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Abstract

This paper investigates the effects of site based parameters such as ambient temperature, humid-
ity, altitude and heat transfer characteristic of a dual pressure heat recovery system on the per-
formance of the combined cycle power plant within an equatorial environment. The bulk heat uti-
lization and configuration of a dual pressure heat recovery system are investigated. It is observed
that the heat system configuration play a vital role in optimizing the combined cycle overall per-
formance, which has proportionality relationship with the operating ambient temperature and
relative humidity of the gas turbine. The investigation is carried out within the ambient tempera-
ture range of 24°C to 35°C, relative humidity of 60% to 80%, and a high level steam pressure of 60
bar to 110 bar. The results show that at 24°C ambient temperature, the heat recovery system has
the highest duty of 239.4 MW, the optimum combined cycle power output of 205.52 MW, and over-
all efficiency of 47.46%. It further indicates that as the ambient temperature increases at an average
exhaust gas temperature of 530°C and mass flow of 470 kg/s, the combined cycle power output
and efficiency decrease by 15.5% and 13.7% respectively under the various considerations. This
results from a drop in the air and exhaust mass flow as the values of the site parameters increase.
The overall results indicate that decreasing the ambient temperature at optimum exhaust gas flow
and temperature increases the heat recovery system heat duty performance, the steam generation,
overall combined cycle power output and efficiency, which satisfies the research objective.
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1. Introduction

The growing need of energy in modern civilization has prompted the need to optimize energy sources globally.
This can be enhanced through an effective parametric evaluation of exiting plant to minimize losses, and to un-
derstand the performance rate of such system. Although gas turbine is a very satisfactory means of producing
mechanical power [1] [2], the combination of gas and steam turbines are the greatest means to generate me-
chanical power both for combined power generation and combined heat and power generation. Both gas and
steam turbines have been successfully working in large scale to generate the electricity and steam for heating,
whereas gas turbine ensures superior thermal efficiency as compared to steam turbine. The overall performance
of the combined cycle power basically depends on the operating conditions of the gas turbine and the heat re-
covery steam generator (HRSG) configurations. According to [3], a reduction in the ambient temperature of a
gas turbine plants within the tropical environment from 31°C to 18°C improves the power output by about 0.78%.
Many researchers focus on improving the modeling of combined cycle gas turbine (CCGT) power plant system
to achieve efficient, reliable and economic power generation. Currently, commercially available generation CCGT
power plants achieve total thermal efficiencies typically in the range 50% - 60% based on the operating envi-
ronment.

Heat recovery steam generator (HRSG) is the standard term used for a steam generator producing steam by
cooling hot gases. Heat recovery system is obviously a very desirable energy source, since the product is availa-
ble almost operating cost—free and increase the efficiency of the cycle in which it is placed, either for steam
generation or for incremental power generation. So its performance and configuration have a great impact on the
overall plant performance. We have two typical HRSG types, which are unfired and supplementary-fired. For
the unfired HRSGs, we have less recovery efficiency and steam temperatures than supplementary-fired con-
figurated HRSG [4]. In supplementary-fired HRSG, additional fuel can be sprayed into the exhaust stream to
further increase efficiency and increase steam temperature to 850°C - 900°C [5]. HRSG can have multiple stages
of steam pressures and temperatures; typical configurations include single, dual and triple-pressure levels [6].
These pressure levels are termed low pressure (LP), intermediate pressure (IP) and high pressure (HP), in which
case, each pressure level comprises of three heat exchangers or heating elements of economizer, evaporator, and
superheater.

In the work of [7] on a novel heat-recovery process for improving the thermal efficiency of a gas turbine in
electric power generation, it explains that the resultant mass flow from the evaporation of heated water into the
combustion air reduces the power required to compress the air and permits better utilization of the otherwise
wasted heat. Calculation of the efficiency of the system indicates 54.8%, which is better compared to an in-
ter-cooled, steam-injected system. Reference [8] carries out a performance optimization of dual pressure HRSG
in the tropical rainforest. Their work shows that increasing the exhaust gas temperature from 490°C to 526°C
and mass flow by 80 kg/s, the overall heat absorbed by the HRSG increases by 37.39%, while the steam gene-
rates increase by 19.29% and 18.18% for the low pressure (LP) and high pressure (HP) levels respectively. This
shows an increase in the overall plant performance.

In the work [9], they did a parametric analysis for a plant equipped with a gas generator and with steam injec-
tion into an after-burner placed upstream of the power turbine through a waste-heat recovery steam production
and distillation plants fed by the gas turbine exhaust. A 13% improvement in plant efficiency and a doubling of
the specific work output when compared with a standard gas turbine cycle with full reheat and optimal steam
injection was the result. Reference [10] carried out a study on a combined cycle with advanced options namely
Compressor air intercooling, water injection and reheating, including environmental and economic analysis.
Their work provides a validity of methods for the development of energy system performance framework. The
work of [11] revealed that a heat flow of about 42.46 MW which was otherwise being wasted in the exhaust gas
of the plant was converted to 12.9 MW of electric power through steam topping plant incorporation, with a sin-
gle pressure heat recovery steam generator.

In the work of [12], the effect of operating parameters on combined cycle performance was analyse to achieved
an efficient, reliable and economic power generation. They further stated that the major operating parameters
which influence the combined cycle are; turbine inlet temperature, compressor pressure ratio, pinch point, am-
bient temperature and pressure levels. Again, [13] did performance simulation of HRSG in combined cycle
power plant, discussing the effect of various parameters like pinch point, approach point, steam pressure, steam
temperature, gas flow rate on the performance of the HRSG. Also [14] noted that the mass flow rate of steam
and steam temperature in a combined cycle system depends on the amount of heat available in the gas turbine
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exhaust. And [15] observed that with increased turbine inlet temperature (TIT), the performance of HRSG and
consecutively the steam turbine improves thereby, offering improvement in combined cycle performance while
[16] examined the improvements in efficiency with increases in boiler pressure, turbine inlet temperature and
furnace temperature.

Reference [17] did a parametric thermodynamic analysis of a combined cycle investigating the effect of oper-
ating parameters on the overall plant performance. The simulation results showed that the overall efficiency in-
creases with the increase of the peak compression ratio. The peak overall efficiency occurs at higher compres-
sion ratio with low ambient temperature and higher turbine inlet temperature. The overall thermal efficiencies
for CCGT are higher compared to that of the gas-turbine plants. The work of [18] analysed a small-scale aero-
derivative industrial gas turbine using combined heat-and-power (CHP) application. Their work shows that the
recuperated cycle (RC) produces the highest HRSG duty as compared to intercooled-recuperated (ICR) and
simple cycle (SC). The HRSG duty was found to be 3171.3 kW for recuperated cycle (RC) which reflects on the
overall plant efficiency.

The objective of this investigation is to evaluate the effects of site based parameters and heat system characte-
ristic on the overall combined cycle power plant efficiency and power output within the equatorial environment.
The parameters used in the analysis include the ambient temperature, humidity, heat duty, log mean temperature
difference (LMTD), heat transfer coefficient per unit area, steam pressure, exhaust gas temperature, and mass
flow. The study area is the South-South zone of Nigeria which lies between latitudes 4°N and 6°N, and longitude
5°E and 8°E. The vegetation of the area is equatorial rain forest. There are basically two seasons—the wet (April
to September) and the dry (October to March). However, rain fall throughout the year. The mean annual rainfall
in the area is between 200 mm in the North and 400 mm in the South of the region. The mean daily temperature
of the region varies slightly from 27°C to 30°C all the year round. The maximum and minimum temperatures are
40°C and 20°C respectively. The relative humidity varies between a minimum of 50% and a maximum of 90%
[19] [20].

2. Materials and Methods

The research methods adopted involved the collection of data from the plant station for 12 months as follows:

1) Direct monitoring and measurement from the control room through the human machine interface (HMI)

2) Direct reading of design parameter from engine manual.

3) Field study of the overall plant in wet and dry season.

4) Modeling energy based (thermodynamic) relations and equation for parameters that could not be directly
measured.

5) Results from the modeling equations were analysis, discussed and conclusion were made.

The methodology adopted was designed to produce facts about the behavior of the plant, and to determine
those factors that influence the combined cycle thermodynamic process within the equatorial environment. Hy-
sys® V8.7 software (Aspentech, USA) was used to process the temperature gradient across the various heat ex-
changing units of the HRSG at various ambient temperatures of the gas turbine. MATLAB 7.3® (Mathworks
USA) was used to evaluate the equations. Thermodynamics properties such as temperature, pressure, mass flow,
heat flow, compression ratio and turbine inlet temperatures (TIT) are crucial in this research because their beha-
vior affect every other parameter in the analysis.

In the data collection and treatment, the mean values of daily parameters were considered by the use of statis-
tical method.

Modeling Relations and Equations

The net power output (W) is the power generated by the generator and is given as

W, =W, =W )
where W+ is the shaft work of the turbine and is given as
W, =myc, (T, —T;) @)
and W¢ is the compressor work given as
We =m,c,. (T, -T,) = pV,Cp (T, -T,) (3)

C2)
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where mq is the mass of the product of combustion (kg/s), ¢y is the specific heat capacity of the product of
combustion, T is the TIT, m, is the mass of air (kg/s), ¢y, is the specific heat capacity of air, p, is density of

air, V, isvolume of air aspirated by the compressor, T, is the ambient temperature.
The humidity relation gives

0.6220P,
0w=—--"
PR,

where ¢ s the relative humidity (P,/P,) and the mass flow M =m, = [1+ 0.622@%}

a

The overall heat transfer coefficient U can be determined by the equation

Q
(f-LMTD)x A,

where AT = A\rsg = ZSH ASH +ZEV AEV +ZECO AECO

f = Correction factor obtained from charts.
The Log Mean Temperature Difference (LMTD)

LMTD = (Tgi _Twe ) - (Tge _Twi )

In Tgi _TweJ
Tge _Twi

where Ty is the exhaust gas temperature into the HRSG elements (°C).
Tge = Exhaust gas temperature out of the HRSG elements (°C).
Twi = Temperature of feed water/steam into the HRSG elements (°C).
Twe = Temperature of feed water/steam out of the HRSG elements (°C).
The Heat Duty of the HRSG heating surfaces are evaluated using the equations

QK = ms (hss - hs )R = mngg (Tm _Tout)
where K signifies HP,,,HP.,, HP.., respectively
Qx =m (hss - hs )R = mgcpg (Tin _Tout)

where X signifies LP,,,LP.,,LP.., respectively and R signify HP and LP respectively.
The steam generation can be evaluated using the equations

mgcpg (Tgl _Tg4)
(hss - hs )R
The steam turbine work can be evaluated using the equation

WST = ms(hss _hc)

mg =

(4)

®)

(6)

U]

®)

©)

(10)

The condensate from the condenser is extracted by the pump and is raised to the economizer pressure. The

corresponding work is given by
w, =m, xV; x(P, —P,)

S| c

Therefore the net power output for the steam turbine is given by

Wenee =Wsr —Wp
The efficiency for the steam turbine is evaluated using the equation
WSNet
st =<
QHRSG

(11)

(12)

(13)
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The overall thermal efficiency for the combined power plant is
_ WGNet +W

]7 =
all Qadd

M = 1ot + st — et Tt (14)

3. Results and Discussion

The parameters in Table 1 were obtained from the installation manual of GT13E2 Gas Turbine, HRSG and
Steam Turbine plant. The turbine measured operational parameters is indicated in Table 2. The effect of the gas
turbine ambient conditions on the HRSG heat transfer performance is presented in Table 3, while the steam

Table 1. Design data.

S/NO Parameter Units Design Data
1 Gas Turbine Power Output MW 160
2 Thermal Efficiency % 35.7
3 Heat Rate (HR) kJ/kWh 10,084
4 Compressor Ratio 14:1
5 HRSG MCR (LP) kg/s 80
6 HRSG MCR (HP) kg/s 220
7 Steam Turbine Power Output MW 100
8 Isentropic Efficiency % 89.06
9 Thermal Efficiency % 30.25
10 Condenser Pressure bar 0.35
Table 2. Ambient temperature and turbine inlet temperature and power output.
Ambient Compressor Exit Exhaust Actual Power Thermal Power Thermal Efficiency
Temp. °C Temp. °C Temp °C Output MW Efficiency % Drop (%) Drop (%)
24 319.2 547.62 148.4 30.55 7.25 14.43
25 3325 554.62 148.0 29.78 7.50 16.58
26 345.8 561.62 147.2 29.01 8.00 18.74
27 359.1 568.62 145.1 28.24 9.31 20.89
28 372.4 575.62 143.2 27.51 10.50 22.94
29 385.7 582.62 140.3 26.70 12.31 25.21
30 399 589.62 133.1 25.93 16.81 27.37
33 412.3 596.62 132.3 25.16 17.31 29.52
35 425.6 603.62 131.5 24.39 17.81 31.68

Table 3. Impact of site parameters on heat characteristic performance of the system.

HRSG
Elements

HPSH
HPEVA
HPECO

LPSH
LPEVA
LPECO

Amb. Temp 24°C, Humidity
60%, Exhaust Temp 545°C

Heat Duty (kW)

30,839
57,192
57,753
25,232
41,493
26,914

Amb. Temp 30°C, Humidity =~ Amb. Temp 33°C, Humidity
65%, Exhaust Temp 535°C

LMTD  HeatDuty (kW) LMTD
82.49 29,157 106.60
112.48 64,014 11853
112.48 43,735 62.07
87.81 22,428 60.41
51.35 52,146 21.05
33.84 19,064 18.57

70%, Exhaust Temp 500°C

Heat Duty (kW)

16,821
75,135
40,372
15,700
27,186
24,857

LMTD

90.98
108.43
72.63
67.98
73.98
38.50

Amb. Temp 35°C, Humidity
80%, Exhaust Temp 480°C

Heat Duty (kW)

17,382
49,903
34,764
33,082
30,839
31,400

LMTD

60.35
75.1
69.92
64.28
63.87
60.65

G
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pressure effects on steam generation is presented in Table 4. The effects of ambient temperatures, humidity,
steam pressure, and HRSG heat duty characteristic on the combined cycle overall performance in term of power
output and efficiency is presented in Table 5.

Figures 1-3 present the effects of the ambient conditions on the turbine system key parameters such as the
compressor exit temperature, turbine inlet temperature, power out and thermal efficiency of the plant. Figure 2
specifically show that there is a fall in the power output of about 2.16% for every 1°C rise in the ambient tem-
perature. This means that if a gas turbine operated at an average temperature of 30°C instead of 15°C used at de-
sign stage, there will be a fall in power output of 27.7 MW for a gas turbine design to generate 160 MW at 15°C
ISO condition. Also there is a rise in the percentage power drop of 1.32% for every 1°C rise in the ambient tem-
perature. This indicates that the % power drop increase wise increase in the ambient temperature. This ac-
counted for one of the reason for power output losses within the tropical rainforest. The thermal efficiency of the
turbine show similar trend, in that for every 1°C rise in the ambient temperature, the % thermal efficiency drop
is 2.16% as indicated in Figure 3.

Figure 4 show that for every 1°C rise in ambient temperature at a simultaneous decrease in the exhaust gas
flow and temperature, the HRSG heat duty drop by 6.66%, while the heat transfer coefficient per unit area de-
crease by 12.25%. This means that the heat transfer performance of the HRSG increases with decrease in the
ambient temperature, when the gas turbine has better performance. At 24°C ambient temperature, the LMTD
performance evaluation of the HRSG gave an optimum value, showing better heat transfer performance of the
HRSG. It further revealed that for at 24°C ambient temperature, any increase in the steam pressure by 1 bar in-
creases the steam generation by about 0.69% and 0.77% for the HP and LP levels respectively. At 30°C ambient

Table 4. Impact of site parameters on steam generation performance of the system.

Seamn Amb. Temp 24°C, Amb. Temp 30°C, Amb. Temp 33°C, Amb. Temp. 35°C,

(Bar) Humidity 60%, Exhaust Humidity 65%, Exhaust Humidity 70%, Exhaust Humidity 80%, Exhaust
Temp 545°C Temp 535°C Temp 500°C Temp 480°C
Steam Generation Steam Generation Steam Generation Steam Generation
(kals) (kals) (kals) (kals)

LP HP LP HP LP HP LP HP LP HP
4 60 63.15 163.35 58.09 160.71 53.89 159.84 45.02 1499.82
6 70 64.33 175.82 58.79 163.76 54.11 160.71 46.11 150.87
8 80 65.51 180.52 59.70 166.68 54.33 162.87 47.98 153.72
10 90 67.77 186.14 60.11 169.92 54.98 167.33 48.00 155.14
12 100 69.93 194.02 61.34 173.38 55.82 168.14 48.83 159.17
14 110 70.85 198.06 63.57 177.04 56.08 169.33 49.90 162.92

Table 5. Performance impact of site parameters and heat recovery on combined cycle system.

Steam

Pressure Amb. Temp 24°C, Humidity 60%, Amb. Temp 30°C, Humidity 65%, Amb. Temp 35°C, Humidity 80%,
(Bar) Exhaust Temp 545°C Exhaust Temp 535°C Exhaust Temp 480°C
a5 Total CC Overall o Total CC Overall e Total CC Overall
Power e Power e Power e
Output Heat rate Efflralency Output Heat rate Efflcolency Output Heat rate Efflglency
(MW) (kJ/kwh) (%) (MW) (kJ/kwh) (%) (MW) (kJ/kwh) (%)
60 200.734 8.47 46.58 183.984 9.39 44.65 173.494 9.46 40.91
70 204.443 8.34 47.15 184.603 9.45 44.84 173.388 9.65 40.86
80 205.526 8.39 47.46 185.106 9.55 44.99 173.846 9.77 41.04
100 206.959 8.39 47.88 185.749 9.62 452 174.869 9.92 41.06
110 209.061 8.38 48.48 186.411 9.71 45.4 174.641 10.20 41.35
120 206.401 8.42 47.71 185.130 9.79 44.39 172.591 10.10 40.55




S. Adumene, S. Nitonye

1400 -

1200 - .—.\.—.\l\'\-_._—.

1000 -
“8 800
E —4—Comp. Exit Temp
; 600 - Profile
E =—Turbine Inlet
W40 L e e o Profie

200 -

O T T T T T T T

24 25 26 27 28 29 30 31 32
Amb.Temp. (°C)

Figure 1. Effects of ambient temperature, humidity on compressor exit temperature and turbine inlet
temperature.
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Figure 2. Effects of ambient temperature, humidity on gas turbine power output [21].

150 +

145 -

140 -

135 A

130 A

125 -

G T Power Output (MW)

120 T T T T T T T T 1
14.42 16.58 18.74  20.89 2294 2521 27.37 2952 31.68

Efficiency Drop (%)

Figure 3. Effect of Percentage (%) efficiency drop on gas turbine power output.

temperature, the steam generation increases by 0.33% and 0.55% for the HP and LP levels for every 1 bar rise in
the steam pressure. At 33°C and 35°C ambient temperatures, the steam generation increase by 0.19%, 0.22% and
0.26%, 0.49% for the HP and LP respectively, for every 1 bar increase in the steam pressure.

The results from Table 5 show that for every 1 MW rise in the steam turbine power the combined cycle pow-
er output increases by 0.91% at 24°C ambient temperature. For 30°C, 33°C, 35°C ambient temperatures, the
combined cycle output show a progressive increase by 0.78%, 0.71% and 0.68% respectively. It further showed
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that beyond the steam pressure of 100 bar, there is a gradual decrease in the overall power output. Figure 5 re-
vealed that at an ambient temperature of 24°C and Humidity of 70%, the steam generated in the high pressure
section of the HRSG increase progressively over the steam pressure range. This implies that a better perfor-
mance is reached by the steam cycle.

Figures 6-8 present the effects of the site parameters on the total heat rate, steam turbine efficiency and

== Trend@ 24 Degree Amb
80000 - Temp.
70000 - == Trend@ 30 Degree Amb
Temp.
60000 -
50000 -
< 40000 -
230000 -
a
§ 20000 -
T
10000 -
0 T T T T T 1
HPSH HPEVA  HPECO LPSH LPEVA LEPCO
HRSG Heating Surfaces

Figure 4. Effects of ambient temperature and humidity on HRSG heat duty performance [8].
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Figure 5. Effects of ambient temperature, humidity and steam pressure on steam generation.
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Figure 6. Effects of ambient temperature, humidity and steam pressure on total heat rate.
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Figure 8. Effects of ambient temperature and steam pressure on combined cycle efficiency.

combined cycle efficiency at different steam pressure. Figure 6 further shows that the combined cycle total heat
rate increases by about 0.004% at 24°C ambient temperature, 0.008% at 30°C ambient temperature, 0.014% at
33°C ambient temperature and 0.015% at 35°C for every 1 bar rise in the steam pressure under the various con-
sideration. This means that as the ambient temperature increases, the plant overall heat rate also increases in di-
verse proportion. At 33°C ambient temperature, there was a sharp increase in the steam turbine efficiency as the
steam pressure increase by 10 bar as shown in Figure 7. Figure 8 revealed that at 24°C ambient temperature the
combined cycle power output increase by 0.26% for every 1 kg/s rise in the steam flow, while at 30°C ambient
temperature, the combined cycle power output increase by 0.20% for every 1 kg/s rise in steam flow. At 33°C
and 35°C ambient temperatures, the combined cycle power output increases by 0.19% and 0.17% respectively
for every 1 kg/s rise in steam flow. Figure 9 and Figure 10 show that the combined cycle overall efficiency de-
creases progressively as the total heat rate of the system increases. This implies that at optimum performance of
the HRSG, where effective heat exchange occurs and steam generation is improve, the cycle performance better.
The overall results show that as the steam flow increases with increase in steam pressure at favourable ambient
conditions, the combined cycle power output increase also. But further increase in the ambient temperature to an
average of 31°C shows a fall in the plant overall power output. The results were validated with the works of [21]
[22], which show the effects of heat recovery system on the overall performance of combined cycle power
plant.

4. Conclusion

It may be pertinent to state here that though much of the data collected are obtained from the performance
records of the GT13E2 Gas Turbine located within the tropical environment, the results of this investigation can
be applied on similar power plant elsewhere. From the data analysis, it can be generally said that the climatic

()
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Figure 9. Effect of heat rate on combined cycle efficiency.
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Figure 10. Effects site parameters and heat recovery characteristics on steam turbine efficiency, com-
bined cycle power output and efficiency.

condition is peculiar to the tropical zone. This particular area of the study has a mean daily value of about 30°C
which varies only slightly on both sides of this value as against the general design ambient temperature of 15°C.
The investigation reveals the percentage influence of the various gas turbine operating parameters and heat re-
covery property on the overall plant output. This assessment will actually aid concerned engineers, operators and
product developers on understanding key parameters that influence the combined cycle performance with regard
to geographical location. It provides technical and operational guide on the need to modified designs or augment
the plant for optimum performance.
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Nomenclature/Abbreviation

QH Pon

QHPE\/
HPeco
LPsy

QLPEV
LPeco

HP
LP
ST
GT
ccC
LMTD
HR;
Mgpp
Myip
MCR
HRSG
HMI

Heat Duty of the Superheater High Pressure Section
Heat Duty of the Evaporator in High Pressure Section
Heat Duty of the Economizer in High Pressure Section
Heat Duty of the Superheater Low Pressure Section
Heat Duty of the Evaporator in Low Pressure Section
Heat Duty of the Economizer in Low Pressure Section
Heat Transfer coefficient per unit Area

High Pressure

Low Pressure

Steam Turbine

Gas Turbine

Combined Cycle

Log Mean Temperature Difference

Total Heat Rate

High Pressure Steam Generation

Low Pressure Steam Generation

Maximum Steam Circulation Rate

Heat Recovery Steam Generator

Human Machine Interface

kW
kW
kW
kW
kW
kW
kW/K

kJ/kWh
kals
kals
kals
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