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ABSTRACT
Fluidized bed combustion (FBC) iz well suited for firing
vanocus sorts of hard coal and lignite, and co-firing coal with
other fuels (wastes, biomass), and it is characterized by low air
pollution. Conventional pressurized fuidized bed combustion
(PFFBC) power plants operate al the nominal combustion
temperature  870°C for optimal sulfur capre. Since this
emperature is well below the wrbine inlet temperature of the
current gas turbines, a lopping gas lurbine cycle has been
that can cnhance the cycle efficiency of the
conventional PFBC plants. In the topping cycle a recuperated
gas twrbine fuelled with natural gas utilizes the coal combustion
heat 1o preheat the compressed air before the gas turbine
combustor. An influence of such an “external heat recuperation™
on efficiency, power and total fuel cosis for vanous proportions
of used coal and natwral gas in the proposed advanced PFBC
plant has been analyzed.

INTRODUCTION

Coal fuels, the most widespread kind of fossil fuels in the
waorld, will still remain the safest primary energy source with
stable prices in the next cenmtury. Predictions show that abour
50% of the generated power in the new installed power stations
will come from coal fuels at the average power rate of about 70
GW through the next 10 to 20 years. Realization of future
power plant projects will be based on the possibility of assuning
low investment and operating costs, shorn construction times,
and the highest level of reliability. More ecologically
advantageous solutions will be prefemred as well. The operating
costs decrease can be attainable only by increasing the energy
conversion efficiency due to the application of high parameters
of live steam (supercritical and ultra supercritical parameters -
Bell. et al. 1999, Retzlaw, et al., 1998, Simon, 1997, Stuapper,
1997).

Research and implementation of new technologies based on
coal, which offer higher efficiencies than those achieved in
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modemn power plants, with lower ecological hazards, can also
contribute 1o the energy market stability. Special attention
should be pard to the Mlusdized bed combustion technology for
coal fuels. Fluidized bed combustion (FBC) is well suited for
firing various sorts of hard coal and lignite, and co-finng coal
with other fuels {wastes, biomass), and i1s charactenzed by low
aif pollution. Conventional FBC power plants based on the
Rankin steam turbine cycle have relatively low efficiency. The
efficiency can be slightly improved in pressurized fuidized bed
combustion (PFBC) combined cycle power plants that
incorporate the more efficient Brayton gas twrbine cycle (Evans
& Anastasion, 1985), (Kraemer, 1988), (Weirich & Pillai). The
pressunzed bed combustor opéerates at the nominal lempérature
S70°C for optimal sulfur capture.

In a typical first-generation PFBC power plant, the gas
wirbine / steam mrbine duty split is about 0.240.8. The furiher
development of the above mentioned technology, integrated
with other processes is announced (so-called Hybrid-PFBCC
process). It should allow one to get efficiency in the range
50+53%.

One of the efficiency enhancement methods in the power
planis with PFBC technology (without a turbine inlet
temperature increase) is a solution with a dual Brayton cycle gas
wrhine - DBC-GT (Yan & Lidski, 1998). The power plant in
that conception consists of two coupled gas wrbine cycles - one
working in an open eyele and anather working in a elose eycle.
The gas turbine in the open cycle (with heal recuperation and
intersection cooling) is supplied by fluidized boiler exhausi
gases. Simultancously, this boiler is a working medium heater
for the second cyele (close cycle), in which about 75% of the
whole system electric power is generated. Helium is the
working medium for this eycle. The DBC-GT power plant can
achieve (hermal net efficiency equal to 84.5% only, which is
similar 10 values obtained in the conventional combined gas-
steam PFBC power plants. It resulis from a greal amount of heat
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(in the exhaust gases and in the cooling medium) transferred
direcily to the environment. The benefits which one can suspect
in that solution can be seen in the significant power
concentration, which results from high medium density in the
m@in helivm cyvele (max. pressure valoe of about 67 bar), and in
the significant pressure inside the fluidized bed of the boiler.
Thanks to that, the machines and devices in the energy system
have a compact structure, and high temperafure ouflet heat
allows one 1o use a dry fan cooler (air), which means that the
installation can be lecated in the places with limited water
resources.

The other method of increaging the efficiency in the power
plant combined with PFBC technology is a connection with the
partial coal gasification (pyrolysis - Domeracki, et al,, 1997,
Krammer & Pillai). Low caloric gas, obtained in that way, could
be used in the topping combustor, in which this gas is bumt in
the stream of the fluidized bed boiler exhaust gases. Coal would
be combusted in the boiler, together with the pyrolysis
discharge products. This process should be realized with the
high air excess, and should allow one to gel the turbine inlet
temperamne of abaut 110041 150°C, but under condition that the
boiler exhaust gases were cleancd better (ceramic candle filters)
than in the conventional PFRC power plants with the operating
temperature lower than 900°C.

The other way 1o increase the flue gas temperare 1o some
desired level at the inlet gas wrbine is o introduce a topping
combustor fired with natural gas. Taking into consideration the
fact that natural gas is a premium fuel, its usage must be rational
from the economical and ecological point of view. The
combination of natural gas fuelled processes with processes
based on coal should be recognized with special attention in
couniries with limited natural gas resources (c.g. Poland and
Macedonia).

The main ohjective of the proposed maodel of a PFBC power
plant is to study some different strategics to improve the
efficiency of the classical power plams under operation. In this
paper a3 developed model of the efficiency improvement
strategics and its results are described. The ecological reasons
are considered in this study as well.

ADVANCED PFBC POWER PLANT DESCRIFTION

In the sdvanced PFBC power plant, as proposed, the
recuperated gas turhine fuelled with natural gas is superimposed
on the so-called non-topping PFBC system (first-gencration
PFBC system). The heat recuperation consists in the
compressed air preheating upstream the gas turbine combustor
by means of the external heat source. This heai source is the
fluidized bed or/and high iemperature flue gas from the coal
boiler. Such exiernal heat recuperation in gas turbines can also
be used in many industrial processes with greal amounts of
process or waste heat production (e.g. chemical, petrochemical
industry, ...). Such applications have been widely analyzed in
earlier author works (e.g. Chodkiewicz, et al., 2000).

The application of natural gas in the recuperated gas turbine
coupled with the PFBC plant allows one to increase the lopping
temperature of the energy system in the range attainable in the
current gas turbing working in the combined gas-sieam cycles.
On the other hand, the external heat recuperalion causes a
significant reduction of the amount of the premium fuel needed
for the gas wrbine combustor due to the compressed air
preheating with a legs expensive fiel (e coal) The

compressor cooling can also be necessary for better adjustment
of the compressed air temperature to the external heat source
temperature,

In the advanced PFBC combined plant with a recuperated gas
turbine, shown in Fig. 1, coal and sorbent (usually limestone
and dolomite) are fed inww a combustor in which combustion is
aided by the compressed air. The combustion occurs under
pressure of about 12+ 16 bar at approximately 870°C for optimal
sulfur capture in the Muidized bed. The hot Mue gas undergoes
cleaning in a particle removal system before entering the
compander ~ the flue gas expansion trbine driving an air
compressor. The expansion furbine must provide sufficient
power 0 operale ils air compressor under all operating
conditions. The surplus power of the compander could drive an
clectric generator. The power output produced by the expansion
tarhine is determined by its pressure ratio, flue gas temperature
at itz inlet and its efficiency. The expansion furbine pressure
ratio is given by the compressor pressure ratio reduced by
relative pressure losses in the whole PFBC system.

FFBC

L3

Fig. 1 Schematic arrangement of PFBC power plant with a
recuperated gas furbine. PFBC — Pressurized Fluidized Bed
Combustor, FGC = Flue Gas Compander, NGFT - Natural
Gas Fired Turbo-Sei, HRSG - Heal Recovery Steam
Cenerator, ECO - Economizer, ST = Steam Turbine, AC -
Air Compressor, T = Turhine, G - Electrical Generator,

The compressed air for the gas twrbine combusior is
prebeated in the immersed whe systems both within and above
the fluidized bed. The above bed heat extraction lowers the flue
gas temperature, The major benefit expected from the low fue
gas temperature upstream the compander inlet is the reduced
operating risk for the expansion turbine (better flue gas cleanup
system) and greater simplicity due to the absence of additional
high-level convective surfaces in  front of the stack
{economizer). Bul no surplus power can be produced by the
compander in this case (such solution is presented in Fig 1),




|
I
[
|
i
1
|
1
|
i
|
I
I
|
i
1
1
|
1
|
|
1
I
|
|
i
i
1
1
1
|
|
|
|
I
|
1
i
I
]
I
I
I
I
i
|
|
1
i
I
I
I
I
I
I
I
|
I
i
i
I
1
1
|
i
I
I
I
I
i
I
i
I
I
[
I
1
1
I
I
I
I
1
1
I
|
1
|
|
1
1
1
1

The sieam is generated in a heat recovery steam penerator
(HRS5G) downstream the gas turbine. This steam drives a steam
turbine, completes the combine cyele with the natural gas fired
turbo-set (NGFT) and the flue gas compander (FGC). The
cconomizer behind the flue gas expansion turbine and the feed
waler prehealing sysiem combined with the condenzate fed the
intercooler of the compressors supplementing the new advanced
PFBC energy syslem.

ENERGY SYSTEM ANALYSIS

Ini the analysis some cases of the advanced PFBC system are
compared with the well known P200 power plant built by ARBB
(e.g- Anderson 1999, Krammer, 1998). The performance data
for the conventional PFBC energy system calculations and for
the advanced PFBC power plant calculations are collected in
Table 1+3.

Table 1 Resulis of the Conventional PFBC System
Calculations (checking calculations of the P-200 power

plan

Thermal input (LHV) MWL 196.0
Compander oulpul, gross Mie 16.0
Sleam h.ll'hi.'l!l:cl.l'pl.ll,&l‘l:ﬂ.l Me G64.3
Giross clecirical output MWe 0.0
Auxiliary power Mue 3.5
Met electnical output M 76.5
Net plani efficiency (LHV) & 39.2
Rel. coal costs (Poland) $ /HMWh 15.7
Rel. coal costs (Macedonia) | & /MWh 22.5
CO, relative emission kg /MWh 456.6
MO, relalive emission kg/MWh 0.435
S0, relative emission kg MWh 2.342
Table 2 C r efficiencies and pressure losses

PFBC compressor efficiency %] |90.0

PFBC turbine efficiency [%] [86.0

Total pressure losses in the PFBC baoiler | [%] | 15.0

Tahle 3 Gas turhine pressare losses and efMiciencies

Inlet filter %] 1.0
Compressor inlet %) 0.5
Compressor diffuser [%a] 2.0
External recuperator [%a] 3.5
Combustor [%a] 2.5
Turbine mlet [%a] 1.0
Turbine diffuser el 3.0
Waste heat boiler ]| z.s
Stack %] 1.0
Gas wrbine compressor efficiency | [%] | 89%.0
Gias wrbine basic efficiency [%) | 50.0

The following assumptions have been made in the
computational process:

1. Pressure losses, efficiencies for the conventional PFBC
power plant are presented in Table 2 and for the
externally recuperated gas turbine in Table 3.

2. The coal chemical energy flow 15 consiant in each
considered varnant and equals to 196 MWL
{conventional P- 200 power plant eperating data).

J.  The economizer located at the compander outlet has
constant output at constant flue gas parameters (inlel
temperature 830°C and inlet pressure 190.2 bar).

4. The PFBC stack conditions: 140°Cf1,08 bar,

3. The steam turbine works without steam reheating, and is
fed by the steam from the three-pressure heat recovery
sicam generator (downsiream the gas wrbine). Steam
parameters are equal to — inlet temperature 535°C, inlet
pressure 1100 bar (conventional P-200) power plam
operating dala).

6. The steam turbine efficiency and the feed water
preheating system do not change i all considered
variants.

7.  The heal from the inlersechon compressor cooling and
from the PFEC economizer (downstream compander) is
used in the steam cycle.

8. The polytropic efficiency is a function of the wrbine
inlet wemperature, stage numbers and varies along the
flow path. The cooling air mass flow is a function of the
turbine inlet temperature (Rufli 1990) - initial wrbine
efficiency (withoul cooling) i3 constant and equals to
90 %.

RESULTS OF CALCULATIONS AND CONCLUSIONS

The main results of compulations made for the above
menlioned assumplions are presented in Table 4. The
independent vanable in the calculations is the compressed air
temperature al the externally recuperated gas wurbine combustor
inlet. The PFBC compander efficiencies were assumed in such a
way that the checking calculations results were close to the P-
200 power plant producer data.

The first direct benefit of the advanced PFBC plant  high
efficiency 15 low specific 00y discharge, coming from the
PFBC coal boiler and from the gas turbine fired with the natural
gas. The total OO relative discharge varies from 160 kg/™MWh
to 240 kg™MWh. It depends on the compressed air reheating
temperature (FFBC coal fuel input is constant).

Combustion in the PFBC boiler takes place at low
temperature with typical limits for the NO, emssions lower
than 50 mg/M). To this value the gas turbine NO, emission of
about 25ppm (low emission bumers) is added. The calculations
show significant relative reduction of NO, and 50, emissions.
The WO, relative emissions equal up to 500 g™MWh in the
conventional PFBC plant can be even 3 times lower in the
sdvanced PFBC system with the externally recuperated gas
turhine.

The high newly proposed plant efficiency (up to 10 % higher
than in the conventional PFBC power plant) is weakly
dependent on the recuperated temperature growth in the
considered preheated air temyperature range. But the relation
between both fuel consumptions changes in a wide range. I the
energy unit costs for coal and nawral gas do not differ
significantly, then the iotal fuel cost decreases in comparison
with the conventional PFBC plant is observed, and the tonal
relative costs do not depend significantly on the gas and coal
consumpbion ratio { Table 4).

The sysiem is highly efficient and consists of rather simple
componenis, except one modification in which only the central
gas turhing part between the compressor and the wrbine (air
chamber located downstream the compressor diffuser) is
changed. Those modemnizations allow one to extract the air out
of the casing (about 0% due 1o the wrbine cooling). This air is
introduced to the combustar again (afler appropniate heating).
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Table 4 Essential results of calculations (17 and 4° - variants with gas turbine compressor intercooling)

Variant 1 ' 2 3 4 4
PFBC coal fuel input [MW] 196.0 1896.0 196.0 196.0 196.0 195.0
PFBC fluc gases mass flow [kg/s] 7a.5] 78.5] 78.5 78.5 78.5| 18.%
PFBC compander net power [MW] 16.0 16.0 16.0 16.0 16.0 16.0
Steam turbing power [MW)] 122.7| 105.1] 100.6 85.1 73.6 717
Auxiliary power [MW] 3.5 3.5 3.5 3.5 3.5 3.5
Becup. gas turbine power [MW] 218.1] 1s56.3] 178.6] 151.1 130.3| 106.1
Met electrnical output [MW] 353.3 273.9 291.7 248.7 216.4 190.3
Gas turbine inlet température [°C) 1200.0( 1200.0] 1200.0] 1200.0] 1200.0( 1200.0
Gas turbine pressure ratio [-] 16.0 15.0 16.0 16.0 16.0 16.0
GT exhaust gases temperature [*C) 542.0 542.0 542.0 542.0 542 .0 542.0
Preheated air temperature [* C] E50.0 650.0 T00.0 750.0 800.0 800.0
Mei plani efficiency [%s] 50.8 £0.3 0.4 50.0 49.8 49.3
CO, relative emission (coal) [kgMWh] 69.2 128.0 120.2 140.9 162.0 184.2
COy relative emission (gas) [kyMWh] 79.0 71.2 73.3 67.8 61.7 55,7
Total CO, relative emission [kg™MWh] 178.2| 199.2 193.5 208.7| 223.7| 239.9
MO, relative emission {coal) [ke/MWh) 0.085 0.122 0.115 0.134 0.154 0.176
}~JIIZ."ri rel.emissim!E! k({'r_uﬁ'-"h] 0.071 0.064 0.066 0.061 0.055 0.050
| Total NO, relative emission [kgMWh] 0.166| 0.186| ©0.181) ©0.185| 0.209| 0.226
50 rel, emission [kg™Wh] 0.487 0.628 0.5590 0.691 0.795 0.5904
Coal consumption [ke/s] B.0 B.0 8.0 8.0 8.0 @.0
Natural gas consumption [Nm'/s] 14 .27 5.97| 10.94 .62 6.A2 5.432
FUEL COSTS - POLAND
Coal relative cost [SMMWh] 3.40 4.3% 4.12 4.84 5.56 6.32
N-l,umlpsrclnljvccnsl[S.NWh] 17.00 15.32 15.78 14.59 13.27 11.9%8
Total fuel relative cost [S$MWh] 20.40 19.71 15.50 19.43 18.83 18.30
FUEL COSTS - MACEDONIA
Coal relative cost [SMWh] 4.88 6.29 5.91 6.93 7.97 9.06
Matural gas relative cost [SMWh] 14.76] 13.30 13.76] 12.67 11.52 10.41
Total fuel relative cost [S/MWh] 19.64 19.59]| 19%.61 19.60] 19.4% 16.47
Tahble 5 Natural gas consumption in the considered variants T A SV S P N R G G
for the advanced PFBC and the future combine gas / steam 3 ]
{CGSC) power plants (cycle efMiciency 60%) _—
Advanced PFBC | CGSC | Savings | 350 3
Variant No. [Nm'/s] [Mm's] | [Nm'fs 3
1 14.27 16.82 | +2.588 M
] 10,594 13.89 | +2.95 E
3 a.62 11.84 | +3.22 : PR [
4 6.82 10.30 | +3.48 Em;__r.__} e [e——_ F
4 5.42 .06 | +3.64 E .a=a:#
150 5 H__‘r__ﬁ_,ﬁ_,.*-ﬁ-—"—"‘ i
This idea is realized in the turbines with internal recuperation o - R RO [
(. g. RB-211), which can be used in the PFBC process without P i i s —td o, &

any significant adaptations (Wicler 1998), except replucing an
intemal recuperator at the turbine outlet by a PFBC process heat
recupcrator.

Nowadays, a betier PFBC solution is searched — with the
circulating bed (CPFBC), which should allow one 1o get an
efficiency growth. The steam reheating added in the waste heat
boiler should cause an efficiency growth as well.

The coal market stability should definitely persuade countries
with limited natural gas resources to decrease this gos fuel
consumplion. [n Table 5, the comparison between the natural
gas consumption for the advanced PFBC and the fuwre
combine gas / steam (CGSC) power plants (cycle efficiency

3 b
T T T T T L m B B B

850 675 T00 715 750 TS BDO
I?m]’m 2 adv. FFBC == GT —— wifin i THIC dcg]
Fig. 2 Relative COy emission per | MWh of the eleciric
power generated s a function of the preheated air
temperature before the gas turbine combustor Try
6%} is presented. The consumption of the expensive natural
gas can be lower, even up 1o 40%, in the proposed solution,
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Fig. 4 Relative SO, emission per 1 MWh of the electric
power generaled as a function of the preheated air
temperature before the gas turbine combustor Ty

The results of calculations are presented in Figs. 2+7. In the
calculations, a constant heat flux ransferred w GT compressed
air in the PFBC boiler and constant air temperature behind the
gas turbine compressor (Ty=326°C) hag heen assumed:

M emprened_ov * (T3n = Ty) = const,
where Ty 8 preheated compressed air tlemperature before the
gas turbine combustor. It means that greater externally
recuperated gas furbines (with a greater compressed air mass
flow of the gas turbine compressor) comespond o lower
preheated air temperatures:

if T,, Tthen I'hm_- +.

The relative emissions are significantly lower for the

advanced PFBC power plant. The relative CO; and NO,
emissions are more than 2.5 times lower for the solution with
the natural gas fired gas turbine integrated with the PFBC
process. The sulfur and is compound contents in the natural gas
is 30 low, that it iz possible 1o omit 50; emitsion in the gas
turbine. It means that in the 50, emission calculations only the
PFBC bailer should be considered. It resulls in the significantly
lower relative S0, ermission (more than 3 imes) in the advanced
PFBC energy syslem due to much higher power in thal case and
to the assumption that the coal chemical energy flux in both the
considered cases is constant (196 MW).
The relation between the electric power produced inm the
individual machines in the advanced PFBC power system and
the preheated ar temperature before the gas turbine combustor
is presented in Fig. 6.
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Fig. 5 Relative fuel costs per 1 MWh of the electric power
generated as a function of the preheated air temperature
before the gas turbine combustor T,y
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Fig. 6 Electric power produced in the individoal machines in
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This fact is strictly connected with the steam turbine

dimensions. The steam mass flow varies from 70 1o 44 kg's
(inlet steam parameters at the same as for the conventional
PFBC gystem).
The gas turbine (0 steam turbine duty split is equal o 1.88+1.94
depending on the preheated air temperare. For the ordinary
combined gas/sicam systems, this duty split is about 2. It means
that the WHB-ST system is properly designed. Howewver, there
are some possibilities of the efficiency improvement owing to a
possibility of incorporation of the steam reheating.

COMMERCIALISATION

All technologies required by the new PFBC plant with the
recuperated gas turbine are accessible for the near-term
industrial introduction. The PFBC is a technology representing
the current siate of the art, and it has been successfully tesied
throughout the world in many power units fired both with hard
coal and wath lignite in the output range of 200 MW,

The integration of known combined gas / steam systems of
highest efficiency with the new inventive iechnology can he
realized without troubles, because only the gas twrbine, and
practically only its central pant between the compressor and
turbine, must be changed.

The adaptation of heavy duty gas turbines to the external heat
recuperation can be much more casily realized in the machines
with external combustion silos (as e.g. in Siemens gas turbines
with two vertical great volume combustors V94.2 or in V94.3
with two horizontal combustor, Tacke ¢t al., 1998), than in the
machines with multi-annular burners, although such proposals
are known (Kapat, et al., 1997, Kapat, Wang, et al,, 1997).

The simplicity, high efficiency and sound environmental
performance of the advanced PFBC plant with recuperated gas
turhine in combined gas / stcam cycle should made this
technolagy an attractive option in power generating markets for
the output range about 500 MW and more.

FUTURE EVOLUTION WAYS
Future application possibilitiecs for the recuperated gas
witbine coupled with the PFRC — plani can also be used in the
pressurized circulating Auidized bed technology. Latest rescarch
results in this ficld attained at Foster Wheeler (e.g Pai, 1998)
show several significani advantages of the pressurized
':Ircuh.ung bed in comparison with a bubbling bed:
higher combustion efficiency resulling from more
complete carban bum up;
lower sorbent consumption for the same degree of sulphur
remaval (increased efficiency);
better MO, control following from ease of staged
combustion {a circulated unit is taller and more slender);

= higher velocity in the circulating mode: 4.6 m's compared
with 0.9, resulting in beller compaciness al the same
capacity.

Coupling the recuperated gas turbine fired with natural gas
with an atmospheric circulating Muidized bed units (CFB). as an
air preheater for the gas turbine combustor, can also be an
lmrreal:ing option for dual fuel fired gas/steam power plant.
There is a considerable diversity of CFB applications (Pai D
and F. Engstrém, 1999). In addition to large coal fired CFB
boilers, there are many smaller boiler types that fire all sorts of
|“'*"-EI‘3'5¢ and solid-waste fuels, including municipal refuse,
sewage sludge, wood and biomass, either individually or in
various combinations and proportions. That is followed by a

possibility of expansion of the proposad technology in the
smaller and medium power range.
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