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ABSTRACT

This paper examines some of the major problems
connected with cogeneration in some typical
industrial sectors. A prior study of the impact of
monitorized energy consumption on the choice of
cogeneration solution showed that:

- In the 0.5-3.0 MW range: Gas turbines with
heat recovery represent an appealing solution in
terms of overall plant costs.

- In the 0.5-0.8 MW range: Industry
characteristics must be better clarified before
dealing with competition from internal combustion
(IC) reciprocating engines.

This study served to establish the design
guidelines for the NuovoPignone PGT2 gas turbine,
rated at 2 MW, with a 25% efficiency at the
generator terminals. The design exhaust temperature
of 550°C is well suited to cogeneration applications
in the types of industry investigated (textile-,
cement-, and paper-making). However, in other
cases such as nonindustrial cogeneration, where
very low electricity costs are desirable, the
available regenerative cycle option has a potential
electrical efficiency of over 28% at lower exhaust
temperatures and heat levels.

CS =	 Net specific consumption
EI = 	 Electrical 	 index
H =	 Enthalpy
IR = 	 Energy saving index
Q =	 Heat exchange
RCI = 	 Return on investment
u =	 Peripheral velocity
U = 	 Utilization factor

=	 Efficiency

Subscripts

With the increasing demand for energy saving
and the large availability of natural gas in Europe
interest in "total energy systems" where heat and
power are cogenerated has picked up considerably.
In the case of industry, the feasibility of using
cogeneration, especially in small-size facilities,
is strongly linked to the characteristics of the
industry itself. The sectors examined in this
study (textiles, cement-making, paper-pulp)
represent only a fraction of the range of available
options, and were selected strictly on the basis of
their importance in the geographical area of
investigation.

All three industries burn natural gas or fuel
oil. The working fluid is either steam, pressurized
superheated water, or diathermic oil, heated to 170-
200°C.

In the majority of cases, the best fit is in a
cogeneration plant that matches the electricity
needs within the range of specific industry
requirements, whith a significant reduction in the
overall fuel consumption (Stecco, 1987).

The prime mover in the 0.5-3.0 MW range is
usually selected from among backpressure steam
turbines, internal combustion (IC) engines, and gas
turbines. Two parameters described by Stecco et al.
(1985) and Manfrida and Stecco (1985) are useful in
arriving at the most convenient choice:

EI = electrical index = Qu/Wei (1)

U = utilization factor = Ui + Ut = (2)

= Wel/Qf + Qu/Qf

We can evaluate the energy savings obtained
from cogeneration in different ways:

b	 =	 Combustion
el 	 =	 Electric
f	 =	 Fuel
pol 	 = 	 Polytropic
t	 =	 Thermal
u 	 = 	 Utilization
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1) in terms of net energy consumption, as in
Carnevale and De Lucia (1987)

CS = [Qf - Qu/^ o)/WPi 	 (3)

2) according to the energy saving index
proposed by Macchi et al. (1984)

IR = Qf/[Qf/re + Wei/1J 	 (4)

or the one proposed by Stecco et al. (1985)

IR = 1 - Qf/[QuIA?b + 	 (5)

Equations (4) and (5) are based on the same
underlying principles. In this analysis, we have
preferred to use (5), since the energy saving index
is an important parameter for evaluating the
improvement attained with the cogeneration solution.

M1EAKICJWN OF INDUSTRY STATISTICS AND RDQUIRE7 fl'S

Textiles
The Italian textile industry investigated by

Carnevale and De Lucia (1987) comprised something
like 10.000 operating plants.
This figure represents extremely diversified
manufacturing processes, as well as a broad range of
energy requirements and management systems.

Nearly half of the textile industries studied
have power requirements exceeding 500 kW and are
thus potential users of small-size cogenerating gas
turbines (Figure 1). According to Carnevale and De
Lucia's analysis (1987), 20% can gain benefits from
cogeneration in terms of an appealing ROI (Return od
Investment). In addition, the extensive use of
natural gas, an excellent fuel for the gas turbine,
brings about the added benefit of reducing
pollution.

The electrical index in the power range of the
study was

EI = 2.5-15

with the higher values referring to full cycles or
refining processes, and the lower ones to dyeing
processes. Over the last few years, the electrical
index has been steadily dropping. Two factors are
responsible: the impact of automation and the need
to reduce heat consumption. (Note that the latter
can represent up to 25% of production costs.)

Current-Making
The Italian cement industry investigated by

Stecco and Carnevale (1987) comprised:

Number of operating plants 	 450
Total output 	 22.109 kg/year

This industry has huge heat and power
requirements, with an extremely low electrical index
ranging around 10. Much of the heat requirement is
the result of the high-consumption processes of
desiccation and firing. Of note is the decline in
the specific energy of product from 2800 kJ/kg in
the early 70s to 1700 kJ/kg today. This is mostly
due to a concerted industrial effort to reduce
energy consumption.

In all cases, cement-making, where energy can
represent up to 30% of production costs, is a
notoriously energy-intensive industry. In the last
years the smaller-size powerplants, i.e., those
rated at less than 0.5 MW, have all but disappeared,
however the vast majority of the remainder (80%)
operate in the 0.5-1.0 MW range. These are suitable
for gas turbine cogeneration and/or direct recovery
of dessication heat. In some cases of plants with
low electrical indexes, gas turbine cogeneration may
well beat the strong competition from reciprocating
IC engines (Figure 2).
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Fa r-Pul_p
In the Italian paper-pulp industry comprising

360 mills investigated by Stecco and Carnevale
(1987), special-purpose machines - often
characterized by high specific power - are in large
part responsible for the high electric energy
requirement. The drying processes also consume huge
quantities of thermal energy, mostly in the form of
superheated steam.

The study shows that an estimated 20%-25% of
the paper-pulp plants cover the 0.5-3.0 MW range and
are thus suitable for cogeneration. Where high
steam mass flows exist - with low EIs - backpressure
steam turbines are easily the most appealing
solution. However, when power requirements dip
below 3 MW, gas turbines, which notably reduce plant
costs, can be profitably employed in place of
reciprocating IC engines thanks to the suitable
temperature of the heat recovered (Figure 2).

THE PGT2 GAS TURBINE

Thermal Cycle
The PGT2 gas turbine was specifically designed

to meet the combined heat and power cogeneration
needs of both industrial and nonindustrial users.
In keeping with the investigation results, a design
power in the 0.5-3.0 MW range was considered. A
rating of 2.0 MW at the generator terminals was
ultimately selected.

To cover the broadest possible range of
electrical indexes - and thus applications - the
turbine was designed for operation in two
configurations: simple cycle for high electrical
indexes/high exhaust temperatures and regenerative
cycle for lower electrical indexes and exhaust
temperatures. The architecture of NuovoPignone's
standard heavy-duty gas turbines, with such features
as the multifuel single-can combustor, was retained
to the greatest extent possible.

The thermal-cycle optimization was aimed at
maximizing simple-cycle efficiency with the highest
exhaust temperature compatible with the desired life
of the turbine's last-stage rotor blades. The

design exhaust temperature was fixed at 550°C in
view of the predicted rotor blade stresses at the
shaft speeds required to minimize the number of
stages.

Parameters for both cycles as a function of
design pressure ratios appear in Figures 3 through
6. Simple cycle curves refer to a constant exhaust
temperature of 550°C, while regenerative cycle data
were generated for the corresponding simple-cycle
firing temperatures assuming a regenerator
effectiveness of 85%. All parameters are
nondimensionalized at a pressure ratio of
12:1,which, for simple cycle, maximizes efficiency
and makes other parameters to approach the optimum.
With the regenerative cycle, although the efficiency
would benefit from a lower design pressure ratio,
the 12:1 value brings cogeneration parameters like
CS and IR fairly close to the simple cycle
equivalents.

The first PGT2 production units will be delivered
and installed in 1990.

The PGT2 turbine's main performance parameters are
summarized in Table I.
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TABLE I. MAIN PERFORMANCE FEATURES OF THE PGT2 TURBINE

Simple
Cycle

Electric power (kW) 	 2000
Efficiency (%) 	 25(')
Exhaust temperature ( ° C)	 550
Exhaust mass flow (kg/s) 	 10.2

Regenerative
Cycle

1870
28.1( 1 )
435
10.2

with: ISO conditions, natural gas fuel
98.5% gear efficiency at outputs of 1500/1800 rpm
95% generator efficiency
100/200 rim WG inlet/exhaust pressure losses

-------------------------------------------------------
(") The initial units will be rated at lower values
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Fig.6 Energy Saving Index vs. Design Pressure Ratio
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Aerodynamic ConQOnents
A two-stage centrifugal compressor (Figure 7)

was selected over axial and mixed axial-radial
types, since it offered the best trade-off in terms
of efficiency, manufacturing costs, and
constructional simplicity. Other factors, like
ruggedness and easy maintenance, also weighed
considerably in selection. With two stages, high
strength steel can be used in place of the more
expensive titanium because of the not extremely high
impeller tip speeds needed.

The two-stage turbine design plays an important
role in reducing the cooling air requirements,
thanks to the high enthalpy (and temperature) drops
per blade row. To enhance aerodynamic efficiency,
blade speeds are however high enough to limit Mach
numbers and loadings without letting the degrees of
reaction descend below 15%.

The rotor speed of the PGT2 has been optimized
for maximum overall efficiency at the design exhaust
gas temperature.

Figure 8 shows the efficiency trends with the
design rotor speed. Compressor efficiency suffers
from low rotor speeds because of decreasing impeller
specific speeds, while at high shaft speeds first
stage inlet Mach number shock losses prevail. For
the turbine, exhaust losses increase with rotor
speed because of the decrease in the second stage
blade heights needed to keep the stresses within the
desired limits.

The overall efficiency at the selected design
speed, 22,500 rpm, is close to maximum; the
mechanical design is suitable to provide good
rotordynamic behavior at this speed. While entailing
moderate turbine blade loadings with an average
pitchline work coefficient H/u2 of around 1.4,
this speed requires a transonic first-stage
compressor inlet, with a tip relative Mach number of
1.2. To limit shock losses and thus ensure adequate
impeller efficiency, great pains were taken in
calculating the Mach number evolution behind the
impeller leading edge. The calculation was then
extended to the inlet of the splitter blades
provided to reduce aerodynamic loading towards the
impeller exit. A fully three-dimensional flow
analysis code capable of handling splitter blades
was used. As shown in Figure 9, the positioning of
the splitter blade leading edge selected on the
basis of the analysis indications considerably
reduces the shroud Mach numbers.
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Turbine Blade Cooling
The high enthalpy drop per stage associated

with the 12:1 pressure ratio limits the first-stage
blade cooling air requirement with a combustor exit
temperature of the order of 1100 ° C. The rotor blade
cooling system, of the internal multipass type, was
designed to minimize the amount of coolant, with
ribs and pins incorporated to enhance heat exchange
(Figure 10). A trailing-edge cooling air exhaust
was selected, since the discharge holes properly
fit the metal thickness required for the investment
casting. The first-stage nozzle cooling combines
internal impingement, convection, and partial
external film cooling, as successfully introduced on
the 10-MW PGT10 gas turbine (Benvenuti and Gusso,
1985).

Mechanical Layout
The limited number of aerodynamic components

means a reduction in the other turbine components
and thus contributes to reduce manufacturing,
installation, and maintenance costs. In addition,
the location of the bearings at the rotor ends
facilitates machine access, while the absence of
large overhung masses notably increases resistance
to unbalances. The rotor design features Hirth
toothed joints at the segment interfaces and central
connecting rods: This allows all the stationary
parts, including the transition duct connecting the
combustor to the turbine inlet to be built unsplit.
The gearbox, which also serves as the front turbine
support, also transmits the power of the startup
motor and of the main lubeoil pump.
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The complete package comprising the turbine
module, generator, controls, baseplate, and oil
reservoir is illustrated in Figures 11 and 12. Of
note is the fact that the axial exhaust notably
facilitates connection to a recovery boiler. The
package, installable in- or outdoors, offers a
variety of soundproofing enclosure options to
satisfy noise requirements. Installation flexibility
is further enhanced by allowing several
possibilities for phasing the air inlet and gas
exhaust ducts. Lastly, the design of the
microprocessor control-monitoring-protection system
has been developed according to design and safety
concepts amply validated in many other industrial
gas turbines.
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The growing demand for energy saving,
associated, in Europe, to increasing availability of
natural gas supply, give to combined heat and power
generation plants a new appeal, especially in view
of their suitability for application in small-size
systems. For electric indexes higher than 10, the
gas turbine is the prime mover best capable of
meeting existing requirements.

The potential for rapid ROIs in the power range
covered by the new-design PGT2 gas turbine emerged
from a study of the Italian textile industry. With
repowering also being a viable option, the PGT2 may
be considered an excellent alternative to existing
machines.
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