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Energy-effectiveness factor
A new evaluation function permitting comparison of
alternate in tegra ted conversion systems. -

Throughouttheengineeringsciences,thecon
ceptof evaluationfunctionsis employedasthe
prevailingtechniquefor comparingalterna
tives. And in the design of machinery,com
ponents,or systems,the iterative processof
organizedcomparisonsof alternativesis the
fundamentalmethodof ultimately achieving
the best result from the alternativesconsid
ered.Someexamplesof evaluationfunctions
include temperature,specific heat, specific
weight,enthalpy,modulusof elasticity,ther
mal efficiency, coefficient of performance,
and many others.

This chapterposes the needfor, and pre
sentstheconceptof, a newevaluationfunction
calledenergy-effectivenessfactor.

The needfor thedevelopmentof a concept
such as energy-effectivenessfactor was cre
ated by a combinationof the awarenessof
limited energy resourcesto provide for the
needs of an increasingly energy-dependent
society and the increasing attention being
given to the concept of integratedenergy
conversionplants cogenerationsystemsor
energycommunities.For the purposeof this
discussion,anenergycommunityis definedas
a systemwithin defined boundarieshaving
energyneedsin oneor more of the following
forms:

* Shaft power.
* Light.
* Heat loss to surroundings,requiring an

equal input to maintain steady-statecondi
tions.

* Heat gain from surroundings, shaft

power,light, or biological cycles,requiringan
equal removal rate to maintain steady-state
conditions.

The energyeffectivenessfactor, Ee, is de
fined asa dimensionlessratio thatenablesthe
effectivenessoftheconversionofenergyfrom
thedepletableresourcepotentialform to the
final useform to beexpressed.

In efforts precedingthe origin of the inte
grated conversionplant concept,evaluation
functionsdirectedat comparingor illustrating
the effectivenessof the conversionincluded:

* Thermalefficiency-thenet work deliv
eredby a heatengineto someexternalsystem
divided by the heat supplied to the engine
from a high-temperaturesource,in consistent
units dimensionlessdecimalor percent,gen
erallynottime integrated;i.e, a powerratio at
design output.

* Heat rate-usually applied to electric
power generatingplants and defined as the
annualor seasonalfuel input in thermalunits
Btu dividedby theplantelectricalproductin
kilowatt-hoursBtu/ kW-hr.

* Fuel rate-usually applied to internal
combustionprime moversanddefinedas the
fuel input in gravimetric or volumetric units
dividedby theshaftor deliveredenergyoutput
suchas lb fuel/hp hr.

* Coefficient of performance-a power
function relating to refrigeration machines
anddefinedas theratio of therateof heatinto
therefrigerationsystemfrom the low-temper
aturesink to themotivatingpowerinput, both
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expressedin consistentunits dimensionless
ratio. A dimensionalform of COP is called
the energy-efficiency ratio, EER, with the
numeratorexpressedin units of Btu perhour
and the denominatorin watts Btuh/W.

* Conversionefficiency-afunction relat
ing to energyconversionin plantswhereinthe
conversionis from a potential containedin
input fuel or resource.to a high-level thermal
output, defined as the useful thermal form
output divided by the potential combustion
heatinput HHV in consistentthermalunits
a dimensionlessratio usuallyexpressedas a
percent.

Develop energy effective use
Integratedplantshavebeendevelopedthrough
efforts to makemoreeffectiveuse of resource
energypotential.Theyincludeplantswith the
following combinationsof products:

* Electricity and heating.
* Electricity, heating,andcooling.
* Electricity and cooling.
* Heatingandcooling.

In evaluating the effectiveness of these
energy service facilities to provide for the
needs of any given energy community, a
methodof comparisonof alternativeschemes-

is mandated.If anevaluationfunction method
is usedfor the comparison,the samemethod
canbe employedto comparetheperformance
of the operatingentity to the performance
anticipatedduring-theearlydecision-making
stagesof design.

How to determine Ee
To develop the conceptof energy-effective
ness factor, Ee, consider two plants that
provideonly oneform of productenergy.The
first plant, illustratedin Fig. 61-1 by thefirst
law balancediagram, is an electricalgener
ating plant. Definition of the boundariesis
extremelyimportant,andfor thepurposesof
this discussionthe boundariesare definedas
the plant itself andits distribution networkto
the point of product delivery. What occurs
within the boundariesthe "system" in the
form of energy conversioncharacteristicsof
the subsystemsand componentscontributes
totally to thevalue of Eebut is not relevantin
thefinal analysisof the numericalcalculation.

Since theenergyflow from the "system,"E,
and theproductdelivered,e,arebothfrom the
plant to the community,

- product energyflow

e E.

Fig. 61-1. First law balancediagram for electric conversion"system."
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ernj6eatRl.

FIg. 61-2. First law balancediagramfor thermalconversion"system."

In the example, the annual product de
livered is I million kW-hr, which expressedin
equivalentthermalunits is 3.413GB.*

Theinput fuel energy,F, is expressedas the
high heat value of the depletable energy
resourcesfossil or nuclearfuel consumedby
the systemannually.Sincethis energyflow is
also in the samedirection as the product
flow,f,

f=F.

And for theexampleshown,F = 11.38GB.
The Ee is calculatedby dividing the output

product by the inputproduct, or

Ee = e/f

= 3.413/11.38

= 0.30.

The analysisto determinethe input energy
required to generatethe useful output con
sisted of highly sophisticatedcalculations
involving plant machinerycharacteristics,an
nual load profiles, part load subsystemper
formanceprofiles,plantburdens,combustion
losses, distribution system losses, etc.; but
oncethe input requiredto producetheannual
outputwas determined,the only datarequired
to calculateEewerethe inputquantityandthe

delivered output quantity. Also, the only
instrumentationrequiredto determinetheEe
of an operatingplant is meteringof theannual
input andproduct.

The secondexampleis theplant illustrated
by the first law balancediagramof Fig. 61-2,
which is a thermal plant supplying steamto
the energy community. The thermodynamic
differencebetweenthis andthefirst exampleis
that we now havea first law conversionplant
insteadof a secondlaw conversionplant. But
as in the first example,both the energyflow,
H, andtheproductflow, h, arefrom theplant
to thecommunity; thus, again, -

product= energy-flow

h H.

In the example shown, the product de
livered,h, is 3.0 GB, and the input product,f,
is 4.6 GB. The energy effectivenessis then:

Ee = h/f

- = 3/4.6

= 0.65.

In calculatingthe energy-effectivenessfac
tor, all inputsto theplant mustbeexpressedin
thermal value of fuel. Thus, any electric
energyinput to the thermalplant of Fig. 61-2
muSt be divided by the Ee.ofthe generating
plant that producedthe electricity and the*l GB = 1 X lO iltu.
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quotient addedto the thermal value of the
input fuel for the thermal plant.

If the productsof Figs. 61-I and 61-2 were
to be producedby an integratedplant pro
ducingbothsteamandelectricity,thefirst law
balancediagramwould appearas in Fig. 61-3,
where

e = 3.413 GB

h = 3.0 GB

f= 11.38GB

Ee = e + h/f
= 3.413 + 3.0/i 1.38
= 0.56.

Note that the Ee of this combined plant,
comparedto the Eeof thetwo separateplants
in servingthe samecommunity requirements
0.40,** revealsa 40 percentmore effective
use of the resources.

The Ee thusdevelopedis analogousto the
conceptof seasonalefficiency as applied to
eitherthefirst law or thesecondlaw plant. The
energy-effectivenessfactor makesit apparent
that in an integratedplant, the "seasonal
efficiency" for thegenerationof electricpower

**The sum of the two outputs, 3.413 + 3.0, divided by the
sum of the two inputs, 11.38 + 4.6, = 6.4l3/ 15.98
= 0.40.

is identicalto the "seasonalefficiency" for the
generationof thermal energy,and the "sea
sonal efficiency" for each is equal to the
energy-effectivenessfactor.

A look at heat removal
Most energy communities have three basic
forms of productenergyrequirement:

* Electric energy-for lighting and power
drives.

* Heat addition-to offset heat lossesto
surroundingsmaintainingcomfortconditions,
to heat water, and to provide for process
needs.

* Heatremoval-toremoveheatandmois
turegainedfrom surroundings,to providefor
low-temperaturestorage,and to meet low-
temperatureprocessneeds.

The heat removal could be accomplished
within the communityby one or a combina
tion of electricenergy to powercompression
refrigerationmachines,fuel to powera prime
mover driving compressionrefrigeration or
poweringabsorptionrefrigeration,or thermal
energy to power absorption refrigeration.
Even the most cursoryconsiderationof the
phenomenonof balancingthermal arid shaft
requirementsof a combinedplant revealsthat
the load balanceis a function of the product
delivered or, statedanotherway, a function of

Fig. 61-3. First law balancediagramfor electric/heatconversion‘system."

and
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the energycommunitysystems.If these are
balancedbetween the thermal and electric
forms such that they optimize the use of
salvageheatfrom the secondlaw generating
processwithin the plant, the sum of e + h
comparedto f will increase.As a result, the
energyneedsof thesamecommunity,although
remainingfixed, will be providedfor with less
consumptionof resourceenergy.

In many cases,such as central heating-
cooling plants, total energy or cogeneration
plants, and recent conceptualdevelopments
known as MIUS and TIES*** systems,the
cooling requirementsof the community are
integrated into the plant. In this case, in
addition to the electric and heatenergysup
plied to the community, heatenergy is re
moved from the community to the plant
throughalow-temperaturefluid systemeither
singleor two phase.Fig. 6l-4a is a first law
balance diagram for a plant that includes
productsof electricity, heating,and cooling.
Note in the first law balancethat thecooling
energy entersthe plant boundaries.Despite
this, it representsa plantproduct delivered.
This phenomenon,recognizedby any student
of thermodynamicsthat the energy flow is
negativewhile theuseful productis positive,
is thephenomenonthat led to suchevaluation
functionsascoefficientof performance,COP,
and more recently energy-efficiency ratio,
EER, bothconceivedto expressthe relation
ship between low-temperatureenergy re
moved and energyconsumedto accomplish
the removal.

COP defined
Classically,coefficientof performanceis de
fined as refrigerationeffect divided by input
energyrequiredto accomplishtheeffect, both
expressedin equivalentunits. -

As statedabove,fuel, electricity, or thermal
energycould beconvertedoutsidethe bound
ariesof the plant to providethe cooling needs
of the community. If this were done, the
energyrequiredwould be:

where

cooling required
e, h, orf

COP5

COP5= COPof communityrefrig
erationsystems.

It is germane to the concept of energy-
effectivenessfactor to recognizethat the con
siderationhereis to establishthevalue ofthe
product producedby theplant in units con
sistent with thoseof the other products,and
that how the refrigeration is accomplished
within the plant is irrelevant. Thus, the nu
merical value of COP5 must be fixed at a
level commercially available in community
systems.Theoretically, the COP5 could be
the annually integratedCarnot COP; in re
ality, however, the Carnot COP cannot be
reasonablyapproachedfor any systembeing
comparedor evaluated.

As an exampleof a reasonablevalue re
lating to articlesof commerce,it is suggested
thatCOP5be set at thevaluesestablishedin
ASH RAE Standard90, a consensusstandard
for energyconservationin newbuildings.The
standardsets minimum values of COP for
various size categoriesof machinery,consis
tent with achievablelimits in articlesof com
merce. Thus, these values, calculated by a
weighted average of the connected loads,
could serve as useful constantsin defining a
universalevaluationfunction.

The energy-effectivenessfactor -for a com
bined plant that includescooling productcan
thenbe developedby addressingthedifference
betweenthe first law balancediagramof Fig.
6l-4a andthe productdiagramof Fig. 6l-4b.
Again, the boundariesof the system being
evaluatedmustbe carefullydefined,and in the
simplest terms must include the conversion
plant, distribution system,and any satellite
conversionapparatusconnectedto the dis
tribution system. In convertingfrom the first
law balanceconceptto the product concept,
the boundariesmustbe heldfixed.

Referringto Fig. 61-4a, the energyvalues
are:

E = annual electric energyoutput kW-hr
X 3413,

-***MIUS is Modular Integrated Utility System and TIES
is Total Integrated Energy System.
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- c: 0.30
Fig. 61-4.a.First law - balance diagram for electric/heating/coolingsystem.b. Product diagram for
electric/heating/coolingsystem.

H annualheat energyoutput Btu,

C, = annualcooling energyinput Btu,

F = annualfuel energyinput Btu,

W = annual energy wastedto environment
Btu. -

- And the productvaluesfor Fig 6l-4b are:

The energy-effectivenessfactorfor the inte
gratedplant of Fig. 61-4b is then:

- - - Eere+h+c/f. -
The numerical value of COP5 used to

convert-the-coolingenergyof Fig. -61 -4a to the
cooling product of Fig. 61-4b was 1.8. This

valuewastakenfromASHRAE Standard90,
a 1977valuefor apparatuswith a capacityless
than65,000Btuh,which would typically repre
senta residential-typeenergycommunity.The
Ee for the combinedplant servingthe com
munity is:

3.413 + 3.0 + 0.33

11.38
Ee =

0.59.

Use Ee for solar, too
Theconceptof energy-effectivenessfactor is a
useful tool in quantifying the Value of using
nondepletingenergy sourcessuch as solar
energy.As an example,if the"system"of Fig.
61-4 were to be designedwith a solar collec
tion and conversion systemthat, with the
same product, required only 10 GB of fuel
energy reducedfrom 11.38 GB by the solar
energyutilized, the Eewould be:

2

e =

- h-=H,

- c = C/COP5,

f = F.
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3.413+ 3.0 + 0.33
Ee =

= 0.67.

10

Thus,therewould be a 14 percentincrease
in the effectivenessof the use of resource
energyresultingfrom the solarcontribution.

In summary

Energy-effectivenessfactor is based on the
concept of product value ratio rather than
energy ratio. This providesfor the combina
tion of cooling energy, heatingenergy, and
electric energy in a singleevaluationparam
etera combinationrequiredfor a total eval
uation of effectivenessin theuse of energyin
contemporaryenergycommunities.

If properly applied, it provides a consis
tentlyvalid evaluationfunctionfor bothcom

paringalternativemethodsof conversionfor
any given energycommunityandcomparing
actualwith anticipatedperformanceusinga
minimumof instrumentation.

Energy-effectivenessfactor can be applied
to any integratedcommunity, from a single
residenceto anentireliving-working-transpor
tation community served by a single con
versionplant or by a multitudeof plantsand
direct fuel supplypoints. -

The fundamentalrequirementsfor proper
applicationareto convertrigidly from energy
to product termsand to define carefully the
boundariesof the analysis.

In a-studyof oneenergycommunityserved
in 18 different manners,the energy-effective
nessfactor was found to vary from 0.28 to
0.41-6with the consumptionof resourcevary
ing in inversecorrelationfrom 360 to 263 GB
per year. -


