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Proposed format for
organizing the study of
building energy economics

Because of the demands of an affluent society and
readily available, competitively priced fuel sources, major
efforts of the engineering community were concentrated on
performance parameters rather than energy
economics. . . A point has now been reached in our society
where this concept of energy economics will soon be a
lasting criteria in the design of any energy conversion
system. Thus, a new subscience is imminently required-
the applied science of energy economics C

Because of the revolutionary advancesin
building environmentaltechnologyof the last
four decades,approximatelyone-third of all
energyresourcesconsumedtodayis converted
directly or indirectly for the purposeof en
vironmentalcontrol in building spaces.Dur
ing this periodof rapid technologicalgrowth,
the demandsof an affluent society and the
readyavailability of competitivelypricedfuel
sources led the engineering community to
focus its majorefforts on performanceparam
etersin preferenceto energyeconomics.

However, competitive market pressures

This chapter was reprinted from A SHRA EJournal, May
1974 and was originally entitled, "Applied Science of
Energy Economics in Building Systems." Appearance of
this material in Energy Engineering and Management for
Building Systems does not necessarily suggest or signify
endorsement by the American Society of Heating, Re
frigerating or Air-Conditioning Engineers, Inc.

have recently led some practitionersto ex
plore methodsof evaluatingthe economics
associatedwith a building’s energy systems.
Onesegmentof the industry,systemdesign,is
concernedwith the developmentof specific
techniquesfor applyingtheseevaluations.As
it becomesincreasinglyevidentthat the world
communityis approachingtheintersectionon
the curvesbetweenavailable energyresources
and immediatedemand,thesetechniqueswill
provide the nucleus for a new parameterin
building systemsdesign:energy economics.

Theconceptof energyeconomicsshouldbe
a primarycriterionin thedesignof anyenergy
conversionsystem.If it is to be usefulto more
thana limited numberof informedspecialists,
its guidelinesmustbe baseduponspecifically
defined evaluationfunctions,which pastef
forts have not provided. The following dis
cussionis proposedasthe groundworkfor the
appliedscienceof energyeconomicsfor build
ing systems.
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The building environmental system

A diagram of the building environmental
systemis shown in Fig. 24-I. The box to the
extremeleft representsthe spaceto be occu
pied or conditioned.The spaceexperiencesa
heatloss or gain dependingupon numerous
factorsfamiliar to all practitioners.Therateof
this heat loss or gain at selectedmaximum
conditionsis definedas the heating load or
cooling load, respectively.The letterEshown
at various points around the diagramrepre
sentspoints of energyflow into or out of the
system. The arrow designationsare used to
denotethe directionof energyflow. Note that
arrow, E1, is double headed,i.e., a point at
which energycanflow in eitherdirectionis the
load and in the contextof this subject is the
block load on the building. If the building
consists of more than a single space, it is
conceivablethat heatwill flow into thebuild
ing systemat onepointandoutat another;the
net of theseflows is the block load.

The terminaldelivery systemand terminal
control systemblocks are, in many systems,
either interchangedin the relative locations
shown on the diagram, or, in some cases,
integratedinto a singlecomplexentity.

Thermalenergy flows from the spaceinto

theterminalsystems,or from thesystemsinto
the space,at a rateand quantityequalto E1,
thusmaintainingthedesiredspaceconditions.

Energy required to motivate the terminal
delivery systems is illustrated by E2. The
terminalcontrolsystemis the point or points
at which the conditioning of the air takes
place,i.e., wherethe psychometricproblemis
solved.Theenergywhich flows into andoutof
theterminalcontrolsystemis madeup of load
energyE1 which can enter or leave; input
thermalenergydistributedfrom thehigh-level
sourcesystem;leaving thermalenergydistrib
uted to the low-energy source system; and
terminal distribution systemmotivating en
ergy E2.

The high-levelsourceis madeavailable to
thesystemat a level abovethespacetempera
ture andthelow-levelsourcesystemprovides
a sink at a level below thespacetemperature.
From the standpoint of energy flows, it is
quite common that within the terminalcon
trol system,energy will flow from the high-
level distribution systeminto the low-level
system,bypassingthespaceunderusualoper
ating situations.Thus, if thedirectionof E1 is
from thecontrol systemto the spacenet heat
load, the flow of energyfrom the high-level
sourcemayexceedthe valueof E1, theexcess

Terminal Control
System

Losses

Fig. 24-1.
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Table 24-1. Summary of evaluation functions.

Function Symbol Units Description

Specific building cooling load /3, Btuh/sq ft Building block cooling load/gross area
Specific building heating load f.3h Btuh/sq ft Building block heating load/gross area
Specific system cooling load ir, Btuh/sq ft Cooling system design load/gross area

, Specific system heating load ir Btuh/sq ft Heating system design load/gross area
Specific electric power cooling K, kW/ton Cooling system electric demand/system design load

ut
Specific electric power heating
Specific thermal power cooling

cn
r,

kW/MBH
MBH/ton

Heating system electric demand/system design load
Cooling system thermal demand/system design load

Specific thermal power heating Th MBH/MBH Heating system thermal demand/system design load

C
a

Specific thermal energy e, MBtu/sq ft Annual input thermal energy/gross area
Specific electric energy e, kW-hr/sq ft Annual input electrical energy/gross area
Energy constant C, Btu/kW-hr Fuel input to generate usable electric energy
Summary specific energy MBtu/sq ft , + C, e,

representingaquantityof energyflowing into
the low-level system.

Energyflowing into or out of the distribu
tion systemmayenteror leaveat theterminal
systemor thesourcesystems.InputsE3 and E4
representenergy required to motivate the
distribution systems.

Thehigh-levelsourcesystemconvertsavail
ableenergyat the building to a usefulthermal
form. In the commonplacecontext of fossil
fuel conversion,E5 representsfuel input plus
the energyto drive the feedwatersystem,the
combustionapparatusfuel pumps,F.D.fans,
etc.; E6 representssuchitemsas stack,radia
tion, transformer,and friction losses.

Thelow-levelsourcecanbeeitherarefriger
ation systemor a directtransfermechanismto
a temperaturesink lowerthanthespace.In the
former, the heat removed from the lower
temperaturesink is that moving from the
terminal control system into the low-level
distribution system. One componentof E7
representstheexternalenergysourceto moti
vatethe transfer,and E, representsthe "out
put" energy from the refrigeration machine.
Othercontributingcomponentsof E7 are the
auxiliary refrigerationsystemloads:conden
ser water pumps, condenserfans, cooling
tower fans, oil pumps, refrigerant pumps,
control power,etc.

The remaining component,E9 represents
* the irreversiblelosseswhich do notenterinto
the definedsystems.

Power functions

One goal of energy economicsis to provide
evaluationfunctions for use by building sys
temsdesign practitioners.The first of these
functions is the specjfic building load, $.

There are two Beta functions, f3h and
representingspecific building heating and
specificbuilding cooling load, respectively,in
units of Btuh/sqft. 13h is the designblock net
heatloss for the building and f3 is the design
block cooling load for the building. These
functions are calculatedby determining ac
curately the block heatingand cooling loads
and dividing by the gross building area.The
significanceof this function is that it repre
sentsa major input into theultimatebuilding
energy consumptionand, although it may
appearto be noncontrolledor independent
input valueto the environmentalsystemsde
signer,it is definitely a controllablefunction
as far asthebuilding designteamis concerned.
The unit areais selectedon the assumption
that, beyonda minimum comfort height di
mension, people use area, not volume, for
habitation.

Those aspects of building design which
effect the Beta functions include enclosure
materialswalls androofs;enclosureareaper
unit floor area;fenestrationsystemsandareas;
lighting levels,volume,occupantdensity,and
ventilation rate per unit area; weatherand
climatic conditions;building orientation,pro-
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gram, and use schedules;and indoor design
conditions.

It is evident that the essentiallynoncon
trolled input variables,given a building use
programandgeographiclocationor site,are
weatherand climate. All the rest are con
trolled inputs, establishedby the building
design team. In this particular function the
electrical designer can control the lighting
level input and the architectthe remainder,
with the exception of the ventilation rate,
which is under the control of the environ
mentalsystemsdesigner.Fromthestandpoint
of energyeconomics,ventilationratesmustbe
establishedon thebasisofcontaminants;e.g.,
generalventilation ratesmust be set on the
basis of cfm per personrather thanper unit
area. For other contaminanttypes, such as
cookingapparatusandsystems,efforts must
be soughtto reduceexhaustvolumesto an
absoluteminimum.

The Beta functions are power units-not
energyunits.They establishthe rate at which
thermalenergyentersor leavesa space.Fur
thermore,the two functions are not additive,
since the powerand energyvalueof a unit of
high-levelenergyis notequalto thevalueof a
unit of low-level energy.

The specific system loads

Thespecific systemloads,or Pi functions,like
the Beta functions,are expressedin units of
powerper unit areaBtuh sqft, andconsistof
two nonadditive components, 1T and irk,
representingcoolingpowerandheatingpower,
respectively.The Pi functions are definedas
the maximumcoincidentheatingandcooling
demandsor loads that the high- and low-
level sourcesystemswill see. Design aspects
which affect the Pi functions include Beta
functions, performanceparameterscontrol
toleranceof temperatureandrelativehumid
ity, terminal control systems,and distribu
tion systemspowerto fluids.

The Pi functions are a measureof the
maximumrateat which energywill flow into
and out of the sourcesystemsfrom the dis
tribution systems.To illustrate the relation
ship betweenPi and Beta functions: If a
building programconsistedof oneroomwith

one control zone, and the systemwere 100
percenteffective the Pi and Beta functions
would be equal. Although this is not the case
with most actual building systems, in the
practiceof building energyeconomics,every
effort shouldbe madeto minimize the differ
encebetweenthe two functions.

Insofar as the terminal control system is
concerned,it will follow in mostcasesthat the
smallerthedecrementbetweenthePiandBeta
functions,themoreefficient thesystemwill be
in reducedload energyconsumption.

A comparisonof this decrementis defined
as the terminal systemefficiency, in which

TC=’<lOO

7?TH -X 100.
7Th

Specific system electric power function
The Kappafunctionsspecific systemelectric
power,andK andKh aredefinedastheratio
of the electrical power input per unit of
coolingpowersystemcapacityandperunit of
heatingcapacity,respectively.K is expressed
in kW/ton and Kh in kW/thousand Btuh
kW/ MB H.

Kis determinedby addingthe input elec
tric powerusuallyrepresentedby E2, E4, and
E7, on Fig. 24-1. Theseincludein additionto
refrigerationdrives,the auxiliary or parasitic
loads listed below. Theseauxiliary loads,
additiveto obtain K do notall havethesame
value whenconvertedto the ultimateenergy
analysis.Thus,althoughtheyareall contribu
tors, each mustbe consideredseparatelyby
the systemsdesigner.

* Supplyandreturnfansin commercialair
conditioning systems have been found to
rangefrom less than0.1 kW/ ton to as highas
0.5 kW/ton. Of all the contributors to the
Kappa function, the fan systemsbecauseof
their high specific powerrequirementandex
tensivehours of use,should be the primary
target for energy reduction. Two variables
which affectthefanpowerrequirementarethe
quantityof air circulatedandthe air system
pressure.Thequantitycfm shouldalwaysbe



80 III I ENERGY ECONOMICS

establishedat the minimumpossiblelevel to
achieve acceptableperformance.Efforts at
minimizing the total systemair flow must be
accompaniedby carefulattentionto effective
air distribution methods.

Fan systempressureprovides a broader
areaof controloverthespecificsystempower.
The most commoncauseof high fan system
pressure requirementshas been the high-
pressureor high-velocitydistributionsystems.
There are two reasonsfor such systems:
pressureneededfor terminalunit control and
restrictivespacerequirements.The designer
can, in the applicationof energyeconomics,
assigna quantitativevalue to eachof these
requirements.In most casesthe value of the
spacesaved by the high-velocity system is
much less than the value of the energyused.
Thus,from the standpointof energyeconom
ics, high fan system pressuresshould be
avoidedwherepossible.

* C’hilled water pumping systems-Like
fan systems, the chilled water and heating
waterpumpingsystemspecific powerrequire
ment is a function of the flow rate and the
pressuredrop; also, like the fan systems,the
waterdistributionsystemsareessentiallycon
tinuousoperationloads,therebycontributing
significantly to the ultimate energy usage.
Pressurelossesin the systemshavebeenfairly
well establishedby the economicsof piping
systemsand heattransfersurfaces.Thus the
most readily controlled variable is the flow
rate. Since the flow rate is a function of the
systemtemperaturerange,it follows that, in
the designof hydronicsystems,themaximum
possibletemperaturerangeshouldbe takenat
all times. In larger systems,theadvantagesof
variableflow rateswith loadvariationsshould
also be considered.If load reductions are
achievedby reductionsin flow rather than
temperaturerange,significant energysavings
can be realized.An additional advantageof
thelongertemperaturerisesand the resulting
decreasedflow ratesis that theinvestmentcost
of the system is reducedbecauseof smaller
pipe andpumpsizes.

* Condenserwaterpumpingsystems-The
first effort at optimizing energy use in the
condenserwatersystemis theselectionof the

most effective sink. This has a significant
effect on the prime refrigeration energyre
quired. Once this is done,the flow rateof the
condenserwater systemis fairly well fixed by
machineryavailability andeconomicconsider
ations.Like thechilled watersystem,the other
variable contributingto the specific poweris
the pumping head. This head is createdor
establishedby the dynamic pressuredrop
through the condenser,in the piping system,
and in systemnozzles,and the static lift in the
system. The most common cause of high
condenserwater systempower requirements
hasbeenovercirculation,i.e.,a miscalculation
of therequiredheadwhenselectingthe pump,
andanexcessivepowerrequirementdueto the
resulting mismatch of systemcurve versus
pump curve.

* Cooling towerfans-Asidefrom perfor
mance and capacity requirements,the selec
tion of the cooling tower shouldbe made on
the basis of spacerequired,physical arrange
ment or configuration,constructionmaterial,
cost, and specific power requirement.All of
theseparametersareinterrelated,but product
literature and resultingapplicationhavehis
torically ignored the specific power require
ment. A searchof this literature revealsthat
towerswith the lowestpowerrequirementare
often the leastcostly and constructedof the
most desirable materials.Additionally, care
ful study of control logic schemes,although
not reducingthe specific powerrequirement,
can significantly reducetheenergyconsump
tion of the cooling tower systems.

* Air-cooled condenserfans must be con
sideredin the samemanneras cooling towers.
Generallytheselectionis morecomplex,since,
with a given ambient temperature,efforts to
minimize compressorhorsepowerwill result
in increasedcondenserfan power. Since the
condenserfan system in many applications
seesa full load throughoutcompressoropera
tion, the energyanalysisindicatesa consider
ablecontributionto theultimateconsumption
by the specific electric power contributed
thereby.As with the cooling tower, efforts in
control logic shouldbe aimed at reducingfan
energy during periods of reduced load or
belowdesign ambient temperatures.
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* Control power-Although the leastsig
nificant contributor to specific electric load,
the control power requirementscannot be
altogetherignoredby thesystemsdesigner.A
simple guideline in the applicationof pneu
matic systemsis that continuousbleed-type
controllersshould be avoidedwhereverpos
sible. As mentionedabove, many currently
availableterminaldevicesemploy fan system
pressurefor terminal control power. If this
feature leads the designerto select a high-
pressurefan system,the fan horsepowerbur
den must be recognizedas a control power
contributor.In this typeofsystem,thespecjf Ic
power consumptioncan be mostsignIcant.

* Refrigerationsystemdrives-Therefrig
eration drives, if electric, are generally the
largestsingle contributor to the specific sys
tem electricpowerfunction.Although design
parametersotherthanenergyeconomicsmay
leaddesignersto the selectionof refrigeration
systemswith excessivelyhigh specific power
ratings, the penalties in energy and power
must be recognizedandjustified.

Thespecificpowerrequirementis not neces
sarily a linear function with annual energy
consumption,but its computationwill leadto
areasof concentrationfor reducingthe oper
ating hours of the machinery or achieving
moreeffectivereducedload energyreduction.

The Kh function,thespecific heatingsystem
electric power, like the K, function, is de
terminedby addingthehigh-levelsystemaux
iliaries and the primary electricenergy input
whenthe latter is usedas the prime sourceof
thermal energy. The auxiliary loads to be
considered in the Kh function include fuel
pumping drives, forced draft fans, induced
draft fans,electricfuel heating,fuel compres
sors, condensatereturn pumps, feedwater
pumps,andcirculating water pumps.

These items are added together, then di
vided by the total systemhigh-energy-level
output capacityin mbh. In largesystems,the
useof increasinglyless machineryvolume to
achievegiven amountsof energy conversion
or heat transfertendsto higher Kh values.

Becauseof the manyadvantagesa variable
temperaturefluid offers, the most popular

heatingfluid systemsarehydronic,requiringa
pumping power linearly proportionalto the
product of the pumping head and the flow
rate.The20 F temperaturedrop from gravity
systemsusedin productdesignandpipesizing
tableshasbeenacceptedas a norm.However,
two significantadvantagesresultfrom longer
systemtemperaturedrops:lesspumpingpower
is requiredand smallerpipe sizes are called
for.

Specific system thermal power
Specificsystemthermalpowerthe Taufunc
tionsTc and Th is expressedin units of thermal
powerper ton of refrigerationMBH/ton or
per unit thermal capacity output MBH/
MBH. The annualthermal energy require
ment, thoughnot linearly relatedto the Tau
functions,will, in mostcases,varyproportion
ally. The numeratorsof these functions are
input values,so inefficienciesin thermalcon
version systems, convection and radiation
losses,andthermalsystemparasiticsmustall
be considered.

Energy functions
The specific powerfunctionsdiscussedabove
can be computed quite readily as building
system designs are developed and as the
machineryand componentsare selected.Re
ducingeachfunctionwill contributegreatlyto
theminimizationof building poweruse.How
ever,in thefield of energyeconomics,efficient
use of availableresourcesis the prime target,
and it does not necessarilyfollow that re
ducing theelectricand thermalpowerrequire
mentswill minimizebuilding energyconsump
tion. The next step, therefore, involves the
specific system energy evaluationfunctions
for thermal andelectricenergy.

The quantitativevalue of all input energy
has beenestablishedand reducedto specific
units.Whenthedesignerbeginstheprocessof
convertingtheseunits into energyfunctions,
hemuststudysuchvariablesas hourly weather
profiles, anticipatedbuilding use schedules,
and the reducedload characteristicsof each
energyconsumeror conversiondevice.

The initial loads, which resulted in the
determinationof the Beta and Pi functions,
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are usuallycalculatedto satisfy performance
requirementsduringanticipatedextremecon
ditions. However, building requirementsim
poseloadswhich areless thanthe designload
mostof the time.

Once the reducedload profile has been
established,therefore,thevariouscomponents
and subsystemsmust be analyzedto deter
mine their respectivepowerconsumptionsat
each reducedload condition. Virtually every
energyconversionsystemhas,on its capacity
versusinput energy curve, a point where the
powerinput perunit of output is minimum:
this is, the point of optimum efficiency. Even
those subsystemswhich have relatively low
input as a function of output will have an
exponential rise with reduced load, except
that the rate of increasewill be reduced.

The part load profiles are then combined
with the reduced thermal and electric load
power inputs for the different components.
The resulting annual thermal energy is ex
pressedin Btu’s divided by the building area,
yieldingthe specific thermalenergyconsump
tion, e,, expressedin MBtu/sq ft. Similarly,
the specific annualelectric energyconsump
tion, Ce, is expressedin kW-hr/sqft.

In units of energy,Ce can becombinedwith

e,by multiplying Ce by theenergyconstant,Ce,

requiredto generatethe power.This constant
will vary dependingupon availableelectric
source, generatingefficiency, distribution
losses,etc. from 8500 to 17,000Btu/kW-hr.
The producteCe can then be addedto e1 to
give the summary specific building energy
function, , in MBtu/sq ft. In a samplestudy
of ten similar usebuildings in the samegeo
graphicareaChapter23 this functionvaried

from 193 to 433 MBtu/sq ft.

Conclusion

The conscientiousapplicationof the concept
of building energy economicswill, in most
cases, increasethe engineering costs asso
ciatedwith buildingsystemsdesign,butshould
significantly reduceinvestmentcosts,power
andenergyconsumption,and,consequently,
energycosts.

Yet until anorganizedsystemof basicevalu
ation functions is universally employed,the
applicationof energy economicsin building
systemswill remaintotally subjective.If these
conceptswere to be applied to the energy
dynamicsof a representativesampleof build
ings, then a control range of the functions
could be madeavailable to the industry.


