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Abstract:

The demand for electricity in developing countries such as India is constantly growing, driven by the needs of
the industrial sector. Steam power plants play a critical role in meeting this demand, but their efficiency can be
improved through the use of cogeneration. Cogeneration, also known as combined heat and power (CHP),
involves the simultaneous production of electricity and useful heat, which can be used for various purposes such
as heating and cooling. This study focused on a sugar mill with a 16 MW cogeneration unit to investigate the
performance of the steam turbine through steam turbine extraction cogeneration method. The researchers
conducted experiments at different stages of the process, taking into account various parameters such as steam
flow, pressure, temperature, and flow rate. The results of the study show that the cogeneration system
significantly increased the efficiency of both the turbine and the plant as a whole. The experimental data
revealed that even minor changes in pressure and mass flow rate can have a significant impact on the turbine's
efficiency. This highlights the importance of carefully controlling these parameters to optimize the performance
of the cogeneration system. The study demonstrates that the use of cogeneration in steam power plants can lead
to a reduction in fuel consumption and lower costs for power generation. The findings of this research are
particularly relevant to developing countries, where efficient use of resources is crucial. By improving the
efficiency of steam power plants, cogeneration can contribute to sustainable development and help meet the
growing energy needs of these countries. The study provides valuable insights into the potential benefits of
cogeneration and highlights the importance of further research in this area.
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I.  Introduction

Energy now plays a major role in every sector around the world to meet these needs. In daily life, the
majority of energy conversion for power generation is critical. Industries generate power in a variety of ways.
Steam generation is by far the most common method of generating electricity. The majority of power plants use
fossil fuels to generate steam. The energy in the steam supplied to the turbine is not fully utilised, and the
majority of the steam energy is wasted. In contrast, steam power plants are inefficient, emit more pollutants, and
contribute to global warming. As a result, auxiliary methods must be employed in order to improve the
efficiency of existing steam turbines. A few scientists recently proposed increasing steam turbine efficiency by
utilising available energy in steam at the intermediate and exhaust stages. Cogeneration is one of the most
common methods for increasing plant efficiency while using the same fuel energy input.

Kabeyi et al. [1] demonstrated an operational diesel-engine power plant's cogeneration capability. The
cogeneration potential of a 119.7 MW operating power plant in Kenya has been established. Subject to the
limitations imposed by the presence of sulphur in the fuel and thus the presence of Sulphur dioxide in the
exhaust, the study discovered that each engine with a capacity of 17.1 MWe has a recoverable thermal energy of
about 1.33 MW, while the entire plant with seven engines has a recoverable thermal energy of about 9.3 MW at
plant optimum loading conditions, which can generate 8.5 MWe extra electricity under optimal conditions.S.C.
Kamate et al. [2] used back pressure and extraction condensing steam turbines to calculate the overall and
component efficiencies of a bagasse-based cogeneration plant. The study by Nebra et al. [3] analyzed different
cogeneration system options in sugarcane factories to assess the potential for boosting power generation.
Meanwhile, G.V. Varma et al. [4] used heat recovery plant analysis to gauge the power generation capacity of a
12.5 MW power plant, and Sinan Kara et al. [5] conducted experiments on a plant at part load to study the
isentropic efficiencies of a steam turbine and the thermal efficiency of a power plant under varying load
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conditions. R. Chacartegui et al. [6] utilized the Spencer-Cotton-Cannon method to predict the performance of
fossil fuel steam power plants during different operating or maintenance conditions, particularly for large steam
turbine generator units. In another study, Luis Olmos-Villalba et al. [7] investigated the thermal performance of
a cogeneration system that generated electricity and dried aromatic herbs, while H. VVaziniModabber et al. [8]
developed a computer code using MATLAB to estimate the Exergetic efficiency, total cost rate, and total
environmental impact rate of a 4E Analysis of Power and Water Cogeneration Plant. Darshan H Bhalodia et al.
[9] performed thermal analysis on a cogeneration plant to identify thermodynamic losses and increase the
efficiency of a 25 MW plant, and Lee et al. [10] studied combined cycle cogeneration to determine changes in
performance due to potential plant losses caused by return temperature. All these experimental methods aimed
to reduce losses and increase plant efficiency. This study aimed to vary the steam flow parameters at the inlet
steam turbine mass flow rate and temperature to investigate energy savings and thermal power plant efficiency
by steam bleeding at different stages in the steam turbine and utilizing process steam in cogeneration power
plants.

I1. Methodology
Description of the Plant

Fig 1. Shows the configuration of using backpressure and extraction condensing steam turbine plant in
the sugar industry. In this configuration, the cogeneration plant generates, power and useful process steam
required for heat utilization.

Boiler

Fig.1. Lay out of the cogeneration plant

Methodology

The methodology adapted to calculate the output parameters of the plant discuss in this section. The
equations presented below are tailored to steam turbine cogeneration systems and are utilized to determine
various output parameters, including thermal efficiency, stage efficiencies, heat-to-power ratio, and overall plant
efficiency. Continual observations were conducted at constant temperatures ranging from 5 to 12° degrees
Celsius, with power output in MW and efficiency in percentage selected as the variables of interest. The heat
input to the steam turbine can be computed using equation 1.

Heat input to the turbine (q) = m; (hy.hyy) (€D)]

Where h1 is the steam enthalpy at inlet of the steam turbine

hy is the enthalpy of feed water

The heat extraction in the turbine at each stage can be determined using the equations below.

The enthalpies of steam at different pressures and temperatures are obtained from the steam tables.

The enthalpy values include:

Enthalpy of steam at turbine inlet : h1, measured in ki/kg
Enthalpy of steam at first extraction : h2, measured in ki/kg
Enthalpy of steam at second extraction : h3, measured in ki/kg
Enthalpy of steam at the condenser : h4, measured in ki/kg

Heat extraction from inlet to stage 1 extraction (AH;)
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AH; = (hy— hy),kd/kg (2)
Heat extraction from stage 1 to stage 2 extraction (AHy):

AH,= (h, — h3),kd/kg (3)
Heat extraction from stage 2 extraction to condenser (AH3)

AH3= (h; — hy),kd/kg 4)

The theoretical estimation of steam heat extraction is determined using the Mollier diagram (also
known as the H-f diagram). The theoretical heat drop for different expansion stages is computed and presented
below, based on the diagram.

Isentropic enthalpy after the 1st extraction : H1, measured in kJ/kg

Isentropic enthalpy after the 2nd extraction : H2, measured in kJ/kg

Isentropic enthalpy at the condenser condition : H3, measured in kJ/kg

Isentropic Heat Extraction from Inlet to Stage 1 Extraction (hg): =h;—H; (5
Isentropic | Heat Extraction from Stage 1 to Stage 2 Extraction (hg): = H; — H, (6)
Isentropic Heat Extraction from Stage 2 Extraction Condensation (hyo): = H, — H3 (7

Heat Extraction actual _ hy-hp

Stage 1 efficiency (1) = x 100 (8)

Isentropic Heat extraction - h1—-H1

Stage 2 effici M.,) = Heat Extractionactual ~ h; —hy % 100 9
age 2 efficiency(Il;,) = Isentropic Heat extraction ~ h, — H, )

Thermal Efficiency of the Plant(I])=P/qx100 (10)
where,
m; = Mass flow rate of steam, kg/sec
h, = Enthalpy of inlet steam, kJ/kg
h,,= Enthalpy of feed water, kJ/kg
P = Average power generated, KW
Calculate the plant heat output

Heat output (Q), kW =m;h, + m3h; (11)

Total output, kW = P 4+ myh;, + m3h; (12)

P = Average power generated kW
Fuel input to the plant (Fi) = m¢ x CV of the fuel (13)
where mf is Mass flow rate of bagasse kg/s, and CV is Calorific value of bagasse
Overall Efficiency(I],) = Total output / Heat input to the plant
(INo) = (P+Q)/F; x100 (14)

Experimental Investigation Procedure
To estimate the performance of the cogeneration power plant, the following experimental procedure
was conducted:
2.1 The power plant was set to a 16 MW capacity and the input parameters such as inlet pressure,
steam mass flow rate, and steam inlet temperature were varied.
2.2 A performance test was conducted on the power plant while taking note of the variation in
steam turbine efficiency with the different inlet parameters.
2.3 The steam turbine efficiency was measured and recorded for each set of input parameters.
2.4 The data collected was analyzed to determine the relationship between the input parameters
and the turbine efficiency.
2.5 The results of the analysis were used to optimize the input parameters for maximum efficiency
and minimum fuel consumption.
2.6 The experimental procedure was repeated several times to ensure the accuracy and reliability
of the results.
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I11. Results
The variation in steam turbine efficiency with inlet parameters are furnished in tables 1 to 4.

Table 1: Electrical Efficiency and heat input of turbine calculated from experimental data of input.

S.No. Mass flow rate of Temperature, (°C) Pressure, Heat input to Power Output Electrical
steam (TPH) (kg/lcm?) turbine (kW) Efficiency of
(kW) plant
(%)

1 78.9 507 81.9 58883.95 15227 25.86
2 813 507 84.1 60814.43 14892 24.49
3 78.8 507 82.2 59092.56 14061 23.79
4 77.6 507 83 58538.42 15374 26.26
5 78.5 507 83.6 58920.36 15429 26.19
6 81.6 507 83.1 60374.93 15122 25.05
7 80.6 507 84.2 59995.06 15436 25.73
8 78 507 82.7 58096.78 15312 26.36
9 78.8 507 84 58470.69 15173 25.95
10 79.5 507 814 59536.23 15489 26.02
11 83.9 507 83.9 62871.86 15452 24.58
12 81.4 507 82.8 60529.04 15057 24.88
13 76.8 507 81.5 57417.39 15357 26.75
14 82.1 507 81.3 61286.28 14544 23.73

Table 2:Stagel efficiency calculated with Stage pressure , mass flow rate & temperature of steam at stage 1

S.No. m; (TPH) T, (0C) P, AH, o (KIKG) | AHg, (KI/Kg) Ts1(%)
(kg/cm?)
1 5.4 221 5.2 651.79 667.33 97.7
2 5.6 217 5.2 646.08 664.81 97.2
3 5.5 213 49 649.16 669.63 96.9
4 5.4 190 5.3 654.63 665.22 98.4
5 55 215 5.2 652.29 665.39 98.0
6 5.8 240 5.3 639.39 665.11 96.1
7 5.5 229 5.2 649.85 664.7 97.8
8 5.4 228 5.1 649.36 667.27 97.3
9 55 227 5.2 652.22 664.93 98.1
10 55 215 49 650.62 670.55 97.0
11 5.3 213 49 648.06 667.69 97.1
12 5.4 220 5 645.22 668.04 96.6
13 5.3 222 5 658.31 669.52 98.3
14 5.4 227 5.4 656.80 666.33 98.6

Table 3: Stage2 efficiency calculated with Stage pressure , mass flow rate & temperature of steam at stage 2

S.No. Mass flow rate Temperature Pressure (kg Actual enthalpy drop Isentropic Stage2 Efficiency
(TPH) (°c) fem?) (kd/kg) enthalpy (%)
drop
(kJ/kg)
1 42.7 147 0.77 464.48 566.32 82.02
2 513 149 0.85 461.29 562.04 82.07
3 44.3 148 0.7 442.20 550.42 80.34
4 44 145 0.73 404.58 504.62 80.18
5 43.7 146 0.78 453.92 552.76 82.12
6 52.3 153 0.9 494.45 600.54 82.33
7 49.4 147 0.82 482.17 580.6 83.05
8 42.1 148 0.8 475.97 577.67 82.39
9 44.6 146 0.83 479.31 575.07 83.35
10 45.1 148 0.77 446.74 550.32 81.18
11 49.1 148 0.81 443.04 544.13 81.42
12 49.3 150 0.81 453.94 559.13 81.19
13 44.1 144 0.72 470.55 569.21 82.67
14 53.1 145 0.76 483.81 581.89 83.14
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Table 4: Overall efficiency, heat output and Heat to Power ratio calculated from experimental data

S.No. Mass flow rate Pressure Heat output Total output Heat to Power ratio Overall Efficiency,
of fuel (TPH) (kg fcm?) (kw) (kw) (%)
1 35 81.9 36683.24 51910.24 2.409092 55.8284
2 36 84.1 43421.6 58313.6 2.915767 64.55965
3 37 82.2 37856.84 51917.84 2.692329 59.2206
4 38 83 37599.6 52973.6 2.445662 52.47424
5 39 83.6 37523.62 52952.62 2.432019 51.10849
6 37.5 83.1 44249.72 59371.72 2.926181 59.59619
7 36 84.2 41890.58 57326.58 2.713824 56.78618
8 36 82.7 36134.23 51446.23 2.359864 53.79244
9 38 84 38216.73 53389.73 2.518732 57.74956
10 36.5 81.4 384734 53962.4 2.483917 51.42382
11 373 83.9 41380.17 56832.17 2.677982 57.35293
12 355 82.8 41619.23 56676.23 2.764112 60.09562
13 36 815 37569.49 52926.49 2.446408 55.34021
14 37 81.3 44565.4 59109.4 3.064178 65.44068

The variation in the Electrical efficiency of the steam turbine with inlet pressure is shown in Fig.3.

Electncal Efticiency (%)
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Fig. 3. Electrical Efficiency Vs Inlet Steam Pressure

The maximum electrical efficiency of 26.75% is achieved at an inlet steam pressure of 81.5 kg/cm”and
a constant inlet steam temperature of 507°C. The electrical efficiency decreases to 23.79% at an inlet steam
pressure of 82.5 kg/cm?, but then increases to 26.36% at 82.7 kg/cm?, and remains almost constant with slight
decreases even after increasing the inlet steam pressure. The reason for this efficiency pattern is due to the mass
flow rate of the steam conditions and the stage extraction of the steam at intermediate stages. However, the
efficiency of the turbine is not solely dependent on the steam inlet pressure but also on the inlet steam flow-rate
conditions.
The variation in efficiency with the inlet steam flow rate at a constant temperature of 507°C is shown in Figure
4,
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Fig.4. Electrical Efficiency Vs inlet Mass flow rate of steam

The maximum electrical efficiency of 26.74% occurs at a steam flow rate of 76.2 TPH and a constant
temperature of 507°C. However, the efficiency decreases to 25.72% at a steam flow rate of 80.6 TPH and further
decreases to 23.73% as the flow rate changes to 82.1 TPH, with a slight increase in efficiency to 24.57% at a
flow rate of 83.9 TPH. The decrease in efficiency is due to the turbine stage conditions. To increase the
efficiency of the turbine, steam extraction may be introduced at intermediate stages.

The performance of the turbine is significantly affected by the stage-wise extraction of steam at
intermediate locations. In the present work, two-stage steam extraction was introduced in medium- and low-
turbine-pressure zones. The maximum power generation of a turbine occurs in the high-pressure zone; hence,
the intermediate is introduced in medium- and low-pressure zones to utilize the energy of steam wasted in
medium- and low-pressure zones in a cogeneration system was introduced. In a cogeneration system, the
unutilized energy in the steam is extracted and utilized for floor heating, process steam, generation of power,
and production of ancillary products such as floor heating and refrigeration, producing byproducts such as
making sugar juice and sugar production in sugarcane cogeneration plants. The variation in efficiency with
cogeneration stages as shown in Fig. 5 and 6.
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Fig.6. Stage 2 Efficiency versus pressure of steam at stage 2 Extraction

The maximum stage 1 efficiency of 98.4 at extraction of steam at stagel pressure 5.3 kg/cm? at 190°C
and mass flow rate of steam of 5.4 TPH further decreases to 96.1% at pressure and temperature are 4.9 kg/cm?
and 213°C at mass flow rate of 5.3 TPH there is slight fluctuations in stage efficiencies at stage 1 steam
parameters. owing to the maximum extraction steam exergy. Further, the remaining energy in the steam was
extracted in stage 2. Pressure and temperatures dropped nearly 0.8 kg/cm? so at stage 2 having heat energy is
utilized for the processing of the steam of efficiencies at stage 2 are maximum of 83.5% at 0.83 kg/cm’ at
temperature of 146°C and minimum of 80.18% at 0.73 kg/cm2 is due to variation in mass flow rate of steam,
temperature and exhaust conditions.

In cogeneration system further observed parameters heat to power ratio is maximum 3.06 at pressure of
81.3 kg/cm? and at mass flow rate of 82.1 TPH and further decreased to 2.35 at pressure of 82.7kg/cm?. As
pressure varies from 81.5 kg/cm? to 84.5 kg/cm? the heat to power fluctuates between 3.06 to 2.35 at constant
temperature the variation the fluctuation of heat to power ratio is due to variation in mass flow rate of the steam
shown Fig. 7.
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Fig.8. Overall efficiency versus inlet Pressure

From Fig.8 the overall efficiency of a system at different inlet steam pressures. The overall efficiency
ranges from 51.10% to 65.44%, with the highest efficiency being achieved at an inlet pressure of 81.3 kg/cm®.
The second highest efficiency of 64.56% is obtained at an inlet pressure of 84.1 kg/cm?. On the other hand, the
lowest efficiency of 51.10% is observed at an inlet pressure of 83.6 kg/cm?. However, there is no clear trend
between the inlet pressure and the overall efficiency, indicating that other factors are also influencing the
system's performance. Hence that optimizing the inlet pressure of the steam may help improve the system's
overall efficiency, and should be considered in future design and operational decisions.

IV. Conclusion

In this study, the performance of a steam power plant with a cogeneration system was investigated
experimentally. The influence of performance characteristics, such as the steam pressure mass flow rate, inlet
temperature, efficiency of the turbine and overall efficiency of the plant, were investigated. The turbine's
efficiency and the plant's overall efficiency improved as a result of the stages. The maximum thermal efficiency
26.75%occurs at 81.5 kg/cm? steam pressure, at a constant temperature of 507°C.Maximum stage 1 efficiency of
98.4 at steam extraction at stage 1 pressure of 5.3 kg/cm? at 190°C and steam mass flow rate of 5.4 TPH. At the
second stage, Pressures and temperatures dropped nearly 0.8 kg/cm? so heat energy is used for steam processing
at stage 2. Efficiency at stage 2 is 83.5 at 0.83 kg/cm? at 146°C and 80.18 at 0.73 kg/cm?. The maximum overall
efficiency of 62.408% at an inlet steam pressure of 83.1 kg/cm? at 507°C.The Power plant Cogeneration
experimentation is carried out based on the above changing parameters on an hourly basis. As a result, every
point fraction value has an effect on the plant's efficiency based on practical values, and their continuous
changes observed by changing extraction stage parameters on the plant's efficiency.
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