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INTRODUCTION

Cogeneration is a technology used by many
industrials since the beginning of the century as
an economic means of meeting plant energy
requirements. Prior to the passage of the National
Energy Act (NEA), in 1978, most systems within
the United States were developed based on site
specific heat and power demands. The resultant
facilities were commonly referred to as “by-prod-
uct power generation,” or “in-plant generation,”
and, in some cases, “total energy” systems. More
recently, during the 1980’s, cogeneration had
become a term frequently used to describe pro-
jects selling power to US electric utility companies
under the provisions of the Public Utilities
Regulatory Policy Act (PURPA) of 1978. However,
power sale contracts to the local utility are not a
prerequisite for cogeneration.

The PURPA legislation provided the user with a
greater degree of freedom in developing the
cogeneration system since the industrial plant
electric power and steam requirements were no
longer a constraint on system design.

The NEA and PURPA have spawned an indus-
try in the United States where entrepreneurial
firms actively pursue utility power sales opportuni-
ties with the steam host assuring the thermal
demand necessary for steam qualification (a QF
or qualifying facility) as a cogenerator under
PURPA. Frequently, large power generation sys-
tems are developed with relatively small steam
demands.

Prior to 1960, most cogeneration applications
were developed based on steam turbine cogenera-
tion systems. More recently, the economic benefits
resulting from high power-to-heat ratios, the wide
range of system integration options and attractive
cogeneration system performance levels have
made gas turbines highly desirable prime movers
in applications where suitable fuels are economi-
cally available. These characteristics have also
been instrumental in the development of many
large systems involving power sales to electric utili-
ty companies.

In 1992, the U.S. Congress passed the Energy
Policy Act which amended the Public Utility
Holding Company Act of 1935 and created a new

class of Independent Power Producers (IPP)
called Exempt Wholesale Generators (EWG). The
most often stated purpose of the 1992 act is to
promote competition in the electric utility indus-
try and allow non-utility producers to compete in
this market.

The most recent actions by the (U.S) Federal
Energy Regulatory Commission are the Electricity
Competition Act of 1996 and Commission Order
888, both of which have further opened the elec-
tricity wholesale generation market to virtually all
power generation technologies, sizes and applica-
tions. These new acts will further initiate changes
in ownership of power plants, increase interest in
IPPs (power plants with no steam exported to pro-
cess), increase viability of small generation and
cogeneration on-site systems for small industrial,
commercial and educational establishments, and
change how developers market their power to
potential utility buyers. While it is too early to
know the impact of this latest piece of legislation,
projects within the US will be forced to respond
and adapt in their structure and operation.
Globally, many countries are beginning to choose
privatization or IPPs as a way to achieve energy
development in their areas. Governments in many
countries are beginning the difficult task of pro-
tecting the environment while reaping the bene-
fits of high fuel efficiency with cogeneration.

This paper will review many of the technical
considerations in the development of cogenera-
tion systems.

COGENERATION

Cogeneration is frequently defined as the
sequential production of necessary heat and
power (electrical or mechanical) or the recovery
of low-level energy for power production. This
sequential energy production yields fuel savings
relative to separate energy production facilities.
With rapid changes in energy prices in the 1970s
and the desire to become more independent of
foreign oil in the U.S., the fuel-conserving aspect
of cogeneration became a major driver for the
increased interest in this technology.

Power can be cogenerated in topping or bot-
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toming cycles. In a topping cycle, power is gener-
ated prior to the delivery of thermal energy to the
process. Typical examples are non-condensing
steam turbine cycles (commonly used in the pulp
and paper industry), gas turbine heat recovery
and combined cycles (applied in many chemical
plants), where the gas turbine exhaust energy is
ultimately used for process requirements. In
European urban locations where electric power
stations also supply city central heating require-
ments, the exhaust energy from gas turbines can
be used as an efficient heat source. In bottoming
cycles, power is produced from the recovery of
process thermal energy which would normally be
rejected to the heat sink. Bottoming cycle exam-
ples include power generation resulting from
recovery of excess thermal energy and exother-
mic process reactions, and heat recovery from
kilns, process heaters and furnaces. This paper
will focus primarily on application considerations
for topping cogeneration cycles.

The fuel utilization effectiveness for a modern
coal-fired utility plant and an industrial facility uti-
lizing a non-condensing cogenerating steam tur-
bine generator is illustrated in Figure 1. This dia-
gram suggests that the power generation cycle
energy losses can be reduced from 65% to 16% of
the fuel input through use of cogeneration. In
reality, the process becomes the heat sink for the
cogeneration cycle, thus minimizing the power
cycle energy losses.

Similar performance benefits are also available
in gas turbine cogeneration systems. For example,
a natural gas-fired MS7001EA gas turbine genera-
tor in a combined cycle providing 150 psig/10.3
bars process steam can yield an overall energy
effectiveness of about 75% on a higher heating
value basis. Clearly, this cogeneration system per-
formance is significantly better than typical steam
turbine or gas turbine combined cycles which are
designed to only produce power.

The influence of decreasing the thermal ener-
gy to a process from a steam turbine cycle is illus-
trated in Figure 2. As less steam is delivered to
process, the electrical output ratio (relative to the
electrical output at 100% steam-to-process)
increases, becoming a maximum of about 2.0 for
the steam conditions noted if no steam is deliv-
ered to process. The overall efficiency decreases
from 84% to 35% as process steam delivery is
eliminated.

Similar evaluations for gas turbine cogenera-
tion systems with unfired heat recovery generally
yield overall efficiencies in excess of 70% if all
thermal energy generated is delivered to process.
This is in contrast to about 50% thermal efficien-
cy on a higher heating value basis for a natural

gas-fired STAG 107FA combined-cycle system. In
the U.S., this STAG cycle can qualify under
PURPA as a cogenerator by providing about 6% of
its steam generation to process. At this operating
condition, the overall performance approaches
that of a STAG 107FA power generation cycle.
Later in this paper, guidelines will be given that
demonstrate the flexibility in the design of cogen-
eration systems with gas turbines.

For purposes of the following discussions, “ther-
mally optimized” cogeneration systems are
defined as those developed using non-condensing
steam turbine generators or condensing units
operated at minimum flow to the condenser for
cooling purposes.
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Figure 1. Fuel utilization effectiveness
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NET HEAT TO PROCESS
AND FUEL CHARGEABLE
TO POWER

In evaluating and comparing alternative cogen-
eration cycles, two concepts are key. Net Heat to
Process (NHP) and Fuel Chargeable to Power
(FCP) are “Btu accounting methods” that make
technical sense when comparing the performance
of different sized cogeneration systems and even
different technologies. They also form the basis
for the data that is the input for whatever econom-
ic model is used.

Net Heat to Process is defined as the net energy
supplied by the cogeneration system to the pro-
cess load, as depicted in Figure 3. It is necessary to
maintain a constant NHP for all systems being
considered, especially when different gas and
steam turbine configurations export energy to
process at different conditions.

A parameter used to define the thermal perfor-
mance of a topping cogeneration system is the
Fuel Chargeable to Power (FCP). The FCP is
defined as the incremental fuel for the cogenera-
tion system relative to the fuel needs of a heat only
system divided by the net incremental power pro-
duced by the Cogeneration System. Simply put,
FCP is the incremental fuel divided by the incre-
mental power, (i.e. the incremental heat rate). For
a plant generating electric power only (an indus-
trial or a utility), the Fuel-Chargeable-to-Power
and net plant heat rate are interchangeable terms
commonly expressed in Btu/kWh or kJ/kWh.
The FCP concept is illustrated in Figure 4.

STEAM TURBINES FOR
COGENERATION

Figure 5 shows several steam turbine configura-
tions that can be used to generate power while sat-
isfying a process need for steam. Steam turbines
can generally be designed to meet the specific
process heat needs. Unlike gas turbines that are
sold in specific sizes or frame sizes, steam turbine
generators are custom designed machines and sel-
dom have 100% identical components or capabili-
ties.

The configurations 1, 3 and 4 (in Figure 5) pro-
vide steam at a “controlled” pressure, consistent
with the process header requirements.
Configuration 5 includes two uncontrolled extrac-
tion openings in the steam turbine generator and
provides steam that would be taken to a common
line and pressure reduced if necessary to meet the
pressure requirements in the process. The higher
uncontrolled opening would be used during
lighter load operation of the turbine when the

pressure at the lower opening is too low for pro-
cess use. Typically, uncontrolled extraction tur-
bines of this type are used when process extrac-
tions are small compared to total turbine flow or
when process needs are fairly constant except dur-
ing start up, shut down or emergency situations.

Turbines represented in configurations 1 and 3
will yield power dependent directly on process
demands since no condensing section capability
exists. Their power production depends on the
rise and fall of the steam demand. The addition of
condensing capability (configurations 2, 4 and 5)
provides added power generating flexibility. When
a condenser is used, power can be generated inde-
pendently from the process steam demand.

In “thermally optimized” steam turbine cogener-
ation cycles, steam is expanded in non-condensing
or automatic-extraction-non-condensing steam tur-
bine-generators that extract and/or exhaust into
the process steam header(s). The FCP for these sys-
tems is typically in the 4000 to 4500 Btu/kWh HHV
(4220 to 4750 kI/kWh) range. The influence of ini-
tial steam conditions and process steam pressure
on the amount of cogenerated power per 100 mil-
lion Btu/h (105.5 x 109 J/h) NHP is shown in
Figure 6. The increase in cogenerated power
through use of higher initial steam conditions, and
lower process pressures, is readily apparent.

Studies have shown that higher steam conditions
can be economically justified more easily in indus-
trial plants having relatively large process steam
demands. Data given in Figure 7 provide guidance
with regard to the initial steam conditions that are
normally considered for industrial cogeneration
applications. Higher energy costs experienced
since the mid-1970s are favoring the upper portion
of the bands shown in Figure 7.

Even through the use of the most effective ther-
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Figure 6. Cogeneration power with steam turbines
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Figure 7. Range of initial steam conditions

normally selected for industrial steam
turbines

mally optimized steam turbine cogeneration sys-
tems, the amount of power that can be cogenerat-
ed without a condensing section to the steam tur-
bine per unit of heat energy delivered to process
will usually not exceed about 85 kW per million
Btu/0.6 kW/109] net heat supplied. This is gener-
ally less power than that required to satisfy most
industrial plant electrical energy needs. Thus,
with thermally optimized steam turbine cogenera-
tion systems, a purchased power tie or additional
condensing steam turbine is necessary to provide
the balance of the industrial plant power needs.
Condensing power generation, although not
necessarily energy efficient, has proven economic
in many industrial applications. Favorable eco-
nomics are often associated with systems where:
e Condensing power is used to control
purchased power demand
e Low-cost fuels or process by-product fuels
are available
< Adequate low-level process energy is available
for a bottoming cogeneration system
e Condensing provides the continuity of
service in critical plant operations where loss
of the electric power can cause a major dis-
ruption in process operations and/or plant
safety
< Ultility specific situations favoring power sales,
particularly if low cost fuels are available.

STEAM TURBINE
PERFORMANCE FLEXIBILITY

Significant flexibility is achieved when combin-
ing a non-condensing turbine with a condensing
steam turbine or when a steam turbine supplies
controlled pressure steam to more than one pro-
cess header. This is accomplished with a single- or
double-auto extraction condensing steam turbine
generator (See Figure 5). Figure 8 shows a perfor-
mance map (flow versus kilowatt output) for a sin-
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gle auto extraction steam turbine generator. This
is a generic performance map and applies equally
to single auto non-condensing as well as single
auto condensing steam turbine generators. The
maximum throttle flow line (B-C) defines the
maximum guarantee steam flow that can be
admitted to the high pressure inlet of the steam
turbine, whereas the zero extraction line (E-D)
shows the performance of the steam turbine with
zero extraction. The line on the far left (A-B)
defines the performance of the steam turbine
with minimum flow to exhaust. This portion of
the curve denotes a turbine operating with only
cooling steam being sent to the exhaust of the
steam turbine and the balance of steam is extract-
ed. In this area of the curve, the steam turbine is
essentially operating as a non-condensing turbine.
The sloping lines in the center of the perfor-
mance map (E’-D’) are lines of constant extrac-
tion flow.

This map, or envelope, of flows and kilowatt
production accurately defines the flexibility of the
steam turbine, and in the case of a combined
cycle, defines much of the flexibility of that cycle as
well. It is possible to design the steam turbine for
higher maximum throttle flow. In doing so, the
high pressure section of the steam turbine is
enlarged and the flow that can be admitted to that
section of the turbine is increased. Likewise, the
maximum throttle flow line may be lowered mak-
ing the inlet capability less. A similar change is pos-
sible by extending the zero extraction line to the
right allowing the turbine to produce additional
kilowatts with zero extraction flow. In this case, the
exhaust section of the steam turbine is enlarged.

This tailoring of the steam turbine capability to
the needs of the industrial process steam user is
critical to maximizing the flexibility of the cogen-
eration project as well as optimizing the efficiency
of the cogeneration system.

Max Throttle Flow B C

Throttle Flow
>

Pressure Rise
kW Point

Max Extraction kW Performance

Zero Extraction Line

”

1 Il 1 1 1 Il 1
30 40 50 60 70 80 90 100
% of Rated Steam Turbine Output

Auto-Extracting Condensing Steam Turbines Provide a Wide
Range of Power and Heat to Process Control, Independently
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Figure 8. Typical single automatic extraction

turbine performance map
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Figure 9. Power to heat ratio

COGENERATION AND REHEAT
STEAM TURBINE CYCLES

In most instances, thermal energy in the form
of steam is utilized in industrial plants by condens-
ing steam in process heat exchangers. Since most
processes require heat transfer at a constant tem-
perature, high degrees of steam superheat are not
desirable and desuper-heating (steam attempora-
tion) stations are commonly applied to control
steam temperatures.

In a steam turbine cogeneration cycle, consid-
erable de-super heater spray water would be
required if reheat was considered. In fact, in most
instances the amount of “thermally optimized”
cogenerated power would be less in a reheat cycle
compared to a non-reheat cycle assuming inlet
steam conditions are held constant. For example,
assuming a 500,000 Ib/hr/227 metric ton/hr pro-
cess steam demand at 150 psig saturated 10.3 bars
saturated, a non-reheat cycle with 1450 psig, 950
F/100 bars, 510 C initial steam conditions would
deliver about 28 MW. A reheat cycle with 1450
psig/Z950 F/950 F (100 bars/510 C/510 C) would
generate about 27.3 MW, or 2.5% less power. In
addition, the cycle complexity due to reheat
would increase the cost of the turbine, boiler and
associated systems relative to the non-reheat case.
The economics of reheat steam turbines are
enhanced in cogeneration when most of the
steam is expanded to the condenser to produce
electric power.

GAS TURBINE AND
COMBINED CYCLES

Gas turbine cycles provide the opportunity to

generate a larger power output per unit of heat
required in process relative to noncondensing
steam turbine cogeneration systems (Figure 9).
This characteristic, combined with a favorable
FCP and proven reliability, has made this prime
mover widely accepted in applications where suit-
able fuels are economically available.

As shown in Figure 9, gas turbines can generally
offer 2.5 to 4 times the power per unit of heat to
process compared to thermally optimized steam
turbine cycles.

GAS TURBINE POWER
ENHANCEMENT

The gas turbine is an air breathing engine that
responds to the mass flow entering its compressor.
For constant speed units, the gas turbine output

1.4 Basis

1. Sea Level Site

2. Natural Gas Fuel

3. Standard Inlet/Exhaust Losses

4. NOy at 25 ppmvd (43 g/GJ),
Steam Injection

Relative Output
P

0.8

Ambient °F

Degrees | | | | |
-6 5 16 27 38

°C

Gas Turbine Performance Depends Upon Inlet Air Conditions
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Figure 10. Gas turbine ambient output

characteristics




will generally vary in proportion to the inlet air
temperature (density) as shown for the MS6001B
in Figure 10. For gas turbine designs where
mechanical limitations exist, the characteristic
may be similar to that shown for the diluent inject-
ed LM6000 in Figure 10.

The gas turbine output may be enhanced at
high ambient temperatures and low humidity lev-
els by application of an evaporative cooler. This
system decreases the compressor inlet tempera-
ture by evaporating water introduced into the
inlet airflow upstream of the compressor. This
approach frequently can be economically justified
for MS and LM units in both base load and peak-
ing applications. Output increases of about 9%
can be experienced on heavy duty (MS) units at a
90 F /732 C ambient temperature at a relative
humidity of 20%. For the LM6000, the use of an
85% effective evaporative cooler will increase its
output about 22% at a 90 F/32 C temperature
and 20% relative humidity ambient condition.

Another alternative considered mainly for
LM6000 units, due to their relatively larger output
decrease at increased ambient temperatures, is
the use of an inlet chiller. This alternative cools
the incoming air thus increasing the output rela-
tive to the gain available with an evaporative cool-
er. For the LM6000 in base load applications,
chilling to the maximum power output, which
occurs at an inlet temperature around 45 F to
50F/7.2 to 10 C, is usually desirable. Frequently,
the energy for cooling can be supplied by a
mechanical or absorption refrigeration system
that receives its steam from a low pressure section
in the gas turbine heat recovery steam generator
(HRSG).

For the diluent injected LM6000, the normal
decrease in power output at ambient tempera-
tures less than about 50 F/10 C can be mitigated
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Figure 11. LM6000 (PA) output enhancements
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through inlet air heating to the maximum power
output temperature. Low level energy recovery
from the HRSG can accomplish this task. The net
effect is to drive the performance characteristics
for the LM6000 flat over the ambient temperature
range (Figure 11).

The example gas turbine output enhancements
are not limited to LM units only, and should be
evaluated for all gas turbines to ensure that the
maximum economic benefits are realized.

The greater the output change (loss) with
changing ambient temperature, the larger the
economic potential associated with various power
enhancement alternatives.

GAS TURBINE EXHAUST
HEAT RECOVERY

The economics of gas turbines in process appli-
cations usually depend on effective use of the
exhaust energy, which generally represents 60%
to 70% of the inlet fuel energy. The increase in
overall system efficiency as the exhaust tempera-
ture is decreased through use of effective heat
recovery is illustrated in Figure 12. The most com-
mon use of this energy is for steam generation in
HRSGs, with unfired as well as fired designs.
However, the gas turbine exhaust gases can also
be used as a source of direct energy, for unfired
and fired process fluid heaters, as well as preheat-
ed combustion air for power boilers.

HEAT RECOVERY STEAM
GENERATORS

The overall FCP in a gas turbine-HRSG system
is a function of the amount of energy recovered
from the turbine exhaust gas. The greater the
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Figure 12. Thermal efficiency versus stack

temperature



GER-3430F

amount of energy recovered, the lower the HRSG
stack temperature, and the better the FCP. Thus,
gas turbine-HRSG cycles should use the lowest
practical feedwater temperature to the economiz-
ing section of the HRSG, within constraints
imposed due to gas side corrosion considerations.
The typical feedwater temperature is 230 F/110 C
if corrosion is not a problem. With an integral
deaerating section or deaerating condenser, the
inlet water temperatures can be much lower. For
applications using sulfur bearing fuels, a feedwa-
ter temperature of about 270-290 F/132-143 C
should be used to ensure metal temperatures
remain above the condensation temperature of
the sulfurous products of combustion. These feed-
water temperatures are in contrast to steam tur-
bine cycles, which provide increased cogenerated
power as more regenerative feedwater heating
(higher feedwater temperature to the boiler) is
incorporated into the cycle.

HRSG units are available in unfired, supple-
mentary-fired and fully-fired designs. The appro-
priate selection is established through economic
evaluations of various potential configurations for
the application.

UNFIRED HRSG

An unfired unit is the most simple HRSG con-
figuration. Characteristically, steam conditions
range from 150 psig/10.3 bars saturated to
approximately 1450 psig, 950 F/100 bars, 510 C.
Steam temperatures are usually 50 F/10 C or
more below the turbine exhaust gas temperature.
With the introduction of “F” technology gas tur-
bines, exhaust conditions will permit superheated
steam temperatures of 1000-1050 F/538-566 C,
and reheat steam cycles if the application warrants
that approach.

Generally speaking, unfired units can be eco-
nomically designed to recover approximately 95%
of the energy in the turbine exhaust gas available
for steam generation. Higher performance levels
are possible; however, the increased cost of the
heat transfer surface and possible larger gas side
pressure drop must be evaluated versus the addi-
tional energy recovered to establish whether the
higher costs are warranted.

When unfired units are designed with higher
steam conditions for a combined cycle, multiple-
pressure units are usually applied to increase
exhaust heat recovery and enhance system perfor-
mance. The intermediate level may be that
required for steam injection for NO, control
and/or a process level. In applications using natu-
ral gas, a third pressure level, will further enhance
overall system performance. Typical design prac-
tice is that unfired HRSGs are convective heat

exchangers that respond to the exhaust condi-
tions of the gas turbine. Thus, the performance of
unfired HRSG units are driven by the gas turbine
operating mode and cannot easily provide steam
flow control.

SUPPLEMENTARY-FIRED
HRSG

Since gas turbines generally consume very little
of the available oxygen within the gas turbine air
flow, the oxygen content of the gas turbine
exhaust generally permits supplementary fuel fir-
ing ahead of the HRSG to increase steam produc-
tion rates relative to an unfired unit. A supple-
mentary-fired unit is defined as an HRSG fired to
an average temperature not exceeding about 1800
F/982 C.

Since the turbine exhaust gas is essentially pre-
heated combustion air, the supplementary-fired
HRSG fuel consumption is less than that required
for a power boiler providing the same incremen-
tal increase in steam generation.
Characteristically, the incremental steam produc-
tion from supplementary firing above that of an
unfired HRSG will be achieved at 100% efficiency
based on the lower heat value of the fuel fired.
The amount of incremental fuel will be about
10% to 20% less than for a natural-gas-fired power
boiler providing the same incremental increase in
steam produced.

As stated above, the unfired HRSG with higher
steam conditions is often designed with multiple
pressure levels to recover as much energy as possi-
ble from the gas turbine exhaust. This adds cost to
the unfired HRSG, but the economics are often
enhanced for the cycle. In the case of the supple-
mentary-fired HRSG, if the HRSG is to be fired
during most of its operating hours to the 1400 F
to 1800 F/760 C to 982 C range, then a suitably
low stack temperature can usually be achieved
with a single pressure level unit. This is the result
of increased economizer duty as compared to the
unfired HRSG.

A supplementary-fired HRSG is basically a con-
vective unit with a design quite similar to an
unfired HRSG. However, the firing capability pro-
vides the ability to control the HRSG steam pro-
duction, within the capability of the burner sys-
tem, independent of the normal gas turbine
operating mode.

FULLY-FIRED HRSG

A few industrials have used the exhaust of the
gas turbine as preheated combustion air for a
fully-fired HRSG. A fully fired HRSG is defined as



Generator Drives - Natural Gas Fuel - Dry Performance - English Units

TABLE

STEAM GENERATION AND FUEL CHARGEABLE TO POWER WITH GAS TURBINE AND HEAT RECOVERY BOILERS

Gas Turbine Type MES001(PA) MS60VL(E) M5600L(FA) —_ MSIILEA) MS001{E) MSTODI (FA) MSS00I(EC) MS900L{FA)
Gas Turbine Model PLEYLIPAY PG6551(T) PGE1O1{FA) PLTI21(EA) PGYITIE) PGIIILIEA} PGSLI1EC) PGYIMIFAL
IS0 Base Rating (K'W) 25,810 0,110 63.500 85.000 122,400 — 166,200 169000 240000 N
Performance al 39 F, 50760 Hz 50 /60 Hz 50460 He 60 Hz 50 Hz G0 He 50 Hz S0 Hz
|Sea Level, Natural Gas Fuel L
Output - KW
- Unfired, 1 PL. 25470 38,770 62,680 84,620 121,700 165,400 167,800 239,000
» Unfired, 2 FL 25380 38670 aE 890G #4450 121,500 165,100 167,260 238,500
- Supp Fired 25290 38,580 68,700 84,280 121,200 164,700 166,700 238,000
-« Fully Fired 25,020 38,290 68,130 B3.760 120,400 143,500 165,103 235,300
Power Turkine Speed - rpm 5.100 5,100 5,250 3600 3,000 3,600 3,000 3000
Fuel - MEtwh (HHY) 340.0 468.1 Tidy 986.1 1382.0 17450 1833.7 25086
Exbaust Flow - ib/h 985,000 1,144, 006G 1,621,000 2,367,000 3257000 3,345,000 4,075,000 5,120,000
Exbaust Temp - F
+ Unfired, 1 PL 94 994 1398 1000 1012 1105 1036 o7
« Unfired, Z PL 915 995 1100 1001 13 1107 1937 108
- Supp Fired 916 96 17101 1302 1a14 1108 1339 1104
- Fully Fired 920 599 . 1106 1004 1018 1112 1044 13
HESG Performance
Fuel - MBtwh (HHY)
- Supp Fired 2259 2340 T 480.0 648.2 6003 TS Bad.5
- Fully Fired B45.0 166 1182.4 18776 25517 5290 807 36774
HRSG FCP HRSG FCp HRSG FCP HREG FCP HRSG FCP HRSG FCP HRSG FCP HRSG FCP
|5team Conditions Steam GT Steam GT Steam GT Steam GT Steam GT Steam GT Sleam GT Steam GT
{Pslp § ¥} E0HHE Tb/h Biukih 1804 [5/h BiuwkWh 1000 ib'h Diuwk¥Wh L0 1bih Bru/kVWh 10040 Ibih BhkW LG Ibh PBlo/kWh 10400 Ibih Dk Wh 10H} Ikt Btk Wh
- Unfired
150 f 365 IPL 153 5860 210 5100 347 4740 439 4580 Gi6 4340 TEE 4600 B4 4760 it 4520
400 7 650 1 PL 124 6520 172 5620 286 4970 &0 5470 507 5300 656 479G 310 5160 Q50 4720
600 5 750 1PL 113 1010 159 5840 278 5140 333 5120 471 5520 alt 4940 G20 5360 833 4870
50 7 825 1PL 104 7350 14% 6130 264 3300 313 5940 442 5740 387 3080 585 5540 850 ! 5000
250 £ 825 IPL 104 allo 145 5350 265 4860 313 EF4t] 443 5170 589 4B00 586 2060 852 i 4740
150/ 365 BT - 24.0 - 230 - 48 8 - 536 . 40 - 600 - 487 -
12507 904 IPL - - 139 5330 252 4870 1 5220 414 5170 360 4BI0 3 5100 B0 4750
150 F 365 - 330 - 316 . S0 - 78.4 . 529 - 38.7 - ke -
1450 7 950 IPL . - 132 5380 44 4870 9 5210 R 5180 541 d520 518 5100 783 4740
150 f 365 - - 374 - 6.2 - 7.1 - 1.0 633 - 194 - 0.9 -
-Supp Fired
1507 365 349 4910 406 ABEO 577 4500 R4l 4360 1158 4460 1264 43 - - - -
A0 £ 650 310 4910 360 4540 3l 4500 145 4530 Loz 4440 11z0 4360 1286 44560 [617 4300
G600 T50 293 4910 348 4510 494 4474 70 4320 991 4430 1481 4360 1241 4450 1561 4290
5/ 825 292 4900 340 4590 482 4480 703 4520 968 4420 1456 4350 1213 4440 152% 4280
1350/ 900 286 4900 333 4590 413 4450 6589 4510 949 4400 1036 43303 11E% 4420 1495 4270
1450 / 950 282 4340 328 4560 455 4450 678 4490 931 44060 1G18 4330 1169 4420 1470 43 T{]
- Fuliy Fired
400 / 550 783 470 859 A5R0 1173 370 1766 3570 2421 520 253G 170 - - - -
GO0 / 750 RN 3410 829 31560 1133 570 ¥its] 3540 2338 3450 2443 3630 2872 asve 3540 IGgzd
B50 /815 T20 370 G 3530 1107 3640 1666 3500 2284 3460 2387 3620 2806 A550 3458 3600
12547 900 705 3360 o4 3490 1085 1620 1633 3470 okt 3420 1340 3590 51 3510 1351 3570
1450 / 850 694 3300 781 3470 1067 3610 1607 3440 2_'2_03 J3H) '230_2 3580 2703 3500 3315 3560

* (Gas Turbines equipped with DLN combusiors

* Fuel chargeable 10 g5 Wrbing power assnmes GT credit with PH auxiliaries and equivalent boiler fuel requlred to generate steam in an 34% efficient boiler (HIHV)

* (Gas turbines and bailers Tucled with natural gas and all fuel dala based on higber heating value {(HHV)

* Siandard inlel losses; exbaust losses 10 "H20 for unfired 1PL, 12" H2O for unfired 2 PL, 14% H20 for supplementary Gred, 207 H2O for fully fired

* Assumes 0% ¢xbaost bypass siack damper leakage, 0% blowdown, and 150 F condensate renyn for all cases
* Unlired boiler design based on a 15 F pinch point / 15 F subcool approach temperature, wilh criteria 10 limit the stack lemperature 10 a minimum of 220 F for all cases

#Supplementary fizing hased on average gas lemperalure ol 1600 F
* Lower heging value (LHY) - 21515 Biudb, HITY = LHY x 1,11

'6/%6
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Generator Drive - Natural Gas Fuel - Dry Performance - 81 Units

TABLE 2
STEAM GENERATION AND FUEL CHARGEABLE TO POWER WITH GAS TURBINE AND HEAT RECOVERY BOILERS

40EFE-HIO

0T

Gas Turbine Type "MESOL(PA) MSGLOHE) MS6001{FA) MS7001(EA} MS5081(E) MST001(FA) MS$00I{EC) MSSOFLFA)
Gas Turbine Model PGSITLHPA) PGASSI(B) PG6102{FA) PGTI2I{EA) PGRITIE) PGETRALFA) PGR231(EC) PGOAMFA)
IS0 Base Rating (KW) 25810 39110 69500 ] 85000 122400 166200 163000 240000
Performance a1 15 50/ 60 Hz 50/60Hz 56160 Hz 60 He 50Hz 60 Hz 5G Hz 50 Ha
15ea Level, Natural Gas Fuel
Output - KW
- Unfired, 1 PL 25410 8770 63030 34620 128700 165400 167800 239000
» Unfired, 2PL 25380 38670 GEEA0 #4450 121500 165100 167200 233500
- Supp Flred 2529¢ 38380 58700 84280 121200 164700 166700 23R
-« Fully Flred 25020 382490 68130 83760 120400 163500 165100 236300
Power Turbine Speed - rpm 5100 5100 5350 3500 3000 3600 3000 3000
Fuel - MKJ/h (HHY) 368.2 493 8 814.3 10404 1458.0 18421 19346 26466
Exhaust Flow - Tonsh 447 5149 735 1.073 1477 1,608 1,848 23312
JExbavst Temp - C
- Unfired, 1 PL. 49 534 592 ’ 538 544 596 558 597
- Unfired, 2 PL. 491 535 593 533 545 597 558 598
- Supp Fired 491 536 494 339 546 398 559 398
| - Fuily Fired 493 537 597 540 548 - H00 562 6
HRSG Performance
Fuel - MKJ/h (HHY}
- Supp Fired . 2383 2469 2930 5064 483.8 6332 3214 9121
- Fully Fired 924 967.0 1247.4 198408 2698.4 2668.2 3250.2 I8R0.1
HRSG FCP HRSG FCP HRSG FCP HRSG FCP HRSG FCP HRSG | ¥FCP HRSG | FCP HRSG FCP
Steam Cooditlons Sieam GT Steam, GT Steam GT Steam GT Steam GT Steam GT Steam GT Sleam GT
{bare / T} Tonsh KIkWh Tons'h KIkWh ‘Fansh KIkWh Tansh KJhWh Tons'h EJ/AWh Tons'h KJLWh Tonsh KJA&Wh Tons'h HJ/KWh
- Unfired
11471385 1PL itk ] 5180 952 5380 157.4 5000 199.1 5250 7194 510 3474 4850 3646 3020 5034 47710
FLETEIN] iPL 56.2 H980 80 393 134.2 5240 1633 57H0 22959 5590 WS 5050 3020 5440 430.8 4981}
4247399 1PL 51.2 F400 Tl 5210 1261 5420 151.¢ 6030 236 5820 194 5210 281.2 5650 4150 5140
50.7 7441 iPL 47.2 TROL §7.6 G4} 1197 5530 1420 6210 00.5 6l6( 2662 5360 2653 5840 385.5 5280
59.7 /440 2PL 47.2 64350 976 5640 1202 5130 1420 5500 2009 H 5430 247.1 5060 658 5370 3864 5000
11.4/ 185 iz - 09 - 10.4 - - 221 - 243 - i54 - 212 - 23 -
B1.2/4B2 2PL - - 63.0 5620 114.3 5130 1320 5500 1878 5450 2540 5060 294 5370 3673 S000
114/ 185 - - 150 - 14.3 - 0.4 - 356 - 240 - 40.2 - 144 -
101 £ 510 ZPL - - 599 5680 1107 514G 1265 5510 798 5450 245.4 367G 2395 5380 355.1 5010
1 1147188 - - 15.0 - 16.4 - 14.5 - 41.3 - 287 - 47.2 - 41.2 -
« Supp Fired
11.4 7185 1583 5240 184.1 4920 1.7 4750 kLI ) 4810 5252 4710 573.2 4610 - - - -
28.67 M) 140.6 5180 1633 4300 LT 4750 3383 4780 4658 4680 5078 4600 583.2 4710 7333 4540
424139% 135.6 5180 - 1578 4360 Pl Y] 4720 s 4770 4494 4570 430.2 4600 562.8 4690 1079 4530
59.7 7441 132.4 5170 1542 4840 184 4730 3IB.E 4770 43590 4660 4159 4530 53,1 4680 491.6 4520
8727482 129.7 5170 1510 4840 2145 4690 325 4760 4304 4640 4608 4570 5392 4660 &678.0 4504
101 7510 1279 5110 1488 4310 1.9 4690 307.5 4740 423.1 4640 461.7 4570 530.2 4660 £66.7 4500
- Fually Fired
18464 14) 346.0 3660 B9 3780 5320 3910 800.9 3710 1098.0 3710 11474 Iz - - - -
4247399 3342 3600 376.0 3160 5138 3870 1732 3730 10603 3680 a9 3850 13025 a7t 16054 IR0
59.71 441 265 3560 367.3 3T 5020 3840 7556 1590 10358 3650 10825 320 12126 3750 1568.3 3500
B1.27482 197 3540 260.1 3680 492.1 3820 7406 3560 1015.4 3610 1061.2 1790 1247.6 A700 15375 e
101/ SL0 314.7 31_4&) 3542 661 4839 3810 788 3_930 999.1 3580 1044.0 3730 1 22;5.3 3690 15123 3760

* (3as lurbings and boilers fueled with natural gas and all fuel data based on higher beating valug (HHV)

* (Gas uurbines equipped witk DLN combustors

* Fuel chargeable to gas mrbine power assumes GT credit with PH auxiliaries and equivalent boiler fuel required to gencrate steam in an 84% efficient boiler (HEHV)

* Siandard infel losses; exhaust losses 254 mm H20 for enfired 1PL, 305 mm H20 for unfired 2 PL., 356 mm H20 for supplementary fired, 508 mm H2Q for fully fired

* Assumes 0% exhaust bypass stack damper jeakage, 0% blowdown, and 65.6 C condensate retam for all cases

* nfired boiler desi ed on a 8.3 C pinch point / 8.3 C suboool approach temperalure, with criteria 1o limit the stack iessmeature 0 a minimum of 104.4 C for all cases
* Supplementary fix d on average gas trmperalure of 871 C

# Lower heating valuc .1V} - 50031 kfkg, HEV =LHV x 1,11

6/%6 g343096.xls
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Generator Drives - Natural Gas Fue! - Dry Performance - English Units

TABLE 3

STEAM GENERATION AND FUEL CHARGEABLE TO POWER WITH GAS TURBINE AND HEAT RECOVERY BOILERS

[G: Torbine Type LMZE00(P 1} TMZS00T R EMECO0(PR) TM6OO0(TDT Lm0 LMZS00(P Y LM&000(B) T.MG0WPD)
Gas Turbine Model PGLM2500(P7) PGLM2500(+} FGLM6000{FB) PGLMG000(PD) PGLMZ500(1"1{ PGLMZ500(+} FGLMo1O(FE) PGLMG000{PD)
Iﬁo Base Ratlng (KW)** 12790 27080 38600 42270 21820 27550 3020 41640
Performance ai 59 F, 60 Hz 60 Hz 80 Hz 60 Hz 50 Hz S0 He 50 Hz LT
Sea Level, Natural Gas Foel
Output - KW
- Unfired, 1 PL 22,150 26.390 17,770 41,180 21,200 26,750 37.200 40,560
- Unflred, 2 PL 22,000 26.330 17,700 41,090 21,140 26,680 37,130 40470
- Supp Flyed 32030 6.270 37630 41,0400 21,080 26,600 37070 40,330
- Fully Fired 21,850 26,100 37.430 40,720 20,900 26,380 36,370 40,100
Power Turbine Speed - rpr 3,600 3,600 1600 1,600 " X 6,100 1600 3600
Fuel - MBtuh (HHY) 240.1 276.3 793 3949 238.2 M4 37193 3049
Exhaust Flow - Bvh $3E,600 631600 973,400 978 800 540,600 635,100 973,400 78 500
Exhaust Temp - F
« Unfired, 1 PL 99 959 283 852 1901 246 383 852
- Unfired, 2 PL 994 960 885 853 1003 947 85 353
- Supp Fired 996 962 866 855 1004 949 886 355
- Fully Fired 1000 966 &89 859 1008 953 §89 359
THI@G Performance
Fuel - MBtwh (HHY)
- Supp Fired 1136 1366 3.6 2460 1096 140.2 2336 246.0
- Fully Fired 4108 4872 2000 7929 4155 4896 200.0 7929
HRSG FCP HRAG FCP HARSG ¥CP HESG FCT HRSG TCP HRSG For HRSG FCP HRSG FCP
Steam Conditlons Steam GT Steam (£33 Steamn GT Steam GT Stean GT Steam GT Steam GT Steamn GT
(Psig / F} 10000k | Bavkwh | 1600ma | Beawk | aeomd | Bwkwk | je00bm | Bukwh 100016/ | Buwiawh | 1000 h Buw/kWh { H00IbA | BuwkWh | 0001bh | BuwkWh
= Unilred
130 / 366 1PL 58.9 5090 1% 5i50 145 5100 136 5340 101 5100 107 5230 145 5180 13 5420
400/ 650 1PL 210 5520 83.4 5600 114 5650 106 5850 826 5570 865 3670 4 5740 106 | 5940
600/ 750 1PL 749 5740 A3 5820 103 3930 947 6120 76.5 5790 79.3 5910 103 4020 94,7 220
350/ 815 1PL 702 5940 756 6040 9 6200 . . 718 £000 736 6130 939 6290 . -
1250 4 900 1PL 651 6200 9.5 6110 . . - - 66.8 6260 67.3 6410 - - - -
3507828 2FL 704 5250 59 5310 943 5260 - - 72.0 5330 s 5390 943 5350 - -
150/ 365 114 - 147 - 7.3 . . . 1.1 - 15.3 . 273 - - -
1250 £ 900 2PL £5.3 5300 608 5320 - - - - 67.0 5340 676 3390 . . -
1507 365 156 - W02 . . - . . 152 - 240 . . . B N
- Supp Fired
150/ 366 192 4700 225 4630 147 420 150 4650 193 4720 227 4720 347 4490 35 4720
400 / 650 170 4700 200 4658 08 4390 310 4840 171 410 201 4720 108 4460 310 4750
600/ 750 164 4760 193 4650 297 4400 299 4640 165 4710 194 4720 297 4460 299 4710
#50/ 815 160 4700 188 4570 200 4300 202 4640 161 4710 189 1740 290 4460 9 | 40
1250 900 157 4650 135 4610 284 4390 287 4590 158 468D 186 4680 284 4450 287 4660
1450 f 950 153 4630 182 4600 280 4350 182 4600 135 4700 183 4670 280 4420 282 I 4670
- Fully Fired '
400 £ 650 8 030 456 1870 721 3530 710 3240 394 3590 457 1020 721 3500 710 3000
600 7 750 76 870 440 B0 696 3510 645 3840 380 000 441 910 696 3560 635 3900
850 /615 367 3870 430 1830 680 2480 £70 3780 EYe) 3820 431 3870 680 1530 670 3840
12501 900 160 1320 422 3770 667 1430 657 3740 364 3830 42 1810 667 3480 457 3800
1450950 154 1310 415 1760 656 3420 646 3140 358 3820 416 2800 656 3470 646 3790

* (Gas turbines and boilecs fueled with namral gas and ali fuel dara based on higher beating value (HHY}
* {(as lorbines equipped with DLN combustors
* Fuel chargeable w gas trbine power assumes GT credit with PH auxiliaries and equivalent boiler fuel required to generate steam in an 84% efficient boiler (EIHV)
* Standand inlet Josses; exhaust Josses 10 "H2O for unfired IPL, 127 H2( for unfired 2 PL, 14" HZO for supplementary fired, 20" H20 for fully fired
* Assumes 0% exhaust bypass siack damper leakage, 0% blowdown, and 150 F condensale relum for all cases
* Unfired boiler design based on a 15 F pinch point { 15 F subcool approach temperature, with criteria w limit the stack iemperature 1o a minimum of 220 F for all cases
* Supplementary firing based on average gas tempeealure of 1600 F
* | ower heating value (LHY) - 21515 Brudb, HHY =LHY x 1.11

*+ Raing based on 040 inlevexhausl peessare drops

69 Im%%.xls
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TABLE 4

@ STEAM GENERATION AND FUEL CHARGEABLE TO POWER WITH GAS TURBINE AND HEAT RECOVERY BOILERS

J0€%E-HIAD

Generator Drive - Natural Gas Fuel - Dry Performance - Sl Units
25 TUrbime Type LMZE00(F3) LMIG00(PR] TIACUOE) CMEDHRPT) (RIS |0 LT T “TMGOUNDE} THeIED
Gas Turbine Model PGLMZA00(PS} PGLM2Z500(3) PGLMGO0D(PE) PGLMGO00(PD} FGLM2ZSU0ILT) PGLMZE0+) PGLM6C(PE) PGLM60UNPD)
150 Base Rafing (KW) 22790 TT08D 3RE00 42770 21820 27550 32020 41640
Performance al 15 €, &0 Hz 60 Hz 6 Hz a0 Hz 50 Hz S0 Hz 50 He 011z
Sea Level, Natural Gas Fuoel
Output - KW
- Unfired, 1 PL 22,150 26,390 37,770 41,180 21,200 26,750 17,200 40,560
- Unbred, 2 PL 22,090 26,330 37,700 41,690 21,140 26,630 17,130 40,470
- Supp Fired 22,030 26,270 37630 41,000 21,680 26,600 37,070 40,380
- Fully Fired 21,850 26,100 37430 40,720 20900 26.330 36,570 48,100
Power Tuthine Speed - rpm 1,600 3600 3,600 3600 3,000 6100 1500 TE00
Fuel - MEJ/h (HHY) 2533 2915 400.1 4167 2513 929 400.1 4i6.7
Exbaust Flow - Tonsh 244 286 441 444 245 288 441 444
Exbaust Temp - C
- Unfired, 1 PL 534 515 41 456 538 508 473 456
- Unfired, 2 PL 534 506 474 456 539 508 474 456
- Supp Fired 536 517 474 457 540 509 474 457
- Fuliy Fired 538 519 4% 439 542 512 475 459
HR5G Performance
Fuel - MEJ/h (HHY)
- Supp Fired 1166 1441 2464 2595 1156 147.2 246.4 25935
- Fully Flred 4334 514.0 8440 836.5 438.4 5165 344.0 8365
‘ARSG FCF HRSG FCP HRSG FCP HRSG FCF [TERSG | FcP | BRSG FCP ARSG For HRSG FCF
|Sizam Coaditions Steam GT Sieam GT Steam GT Steam GT Steam GT Steam GT Steam GT Steam GT
(bars f C} Tonsh KI/kWh Tonsh KIfK¥Wh Tonsh KI/kWh Tonsh KIWh Toos'h KIWh TonsT KI/KWh Tonsh KJ/K¥h Tonsth KJ&Wh
~Unlired
11.4/185 1PL 449 5370 49.4 5430 658 5380 61.7 5630 458 5380 435 5520 658 5460 61.7 5120
864343 PPL 387 5820 a1 5510 517 5960 a8} 6170 375 5380 39.2 5930 507 6060 48} 6270
4247399 IPL 4.0 6060 369 6140 467 6260 429 6460 34.7 6110 360 6240 467 6350 429 6560
59.7 4 44l 1PL 318 6270 343 6370 426 6540 - - 24 6330 334 6470 426 6640 - -
8721482 1PL 235 6540 ns 6660 - - - - 303 6600 305 6760 - - - -
59.7 1 44l 2IPL g 5570 4.4 5610 428 5550 - az7 5620 313 5690 428 5640 - .
11.4/185 5.2 . 6.7 - 12.4 . . . 50 - 69 - 124 - - -
7.2/ 482 iPL 286 3590 At 5610 - - - - .4 30310 30.7 5690 - - - -
11.47 185 71 - 92 . - . - 59 - 95 - R . - .
- Supp Fired
11.4/185 87.1 4960 102.0 4550 157.4 4660 158.7 4910 875 2980 1029 4980 1574 4740 158.7 4980
28.6/ 343 T 4960 90.7 4910 139.7 4530 1406 4900 776 4570 912 4980 139.7 4710 140.6 4970
4247399 744 4960 B7.5 4010 134.7 4440 1356 4900 74.8 2970 880 4980 134.7 4710 135.6 4970
£9.7 1 441 726 45650 853 4530 131.5 4630 132.4 4900 730 4970 85.7 5000 1315 4710 1324 4970
8727482 Nz 4940 839 4860 1288 1530 1302 4340 7.7 4940 B44 4940 1288 4590 302 4920
1017510 0.3 4880 825 4550 121.0 4590 1279 4350 70.3 4960 830 4930 127.0 4660 1219 4330
- Fully Fired
28.6 343 176.4 4150 2068 4080 710 3720 32260 4050 178.7 4100 2073 4140 310 3790 720 4110
4241399 170.5 4080 1995 4070 3156 3700 316.7 4050 1723 4119 200.0 4130 3156 3760 3107 4110
597/ 441 166.4 4080 195.0 4(MO0 308.4 3670 3039 3950 168.7 3030 1955 4080 W54 3720 035 4050
8121482 1633 4030 1914 3980 3025 3620 2980 3950 1651 | doao i91.8 4020 3025 3670 258.0 4610
101/ 510 160.5 4020 138.2 3970 2975 610 2930 3950 1624 | 4030 188.7 4010 97.5 3560 293.0 4000
* (Gas lushines and boilers fueled wilh nalural gas and all fuel data based on Iigher heating value (HHV)

* (Gas turhines equipped with DLN combusiors
# Fuel chargeable 1o gas turbine power assumes GT credit with PH auxiliaries and equivalznt boiler fuel required to generale steam in an 34% efficient boiler (HHY)

* Standard inlet losses; exhaust bosses 254 mm H20 for unfired 1P, 305 mm H2O for unfired 2 PL, 356 mm H2O for supplementary fired, 508 mm H20 for fully fired
* Assumes D% exhaust bypass stack damper leakage, 0% blowdown, and 65 C condensate return for alt cases

* Unfired boiler design based on a 8.3 C pinch point / 8.3 C subcoet approach lemperamre, with criteria 1o limit the stack temperature (o a minimum of 104 C for all cases

* Supplementary firing based on average gas wemperature of 87) C
) - 50031 kg, HHY = LHV x 1.11
exhaust pressore drops

* Lower heating val
+* Rating based on

696 1m9%6.xls




TABLE §

STEAM GENERATION AND FUEL CHARGEABLE TO POWER WITH

GAS TURBINE AND HEAT RECOVERY BOILERS
Generator Drives - Natural Gas Fuel - Dry Performance - English Units

Gma Torbine Type PGT2 PGTS PGTIO
(Gas Turbine Model PGT2 PGTS PGTIO
150 Base Raring (KW} + 2000 5200 0140
Performance at 59 F, 50/60Hz 50/60Hz 50/60 Hz
Sea Level, Natural Gas Fusl
Ourput - KW
= Unfired, 1 PL 1,520 5.010 9,860
- Unfired, 2 PL 1,910 4,994 9,820
= Supp Fired 1,500 4,960 9,790
- Fully Fired 1,880 4,890 9,680
Power Turbine Speed - rpm 22,500 11,140 7,900
Fuel - MBtw'h (HHY) 30.0 729 122.7
Exhaust Flow - 1b/h 83,880 193,460 130,480
Exhaust Temp - F
- Unfired, 1 PL 986 985 912
« Unfired, 2 PL 088 986 ol4
- Supp Fired 089 988 915
= Fully Fired 993 993 219
HRSG Performance
Fuel - MBwh (HHY)
« Supp Fired 17.3 399 759
- Fully Fired 76.7 161,7 2710
HRSG FCP HRSG FCP HRSG FCP
|5team Conditions Steam GT Steam GT Steam GT
(Prig/ ) 1000 1b/h Btw/kWh 1000 Ib/d BtwkWh 1000 1b/h BtwkWh
~ Unfired
150/365 1PL 15.1 3500 343 5600 519 5660
400 / 650 1PL 12.4 8230 28.4 6300 41.5 6320
500/750 1PL 11.4 6670 26.3 6630 378 6660
850 /825 1PL 10.7 7010 246 6960 347 7000
600 7 750 2PL 11.5 5750 26.4 5830 319 5870
150 /365 1.3 - 29 - &1 .
850 /825 :PL 10.7 5840 24.7 5900 349 5870
150 7 365 1.8 - 4.1 . 26 -
1250/900 2PL - - 229 5890 - -
150/ 365 - - 57 - - .
= Supp Fired
180/ 363 29.7 4760 68.6 4930 117 4900
400 / 650 26.3 4760 0.8 4920 104 4840
500 /750 25.4 4740 58.7 4900 100 4890
§50 /928 248 4730 3.3 4900 98.1 4810
1250 / 900 243 4710 56.2 4870 96.2 4790
1450 / 950 3.9 4700 55.2 4880 4.6 4780
~ Fully Fired
150 /368 74.5 3240 169 3530 284 3560
400 / 650 65.1 3030 150 3430 252 3480
600 £ 750 63.9 2520 145 3330 243 3490
850 /828 62.4 28%0 141 3490 238 3350
1250 /900 61.2 2800 138 3500 2313 3360
1450 1 950 60.1 2850 136 3390 229 3370
* Gas wrbines and boilas fucled with natural gus and all Fuel dats based on higher heating vaue (HHY}
* Gas turbi ipped with DLN

* Fuel chargeable to gas burbine power waumes GT credit with PH suxifiaries and squivalent boiler fuel required ta generate steam in an $4% eficient boiler (HHY)

® Syundard inlet josyes; shaust lossen 18 *HM30 for unfired 1PL, 12* H20 for unfired 2 PL, 147 H2O for supplementary fiesd, 20° H20 for fully fired

A % exhaust bypass stack damper leakage, 0% blowdown, and 150 F condensate return for ol caser

* Unfired boiler design based an 2 15 F pinch point / 15 F subcool approsch temperamure, with criteria 1o limit the stack temperaturs w3 minimum of 220 F for all cases
* Sypplementary firing based oo average g wmpertanure of 1600 F

* Lowet heating value (LHV) - 21515 Buwlb, HHV = LHV x L. 11

B tian benad mm A e i s drnat s A

13



TABLE 6

STEAM GENERATION AND FUEL CHARGEABLE TO POWER WITH

GAS TURBINE AND HEAT RECOVERY BOILERS
Generator Drive - Natural Gas Fuel - Dry Performance - SI Units

Gat Turbine Type PGTZ PGTS PGT10
(zag Turbine Model PGT2 PGTS PGTI10
IS0 Buae Raring {KW) itk bua) 2000 5200 10140
Performanee at 15 C, 50/ 60 Hz 50/ 6G Hz 50760 Hz
Sea Level, Natural (ras Fuel
|0urput - KW
- Unfired, | PL 1,920 5,010 9,860
- Unfired, 2 PL 1,910 4,990 9,820
- Supp Fired 1,900 4,960 9,790
- Fully Fired 1,880 4,890 9,680
|Power Turbine Speed - rpm 22,500 11,140 7,960
Fuel - MK/ (HHY) 17 169 129.4
Exhaurt Flow - Tons/b 38 88 150
|Exhaust Temp - C
- Unfired, 1 PL 330 529 489
+ Unfired, I PL hX11 530 490
- Supp Fired 532 531 491
~ Fuliy Fired 534 534 493
HRSG Performance
Fuel - MKJ/b (HEV)
- Supp Fired 18.2 42.1 80.1
= FuHy Fired 756 1706 292.3
HRSG FCP HRSG FCP HRSG FCP
{Steam Conditions Steam GT Steam GT Steam GT
(bara /L) Tonvh KJkWh Toovh KJ/KWh Tons'h KIkWh
= Unfired
11.4 /185 1PL 6.8 5800 15.8 5910 2335 5970
2867343 tPL 5.6 6570 129 6650 (3.3 6670
4247399 1PL 52 7040 iLe 6950 17.1 7030
59,7/ 441 1PL 4.9 7460 IE.2 7340 15.7 7350
59.7/441 2PL 5.2 6070 12.0 6200 17.2 6190
1147185 0.6 - 1.3 - 2.8 -
B7.2/482 2PL 4.9 6160 11.2 6220 15.8 6190
1147185 08 - 19 - 39 -
101 / 510 IPL - - 10.4 6210 - -
1147185 - - 26 - - -
- Supp Fired
114 /185 13.5 5020 3l 5200 53.1 5170
28,6 1343 11.9 020 27.6 5190 47.2 5110
424139 11.5 5000 26.6 5170 454 5160
£9.7 /441 i1.2 4950 26.0 5170 44.5 5070
87.2/482 11.0 4970 25.5 5140 43.6 5089
101 /510 10.8 4960 250 5150 429 50440
- Fully Fired
1147188 338 3420 76.6 3720 1288 3760
28.5/343 300 3200 68.0 3620 114.3 3670
4247399 29.0 3080 65.8 3510 110.2 3680
£9.7 1 441 283 3050 63.9 3680 107.9 354¢
872 /482 27.8 2950 62.6 3690 105.7 3540
101/ 510 273 3010 61.7 3580 103.9 3560

* Gus nurbi

¢ with DLN

b

i

* Gas turhines and boilem fucled with naourad gas aad all foel dams based oz higher haating value (HITV)

* Fuel charguable 1o gas turbine power assunes GT credit with PH sulisries and equivilent boiler fuel required m generate sieam in sn 34% efficient bailer (HHV)

* Standard inlet losses; exhaust loae 254 mm H20 for unfired 1PL, 305 mm H2O for unfired 2 FL, 156 mm H2O for supplementary fired, 508 mm H20 for fully fired

* Acsumes 0% exheust bypass stack damper leakage, 0% blowdown, and 65,6 € condensete retumn For sll caser

* Uniired boiler design based on v B.) C pinch point £ .3 C subcool approach 1emp ¢, with criteria to limit the stack temperstre ta & minimum of 104.4 € for all cases
* Supplementary firing based on 671.1 €

* Lower heating vidus (LHV} - 50031 kifkg, HHV = LHW x 1,11
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Figure 13. Gas turbine with LP HRSG
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Figure 14. Typical industrial gas turbine cycle

a unit having the same amount of oxygen in its
stack gases as an ambient-air-fired power boiler.
The HRSG is essentially a power boiler with the
gas turbine exhaust as its air supply.

Steam production from fully fired HRSGs (10%
excess air) may range up to six or seven times the
unfired HRSG steam production rate. The actual
increase is a function of the oxygen remaining for
combustion and the gas turbine exhaust tempera-
ture. Because of the use of preheated combustion
air, fuel requirements for fully fired units will usu-
ally range between 7.5% and 8% less than those of
an ambient-air-fired boiler providing the same
incremental steam generating capacity. With the
more efficient gas turbines (higher firing temper-
atures resulting in lower oxygen content in the
exhaust gases), the ability to ignite and maintain
stable combustion in the HRSG should be con-
firmed with the HRSG manufacturer.

Even though fully fired units can provide a sig-
nificant amount of steam, few applications of this
type can be found in industry. Evaluations show
that the higher power-to-heat ratio available using
unfired or supplementary fired HRSGs is usually
economically preferred over fully fired HRSGs
and lower amount of power generated.
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170 F
150 psig (11.4 bars)
155 L Process Steam
Net Power
Output (Mw) 140 'E
125 D
110
95 c
A B
80 P S S fl S S S S
0 200 400 600 800 1000
Net Heat
to Process MBtu/hr

| | |
0 211 422 633

MkJ/hr

| ]
844 1055

Basis:

1) Gas turbine operating at its 59 F (15 C) capability, sea level
site, natural gas fuel, DLNto for 25 ppmvd (1.45g/gc) NOy
emission level

2) Cycle A - Unfired HRSG Lp process steam
Cycle B - Supplementary fired (1600 F/ 871 C) HRSG, LP pro-

cess steam

Combined cycle, unfired, two-pressure level HRSG,

HP at 1250 psig, 900 F (87.2 bars, 482 C), LP at 150

psig saturated (11.4 bars saturated), noncondensing

steam turbine-generator

Combined cycle, supplementary fired HRSG, steam

at 1250 psig, 900 F (87.2 bars, 482 C), noncondens-

ing steam turbine-generator

Same as Cycle C, but with admission condensing

steam turbine-generator

Same as Cycle D, but with condensing steam tur-

bine-generator

3) Process returns and makeup enter the integral 44 psia ( 3 bars)
deaerating heater at a mixed temperature of 150 F/(66 C)

Cycle C -

Cycle D -

Cycle E -

Cycle F -

. GT19770D.
Figure 15. Performance envelope for gas

turbine cogeneration system

HRSG STEAM PRODUCTION
RATES

The amount of steam that can be generated
using the exhaust gas from various GE gas tur-
bine-generators frequently considered in industri-
al cogeneration systems is given in Tables 1, 2, 3,
4,5 and 6.

In addition, the FCP is shown for the combina-
tion of the gas turbine and HRSG. This data is
useful in performing gas turbine cogeneration
feasibility studies to obtain a rough estimation of
the cycle overall FCP. Simply take the gas turbine
kilowatts generated and the tabulated FCP from
Tables 1 through 6 and add the non-condensing
steam turbine kilowatts generated at the before
mentioned 4000 to 4500 Btu/kWh/4219 to 4747
kJ/kwWh and the condensing steam turbine kilo-
watts generated (if there is a condenser in the
cycle being considered) at 12,000 to 14,000
Btu/kWh/12,658 to 14,767 kJ/kWh. The weight-
ed average of the FCP for the amount of power
produced in the above three modes (gas turbine,
non-condensing steam turbine and condensing
steam turbine) will be a close estimate of the over-
all FCP for the system being considered.
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Table 7
PERFORMANCE OF MS7001EA
GAS TURBINE CYCLES
Cycle A B C D E F
Net Output - MW 844 843 986 1197 1281 1744
NHP - MBtu/h 473 906 402 769 0 0
MkJ/h 499 956 424 811 0 0

FCP-Btu/kWh HHV 5010 4590 5150 4590 7700 8410
kJ/kWh HHV 5200 4840 5430 4840 8120 8870

Basis:
1) Cycle definitions as given in Figure 15
2) Net output is the total power credited to the cogeneration cycle
3) Net fuel includes credit for the Net Heat to Process (NHP) at

an 84% process boiler efficiency (HHV)

CYCLE CONFIGURATIONS

The most simple gas turbine cogeneration cycle
is one where the exhaust energy is used to gener-
ate steam at conditions suitable for the process
steam header (Figure 13).

Generation of steam at higher initial steam con-
ditions than those required in process will allow
use of a steam turbine in addition to the gas tur-
bine in the cogeneration cycle (Figure 14). This
configuration derives the benefits of both gas and
steam turbine cogeneration and yields a higher
power-to-heat ratio than the arrangement given in
Figure 13.

A multi-pressure HRSG system is shown in
Figure 14. This arrangement is common for
unfired and moderately fired (~1200 F/654 C)
HRSG systems. The multi-pressure HRSG pro-
vides increased recovery of the gas turbine
exhaust energy, and thus contributes to the favor-
able FCP associated with these cycles. For exam-
ple, an unfired multi-pressure HRSG used in con-
junction with an MS7001EA combined cycle
supplying steam to process at 150 psig (10.3 bars)
will yield about 5150 Btu/kWh HHV (5430
kJZ/kwh HHV) FCP, whereas a single pressure,
unfired HRSG used in a combined cycle, with the
same gas turbine, would have a FCP of 6030
Btu/kWh HHV/6360 ki/kWh HHV.

The steam turbine design shown schematically
in Figure 14 provides considerable cycle flexibility
in cogeneration applications. The condenser pro-
vides a heat sink for HRSG steam generating capa-
bility in excess of that extracted from the turbine
for process use. Furthermore, the admission capa-
bility will permit the introduction of lower-pres-
sure steam into the turbine for expansion to the
condenser during periods when excess HRSG
steam at the process pressure level is available.
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Figure 16. Gas turbine cogeneration systems

MS options, 60 Hz
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Figure 17. Gas turbine cogeneration systems

LM options, 60 Hz
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Figure 18. Gas turbine congeneration systems
options, 50 Hz

COMBINED-CYCLE DESIGN
FLEXIBILITY

One method of displaying the many options
available using a gas turbine in a cogeneration



application is shown in Figure 15. This diagram
has been developed for the GE MS7001EA gas tur-
bine-generator (85,000 kW 1SO, natural-gas-fired).
A summary of the performance used to develop
the envelope given in Figure 15 is presented in
Table 7.

Point A represents the MS7001EA gas turbine-
generator exhausting into an unfired low-pressure
HRSG. Point C is a combined-cycle configuration
based on use of a two-pressure-level unfired
HRSG. The steam turbine in the C cycle is a non-
condensing unit expanding the HP HRSG steam
to the 150 psig/10.3 bar process steam header.

Points B and D in Figure 15 represent opera-
tion of the HRSG with supplementary firing to a
1600 F/871 C average exhaust gas temperature
entering the heat transfer surface. The tempera-
ture used for the HRSG firing in Figure 15 has
been arbitrarily limited to 1600 F/871 C even
though higher firing temperatures (and thus
higher steam production rates) are possible in the
exhaust of this unit.

The envelope defined by A, B, C, D in Figure
15 represents the most thermally optimized use of
a gas turbine in a cogeneration application (i.e.,
provides the lowest FCP). Operation along the
line CE, DF or any intermediate point to the left

Table 8
MS7001EA COGENERATION EXAMPLE

Case 1 2 3 4
Gas Turbine Units 1 1 2 4
HRSG-

Pressure Levels 1 2 2 2
Steam Turbine None Noncondensing Extraction Extraction

Condensing  Condensing

Net Fuel-

MBtu/hr HHV 508 508 1494 3466

MkJ/hr HHV 536 536 1576 3657
Net Power-

MW 84.4 98.6 228.5 488.9
Fuel Chargeable to

Power-

Btu/kWh HHV 6020 5150 6540 7090

kJ/kWh HHV 6350 5430 6900 7480
Estimated Installed

Cost-$ Millions

(1996) Base 16 85 203
Discounted Rate

of Return-% 25.0 222 17.6 17.5

. GT25452

Basis:

1) Process steam demand at 150 psig saturated (11.4 bars satu-
rated) is 373,000 Ib/hr (169,160 tons/h)

2) Al HRSG units are unfired designs

3) Net fuel includes credit for process steam delivered at 84%
boiler efficiency (HHV)

4) All comparisons with existing facility generating steam for direct
use in process, 8400 hrs/yr operation assumed

5) Fuel cost $3.0/MBtu HHV; power value 4.0¢/kWh

6) Incremental costs for operating labor, water and maintenance
are included

7) DRR based on 100% equity financing, 150% declining balance
depreciation, 15 year economic life, 2% local property taxes
and insurance, 40% combined income tax (federal and state),
4% annual escalation on fuel and power
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Basis:
1) Grass roots MS7001EA cogeneration plant
2) Cycles as defined in Figure 15 and Table 4
3) Operation 8400 hr/yr
GT19776D

Figure 19. Per unit cost of power generation

of line CD represents use of condensing steam
turbine power generation with the E and F points
applicable for combined-cycle operation without
any heat supplied to process. Thus, the cycles
along line EF are combined cycles providing
power alone.

Performance envelopes for many of the gas tur-
bines included in Tables 1-6 are presented in
Figures 16, 17 and 18. These data are on the same
basis as Figure 15 except for point C. Point C for
all units except the various MS7001 models is
based on 850 psig, 825 F/59 bars, 440 C initial
steam conditions to the non-condensing steam
turbine. Furthermore, the only condensing power

Table 9
FEASIBILITY GRADE
INSTALLED COST COMPARISONS

Grass Roots Facility

Alternative Base MS7001EA

Generation - MW NA 84.1

Estimated Total Installed

Cost - $ Millions, 1992 14 39

Incremental Investment

$ Millions, 1992 Base 25

Unit Cost - $/KW NA 464

Incremental Unit Cost - $/KW Base 297
GT25453

Basis:

1) Plant requires 490,000 Ib/hr (222,220 tons/h) of 150 psig (11.4
bars) saturated steam, 85 MW electric power

2) Gas turbine performance based on sea level site, 59 F(15 C)
ambient, 60% relative humidity, natural gas fuel, DLN for NOy
control to 25 ppmvd NOy(1.45 g/gc)

3) Costs are feasibility grade values that do not include escalation,
interest during construction, spares or project soft costs
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Figure 20. Economic performance at various
fuel and power costs — MS7001EA
cogeneration example

illustrated is based on unfired, two-pressure-level
HRSG designs.

The per unit cost of power generation for
cycles A through F given in Figure 15 is illustrated
in Figure 19. The per unit costs are based on a
16.5% fixed charge rate for invested capital and
other operating costs such as fuel, operating labor
and maintenance. The plant costs, not given, are
based on separate stand-alone facilities, i.e., no
“investment credit” applied to any of the cogener-
ation cases (Cases A through D).

Per unit costs given in Figure 19 define two dis-
tinct performance levels. The “thermally opti-
mized” cogen cases, Cases A through D, result in
per unit costs that are about 20-30% lower than the
unfired power generation case, Case E. And, if the
thermally optimized cogen cases were considered
as additions to an existing facility, part of a major
plant expansion, or used to displace new boilers
which are intended to replace aging equipment,
the comparisons would be more dramatic. That is
the incremental capital costs for the cogen systems
might be 25% to 40% less than those used for
Figure 19 due to significant savings represented by
the use of existing infrastructure. Even so, site-spe-
cific fuel and power costs, or power sales opportu-
nities may dictate cycles with considerable condens-
ing power as the appropriate economic choice.

An example illustrating the performance and
economics of various MS7001EA gas turbine
cogeneration cycles is given in Table 8 and Figure
20. Cycles range from the “thermal match” exam-
ples, Cases 1 and 2, to configurations including
considerable steam turbine condensing power,
Cases 3 and 4.

The evaluation given in Table 8 shows that Case
1 is economically preferred when a $3.00/MBtu
HHV ($2.80/109) HHV) fuel and 4.0¢/kWh
power cost are assumed. Data presented in Figure

18

20 also shows that there may be combinations of
fuel and power costs that favor gas turbine cogen-
eration systems developed to provide large quanti-
ties of steam turbine condensing power.

COGENERATION
OPPORTUNITIES

Circumstances under which cogeneration
should be considered include:

* Development of new industrial or commer-

cial facilities

* Major expansions to existing industrial facili-

ties

» Expansion of large commercial and educa-

tional institutions such as universities, hospi-
tals and shopping malls needing power, heat
and/or cooling

* Replacement of aging steam generation

equipment

« Significant changes in energy costs (fuel and

power)

« Power sale opportunities

New industrial plants or major expansions to
existing facilities having large process heat
demands and continuous process operations pro-
vide ideal opportunities to evaluate cogeneration.
In these instances, cogeneration is compared to a
Base Case where process heat is produced on-site
with power requirements purchased from the util-
ity. Cogeneration represents an incremental
investment relative to the Base Case with signifi-
cant infrastructure savings and thus the capital
cost on a $/kW basis is less than for a grass roots
Base Case facility without this “investment credit.”
For example, assuming a new facility requires
490,000 Ib/hr (222,220 Tons/hr) of gas-fired boil-
er capacity at 150 psig/11.4 bars, and 85 MW, the
incremental investment for an MS7001EA with an
unfired HRSG providing a portion of the
required steam may be about $300/7kW. Whereas,
installation of a separate facility with the
MS7001EA and supplementary-fired HRSG sys-
tem may approach $460-470/kW making a poten-
tial project more difficult to economically justify
(see Table 9).

Replacement of old low-pressure process steam
boilers, or even boilers with higher steam condi-
tions used to support a steam turbine cogenera-
tion system often provides an attractive cogenera-
tion opportunity. Boiler steam capacity can be
replaced by a gas turbine/HRSG system signifi-
cantly increasing the system power to heat ratio at
an attractive FCP. In addition, the “investment
credit” for the replacement boiler generally
assures that the $/kW cost can be reasonable.



When a facility anticipates a significant change
in energy costs, the economic potential of cogen-
eration should be examined. This is particularly
true in locations where purchased power costs
may be increasing much faster than fuel costs. A
cogeneration evaluation may suggest attractive
economics even if there are no offsetting invest-
ments. Furthermore, if the cogeneration system
results in an attractive FCP, the profitability may
increase as fuel costs increase.

Many projects have been developed resulting
from favorable power sales opportunities. Some
projects are of a size that could have simple dis-
placed power purchases. Others are based on cir-
cumstances where large process heat demands per-
mit generation of electric power significantly in
excess of plant power needs, such as the enhanced
oil recovery projects using steam injection.

Many cogeneration projects have been devel-
oped where the value is driven by the revenues
from power sales to the utility grid. Frequently the
steam host is simply the mechanism for qualifica-
tion and revenue from steam sales is incidental to
the financial success of the project. Through the
use of financial leverage, projects can be devel-
oped yielding returns that, on a 100% equity
basis, are lower than that considered acceptable
by many industrials for discretionary investments,
yet based on the leverage, are quite attractive as
independent investments.

CONCLUSION

Cogeneration continues to play an important
role in controlling industrial or commercial ener-
gy costs through the effective integration of power
generation options into the plant energy supply
system. The overall performance and application
flexibility of the cogeneration equipment and sys-
tem is critical to the success of these ventures. The
use of automatic extraction steam turbines to con-
trol process pressures, integration of gas turbine
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exhaust energy for process steam generation, pro-
cess fluid heating and preheated combustion air
for fired process heaters are a few examples of the
many options available.

As more and more industrials, commercial/
educational establishments, developers and utili-
ties around the world search for low cost electric
energy and process heat, cogeneration is found to
offer high efficiency and possibly environmental
benefits as well. The industrial steam host is one
important key to success. The host provides the
thermal energy demands that can be leveraged to
highly efficient cogeneration systems as well as
land for utilities and developers to site new gener-
ation facilities.

This paper has shown the large array of choices
available to those configuring a future power sys-
tem. Optimizing a cogeneration system is a com-
plicated process that is usually most satisfactorily
addressed when the turbine supplier, permitting
engineer, steam host, system owner and utility
work hand in hand. Application engineering deci-
sions should be made with as much knowledge as
possible. Each project has its own unique drivers
such as redundancy, maximum kilowatt capability,
pollution issues, reliability of steam or kilowatt
supply or part load operational flexibility. To
respond to these issues, the application engineer-
ing team must “know” the project.

We remain committed to the development of
effective and efficient cogeneration systems that
provide the user the operational and service char-
acteristics necessary for successful applications. It is
vital to these projects that the cycles envisioned will
be viewed as reliable steam supplies by the industri-
al hosts and, at the same time, be solid reliable
capacity in the eyes of the industrial or utility that
is utilizing that electric power. We offer our appli-
cation resources to develop potential alternatives
and identify those systems that most economically
satisfy specified energy requirements.

© 1996 GE Company
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