTOR (SPW) UNIFORM PRESENT WORTH FACTOR (UPW)
Puture Worth (F) m Asnual Worth (A)
x x
(Single Present (Uniform Present
t . Worth Factor: {iv) I Worth Factor: i:y)
Present Worth (P) Present Worth (P)
Given P to find F F = P(SCA) Given A to find F F = A(I'CA)
SINGLE COMPOUNT AMOUNT FACTOR (SCA) UNIFORM COMPOUNT AMOUNT PACTOR (UCA)
Present Worth (P) m Annual Worth (A)
= x
(Single Compount (Uniform Compound
Amount Factor: iiv) Amount Factor: i:y)
I - | -
Future Worth (F) Future Worth (F)
Given P to find A A = P(ICR) Given ¥ to find A A = F(USF)

UNIFORM CAPITAL RECOVERY FACTOR (Ua)

A

Present Worth (P)

x
(Uniform Capital
Recovery Factor: 1:y)

Annual Worth (A)

UNIPORM SINKING FUND FACTOR (USF)

s O oo

Puture Worth (F)
x

(Uniform Sinking
Fund Factor: 1iiv)

Annual Worth (A)

Fi.?'!,o 6o

{(63) Je We

Benefit Analysis (k-G

Griffith,

and B
Associates,

Je Keely,
1876) pe

Graphic Examples of Compound Interest Factorses

Life~Cvcle Cost—
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opportunity rate per annum (0OPRATE), then the amount of
money earned from the simple interest one year (YEARS) hence

is egual to

PRESENT x OPRATE x YEARS

and the total asset is egqual to

PRESENT + (PRESENT x OPRATE x YEARS)

Since the opportunity rate is calculated on a per annum

basis this eguation may be re—arranged to become

PRESENT x (1 + OPRATE)

If this sum of money is maintained in the same investment

for an additional interest periody then the total asset at

the end of the second interest period (since the interest

earned on the previous period has been compounded) is equal

to

PRESENT x {1 + OPRATE) x (1 + OPRATE)

which can be re—arranged as

PRESENT x (1 + OPRATE)* 2
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Likewise, the total amount of money controllied at the end of

the third interest period is

PRESENT x (1 + OPRATE) x (1 + OPRATE) x (1 + OPRATE)

which can be re—arranzed as

PRESENT x (1 + OPRATE) * 3

I£f the number of periods zenerated is replaced by the
term YEARS, then the generalized form of the equation used
to determine the total sum of money at the end of YEARS
interest periods, and at a given opportunity rate, (FUTURE)

is

FUTURE « PRESENT x (1 + OPRATE) * YEARS

(EQe. 33)

The term (1 + OPRATE) * YEARS is commonly referred to as the

single compound amount factor (SCA) such that

SCA -« (1 + OPRATE) * YEARS

(EQ. 24)

and,



FUTURE « PRESENT x SCA

(EQe 35)

where, SCA is the single compound amount factor for the
opportunity rate and interest periods under
investigation.{64) Henceforthy the followingz notation will
be used to express information regarding opportunity rate

and number of interest periods:

YEARS SCA OPRATE

Compound interest factors will therefore be treated as
dyadic functionse. {Refer to Appendix A for a discussion of

dyadic functionss.) Equation 35 can be restated as

FUTURE <« PRESENT x (YEARS SCA INTEREST)

(EQs 36)

Single Present Worth Factore The single present worth

factor (SPW) is used to determine the present worth of a
single future value. This functiony, therefore, is used to

perform the converse operation of the single compound amount

{64) Roy Pilcher, Principles of Construction Management

{Maidenhead: McGraw—Hill Book Coey Ltdey, 1978) ppe. 20-21.




factore. As suchy the eguation used to determine the single
present worth factor is tihe reciprocel of the interest rate
formula used to determine the sinzle compound amount Ffactor,.
The single present worth factor (SP¥W) is given by the

following equation:

SPW « 3+ {1 + OPRATE) YEARS

(EQe 37)
such that,
PRESENT < FUTURE x (YEARS SPW OPRATE)

(EQe 38)
Through the use o0f EQe 38 the sum of money FUTURE is
amoritized to its equivalent value at an earlier

dates (65’

Uniform Compound Amount Factore The uniform compound amount

factor (UCA) is used to determine the future worth of an
annuity (a series of equal payments, each of which is made
at the end of egual perijiods). For the purposes of most

life—-cycle cost models, as stated earliery this results in a

(65) Je Cs Francis, Investments: Analysis and
Management (New York: McGraw—Hill Book Coey 1972) pe 225.




series of uniform annual payments {ANNUAL) over YEARS years
and with an opportunity rate of OPRATE. The derivation of
the formula necessary to calculate this future wor th
consists of the following:?

The first payment of an annuity will receive no
interest for the first year since it is made at the end of
the first interest periode. 1t willd, however, earn in

successive years

ANNUAL x OPRATE x (YEARS - 1)

and its total end of year value will be

ANNUAL x (1 + OPRATE) * (YEARS - 1)

Additional payments will be made at the end of successive

years such that the compound amount of the second year'!s

payment is

ANNUAL x (1 + OPRATE) * (YEARS - 2)

The compound amount of the third year's payment is

ANNUAL x (1 + OPRATE) * (YEARS - 3)

and so on until the final payment is made which earns no
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interest, Summing these amounts results in

of the annuity, or

FUTURE +~ (ANNUAL x ((1 + OPRATE) * (YEARS -

{(1 + OPRATE) * (YEARS — 2))) + (ANNUAL x

(YEARS - 3)))

which can be re—arranged to become

FUTURE « ANNUAL x {1 + (1 + OPRATE) + ({1 +

{{(1 + OPRATE) % 3))

Multiplying both sides of the equation by (

the future worth

1))) + (ANNUAL x

({1

+ OPRATE) *

OPRATE) * 2) +

1

OPRATE) and

solving for FUTURE yields the generalized expression

FUTURE « ANNUAL x {((1 + OPRATE) % YEARS) -1

) %

OPRATE

(EQe 39)

The uni form compound amount factor is calculated by the

expression

UCA « ((( 1L + OPRATE) * YEARS) —1) * OPRATE

such that

(EQe 40)



FUTURE « ANNUAL x (YEARS UCA OPRATE)

(EQe 41)

where UCA is the uniform compound amount factor for the

opportunity rate and interest periods under

consideratione{56)

Uniform Sipking Fund Factore. The uniform sinking fund

factor {USF) is used to determine the annuity necessary when
the future worth, opportunity ratey, and number o€ interest
periods {(YEARS) are knowne In terms of its performance, the
aniform sinking fund factor, and its corrvresponding interest
rate eguation, operate conversely te the wuniform compound
amount factore. Just as in the situation involving the
single present wortn factor, the interest rate egquation for
the uniform sinkinz fund factor is the reciprocal of its
converse——the uniform compound amount factor.{67) Takinz the

reciprocal of EQe 39 provides the following term?

{66) Roy Pilcher, Principles of Construction Management
(Maidenhead: McGraw—Hill Book Coey Ltday 1876) pe 22

{67) Js We Griffithy, and Be Je Keely, Life-Cycle Costi-
Benefit Analysis (X—-G Associates, 1976) pe 28B—6.
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ANNUAL « FUTURE x {YEARS % ((1 + OPRATE) * YEAR3S) -1)

(EQe 42)

Therefore, the uniform sinking fund factor (USF) is given by

the expression

USF « (YEARS % ((1 + OPRATE) * YEARS) - 1)

(EQ. 43)
such that
ANNUAL ~ FUTURE x (YEARS USF QPRATE)

(EQe 44)
Uniform Capital Recovery Factore The uniform capital

recovery factor (UCR) is used to determine the amount of an
annuity when given its present valuey, opportunity rate, and
number of annual paymentse It can be theought of as a means
for determining the amount of each annual payment to be made
for a sSum of money invested todaye The uniform capital
recovery factor is identical to the uniform sinking fand
factor {used to determine the annuity of a future worth)
with the exception that the future worth has been translated

to become a single present worthe The derivation of the
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interest rate equation is given below.
The interest rate equa tion used to calculate the

uniform sinking fund factor (EQ. 42) is

ANNUAL « FUTURE x {(YEARS % ((1 + OPRATE) * YEARS) - 1

Setting FUTURE egual to the future value of the single
compound amount factor (EQ. 34) will translate, by
equivalence, FUTURE to PRESENT and produce the eguation for

the uniform capital recovey factor.(68)

ANNUAL <« PRESENT x (OPRATE x ((1 + OPRATE) * YEARS)) = (((1
+ OPRATE) * YEARS) - 1)

(EQe 45)

From the above eguation the uniform capital recovery factor

is given by the term

UCR « (OPRATE x ((1 + OPRATE) * YEARS)) * ({(1 + OPRATE) x

YEARS) % YEARS - 1)

(EQe 46)

such that

(683)  We Je Fabryckyy; Ge Je Thueseny, He Geo Thuesen,
Engineering Economy (4th ed. Printice—Hall, Ince.y 1971) pe.
60.




ANNUAL « PRESENT x (YEARS UCR OPRATE)

(EQe 47)

Uniform Present Worth Factore The uniform present worth

factor (UPW) is used to determine the present value of an
annuity when given the amount and number of payments com the
annuity, and the opportunity rate of the cost centers. The
uniform present worht factor, acts as the converse to the
unitform capital recovery factor and is alzebraically its
reciprocala. Thereforey, the reciprocal of FQe. 46 results in
the formula regquired to calculate the uniform present worth

factor (UPW).(69)

UPW « ({(({(1 + OPRATE) * YEA&®S) - 1)

sle

(OPRATE x (( 1 +
OPRATE) * YEARS))

(EQe 48)

such that

PRESENT <« ANNUAL x (YEARS UPW OPRATE)

(EQ. 49)

(69) Ibide



Economic Analysis of Alternatives

Alternative design solutions can be compared by using
one or more of the following approaches: i) present value
or ultimate cost models, 2) annual cost models, J3) break—
even analysis, and 4) rate of return on investment
analysise Alil of these techniques are valid methods for
analyzing investment decisions to determine which of the

investments {or design alternatives) should be selected.

Present Worth Modelse. The present worth model is one method

for analyzing alternative cash flow systems, which results
in the reduction of all forecast costs and revenues to one
single cost expressed in present dollarse This cost is
commonly referred to as the ultimate cost. Calculation of
the ultimate cost is accomplished by wusing one or more of
the six compound interest factors discussed earlier to
discount each <cost back to its equivalent present worthe
Revenues are discounted +to present worth and deducted from
the discounted costs as a credits. In calculating present
worth equivalency a number of concepts should be considerede.
These concepts are discussed in the following paragraphses
Discounting factors can be combined to convert future
costs to present worthe For example, if a <cash flow model
consists of an annuity of $100 from years 8 to 15 then the
sSingle present worth factor would be used in connection with

the uniform present worth factor. Iif the opportunity rate
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for this example is 10%, then the eguation used to calculate

the solution would be

(8 SPW «10) x 100 x ((15 + 8) UPW .10)

The uniform present worth factor has been used to discount
the annuity back to the eizhth year and then the single
present worth factor was used to discount this siangle value
back to the present valuee.

When utilizing present worth models the lives of the
alternatives should be egual if the two models are to be
reduced to eguivalencys For example, if two models are
analyzed where model YA" has an expected life of 15 years,
and model ¥BY has an expected life of 20 years, +then to
calculate the ultimate cost for each of the models and
compare them as eguivalent is a grave error. When comparing
present worth models which have different 1life spans the
models are expanded to become equivalent by selecting, for
analysis purposes, a time period which is a common multinle
of the alternatives under consideratione. Iin the above
example a convenient time span to be used would be 60 yearse.
Model A", with a life span of 15 yearsy, would be calculated
as though it were implemented 4 times {(initially and then 3
renewals), and model "B" as though it were implemented 3
times, Discounting these modified models to present wvalue

results in egquivalent conditions which c¢an then be compared
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and the alternative with the lowest ulitimate cost

chosens (70)

Annual Cost Modelse The annual cost model is a method of
economic analysis which reduces all forecast costs and
revenues attached to each design alternative to a uniform
annual coste. Annual cost models are developed in the
following manner: 1) All costs, for each alternativey, are
discounted to present values. Revenues are discounted to
present value and deducted from the discounted costs as a
credits This is calculated in an eguivalent manner to a
present worth wmodel, with the exception that discounting for
each alternative is done independentlye It is not necessary
to establish eguivalent life spans for the alternatives
analyzedy, as in the development of the present worth models.
2) Once the ultimate cost has been determined for each
alternativey, the ultimate cost is converted +to an annual
cost by wuse of t he uniform capital recovery factors
Therefore, the annual cost for each alternative is

determined by the egquation

(70) Je We Griffithy, and Bs Js Keely, Life-Cycle Cost-
Benefit Analysis (XK—G Associates, 1876) pe. 4B.
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PRESENT x (YEARS UCR OPRATE)

(EQe. 50)

where, YEARS is equal to the anticipated life span for the
al ternative; OPRATE is egual to the opportunity rate for the
investor; and PRESENT is egual to the wultimate cost
determined for each alternative. Once the annual cost has
been determined ifor each alternative, comparisons can be
made , and the alternative with the lowest annual cost
chosenes (71)

Using annual cost models as a means of evaluating
alternatives isy at times, preferred to using present worth
modelse For exampley, it is generally easier to communicate
annual cost differences to clients who have little knowledge
of life—cycle costing technigues than it is to explain a

present worth model which has been expanded to achieve

equivalent life spanse{72)

Break—even Analysis. Break—even analysis (also referred to

as payback method) is another method which can be used to
select between alternative investment strategiese Break-—

even eguations are used to determine the number of years

(71) Ibido, De 3B—-1.

(72, Ibido' Pe 43—40
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required to return the original investment in addition to
the opportunity rate of the investments(73) Althouzh break-—
even analysis is easily calculated, it can lead to incorrect
conclusionss One major weakness of break—even analysis is
that the method fails to take into account benefits which
accrue after the date when break—even conditions occur.(74)
The eguation used to determine break—even condition is
based upon use of the single compound amount factor (used to
determine the future worth of a present wvalue) and the
uniform sinking fund factor (used to determine the annuity
reguired of a future worth)a. If the interest rate equations
of these two compound interest factors are graphed as a
function of time they will intersect at a point which
constitutes the break—even conditione. Therefore, the
equation necessary to determine the point where the break-—
even condition exists is determined by setting the interest
rate eguation used to calculate the single compound aaount
factor (EQe 34) egqual to the interest rate equation used to
calculate the uniform sinking fund factor (FQe. 43) and
solving for YEARS « The result of this algebraic

transformation is the following eguation?

(73) E. Fe Brigham and J. Fe Weston, Managerial Finance
(Hinsdale: The Dryden Pressy, 1975) pe 264.

(74) Rosalie T. Rueggy Solar Heating and Cooling in
Buildings: Methods of Economic Evaluation, Insititute for
Applied Technologyy, NES Report Noe NBSIR 75-712 (July 1975)
De 24.
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BEYEARS « (®(SAVINGS * ( OPRATE x INITCOST)) * (SAVINGS =

( OPRATE x INITCOST - 1))) + {(®(1 + OPRATE))

(EQe 51)

where; BEYEARS equals the number of years necessary to pay
off the difference between the initial costs of the
alternative investment strategies {INITCOST); and SAVINGS
equals the operational difference between the two investment

strategiese. (75)

Rate of Return AnalysiSe Rate of return analysis is a
method for evaluating alternative investments based upon the
opportunity rate which would be generated by each design
solution under investigationes Rate of return analysis is
developed in the following manner: 1) Petermine all costs
and revenues for each alternative and develop a cash flow
model equation in the sSame manner as for a present worth
model . Compound interest factors are to be leift in their
symbolic form (ee Z« SPWy, UCA, etce)e 2) Set the cash flow
equation equal to zeroe. 3) S50lve for the interest rate
factors using various opportunity ratese. {This is a trial-—

and—error procedures(76) The alternative which would produce

(75) Robert A., Hessy "Beat Energy Waste in Existing
Schools," Air Conditioning & Refrigeration Business (May
1974) Pe 58.




the greatest opportunity rate is selected as the optimum
strategye.

Rate of return analysis, just as break—even analysis,
has its limitatione Although the principles involved for
determining the rate of return are based upon solid concepts
{and generally provides the correct solution) it is limited
by the complexity involved in solving the cash flow
equationse Some of which may be indeterminant in nature.

Because of the specific limitations of both break—-even
and rate of return analysis models, either the present worth
model or the annual cost model should be utilized in the
analysis of alternative economic decisions which effect the
built environments{77)

It is possibliey, therefore, to evaluate alternative

designs on the basis of life-cycle cost. This process
provides the opportunity, for objective analysis of
alternative designs which include either 1) a number of
variables ory 2) variables which, otherwise, would be

impossible to correlate in the decision—making processe.

(76) Ce Ae Bogert, and others, Methods of Building Cost
Analysis (Building Research Institute, Ince, 1962) ppe. 9—-10a

{(77) Rosalie Ts Ruegz, Solar Heating and Cooling in
Buildings: Methods of Economic Evaluationy, Institute for
Applied Technology, NBS Report Noe. NBSIR 75-712 (July 1975)
Pe 24.




Chapter 1V

ENERGY-COST CALCULATION OF HEATING SYSTEMS

The amount of energy consumed by a heating system is
dependent upon 1) the demand for heat from the building
spacey, 2) the operating characteristics of heating system
used (ee Zey hot watery forced air)y, and 3) the efficiency
of the heat sourcee. 0Of these characteristics, the amount of
heat reqguired for conditioning the space is the most
responsive to architectural design decisionse Specifically,
decisions made with respect to the selection of alternative
glazing materials can zZreatly ceffect the amount of energy

which must be supplied by the building's heating system.

Calculation of Augmentation Energy

Heat gain from solar radiation transmitted through
glazed wall openings can substantially reduce the amount of
energy reguired for seasonal building space heatinge This
reduction of required energy is attributed +to the
contribution of solar heat gains acting as a credit toward
the amount of enerzgy consumed by the HVAC system to offset
buiilding heat lLlossese. Since solar heat gains can supply
much {ir not all) of the building's space heating
requirement during mild weather, the building's heating

system acts only to suppliment these natural heat gains. (73)



Therefore,y, the cost of energy required to offset building
heat losses can be determined as a function of the amount of
purchased energy necessary to augment the building neat
Zainss The guantification of this reguired additional
energy {referred to as augaentation energy) acts in
accordance with the first law of thermodynamicse { Refer to
Chapter 2.)(79) Hencey, the calculation of augmentation
energy (and its attached cost) is based upon the tradeoff
condition which exists between the energy associated with
heat gainy and the additional energy provided to offset the
building®s total heat 1osSSse Applying the first law of
thermodynamics to this tradeoff condition provides the
steady—-state heat balance equation for the buildinges This

egquation can be written as follows:

AUGMENTATION « LOSSTOTAL — GAINTOTAL

(EQe 52)

where; GAINTOTAL eguals the summation of building heat gains
(ee Zey heat conducted through solid wall components and

glazed wall openings, re—radiation of heat absorbed by solid

{(78) Ce Ce Thomas, "How ieat Gains Affect Fuel Bills,"
Air Conditioning, Heating and Ventilating {(November, 1963)
Pe 610

{79) Metlin Lokmanhekim and Gershon Meckler,
"integrating Life—Cycle Cost Analysis Iinto a Total Energy
Analysis," Specifying Engineer, (January 1977) ne 71.



wall components and gzlazed wall openings, infiltration of
warm air through solid wall components and around
fenestration, and solar radiation transmitted through glazed
wall openings) expressed in BTU per hour, LOSSTOTAL equals
the summation of building heat losses {(ee Zey conduction of
heat leaving the building through solid wall and roof
components and glazed wall openingsy and the infiltration of
air around fenestration openings and solid components)
expressed in BTU per hour; and AUGMENTATION equals the
amount of energy to be supplied in BTU per houre. If the
sources of heat gain attributed to solar radiation glazed
wall openings are substituted into EQ. 52 the eguation used
to determine the building's augmentation energy can be

written as

AUGMENTATION « LOSSTOTAL — SUBGAIN + (FEET x (TRANSMITTED +

RADCONVECT) )

(EQe. 53)
for single zlazingy and
AUGMENTATION - LODSSTOTAL - SUBGAIN + (FEET x (DIRECT?2 +
RADCONVECT2))

(EQe 54)

for double glazinge. In the preceding equations FEET equals



o

the number of sgquare feet of glazing wmaterial; and SUBGAIN
equals the sSummation of all other building heat gain
components, with the exception of those involving sclar heat

gain through glazed fenestration.(380)

Flow System Energetics of Heating Systems

Centralized mechanical systems used for building space
heating operate upon a principle of transportation and
dispersal of thermal energys Heating systems which are
characterized by this principle include the following:? 1)
forced air systems, 2) hot water, 3) radianty, and 4) steams
All make use of a medium to transport the thermal energyve
This medium, either air, water or steamy, is called a working
fluid,. Workinzg fluids have certain physical properties
inciuding 1) density, 2) specific volume, 3) enthalpy, and
4) specific heate The density (DENSITY) of a working fluid
in pounds per cubic footy, and in the liguid state ¢of matter

can be determined by the equation

DENSITY « MASS * VOLU¥E

(EQe 55)

(80) Re Pe Avezov, and others, "Influence of Solar
Installation Orientation on 1Its Efficiency," Geliotekhnika,
Vole 9' Noe. 3 {(1973) Pe 67




where; MASS equals the weight of the fiuid in pounds mass;
and VOLUME egquals the volume of the liguid in cubic feet.
For fluids in a gaseous state of matter, the density in

pounds per cubic foot is given by the "ideal gas eguation”

DENSITY « (PRESSURE x 144) % (GASCONSTANT x (460 + TEMPGAS))

(EQe 586)

where; PRESSURE equals the atmospheric pressure exerted upon
the gas in pounds per sguare inchy TEMPGAS equals the
temperature of the zZas in degrees Fahrenheit; and
GASCONSTANT is a physical constant of the gas expressed in
(foot) (pounds force) per (pounds mass) (dezree Rankine)e.
(For air GASCONSTANT equals S53eds) The specific volume of a
fluid is the filuid's volume per wunit of MASSe This equals
the reciprocal of the fluid?!s density.(81) Therefore, the
specific volume for a fluid expressed in cubic feet per

pound mass (SPECVOL) is given by the equation

SPECVOL « 3% DENSITY

(EQe 57)

The enthalpy of a fluid {(also referred to as heat content)

{81) We Ce Reynolds, Enersy from Nature to Man, (New
York: McGraw—Hilly, Incey 1974) ppe. 102-103.




s egual to the amount of heat in the fluid per wunit of

s

masSe For mechanical systems this is generally expressed in
the units BTU per pound massSe The change in enthalopy
{ AENTHALPY) can be related to the specific heat of a fiuid

by the equation

AENTHALPY « SPECHEAT x ATEMP

(EQes S5R8)

where; ATEMP equals the change in tempera ture of the fluid
in degrees Fahrenheit; and SPECHEAT is the specific heat of
a fiuid at constant pressure and expressed in BTU per {(pound
mass) (degree Rankine)e. Specific heaty, by definition,
equals the amount of heat necessary to raise one pound of
fluid one degree Rankinee Specific heat is a physical
property of a fluide The values of specific heat at
constant pressure, and wmoderate temperatures, for air,
watery and steam (the most common working fluids for heating

systems) equal 024, 1.0, and 0446 respectively.(82) Based

upon these <concepts of fluid flow energetics, energy
consumption can be determined for alternative heating
systemss




Hot Water and Steam Systemse. Heating systems which
recirculate their working fluids (ee gZey9 hot water or steam)
transport only that amount of energy reguired to offset the
net heat loss (AUGMENTATION) plus an additional guantity of
energy which is lost as a function of the system efficiencye
Therefore, the total amouant of energy, in the form of fuel,

consumed by the system in HTU per hour {(ENERGY) equals

ENERGY <« AUGMENTATION % EFFICIENCY

(EQ. 59)

where, EFFICIENCY equals the efficiency of the system
represented as a fractions This equation (FQ. 59) is wvalid
for hot water, steam and forced air systems operating in the
steady—state conditione Hot water and steam systems would
require additional energy to heat the water contained by the
boiler at the time the boiler was fired. The amount of
energy in BTU per hour for the initial firing of the boiler

(FIRING) is given by the equation

FIRING < (BOILERVOLUME x DENSITY x SPECHEATVOL x (SUPPLYTEMP
— AMBIENT)) % EFFICIENCY

(EQe 60)

where; BOILERVOLUME equals the amount of fluid contained by

the boiler in cubic feet, SPECHEATVOL eqguals the specific



heat of the working fluid at constant volume expressed in
BTU per (pound mass) (degree Rankine); SUPPLYTEMP eguals the
temperature of the heated fluid in degrees Rankine when it
leaves the boiler; and AMBIENT equals the temperature of the
fluid in the boiler prior to the time of Ffiringe (83) in
practice, energy calculations for recirculating working

fluid systems are made for only the steady state conditione

Forced Air Systems. The process for calculating energy
consumption for forced air systens is similier to

recirculating working fluid systemsy, with the exception that
for forced air systems it is necessary in addition to
determine the amount of energy required to warm air drawn
into the mechanical system from the external environments
This external source of fresh air is warmed to the supply
air temperature {SUPPLYTEMP) and discharged into the
building to be used for ventilation purposes. The amount of
energy in BTU per hour reguired to warm this external source

of air (VENTWARM) is gziven by the egquation

(83) VWalter P. Bishop and Dimitri Jelovcichy
"Estimating Fuel 0il Consumption,” Air Conditioning, Heating
and Ventilating {(July, 1963) pps 57-58.



VENTWARM « ((AIRFLOW x 60) x DENSITY x SPECHEAT x
(SUPPLYTEMP — TEMPOUT)) % EFFICIENCY

(EQe 561)

where; AIRFLOW equals the amount of air drawn into the
system from the exterior envirocnment in cubic feet per
minute; DENSITY eguals the density of the air in pounds per
cubic foot, SPECHEAT equals the specific heat at constant
pressure for air expressed in 83TU per (pound mass) (degree
Rankine)s For air the value of SPECHEAT egquals .24 BTU per
{pound mass) (degree Rankine)es SUPPLYTEMP egquals the supply
temperature of the air in degrees Fahrenheit) and TEMPOUT
egquals the outdoor air temperatures.

Forced air systems, just as recirculating working fluid
systems, consume the amount of energy necessary to
compensate for the net heat loss plus the energy lost as a
function of system efficiency (ENERGY).{(84) Hence, the total
amount of energy consumed by a forced air heatingz system in

BTU per hour (TOTALENERGY) equals

TOTALENERGY <« ENERGY + VENTWARM

(EQe 62)

(84) lhido’ Pe 85.
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Calculation of Energy Cost. T

cost of energy reguired by the

o9

he process for calculating the

system to meet the demand is

a very simple process involving a minimum number of
variables. These variables consist of 1) the amount of
energy reguired by the mechanical system {({ENERGY or
TOTALENERGY depending upon the type of system), and 2) the

physical constants of the fue

of combustion of the fuel

({COMBUSTHEAT); b) the weight

(WTVOL); and <¢) the purchase

volume (FUELCOST) expressed

information has been obtained
the heating system in dollars

be calculated by the eguation

KWCOST « (FUELCOST % WTVOL x C

Refer to Table 3 for a 1list

physical properties and costs

cost of energy necessary

1 used including, a) the heat

in BTU per pound mass,

per unit volume of the fuel

price of the fuel per wunit

in dollars.{85) After this

the cost of the enerzgy used by

per kilowatt—hour (XWCOST) can

OMBUSTHEAT))) x 3413

(EQ. 63)

ing of selected fuels, their

) With this information, the

for building space heating

(HEATCOST) can be determined by the equations

(85) We Ce Reynolds, Energy from Nature to Man, (New
York: McGraw—Hilly, Incey 1974) p. 165.



Table 3« Costs of Alternative Fuelse.

COST/ TAX/ ACTUAL COST/
FUEL UNIT QUANTITY UNIT UNIT
Fuel 0il «478/ constant 4% «460/
zale zale
Propane «437/ minimum gtye 4% « 420/
2ale zale
.520/ amt < 530 {!,B.lo 4% 0500/
zale Zale
» 780 amt > 500 zale 4% « 750/
zale 2ale
Natural Gas 1757 amt < 1000 cefe. N/A N/A
IDOOCQfQ
1.50/ 1000<amt<3000cfe N/A N/A
10000. feo
120/ 3000<amt<50,000 N/A N/A
1000cefe
10000- fe
Coal 6750/ constant 4% 64 .90/
ton ton
Electricity 0292/ averagze N/A « 0292/
Kwhire Kwhre



HEATCOST « (TOTALENERGY % 3413) x KWCOST

(EQe 64A)
Table 3e Costs of Alternative Fuels. {(Continued)
HEAT NET GROSS
HEAT VALUE VALUE/ COST/ COST/
FUEL CONVERT { ENERGY/LB.) UNIT KWHR KWHR
Fuel 0il 63 1lbe/ 13,000 8BTU/ 113400 0138 .0143
zale 1be BTU/gal
Propane 4024 1lbe/ 21,4625 BTU/ 91690 0156 0162
gal. 1be BTU/&}&.‘.
4424 1lbe/ 21,4625 BTU/ 891690 0136 «0193
gale 1b. BTU/gal
4424 1be/ 214625 BTU/ 91690 L0279 0290
gale 1be BTU/Q&I
Nat'l Gas «041 1be/ 24,000 BTU/ 984 L0060 0060
cue fte 1be BTU/zal
«041 1be/ 24,000 BTU/ 984 L0052 L0052
cus fte ibe BTU/gal
«U41 1lbe/ 24,000 BTU/ 9834 L0041 « 0041
+041 1be/ 24,0600 BTU/ 984 0032 0032
cue fte lbe BTU/gal
Coal 2000 1be/ 12,000 B8TU/ 24000000 0092 « 0096
ton 1be 3TU/gal

Electricity N/A N/A N/A « 0292 0292

NOTES: Prices obtained from a survey of retail suppliers in
Southwest Virginia, with the exception of electric utility
prices obtained from Vae SsCeCe Tariff Noe 7» Survey prices
apply only for time periods prior to 11 May 1877« or unit
prices based upon gquantitye



for forced air heating systems, or

HEATCOST « (ENERGY 3% 3413) x KWCOST

(EQe. 64B8)

for hot water and steam heating systemse.

The preceding equations have provided a methodolozy to
calculate the amount of energy, and its costy necessary for
secasonal building space heating. Using these equations, the
designer has a basis for calculating the cost of energy as a
tradeoff condition for the analysis of heat gain through
window gZlazingze This information can be used as an input

for life-cycle cost analysis of alternative window glazinge



Chapter V

MODEL DEVELOPMENT

Iin life—cycle cost analysis, assumptions are freguently made
because of a lack of dependable (or absolute datae For
example, throughout the development of the preceding
equations the heat transfer condition was considered as in a
steady states Such assumptions do not negate the value of a
life—-cycle cost model as long as those assumptions are
understood and can be placed in proper perspective. Ofteny
a number of factors can be omitted thus simplifying the task

of the analyste.

Assumptions of Life-Cycle Cost Hodel

The life-cycle cost model presented in the paper is
based upon a number of assumptions made to facilitate its
developmente. 1) All design decisions will be held constant,
with the exception of those involving alternative glazing
materialss 2) Initial and maintenance costs for heating
eguipment and distribution systems will not be included in
the cash flow modele. Since the size o©of the heating piaant is
determined by the maximum heat loss of the building, it is
assumed that glazing details will not change the size of the
heating plant needed. 3) Maintenance costs for the glazing

will be assumed identical regardless of glazing type since
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the guantity of glazed area will be held constante. Also,
since the regions of unsupported glass are egualy t he
probability of replacement due to breakage, and its attached
cost, is approximately eguale 4) Energy costs for air
handling eguipment will be treated as a identical for
alternative systemsSe Air circulation will be assumed to be
continuous to prevent heat build—up insided glazed arease.
5) The quantity of diffuse radiation passing through double
glazing will be assumed to equal the qquantity of diffuse
radiation passing through single glazinge. This assumption
is based on the absence of an appropriate methodologzy for
calculating transmission of diffuse radiation throuzh double
glazinge 6) Only heat gains which are used to offset
building heat losses will be considereds Excessive heat
gains are usually counteracted by sSome form of cooling
systemy a discussion of which is beyond the scone of this

papere.

Life-Cycle Cost Model

The following life-cycle cost model provides a rational
method which can facilitate the selection of alternative
glazing materials for building fenestratione. Selection is
to be made upon economic optimization of alternativese. The
model consists of the following three parts: 1) climatic
and operational data, 2) heat gain calculaticon through

either single or double glazing, and 3) life—cycle energy



cost calculation. The model presented in the following
pages is in a tabular formy and can only be used for the
evaluation of glazing for a specific houre A case study

using this model is provided in Appendix C.



Part Al Climatic and Operational Data

latitude of the site, in degrees, where
investigation is to be made

LATITUDE

day of year for which calculation is to be
made

DATE

solar time for which calculation is to be made

TIME

hour angle for solar time in dezrees

HA

declination of the earth in degrees

DECLINATION

temperature of exterior environment in degrees
Fahrenheit

TEMPOUT

.

temperature of interior envircnment in degrees
Fahrenheit

TEMPIN
wind speed striking gzlazed surfaces in miles
per hour

MPH
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calculate solar altitude in degrees from
EQe 1

ALTITUDE

enter azimuth of the glazed region (in
degrees) under investigation

WAZIMUTH

enter tilt angle (in degrees) of the surface
under investigation

SIGMA

enter percent possible sunshine from
statistical references for day and time under
investigation

PPS

calculate from EQs 5 the correction factor for
percent possible sunshine

PPSCORRECT

calculate solar aziamauth in degrees from EC. 6

AZIMUTH

calculate wall—solar azimuth in degrees from
either EQe Xy or EQe 9 depending upon time of
day and wall azimuth

SAZITMUTH

from statistical references enter direct
radiation normal to the earth?s surface in BTU
per {hour) (square foot)

DIRECT




from EQe 10, calculate the angle of incidence
in degrees solar beam strikes glazing

INCIDENT

calculate from EQ. 11, the gquantity of direct
solar radiation striking glazed surface in BTU
per (hour) {(square foot)

ALLDIRECT

entry the total building heat loss, in BTU per
hour, for the day and hour for which
calculation is to be made

LOSSTOTAL

enter the number of sguare feet of glazing
material under analysis (all glazed
fenestration under investigation must have the
same orientation)

enter the total building heat gain from
components other than the glazed fenestration
under study

SUBGAIN
enter whether heating system is a re—

circulating working fluid system (RWFS) or a
forced air system (FAS)

SYSTEM
enter the air pressure of the outdoor air in
pounds per sguare foot

PRESSURE




calculate the density of the working fluid
using EQe 55 for RWFS or EQe 56 for FAS given,
for FAS, TEMPGAS equals TEMPOUT

DENSITY

enter the efficiency rating for the heating
system

EFFICIENCY

if heat 1is provided by a forced air syftem
(FAS) enter the amount of air drawn into the
system from the exterior environment in cubic
feet per minute

AIRFLOW

if heat is provided by a forced air system
enter the specific heat at constant pressure
for air in BTU per {(pounds mass) (degree
Rankine)

SPECVOL
if heat is provided by a forced air system
enter the supply air temperature in degrees

Fahrenheit

SUPPLYTEMP

enter type of fuel used by heating system

FUELTYPE
calculate cost of fuel per EKWH from EQes 63, or
select from Table 3

KWCOST




enter opportunity rate per interest period for
cost center

OPRATE

enter number of interest periods per year
PERIODS

enter interest period in life of building

analysis represents

YEARS

enter anticipated number of interest periods
in 1life of building

LIFE
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Part B2 Heat Gain Calculation Through Single Glazing
from Table i select the solar—optical

properties for the alternative class type
under investigation

TRANSMISSIVITY =

ABSORPTIVITY =

REFLECTIVITY =

calculate the quantity of radiation reflected
by the glass in BTU per (hour) {square foot)
from EQ. 17

REFLECTED =

calculate the guantity of radiation absorbed
by the glass in BTU per {hour) {square foot)
from EQe 13a.

ABSORBED =

calculate the gquantity of radiation
transmitted through the glass in BTU per
{hour) (square foot) from EQe. 19.

TRANSMITTED =

Ziven that ABSORPTIVITY eguals EMISSIVITY, and
RADCONOUT eguals 400 3TU per degree
Fahrenheity calculate the average temperature
of the glass in degrees Fahreaheit from EQe
2i.1.

MEANGLASSTEWP =
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calculate the combined coefficient of heat
transfer from the inner surface of the glass
in B8TU per {hour) (degree Fahrenheit) from EQ.
212

RADCONIN

calculate the combined heat transfer
coefficient for the glass and air films in BTU
per degree Fahrenheit from EQe Z2lede

U

from EQe 214 calculate the heat gain
contribution from the re—radiation and
convection of direct radiation absorbed by the
glass in BTU per (hour) {sgquare foot)

RADCONVECT

calculate the total rate of heat transfer from
direct radiation passing through glass in 37U
per (hour) {(sguare foot) from EQe 22.

DIRECTGAIN
calculate the reguired building augmentation
energy in BTU per hour from EQ. 53

AUGMENTATION
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Wi

Part C: Heat Gain Calculation Through Double Glazing

from Table 1 select the solar—-optical
properties for the exterior layer of glass in
the double glass assembly

TRANSMISSIVITY

ABSORPTIVITY =

REFLECTIVITY

from Table 1 select the solar—optical
properties for the interior layer of glass in
the double glass assembly

TRANSMISSIVITY2 =

ABSORPTIVITY2 =

REFLECTIVITY2

calculate the guantity of radiation absorbed
by outer layer of glass in BTU per (bour)
{square foot) from EQ. 18

ABSORBED =
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from manufacturer’s specifications enter the
air space thickness for the double glass
assembly in inches

AIRSPACE

given that RADCONOUT equals 4.0 BTU per degree
Fahrenheit, calculate the mean gzlass air space
temperature in degrees Fahrenheit from EQ. 264

MEANGLASSTEMP
calculate the temperature difference of the
surrounding air in degrees Fahrenheit from EQ.
27

TEMPDIFF

calculate the effective air space emissivity
from EQ. 29.

EEMISSIVITY
select the appropriate heat transfer
coefficient for convection and radiation in
BTU per { hour) {square foot) {degree
Fahrenheit) from Table 2

INTERCONSTANT

given that the emissivity (EMISSIVITY) for a
double glazed assembly eguals its effective
emissivity (EEMISSIVITY) calculate t he
combined coefficient of heat transfer for the
inner surface of the assembly in BTU per
{hour) (degree Fahrenheit) from FQe 21.2

RADCONIN
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ziven that RADCONOUT equals 4.0 BTU per degree
Fahrenheit, calculate the combined heat
transfer coefficient for the zlass and air
films in BTU per degree Fahrenheit from EQ.
21.3

calculate the rete of convective heat transfer
through the outer layer of a double zlazed
assembly in BTU per (hour) (square foot) from
EQes 21 given RADCONOUT equals 4.0 BTU per
degree Fahrenheit

RADCONVECT

calculate the rate of convective heat transfer
through double glazing in BTU per {hour)
{square foot) from EQe. 30

RADCONVECT 2

calculate the rate of direct transmission of
radiation through double glazing in BTU per
{hour) (sguare foot) from ED. 32

DIRECT2

calculate the total rate of heat transfer from
direct radiation through double glazing in BTU
per (hour) {sguare foot) from EQ. 33

DIRECTGAIN

calculate the reguired building augmentation
energy in BTU per hour from EQ. 54

AUGMENTATION
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Part D3 Life-cycle Energy Cost Calculaticn

calculate the amount of energy consumed by the
heating system in BTU per hour using EQ. 59
for RWFSy or EQe 59, EQe. 61y and EQe 62 for
FAS

ENERGY

VENTWARM

TOTALENERGY
calculate cost of heating in dollars, from EQ.
64A for FASy or EQe 64B for RWFS

HEATCOST
enter initial cost of glass analyzed in this
study in dollars

GLASSCOST
calculate the single present worth factor for
this analysis from EQe. 37

SPW
calculate the present worth of HEATCOST from
EQe 38y given FUTURE equals HEATCOST

PRESENT
sum PRESENT and GLASSCOST to produce life—
cycle cost for this static analysis

LCC




Chapter VI

CONCLUSIONS OF THE STUDY

Based upon the case study contained in Appendix C the
life—cycle cost model presented in this paper can facilitate
the optimum selection of alternative glazing materials for
building fenestrationes The method established presents a
rational means to evaluate energy costs associated with heat
gain through windows during the heating season of the y=zare.
The method represents a step forward in knowledge which,
based upon the review of literature, had prevously not been
investipateds As presented, the method is based on a static
condition——allowing the calculation of energy for a
specified hour and day of the yeare. Computer simulation of
the method would be necessary to obtain costs for more than
a few hours of the yeare. Such a computer simulation would
require the following? 1) Hourly insovlation, temperature,
and wind velocity data for the locale where the design is to
be implemented. 2) Calculation made on an hourly basiss
Periods when the total heat gain for the building exceeded
heat loss would be used to calculate exergy expended for
coolinge. 3) Energy costs would be discounted to present
worth to determine the cost of energy as a present value.
Presentation of the eqguations in APL notation allows rapid

inplementation of the models. Discounting would be performed

—-106—
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on an hourly basis using formulas presented in chapter 2.

Implementation of a computer simulation as outlined,
and based upon the methodology would allow the design
professional 1) capability to specify fenestration based
upon thermal periormance, 2) means to promote energy
conservation vital to national need, and 3) ability to make

design decisions which will provide his client with a

minimum life—-cycle cost on his investmente.
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APPENDIYX A: COHMON APL OPERATORS

Kenneth B iverson, while at Harvard University,
developed a means of describinz processes of manipulating
2ither alphabetic or numeric datas His original puoblished

work entitled, A Programming Lapguaze, becam= the basis Towp

the development of a mnewy computer programming ianguvage

sinply titled APLo APL, as developed by

Int@rﬂaii@nal Business Hachine is presant iy
precognized as the wmost powverful computer proegramming
ianguage to date. The power of APL stems from its ability
to allow a computer to perform m@théma%ical operations on
two sets data without looping through a seguenpgs  o0F

operationsSs is COBMONLY referred Io as

APL can be used to perform operations on the Following
types of mathematical argumsats? 1) scalar oguantities,
defined as a sSingie valuey such as T2 or By 2}  wectiors,
defined as a group oif ﬂumhérs with only one dimension, as in

a liney such as B 13.1 D.14 ory 3) arrays,; defined as a

group of nanumbers with =more than one dimecusiony such as a

matrix. The normalil order of operations for APL is from

right to left {Polish notation)ly an examplie oFf which is
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vields

i8

but may be overridden by uge of parenthesiss For examples
(3 = -4) + 2

yields

The arrangement bhetween argumemts and operators {built in
functions such as subitraction or matrix divide) can be in
either the dyadic Forme which reguires one operaitor and two
mathematical argumenis, or the monadic form, which reguires
the operator and only one mathematical argument. The dyadic

form consists of the Ffollowing arrangement?
LEFT ARGUNENT operator RIGHT ARGUMENY
an example of which is

where 5 is the left argument {a scalar) and 2.3 7 is the



right argument {a wectoer). Because of the parallel

processing feature of APL the solution fto the problem

B ox 2.3

wd

e
0]

The monadic FTorm consists of the followving srrangement of

operators and arguments

LEFT ARGUHENT opevator

an exanple of which is

e
NS

which yields a result of

its inverse. Operators may have 2ither a monadic usage, 8
dyadic usagey or Doths in cases where an operaftor has boith
Torms, its name, as well as its operation, will wvary

dependent uwpon its usages The followiang partial listing
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provides the differences of common APL operators dependent

upon whether the monadic oy dyadic Form is used. {86)

{B6)  Leoanard ©Sllmany aond As. J. Rose, APLY An

Interactive Approach, {New York John Hs Wiley £ Sons,
incasy 1874) pe Vidse




APL Operators

Syw—

boi

i~

¥
¥

v

Monadic
o
Dyawdic

D

Name

—11H-

less than

less than or sgual

egual

Ztrs than or egse

greater

logical

logical

than

LR

AND

NAND

Operation

returss i ig
arguamnent less than
argumenty =zere 1f not

returas i ig ieXt
avrgument is less than opr
egual to rizght arg
zero if not

enty

returns 1 iFf left and
right argunmenits Aare
egualy zZero if oot egual

returns 1 iz left
argament is greater than,
o egual to right
argument, meros if not
returas i it left
argument is greater than
right argument; zero if
not

returns 1 if either opr
poth argumenits egual 1y
Bero if both argomeanls
sugual Zero

returas 1 if both left
end right argumenis egual
1y ®ero if eitoer or both
arguments egual mero

returns 1 if both
argumenits eqgual ZorOs

zero if either or bpeith

arguments eguail 1

returns 9  iF both
uments egual 1, and 1
it  eitheyr o both
arzunents egual mero




_ Monadic
By m— Fe¥ o
hol Dyadic

P B,
o

+ M

oo
[
g

sl
e
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Name

aritihs neg

subivraction

iﬁentity

addition

reciprocal

division

s ignum

mulitiplication

roid

deal

membership

Dperation
returns aegaitive wvalue of
right argument

reitnrns difference of
left and vight arzguy

returns right ar

returns sum  of left and
right arguments

returns the reciprocal of
right argument

retuwrns guotient of jeft
and right arguments

greturns positive 1 iz
right arguwment is greater
than zeroy and negitive 1
if right argument is less
than zero

retuarns prodoect of ieft

and right argumnents

retuarns a roandom integer
greater than 1 and less
than the right argument

eroduces number of random
integers spacified by
left argument with wvalwues
between 1  and the right
awﬁumen& such that there
is po integer repesated

for sach element o©f  the
ieft argument {a wector)
returas a 1 if the
glement is coniteined in
the right arsaementy § if .
not '




Monadic
Sym— om
bol = Dyadice

o M
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Name

shape

reshape

logical negation

drop

index generator

index of

Operation

returns the length of a
vectorsy or dimension of
an Aarray

returns a vectory DI
Arrayy having a shape

speciftied by the lefi
argunent and comnposed of
the elements in the r»ight
arzunent

returns 1 if right

argzument egquals zeros antd
2] i€ righit argument

eguals 1

if ieft ; is
positive, MTA returns
First N elementis o
vector A,y i left

argument is negative
returans last ¥ 2lements
oFf vector A

if lett argunent is
positive NIA returns with
f£irst N slenents of
vestor A removedy i€ Lef#t
argument is negative

returns  Llast N elements
oF wvector A

returns a yecitor of
consecutive Integers from
i to the wvalwe of The
ht argumenty; inclusive

refturns subscript of leifd
agrgunent where ifts value

First ococcuriresd in the
vector Conposing right

argument

returns product of Pi and




Bym—
bol
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Monadic
o

Dyadic Name

e

circle functions

M reversal

D rotate

M Transpose

M exponential

EE power

# natural logaritha

b iog %o a base

o ceiling

based upon valne

"elemenis

Operation _

retuarans funcition of

£
in

argument {

argument

i
0
e

1§
o

)

3 X
csin X
cos X
APCLTOs X
tan X
arctan x

0
%
®

]

{
i
™

©

i

fad G b ho b R B

returns The vector
specifiesd im the spight
arzgument in reverse order

returns right argument
rotated the number of
specified by
left argumsat

refturns the ma it
specified in the 1
argument such tThat The
FOWS and ocoiupns a
reversead

returns € raised to right
argunent

ument
right

ieft By
the

reftarns
raised to
argunent

returns the LOG base & of
right argument

returns the logarithm of
the right argument whesse
bkase is the left argument

returas the least integer
greater than oy egual to
the rizht argument



By

boi

[

[1

Monadic
o
Dyadic

M
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Hame
maXximan

Floor

mioiwmum

grade up

grade down

Factorial

execute

absciute value

res idue

catenate

Operation

returns the agreater of
the right and left

Cargunents

returns the greatest
integer less than or

egual to right argument

returns the lesszr of the
right and left arguments

returns a wvec oy of
indices which will sort
right argument into

ascending order

returas R vector of
indices which will sort
right argument into
descending order

returns Fac torial of

right argument

returns a vector composed
from the elements of the

Teift argumnent as
specitied by the
subscripts within the

brackets

returns the wvalue of an
expression entered as
characteyr data

returns abscolute valus of
right argunent

returns remalnder
resulting  from division
of leftt operond by right
arganent

returns L2t and »ight
arguments together as a
vector {or arvray)



Mona
Sym— o
ol Dyad

F 4

0

dic

ic NMame

ravel

matrix inverse

reduction

SCan

branch

parenthesis

{87)
1876) ppe

Operation

converts an array into a
vactor

returas the inverse  of

the mairix entered as the

right argument

performs the operation
specified as the left
argument on the i
compesSing the right
arzument {a vector or
array)

ents

performs the aperatien
specified as the left
argunent on the slemenis
composing the Pight
argumenty From left to
ty angkd returns  the
results as a vecior

wigi

stores the argumeat oo
the right as the wvariable
named on the Lleft

egunivaelent o command Ygo
to¥ ’

alters srd=r of
operations t0 wperform
operations T contained
within pareathesis first

Mark Arncidy, "What is APLyY Byte, Nos 15 {Novewber

20-24, 123-126.



APPENDIX B:I TABLE OF ﬁﬁ%ENﬂLATQEE

ABSOQRBED

ABSORPTIVITY

AESGRPTIV&TYE
ABSORPTIVITYS0
AIBFLOW
ALLDIRECT
CALTITUDE
AMBIENT
APPARENT

AREA

AUGHMENTATION

it

quantity of direct radiation absorbesd by
the glass
THITES:  BTY per {hour) {sguare Ffooul)

goesfficient of seclav-—optical absocrption
by zlass; for donblie glazing——%the
coefficient »%f absorptiocon Ffor the cuter
layer of glasss

THITS:  pno dimension

for double glazing—1the coefficient of
absorption For the inner layer of glass
PNITSES: . no dimension

cpoefficient of absorpticn for zlass when
the angle of incidence eguals 60 degrees
UNITS2 no Hdimension

amount of alr drawn intoc the heating
systen from the exterior environment
UNITS:  zublc feet per minute

intensity of direct solar radiation upon
any surifiace

TNITS:  BTU per {hour) {scuares Ffoot)

angular disteance o0f the sun above The
horizon .
UNITS: degrees

temperature of the fluid conitained by a
boiler priocr to firiag
UNITS: degrees Fabwrenheit

apparent solar radiation at alr mass
egual to
UNITE: BTU per (bour) {(sguare foot)

surface area »f either s material normal
to the digrection of heat FLlow br of a
radiative body

UHITS: sguare Ffeet

amount of enesrgy to be supplisd by the
mechanical sysien aecessaAry to
supplinent the natural heat gains

UNITES BTY per hour

e § B D e



AUGHENTATION

AZIHUTH

BOTLERVOLUKE

CLOUDLESS

COMBUSTHEAT
CONDUCT ION

CONDUCTIVITY

CONVECTION

CONVECTIVITY

CORRECTION

CRATIO

DECLINATION

DENSITY

—~125-

amount of therwal energy to be supplied
1o the building heating system
UNITSE: BYU per hour

solar azimuth angle

UNITSE: . degrees $Sdef DBEVYEARS = point
in time when economic break-even
conditions exist Ffor a given invesiment
UNITSS years

sgmount of fluid centained by & boilew
PNITE2 cubic feet

wmeriod of time radiation is received
Hguring clouvdless conditions
UNITSS houwurs per day

heating wvailue of a fuel
DNITS: BYU per pound mass

rate 9f conductive heat transfer
PNITS: . BTY per hour

thermal conductivity of 2 given material
UNITH2 BTU per {hour) {sguare FToot)
{degree Fahrenheitf)

rate of counveciive heat transfer
PHITER BYY per hour

convective heat transfer coefficient
UNITS? BTU per {(bour) {(sguare Foot)
(degree Fabrenheit)

Threlkeldds coryrection Tactoyr oo
diffuse radiation
TWiLTsE: no dimension

ratio between total observed radiation
from tThe sky vault o the isncident
radiation normal fo the path of the
incident solar heam
TNITES ne dimension

angular distance between the carihls
orbital plane and the solar beam
UNTITS2 degrees

density of the beating system workiog
TRhuid
UNITS: pounds per cubic foot



DIFABSORB

DIFFUSE

DIFRADCON

DIRE CT

DIRECT?2

DIRECTGAIN

DIRECTGAINZ

DISTANCE

 EFFICIENCY

EEMISSIVITY

BERISSIVITY

EMIS1

guantity of diffuse radiastion absorbed

by zlass

UNITS: BTU per {hour) {sguare foot)

diffuse solar radiation upon aany surface
d%iﬁag BIVU per {hour) {sguare foot)

heat gain coaltribuiion by re—radiation
and coavection of absorbed diffuse
radiation

PNITS: 8YU per {bour) {sguare Toot) -

disrect selar radiation normal 5 the
surface of the earth :
UNITET . BTU per {hour) {sguarzs Ffoot)

heat transfer of direct radiation
through double glaziang
INITS:  BTU per {hour) {sguars foot)

rate of nheat traasfer of direct and
diffuse radiation through single glazing
GHITS: BTU wper {hour) i(sguare Foot)

Ffor double glawiaz——the vate of heast
tragsfer of direct and diffese radiation
through double glazing

GNITS:  BTU per {hour) (sguare £ool}

distance between extesriocr surfaces of a

material measured ajlong the path of the

heat f£low
UNITB:  feet

e¥fficiency of the héa%iﬂg sysien
BRITS? ratio )

for double glazing——the combined
effective emissiviiy for the air space
UNITEY  no dimension

radiative = property of a surface
expressed as a ratio
PRITS: . ne dimension

for double glazing——1the emissivity of
the innesr surface 0% the outer layer of
Ziass

CHITE: no dimension



ENERGY
EXTINCTION
FEET

FUBLCOST
FUTURE

GAINTOTAL

HEATIN
HEATOUT

INCIDENT

INITCOST

for dowubls glazing——the enissivity of

the outer surface of the inner layer of

glass
THNITEY 0o dimension

amount of Fuel consumed Dy 2 mechanical
system for the heating of its
recirculated working fluid

DNITE: . 3BTU per bpur

atmospheric extinction coefficient
oNITS: no dimension

number of sgunare feet of slazing
material

THITs: synare Teet

purchase price of Fuel per unit volame
UNYITSA doliars per unit voluwme

fuatures, or terminal, value of an asset
PHITH: dollars

summation of building heat gains
THITSE: BTU per hour

physical gas constant
INITS: {foot) - {pounds force) per
{ pounds mass) {degree Rankine)

solar bhour angle
TPHITE:Y degrees

heat Transmitted by the glass to +the
interior by convectian and radiation
FHITS:  BYY per {hour) -{sguare foot)

heat transmitied by the glass to the
exterior by convection and radiation
UNITS: BTV per {hour) {sguare Ffoot)

anglie of incidence vf the solar beam and
a line wnoermsal fto the suriface uander
investigation

UNITHS degrees

the difference between fThe initial costs
of alternantive investment strategies
UNITS:  deoelliars



INTERCONSTANT

EWCOST
LATITUDE

HASS

MEANGLASSTEWP

DPRATE
POSSIBLE

PP3
PPSCORRECT
PRESENT

PRESSURE

RADCONIN

RADCONOUT

for double glazinpg——1the ajr space heat
transfer coefficient

UNITB: wer {bour)  {sguare foot)
{degree Fahrenheit)

cost of fuel used hy bheating system
UNITE:  dollars per kilewatit-—hour

itatitude of the site under consideration
TNITS: degrees

weight of the heating system worki
Tlunid
THITS: pounds mass

for double glazing——the mean air space
temperatare Tor single glazing——1the
average glass temperature :

UNITS: deagrees Fabrenbeit

interest rate per periocod earned From
npolding an asset
ONITS: no Jimension

maxXimum  possible period of time solar
radiation can be received
TNITs: hours per day

percent possible sunshine
UNITS2 percentags

cloud cover correciion factowr
UHITS: - po dimension

present walimne of an asset
UNITS: dollars

atmospheric pressure exerted smpon the
heating system working fluid
UNAITH: pounds per sguare iach

combined coefficient of radiative and
convective heat transfer for the inner
sunrface of the glass

UNITS: /TUY »er { hour) {degree
Fahrenheit) -

combined coefficient of radiative and
convettive heat transfer for the ouler
surface of The glass

UNITS: BTY P er { houax) {degree
Fahrenheit) - '



RADCONVECT

RADCONVECT?2

REFLECTED

REPLECTIVITY

SAVINGS

SBCONSTANT

SIGHA

SPECHEAY

SPECHEATVOL

SPECVOL

heat gain coniribution from single Zlass
Iy re-radiation aad conveaection i
absorbed direct radiation

PHITH: BTU per {hour) {sguare Foot)

heat gain contvibution from double gilass
by re-radiation and convection o¥
ahsoarbed direct radiation

UHITS: BTY per {bour) {sgquare Ffoot)

rate of ?adiatéd heat transmitied by an
object {Stegphap—Beltzmann Law)
UHITHE: BTU per hour

rate of radiation veflected by glass
UHITS? BTU per {(hour) I[Isguare foot)

coefficient of sSclar—coptical reflection
by single Zlazings Tor double
glazing—-—the coefficient of solar—
optical reflection fTor the ocuter layer
of glazing

ORITS: no dimension
diffesrence in operati costs Dbetween
two invesiment strategi ‘
UNITS: doliars

g
2

Stephan—Boltzmann constandt
ONITS: BYY  per {bour) {sguare Ffoot)
{degree Rankine)

single compounnd amount facior
UNITH2 no dimension

tilt angle frew horizontal of a surface
unader investigation
TVHITS: degrees

specific heat of a working f£iuid at
cmmstamt'pwessure

OUNITS: BTU per [(pound mass) {degree
Rankine) -

specific heat of a working at constant
volume

UNITS: BTY per {pound mass) {degree
Rankine)

speacific volume of a Fluid
PNITSS cubic fest per pounkds nass



SPH
SUBGATN
SUPPLYTENP
TEMPDIFF
TEMPGAS
TEMPIN

TEMPOUY

TOTALENERGY
TOTALGAIN

TOTPALRADIAT ION

TRANSMISIIVITY

TRANSHISSIVITYZ

TRANSHITTED

B!
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singie present worth factor
LTHITS2 no dimension '

all
minus

semmation oF
conpoBants,
components
UNITER BTU per hour

building heat
solar heat saln

tenperatiare of the working fiuvid when it
leaves the boiler or heat exchang
THITS: degrees Fabhranheit

the tenpe rature difference between
interior and extericr air separated by a
plane of glass '
UNITS: degrees Fabrenheit

tTempearature
gyivss .

of a gas
degrees Fahrenheilt

tenmperatars
UNITS2

of the inside enviroonmentd
degrees Fabreanheit

temperaiare of the cutdosryr environment
UNITE: degrees Fabrenheit

total
Forced
UNITS

amnount of BPOBTEY
alr heating system
BTY per hour

consumed by a

total heat zain through single
Erom diffuse and direct radiation
UNITH:  BTY per (hourl) {sguare fount)

glazing

total r&dimfion fﬁliiﬁg upbn any surface
OHITS:  BTU per [hour) {sguare foot)

coefficient : of
transnission through single szlass) for
double glazing——tithe coefficient of solar
transmission fthrough the outer layer of
gless
UNITS:

solav—optical

no dimension

for doublse
solar Transmission
0f gilass
UNITS2

gleazing——the coedfficient of
for the inney lay=sr

no dimension

oF radiation ITransmitted
glazing

BYT per

through

{hour) {sguare Tfoot)



LR

UsFE

VENTWARY

VOLUME
WAZIMUTH
WEAZIMUTH

WTVOL
YEARS

AENTHALPY

ATEMP
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combined heat {transfer coefficient

glass and air films
UNEITS: BTY per {hour) {sguare
{gegree Fahrenheit) -

uniform compound amount factor
UNITS: mno dimension

uniform capital recovery factor
CHITS: . no dimension

uniform present worth factor
URNITS: no dimension

unifors sianking fand Factor
URITS: oo dimension

amount of snergy reguired to

external source of air drawn iL1otoe

air beating system
UNITS: BTU per hour

gquantity of healting system working
UNITS: coubic feet

wall azisuvth aﬁgié
UHITS:  degrees

wali—solar azimuth angle
UNITS: degrees

weight per unit volume of Ffuel

for

Ffoot)

wWa Pm
Ha P

Flwmid

UNITS: pounds per gallon, or pounds pew

cubic foot

nuamber o T4 me periods which

investaent lasis
OTNYITSs2 vears

an

change in e2nthalpy of a working f£luid

THITs: BTU per pound mass

change in tesperature of a workiang
UNITS2 degrees Fabrenheit

Fiuwid



APPENDIX C: CASE STUDY

Analyze two alternative window assesblies to ke used on
a2 buiiding located in Greensboronsy N Cs {latitude equa ls
BH .07 degrees)  for December 21 at 10:00 solar time during
the first year in the Life of the building. The glazing

Plate Glass

material proposed in ai%esnative 1 is Pitisbhur
APPG) - Li2w SBolargrayvid glass wi th coefficients of
transmissiony ahger@tibn, and reflection egual fo D24,
DaTly and 05 vrespectivelys The cost of the installed
assenbly esguals 88.156 per sguare fToots The glazing material
proposed in alternative 2 is PPG wmetal edge Twindow
insulating glass comyagéd of 1/87 Craylitedl glass, with
coptficients of transmissiva, abscrption, and reflection of
@aﬁﬁ, D38y andy D06 respectivelyy and an inaner l1ight of

1/8¥% clear glass, with cosfficients of tronsmission,

3]

absorptiocny  and reflection of D88, - D07, and <08

=

res@ea%iveiya The two lights in the comﬁiﬂeﬁ assembily a?a‘
separated by a 1/4% air spaces The cost of the instaliled
asseably eguals 35,40 per sguare footse The orientatiocon of
the éﬁ@@ sguare ifeet of. vertical feanestration glazing
materiai is due B0GThe The building has a calculated heat
loss of 240,080 BTU per bhours total heat geain from sources
é%her than the glazed assemblies 1o bhe avalyzed eguals
30,000 BTU per hour. The building is to be heated by an oil

fired Fforced air sSystemy, and is fto be wmeintained at T8

—130~
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degrees FTFahrenheit. The supdly air temperaiturs { heat

temperature) eguals 18D degrees Fahrenheit. Cost of fuel
oil for the heating system eguals 478 cents per zallon.
FTen thousand cubic feet per minuis of ouitside aiwx is o be

used Xor ventilations The outside alr temperature is 28

degrees Fahrenheit with a € mph wind Dblowinge Percent

nossible sunshine eguals TE% The overall heati;
eificiency ¥or the heating sysitem is assumed to be TiH%.
opportunity rate for the anslysis eguals eguals 12%  per
anniam,s compounded Hailye Anticipated 1ife of the buiiding

is assumed to be 40 years. Determine which tType of mlazing

material should be used based upon a gresent worth models
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Part A! Climatic and Qperaticnal Data

1atitude o2f  the site, in degrees, wheres
investigation is to be made

LATITUDE = 26,07
day of year for which caleulation is te be

made

svlar time Lor which calculation is fto bLe made

TIME : = 14

)
¥

hour angle for solar time in degrees

HA = 3000

declination o9f the earth in degrees

DECLINATION = —23.45
teaperature of exterior environment in degrees
Fahrenheit

TEMPOUT = 28.00
ftemperature of intericy environment in degrees
Fahrenheit

TEMPIN = TG0
wind speed sSitvriking glazed surfaces in wmiles
ey hour )

MPH - = 6200



calculate solar - altifude in degrees Lfrom
Egs 1

ALTITUDE
enter azimuth of the glazed region {(in
degrees) under investigation

WAZINUTH
enter tilt angle {in degrees) o#f +the surface
under investigation

SIGHA
enter percent possible sunshine From
statistical references Tor day and time under
investigation

PPy

caleulate from H@. 5 the correction factor for
percent possible sunshine

caleulate solar azimulth in degrees from EQe 6

AZIMUTH

calculate wali-solar aziwmuath in degrees fron
either EQ» 83 o0r EQ» 8 depending upon time of
day and wall azisuth

WSAZIMUTH
£ ram statistical refersnces enteyr Hgivrect
radiation normal to ths =sarth?®s surfece in 8TU
per {bour) {sguare Foot)

DIRECT

2h.D7T

BU00

34 .57

3457

2F4 .00



Trom Efe. 10s calculate the angle vf incidence
in degrees solar beam strikes glazing

INCIDENT

calculate from EQ. 11,4 the guantity of direct
solar radistion striking sglazed surface iu BTY
per {hour) {sguare Foot) '

ALLDIRECT

entry the fotal buildisng heat loss, in BT per
honry for the day and  hour for which
caleculation is to be made

LOSSTOTAL

enter the number of sSguare feet of glazing
material ungder analysis {all glazed
Ffenestration under investigetion must have the
same orientation)

eater the total building heat geain f€rom
components other than the glazed fenesiration
under study )

SUBGCAIN

snter whether heating system is a, e
circulating working Fluid syvstem {(BEFFS) o A

forced air system (FAB)

SYITEY
enter the aiyr pressure of the outdoor air in
pounds per sSguare iach

PRESSURE

4171

1789.87

240, 000,00

4209.00

B0, 00000

FAS

14,70
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calculate the density of the working fluid in
pounds per cubic Foof using FEQ. 55 for RYFS or
EBQe 56 for FAS given, for FAS, TEMPEAS eguals
TEMPOUT

DENSITY
eater the efficiency wating for the heating
‘system

EFFICIENCY
if heat is pruviﬂaé by a ZfLorced air system
{FAS) 2nter the amount of air drawn Ianto ithe
system Lrom the exterior  environment in cublic

feet per minunte

AIRFLOW

it heat is provided by a Fforced air systewm
a2nter the specific heat at constant pressure
for air in BITU per {pound mass) {degree
Rankene)

SPECVOL .
if heat is previded by a forced alr system
enter the supply tempervature in degress

Fabrenheit

SUPPLYTEYP

enter type of fuel used by heating system

FUELITYPE
calculate cost of fuel per XWH from EQe 63y or
selsct Ffrom Table 3

EHCOST

104,000.00

D24

18080

I

0143
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enter opportunity rate per interest period for
cost center

OPRATE = D HOO3IZ

enter number of interest periosds per year

=39

PERICBS =
enter iaterest wseriod in 1ife of building
analysis represenits

YEARS = ' BEE
enter anticipated number o0f iIinterest periods
in 1ife of buildiag

LiF

i
il

144400
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Part BY Heat Gain Calculaticn Throush Sinsgle Glazing

—— -—

Y

¢

T

{Alternative 1) -

from Table i s2lect the solar-optical
properties for the alternative glass type
under investigation :

TRANSY¥ISZIVITY

ABSORPTIVITY

HEFLECTIVITY

calcuiate the guantity of radiation reflected
by the gliass in BTU per {hpour) {sguare fooni)
£from EQQ 17

caicualate the guantity of radiation absorbed
by the glass in BTY per { hour) {sguare Ffoot)
FTrom EQe 18

ABSORBED
caiculate the guantity o radiation
transmitted through The glass in BTU per
{hour) {(sguare FToot) Ffrom Eg. 18.

s

TRANSMITTED

De 71

Ge 05

12778
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gilven that ABSORPTIVITY egquals BHISSIVITY, and
HBADCONOUT sgua ls 4ol BTU per degrees
Fahreﬁhei%,-éaiﬁulaﬁﬁ tThe average teoaperature
of the glass in degrees Fahrenheilt Frowm EQ»
2lals

MEANGLASST EMP
cailculate 1the combined coefficient of heat
transfer from tThe inner surface of the glass
in BTU per {bour) {degree Fahrenheit) from EQ.
Z2he 20

RADCONIN
calculate tThe combined heat transier
coefficlient for the glass and air Tilwms in BTU

per degree Fabrenheit from S0« 21wl

u

£rom EQes 21, calceulate the heat galin
contrivution Trom the re—radiation = and

convection of direct radiation absorbed by the
ginss in BTU per {nour) {sguare Ffoot)

RADCONVECT
calculate the total rate of heat transier from
direct radietion passing thrvough glass in BYU
per {bour) {sguare foot) from EQs 22s

DIRECTGAIN
calcecalate the regulired buildiag auvgmentation
in BTU per hour Ffrom FQ, 33

AUGHMENTATTON

64.97

1.13

o
®

2]
b

t
&
®
e¢

659772200
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Part DY Life-cycie Enersy Cost Calculation

{Alternative 1) -

calculate tThe amount of energy consumed by the
heatﬁv v
for REFSy or EQe B9, EDs $Hly and EQes 62 for
FAS

ENERGY

VENTWARY

TOTALENERGY
calcuiate cost ot heating in dollars, fLfrom EQ.
H44 FTor FAS, or Efs 548 for RWFS

HEATCOSY
enter initial cost of glass analyzed in this
study in dollars

GLASSCOST

calceculate the single present worth factor for-

this anslysis from El. 37

SPw
calculate the present worth of HEAYCOST from
EQ» 38y given FUTURE equals HEAYCOST

PRESENY

2z system in BTU per hour using EQ. 59

fl

BD3,860.00

29626, 714

1100

B4 27200

(o
.

o2
2]
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sum PREISENT and £LASSCOST 4o  produce
cycle cost for this static apalysis

LG

1ife~

[

[¥4]

P
ok

e
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fexd

Part ©: Heai Bein Calceulation Ehf@ugh Doubtle Clazing

{Alternative 2) -

from Tabkle i select the selar—-optical
properties for the exterior laver of glass in
the doublie glass assembily

TRANSHISSIVIPY = ‘ D56

ABSORPTIVITY = D98

il
by
&
&

REFLECTIVITY

£ rom Taple 1 select. . the solar—optical
properties Ffor the interior layer of glass in
the double pglass asssmbily

TRANSMISSIVITY2 = D85
" ABSORPTIVITY? = 007

REFLECTIVITY2

i
@
&
[
&0

calcuiate the wguantity of radiation absorbed
by outer layer of glass in BTU per {hour)
{sguare Ffoot) Ffrom EQ. 18 :

ABSORBED = . HR.32D



e B

From manpufacturer?s specifications enter
air space thickaess For the double gl
assemnbly in inches

AIRSPACE

gZiven that RADCONGUY eguals 4.0 BTU per dearee
Fahrenheit, calculate the mean glass alir space
temperature in degrees Fahrenheit from ED. 26

WEANGLASSYTENP

calculate the temperature difference of the
surrounding air in degrees Fahreanhell from EQe
27 ' '

TEMPDIFF

calculiate the effective air sSpace emissivity
Ferom EQ. 28

EBMISSIVITY

select the appropriate heat transfer
coefficient for convection and radistion in
BT . per {houar) - {sguare Foot) {degree
Fahrenbeit) from Table 2

INTERCONSTANT

Ziven that the emissivity {(ENISSIVITY) For a
doubie glazed assembly  eguals its effective
emissivity {EEMIZSIVITY) calculate the
combined coefficient of heat tTransfer Tor the
innpey suprface of the assemkly ia BYTUY pewr
{hour) {degree Fahrenheit) from EQ. 21.2

RADCONIN

5757

42.00

D063
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given that RADCONOUY suuals 4.0 BTU per degree
Fabrenhelt, caleuiate the combined heat
transier coefficient Ffor the glass and air
filwms in BTY per degree Fahrenbeilt from EQe
213 '

U

calculate the rate 0f convective heat transfer
through the osuter lIayer of a douvble glazmed
asseably in BTU per {hour) {sguare fooit) Lrom
EQ. 21

RADCONVECT
calcunlate the rate of ﬁanVQtﬁive heat transfer
through double glazing ia BTU pewr {hour)
{sgunare foot) From EQ. 30

calculiate the rate of direct transmission of
radiation tThrough deouable glaziangg in BYY per
{heousr) {sguare Ffooit) Trom EQs 33

DIRECT2
calceunlate the total rate of heat ftransfer from
direct radiation through double glazing in BYTE
per {(hour} {sguare foot) from EQ. 33

DIRECTGAIN
calculate the reguired building aupmentation
in BTU per houvr from ER. 54

ADGMENTATION

"'i:;;iﬁ ‘%2

«f
&b
o

b
5y

—97,650.00



Part D2 Life-cycle Energy Cosit Calcoulation

{Alternative 2)

calculate the amount of energy consumed by the
heating system in BTU per hour using EQ- 59
for RRFS, ox L. 59, EQs Hi, and EQ. 62 for
FAS '

ENERGY

VENTWARM

TOTALENERGY
cai@ﬂia%e cnst of heating in dollars, from EQs
64A for FAS, or EQ. 6485 for RWFS

HEATCOSY
enter initial cost of glass analyzed in this
stuady . '

GLASSCOSY
calculate the single preseant worth factor fox
this analysis Ffrom 58. 37

SPW
calculate the present worth of HEATCOST Lrom

EQes 38y given FUTURE eguals HEATCOST

PRESENT

D00

8,00

0.88

J-00
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sum PRESENY aond GLASSCOIT to prodace
cycle cost for this static analysis

LOC

life—

s
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A;Qerna&ive i

regulired building augmentation sanergy in BTD
per hour

AUGHENTATION =  Hh,TT2.00
amount of energy consumed by heoling system in
BTU pexr hour

TOTALENERGY = 29626, 714.

cost of heating in dollars

HEATCOST 11.006

cost of glass

ke
>}

s
g
v
4]

ot

GLASSCOST = 34,272-.-00

present worth of cost of heating in dollars

&
)

o
£}

PRAESENT =

jife-cycle cpst in dollars

Lce » = D4,281l.568



Alternative 2
reguired building auvzgmentation eneryy in BTU
per hour
AUGMENTATION = =97, 650.00
amount of energy couasumed by heating system in
BYU per hour :

TDTALENERGY = (.00

cost of heating in dollars

HEATCOST = D00

initial cost of glass

GLASSCOST = AV,480.00

present wsorth of cost of heating in dollars

PRESENT = .00

life-cycle cost in dolilars

Lee = 38,480.00
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Resulis of Case Study

On the basis of the analysis conducted between the two
alternative glazing materials aliternative 2 {the metal edge
Twindow) is more sSatisfactory on ﬁ@e basis of the sSpace
heating costs for the 1location, time, and date specified
{HEATCOSTY}s This anaiysis for alternative 2 is inconclusive
2yven For this particualar hovr of the year since tThe
addi tienal 8745650.00 2BTU of soclar heat galn {AUVSHENTATION)
would have 1o be removed Irom the building at additional
E@Stf {Costs of energy in this paper deal only with space
heatings )

Based solely upon a life-cycle cost analysis, {LUC) for
this houar of the year altersnative 1 is more satisfactorys
primarily because of its Llower initial cost {GLASSCOET)Ys A
climatic sisunlation wounild be pnecessary 1o allow a total

analysis between these two alternatives.
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A YMETHODOLOGY FOR THE EVALUATION OF 7%

PERFORMARCE OF WINDOYS BASED UPON LIFE~-CYCOLE COBT
by
Ti@@thy e Butler

{ABSTRACT)

The purpose of the research described herein was 1o

establish the algorithms necessary 1o pertforsm life—-cyrcle

{

®

cost analyses of the solar heat galn fYThrough buildiag

.

windows as a8 Tuncition of tThe ability zing to alleow .

e

the penetration and utilization within the interior built
environmsent of avaiiable sensibile pradiation from the natural
envifoﬁmenﬁm The l1ife-cycile cost model allows evaluations
which will influence the glazing selection in wesponse to
seasonal changes in insﬁla%i@n and the net energy effect of
prientatione

The rasearch consisted of two phasess The first
inciuded a search of the iiterature on energy related
studies and reszulted in a ocomgilation 2f algorifthms
aecessary to determine heat gain through windowsy; sguations
reguired to determine energy cmsi,'&hd eguations necessSary
to perform life-cycle costing. The second phase ©f the
research was a synthesis process fo resolve interfacing
problems Dbetween unlike calculation systems and units of
neasyre which were encountereds This was accomplished

through basic inductive processes fTamiliar to life-cycle



costing/value engineering techaniguess This resulted in a

schematic aodel to corvrelate the heat

ain calculation with
the energy coest calculation to determine the lifte—cycle cost
for the wiandow assemblys |

The research builft upon existing processes to develop a
more comprehensive techpigue fTor the analysis of window
systems to aid in meeting SConomMmic performance

specifications during the winter heating months.
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