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Cogenera t ion efficiency is somet imes misunder stood. Different
views are tak en , depending on who is evaluating a project. The qu es­
t ion should be as ked if the main purpose is to gene ra te elect ricity while
produ cing heat as a by-produ ct- or- sh ould a given heat ene rgy de­
mand be considered as an opportunity for highly efficient generation of
electr ic power?

This a rticle will take the lat ter approac h (By-Produ ct Power
Gen erati on ) and will defin e some of th e relations between heat energy,
elect r ic ene rgy and "lost" energy . Differ ent ways of maximizing and
opti mizing the cogeneration benefits will be dem onstrated . Examples
will cover stea m turbi ne, gas turbine and combined cycle plants .

HEAT ENERGY GENERATION AND USE
IN INDUSTRIAL AND HEATING PLANTS

There are severa l different typ es of heating sources and us es in
th e industry (and for District Heating Systems):

• St eam used for an industrial process or for spac e heating.

• Hot wa ter used for an industrial process or for spac e heating.

• Dir ect firin g of an indus t ria l process (such as a kiln ).
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• An exothermic industrial pr ocess (providing heat ene rgy).

• Fuels provided by an industrial pr ocess (such as Black Liquor in
the wood pulp industry or Low BTU gas in the steel industry).

• Waste materi al , which can be used as fuel (such as ga rbage, bark
and wood wa ste).

Each one of these sit ua tions provide an opportunity for By-Prod­
uct Power gene rat ion (BPP-generation ). Th e common factor is that the
heat ene rgy situati on is fixed. Th e possibility for BPP-gen eration can
therefore be evaluated as an incremental inv estment, providing an
increm ental ben efit .

BALAN CE BETWEEN BPP-GENERATION
AND POWER DEMAND

Some industries use a lot of electric ene rgy. BPP-gen eration can
be used to decrease the amou nt of purchased power. This seems to be a
clear-cut solution, bu t the re is someti mes a pr oblem to bal ance the
BPP-generati on wit h the Power Dem and in the indus trial plant .

Sh ort ti me and seasona l variations in both BPP-generat ion and
Power demand do very se ldom follow each othe r. That means that the
following can occur :

• Large swings in the requiremen t for purchased power.

• Swi ngs between excess BPP at one instan ce to requirement for
pu rchased power at anot her instance.

• Excess By-Product Power (EPP), but varying (sometimes hea vily)
with time.

In th e past, it has been difficult to negoti ate an at t ractive power
contract that allows for these swings . Swings in purchased power have
been pen al ized by heavy Demand Charges - or - whe n se lling power ,
the power utilities wa nted either a constant flow of electric power or
power only whe n requ ested (dispatched).
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Th erefore, most existing BPP-gen eration plants do have internal
facilities to "ba la nce" the power generation:

• "Condensing Tails" on steam turbines.

• "Duct Firing" on combine d cycle plants.

• "Steam Dumping."

Some new approaches include:

• The sale of all BPP-generation to a power company on one con­
tract and purchase of all power for use in the industrial plant on
anothe r, sepa rate contract .

• Power Wh eeling (buyi ng required power bal ance or se lling excess
BPP-gen erati on on the "spot market").

It is important to explore all ave nues, because the need for "bal­
ancing" can decrease the bene fit of the BPP-gen eration.

The effectivene ss of BPP-generation can also be expressed as a
BPP-rate (By-Product -Power rate) related to the (fixed) proces s h eat
dem and .

Th e BPP-rate is a more useful tool than the heat rate wh en it
comes to evaluate different turbine gen erator and plant data. This will
be dem onstrated by the exa mples that follow .

Both turbine-gen er ators have the same thermo-dyn am ical , me­
chanical and electr ical efficiency, and therefore the heat rate is the
same . However, with the hi gher steam inlet data , 3,270 kW of extra
power is gene rate d for the same pro cess heat dem and (the BPP-rate is
hi gh er).

It is assumed that the process needs to receive the steam at a
temperature of 338 F (about 10 F superheat). In the previous ex­
amples , the turbine inl et te mperature has been se lected to provide the
correct turbine exhaus t temperature (assuming a turbine blading with
88% thermodyn am ic efficiency).

Operating a turbine with 85% efficiency ins tead of 88% would
decrease the power output by 3.4% if the ste am flow through the
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BOILER 400.000 1b/h 100 psia . PROCESS
1192.7 Btu flb 338 F 1192 7 ~tullb

A) 400.000 1b/h
100 osia 1 338 F 376 96

FU" L 4 00 .000 1b/h MM Btulnr- 376.96
250 3 B:u/lb

MM Btu/hr r-e(...c ciler loss es )

400.000 lb/n 100 ps.a
14 19 8 Btu/lb Des uperhe atJng 338 F. 1192.7 Btu /lb

B) 322 .326Ib/r,

FU"L
1,265 psra ! 870 F

376 96
376 96 400 .00 0 Ib/h . MM Btu lhr
~JI r..1 Btu/nr 250 3 Btu/lb

( + boiler losses)

25.600 kW

14 198 Btu /lb

C) 400.000 1b/h

FU"L
1.26 5 P SIa I 870 F 376 95

467 8 400.000 Ib/n.
MM Btu/hr

MM Btu /hr 250 3 Btu/lb
( + boner losses ) ....

BPP-GENERATION. INCREMENTAL HEAT RATE =3548 BTU I kWh

Figure 1. The Back P r essur e Steam Turbine Cycle
Ad ding a ba ck-pr e ssure t u r bine between the boiler and a n in d ustrial p roc e ss.

A) With out BPP-gen eration . th e hea t dem and requirem ent s of a n indust r ia l pr ocess
can be sa t isfied by st eam from a LP boiler .

B) Th e ste am ca n al so be supplied from a HP Boiler . via a pressure red ucer/
des upe rhea ting sta t ion. Th e a mount of ene rgy supplied by th e feed wa te r pum p
a nd boiler will be a pproxima tely th e sa me as for th e LP boiler a lter nat ive .

C) Instead of going th rough th e pr essure reduc er a nd desuperheating. th e s team can
pass th rough a back pr essure tu rb ine. In thi s exa mp le. th e turbine has a th ermo­
dyn ami c efficiency of about 88 '7< and will genera te 25 .6 :\IW of elect r ic power. Th e
power is not free, as th e boiler will have to produc e an addit iona l 90 .4 l\1:\IBtu of
heat outpu t but th e "Incrementa l Heat Rat e" for th e elect ric power genera t ion is
on ly 35 48 BtulkWh.

turbine remained the same. However , a less efficient turbine exhaus ts
the steam wit h a higher enthalpy. Spray water is therefore required to
cool down the ste am flow to th e process. In Figure 3B, 0.871- of the
stea m going to the process is coming from the cooling wate r and
th erefor e the steam flow thro ugh the turbine will decr ease wit h 0.8'K.

Cons eque ntly, the less efficient turbine will gene rate 4.2'K (1,075
kW) less power than th e more efficient one . The BPP- rate will decrease
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BOILER PROCESS
25,600 kW

14198 Blutlb

A) 400,OOOlbth

FUEL
1,265 psia t 870 " 376 96

467.8 400,000 Ibth, MM Btu/hr

MM Blu thr 250.3 Blutlb
( + borl er losses ) ....

22,330 kW

B)
FUEL

1390 7 Btutlb

400,OOOlb/h
965 psra t 800 F

456.16
MM Btu/hr
(+ borler losses)

400,OOOlb/h,
250.3 Btu/lb

.... '>-- --- - - - - - -----l

376 96
MM Blu /hr

A)&B) : BPP-GENERATlON, INCREMENTAL HEAT RATE - 3550 BTU I kWh

BPP-RATE : Al =67.912 kW/MM Btu BI = 59.237 kW/MM Btu

Figure 2.
Diffe r en t Boile r (Turbi ne Inle t ) Steam Con ditions

2A) 1,265 psia/870F .
2B) 965 psia/800F.

In this example, 25,600/376.96 =67.912 kW per MMB tu of process heat
demand .

from 67.912 to 65.06 kWIMMBtu to the process . Th e interesting part,
however, is that the less efficient turbine will operate with about the
sa me heat rate, becau se the required heat input from the boiler de­
creases .

Both turbines perform best with high steam tempera­
ture (F igure 3). Us ing 850 F instead of 870 F decr eases the out put
with about 1.500 kW for t ur bine 'A' (which requires heating of the
exh a us t s te am with the lower inl et ste am temperature) and 500 kW
(for t urb ine 'B', which requ ir es exhaust desuperheat ing wi th the
hi gh er inl et ste am temperature).
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BOILER
25,600 kW

Vol. ]2 , Xo. 1

PROCESS

A)

FUEL

B)

1 ~19 8 Btull b

400 000 lb/h
, .265 psra I 870 r

467 8
MM Btulhr
( + boner losses)

396 .7600 1b/h
1.26 5 osia I 870 F

464 0 1
MM Btulhr
(. boiler losses)

400.000 loin.
250 3 Btu/lb

+r---------------i

24.525 kW

+}---------------j
400.000 1b/h
250 3 Btu/lb

376 96
MM Btu /hr

376 96
MM Btu/hr

A)&B): BPP-GENERATION, INCREMENTAL HEAT RATE - 3550 BTU I kWh

BPP -RATE: A) = 67.912 kW/MM Btu B) =65.06 kW/MM Btu

Figure 3. Different Thermodynamical Efficiency

3A) Th ermodyn amic efficiency = 88%.
3B ) Th ermodyn am ic efficiency = 85%.

In a case where the boiler cannot provide high enough
temperature to keep the exhaust of a high-efficiency turbine
superheated, it is still better to use a highly efficient turbine
0,000 kW better in Figure 4). The use of an heat excha nge r for the
exhaus t steam pr ovides this 1,000 kW adva ntage over the turbine with
lower efficiency .

Figu res 5a and 5b show the results of increasin g the Turbin e
Efficien cy, increasing th e Inl et St eam Temp er ature, lowering the Back
Pressure and adding Feed Heating.

The heat rate (heat requ irement in addition to the heat require­
ment of the ind ustrial process) is st ill at about 3,55 0 BtulkWh, but the
BPP-rate has been increased from 67.9 to 87.28 kW/MMBtu (of the
pr ocess heat requirement ).
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37696
MM Btu/hr

376 .96
MM Btu/hr

PROCESSBOILER
2,5751b/h

25,060 kW

1407.5 Btu/lb

A) 402.575 Ib/h

FUEL
1.265 psia / 850 F

465 68
MM Btu/hr
(+ borler loss es ) ..

24,015 kW

1407 5 Btu/lb

B) 400.000 Ib/h
1.265 psia / 850 F

FUEL
462 88 400,000 Ib/h,
MM Btu/hr 250.3 Btu/lb
(+ bailer losse s) ..

A)&B) : BPP-GENERATION, INCREMENTAL HEAT RATE - 3550 BTU I kWh

BPP-RATE : A) =66.48 kW/MM Btu B) = 63.71 kW/MM Btu

Figure 4. Low erin g the steam inle t te mperature

Figu re 4 uses 850 F steam inlet temperature but is otherwi se the same as
figure 3 (which used 870 F).

4A) Thermodynamic efficiency = 88%.
4B) Thermodynamic efficiency = 85%.

Th e elect ric power genera t ion has incre ased with 7.300 kW (from
25 ,600 to 32,900 kW ). Th at is a 28.5% improvem ent.

Th e HP feed heater addit ion improves the power output with
2.360 kW , because the steam flow through the front end of the turbine
increases with 78 ,000 Ib ./h (with the sa me back end heat flow to the
process).

Th e lowering of the back pressure from 100 psia to 75 psia
pr ovides 2.300 kW . Th at indi cates the need to take a look at the
process itself (can it operate with a lower steam pressure) a s well as
the pressure drops between t he turbine exhaust and the process .

Th e effects from the inl et ste am pressure inl et st ea m te mpera­
tu re and thermodynamic turbine efficiency have alrea dy been covered .
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There is no "los t energy" when operating back pressure
steam turbine-generators, except for some small mechanical
and electrical losses.

With a fuel price of $4.00IMMBtu, this type of power gen­
eration will operate with a fuel cost of 1.42 centslkWh (and
proportionally lower with less costly fuel). The investment cost
and the maintenance cost is very low for back pressure steam
turbines (especially when considering that the boiler as such is
required in any case, to cover the process heat demand).

Industrial processes very ofte n use steam at tw o different pres­
sures . Th e HP steam is taken out through an ext raction point, while
the LP ste am continues to the back end of the turbine (gene rati ng
electr ic power).

Everything that has been said about Back Pressure Turbines is
also valid for Extraction - Back Pressure Turbines:

The heat rate is always approximately 3,550 BtulkWh (ex­
tra heat supplied by the boiler over and above what is required
for the process need), However, the effectiveness of the turbine
generator need to be evaluated using the BPP-rate (By-Product
Power Rate).

It is of course also possible to use two individu al turbine genera­
tors (in parall el), with eac h one exhaust ing to its own process ste am
pressure. This can increase the BPP-rate consid erably in some cases ,
depending on how the process ste am flow may vary.

Operating a steam turbine with varying steam flow:
The opti mized plant in Figure 5B as sumed 90% thermodynamic

turbine blading efficiency. Th is is normally only achievabl e wh en the

A)
FUEL

BOILER PROCESS

165 psia

L--------.I 65 psia

Figure 6. Extraction-Back Pressure Steam Turbines
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A)

Exter nally Con tro lled
T urb in e E xtra ction

B)

HP St eam

LP Stea m

" Inte rn a lly" Co ntroll ed
Tur bin e E xtra ct ion

HP Ste am

LP St e am

Figure 7. Different Extraction Arrangements

i AJ Th e ext ract ion is con tr olled by an external va lve , and th e pressure at th e ext rac ­
t ion point is "slidi ng ." Thi s mean s th at th e pr ess ur e is depen ding on how mu ch
stea m is "forced" through to th e bac k end of th e tu r bin e. Thi s type of ext ract ion is
very s uita ble when th e extraction steam flow is sma ll, when compa re d with the
stea m flow to th e exha us t.

is) Thi s type of t urb ine functions as two tu rbin es in se r ies with eac h other , with
cont rol va lves at the in let of each t ur bine. Th ere ca n be two ind ividu a l turbine
casings , but th ese are norma lly bui lt wit hin the same cas ing an d wi th th e cont ro l
va lves loca ted ins ide the casing (therefore the "intern a l control"). With this type of
ext ract ion, th e flow to the back end of th e tu rbine can be dec reased so tha t a lmos t
a ll s te a m goes out through the ext ract ion. This type of ext ract ion is suita ble for
la rge (and widely va ry ing ) ex tra ction flows.

turbine is operati ng close to it s "bes t" operati ng poin t. Extracti on Back
Pressure tu rbines se ldom reaches that efficiency, because in most
cases eithe r the HP or the LP part will not operate at its "best point."
The control va lves (extern al or exte rnal) will , if ope rat ing in throttling
posit ion , introdu ce losses ,

To keep the thermodyn am ic efficiency (and thereby the BPP-rate)
high , the turbine and control va lve arrangeme nt shou ld be carefully
evaluate d . Th ere are several ways available:
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• The flow capability of a turbine section (inlet valves wide open)
should be designed for the normally expected steam . If the tur­
bine is too large, va lves will have to throttle the steam flow
(lowering the efficiency).

• For higher steam flows than normal, it is possible to equip a
turbine with an "overload-bypass" va lve that puts in additional
steam at a location further down in the turbine (not passing
through the first couple of turbine stages ). If these peaks are
short-term, it pays to use a bypass valve and have the turbine
inlet section dimensioned for "normal flows" (not for the max
flows).

• It is possible to add an external control valve (in the extraction
steam pipe) also to an "internally controlled" extraction turbine.
If the LP section of the turbine is designed for the "normal" LP
steam flow to the process, an external valve can, if closed, in­
crease the pressure at the extraction port and thereby "force"
additional steam to pass to the back end of the turbine. The
internal valves will be active when "les s than normal" LP ste am
is required .

• Finally, if the boiler and the turbine are dedicated to each other
and the boiler can operate with varying pressure, consider "slid­
ing pressure" operation (with wide open turbine inlet valves) .

Maximize the BPP-rate of the ext ract ion/b ack pressure power
generation first (with a heat rate of about 3550 Btu/kWh). Then make
the cond ensing part as efficient as possible and evaluate the condens­
ing power separately, as an increm ent.

Although it most certainly will pay to purchase fuel for BPP­
gen eration, cond ensing power generation with purchased fuel can be
questionabl e.

If using an increm ental approach :

1. Th e requirements for process heat must fir st be cover ed.

2. The BPP-gen eration should be maximized . As much power as
pos sible should be generated at the low heat rate of 3,550 Btu!
kWh.
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A)

Cooli ng Water

.. Losses

B)

..

Cooling Water

Losses

Process Steam

Figure 8.
Condensing or Extraction/Condensing Steam Turbines
As soon as a conden sing steam turbine is installed , there is a

large loss to consid er, namely the heat en ergy that is removed by the
cond en ser.

There are tw o reasons for installing industrial cond ensing steam
turbines :

SA) Th e availabi lity of excess fue l or heat , which cannot be used ot herwise. Th is is
well wor th pursuing. Stea m at a tmosphe ric pressure can generate qu ite an
amo unt of elect ric power in a condensi ng steam turbine gene ra tor. With higher
steam da ta , even more can be generated . Th e eva luation her e is based on th e fixed
amount of excess heat avai lab le (ra ther th an on the fixed heat dem and by an
industr ial process ). The ben efit is not relat ed to cost of fuel, but to th e cost of
elect r ic power (and th e amount of power th at can be generated ).

SB) Th e nee d for 'bal an cin g" bet ween BPP -gen erati on and Power Deman d. Th is
should be carefully eva lua ted. Consi de r th e a lternative of a cont ract with an
elect r ic power company, a llowing th e load sw ings to be han dled by a mu ch larger
power system. Condensi ng turbines us ing s team gene ra ted by purc hased fuel
have to be eva lua ted on th e basis of heat rat e (which can va ry wide ly, depe ndi ng
on inl et steam pressu re and te mpera ture , condense r pr essure, turbine efficien cy
and feed wa ter hea ting a rra nge ments ). Note th at th e cond ensin g cycle (due to th e
condense r losses ) will have a heat ra te that is more th an twi ce as high as
Iextra ction) - back pres sure power.
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Figure 9. Use of Different Fuels

3. When coming to the condens ing power gene ration (at a much
higher hea t rate), it is important to look at the cost of the incre­
mental fuel requ irem en t .

The use of gas turbines becomes attractive, when highe r electric
power output is requ ir ed. Th e 47,500 kW ind icated in Figu re 10 is
more than can be achieved with an optimized back pressure steam
turbine cycle (compare with figure 5B) .

1,250.000 Ib/h
@ appro x. 335 F

PROCESS

400 .000 Ib/h, 100 psra ,
338 F, 1192.7 Btu/ lb

400,OOOlb/h,
2503 Btullb

376 96
MM Btu/hr

HRSG

FUEL SUP PLY , totall y 635 MM Bt u/h LH V

149 MM Bt u/h 2 x 243 MM Btu/h

GAS TURBINE GENERATORS

2 x 23,750 kW

BPP-GENERATION, INCREMENTAL HEAT RATE - 5435 BTU I kWh

BPP-RATE : - 125 kW I MM Btu (of process heat demand)

Figure 10. The Gas Turbine Cycle
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Th ere are stack losses du e to a flow of warm gases. Th e heat rate
for power gene ra tion (fuel used in addition to the process heat demand)
indicates a cycle efficiency (for power gene rat ion ) of about 63'k (which
is higher than wh at is possibl e in a single purpose elect ric power
plan t).

The incremental gai n above figure 5B is about 14,600 kW, for an
additiona l fuel input of 140 MMBtu/h . Thi s means that the heat rate
for th e increment is about 9590 BtulkWh (35.6'k efficiency). This is
better th an for an industri al conden sin g stea m turbine.

Thi s gas turbine cycle is not opti mized. Th ere a re many param­
ete rs to cons ider , including eleva tion, ambient temperature, etc . One
item that can lower th e stack losses is to return the cond en sate from
the pr ocess at a lower temperature (it is not necessary to provide feed
heating outs ide of the HRSG).

Duct firing provides th e flexibility for bal ancing the proc ess heat
dem and . Note that th e heat flow from the duct firing will go to the
industri al pr ocess as 100 lI( usabl e ene rgy (it will norm ally not increase
the stack losses ). Thi s is differ ent from sing le purpose electri c power
gene ra tio n, where duct firin g to increase th e output of a condensing
steam turbine cau ses an increa se in the condenser heat losses .

With a third gas turbine added, the plant balance a llows for the
addition of a back pressure steam turbine, which can util ize the possi ­
bility of gene rati ng high pressure steam. Th e exhaus t of the steam
tu rbine is mixed with steam from a LP boiler in the HRSG.

Th is gives an additiona l elect ric power gene rat ion of 49 ,500 kW
for an ad di tional fuel input of 225 MMBtu (a heat rate of 4545 Btu!
kWh or an efficiency of 75% for th e increm ent).

SUl\E\lARY

Thi s article has pinpointed some comp onents of cogen eration
efficiency, how th ese compone nts inter act with eac h othe r and how
they contr ibute to th e end result . Th ere are really only tw o things to
think of:

1. Eliminate or min imize wasted ene rgy flows (coo ling water losses
and stack losses).
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Figur e 11. A Com bined Gas a n d Steam Turbine Cycle

2. At the same time, maximize the electric power gene ration for a given
ind ustria l proce ss.
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