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Single equation for
cogeneration financial
feasibility determination
The secondlaw of thermodynamicstells us
that a machinewhoseworking fluid under
goes a cycle cannotabsorbheatfrom a high-
temperaturesink and produce shaft work
without rejectingheatto a lowertemperature
receiver. The obvious way to improve the
effectivenessof use of the input high-level
energy,then, is to put theheatrejectedby the
cycle to some beneficial use. From time to
time, as economics,materials,machinery,and
the energy needs of society change, these
combined cycles are found to be of some
advantagein the overall schemeof energy
utilization.

Jn the earlydays of the twentiethcentury,
combined or integratedplants were quite
commonlyusedin closelyknit urbanareasto
provide utility electricity and steam; such
plants were also used almost universally to
provide electricityand heatfor largecampus-
type institutions.The Carnot principle, ad
vancesin materialstechnology,andmonetary
economicsled the utilities to largerplantsthat
condensedsteamat temperaturestoo low for
beneficialuse.The problemof providingheat
was thus separatedfrom that of providing
electricityat a timecommencinggenerallyin
the l930s.

With the era of relatively inexpensivenat
ural gas and fuel oil in the late 1950s and
throughoutthe l960s, such plantsagainbe
camean attractivevehiclefor providingelec
tricity, heatenergy,andcooling forbuildings.
This "new" systems technology was called
total energy, and most such plants utilized
internalcombustionenginesrathecthansteam
Rankinecycles.Increasedfuel costs,increased

costs of money,and othercircumstancessee
Chapter45 broughtan endto thepopularity
or common use of such plants in the early
1970s.

Cogeneration is new term
The latestinterestin the conceptis appearing
undera new label-cogeneration.Regardless
of the name,the techniqueis valid whenthe
correctconditionsandcircumstanceswarrant
its use; and regardlessof the validity of the
concept, the techniqueis invalid whenthese
circumstancesdo not exist.

Much time andexpensecan beavoidedin
the conductof studies,analyses,and research
if a simplesensitivityequationis appliedto the
problem as a first step. Such an equation,
which appliesto a systemthat consumesfuel
and produceselectricityandusableheatFig.
4 1-1, is presentedanddefinedin Fig. 4 1-2. A
very important limitation on the use of this
equationis that it appliesonly to systemswith
the product shownin Fig. 41-I. If one of the

Fig. 41-1. Block diagram of a combined electricity!
heatcycle.
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Fig. 41-2. The Cogeneration equation for electricity-heat cycle.

productsis coolingsuchas chilled water,this
equationdoesnot apply.

By direct application,onecanreadilydeter
mine the effect of any of the variablesin the
equation on the economicfeasibility of the
plant by changingthat variable, holding all
othersfixed, andcomparingKg to Kp. When

Kg exceedsKp, it is not feasibleto apply the
combinedcycle; whenKp exceedsKg, it may

be.The leastcontrollableor predictableterms
at this timearethe costsof electricityandfuel.
So it may be desirableto perform ananalysis

to determineat what relationship between
electric and natural gas ratesa plant might
proveadvisable.
Consider practical example
Consideran example.Kg is to beexpressedas
a functionof Ffor aplantof 500-kWcapacity,
usingthe utility companyas a standbyfor the
full demand.The plant is to bea naturalgas
engine plant and will produce 2.5 million
kW-hr of electricityperyear.Thevariablesfor
the equationare developedas follows:

* The plant will consist of two 250-kW
engines,eachwith afuel rateof 13,000Btu per
kW-hr at the averageload.

* Averageboiler efficiency for producing
steamis assumedto be 65 percent.

* For the engine used, 36 percent of the
inputenergycanberecoveredas 10 psisteam.
Therefore, Hr = 0.36 X 13,000 = 4680 Btu
perkW-hr.

* A comparisonof the thermal and elec
trical load profiles revealsthat 75 percentof
the salvageheatcan be used;thus, U = 0.75.

* Discussionswith the engine manufac
turer’s service agencyrevealthat a complete
maintenanceand service contract can be
obtained for $1.20 per running hour per
engine.With two engines,eachanticipatedto
run 7500 hr peryear,themaintenance,!service
costsare7500 X 2 X 1.20,’2,500,000,or M =

0.72q per kW-hr.
* The plant is estimatedto cost $500 per

kW, or a total of $250,000.The investorhas
determinedthata 20 percentreturnon invest
ment per year is acceptable;thus, the annual
cashrequirementfor amortizationis 20 per
cent of $250,000, or $50,000. I is then the
quotientof the annualamortizationcost and
the annual kW-hr generated, or 50,000!
2,500,000 $0.02perkW-hr or2q perkW-hr.

* Theutility companywill providestandby

A single equation that can be used for feasibility andsensitivity analysesof combined
electricity,’heat cycles is:

Kg = Fl0"4[R - l!75HrU] + M+ 1+ X
where

Kg = cost to generateelectricity, i perkW-hr
R = prime moverfuel rate,Btu perkW-hr
F cost of fuel, $ permillion Btu

Hr = salvageheatavailable,Btu per kW-hr

?7B = boiler efficiency in producingheat from fuel a < 1
U= utilization ratio for recoveredheatU 1
M = cost of maintenance, perkW-hr generated
I = amortizedinvestmentcost, perkW-hr

X = any otherfixed costs,e per kW-hr
The value of Kg determinedfrom the equationis comparedto K:

K = cost to purchaseelectricity, e perkW-hr.
Substitutionof parametervaluesdevelopedin thetext for theexampleproblemisillustrated

below:
Kg = FlO’4[l3,000 - 1!0.6546800.75] + 0.72 + 2 + 0.48

=0.76F+3.2.
The final expressionis plotted in Fig. 41-3.
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electric service at a monthlychargeof $2 per
kW of contract demand, with a resulting
monthly charge of $1000. The value of Xis
then the total of the 12 monthly standby
chargesdividedby theannualkW-hr, or 0.48c
perkW-hr.

Substitution of the variables determined
aboveinto thebasicequationis illustratedin
Fig. 41-2, yielding:

Kg = 0.76F+ 3.2.

This equationis graphicallyillustratedas a
plot of Kg versusFin Fig. 41-3. In this way it
canbeseenthat if the availablefuel costat the
proposedsite is, say, $3 per million Btu,
cogenerationcould be feasibleif the average
purchasedelectric cost is above 5.5e per
kW-hr. If it is below this value, no further
considerationneedbe given to the concept.

In the normal sphereof potential applica
tions, such plants which produce electricity
and beneficialheatenergy only are imprac
tical becauseof the extremelylow utilization
ratio for the byproductheat. In a "normal"
building systemsapplication,this utilization
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Fig. 41-4. Block diagramof an integratedenergy
plant providing electricity, heating, and cooling
products.

will be approximately18 percentin temperate
climates.In an effort to improve the utiliza
tion, designersandanalystshavesoughtaddi
tionalusesfor the powercycle rejectheat.It
must be rememberedthat if the steamuse is
createdsimply to improve the plant eco
nomics,thefinancialburdenwill still fall upon
the building economics;seeChapters26 and
43. One evident use is to motivate thermal
cycle refrigeration to be used for building
cooling; the ideal feature here is that the
cooling and heatingcomplementoneanother
in the time cycle.

Whenthis conceptis incorporatedinto the
cogenerationplant, it takes on the product
configurationillustrated in Fig. 4 1-4. Jnper
forming a legitimate analysis,onemustcon
sider the cooling cycle anintegralcomponent
of the plant, andthe cooling producta plant
output. This is true even if the cooling units
are physically decentralizedand not located
within theplant, ason manycollegecampuses.

Four terms added to equation
The cogenerationequationdevelopedabove
mustbe provided with an additional term to
credit the cost of generatingelectricity with
thevalueof the coolingproduct.Theequation
shownin Fig. 41-5 givestheadditionaldeduc
tive cooling term. The inclusion introduces
four additional termsandrevisesonetermin
the original equation.

To illustrate the use of the equation,con
sider the caseof a collegecampus,first using
the salvage heat for heating only and then
adding the cooling component.The cost to
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FIg. 41-3. Costto generateelectricity versuscost of
fuel for exampleproblem.
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FIg. 41-5. Congeneration equations for Plant Providing Electricity, Heating, and Cooling.

generate electricity is to be calculated in terms
of the fuel cost. Assume that the college
alreadyhasa cogenerationsystemthatburns
naturalgas andcoal and generateselectricity
with a Rankine cycle using steamturbines.
The machinerycost has beenamortizedto a
zero cost!value, but the maintenancecost
covers day-to-day componentreplacement.
This costis determinedto be0.75gperkW-hr;
thus, the only fixed cost componentis M,
which is equalto 0.75g.

* The steamrate of the turbines is 35,000
Btu per kW-hr, and the averageboiler effi
ciency is 75 percent.Thus,Tg is 0.75, andR is
35,000 ± 0.75 = 46,667 Btu per kW-hr.

* The recoveredheatavailable is the tur
bineheatratelessthe heatvalueof the kW-hr

generated;35,000-3413= 31,S87Btuofsal-
vageheatperkW-hr generated.

* Theutilization ratio for salvageheatused
for heating, domestic hot water, and other
building needsis 30 percent,or UH = 0.30.

* The steamusedfor absorptionrefrigera
tion is anticipatedto be 25 percent of that
generated;thus, Uc is 0.25, and thesteamrate
for the absorptionunits, AR, is to be 18,000
Btu per ton-hr.

* For comparativepurposes,the refrigera
tion could be producedat 1 kW per ton if
electric compressionmachinerywere used.

The solution to the heating-only plant
equation is shown in Fig. 41-5 to be Kg =

3.40F+ 0.75. The analysisfor the plant that
includesthe cooling can be performedin two

* For electricity andheatingonly:
Kg = F104 [R - l!iis HrU11] + M+ 1+ X.

* For electricity, heating,and cooling:
Kg F10’4 [R - l!77s HrU11] - l!AR ERUCHrKp + M + I + X

where
Kg = cost to generateelectricity, i perkW-hr
R prime moverfuel rate, Btu per kW-hr
F = cost of fuel, $ permillion Btu

Hr = salvageheatavailable,Btu per kW-hr

?7B = boiler efficiency in producingheatfrom fuel js < I
Ug = utilization ratio for heatrecoveredfor heatingU11 1
Uc = utilization ratio for heatrecoveredfor cooling Uc 1

Note: U11 + Uc 1
AR = fluid heat ratefor absorptioncooling, Btu per ton-hr
ER = energy requirementfor compressionrefrigeration,kW per ton
K = cost of purchasedelectricity, t per kW-hr
M = cost of maintenance,q per kW-hr generated
I = amortizedinvestmentcost, c perkW-hr generated

X = any otherfixed costs,c per kW-hr generated
Substitutionof parametervaluesdevelopedin the text for the exampleproblemsyields:

. Heating-onlyarrangement;seeCurve I in Fig. 41-6
Kg = FlO4 [46,667- l!0.753l,5870.30] + 0.75

= 3.40F+ 0.75
* Heating and cooling arrangement;seeCurve 2 in Fig. 41-6

Kg = Fl0’4 [46,667 - l,/0.7531,5870.30]- 1,! 18,0001 X 0.25 X 31,587 X
K,,, + 0.75

= 3.40F- 0.44K,,, + 0.75
If K is set equal to Kg,

Kg = 2.36F+ 0.52
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different ways. The value of available pur
chasedpowercanbe insertedfor the termK,,,
andthe calculationperformedto see if Kg is

less than K,,,.
As an example, for this analysis if it is

determinedthat the fuel cost is $2.50 per

million Btu andthat purchasedelectricity to
drive electric refrigeration would have an
averagecost of 4.5g per kW-hr, the equation
would revealthat the costto generate,Kg, will
be 7.27qperkW-hr;this,beinghigherthanthe

4.5 perkW-hr, indicatesthatat thesefuel and

electric costs the plant is economicallyun

sound.

Determine economic feasibility
But to determine the economicfeasibility
undervarying conditionsof costs of fuel and
purchasedelectricity, we can set K.,, and Kg
equaland determinethe crossoverpoint for
economicviability. In the example,if Kg is set
equalto K,,,, the solutionin termsof Kg andF
is:

Kg = 2.36F+ 0.52.

And it becomesimmediatelyevidentthat if
thefuel costis $2.50permillion Btu, the plant
would not be economicallyviable unlessthe
cost of purchasedelectricity were at least
6.42c perkW-hr.

The single-equationapproachis intended
as a preliminaryanalysiswhenconsideration
is being given to the cogenerationoption for
any type of plant or cycles. It must be
emphasized,however,that sucha simplified
approachis applicable only as a first-cut
analysis.It can be usedto rejectthose oppor
tunities that are not feasible,reveal the rela
tive importanceofthevariousinput functions,
and identify thoseopportunitiesthat require
further investigation.

Another interesting application involves
thesensitivityaspect.As anexample,studying
theresultsastheutilization ratiovariesreveals
some of the fundamentaleconomic differ
encesbetweenan internal combustionplant

0 3
F, $ per million Btu

Figure 41-6. Cost to generate electricity versus cost
of fuel for example problem; Curve 1 applies to
heating-only arrangement, and Curve 2 applies to
heating and cooling arrangement. Curve 3 defines
hypothetical casewith 100 percent utilization of heat
by-product.

with a heat-to-electricratio of 1.5 to I anda
Rankineplant with a ratio of 9.25 to I. It can
be seenthat the economicsof the Rankine
plant are vastlymore sensitive to the utiliza
tion ratio. At full utilization conditions,there
is little difference in the efficiency of source
energy utilization for any type of well-de
signed cogenerationplant.

For illustrative purposes,Curve 3 in Fig.
41-6 illustrateswhatthe valuesof Kg would be

f UH wereincreasedto 75 percent,makingthe
total utilization Uc + U11 100 percent. Jt
shouldalwaysbe keptin mind, however,that
this is not economicallyvalid unlessthereare
trueandbeneficialenduseneedsfor all of the
heat. It wasthis misunderstandingin concept
thatwas thetopic of discussionin Chapters26
and 43.

10

a,

2 4 5


