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Abstract.

The effectiveness of the primary link of a conventional gas turbine set has been expressed
by means of the incremental energy efficiency, defined as the ratio of the attained increase
of power to the increase of chemical energy consumption. The calculations performed for
the humid air turbine (HAT) applied as a primary link indicate a high effectiveness of the
utilization of the additionally consumed fuel. The compression ratio in both parts of the
considered gas turbine set has been optimized in order to attain maximum energy

efficiency.
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1. Introduction

Humid air turbine (HAT), operating with an
injection of liquid water into compressed air, and
equipped in regenerative preheating of the
compressed air, can ensure a considerable increase
of energy efficiency in comparison with
conventional gas turbines.

Two main variants of HAT are considered.
A prevailing number of authors consider the
scheme with humidification of the compressed air
by means of the saturation tower (Gallo 1996;
Xiao et al., 1996). The scheme of HAT with a
saturation tower is, however, rather complicated.
Therefore, a scheme with immediate injection of
water has been proposed (De Ruyck et al., 1996,
1997; Szargut and Cholewa 1997). This method
can lead to a content of liquid droplets in the
compressed air entering the regenerative
preheater. In order to avoid the operational
difficulties that can result from the content of
liquid droplets, a staggered injection of liquid
water has been proposed (Szargut and Szczygiel
1999). This leads to a slight decrease of the energy
efficiency of the plant.

The actually applied high temperature values
of working fluid entering the gas turbine require a
blade cooling. An open cooling system is usually
applied. The compressed air taken from the outlet
of the compressor flows through the open channel
inside the cooled blades and after that mixes with

the working fluid. This cooling method leads to a
considerable decrease of the energy efficiency of
the HAT plant (Szargut et al., 2000). This effect
which has been analyzed by Rufli (1990), depends
on the consumption of cooling air. The
consumption of cooling air can be reduced by
lowering its temperature in the aftercooler of the
compressed air. The prevailing part of considered
schemes contains that aftercooler (Stecco et al.,
1993; Lazareto and Segato 1999; Bram and de
Ruyck 1996). However, the aftercooler elongates
the chain of irreversible processes, and so
introduces an additional exergy loss. The heat
taken away from the compressed air in the
aftercooler is again delivered in the regenerative
preheater. Therefore, the aftercooler does not
increase the energy efficiency of the HAT-plant
(Szczygiel 2001). It is purposeful to apply the
aftercooler only for lowering the temperature of
the cooling air. Additional improvement can be
attained by extracting the cooling air from
between the stages of the compressor. This
method, however, considerably complicates the
scheme of the plant and gives only small positive
effects.

Taking into account the above, the scheme
of the HAT-plant considered in the present paper
contains an immediate staggered injection of
liquid water into the compressed air and an
aftercooler used only for lowering the temperature
of the cooling air that is taken from the outlet of
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the compressor. A linear dependence of the
cooling air consumption on the temperature of the
working fluid entering the gas turbine has been
assumed (Szargut and Szczygiel 2002).

2. Indices of the Effectiveness of the Primary
Gas Turbine

The application of the HAT-plant as a
primary link of a conventional gas turbine power
plant leads to a gas turbine complex with two
stages of combustion. Systems of conventional
gas turbines with two stages have been known for
many years (Szargut 1973). The scheme of the
HAT-power plant with two stages of combustion
has been proposed and analyzed by Cohn (1999)
and Nakhamkin et al. (1995, 1996, 1997).
Nakhamkin has even received a US patent for that
scheme (1994, 1995).

The aim of the present paper is the
evaluation of the incremental effects of the
additional consumption of expensive gaseous fuel.

Introduction of a gas turbine as a primary
link of another thermal power plant increases the
electric power of the plant but also the
consumption of the chemical energy. The attained
positive energy effect can be characterized by
means of the incremental energy efficiency,
defined as the ratio of the increase of electric
power to the increase of the consumption of
chemical energy at given consumption of
chemical energy in the basic (initial) power plant
(Szargut 1999). In the considered case of PGT that
index can be expressed as follows:
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where:
Ne,M'e - energy efficiency of a conventional gas

turbine plant, and a plant with PGT,

u - the ratio E'y, /E, of the consumption of

chemical energy per time unit in the considered
plants.

The incremental energy efficiency is usually
higher than that of the basic power plant and of
the separately operating gas turbine plant.

The positive energy effect attained in the
total energy system may also be presented by
means of the cumulative economy of chemical
energy per unit of the additional electricity
production. It should take into account that
additionally produced electricity partially replaces
the production of the conventional power plant. In
Polish conditions the power plants fed with coal
meet the increase of the demand for electricity. It
can be assumed that the efficiency of electricity
transmission is equal for all the considered plants:
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where:
AE o1, AE o, - increase of the consumption of

chemical energy per time unit in the replaced
power plant fed with coal and the gas turbine
plant,

Mgg:Mgs - Cumulative efficiency of delivery of
the gaseous and solid fuel,

Nee - energy efficiency of the replaced
conventional power plant.

The additional production of electricity with
increased efficiency and by means of ecologically
more efficient fuel, reduces the emission of ith
deleterious combustion products. The cumulative
incremental index characterizing this effect per
unit of the additionally produced electricity may
be expressed as follows:
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Specific production cost of electricity in a
replaced power plant fed with coal may be
calculated as follows:

c . 1
kel =— Je| t— ( kchs + kops) (4)
Tn Neel

where:
Jer - investment expenditures per power unit of a
replaced power plant fed with coal,

Ken s, Kop s - Specific purchase cost of the chemical
energy of fuel, and the operational cost (without
fuel) in the replaced power plant.

Similarly the specific cost of the additional
electricity produced thanks to the PGT may be
determined:

c . 1
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where:

Jor - investment expenditures per power unit of a

primary HAT,



Kop ¢ - Specific operational cost (without fuel) of
the primary HAT per unit of electricity.

The indices kg and ke, determine the

economical profitability of PGT. The chemical
energy of gaseous fuel is more expensive than that
of solid fuel, but the high incremental energy
efficiency of the additional production of
electricity ensures an advantageous value of the
calculated incremental specific cost of electricity.

Equations (4) and (5) do not take into
account the cost of ecological losses due to the
deleterious emission of the combustion products.
The introduction of the indices of ecological
losses leads to the specific social cost of chemical
energy of fuel:

Xch = Ken * Z Pi Gi (6)

where:
p; - emission of the ith deleterious combustion

product per unit of chemical energy
¢; - index of ecological losses per unit of the ith
deleterious combustion product.

After introduction of the social cost of chemical
energy into Egs. (4) and (5), the social cost of
electricity can be calculated:

c . 1
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Example 1. The following indices of
ecological losses can be accepted for gaseous
combustion products: Co =&, = 1.5 $kg,

Cco, = 0.015 $/kg, and for dust , = 0.3 $/kg.

The purchase price of chemical energy of hard coal
is ken s = 2 $/GJ, the index of CO,-emission is 98
kg/GJ, the index of SO, emission 0.03 kg/GJ (for
S-content in fuel 0.65% and desulfurization
efficiency 95%), index of NO, emission 0.016
kg/GJ (after catalytic denox) and index of dust
emission 0.15 kg/GJ. From Eq. (6) the resulting
social cost of the chemical energy of hard coal:

Yens = 3.55 $/G.

Similarly for the high-methane natural gas
the index of CO,-emission is 55 kg/GJ, the
assumed index of NO, emission is 0.13 kg/GJ and
the purchase cost of chemical energy is 4%$/GJ.
The social cost of chemical energy is:

Yeng =485 $/GJ.

The emission of CO, considerably influences
the social cost of chemical energy, despite a small

assumed value of ecological losses resulting from
the CO, emission.

3. Efficiency of the Complex Power Plant

Energy efficiency of the complex power
plant has been determined for three values of the
temperature of the working fluid entering the
primary and basic gas turbine. When calculating
the energy efficiency of the separately operating
conventional gas turbine, it has been assumed that
its compressor operates with intercooling, the
initial rows of turbine blades are cooled with
compressed air (open system) and the cooling air
is taken from the outlet of the compressor.

It has been assumed that the demand for
cooling air is proportional to the difference:

T+ - Tmn of the actual temperature of
working fluid before the turbine and the maximum
temperature not requiring a blade cooling. It is
inversely proportional to the temperature increase
of cooling air within the cooling channel of the
considered row of blades (Szargut and Szczygiel
2002):
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B:B]_ F C T Tm’ (9)
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where:
Tt - temperature of the working fluid before the
turbine,

T+ - temperature of the working fluid before the
turbine that has been previously investigated,

Ttm - highest temperature of the working fluid
before the turbine not requiring a blade cooling,

o, B, y - fraction of the compressed air used for
cooling of the first, second and third stage of the
turbine,

a1, By, y; - previously determined values of

a, B, Y at TT=TT1'

T - temperature of cooling air at the outlet of
cooling channels,

T, - temperature of cooling air at the outlet of air
compressor,

Ty, T,, T3 - temperature of cooling air delivered to
the first, second and third stages of the turbine.

The accessible data about the consumption
of cooling air are not sufficient and controversial.
Lazaretto and Segato (1999) cite the fraction 14%
of compressed air at temperature 1300°C before
the turbine. Rufli (1990) presents a dependence of
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Figure 1. Scheme of the complex power plant with primary HAT

CL, CH — low pressure and high pressure compressor, C1 — intercooler, C2 —external cooler, R1,
R — preheater of the compressed air, CC1, CC2 — combustion chambers, T,...T, — stages of the turbine,
D,, D, — distributor of the cooling air, Hy, Hy, H; — humidifier, Wy, W, — water streams, 1...8 — streams

of air, 9..12 — streams of working fluid.

relative consumption of cooling air on the
temperature before the turbine.  The high
temperature part of the diagram of Rufli
indicates that a maximum temperature before the
turbine not requiring a blade cooling amounts to
about 800°C, and at 1400°C the fraction of
compressed air used for cooling is about 20%.
The values cited by Szargut et al. (2000) have
been used in the present paper. The scheme of
the complex system is presented in Figure 1.
When calculating the efficiency of this system it
has been assumed that both turbines have a blade
cooling and HAT operates with staggered
injection of liquid water (Szargut and Szczygiel
1999; Szargut et al., 2000). The calculation
scheme presented by Szargut et al. (2000) has
been supplemented with a loop taking into
account the partition of the total compression
ratio in two parts the compression ratio, its
partition ratio and the combustion air ratio A
have been optimized in order to attain a maximum
efficiency.

Example 2. The following data have been
accepted for exemplary calculations:
—fuel: natural gas containing 92% CHy, 0.7%
C,He, 1.3% C3Hg, 6% No,
—temperature of working fluid before the
turbine: 1200, 1300, 1400°C,

—ambient and fuel temperature 20°C,
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—temperature  difference between the
combustion gases and compressed air at the hot
and cold end of the compressed air preheater
30K and 10 K respectively, adiabatic internal
efficiency of the stages of the turbine and parts
of the compressor 0.84 and 0.88 respectively,

—mechanical efficiency of the engines 0.98,
—relative humidity of the ambient air 80%,
—humidity content in fuel 0.0242 kmol/kmol

dry gas,

—pressure losses in each combustion chamber
3.5%,

—rpressure losses in the compressed air preheater
at the air side 3% and at the combustion gases
side 4.5%,

—pressure losses in the intercooler of air 2.5%
and in the external cooler 2.5%,

—heat losses in the air preheater 1% and in each
combustion chamber 0.5%,

—water temperature at the inlet to the intercooler
of air 15°C,

—internal and mechanical efficiency of the
injection pump 0.77 and 0.95,

—minimal temperature difference of air and
water in the intercooler 10 K,

—temperature of air before the second stage of
the compressor 30°C,

—efficiency of the electric generator 99%,



—temperature of compressed air after the final
cooler of compressed air 35°C,

—fraction of the compressed air delivered to the
first, second and third stages of the turbine
a1=0.13, B, =0.06, y,=0.02., (in the system
without intercooler and temperature before the
turbine Tt = 1370°C),

—maximum temperature of the working fluid
before the turbine not requiring any blade
cooling T+, = 800°C,

—temperature of cooling air at the outlet of
cooling channels T = 500°C,

—efficiency of electric generator 99%,

—energy efficiency of the replaced power plant
fed with coal ng, =0.38,

—cumulative efficiency of coal and natural gas

delivery 1"as=0.93,1n"4¢=0.98,

Results obtained in the above section make
it possible to calculate the indices characterizing
the expected economical effects of the
introduction of HAT as a primary link of the
conventional gas turbine.

Example 3. The following data have been
assumed for economical calculations:
—investment expenditures per power unit of the
replaced power plant fed with hard coal jo =
1200 $/kW, — investment expenditures per
power unit of primary HAT jp, = 725 $/kW,
—annual time of utilization of the nominal
power ¢, = 6300 h/a,

—annual rate of fixed costs © =0.12,

—specific operational cost (without fuel) of the
replaced power plant Ko, s = 1.25 $/GJ,

—specific operational cost (without fuel) of the
primary HAT Kqp 4 = 0.5 $/GJ,

—efficiency of electricity transformation and TABLE Il presents the expected
transmission n, =0.9. economical indices.
TABLE | contains the expected indices of
energy and ecological effects.
4. Exemplary Economic Calculations
TABLE I. ENERGY AND ECOLOGICAL INDICES OF THE PRIMARY HAT
cuml Cumul.
umul.
Temperature . Incremental economy decgiase
bEfor? the Energy efficiency Ratio efficiency of chem. emission
turbine K ener
oc Na ay p*
8* ACO;
kg/GJ
Ne e
1200 0.354 0.489 1.665 0.692 151 218
1300 0.366 0.502 1.640 0.715 1.56 220
1400 0.376 0.512 1.649 0.722 1.57 221

TABLE Il. SPECIFIC PRODUCTION COST AND SOCIAL COST OF ELECTRICITY

Temperature
before t_he gas Replaced power plant fed with coal Primary HAT
turbine
°C
kel Xel kel A Xel A
$lkwh $/kwh $/kWh $/kWh
1200 0.054 0.068 0.0372 0.0416
1300 0.054 0.068 0.0365 0.0407
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1400 0.054

0.068

0.0362 0.0405

5. Conclusions

Introduction of HAT as a primary link of a
conventional gas turbine power plant ensures a
very high utilization efficiency of the additional
gaseous fuel. This effect has been confirmed by
means of the incremental energy efficiency of
the primary HAT turbine.

The specific cost of electricity additionally
produced in the primary HAT link is lower than in
the replaced coal-fired plant, despite the higher
specific price of chemical energy of natural gas
when compared with coal. The primary HAT link
also ensures high ecological effects, especially a
considerable reduction of CO, emission.
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Nomenclature

E energy flow rate (W)

j investment expenditures per unit of the
electric power ($/W)

specific cost of chemical energy and
electricity ($/J)

T temperature (°C or K)

W electric power (W)

Greek letters

) symbol of a loss

A symbol of an increase

n efficiency

Na incremental energy efficiency

G index of ecological losses per unit of the
ith component of combustion products,
($/kq)

e cumulative economy of chemical energy
per unit of the additional -electricity
production compared with the replaced
power plant fed with coal

U ratio of the consumption rate of chemical
energy after and before the introduction
of primary HAT

Pgi+Psi emission of the ith deleterious component
of combustion products per unit of
chemical energy of solid and gaseous
fuel, (kg/J)

Pai cumulative incremental decrease of the

emission of ith deleterious component of
combustion products, (kg/J)

c annual rate of fixed costs, (1/a)

annual utilization time of the nominal

power, (h/a)

Tn
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e specific social cost of chemical energy,

taking into account the environmental
losses, ($/J)

Subscripts

ch chemical

d delivery of fuel (extraction, processing
and transportation)

E related to energy

el electricity or replaced power plant fed
with coal

g gaseous fuel

i number of the deleterious component of
combustion gases

me electro-mechanical

n nominal value

op operational

S solid fuel

tr transmission of electricity

A incremental

0 environment

1,2,... order number of state

Superscripts

* cumulative quantity after introduction of

the primary HAT

Abbreviations

HAT  humid air turbine
PGT  primary gas turbine
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