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A Case Study:
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Cogeneration Systems
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ABSTRACT

The small cogeneration plant manager* faces new challenges in
that the cost of natural gas and electricity vary as never before. Time-of-
day tariffs and deregulated markets require frequent balancing of ther-
mal and electric costs and benefits. A simplified method allows a graphi-
cal solution that determines profitability based on fuel and electric rates.
Whether this more frequent review is monthly, daily, or hourly depends
on local conditions.
————————————————————————————————

“PROFIT MAX FACTOR”

The options for cogeneration plant operation are many, but they
are not infinite. Peltier and Ring noted that in order to maximize finan-
cial return, a plant may have to operate as baseload at some hours, to
follow thermal load at others, and to follow electrical demand at still
other times.1

Another option may be non-operation. Muschick and Toole devel-
oped a personal computer method to guide daily loading decisions for
plant operators.2 That model set a weekly target for energy production
based on minimizing total cost.

*In this context, a small generator is anything smaller than the hundred-mega-
watt merchant class.
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The energy accounting method described here, called the “Profit
Maximization Factor,” combines the power of an hourly annual calcula-
tion with the simplicity of a spreadsheet. When compiled along with
availability and capacity factor, the profit max factor tells a more com-
plete story of plant performance.

The host facility is a 321-bed acute care medical center in the Pa-
cific Gas & Electric (PG&E) service area of northern California. The co-
generation plant includes three 60-kWe Tecogen engines with induction
generators in a topping cycle. Hot water from the engines is used to
preheat boiler feedwater, heating hot water, and domestic hot water.
Plant specifications are given in Table 1.

COSTS AND BENEFITS

Operation of the cogeneration plant incurs two costs. These are the
natural gas fuel and maintenance. The facility experienced high natural
gas costs during the winter months of 2001. For the year ended February
2001, natural gas varied from a low of $3.17 per million Btu ($0.317 per
therm) to a high of $14.64 per million Btu ($1.464 per therm).3 The his-

Table 1. Cogen Plant Description
————————————————————————————————

C.O.D. 1991
Engines 3× internal combustion
Mfr. Tecogen
Model Chevrolet 454 cid V8
Cycle Otto
Fuel Natural gas
Cost ($/kW) 2,200
kWe (gross) 180
We (net) 177
Fuel flow 23.28 therm/hr (HHV)
Heat recovery 13.20 therm/hr (HHV)
Electrical efficiency 0.259 (HHV)
Thermal efficiency 0.567 (HHV)
Combined eff. 0.827 (HHV)
Generator(s) 3× induction

————————————————————————————————



70 Cogeneration and Competitive Power Journal Vol. 17, No. 2

torical average had been $3.60 per million Btu ($0.36 per therm) for
recent years.

The cost of maintenance under the initial third-party operating
contract was $0.03 per kilowatt-hour (kWh). This rate may seem high
but it included a performance guarantee as a benefit. More recently, the
hospital staff have performed maintenance in-house at an estimated cost
of $0.015 per kWh.

Benefits of the cogen plant are the electricity not purchased from
the utility and the heat recovered from the engines.

Although wholesale electrical rates were at record highs for the
period of study, utility retail rates were still capped at the tariff for regu-
lated energy customers. Electricity transmission and distribution are
purchased on a large commercial tariff at primary voltage (called E-20P).

The hospital had negotiated a favorable deregulated energy con-
tract and received a further discount off the otherwise applicable tariff.
The composite avoided cost varied from $0.046 per kWh off-peak to
$0.152 per kWh on peak in the summer.

These numbers represent the marginal cost of avoided electric
purchase. They include standby charge, demand charges, and energy
charge, but not the fixed monthly customer charge nor other smaller
items.

Thermal benefit recovered from the waste heat of the engines will
reduce natural gas consumption of other hospital boilers. As given in
Table 1, the cogen plant will recover 57 percent of the fuel input higher
heating value as useful heat. The cogen plant also receives a lower trans-
portation charge for fuel.

At low commodity rates for natural gas, the facility natural gas
cost can actually go down with cogeneration if the avoided boiler effi-
ciency is low enough, i.e., poor enough. At higher commodity rates for
natural gas, the small transportation cost advantage is less of a factor. In
any case, in order to compare like quantities, the avoided boiler effi-
ciency must be considered.

FINANCIAL ANALYSIS

The above variables inform the decision on whether and how to
operate the cogeneration plant. In the simple case presented by the
hospital, all of the electricity is used on-site and valued at the avoided
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utility cost. Similarly, all of the recovered waste heat is used on-site and
valued at the avoided boiler cost. The cogen plant was sized conserva-
tively to achieve this efficient result. The plant is operated as baseload
or shut down for maintenance.

All of the above inputs lead to constants and can be arranged in
units of dollars per kWh. For any time and season then, the fuel and
maintenance costs, and the electrical and thermal benefits, can all be
expressed in units of dollars per kWh of generation. In the simplest
annual analysis, there arc five combinations of time-of-day and season
to be considered.4 These five values are arranged in a matrix of the form
shown in Figure 1. Engineers may prefer to think of this as a bin method
calculation. Five bins are sufficient for the hospital.

Variable Summer Winter

Peak ($/kWh) na

Part-peak ($/kWh) ($/kWh)

Off-peak ($/kWh) ($/kWh)

Figure 1. Typical Matrix

When the costs and benefits are expressed in like units, the series
of matrices shown in Figure 2 can be added and subtracted, multiplied
and divided, just like any other real numbers. More complicated ex-
amples with part-load operation present a challenge but always yield to
the method.

Annual results for the case study are found in the two matrices at
the bottom of Figure 2. These illustrate annual averages for each of the
five combinations. It is still necessary to discuss whether annual aver-
ages are appropriate criteria, but the purpose of Figure 2 is to present the
method.

From Figure 2 it is apparent that the five time-of-day periods have
five different results. On-peak operation presents the greatest profit
opportunity followed by part-peak operation. Off-peak operation is least
profitable. All of these statements are intuitive and understood by facil-
ity managers, but quantification is much more helpful.

With regard to the electric rate matrix, the annual average in Figure
2 describes the entire year. That is, the matrix represents each hour of the



72 Cogeneration and Competitive Power Journal Vol. 17, No. 2

C
os

ts
Fu

el
S

W
fu

el
 >

>
>

PK
0.

06
00

na
(f

ue
l$

/
kW

h)
PP

0.
06

00
0.

10
86

(f
ue

l$
/

kW
h)

O
P

0.
06

00
0.

10
86

(f
ue

l$
/

kW
h)

M
tc

e.
S

W
m

ai
nt

en
an

ce
 >

>
>

PK
0.

01
50

na
(m

tc
e$

/
kW

h)
PP

0.
01

50
0.

01
50

(m
tc

e$
/

kW
h)

O
P

0.
01

50
0.

01
50

(m
tc

e$
/

kW
h)

O
th

er
S

W
ot

he
r 

(i
f 

an
y)

 >
>

>
PK

—
na

(o
th

er
 c

os
t$

/
kW

h)
PP

—
—

(o
th

er
 c

os
t$

/
kW

h)
O

P
—

—
(o

th
er

 c
os

t$
/

kW
h)

B
en

ef
it

s

el
ec

S
W

el
ec

 s
up

pl
y

PK
0.

15
15

na
(a

vo
id

ed
 e

le
c$

/
kW

h)
PP

0.
06

54
0.

06
55

(a
vo

id
ed

 e
le

c$
/

kW
h)

O
P

0.
04

64
0.

04
72

(a
vo

id
ed

 e
le

c$
/

kW
h)

he
at

S
W

th
er

m
al

 s
up

pl
y

PK
0.

04
87

na
(a

vo
id

ed
 g

as
$/

kW
h)

PP
0.

04
87

0.
08

31
(a

vo
id

ed
 g

as
$/

kW
h)

O
P

0.
04

87
0.

08
31

(a
vo

id
ed

 g
as

$/
kW

h)

O
th

er
S

W
ot

he
r 

(i
f 

an
y)

PK
—

na
(o

th
er

 b
en

ef
it

$/
kW

h)
PP

—
—

(o
th

er
 b

en
ef

it
$/

kW
h)

O
P

—
—

(o
th

er
 b

en
ef

it
$/

kW
h)

L
eg

en
d

S
Su

m
m

er
W

W
in

te
r

PK
O

n 
Pe

ak
PP

Pa
rt

-p
ea

k
O

P
O

ff
-p

ea
k

na
N

ot
 a

pp
lic

ab
le

ge
ne

ra
to

r(
s)

  
  
 S

U
M

S
 O

F 
A

L
L

 C
O

S
T

S
 A

N
D

 B
E

N
E

FI
T

S

Su
m

S
W

PK
0.

12
52

na
ne

t 
be

ne
fi

t 
$/

kW
h

PP
0.

03
91

0.
02

50
ne

t 
be

ne
fi

t 
$/

kW
h

O
P

0.
02

00
0.

00
67

ne
t 

be
ne

fi
t 

$/
kW

h

he
at

S
W

th
er

m
al

 s
up

pl
y

PK
22

.1
5

na
ne

t 
$/

hr
 b

en
ef

it
 f

or
 1

77
 k

W
e

PP
6.

92
4.

43
ne

t 
$/

hr
 b

en
ef

it
 f

or
 1

77
 k

W
e

O
P

3.
55

1.
19

ne
t 

$/
hr

 b
en

ef
it

 f
or

 1
77

 k
W

e

Fi
gu

re
 2

. 
C

os
ts

 a
n

d
 B

en
ef

it
s 

of
 C

og
en

er
at

io
n

—
b

y 
S

ea
so

n
 a

n
d

 T
im

e-
of

-d
ay

 I
n

te
rv

al
.

→→→→ →

co
ge

n

en
gi

ne
(s

)
  

  
H

X
(s

)

→→→→ →

→→→→ →
→→→→ → →→→→ →



73

year correctly. For the natural gas cost and benefit, use of an annual
average would not be appropriate for the entire year, since the cost
varied on a monthly basis. Monthly inputs are needed to draw correct
conclusions.

Thermal benefit is linked to the fuel cost. Thus, the monthly calcu-
lation necessary for natural gas cost will suffice for thermal benefit
analysis. Finally, maintenance is considered a constant per kWh for all
hours.

Given the above discussion, a monthly analysis is both necessary
and sufficient for the hospital in the case study. This monthly analysis
shows that the benefits “went negative” for off-peak operation during
some winter months, that is, when gas costs were four times the historic
rate.

Wholesale electric prices were ten times their historic levels in
California5 but were not generally passed on to consumers. The combi-
nation brought about an outcome that was not intuitive. The hospital
lost money in trying to do the right thing by running the cogeneration
plant as bascload capacity. When the net benefit went to zero or negative
the plant should have been shut down.

Another use of the “max factor” is quantification in the accounting
sense. The monthly results when compiled yield a family of indices
presented in Table 2. Availability is the percentage of hours that the
plant was available to run. Capacity factor is the kWh that the plant
generated of the maximum possible energy. The max factor is the per-
centage of profits that the plant earned compared to its ideal.

Table 2. Results of Performance Analysis
————————————————————————————————

Availability 0.891 89% of the time

Capacity factor 0.860 86% of the power

Max factor 0.813 81% of the profit
————————————————————————————————

The cogeneration plant earned approximately $36,000 in profits for
the medical center, the great majority of the maximum. There were two
winter months where the operating benefit went negative off-peak. Had
the plant been shut down for those hours, the profit max factor would
have improved.
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DISCUSSION

At the other extreme of detail is an hourly calculation. If the Cali-
fornia utilities successfully implement the proposed “price responsive
load management program,”6 then an hourly or daily calculation will be
needed in order to know whether and how best to run each plant. The
small cogenerators up to and including the ten-megawatt class may find
assistance from on-line real-time services such as Silicon Energy,7

Powerweb Technologies,8 or Teldata Solutions.9 Each of these could pro-
vide part of the data and others may be available.

One reviewer warned that “a lot of software, much of which could
provide some pretty spectacular results, languishes on the shelf due to
data input demands.”10 That is true but perhaps soon the demand-side
technology will catch up with the supply-side technology. Until that
time the small generators and cogenerators will continue to improvise.
The creative energy manager can put max factor results into a graphical
form that shows a family of payback curves as a function of fuel and
electric rates.11 This graphical form allows the user to determine profit-
ability and simplifies decision-making.

Some cautions are necessary. The energy manager must under-
stand the tariff or rate schedule in effect for his or her facility. In particu-
lar the demand charge calculation is often complex. In the tariff for the
case study, there are three components to the demand charge and a
stand-by charge. Further, if a demand charge has been incurred for the
month-in-progress, then a recalculation may be in order. For additional
guidance on the construction of the max factor, see end notes.12,13

The max factor method also has a role in conservation. Energy
conservation measures (ECMs) affect site energy usage just as
cogenerated power used on-site. Both reduce the amount of power to be
purchased. The method described above should be applied to ECMs in
facilities on time-of-day rates. The use of an average electricity price in
payback calculations may be proper in some cases, but in general will
not yield a correct result.

CONCLUSION

The profit max factor offers guidance to cogeneration plant manag-
ers faced with variable fuel and electric rates. In energy conservation, it
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offers a better alternative to use of average electric price in payback
calculations. It combines the precision of an hourly annual calculation
with the simplicity of a spreadsheet. When employed along with avail-
ability and capacity factor, the max factor provides a more meaningful
description of cogeneration plant performance.
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